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Edmund Bäuerlein

Foreword by Jeremy D. Pickett-Heaps



The Editor

Prof. Dr. Edmund Bäuerlein
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Foreword: The Enigma of Morphogenesis –

A Personal View

When asked to write a foreword to this volume, I decided to share my personal

experiences of a frustrating contradiction: how much we now understand about

cell structure and function; and how little we know about morphogenesis at

the cellular level. My interest in morphogenesis stemmed from looking at cells

in a plant root tip. During the 1960s, the electron microscope promised great ad-

vances in our ability to relate cell structure and function with the morphogenetic

processes that create such cellular organization. Getting off to an encouraging

start in graduate research, I discovered the ‘‘preprophase band’’ of microtubules

[1] which mass along the cell wall before division in a position that, with uncanny

accuracy, predicts the eventual plane of this division. This correlation was most

provocative – just the sort that should provide a deeper insight into the mecha-

nisms by which cells control division and morphogenesis. However, after a sober-

ing 40 years of investigation in many laboratories, we still do not know the func-

tion or significance of the preprophase band.

I abandoned higher plants in favor of single-celled algae, where the emergence

of form is quick, clean, and deceptively simple. Morphogenesis occupies a brief

period of the cell cycle, after division; it is precise and predictable in outcome,

and without the complexities of cellular interactions. A group of green algae with

thousands of different species, the desmids, offered one tractable model system.

When these beautifully symmetrical cells divide, they are bisected by the cleavage

furrow. They restore their symmetry by each older half-cell generating a new half-

cell (‘‘semicell’’) that is the mirror image of its parent. This remarkable feat is ac-

complished in 1 to 4 hours by the osmotically driven enlargement of a wall that

starts off as a round balloon. Very soon in expansion, the plasticity of the soft wall

becomes subtly altered in a pattern which is precisely programmed in time and

space. Thus, the enlarging balloon is magically transformed into a perfect new

semicell.

I confidently explored the ultrastructure and cytoskeleton in growing semicells,

but eventually had to accept that nothing in their organization indicated how this

spatial differentiation is generated. Equally enigmatic were living cells. The cyto-

plasm in semicells streams vigorously but, as far as I could determine, in an en-

tirely chaotic fashion. Exquisite form emerges from chaos! Again, after some 30
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years of effort, we have not the slightest idea how pattern control is brought about

by the cell [2].

Among the protists, the diatoms inevitably command the attention of anyone

interested in biological form. Their beautifully sculptured cell walls are not only

differentiated to an extraordinary degree, but there are also hundreds of thou-

sands of species. Thus, the morphogenetic systems in these cells must satisfy

two contradictory demands: first, that they reproduce a given complex shape with

absolute, unwavering fidelity; and second, that they be capable of almost infinite

variability. And of course, to express form using one of the most refractory mate-

rials known, pure silica.

Electron microscopy of these cells was both exciting and mystifying. Morpho-

genesis in diatoms is obviously completely different to that in desmids. In dia-

toms, the wall is secreted in discrete segments (the valves and girdle bands),

each formed within the special membrane compartment defined by the ‘‘silica de-

position vesicle’’ (SDV). This is where the complex chemistry of silica concentra-

tion and precipitation takes place – the area of intense research interest, as re-

flected in this volume, and one for which the details appears increasingly close

to resolution. Morphogenesis is brought about by the growing SDV being pre-

cisely molded in time and space. The actual molding process turned out to be a

surprise, as there is no one or two central systems involved. Instead, an extraordi-

nary range of cytoplasmic organelles (e.g., microtubules, actin filaments, endo-

plasmic reticulum, mitochondria, vesicles of various types) and cytoplasmic pro-

cesses (e.g., plasmolysis, protoplast movements and twisting, localized adhesion

to the valves, mucilage secretion, interaction of daughter cells) are combined in

various combinations by different species to mold the growing SDV [3]. Thus, di-

atoms to me are the ‘‘Maestros of Morphogenesis’’, orchestrating complex inter-

actions of many players to remarkable effect. So perhaps it is not surprising that

there are hundreds of thousands of different species.

A specific example of this morphogenetic flexibility is seen in the extension of

very fine, needle-like spines of silica in four genera: the setae of Chaetoceros [4, 5],
the labiate process of Ditylum [6] and Rhizosolenia [7], and the simpler spine of

Proboscia [8]. Not only do these genera employ different cytoplasmic systems to

create and shape the spine, but there are also distinct differences between the

two species of Chaetoceros. In addition, the labiate process of Rhizsolenia adds an

extraordinary oscillation of the spine in vivo during its extension. So, in this tiny

sample of the generation of one small feature, the cytoplast shows great variation

in the morphogenetic systems that it uses. One wonders how many other ways

diatoms form spines. Summarizing: it seems that in desmids, no organelles ap-

pear correlated with spatial morphogenesis, but diatoms many are. And we have

not considered the morphogenetic systems of other unicellular protists, for exam-

ple, those that make delicately sculptured, species-specific scales and spines from

calcium carbonate and silica.

It is axiomatic that the information which controls these morphogenetic pro-

cesses resides in the cell’s genetic system, its DNA. What we entirely lack is any

scenario to explain how molecular information in DNA, RNA and proteins, can
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be expressed on a vastly greater stage of macromolecular structure with such pre-

cision. We seem bound to the old reductionist hope that somehow the answer

will drop out if we just get enough information on the bits and pieces involved.

There is little reason for optimism that this will happen, and a metaphor might

be useful – one, I believe, originally put forward by E.O. Wilson. Consider an ant.

Today, we can study this creature in many ways. We can analyze the structure and

behavior of an ant; its anatomy, muscles and sensory abilities; its organs and

their function; its biochemistry and genetics; and of course, we can sequence its

genome. When we put a million of these ants together, miraculous events tran-

spire. They create social structures and build (for them) enormous, species-

specific ant castles. None of the information we collect about our isolated ant

provides any indication of these abilities and worse, none has any prospect of so

doing. Where does the organizational information reside that confers on them

such abilities? The same enigma is surely true of cells. We are swamped by infor-

mation about cells and their organelles. This information is increasingly reduc-

tionistic due to the burgeoning success of molecular biology. Yet none of this in-

formation promises any understanding of how, even in principle, information

stored in genes can initiate and control processes such as morphogenesis on a

vastly greater scale, like the ant and its castle. We appear, yet again, to be con-

fronted with the limits of reductionism because the cell is so much more than

the sum of its parts. Where instead to look?

After 40 years’ preoccupation with these phenomena, my conclusion is that the

morphogenetic properties of the cytoplasm are an expression of its dynamics as

much as its constituents. Like the relationship between the ant and the ant-castle,

as soon as we stop the dynamics – whether to undertake ultrastructural or molec-

ular analysis – the principles of morphogenesis we seek to investigate are lost to

us. We may need entirely new models, approaches and axioms to progress toward

understanding one of the most interesting and intractable mysteries of life.

Prof. Dr. J. D. Pickett-Heaps (retired)
School of Botanic

University of Melbourne

Parkville, Australia

New Address:

Cytographics, Online Store

www.cytographics.com
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Preface

Currently, biomineralization is evolving from its heyday of structural research

into one of the most exciting fields of molecular biology. In order to bring these

new developments to the notice of its chemists and physicists, I had edited two

multi-author books on ‘‘Biomineralization’’, in November 2000 and October

2004. In a competent and detailed review of the second of these books, S. Weiner

(Angew. Chem. Int. Ed. 2005, 44, 4833–4834) noted that he had missed the pres-

ence of a general introduction and, in addition to that, a more comprehensive

view ‘‘. . . to cover the waterfront of this vast field’’.

It was the exemplary intuition of the outstanding publisher, Dr. Gudrun Walter,

the Program Director of Wiley-VCH, that encouraged her to outline biominerali-

zation as a fundamental interaction between the organic and inorganic spheres.

Consequently, she devised three volumes on biomineralization, covering biomi-

metic chemistry, materials science, and the life sciences. Moreover, she entrusted

me again with this new project which exceeds by far, both in content and extent,

the two preceding books.

The first draft three volumes of ‘‘Biomineralization’’ were appended with the

subtitle: Biology, Biomimetic and Bio-Inspired-Chemistry, Medicine. In addition,

because each volume was planned to consist of 25 to 30 chapters, I invited Prof.

Peter Behrens, a well-known expert in biomimetic chemistry and coordinator of

the DFG-Priority Program ‘‘Principles of Biomineralization’’, to co-edit with me

the chemistry volume. Prof. Behrens convinced me that biomimetic chemistry is

an indispensable approach to study the developments of inorganic/organic hy-

brids in addition to molecular biology, which, before our co-edition, was in my

mind the only method. The Spring Meeting 2005 of the Materials Research Soci-

ety (MRS) was characterized by a broad offer of bio-inspired synthesis and techni-

ques, and this allowed the selection of several new topics. Prof. Matthias Epple,

an extraordinary inorganic chemist, whose interests cover the isolation and analy-

sis of biominerals, the synthesis of biomaterials, and the development of new

physical methods in materials science and cooperation with medical institutes

and cliniques, agreed – to my great pleasure – to organize the medical volume

essentially by himself.

As all manuscripts for the book arrived at Munich for the pre-editorial manage-

ment, I had the chance to take a general view of each of the 68 chapters, and this

XXIII



allowed me to prepare a first draft in Chapter 1 of what might be common in bio-

mineralization reactions but characteristically different from mainstream bio-

chemistry. It is possible that although this draft was too specialized for an intro-

duction, its complexity was simply a reflection of the current state of the art of

biomineralization.

January 2007 Edmund Bäuerlein
Munich/Martinsried

Germany
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1

Growth and Form: What is the Aim

of Biomineralization?

Edmund Bäuerlein

Abstract

12-Amino-acid peptides with binding-selected sequences and random functional

groups synthesize the same inorganic material. Bacteria use structured polymers

as filaments of cytoskeletal protein and of polysaccharides in templating biomin-

erals. Nucleation appears to be involved not only in crystal formation, but also in

the formation of porous or amorphous inorganic material. A seed of one iron ion

for an iron-oxide cluster could be obtained in the low-iron-state of an archeal fer-

ritin crystal. Porous inorganic materials were described to grow out in huge chan-

neled complexes of organic compounds or crystallized seawater. The evolutionary

progress of biomineralization runs apparently in the development of complex,

inorganic–organic hybrid materials, composites, which are often structured hier-

archically. The mechanical properties of a mineral undergo a change by presence

and partition of the organic material, the most prominent example being the

human skeleton. In order to describe such a complex system, a mathematical

procedure – the finite element analysis – was introduced with great success.

This analysis is governed amazingly by only one physical quantity, force, together

with the modulus of elasticity. The overwhelming extent of research into the me-

chanical properties of skeletons has resulted in the conclusion that the aim of bio-

mineralization appears to be stability.

Key words: peptides, induced structures, low homologies, nucleation, filaments,

pores, polysaccharides, unified theory, composites, finite element analysis,

stability.

1.1

Introduction

A shortened title of an extraordinary book written by D’Arcy Wentworth Thomp-

son, On Growth and Form [1], published in 1917, opens this first volume of the

1
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Handbook of Biomineralization. It refers to an ‘‘Abridged Edition’’ of the illustrious

biologist John Tyler Bonner (Princetown) by the same publishing house in 1961

[2]. Bonner’s fundamental experimental research on the height and life cycle of

slime molds favored him with the competence to shorten and comment on this

important work [3].

Whereas D’Arcy Thompson initiated the development of a general relationship

between the growth and form of cells and tissues, this chapter focuses on the

interaction between inorganic materials and organic (including prebiotic) com-

pounds up to organisms, which are able to synthesize and shape biominerals.

1.2

Notions of D’Arcy Thompson on Deposition of Inorganic Material in Cells

The outstanding merit of Thompson’s book is the introduction of mathematical

and physical methods into the biology of growth and form in 1917. This broad

field of research is covered today by biophysics, bioinformatics and quantitative

system biology to such an extent that could not have been expected previously.

Although the center of his interest was the development and shaping of cells,

D’Arcy Thompson did not ignore biomineralization. Within his book of nine

chapters, he attended one of those to ‘‘On Spicules and Spicular Skeletons’’. This

is based on the view that ‘‘. . . deposition of inorganic material in living cells is a

frequent phenomenon’’. Later, J.T. Bonner summarized precisely the fixed opin-

ion of the author [2a]: ‘‘In this chapter and the following ones D’Arcy Thompson

is struggling against the notion that all form can simply be explained by heredity,

and that therefore changes in form inevitably map out phylogenetic relations. In-

stead he repeatedly suggests that physical forces (such as those which produce

the variations of shapes of snowflakes) are of prime importance and relationships

of shape may not justify any family tree or sequence in time, but simply show

mathematical kinship.’’

Indeed, the excellent structural research of biominerals within the past 20 to

30 years appears to be strongly affected by these physical and mathematical

approaches.

Nevertheless, in 2000 J. Kirschvink risked outlining ‘‘A Grand Unified

Theory on Biomineralization’’ [4]. This draft was based mainly on morphological

changes, and began with the earliest known biosynthesis of a mineral, species-

specific magnetite nanoparticles in magnetotactic bacteria. This idea fascinated

many of us that magnetite biomineralization might be an ‘‘evolutionary proce-

dure’’ for most biominerals during evolution.

One year later, in 2001, the new combined method of molecular biology and

genome sequencing invaded biomineralization. This era began with the almost-

complete genome sequences of two magnetotactic bacteria, which were gener-

ously offered to the scientific public in January 2001 by the Joint Genome Insti-

tutes, DOE, US Government (thanks to Prof. Ken Nealson). By using sequence

comparison, no genes could be found with high similarities to those involved in

magnetite biomineralization (see Chapter 9 in this volume).
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1.3

Close to the Beginning of Biomineralization

1.3.1

Prebiotic Synthesis of Peptides

Today, carbon compounds such as amino acids, sugars and heterocycles, which

are described as organic compounds from the time after the origin of life, may

be synthesized in laboratories under a variety of prebiotic reaction conditions [5].

The prebiotic origin of peptides is of special interest to the first phenomena of

biomineralization. Basalt, a volcanic rock composed of various silicates, was used

as catalyst in prebiotic mode reaction, with a mixture of all amino acids reacting

in the presence of basalt at 180 �C to peptides, via the loss of water [6]. On the

basis of these preliminary experiments it could not have been foreseen that the

tight binding of the products – the peptides – might represent an important step

in the interaction of prebiotic ‘‘organic’’ compounds and minerals in the develop-

ment of the first cells [7].

1.3.2

Selected Binding of Phage(Virus)-Displayed Peptides to Inorganic Materials

It was the unique intuition of A. Belcher which made her seek for specific inter-

action, the goal being to identify families of amino acid sequences that could bind

differentially to specific faces and polymorphs of the substrate of interest [8a].

At this time, ‘‘Combinatorial Phage Display Peptide Libraries’’ first became

commercially available [9]. These peptide libraries were the result of a gigantic

random peptide synthesis initiative, based on molecular biology. For example,

about 3� 109 distinct random sequences are present as combinations of 12 ran-

dom amino acids. Each of these 12-amino-acid peptides is expressed as a fusion

with a small surface displayed protein (called III) of the bacteriophage M13 (a

virus) which infects only bacteria. In addition, each virus molecule has placed

five copies of its protein III onto the surface, and provides there consequently

five identical peptides. Each 12-amino-acid peptide sequence is amplified to yield

about 55 copies per volume, as used by Belcher in the selection steps with elec-

tronic material. These were gallium arsenide, indium phosphide and zinc sulfide,

as well as crystals of biominerals such as calcite and aragonite – two common

polymorphs of calcium carbonate found in many organisms.

1.3.3

Synthesis of Inorganic Material by Selected Peptides

M.O. Stone did not use this method only to select for peptides that bind specifi-

cally to inorganic materials. Rather, his brilliant idea was to determine whether

such phage-displayed peptides could be capable of generating those inorganic

structures to which they had bound. The success of this extended analysis was

extraordinary in a variety of directions. In the first experiment, Stone’s group ex-

1.3 Close to the Beginning of Biomineralization 3



amined those peptides which were selected by their binding capacity on silica par-

ticles [10a] for the formation of these particles by orthosilicic acid. This peptide-

mediated material synthesis resulted in the greatest quantities of silica when

amino acids containing hydroxyl-, imidazole- and high cationic groups were pre-

sent in the 12-amino-acid peptides. This population of phage-displayed peptides

was obtained by a standard panning procedure (Fig. 1.1), which included several

amplification steps by infections of Escherichia coli host cells with the selected

phage-displayed peptides [10a]. They appeared to act enzyme-like by definite resi-

dues in binding as well as in material production [11]. Although such similarity

was found, it was questioned at the same time by the results of peptide-mediated

synthesis and the patterning of silver nanoparticles [10b]. Three silver-binding

peptides indicated a preferential enrichment of proline and hydroxyl-residues

containing amino acids, but not of any sulfur-containing amino acids such as

cysteine or methionine. Two of these three phage-displayed peptides precipitated

silver nanocrystals.

This fascinating study reached its climax, when a new method – polymerase

chain reaction (PCR)-driven panning – was used instead of a regular phage pan-

ning (Fig. 1.1). The results with silver will not be discussed in detail here, in favor

of more extended experiments with cobalt nanoparticles, but they are listed in

Table 1.1.

The question of whether some of these peptides remained bound following a

low-pH incubation step was answered when three sets of cobalt-binding phage-

displayed peptides were obtained. Both methods – ‘‘regular panning’’ and PCR-

driven – are likely to be characterized very shortly. ‘‘Regular panning’’ is carried

out by incubating the library of phage-displayed peptides with a target (in this

Fig. 1.1 Schematic illustration of regular and polymerase chain reaction

(PCR)-driven phage panning for peptides that bind to inorganic

nanoparticles. (According to [10c]; courtesy of M.O. Stone.)
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case cobalt nanoparticles), washing away unbound/non-specific phages, and elut-

ing the bound phages using a low-pH incubation step (see Fig. 1.1). The eluted

phages are amplified and subjected to additional ‘‘panning’’ rounds in order to

obtain highly enriched binding sequences. A high number of phage-displayed

peptides remained strongly bound to the cobalt nanoparticles, even after an ex-

tended acid elution step. These were identified using a PCR-driven method,

which is much more rapidly performed than ‘‘regular panning’’. In both meth-

ods, the first steps before or after acid solution were essentially the same, after

which the corresponding cobalt nanoparticles were incubated in lysis buffer for

10 min at 95 �C to disrupt the phage coat; this resulted in phage DNA release.

The PCR reaction, when mixed with a specific set of DNA primers [12], was

added directly to the cobalt nanoparticles.

Following the PCR reaction, the samples were separated on an agarose gel. The

DNA fragments obtained were cloned into a plasmid, and DNA sequencing was

performed to derive the amino acid sequences of the phage-displayed peptides.

The amino acid sequences of these cobalt-binding peptides are listed in Table

1.2 (no discussion will be made at this point as to why Set II does not represent

all sequences of Set I plus those of Set III). Moreover, Set II included seven se-

quences which did not belong to either Set I or Set III, which probably indicated

that insufficient clones had been sequenced, this being an extremely labor-

intensive project and not the aim of this publication.

Table 1.1 Silver-binding peptides.a

PCR method Regular panning

AG-P1 KFLQFVCLGVGP AG3

AYSSGAPPMPPF

AG3 AYSSGAPPMPPF

AG-P2 AVLMQKYHQLGP AG4

NPSSLFRYLPSD

AG4 NPSSLFRYLPSD

AG-P6 QQNVPASGTCSI

AG5 SLATQPPRTPPV

AG-P10 NAMPGMVAWLCR

AG-P11 HNTSPSPIILTP

AG-P12 ASQTLLLPVPPL

AG-P14 YNKDRYEMQAPP

AG-P18 TLLLLAFVHTRH

AG-P27 PWATAVSGCFAP

AG-P28 SPLLYATTSNQS

AG-P35 WSWRSPTPHWT

aAccording to Ref. [10c]; courtesy of M.O. Stone.
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1.3.4

Selected Sequences with Various Functional Groups

The standard procedure of binding, washing and acid-eluting followed by ampli-

fication in E. coli host cells – which is referred to as regular panning (Fig. 1.1) –

was used initially in the isolation of four selected phage-displayed peptides with

some functional groups on their 12-amino-acid sequences. Among these four

peptides, neither histidine (H) nor glutamic acid (E) (Table 1.1) – both of which

are known to bind specifically to cobalt [13] – were found.

Moreover, the PCR method (Fig. 1.1) yielded at least 25 phage-displayed pep-

tides (Table 1.2) which had resisted high-stringency washing conditions. Between

one and three histidines (H) were present in nine of these 25 peptide sequences,

whereas glutamic acid was identified in only one peptide sequence.

Three peptides of Set I (Co1-P1, Co1-P10 and Co1-P15) and one peptide of Set

II were synthesized chemically [14] (Table 1.3) in order to exclude possible inter-

actions of, or precipitation on, the phage (virus) surface during mineral synthesis.

This study was not conducted to obtain knowledge of these peptides as templates

for cobalt nanoparticles, but rather for the synthesis of cobalt–platinum nanopar-

ticles. These nanoparticles are of major interest in materials chemistry because of

their enhanced magnetic anisotropy and other positive properties [15]. Again, the

lack of similarities among the four 12-amino-acid peptide sequences was obvious

(Table 1.3), and all four resulted in the precipitation of the metal alloy CoaPt, al-

beit with various crystal sizes [10c].

Table 1.2 Cobalt-binding peptides.a

Eluted cobalt nanoparticles

(Set I)

Uneluted cobalt nanoparticles

(Set II)

Regular panning (Set III)

Co1-P1 HSVRWLLPGAHP Co2-P4 HSVRWLLPGAHP Co3-P12 GTSTFNSVPVRD

Co1-P2 HETNPPATIMPH Co2-P3 SAPNLNALSAAS Co3-P13 SAPNLNALSAAS

Co1-P3 WASAAWLVHSTI Co2-P5 SVSVGMKPSPRP Co3-P1 SVSVGMKPSPRP

Co1-P4 SPLQVLPYQGYV Co2-P8 SPLQVLPYQGYV Co3-P16 VPTNVQLQTPRS

Co1-P5 ESIPALAGLSDK Co2-P1 SLTQTVTPWAFY

Co1-P6 GVLNAAQTWALS Co2-P7 TNLDDSYPLHHL

Co1-P8 TPNSDALLTPAL Co2-P6 TPNSDALLTPAL

Co1-P10 HYPTLPLGSSTY Co2-P12 HYPTLPLGSSTY

Co1-P13 HAMRPQVHPNYA Co2-P9 TQQTDSRPPVLL

Co1-P15 QYKHHPQKAAHI Co2-P14 QYKHHPQKAAHI

Co1-P16 YGNQTPYWYPHR Co2-P11 TFPSHLATSTQP

Co1-P17 HPPTDGMVPSPP Co2-P13 QNFLQVIRNAPR

Co1-P18 TWQPFGMRPSDP Co2-P2 KLHSSPHTPLVQ

Co1-P21 TGDVSNNPNVTL Co2-P17 QLLPLTPSLLQA

aAccording to Ref. [10c]; courtesy of M.O. Stone.
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1.3.5

Summary and Conclusion

12-Amino-acid peptides bind very tightly to inorganic materials and produce this

inorganic material, not by the action of any specific functional group but rather

by a variety of selected sequences with various other functional groups. Whether

each of these sequences or various induced secondary structures may be respon-

sible for both interactions, binding to and producing of this corresponding in-

organic material, remains an open question.

Some indications in favor of induced secondary structures were obtained from

studies with poly-l-lysine (PLL), the molecular weight of which affected the mor-

phology of silica precipitated in presence of silicic acid. A higher molecular-

weight PLL produced hexagonal silica platelets, whereas spherical silica particles

were obtained using low-molecular-weight PLL. The polypeptide secondary struc-

ture transitions were determined from circular dichroism spectra [16].

1.4

Nucleation of Inorganic Crystals and Inorganic Amorphous/Porous Forms

on Peptides

1.4.1

Porous Silica Spheres Synthesized by 12-Amino Acid Peptides Targets

12-Amino-acid peptides, when bound to silica nanoparticles, provide the simplest

system for synthesizing the starting product, porous silica spheres (see Section

Table 1.3 Peptides synthesized chemically for the experiments.

Amino acid sequence Isoelectric pH (pI) Panning method

Silver-binding peptides
AG-P3 IRPAIHIIPISH 9.7 PCR

AG-P4 NVIRASPPDTSY 5.8 PCR

AG-P5 LAMPNTQADAPF 3.8 PCR

AG-P28 SPLLYATTSNQS 5.2 PCR

AG-P35 WSWRSPTPHVVT 9.7 PCR

AG-4 NPSSLFRYLPSD 6.1 Regular

Cobalt-binding peptides
Co1-P1 HSVRWLLPGAHP 9.7 PCR

Co2-P2 KLHSSPHTLPVQ 8.6 PCR

Co1-P10 HYPTLPLGSSTT 6.7 PCR

Co1-P15 QYKHHPQKAAHI 9.7 PCR

aAccording to Ref. [10c]; courtesy of M.O. Stone.
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1.3.3) [10a]. Formation of the alloy cobalt–platinum and of silver by using the

same method created nano- and microcrystals. Thus, the question arises of

whether porous or amorphous materials begin their formation and their shaping

also by nucleation. Again, both mechanisms (see Section 1.3.4) impose the ques-

tion of whether enzyme-like specific functional group(s) or selected sequences

(either hydrophobic or hydrophilic) might be responsible for the origin of crystals

or porous/amorphous forms, respectively. Initially, this question does not make

sense, because in methodical terms it appears that no access exists for studying

early clusters in terms of their preorder or disorder as a prerequisite for crystals

or porous/amorphous particles.

1.4.2

An Amorphous CaCO3 Core and a Crystalline CaCO3 Envelope, Separated by

an Organic Layer, Coexist on an Ascidian Skeleton

An important report on ascidian skeletons by Aizenberg [17] suggested the possi-

bility that the formation of skeletal crystalline calcium carbonate may begin with

nucleation of an amorphous crystalline core (ACC). A detailed study revealed that

each mineral phase contained characteristic proteins. Typically, on the one hand

glycoproteins were extracted from the ACC, which was rich in glutamic acid and

hydroxyamino acids, and on the other hand from the crystalline phase, which was

rich in aspartic acid. Based on the results of in-vitro experiments, the ACC was

stabilized by its acidic glycoprotein, which in addition inhibited the crystallization

of calcite; otherwise, the aspartate-rich glycoprotein induced the formation of

calcite crystals. The two calcium carbonate phases were separated in well-defined

domains by an organic sheet. This highly organized system points to a very inter-

esting inorganic/organic hybrid – namely, a composite with specific materials

properties – rather than to an initial calcite crystallization by an amorphous

phase.

1.4.3

The Proteomic Analysis of the Chicken Calcified Eggshell Layer

Very recently, Mann reported the details of a proteomic analysis of an acid-soluble

matrix of chicken calcified eggshell layer [18]. Here, knowledge of 90% of the

chicken genome sequence was combined with Edman degradation sequencing

of chromatographic separation, coupled to modern liquid chromatography (LC)-

mass spectrometry (MS)/MS method following protein cleavage.

Among 520 proteins, a group of 32 highly abundant proteins was de-

scribed which contained ten previously characterized molecules. As yet, only a

few of the mostly uncharacterized proteins have been characterized as acidic (for

a discussion of this subject, see Volume 1, Chapters 16 and 18; see also Table

18.1).
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1.4.4

Synthesis of Nanocrystalline Hydroxyapatite with a Crystalline Core and

a Disordered Surface Region

In synthesizing nanocrystalline hydroxyapatite, Epple succeeded in presenting a

reverse order of nucleation [19] compared to the development of a complex com-

posite ACC/calcite tissue in the ascidian skeleton study (see Section 1.4.2) [17].

Using transmission electron microscopy (TEM) and solid-state nuclear magnetic

resonance (NMR), the nanocrystals were shown to consist of a crystalline core and

a disordered surface region. The crystalline core was seen to be hydroxyapatite

(HAp), and the surface region to be dominated by hydrogen phosphate anions,

with no hydroxyapatite-like structural motif and structural water.

1.4.5

One Iron Atom in Archaeal Ferritin Crystals as Seed for an Iron-Oxide Cluster

The Dps-like ferritin protein DpsA from the halophile Halobacterium salinarum is

member of a second subfamily of ferritin. This differs from the ferritins by hav-

ing 24 identical subunits, each of which shows outer and inner diameters of 12

and 8 nm, respectively. By comparison, members of the Dps subfamily assemble

only to protein shells of 12 identical subunits, with outer and inner diameters of 9

and 4.5 nm, respectively. These ferritins therefore store only up to 110 iron

atoms, compared to about 500 iron atoms in the case of eukaryotic and eubacte-

rial ferritins.

One major advantage of the structural analysis of the DpsA protein was that

three high-resolution structures could be determined at successively increasing

iron contents [20]. For the low-iron state of DpsA with 1.6 Å resolution, a single

iron atom provides a structural seed for iron-oxide cluster formation at the nucle-

ation center, NI. The Fe3þ of this subsite is coordinated prismatically to three

symmetry-related glutamic acid residues and three symmetry-related water mole-

cules. At this subsite, 13 water molecules form an unusual three-layered crown

around the central Fe3þ ion. The next structure to be detected is an [4Fe-3O] clus-

ter in the NII nucleation center; this is the first structural characterization of a

nucleation event by one ion (atom) in which succeeded Vesterhelt.

1.4.6

Directional Freezing of Aqueous Ceramic Suspensions to Shape Complex

Composites

Those of us not familiar with the physics of water will be excited for several rea-

sons by the approach of Deville. Diatoms, coccolithophores and other impurities

are concentrated within channels between the ice crystals of sea-water, because

pure hexagonal ice platelets with randomly oriented horizontal crystallographic

axis are formed [21]. Moreover, it is a fundamental finding that a critical particle
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size exists [22], above which the suspended particles will be trapped by the mov-

ing water–ice front. The application of both these experiences to produce complex

composites is aided considerably by the fact that the hexagonal ice crystals exhibit

strong anisotropic growth kinetics. The ice thus formed will have a lamellar

microstructure, with the lamellar thickness depending mainly on the speed of the

freezing front. The authors succeeded in building homogeneous, layered, porous

scaffolds by freezing concentrated suspensions of ceramic particles above the crit-

ical particle size [23]. (For details, see Volume 2, Chapters 5 and 10.)

1.4.7

Ways to Porous Structures

A first analogy to these porous scaffolds presents itself in the formation of the

porous silica-based cell walls of diatoms. A supramolecular assembly, termed

the silaffin matrix, is formed spontaneously when the main organic compounds

of these cell walls – long-chain polyamines (LCPA) and silaffins – are added to-

gether. LCPA are N-methylated derivatives of the oligo-propyleneimine chains,

whereas silaffins (e.g., natSil2) are highly phosphorylated polypeptides. These

matrices present two principles – a negative principle due to silaffins, and a posi-

tive principle due to LCPA – and are protonated at the acidic pH inside diatoms,

in the silica deposition vesicles (SDV) [24]. (For details, see Volume 1, Chapter 3

and Volume 2, Chapter 2).

The huge, developing matrix remains invisible in water and may be isolated

by centrifugation. It also exhibits silica precipitation activity by the addition of

monomeric silicic acid. This matrix may be considered analogous to the ice

matrix, and is assumed to be a network where, in the free space, the channels

are filled by polymerizing silicic acid. Removal of these organic compounds may

lead to an opening of the labyrinth of pores.

However, the discovery of three new silaffins in the model organism Thalassio-
sira pseudonana revealed that each silaffin, when mixed with LCPA, exhibits strik-

ingly different effects on silica morphogenesis in vitro, either as:
� the formation of spherical silica particles, or
� porous sheets of silica, or
� the deposition of plates made from densely packed but

extremely small silica particles, together with spherical silica

particles.

This packing of silica particles traces the formation of porous silica back to the

freezing technique (see Section 1.4.6; see also Volume 2, Chapter 10). The most

important observation is that a critical particle size exists above which segregation

– that is, the formation of multilayered porous ceramic structures – occurs. With

increasing particle size, the space between the particles expands, leading most

likely to a second type of pore which constitutes its own a labyrinth; this is an

‘‘open pore’’. When the channels are subsequently filled with another phase, the

now dense complex composite may still possess pores of the second type.
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Very recently, a quantitative evaluation of porous materials in bones and bone-

substitute materials was introduced by Epple, who used microcomputed tomogra-

phy followed by an algorithmic procedure to perform the analysis. More precise,

quantitative data were obtained on the extent and type of porosity, and on their

inner surface. The presence of an interconnecting pore system (of an ‘‘open

pore’’) was shown convincingly for bone and all of the bone-substitute materials

examined [25].

1.5

Bacterial Filaments in the Advent of Biomineralization: Cytoskeleton-Like Proteins

and Exopolysaccharides

1.5.1

Proteins Responsible for the Alignment of Magnetosomes in Magnetotactic Bacteria

Bacteria are regarded as the simplest of all known unicellular organisms capable

of synthesizing biominerals [26]. However, this superlative position has been

questioned with the recent detection of a bacterial cytoskeleton containing tubu-

lin and actin homologues [27a,b]; this was similar to eukaryotic actin and tubulin

in terms of its three-dimensional (3-D) structure and biochemical properties.

1.5.1.1 Actin-Like Filaments in Magnetotactic Bacteria

Magnetotactic bacteria have roused special interest because they are able to utilize

the Earth’s magnetic field to achieve optimal life conditions. Single nanocrystals

of magnetite (Fe3O4), a magnetic iron oxide, when enveloped by a phospholipid

membrane, are referred to as magnetosomes. These are aligned in the cytoplasm

to form a chain which behaves like a compass needle. The construction of such a

stable magnet of about 30 to 60 magnetosomes is the center of this biomineral-

ization, most details of which were elucidated by Schüler when introducing mod-

ern molecular-genetic and protein chemical methods into biomineralization re-

search (see Volume 1, Chapter 9).

A large genomic island, which encodes most of the specific, magnetosome-

associated proteins, was identified and designated as a ‘‘magnetosome island’’

[28], due mainly to its striking similarities to the ‘‘pathogenicity islands’’ identi-

fied in other bacteria [29].

The product of the mamJ gene is MamJ, an acidic protein which appears to in-

teract with the magnetosome surface, as well as with an actin-like filament struc-

ture that directs the assembly and localization of the magnetosomes (Fig. 1.2).

This cytoskeletal structure is very similar to that of the actin-like MreB proteins

of other bacteria [27a,b], and is assumed to be formed by the mamK gene product

[30]. Its deletion resulted in an absence of the magnetic filament(s) [31].

A major breakthrough in the analysis of detailed structure within intact shock-

frozen cells was reported by Plitzko, who used cryoelectron tomography (as devel-

oped by its pioneer, Baumeister) [32] to display the cytoskeletal structures of wild-
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type and mutant bacteria that were just a few nanometers in size (see Volume 1,

Chapter 9; see also the front/back book cover, top left).

1.5.1.2 Actin Filaments in Morphogenesis of Diatoms, Eukaryotic Unicellular

Organisms

Until today, a deep discrepancy has existed between those involved in research

utilizing morphogenesis and those using molecular biology methods. Neverthe-

less, several studies of the morphogenesis of diatoms have shown that flagellin-

like filaments appear to be involved in the formation of diatom shells (frustules).

Thus, Kröger and Poulson (see Volume 1, Chapter 3), as leading proponents of

molecular biology studies, point to the important review of Pickett-Heaps and col-

leagues on ‘‘Cell biology of diatom valve formation’’ [33], in which the following

is described (see p. 109):

‘‘In some scale-forming organisms, too, there is evidence that actin
filaments are involved in morphogenesis. Microfilaments
associated with the silica deposition vesicles (SDV) of scale
forming vesicles in synura appear in a transient horse-shoe
pattern of parallel, cross-linked fibres, attached directly to the
membrane. They contain actin and may function in shaping the
SDV, since they disappear once the shape of the scale has been
established.’’ [34].

1.5.1.3 Renaissance of the ‘‘Grand Unified Theory?’’

In Section 1.3, some doubt was expressed as to whether a sequence comparison

would confuse rather than confirm the evolution of biominerals from magnetite

crystals of bacteria to hydroxyapatite in the human skeleton. A first draft of a uni-

fied theory of biomineralization, based mainly on morphogenesis, was published

by Kirschvink and Hagedorn in ‘‘Biomineralization 2000’’ [4]. Although, initially

this highly logical theory was accepted with great interest, major doubts were soon

Fig. 1.2 A section of Magnetospirillum gryphiswaldense showing the

cytoskeletal magnetosome filament. Magnetosome vesicles, which are

empty or contain growing magnetite crystals, are attached to the

filament. (Micrographs and visualization by J.M. Plitzko; see Volume 1,

Chapter 9.)
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expressed when the Human Genome Project was completed by the Joint Genome

Institutes, DOE, US Government. There followed by an extensive project of ge-

nome sequencing of 15 bacteria, including those of two magnetotactic species.

A surprising discovery was made in 2004 by Löwe [27], who reported that bac-

teria possess a cytoskeleton which consists of actin-like and tubulin-like proteins,

with the bacteria showing low homologies in their DNA sequence to those of eu-

karyotic cells. Such experience suggests that genes and gene products, when com-

bined with a knowledge of likely supposition of function, may (or will) allow the

creation of a new unified theory. Today, however, more importance seems to be

attached to the structure and function of proteins in biomineralization than to

genes or to the derived amino acid sequences (see Sections 1.5.2.4 and 1.6).

1.5.2

Filaments of Bacterial Acidic Polysaccharides as Matrices for Iron Oxide Crystals

1.5.2.1 Bacterial Iron Oxide Precipitations

An extraordinary number of publications have described external iron oxide pre-

cipitates (for a review, see [35a,b]) compared to those relating to internal crystal

formation (see Volume 1, Chapter 9). However, to date only one report exists de-

scribing polysaccharide filaments that are located outside, but still attached to, the

bacterium, as templates for such minerals [36].

1.5.2.2 Bacterial Core Strands of Acidic Exopolysaccharides Template Assembly

of FeOOH Nanocrystal Fibers

An organic polymer other than a polypeptide was identified by Banfield as a new

templating element of bacterial biomineralization. In extended studies of iron

oxyhydroxide-encrusted biofilms, and of minerals suspended in the surrounding

groundwater, mineralized filaments were isolated and characterized using physi-

cal methods such as high-resolution transmission electron micrsocopy (HRTEM),

energy-dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM)

and X-ray photo-emission electron microscopy (X-PEEM). The bacteria of the

biofilm extruded polymer strands such that the precipitation reaction of the

minerals was located on the outside. Each of these filaments contained a thin,

pseudo-single crystal core (Fig. 1.3), surrounded by a porous layer of nanocrystal-

Fig. 1.3 FeOOH-mineralized filaments from the biofilm. A filament,

which shows overall structure of thin alkageneite (b-FeOOH) core,

surrounded by amorphous and crystallites of iron oxyhydroxide. Upper

right: Alkageneite at the filament core. The 0.75-nm lattice fringes are

parallel to the filament length. (Modified from Ref. [36]; courtesy of

J. Banfield.)
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line two-line ferrihydrite (Fig. 1.3d). These pseudo-single crystals, composed of

akaganeite (b-FeOOH), were located at the core and were 2 to 3 nm in diameter,

thousands of nanometers in length, and formed a tunnel.

The organic polymer within this core of iron oxide filaments was also analyzed

using physical methods such as X-PEEM combined with X-ray absorption near-

edge structure spectroscopy (XANES). All of the data obtained indicated the pre-

sence of an acidic polysaccharide (most likely alginate). It was suggested that the

polysaccharides might constitute a significant portion of the organics in each fila-

ment, and served as the mineral structure-directing components.

1.5.2.3 Acidic Polysaccharides Mediating Formation of Complex Calcite (CaCO3)

Crystals in Pleurochrysis carterae, a Unicellular, Eukaryotic Organism

The coccolithophore Pleurochrysis carterae, an alga of the marine plankton, was

made prominent by the extensive studies conducted by Marsh (see Volume 1,

Chapter 12), as was the similar coccolith, Emiliana huxleyi (see Volume 1, Chapter

13). In these organisms, 24 interlocking calcite crystals are assembled on the dis-

tal rim of an oval organic baseplate (see Volume 1, Fig. 12.2), and this construct is

designated a coccolith. The initial crystallites are tethered on the coccolith ribbon,

which consists most likely of polysaccharides. This ribbon is not a filament, but

rather acts as a more two-dimensional band, and appears to be the site of calcite

nucleation (see Volume 1, Fig. 12.4b, insert).

Three acidic polysaccharides, termed PS1, PS2, and PS3, were isolated and

characterized, and their functions were analyzed by a series of immunolocaliza-

tion studies and mutant analyses. PS1 and PS2 were found to be involved in ion

accumulation, and PS3 in crystal growth and shaping. When examined in greater

detail, the sulfated galacturonomannan PS3 (see Volume 1, Table 12.1) was found

to be localized at the interface between the first crystallites and the membrane of

the mineralizing vesicle, and to be responsible for acquiring anvil-like crystals by

growth of the first crystallites. On completion of growth, all three polysaccharides

were seen to be localized on the crystal coats and remained bound on the cocco-

lith after extrusion to the surface of the cell.

1.5.2.4 Polysaccharides or Peptides: Is There a ‘‘Unified Theory’’?

Although, at present, only single examples of polysaccharides have been

recognized as being involved in biomineralization, recently developed glycomics

research methods may now provide rapid of access to the analysis of these mate-

rials. Analytical electrophoretic separation techniques, including agarose-gel,

high-performance capillary electrophoresis (HPCE) and fluorophore-assisted car-

bohydrate electrophoresis (FACE), have been introduced into the areas of struc-

tural analysis and quantification of complex polysaccharides, and notably of the

acidic bacterial polysaccharides [37]. In this respect, considering that PS3 repre-

sents only 3% of the total acidic polysaccharides (PS1, 2 and 3), many new poly-

saccharides involved in the biomineralization remain to be discovered. Recently,

the analytical possibilities in this area have been expanded by the introduction of
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mass spectrometry, while bioinformatics platforms have been developed to sup-

port the findings of glycomics and glycobiology research [38, 39].

In an important pioneering study, Arias showed that eggshell mineralization

begins with the nucleation of calcite crystals on a discrete organic aggregation

termed ‘‘mammillan’’, a proteoglycan which contains oversulfated keratin sulfate

[40]. Of note, the polysaccharide region of mammillan was seen to resemble PS3

(see above), which is also a sulfated polysaccharide, but without a protein core.

1.6

Proteins of Similar Function and/or Structure, but Low Sequence Homology:

Typical in Biomineralization

In Section 1.5.1, the suggestion was made that low homologies among the amino

acid sequences of proteins involved in biomineralization might be common, an

example being that of bacterial and eukaryotic actins, and therefore similarities

in function and structure become crucial when identifying the corresponding

genes. Some examples have been selected from elsewhere in Volume 1, and these

appear to follow this distinctive feature.

1.6.1

The Avian Eggshell Protein Ovocleidin-17, and Human Pancreatic Stone Protein

The avian eggshell protein, ovocleidin-17 (OC17), occurs in the matrix of calcified

layers of the eggshell (see Volume 1, Chapter 18), yet the ‘‘most similar’’ amino

acid sequence found among the protein databases was for the human pancreatic

stone protein (PSP). Although these two proteins have only 32% similarity of res-

idues (see Volume 1, Sections 18.5.2 and 18.6), their 3-D structures are remark-

ably similar.

PSP, which is found in human pancreatic stones (as pathological calcite bio-

minerals) was originally known as ‘‘lithostatine’’, because it was assumed by

some to inhibit calcium carbonate precipitation in pancreatic fluid. Fetuin A has

a similar role with regards to calcium phosphates in human extracellular fluids,

including blood, lymph, and cerebrospinal fluid (see Volume 1, Chapter 24 and

Volume 3, Chapter 22) [42]. Both, avian eggshell gland fluid and human pancre-

atic fluid are supersaturated with calcium carbonate, whereas human blood is

rich in calcium phosphates and hydroxyapatite.

In chronic pancreatitis, PSP was shown to form large fibrils as a scaffold for

stone formation, following the cleavage of an undecapaptide by activated trypsin.

The proteins and proteoglucans [40] involved in the scaffold construction of the

eggshell palisade and mammillary layers have been the subjects of intense inves-

tigation, with an initial proteomic analysis of the chicken eggshell having been

reported in March 2006 [41] by Mann.
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1.6.2

The Starmaker Protein of Zebrafish and Human Dentin Sialophosphoprotein (DSPP)

These two proteins exemplify the possibility of detecting genes (e.g., starmaker) by
similarities in function, despite considerable differences in DNA sequences and

even overall structure [43, 44].

Dentinogenesis imperfecta, which sometimes is also associated with hearing loss,

manifests in humans in which the DSPP gene has undergone mutation. DSSP is

not only responsible for the mineralization of human teeth by calcium phos-

phates (hydroxyapatite) (see Volume 3, Chapter 13), but is also expressed in the

ears, where mineralization by calcium carbonate appears as the ‘‘ear stones’’ of

octonia [44].

On the basis of extensive studies conducted by Nüsslein-Volhard [45], the ze-

brafish has today become a favored model organism for studying developmental

and biological processes, and proved especially valuable in investigating the bio-

mineralization of ‘‘ear stones’’ (which in the zebrafish are termed ‘‘otoliths’’). Oto-

liths contain aragonite (a polymorph of calcium carbonate) and the Starmaker

protein, and are excellent examples of natural composites (see Section 1.7).

1.7

Composites: Inorganic–Organic Hybrid Materials

Nature has invented amazingly very special materials that are known as ‘‘hy-

brids’’ or ‘‘composites’’, and which are assembled from at least an organic mate-

rial and a mineral, often in complex morphologies. They are also often structured

hierarchically, with the properties of the mineral undergoing change due to the

presence and partition of the organic material.

Human inspiration and invention led to the development of a number of

chemical approaches to these phenomena, and these are summarized in Volume

2, entitled Biomimetic and Bio-Inspired Chemistry. It was not until recently, how-

ever [44], that the first example of a bio-composite could be studied in otoliths,

by using molecular biology methods, whereby the phased biosynthesis and

phased decomposition of the successive shells – which consist of small crystal-

lites of aragonite as well as mainly of the Starmaker protein – were analyzed.

The seeding particles, which form the core of the developing otoliths, consist of

glycogen and bind to the extensions (the ‘‘kinocilia’’) of two special cells. These

kinocilia correspond to filaments (as discussed above) as templates for the forma-

tion of otoliths. When mature, their core is surrounded by succeeding layers of an

organic matrix, and layers of inorganic frames; the organic matrix represents a

complete network of proteins, which is rich in acidic macromolecules, the Star-

maker protein being the most abundant [46]. Crystallites of aragonite (CaCO3)

constitute the inorganic frames (for a review, see Volume 1, Chapter 17, especially

Fig. 17.1).
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The Starmaker protein was the first to be shown capable of genetically control-

ling an inorganic process, namely crystal and shape formation. A reverse genetic

approach was used for gene knock-down mediated by morpholino oligonucleo-

tides (MO) [45] to special targets on the mRNA. The major advantage of this

method was that, in subsequent experiments, the level of Starmaker protein

could be regulated down in stepwise fashion. Thus, depending upon the MO con-

centration, a dramatic stepwise change was seen to occur in the otoliths, as: (i)

they lost their ovoid form; (ii) they formed star-shaped otoliths together with an-

other arrangement of the protein matrix; and (iii) the calcium carbonate poly-

morph aragonite was completely transformed into its polymorph, calcite.

Although otolith formation in the zebrafish (Danio rerio) is an exceptional ex-

ample of biomineralization, the reason why this complex, inorganic–organic hy-

brid material is synthesized remains an open question. Likewise, its physical and

chemical properties remain something of a mystery. However, it has been sug-

gested that ‘‘. . . the mass load of the otoliths increased the sensitivity of the detec-

tion system . . .’’, which referred to the sensory epithelium of the sensory hair

cells and supporting cells [44, 47].

As described previously, it is possible to analyze otoliths by reducing their con-

tent of Starmaker protein within the layers of the organic matrix, and in this

respect an excellent micromechanical method was developed [48] to measure

the forces required to destroy silica shells (frustules) (see Volume 1, Chapter 5).

However, were this method to be applied to the above-described otoliths, it would

surely fail to provide the expected data, because the original otoliths would be

changed to star-shaped and ultimately calcite-crystal-like otoliths; in other words,

they adopt other geometric forms.

Due to its transparent and easily accessible embryos, D. rerio has recently

become an important model organism in the study of skeletogenesis, both by de-

velopmental analysis and powerful genetic screening (for a review, see Volume 1,

Chapter 20) [49].

Moreover, innovative studies (using atomic force microscopy and transmission

electron microscopy) on the mechanical properties of wild-type and mutant

zebrafish have been carried out in order to determine similarities between the ze-

brafish skeleton and human bone, at the nanomechanical level (see Volume 1,

Chapter 22; Table 22.1). The most important and long-serving pioneer of biomin-

eralization, S. Weiner, has described seven levels of hierarchical organization in

the human long bones [50]. Nonetheless, although the zebrafish is only 4 cm in

length, Cui and Wang observed a similar hierarchical structure of skeletal bone

within this early vertebrate (see Volume 1, Chapter 22; Fig. 22.1).

Such high complexity and hierarchy – even of ‘‘lower’’ organisms – might dis-

courage those of us intending to analyze these inorganic–organic hybrid materi-

als in order to explain their mechanical properties by chemical and physical–

chemical methods. The very basis of this approach relies on interactions between

the surfaces of inorganic and organic matter, and the way in which a material is

created with altered mechanical properties.
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In this respect, DiMasi succeeded in a surprising – but convincing – first step

for the interaction between structured proteins, which had self-assembled into fi-

ber network, and calcium carbonate in its early stages of biomimetic mineraliza-

tion. Compared with its neighboring unstructured proteins, calcium carbonate

stiffens the protein fibers selectively before crystal formation, and crystallizes

only on such fibers (see Volume 2, Chapter 7). These results support the notion

that proteins, when structured into filaments of fibers, are involved fundamen-

tally in the precrystalline stages of biomineralization. These early-stage small

quantities of calcium carbonate, by binding to filaments, generate an alteration

in mechanical properties, namely an increased stiffness of their target, the

filament.

These development point the way to broad developments in the basic reaction,

in which the binding of inorganic ions causes a change in the mechanical proper-

ties of organic polymers. However, we are far from being able to reconstruct a

skeleton based on this molecular interaction of the first reaction partners in a hi-

erarchical process.

Consequently, in order to describe these highly complex constructs, such as a

skeleton, mathematics suddenly became the center of attention, reviving the orig-

inal ideas of D’Arcy Thompson.

1.8

Finite Element Analysis and Conclusion

The topic of biomineralization begins with a fundamental question regarding the

interaction of inorganic and organic materials – an interaction which seems to

have followed a clear direction since the origins of life. During the early stages

of evolution, a specialized mode of biomaterial formation arose in bacteria utiliz-

ing ordered proteins and filaments for biosynthetic processes. Shortly afterwards

(in evolutionary terms!), the development of biomaterials led to the creation of

inorganic–organic hybrid materials which, until today, have eluded complete

chemical and physical analyses aimed at determining their mechanical proper-

ties. In fact, most biominerals are characterized by a hierarchical order, which

culminates in the skeletons of vertebrates.

In order to describe highly complex systems such as skeletons, Finite Element

Analysis was introduced, and achieved great success (for a review, see Volume 3,

Chapter 3). In this analysis, a skeleton would be covered by a mesh of points,

termed ‘‘nodes’’, with the mesh having been programmed to include all material

and structural data. Today, by using powerful computers it is possible to study the

actions of varying forces (or loads) and, from a simplified point of view, Finite Ele-

ment Analysis is able to answer the same questions as did the micromechanical

method of Hamm (see Volume 1, Chapter 5), namely under what force an ele-

ment would be destroyed. It is indeed amazing that the Finite Element Analysis

of a skeleton is governed by only one physical quantity – the Force – together with
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the modulus of elasticity. Hence, the conclusion must be drawn that the major

aim of biomineralization is STABILITY.
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30 D. Schüler, Arch. Microbiol. 2004, 181,
1–7.

31 A. Komeili, Z. Li, D.K. Newman, G.J.

Jensen, Science 2006, 311, 242–245.
32 A. Scheffel, M. Gruska, D. Faivre,

A. Linaroudis, J.M. Plitzko,
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Collagen: A Huge Matrix in Glass Sponge

Flexible Spicules of the Meter-Long

Hyalonema sieboldi

Hermann Ehrlich and Hartmut Worch

Abstract

The internal skeletons of sponges of the class Hexactinellida comprise a

meshwork of six-rayed spicules of ca. 1 mm diameter made from solid silica

(SiO2�nH2O). Their hierarchical construction from the nanometer to the centime-

ter scale has been elucidated, but as yet the nature of the organic template on

which silica is deposited from dissolved silicic acid Si(OH)4 has eluded identifica-

tion. In order to investigate the structure of the organic matrix associated with sil-

ica, we studied spicules from the stalk of the glass rope sponge (Hyalonema sie-
boldi). These anchoring spicules are remarkable for their size, durability, high

flexibility and their exceptional fiber-optic properties which together render them

of interest as a novel natural material. Among these investigations, we present a

study confirming our hypothesis that an organic matrix of collagenous nature

within the H. sieboldi spicules is responsible for their extraordinary mechanical

properties. Hexactinellida sponges are organisms that date back to the Cambrium

period (600 million years ago); consequently, it can be assumed that the evolu-

tionary history of collagen is at least equally long. Furthermore, collagen also

serves as a template for calcium phosphate and carbonate deposition in bone,

suggesting that the evolution of silica and bone skeletons share a common origin

with respect to collagen as a unified template for biomineralization.

Key words: biosilicification, biomineralization, collagen, glass sponge, collagen-

silica, biocomposites, biomaterials, biomimetic.

2.1

Introduction

Glass sponges are fascinating research objects because of the hierarchical organi-

zation of their spicules from the nanoscale to the macroscale [1]. Species of the
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class Hexactinellida are distributed in all oceans, and live at depths ranging from

30 to 6235 m [2]. The glass sponges of the families Hyalonematidae, Monorha-

phidae, Pheronematidae and, partially, Euplectellidae inhabit loose muddy sub-

strates. One of the strategies of survival under such conditions is the formation

of root-like structures that prevent the body of the animal from sinking into the

ground [3, 4]. The members of these families, including the genus Hyalonema
(Hyalonematidae), anchor themselves on the substrate by means of a stalk of vari-

able length constructed from a bundle of megascleres. The latter represent hexac-

tinal or pentactinal spicules with a hypertrophied proximal ray and other, smaller

rays. The height of such stalks can reach 1 m and more [5], and the stalks can

become twisted along the axis under the effects of near-bottom currents (Fig.

2.1). The random distribution of Hyalonema species’ stalks across the sea floor

suggests that the soft sediment habitat is homogeneous for Hyalonema [6]. These

siliceous stalks are likely to be long-term features of the sea floor because they re-

main long after the sponge dies, and are not expected to change in density over a

time period of several years [5, 6]. The objects of the present study – Hyalonema
sieboldi Gray, 1835 – are typical representatives of the glass sponges [7]. Hyalo-
nema sieboldi are also known as ‘‘glass rope sponges’’ because of the twisted col-

umn of their basal spicules. Recently, it was suggested that the H. sieboldi spicule

Fig. 2.1 Marine glass sponge Hyalonema sieboldi, a typical member

of the Hyalonematidae family. The diameter of the sponge head is

approximately 10 cm; the height of the stalks ranges from 70 to

100 cm. (Illustration courtesy Kenneth L. Smith, Scripps Institution

of Oceanography.)
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is an example of a biocomposite containing a silicificated collagen matrix, and that

high collagen content is the origin of the high mechanical flexibility of the spi-

cules [8–11].

2.2

A Modern Approach to Desilicification of Spicules in Glass Sponges

It was generally accepted that the skeletons of Hexactinellida are composed of

amorphous hydrated silica [12] deposited around a proteinaceous axial filament

[13]. However, the nanolocalization of the proteinaceous component of the spi-

cule was not investigated in detail because of the lack of a demineralization

method which preserved the organic matrix during desilicification. Until now,

the common technique for the desilicification of sponge spicules was based on

hydrogen fluoride (HF) solutions. Kölliker, in 1864, was the first to describe the

use of HF solution for the demineralization of Hyalonema spicules [14]. In 1888,

Sollas reported on sponge spicule desilicification methods based not only on HF,

but also on boiling solutions of KOH [15]. A HF-etching procedure developed for

microscopic investigations of the structure of sponge siliceous spicules was de-

scribed by Vosmaer and Wijsmann in 1902 [16], and this is still used today.

A similar HF-based desilicification method was used by Schmidt in 1926 for a

comparative study of organic and inorganic substances within the spicules of

Hyalonema and Monorhaphis species [17]. HF dissolution of silica was used

more recently to visualize the sponges’ axial filaments, but was satisfactory only

for determining their gross morphology; unfortunately, it also had the drawback

of partially masking the filament fine detail [18]. The removal of silica from the

face of the block by soaking in HF circumvents some problems, but results in the

loss of the freed filaments which are no longer supported by a surrounding ma-

trix to hold them in the block [19]. Also, cathepsin-like proteins called ‘‘silica-

teins’’ were isolated from siliceous spicules of Tethya aurantia by dissolving the

silica in HF/NH4F solutions [20]. However, the fibrillar organic matrix was de-

scribed for Euplectella sp. spicules that had been desilicated using HF gas rather

than solution [21]. Although the HF-based silica dissolution procedure was

criticized for the first time by Bütschli as early as 1901 [22], this type of desilicifi-

cation was not reported again as a rather aggressive chemical procedure which

could drastically change the structure of proteins until 2003, this time by Croce

et al. [23] and more recently by Schröder et al. [24]. Another biogenic silica diges-

tion method [25], based on Na2CO3 or 0.5 M NaOH with subsequent heating at

85 �C, is also not acceptable for these purposes, as it leads to denaturation of the

proteins. In order to overcome this obstacle, we developed novel, slow-etching

methods, which use solutions of 2.5 M NaOH (or at least 1% sodium dodecylsul-

fate, SDS, or 1% rhamnolipid biosurfactant) at 37 �C, and take 14 days to com-

plete [11].
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The main principle of this type of demineralization is based on alkali–silica re-

actions. The basis of the reaction is that the hydroxyl ions attack the stronger si-

loxane bridge (SiaOaSi) near the surface of the reactive siliceous component and

break it down. The negative charge created by this breakdown is balanced by the

positively charged alkali ions:

SiaOaSiþ 2 NaOH ! 2 SiaOaNaþ þH2O

As the reaction proceeds, alkali hydroxide penetrates into the siliceous particle,

thus loosening the lattice structure. This type of biosilica dissolution is not appli-

cable to well-crystallized silica (quartz), but is efficient for amorphous silica be-

cause of the increased surface area and the disordered, open structure [26].

2.3

Glass Sponge Collagen

2.3.1

Chemical Etching of Spicules and Extraction of Collagen

Hyalonema sieboldi was collected in the Pacific Ocean (12� N, 137� E; water depth

5000 m). Dried fragments of H. sieboldi basal spicules (length 50 cm, diameter

1.0–1.5 mm) were washed three times in distilled water, cut into 2- to 5-cm-long

pieces and placed in a solution containing purified Clostridium histolyticum colla-

genase (Sigma) to digest any possible collagen contamination of exogenous na-

ture. After incubation for 24 h at 15 �C, the pieces of spicules were again washed

three times in distilled water, dried, and placed in a 10-mL plastic vessel contain-

ing 5 mL of 2.5 M NaOH solution. The vessel was covered, placed under thermo-

statted conditions at 37 �C, and shaken slowly for 14 days.

The effectiveness of the slow alkali etching was monitored using scanning elec-

tron microscopy (SEM) (Fig. 2.2) and laser scanning microscopy (LSM) at differ-

ent locations along the spicules’ length and within the cross-sectional area [9–11].

The alkali extracts of Hyalonema spicules containing fibrillar protein were

dialyzed against deionized water and the dialyzed material was dried under vac-

uum conditions. The lyophylizate was fractionated using high-performance liquid

chromatography (HPLC) [9, 11]. To elucidate the nature of proteins isolated from

glass sponge spicules, corresponding electrophoretic gels stained with Coomassie

were used to determine the amino acid sequence by a mass spectrometric se-

quencing technique (MALDI; Finnigan LTQ), as described previously [27]. Struc-

tural analysis of the glass sponge basal spicules and corresponding extracted

proteinaceous components was performed using SEM, transmission electron

microscopy (TEM), atomic force microscopy (AFM), LSM, and X-ray diffraction

(XRD) [8–11].
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2.3.2

Collagen Identification

Only one main peak was obtained by HPLC separation of the dialyzed and lyophi-

lized H. sieboldi fibrillar proteins contained in the extracts. The results of the

amino acid analysis of this HPLC fraction showed an amino acid content typical

for collagens isolated from several sources listed in Table 2.1 [28–34]. In addition,

the results of Edman degradation confirmed the collagenous origin of the fibrillar

Fig. 2.2 Schematic view of strategy for desilicification and biochemical

analysis of Hyalonema sieboldi spicules.
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protein isolated from basal spicules of H. sieboldi (R. Deutzmann, personal com-

munication).

Although the advent of large-scale genomic sequencing has greatly simplified

the task of determining the primary structures of peptides and proteins, the

genomic sequences of many organisms – including glass sponges – are still

unknown. Thus, complete characterization of the protein primary structure often

requires determination of the protein sequence by mass spectrometry with mini-

mal assistance from genomic data, via de-novo protein sequencing [35]. Here,

four electrophoretic bands were excised and the protein material digested in-gel

with trypsin to obtain tryptic peptide mixtures for further analysis using LTQ

and MALDI peptide finger printing. A comparison to the MSDB protein database

[36] led to the identification of collagen alpha-1 and -2 in three out of four

high-molecular weight (MW) bands. These matched to dog collagen alpha-1

(AAD34619, MW 139.70 kDa), to rat collagen alpha-1 (CAB01633, MW 138.83

kDa), and to bovine collagen alpha-2 (BAA25171, MW 129.50 kDa) [9].

In contrast to the ‘‘finding of collagen’’ in spicules of Euplectella sp. reported

previously by Travis et al. [21], where collagen was suspected to be a contaminant

of exogenous nature [37], we have isolated this protein from H. sieboldi in

amounts of between 300 and 450 mg of collagen per gram of glassy spicule. The

presence of collagen fibrils in alkali solution is therefore not surprising. Hattori

et al. [38, 39] investigated the resistance of collagen to alkali treatment at a con-

centration range of between 3 and 4% NaOH at 37 �C in vitro. The results ob-

tained indicated that the triple-helical conformation and the helicity of the colla-

gen molecule were maintained throughout the period of the alkaline treatment.

2.3.3

Nanoimagery of Fibrillar Organic Matrix

Scanning electron microscopy of the slow etching procedures reveals that a fibril-

lar organic matrix is the template for silica mineralization (Fig. 2.3). Typical fibril-

Fig. 2.3 Scanning electron microscopy images of H. sieboldi spicules

treated with alkali solution provide strong evidence that the multi-

fibrillar organic matrix is the template for silica mineralization.
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lar formations were observed within the tubular silica structures in all layers,

starting from the inner axial channel up to the outermost surface layer of the spi-

cules [11].

The microfibrils with a diameter of approximately 10 to 25 nm are organized in

bundles with a thickness of between 1 and 5 mm, which can easily be identified by

TEM, SEM, LSM, and AFM, as recently reported [9–11]. The morphology of ob-

served H. sieboldi microfibrils (Fig. 2.4) is very similar to non-striated collagen fi-

brils isolated previously not only from invertebrates [40], but also from chick em-

bryos [41], chick cornea and tibia [42], mouse calvaria [43], calf skin [44], or from

human tibialis posterior tendon [45], human cartilage [46, 47], human cartilage-

nous nasal septa [48], human omnion [49] and human dental papilla [50], exam-

ined using electron microscopy.

2.4

Collagen as a Unified Template for Biomineralization

2.4.1

Evolutionary Aspects

Silicon is one of the most abundant elements (27.7%) in the Earth’s crust after

oxygen, the abundance of which is 46.6% on a weight/weight basis [51]. The

ubiquitous abundance of silicon may have been a useful characteristic in the evo-

lutionary process, and in the dispersal of genetic information–silicon complexes

Fig. 2.4 High-resolution transmission electron microscopy image of the

fragment of H. sieboldi collagen microfibril (top right); the arrows

indicate the presence of nanofibrillar structures the diameter of which

corresponds to that of collagen triple helices (1.5 nm). (Image courtesy

P. Simon.)
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on Earth during early evolution [52]. Silicon also has other useful characteristics,

such as buffering in soil and oceans, as well as a net electronegative charge which

allows it to act as a reservoir for trapping cations and organic molecules. In par-

ticular, amorphous silica is a dominant component in marine surface sediment,

most of which is considered to be generated by the activity of living organisms

[53]. It was suggested, that silicon might have been a player in the evolutionary

process from inorganic to some combination of inorganic-organic, and finally to

C-based organisms [52]. In particular, biogenic silica exhibits diversity in struc-

ture, density and composition (a condition referred to as ‘‘adaptive morphology’’),

and can exist in several structural forms, including sheet-like, globular, fibrillar,

helical, tubular, and folded sheets [54]. Adaptive morphology may have been an

important feature in the molecular evolution of nucleic acids and proteins that

assisted these central biomolecules in evolving to their present-day conformations

[52].

Evolution was triggered by environmental changes, among which was an in-

crease in oxygen in the late Proteozomic period [55]. Oxygen also plays an impor-

tant role in the formation of the SiaOaSi bond, which is known to be highly sta-

ble, and of SiaO bonds which are very strong and resistant to acidic conditions

[52]. Increased oxygen became a key factor in the synthesis of collagen through

its involvement in the post-translational hydroxylation of proline and lysine resi-

dues [55].

The origin of a collagen-related structural motif (CSM) containing glycine-X-Y

repeats found in numerous proteins in prokaryotic and eukaryotic organisms is

still unknown. The bacterial proteins containing a CSM that could be functionally

annotated were either surface structures or spore components, whereas the viral

proteins generally could be annotated as structural components of the viral parti-

cle [56]. The limited occurrence of CSMs in eubacteria and lower eukaryotes, and

the absence of CSMs in archebacteria, suggest that DNA encoding CSMs has been

transferred horizontally, possibly from multicellular organisms to bacteria. How-

ever, the presence of CSMs in prokaryotes underlines the importance of collagen

as a structural motif in nature. To the present authors’ best knowledge, there is

no information available about the involvement of bacterial CSMs in biosilicifica-

tion phenomena.

A recent study of silica deposition on the surface of extreme thermophilic bac-

teria within the genera Thermus and Hydrogenobacter revealed that one insoluble

protein of approximately 35 kDa – called ‘‘silica-induced protein’’ – was induced

by the presence of polymeric silica, and its expression corresponded with bio-

mediated silica precipitation [57].

The evolution of collagens can be considered as a hallmark of metazoans [58].

From the first multicellular animal (the glass sponge) to humans, only two colla-

gen types appear to have been conserved – that is, the fibrillar and the basement

membrane collagens. The latter have been identified in only one group of sponges

(Homoscleromorpha). Sponges are anatomically simple, with a body surrounded

by syncytial tissue (Hexactinellida) or by a layer of pinacoderm cells and internal

tissue, the mesohyl, consisting of cells and a structured matrix rich in collagen
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fibrils (Demospongiae, Calcarea). Hence, in comparison with bacterial agglomer-

ates, sponges not only have cells in contact with the environment, but also have

cells embedded in a structured extracellular matrix [59]. Furthermore, in contrast

to the Demospongiae, where the silica spicules are ‘‘glued’’ together by ‘‘collage-

nous cement’’ made from microfibrils [60], the presence of fibrillar collagen in

the older Hexactinellida [61] highlights its fundamental role in the evolution of

the earliest metazoans and their skeletons. Thus, it can be deduced that living or-

ganisms at the earliest stages of metazoan evolution can form highly structured

silica networks that are controlled by collagen.

2.4.2

Twisted Plywood Architecture of Collagen Fibrils in Basal Spicules of H. sieboldi

The results of SEM observations of the desilicified spicular layers show strong

evidence that the orientation collagen fibrils within spicules possesses a twisted

plywood architecture (Figs. 2.3, 2.5, and 2.6b,c). The twisted plywood or heli-

coidal structure of collagen fibrils is well described by Giraud-Guille [62] for both

in-vivo [63] and in-vitro [64] systems. Spiral twisting of the collagen fibril orienta-

tion was found in several biological tissues, and has been described for different

organisms including cuticular collagens of Polychaete [65], Vestimentifera [66],

scale collagens of primitive [67] and bony fishes [68], and finally collagen fibers

inside bone [69]. A plywood-like structure composed of five different arrays of

parallel collagen fibrils has been described in lamellar bone by Weiner et al. [70].

In many lamellae, the fibrils are in small domains about 30 to 100 mm wide with-

in which the fibril orientation is constant, though in any one lamella the orienta-

tion changes from one domain to the next. The collagen in lamellar bone forms

branching bundles that are 2 to 3 mm in diameter and much thicker than those in

woven bone [71].

According to the model proposed by Giraud-Guille, adjacent lamellae have dif-

ferent orientations; either longitudinal (with the collagen fibers along the long

axis of the lamellar sheet), or transverse (with the collagen fibers perpendicular

to the long axis) [72]. The osteonal lamellae are wrapped around a central canal,

and sequential concentric lamellae have fiber orientations alternating with each

other, spiraling around the central canal. From a mechanical point of view, heli-

coidal structures have certain advantages in resisting mechanical loads compared

to orthogonal plywood structures as the twisted orientation enables a higher ex-

tensibility in tension and compression [69]. Giraud-Guille’s model predicts a col-

lagen matrix with elastic anisotropy (anisotropy ratio > 1). The data of Takano

et al. [73] indicate that the collagen matrix of bone does indeed have elastic aniso-

tropy, and thus a predominant collagen orientation. The twisted plywood architec-

ture of collagen fibrils within basal spicules of H. sieboldi visible after alkali treat-

ment (Fig. 2.5) is very similar to that reported for lamellar bone, and thus could

also confirm the Giraud-Guille model in the case of biosilicification in vivo. Cor-
respondingly, this type of collagen fibril orientation explains why sponge spicules

exhibit remarkable flexibility and can be bent even to a full circle (Fig. 2.6).
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2.4.3

A New View on the Possible Role of Silica in Bone Mineralization

Due to the pioneering studies of Carlisle, which were mainly conducted during

the 1970s [74–77], the importance of silicon for bone growth and mineralization

is currently an intensively investigated topic [78–81]. Originally, Carlisle identi-

fied a close relationship between Si concentration and the degree of mineraliza-

tion of young bone. Silicon deficiency was also associated with a reduction in the

number of osteoblasts in the bone matrix of chickens [74]. Based on information

reported to date, the effects of silicon in the form of physiologically active orthosi-

licic acid on the formation of bone and connective tissues can be summarized as

follows:

Fig. 2.5 The twisted plywood orientation of collagen microfibrils within

(a) and on the surface (b; arrows) of the partially demineralized

spicular layers can be well identified using SEM.

Fig. 2.6 Unique flexibility of basal spicules of H. sieboldi (a) is proposed

to be possible due to plywood organization of collagen fibrils within

these natural collagen-silica composites (b, c).
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� Si may be associated with Ca in the early stage of bone

calcification, because as mineralization progresses, the Si

and Ca contents rise congruently in osteoid tissue; in the

advanced stages of mineralization Si concentrations fall

markedly, whereas Ca concentrations approach proportions

found in bone apatite [76].
� Si is required for the normal formation of glycosamino-

glycans in bone and cartilage, and is essential for the develop-

ment of mesenchymal embryonic tissue [82].
� Si could be involved in the formation of cross-links between

collagen and proteoglycans, thus resulting in the stabilization

of bone matrix molecules and preventing their degradation

[83].
� Si-containing sodium zeolite A stimulates DNA synthesis in

osteoblasts and inhibits osteoclast-mediated bone resorption

in vitro [84].
� Deprivation of Si in rats results in altered bone mineral

composition and decreased activity of bone enzymes such as

femur alkaline phosphatase [85].
� Si-deprivation reduced the collagen content in skull and long

bone [86].
� Si stimulated the activity of prolyl hydroxylase in frontal

bones of chick embryos in vitro [87].
� Orthosilicic acid stimulated collagen I synthesis by human

osteoblast-like cells in vitro and enhances osteoblastic

differentiation [78].

Regardless of the mechanism, silicon has a biochemical function that can affect

circulating and bone concentrations of some extracellular matrix proteins, the

activity of some enzymes associated with bone formation, and the excretion of

collagen breakdown products [79]. These properties of Si did not markedly affect

bone calcium content and bone strength, although Si did enhance bone elasticity.

This indicates that Si does not have a major effect on bone crystal formation, but

rather has an effect on bone growth processes prior to the start of mineralization.

Thus, we can speculate about the possible role of silica as silica–collagen compos-

ite in the earliest stages of bone formation.

We suggest that the higher structural organization of multicellular organisms,

including the presence of fibrillar collagen (in contrast to prokaryotic cells), may

have stimulated the formation and organization of silica–collagen-based skele-

tons. However, natural silica–collagen composites are no longer the desired end

stage in metazoans, since silica–gel matrices have been superseded by mineral-

ized collagen matrices based on calcium carbonate and calcium phosphate during

the course of animal evolution. On the other hand, the twisted plywood principle

of collagen fibril orientation which we discovered recently within silica layers in
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basal spicules of H. sieboldi, and has been investigated extensively in lamellar

bone [69–73], seems to be an example of a conserved feature.

From this point of view, silica–collagen composites may be an example of a pre-

liminary phase in bone development which has been conserved from the time

when silica–collagen composites were necessary for the construction of the first

metazoan skeletons. That is, they may be synthesized and play a critical role only

during an early phase of the embryonal development of vertebrates. This would

be in accordance with Haeckel’s Biogenetic Law [87], which states that the rapid

and brief ontogeny is a summary of the slow and long phylogeny; in other words,

the reproduction of ancestral patterns of development in descendant ontogenies

is a key aspect of biological systems [88], including skeletogenesis. The role of

silica–collagen composites in bone development is therefore open to speculation

and should serve as an impetus for further research in this new direction.

2.5

Collagen–Silica-Based Biomaterials

Recently, interest in the biomaterial properties of silica-containing structures has

grown. In order to exploit the mechanisms for the synthesis of advanced materi-

als and devices [89], an investigation into the nanoscopic structure of the three-

dimensional (3-D) networks of these remarkable materials must be conducted

[90].

Silicon is known to be a major contributor to bone growth and early stages

of mineralization, and this has led to the substitution of silicon for calcium in

synthetic hydroxyapatite. It has also led to the development of different silica-

based biomaterials, including bioglasses [91], silica-containing cements [92],

cyclosilicate-based silica-calcium phosphate nanocomposites [93], nano-silica-

fused whiskers [94], silicon-substituted calcium phosphate powders [95], calcium

phosphate hydroxyapatite nanoparticles within organized silica structures [96],

silica gel [97] and xerogel [98] – containing composites, silicon nanowire-based

materials [99] and silica–collagen hydrogel composites [100].

2.5.1

Bioactive Glass Composites

Bioactive glass composites have become increasingly important in tissue engi-

neering and clinical applications since the first investigations conducted by

Hench during the early 1960s. Bioactive glasses are amorphous silica-based mate-

rials that are biocompatible, bioactive, osteoconductive, and osteoproductive [101].

Their bone-bonding ability has been attributed to the formation of a hydroxycar-

bonate apatite layer on the surface of the glass on contact with body fluid. The

composition and structure of this layer is similar to that of bone mineral, and a

strong bond may form [102]. However, some of the currently available bioglass
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products have inherent limitations [103]: for example, bioactive glass is a stiff and

brittle material, is difficult to form into complex shapes, and prone to catastrophic

fracture under loads. Bioglasses are also granular in nature and cannot be relied

upon as space-making devices; bioglasses are also not osteoinductive and are in-

capable of forming bone at ectopic sites.

2.5.2

Collagen–Silica-Based Biohybrids

In contrast to bioglasses, the development of collagen–silica-based biohybrids

seems to be closer to the real situation in Nature. Historically, Ono et al. [104]

showed for the first time that collagen type I fibers could be used as templates

for the preparation of hollow-fiber silica, but not for collagen–silica biomaterials.

A novel synthetic pathway to obtain collagen–silica biohybrids using a co-gelation

process was described recently by Coradin et al. [105, 106]. Likewise, Brasack et al.

[107] investigated biocomposite sols of silica with embedded scleroproteins, in-

cluding collagen and gelatin. Biocomposites are stable and form high-quality

Fig. 2.7 (a) Rod-like collagen–silica-based biomaterial derived in vitro.

SEM images: nanoparticles of amorphous silica deposited in vitro

from silicic acid solution on collagen fibrils isolated from spicules

(b) replicate the nanostructure of glass sponge spicules (c).
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layers with excellent mechanical properties, even without annealing. Moreover,

the coatings are not cytotoxic and show good biocompatibility.

In order to verify whether the collagen scaffold shapes the morphology of the

glassy sponge spicules, a number of in-vitro experiments was carried out in which

collagen isolated from the spicule of H. sieboldi was exposed to silicic acid solu-

tion [8]. As a consequence, rod-like structures of several millimeters diameter

and of similar shape to the sponge spicules were obtained. The ultrastructural

analysis of these self-assembled, non-enzymatically derived collagen–silica com-

posites demonstrates that amorphous silica is deposited on the surface of colla-

gen fibrils in the form of nano-pearl necklets, closely resembling the nanoparticu-

late structure of natural spicules (Fig. 2.7).

A true understanding of Hexactinellida’s collagen templating activity for silica

mineralization might represent the key to the development of new biomimeti-

cally fabricated, collagen-based silica materials for applications in material

science, biomedicine, and other modern technologies.

2.6

Open Questions

With regard to the subject of sponge collagens, many fascinating questions re-

main to be answered, including:
� Sponge collagen is highly insoluble, and attempts to purify

it have been largely unsuccessful; hence, no sequence data

are currently available for these proteins [108]. The type of

collagen present in the microfibrils described in these

investigations is debatable, and in particular how well some

characteristics of Hyalonema collagen might be conserved

from sponges to humans. Experiments to determine the full

sequence of H. sieboldi spicular collagen are currently in

progress.
� It was reported that, in the case of Demospongiae, the genes

coding for silicateins and for collagen are up-regulated in

the presence of silicate [109]. Recently, it was suggested that

silicateins might be associated with collagen [9], and this was

subsequently partially confirmed by Schröeder et al. [24].

Silicateins, as reported previously [110], govern the enzymatic

and structurally controlled synthesis of silica in marine

demosponges. At the same time, silicateins resemble

cathepsins, which are known to be collagenolytic and capable

of attacking the triple helix of fibrillar collagens [111, 112].

It is not unreasonable to hypothesize that silicateins are

proteins responsible for the reconstruction of collagen to

form templates necessary for the subsequent silicification.

Whilst no silicateins were found in extracts obtained from

2.6 Open Questions 37



H. sieboldi spicules after demineralization using these

techniques, the question persists with regard to the presence

of silicateins in Hexactinellida, in the context of collagen.

The results of these studies also suggest that collagen might be identified in other

representatives of glass sponges, including fossil species where collagen fibrils

could be conserved due to silicification, and remain intact. Clearly, the future elu-

cidation of the structure and function of glass sponge collagens represents a sci-

entific task of major interest.
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24 H.C. Schröder, A. Boreiko,

M. Korzhev, M.N. Tahir, W. Tremel,

C. Eckert, H. Ushijima, I.M. Müller,

W.E.G. Müller, J. Biol. Chem. 2006,

281, 12001–12009.
25 D.J. Conley, Mar. Chem. 1998, 63, 39–

48.

26 D.K. Smith, Powder Diffraction 1998,

13, 2–19.
27 A. Shevchenko, M. Wilm, O. Vorm,

M. Mann, Anal. Chem. 1996, 68, 850–
858.

28 D. Swatschek, W. Schatton,

J. Kellermann, W.E.G. Müller,

J. Kreuter, Eur. J. Pharm. Biopharm.

2002, 53, 107–113.
29 M.R. Watson, N.R. Silvester, Biochem.

J. 1958, 71, 578–584.
30 J.E. Eastoe, Biochem. J. 1956, 65, 363–

368.

31 M. Damodaran, C. Sivaraman, R.S.

Dhavalikar, Biochem. J. 1956, 62, 621–
625.

32 S. Marinow, A. Diedrich, M. Natow,

S. Wassileva, Angew. Macromol. Chem.

1999, 266, 18–23.
33 T.Y. Ho, Proc. Natl. Acad. Sci. USA

1965, 54, 26–31.
34 J.E. Eastoe, Biochem. J. 1955, 61, 589–

600.

35 K.G. Standing, Curr. Opin. Struct.
Biol. 2003, 13, 595–601.

36 MSDB Database, Imperial College

London (http://www.matrixscience

.com)

37 Simpson, T.L. The Cell Biology of
Sponges, Springer, New York, 1984.

38 S. Hattori, E. Adachi, T. Ebihara,

T. Shirai, I. Someki, S. Irie,

J. Biochem. 1999, 125, 676–684.
39 Y. Suzuki, I. Someki, E. Adashi,

S. Irie, S. Hattori, J. Biochem. 1999,

126, 54–67.
40 F. Gail, FASEB J. 1993, 7, 558–565.
41 R.R. Minor, J. Cell Biol. 1973, 56, 27–

50.

42 M.J. Hendrix, E.D. Hay, K. von der

Mark, T.F. Linsenmayer, Invest.
Ophthalmol. Vis. Sci. 1982, 22, 359–
375.

43 M. Hiramatsu, M. Kumegawa,

K. Hatakeyama, T. Yajima, N. Minami,

H. Kodama, Endocrinology 1982, 111,
1810–1816.

44 G. Na, L.J. Butz, R.J. Carrol, J. Biol.
Chem. 1986, 261, 12290–12299.

45 W. Petersen, G. Hohmann, Foot Ankle
Int. 2001, 22, 126–132.

46 A. Cimpean, L. Moldovan,

L. Constantinescu, M. Bunea,

Roum. Biotechnol. Lett. 2001, 6,
315–324.

47 D.R. Eyre, J.-J. Wu, R.J. Fernandes,

T.A. Pietka, M.A. Weis, Biochem. Soc.
Trans. 2002, 30, 894–899.

48 F. Ortolani, M. Giordano,

M. Manchini, Biopolymers 2000, 54,
448–463.

49 A. Modesti, T. Kalebic, S. Scvarpa,

S. Togo, G. Grotendorst, L.A. Liotta,

T.J. Triche, Eur. J. Cell Biol. 1984, 35,
246–255.

50 A. Steyer, D. Gazit, I. Bindman, I.A.

Bab, In Vitro Cell Dev. Biol. 1987, 23,
15–20.

51 H.L. Ehrlich, Geomicrobiology, Marcel

Dekker, Inc., New York, 1990.

52 J.T. Trevors, Antonie van Leeuwenhoek
1997, 71, 271–276.

53 M. Kastner, In: Emiliani, C. (ed.), The
Sea, Vol. 7, Wiley, New York, 1981,

p. 915.

54 D.E. Canfield, A. Teske, Nature 1996,
382, 127–132.

55 S. Mann, C.C. Perry, in: Silicon
Biochemistry CIBA Foundation
Symposium 121, John Wiley & Sons,

Sussex, UK, 1986.

56 M. Rasmussen, M. Jacobsson,

L. Björck, J. Biol. Chem. 2003, 278,
32313–32316.

References 39



57 F. Inagaki, Y. Motomura, S. Ogata,

Appl. Microbiol. Biotechnol. 2003, 60,
605–611.

58 J.Y. Exposito, C. Cluzel, R. Garrone,

C. Lethias, Anat. Rec. 2002, 268, 302–
316.

59 R. Garrone, Prog. Mol. Subcell. Biol.
1999, 21, 119–139.

60 R. Garrone, Phylogenesis of Connective
Tissue, Karger Press, Basel, Switzer-
land, 1978.

61 J.P. Botting, N.J. Batterfield, Proc.
Natl. Acad. Sci. USA 2005, 102, 1554–
1559.

62 M.M. Giraud-Guille, Calcif. Tissue Int.
1988, 42, 167–180.

63 M.M. Giraud-Guille, Microsc. Res.
Tech. 1994, 27, 420–428.

64 M.M. Giraud-Guille, G. Mosser,

C. Helary, D. Eglin, Micron 2005, 36,
602–608.

65 L. Lepescheux, Biology of the Cell 1988,
62, 17–31.

66 F. Gail, D. Herbage, L. Lepescheux,

Matrix 1991, 11, 197–205.
67 F.J. Meunier, Amer. Zool. 1984, 24,

953–964.

68 A. Bigi, M. Burghammer, R. Falconi,

M.H.J. Koch, S. Panzavolta, C. Riekel,

J. Struct. Biol. 2001, 136, 137–143.
69 W. Wagermaier, H.S. Gupta,

A. Gourrier, M. Burghammer,

P. Roschger, P. Fratzl, Biointerphases
2006, 1, 1–5.

70 S. Weiner, T. Arad, W. Traub, FEBS
Lett. 1991, 285, 49–54.

71 J.D. Currey, Proc. Instn. Mech. Engrs.
1998, 212, 399–411.

72 J.Y. Rho, L. Kuhn-Spearing,

P. Zioupos, Med. Eng. Phys. 1998, 20,
92–102.

73 Y. Takano, C.H. Turner, I. Owan, R. B.

Martin, S.T. Lau, M.R. Forwood, D.B.

Burr, J. Orthop. Res. 1999, 17, 59–66.
74 E.M. Carlisle, Science 1970, 167, 279–

280.

75 E.M. Carlisle, Science 1972, 178, 619–
621.

76 E.M. Carlisle, Fed Proc, 1974, 33,
1758–1766.

77 E.M. Carlisle, in: D. Evered,

M. O’Conner (Eds.), Silicon
Biochemistry. John Wiley & Sons,

New York, 1986, p. 123.

78 D.M. Reffitt, N. Ogston, R. Jugdaoh-

singh, H.F.J. Cheung, B.A.J. Evans,

R.P.H. Thompson, J.J. Powell, G.N.

Hampson, Bone 2003, 32, 127–135.
79 F.H. Nielsen, R. Poellot, J. Trace Elem.

Exp. Med. 2004, 17, 137–149.
80 S. Srypaniyakom, R. Jugdaohsingh,

R.P.H. Thompson, J.J. Powell,

Nutrition Bulletin 2005, 30, 222–230.
81 M. Calomme, P. Geusens,

N. Demeester, G.J. Behets,

P. D’Haese, J.B. Sindambiwe, V. Van

Hoof, D. Van den Berghe, Calcif.
Tissue Int. 2006, 78, 227–232.

82 E.M. Carlisle, J. Nutr. 1976, 106, 478–
484.

83 K. Schwarz, Proc. Natl. Acad. Sci.
USA 1973, 70, 1608–1612.

84 C.D. Seaborn, F.H. Nielsen, Biol.
Trace Elem. Res. 2002, 89, 239–250.

85 C.D. Seaborn, F.H. Nielsen, J. Trace
Elem. Exp. Med. 1994, 7, 11–18.

86 E.M. Carlisle, J. Nutr. 1980, 110, 352–
359.

87 M.K. Richardson, G. Keuck, Biol. Rev.
2002, 77, 495–528.

88 A.S. Rautian, Zhurnal Obshchei
Biologii 1993, 54, 131–148.

89 C. Wong Po Foo, J. Huang, D.L.

Kaplan, Trends Biotechnol. 2004, 22,
577–585.

90 P.J. Lopez, C. Gautier, J. Livage,

T. Coradin, Curr. Nanosci. 2005, 1,
73–78.

91 L.L. Hench, J.K. West, Life Chemistry
Reports 1996, 13, 187–241.

92 Q. Fu, N. Zhou, W. Huang, D. Wang.

L. Zhang, H. Li, J. Mater. Sci.-Mater.
Med. 2004, 10, 1–5.

93 G. Gupta, A. Zbib, A. El-Ghannam,

M. Khraisheh, H. Zbib, Composite
Structures 2005, 71, 423–428.

94 H.H.K. Xu, D.T. Smith, C.G. Simon,

Biomaterials 2004, 25, 4615–4626.
95 J.W. Reid, L. Tuck, M. Sayer, K. Fargo,

J.A. Hendry, Biomaterials 2006, 27,
2916–2925.

96 A. Diaz, T. Lopez, J. Manjarrez,

E. Basaldella, J.M. Martinez-Blanes,

J.A. Odriozola, Acta Biomaterialia
2006, 2, 173–179.

97 J. Korventausta, M. Jokinen,

A. Rosling, T. Peltola, A. Yli-Urpo,

Biomaterials 2003, 24, 5173–5182.

40 2 Collagen: A Huge Matrix in Glass Sponge Flexible Spicules of the Meter-Long Hyalonema sieboldi



98 S. Radin, G. El-Bassyouni, E.J.

Vresilovic, E. Schepers, P. Ducheyne.

Biomaterials 2005, 26, 1043–1052.
99 K.C. Popat, R.H. Daniels, R.S.

Dubrow, V. Hardev, T.A. Desai,

J. Orthop. Res. 2006, 619–627.
100 D. Eglin, S. Maalheem, J. Livage,

T. Coradin, J. Mater. Sci.-Mater. Med.
2005, 16, 1–7.

101 L.L. Hench, Curr. Opin. Sol. St. M.

1997, 2, 604–610.
102 J.R. Jones, L.L. Hench, Curr. Opin.

Solid. St. M. 2003, 7, 301–307.
103 M.V. Thomas, D.A. Puleo, M. Al-

Sabbagh, J. Long. Term. Eff. Med.
Implants 2005, 15, 585–597.

104 Y. Ono, Y. Kanekiyo, K. Inoue, J. Hojo,

M. Nango, S. Shinkai, Chem. Lett.
1999, 6, 475–476.

105 T. Coradin, M.M. Giraud-Guille,

C. Helary, C. Sanchez, J. Livage.

Mater. Res. Soc. Symp. Proc. 2002, 726,
Q5.2.1–Q5.2.5.

106 D. Eglin, G. Mosser, M.M. Giraud-

Guille, J. Livage, T. Coradin, Soft
Matter 2005, 1, 129–131.

107 I. Brasack, H. Böttcher, U. Hempel,
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3

Biochemistry and Molecular Genetics of Silica

Biomineralization in Diatoms

Nils Kröger and Nicole Poulsen

Abstract

Amorphous silica is the second most abundant biomineral on Earth, and is

mainly produced by diatoms, a large class of unicellular, eukaryotic algae. Dia-

toms are able to build up an enormous variety of genetically controlled three-

dimensional (3-D) silica shapes and nanopatterns. Studying the molecular mech-

anism of diatom silica morphogenesis will not only provide important clues to

the mechanism of biological silica formation, but is also expected to lead to novel,

environmentally benign pathways for the production of silica-based nanomateri-

als with controlled 3-D architectures. The recent determination of the genome se-

quence of the diatom Thalassiosira pseudonana, the establishment of methods for

its molecular genetic manipulation, and the identification of T. pseudonana bio-

molecules involved in silica formation, have established this organism as the

model system for silica biomineralization research. In this chapter we will sum-

marize these new data and evaluate their significance for understanding the mo-

lecular mechanism of diatom silica morphogenesis.

Key words: silaffins, long-chain polyamines (LCPAs), silica deposition vesicle

(SDV), posttranslational modifications, silica morphogenesis, nourseothricin, in-

ducible gene expression, green fluorescent protein (GFP).

3.1

Introduction

Diatoms are single-celled eukaryotic algae that are found throughout the world’s

oceans and freshwater habitats [1]. They are of enormous ecological importance,

being responsible for about 40% of the primary biological production in the

oceans [2, 3]. Diatoms have fascinated scientists for around 200 years, because

of their unique cell shapes and intricately patterned cell walls. Diatom cell walls

are made of amorphous silica (SiO2) that exhibits species-specific, mostly porous,
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patterns in the nanomater to micrometer range (Fig. 3.1). The shapes and pat-

terns of the silica are characteristic for each diatom species, which clearly demon-

strates that the formation of diatom silica is under the control of a genetic pro-

gram [1]. Therefore, investigations into the silica-forming machinery of diatoms

will shed light on a central biological question: How are the chemical and physi-

cal properties of biomolecules translated into the complex three-dimensional

(3-D) architectures of (sub)cellular structures?

Besides the biological motivation, there is strong interest from materials engi-

neers in understanding the mechanism of diatom silica biomineralization. The

ability of diatoms to generate complex 3-D mineral shapes with periodic nano-

patterns at ambient conditions by far exceeds the capabilities of present-day mate-

rials engineering. Furthermore, this process is environmentally benign and sus-

tainable, because it requires only sunlight, mineral salts (including carbonate),

and water. An understanding of the mechanism of diatom silica formation, and

Fig. 3.1 Structures of diatom silica

biominerals. (A) Thalassiosira sp. (B) Paralia

sulcata. (C) Amphitetras sp. (D) Arachnoidiscus

sp. (E) Cymatoneis sp. (F) Sheshukovia sp.

(G) Dictyoneis sp. (H) Hydrosera sp. (I–M)

Thalassiosira pseudonana. (I) Intact cell wall

from a single cell. (K) Detail of the rim area

of the valve. The asterisks indicate two tube-

like structures (rimoportulae). Each valve

contains about nine to 12 rimoportulae that

are regularly spaced along the rim. (L) Detail

of the valve surface close to the center. The

valves exhibit irregularly arranged perfectly

circular nanopores (diameter 20 nm).

(M) Detail from the girdle band region. The

girdle band pores also exhibit uniform sizes

of 20 nm diameter. (Images A–H are

reprinted from Ref. [1], with permission

from the publisher.)
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establishing tools for mimicking and tailoring it, is therefore expected to enable

novel routes for the production of functional nanopatterned materials [4–6].

First insights into the molecular mechanism of silica morphogenesis in dia-

toms have been obtained by the characterization of organic molecules isolated

from diatom silica (silaffins, long-chain polyamines, LCPAs), that were shown

to strongly influence silica formation in vitro [7, 8]. Additionally, the first diatom

genome sequence has recently become available [9], and methods for the genetic

manipulation of several diatom species have been established [10]. These recent

advances have provided unprecedented tools, which may eventually enable the

identification and understanding of the machinery that enables diatoms to gener-

ate such amazing silica morphologies. In this chapter we will describe the current

knowledge regarding the structure and properties of silaffins and LCPAs, as well

as the existing tools for the molecular genetic manipulation of diatoms.

3.2

The Cell Biology of Diatom Silica Formation

Investigations into the cellular mechanism of silica biomineralization in diatoms

were pioneered by electron microscopists during the early 1960s. These studies

were performed using transmission electron microscopy (TEM) of ultrathin sec-

tions of chemically fixed and embedded diatom cells. Drum and Pankratz showed

that silica formation is an intracellular process that takes place within membrane-

limited compartments, which they termed silica deposition vesicles (SDVs) [11].

Subsequent studies by Pickett-Heaps, Volcani, Schmid and others using electron

and fluorescence microscopy have led to detailed descriptions of the intricate se-

quence of events that take place during silica morphogenesis in different diatom

species [12, 13]. Furthermore, evidence was presented that actin filaments and

microtubules are involved in shaping the silica-deposition vesicle [13–15]. A co-

herent picture regarding the coupling of silica formation and the cell cycle has

emerged, which is described in the following paragraph.

The protoplast of a diatom cell is tightly enclosed by the silica-based cell wall,

which is constructed from two half-shells, with one half-shell (epitheca) overlap-

ping a slightly smaller half-shell (hypotheca). Each theca is made up of a valve and

several girdle bands that span the circumference of the cell (Fig. 3.2). This cell

wall architecture and the inherent rigidity of silica demand a unique mechanism

for cell division and growth that is outlined in Figure 3.2. Valves and girdle bands

are formed in separate SDVs at different stages of the cell cycle – that is, cell divi-

sion and interphase, respectively. Following the completion of silica formation

inside the SDV, the silica is transported to the cell surface by the process of exo-

cytosis. The mechanism of SDV exocytosis is not well understood [13], but it is

reasonable to assume that it operates analogously to vesicle exocytosis in other

eukaryotic cells. Accordingly, it is expected that the SDV membrane fuses only

temporarily with the plasma membrane, and is immediately recycled to the endo-
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membrane pool by compensatory endocytosis [16–18]. Therefore, it is likely that

the components of the SDV membrane will hardly mix – or not mix at all – with

the plasma membrane during exocytosis. This would be reasonable from a bio-

logical point of view, because stable incorporation of large amounts of SDV mem-

brane would drastically alter the properties and impair the function of the plasma

membrane.

Fig. 3.2 The diatom cell cycle. The silica cell

wall is composed of two half-shells (epitheca

and hypotheca) which together fully enclose

the protoplast. Each theca consists of a valve

and several girdle bands, which run laterally

along the outline of the cell. The terminal

girdle bands of each theca constitute the

overlap region, in which the slightly larger

epitheca overlaps the hypotheca. (1) During

cell division the protoplast undergoes

cytokinesis, yielding two daughter

protoplasts, each containing a silica-

deposition vesicle (SDV). (2) The SDVs

rapidly expand as increasing amounts of

silica are deposited inside the vesicle. (3)

Finally, each SDV contains a fully formed

valve (i.e., the silica morphogenesis process

is complete), which is then deposited on the

cell surface by exocytosis. At this stage, each

daughter protoplast contains a functional cell

wall consisting of a theca from the mother

cell wall and the newly formed valve. (4)

Subsequently, the two daughter cells separate

and develop independently of each other.

(5) To prepare for the next cell division the

protoplast needs to grow which, due to the

rigid nature of the silica cell wall, can only be

accomplished by increasing the distance

between the epitheca and the hypotheca.

Synchronously with cell expansion, girdle

bands are produced in a sequential manner

(each is made in a separate SDV) and added

on to the hypotheca.
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To date, isolation of the SDV has not been accomplished, and therefore its mo-

lecular composition is unknown [19]. Analysis by TEM indicated that the SDV is

bound by a typical lipid bilayer membrane [13]. Accumulation of the marker dyes

DAMP and PDMPO in the SDV lumen suggested that the SDV is an acidic com-

partment [20, 21], thus resembling the vacuoles and lysosomes of yeast and ani-

mal cells [22]. Vacuoles and lysosomes are connected to the Golgi apparatus by

transport vesicles that deliver membrane and protein material for organelle bio-

genesis and maintenance [23]. Therefore, it seems likely that the formation and

expansion of the SDV is also accomplished by the fusion of Golgi-derived vesicles.

Indeed, a close association of small vesicles (<100 nm) with the rim of the grow-

ing SDV has been observed [24], although SDV biogenesis and its relationship to

other endomembrane compartments remain the subjects of much debate [13].

3.3

Thalassiosira pseudonana as a Model Organism

Biochemical studies on silicon metabolism and silica biomineralization in dia-

toms have been pioneered by Volcani and coworkers [12]. Many of their studies

have been conducted with Cylindrotheca fusiformis, from which they cloned the

first genes encoding silicic acid transporter proteins (SITs) [25]. At about the

same time Kröger, Sumper and coworkers isolated and characterized the first

biosilica-associated proteins (frustulins, pleuralins) [26, 27], and identified the

first proteins (silaffins) involved in silica formation [28–30]. However, the C. fusi-
formis cell wall is rather atypical for diatoms, because it is only partially silicified

and contains non-porous silica bands [31] rather than porous silica patterns, like

almost all other diatom species [1].

Recently, the marine diatom Thalassiosira pseudonana has been established as the

model organism for silica biomineralization research. The cell wall of this organ-

ism is fully silicified and exhibits a porous silica morphology (see Fig. 3.1, I–L).

Furthermore, it is the first diatom species for which the complete genome se-

quence has been determined [9], components of its silica forming machinery

have been identified [32–34], and a method for the molecular genetic transforma-

tion of T. pseudonana has been established [35]. In the remainder of this chapter

we will summarize the data on the molecular genetics and biochemistry of

T. pseudonana, with special emphasis on their relevance for silica biomineraliza-

tion research.

3.3.1

Genome Analysis

The genome of T. pseudonana is comprised of 34� 106 base pairs (bp) of nuclear,

129� 103 bp of chloroplast, and 44� 103 bp of mitochondrial DNA. The diploid

nuclear DNA is organized into 24 pairs of chromosomes and is predicted to con-

tain 11 242 protein-coding genes (plus 144 plastid DNA-encoded and 40 mito-
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chondrial DNA-encoded proteins), of which 5326 (47%) are unique – that is, they

do not exhibit significant homology to other proteins in the databases [9]. One of the

most interesting findings from the genome analysis was the presence of an elab-

orate nitrogen metabolism. T. pseudonana is the only photoautotrophic organism

that encodes the full set of enzymes for a complete urea cycle [9]. Presumably, the

urea cycle is employed for fuelling other metabolic pathways with nitrogen-

bearing compounds rather than for nitrogen excretion because, like many other

diatom species, T. pseudonana is able to grow on urea as the sole nitrogen source

[36]. Ornithine is an intermediate in the urea cycle and is also the biosynthetic

precursor for the synthesis of spermine and spermidine, which are polyamines

required for diverse functions in all eukaryotes [37]. Interestingly, the T. pseudo-
nana genome contains 21 putative spermine/spermidine synthase genes, which

is at least fourfold more than in any other genome sequenced to date [9]. It is rea-

sonable to speculate, that some or even most of these genes encode enzymes in-

volved in biosynthesis of the diatom-specific LCPAs, as their molecular structures

are closely related to the structures of spermine and spermidine (see below).

Silicon biochemistry is largely uncharacterized in any organism. Therefore, a

large number of the proteins involved in silica biomineralization will be encoded

by the 47% of T. pseudonana genes that appear to be unique to this organism. In

this regard, the comparative genome analysis of additional diatom species (the ge-

nome project for the diatom Phaeodactylum tricornutum is nearing completion)

and other silicifying organisms (e.g., synurophytes, silica sponges) would be ex-

tremely helpful for identifying genes involved in silicon metabolism. By using

the SIT sequences from C. fusiformis, Hildebrand and co-workers have identified

three silicic acid transporter genes in T. pseudonana [34]. Surprisingly, no clear

matches to the silaffin gene sil1 from C. fusiformis were found in the T. pseudo-
nana genome [9], which indicated that the primary structures of the silica-form-

ing proteins are quite different in both diatom species. There is also no homo-

logue to silicatein-a (i.e., silica-forming protein from sponges [38, 39]) encoded

in the T. pseudonana genome. Therefore, in order to search for the silica-forming

components of T. pseudonana, a biochemical analysis of the silica-associated bio-

molecules has been performed [32]. This has led to new insights into the mecha-

nism of diatom silica morphogenesis, as will be outlined below.

3.3.2

Silaffins and Long-Chain Polyamines from T. pseudonana

Silaffins (proteins with high silica affinity) and LCPAs are tightly associated with

diatom silica. They cannot be extracted from diatom silica even when treated with

hot solutions (95 �C) of sodium dodecylsulfate (SDS), but become readily solubi-

lized by complete dissolution of the silica. This can be accomplished either by

treatment with anhydrous hydrogen fluoride (HF) (which leads to dephosphoryla-

tion and deglycosylation of proteins) or, more gently, by incubation in a concen-

trated solution of NH4F under mildly acidic conditions (pH 4–5) [28–30]. As the

purification, structures and properties of the silaffins and LCPAs from C. fusifor-
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mis have been extensively summarized elsewhere [7, 8], they will not be discussed

here.

3.3.2.1 Silaffins

As the T. pseudonana genome sequence analysis failed to identify homologues of

the C. fusiformis silaffin genes (see above), a biochemical search for silaffins has

been pursued in an analogous manner as described for C. fusiformis. Three pro-

tein components (termed tpSil1/2L, tpSil1/2H, and tpSil3) were isolated from the

NH4F extract of T. pseudonana silica. Treatment of the isolated components with

anhydrous HF resulted in a decrease in the apparent molecular masses (Fig.

3.3A), indicating that the components contained HF-sensitive post-translational

modifications. Indeed, chemical analyses confirmed that all three components

are phosphorylated, sulfated, and glycosylated (Fig. 3.3B). Furthermore, >80% of

their lysine residues carry HF-resistant modifications. The chemical structures

of these modifications have not yet been elucidated, but presumably involve

short polyamine-chains [32]. With regard to their chemical characteristics (glyco-

sylation, phosphorylation, sulfation, acidic pI), these components clearly resem-

ble silaffin natSil2 from C. fusiformis, of which the amino acid sequence has not

yet been determined [30, 32]. HF-treatment of tpSil1/2H and tpSil1/2L, respec-

tively, revealed two bands on SDS-PAGE (Fig. 3.3A), indicating that each of these

silaffin components represents mixtures of two closely related proteins (tpSil1L,

tpSil2L and tpSil1H, tpSil2H). Thus, T. pseudonana contains at least five silaffins.

Sequencing of the N-termini and tryptic peptide fragments of the HF-treated T.
pseudonana silaffins enabled identification of their corresponding genes in the ge-

nome database. Surprisingly, only two genes were identified (sil-A, sil-B), and
these did not account for all of the peptide sequences obtained from peptide map-

ping of the silaffins. Therefore, extensive RT-PCR analyses were performed, lead-

ing to the identification of three cDNAs (tpsil1, tpsil2, tpsil3) that covered all ob-

tained peptide sequences. The cDNA sequences of tpsil1 and tpsil2 are almost

identical (97% sequence identity), and comparison with the genome database re-

vealed that silaffin gene sil-A represented a combination of the tpsil1 and tpsil2 se-

quences. In contrast, sil-B perfectly matched the tpsil3 cDNA sequence. Therefore,

it was concluded that the sil-A sequence in the genome database is an artifact

created during assembly of the genome sequencing data due to the extremely

high sequence homology between the tpsil1 and tpsil2 encoding genes [32]. The

deduced polypeptide sequences that are encoded by the three silaffin cDNAs

(tpSil1p, tpSil2p, tpSil3p) are shown in Figure 3.4C. Intracellular processing of

these three silaffin precursor polypeptides generates all five mature silaffin spe-

cies, as described below.

Each silaffin precursor polypeptides contains a classical N-terminal signal

peptide required for import into the endoplasmic reticulum (ER). After co-

translational removal of the signal peptide, the N-terminus of each silaffin be-

comes further shortened. In case of the precursor tpSil3p, nine additional amino

acids are removed to yield the mature silaffin tpSil3 (Fig. 3.3C). The silaffin pre-

cursors tpSil1p and tpSil2p are processed in a more complex manner, being
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subjected to alternative proteolytic processing. The first processing route (Fig.

3.3D, arrow A) involves the removal of large N-terminal domains that contain

more than 220 amino acids to yield silaffins tpSil1H and tpSil2H (collectively

termed tpSil1/2H). These mature silaffins contain two chemically very different

domains: (i) a highly glycosylated proline-rich domain, in which most (@80%) of

the proline residues are dihydroxyproline; and (ii) a weakly glycosylated, lysine-

rich domain, in which most of the lysine residues (>80%) are alkylated (includes

dimethyl-lysine and unknown lysine derivatives). Both domains are sulfated and

phosphorylated. The second processing route (Fig. 3.3D, arrow B) involves com-

plete removal of the proline-rich domains of the precursor polypeptides, and thus

silaffins tpSil1L and tpSil2L (collectively termed tpSil1/2L) are comprised only of

the post-translationally modified lysine-rich domain.

3.3.2.2 LCPAs

Previously, the structures of LCPAs have been investigated in seven diatom spe-

cies, and were interpreted as N-methylated derivatives of oligo-propyleneimine

chains attached to a terminal putrescine molecule or putrescine derivative (Fig.

3.4A). Each diatom species was found to contain a population of LCPA molecules

that exhibits a characteristic distribution of chain lengths and variations in the

degree of N-methylation [32, 40–44]. Recently, detailed analyses by Sumper and

coworkers have revealed that the assumption of a general LCPA structure was

rather simplistic. Several new LCPA structures have been identified that are

composed of linear oligo-propyleneimine chains, but these are attached to a pro-

pylamine, spermine or spermidine basis (Fig. 3.4B–D) [43]. Furthermore, a sub-

population of T. pseudonana LCPA molecules carries a terminal trimethylammo-

nium group (Fig. 3.4B) [44]. It is currently unknown how the different structural

parameters affect the properties of silaffins. However, syntheses have been devel-

Fig. 3.3 Structures of T. pseudonana silaffins

[42]. (A) SDS–PAGE analysis of purified

silaffins before (�) and after (þ) treat-

ment with anhydrous HF. (B) Chemical

characteristics of T. pseudonana silaffins.

GlcUA ¼ glucuronic acid; Rhm ¼ rhamnose;

Man ¼ mannose; Gal ¼ galactose;

Glc ¼ glucose; GlcN ¼ glucosamine;

Fuc ¼ fucose; Xyl ¼ xylose. The numbers next

to the monosaccharides indicate their relative

abundance. (C) Amino acid sequences of

silaffin precursor polypeptides. Predicted

N-terminal signal peptides are shown in

italics. Serine, proline and threonine residues

are depicted in blue; lysine, arginine and

histidine residues are shown in red. The

N-terminal amino acid of tpSil3 is marked by

a red arrowhead. The propeptide sequence

located between the signal peptide and the

N-terminus of tpSil3 is depicted in green.

Identical amino acids in tpSil1p and tpSil2p

are denoted by asterisks in the tpSil2p

sequence. The N-terminal amino acid

residues of tpSil1L and tpSil2L are marked by

red arrowheads. (D) Alternative proteolytic

processing of tpSil1p and tpSil2p. The

domain structures are depicted schematically.

Proline-rich regions contain >20% proline,

which is mostly present as di-hydroxyproline.

The arrows labeled A and B indicate the

positions of the alternative proteolytic

cleavage sites. The black hexagons indicate

carbohydrate residues, circles with minus

signs denote sulfate and phosphate residues.

CRR ¼ cysteine-rich region.

H________________________________________________________________________________
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oped to generate LCPA of defined length and degree of methylation, and prelim-

inary experiments have shown that the synthetic LCPAs catalyze silicic acid poly-

condensation and deposition [45, 46]. The ability to synthesize LCPAs will enable

structure–property correlations to be determined in future studies.

3.3.3

Silica Formation by Silaffins and LCPAs

Silaffin natSil1A was the first component from a diatom that was shown to accel-

erate silica formation from silicic acid solutions in vitro. The silica-forming activ-

Fig. 3.4 Structures of long-chain polyamines

(LCPA). (A) Originally proposed structure

for LCPA [43]. The putrescine basis is

highlighted in red. (B) LCPA isolated from

T. pseudonana. The terminal spermidine

(top) and propylamine (middle) basis ele-

ments are shown in red. (C) LCPA isolated

from the diatom Stephanopyxis turris (top:

0–8 ¼ m < n, m ¼ n ¼ 6–18; bottom:

n ¼ 7–18). The spermine (top and bottom)

and the propylamine (middle) basis

molecules are highlighted in red. (D) LCPA

isolated from Cylindrotheca fusiformis. The

spermine basis molecule is shown in red.
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ity of natSil1A is dependent on both the presence of oligo-propyleneimine chains

attached to specific lysine residues, and the phosphate-ester groups [28, 29]. This

is consistent with the observation that LCPAs are only able to induce rapid silica

formation if inorganic phosphate or other polyvalent anions are added to the sili-

cic acid solution [42].

The C. fusiformis silaffin natSil2 and the T. pseudonana silaffins lack inherent

silica precipitation activity. However, together with LCPAs, each of these silaffins

spontaneously forms a supramolecular assembly (termed silaffin matrix) that ex-

hibits silica precipitation activity [30, 32]. Except for the genus Coscinodiscus,
which appears to lack silaffins [41], all diatom species investigated so far contain

both silaffins and LCPAs [32, 40, 47]. Therefore, it is tempting to assume that the

highly negatively charged silaffins may be the polyanions required for LCPA-

mediated silica formation inside the SDV. Interestingly, tpSil1/2L, tpSil1/2H and

tpSil3 have been shown to exhibit strikingly different effects on silica morphogen-

esis in vitro. Mixtures of tpSil1/2L and LCPAs directed the formation of spherical

silica particles (Fig. 3.5A), tpSi1/2H-LCPA mixtures produced porous sheets of

silica (Fig. 3.5B), and tpSil3-LCPA mixtures induced mainly the deposition of

plates made of densely packed extremely small silica particles as well as spherical

silica particles (Fig. 3.5C,D). When phosphate, instead of silaffin was added to the

Fig. 3.5 Control of silica morphogenesis by

silaffins. Silica structures formed from

silicic acid solutions in vitro by mixtures of

T. pseudonana LCPA with (A) tpSil1/2L,

(B) tpSil1/2H, and (C–D) tpSil3. (E) Model

for silica morphogenesis within the SDV

(‘‘silaffin-matrix hypothesis’’). LCPA

molecules are assumed to be generic

components of the SDV. Delivery of a specific

silaffin (or set of silaffins) to the SDV leads

to self-assembly of a nanostructured organic

matrix (silaffin matrix), which accelerates

silica formation and acts as a template for

silica morphogenesis. The nanostructure of

the organic matrix depends on the type(s) of

silaffin molecule(s) present within the SDV.
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LCPA solution, only silica spheres were generated [32]. These experiments dem-

onstrated that tpSil1/2H and tpSil3 – but not tpSil1L – are able to overrule the

inherent tendency of LCPAs to direct the formation of spherical silica particles.

We hypothesize that, in vivo, the silica nanostructure is also mainly determined

by silaffins rather than LCPAs. The different silica structures of diatom species

would then result from the presence of species-specific silaffins inside the SDV.

We expect that silaffins and LCPAs constitute a silaffin-matrix within the SDV

lumen, which acts as a template and accelerator for silica deposition (Fig. 3.5E).

This hypothesis is in agreement with the observation that different diatom spe-

cies contain distinct sets of silaffins with different silica-forming properties (Fig.

3.5A–D) [30, 32, 40]. The silaffin-matrix hypothesis has the following implica-

tions that can be experimentally tested:

1. The structure of the silaffin-matrix reflects the corresponding

diatom silica structure.

2. Different types of silaffins are associated with

morphologically distinct regions of the silica cell wall (e.g.,

girdle bands, valves).

3. The silica structure of a diatom species will become altered

upon expression of a foreign silaffin or ectopic expression of

an endogenous silaffin.

The best approach to analyze prediction (1) is not obvious, but X-ray scattering

techniques (e.g., SAXS, WAXS) may enable information to be obtained regarding

the structures of LCPA-silaffin assemblies in vitro. Prediction (2) can be tested by

immunolocalization experiments or by generating transgenic diatoms that ex-

press silaffin–green fluorescent protein (GFP) fusion proteins. Analysis of predic-

tion (3) requires techniques for molecular genetic manipulation of diatoms that

allow controlling the timing of gene expression and the targeting of silaffins.

Although genetic transformation systems for several diatom species have previ-

ously been established, the available tools for molecular genetic manipulation of

diatoms are still rather limited [35, 48–50]. Due to the importance of genetic en-

gineering of diatoms for silica biomineralization research, recent accomplish-

ments in this area of research are summarized in the following paragraph.

3.3.4

Molecular Genetic Manipulation

In order fully to exploit the T. pseudonana genome data for molecular research on

diatom metabolism in general, and on silica morphogenesis in particular, it is

highly desirable to establish molecular cell biological techniques for this organ-

ism that have already become standard for many other model systems. Examples

include Escherichia coli, Saccharomyces cerevisiae, Drosophila melanogaster, and Cae-
norhabditis elegans. These methods are, for example, gene knock-out, gene knock-

down (antisense RNA), complementation of mutants, inducible gene expression,
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and targeting of proteins to specific subcellular locations. However, only recently

Poulsen et al. have established a molecular genetic transformation method for

T. pseudonana [35]. In this method foreign DNA is introduced into the cells by

microparticle bombardment. It has been shown that T. pseudonana is readily

susceptible to co-transformation, allowing for the simultaneous introduction of a

non-selective gene together with the selection marker gene (nat gene conferring

resistance to nourseothricin). Both introduced genes were incorporated into the

genome and stably inherited, even in the absence of the antibiotic selection pres-

sure [35].

T. pseudonana specific expression cassettes have been developed that are able to

drive constitutive expression (controlled by promoter Pfcp2 and terminator Tfcp2)
and inducible expression (controlled by promoter Pnr2 and terminator Tnr2) of
introduced genes. The cassette Pfcp2/Tfcp2 was derived from the gene LHCF9
that encodes a fucoxanthin-chlorophyll a/c binding protein, and cassette Pnr2/
Tnr2 stemmed from the nitrate reductase gene [35]. Genes under the control of

Pnr2/Tnr cassette are not expressed when the cells are grown in medium contain-

ing ammonium as the sole nitrogen source, but expression is switched on when

cells are transferred into nitrate medium (Fig. 3.6A,B). Interestingly, the Pnr2/Tnr
cassette enables the decoupling of mRNA and protein biosynthesis: gene expres-

sion is switched on when cells are grown in a nitrogen-free medium, but the re-

sulting mRNA does not become translated until nitrate is added [51]. The same

effect has been observed with the nitrate reductase promoter/terminator cassette

in transgenic C. fusiformis [52]. The decoupling of mRNA and protein expression

allows for an accelerated onset of nitrate-induced protein biosynthesis, which has

been demonstrated with a transformant that expressed GFP under the control of

the Pnr2/Tnr2 cassette (Fig. 3.6C).

The observed lag-phase of about 2 h for Pnr2/Tnr2 controlled protein expres-

sion (Fig. 3.6C) most likely is an underestimate of the speed of induction,

because de-novo formation of the GFP chromophore is a very slow process

(t1=2 ¼ 84.3 min) [53]. Therefore, it is expected that nitrate-induced expression of

transgenes will allow functional analysis of diatom proteins in relatively short-

lived cellular processes such as valve and girdle band formation, which are com-

pleted in less than 1 h. In combination with the method for synchronization of

T. pseudonana cells [54] it will be possible to over-express a protein of unknown

function only at specific stages of the cell cycle (e.g., cell division, interphase).

Phenotypes that are generated by ill-timed expression of the protein of interest

would aid in the identification of the protein’s function. Furthermore, the expres-

sion of a mutated form of the protein of interest has the potential to generate a

loss-of function phenotype, provided that the mutated form is able to successfully

compete with the wild-type protein in binding with interaction partners in the

cell. Such experiments may enable analysis of the influence of silaffins on silica

morphogenesis in vivo. The existing molecular genetic tools for diatom research

have the potential to enable, for the first time, the in-vivo analysis of the role of

specific proteins in silica biomineralization. Nevertheless, establishing methods
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for gene knock-out/knock-down using homologous recombination or RNAi

remains highly desirable.
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Fig. 3.6 Control of gene expression in

T. pseudonana. (A) RT-PCR analysis on the

influence of the nitrogen source on the

expression of the nitrate reductase gene in

wild-type cells. NR: primers specific for the

tpNR mRNA were used; fcp: primers specific

for the constitutive LHCF9 mRNA were

used. (B) Fluorescence microscopy of

T. pseudonana cells. Wt/NO3
�: wild-type

cells grown in nitrate medium; Tf/NO3
�

transformant carrying GFP under control

of Pnr2 promoter grown in nitrate medium;

Tf/NH4
þ same transformant grown in

ammonium medium. The green color is

indicative of GFP, the red color is caused by

chloroplast autofluorescence. Scale bars ¼ 2

mm. (C) Kinetics of GFP protein expression

under control of the Pnr2 promoter. Wild-type

cells and cells of a transformant carrying gfp

under control of Pnr2 were grown in an ammo-

nium medium and then transferred to a

nitrate medium (wild-type ¼ blue diamonds;

transformant ¼ green circles). In a parallel

experiment the transformant cells grown in

an ammonium medium were incubated

for 24 h in a nitrogen-free medium before

nitrate was added (red triangles). The x-axis

indicates the time after addition of nitrate.
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26 N. Kröger, C. Bergsdorf, M. Sumper,

EMBO J. 1994, 13, 4676–4683.
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272, 3413–3423.

53 B.G. Reid, G.C. Flynn, Biochemistry
1997, 36, 6786–6791.

54 L.G. Frigeri, T.R. Radabaugh, P.A.

Haynes, M. Hildebrand, Mol. Cell
Proteomics 2006, 5, 182–193.

58 3 Biochemistry and Molecular Genetics of Silica Biomineralization in Diatoms



4

Formation of Siliceous Spicules inDemosponges:

Example Suberites domuncula

Werner E. G. Müller, Xiaohong Wang, Sergey I. Belikov, Wolfgang

Tremel, Ute Schloßmacher, Antonino Natoli, David Brandt, Alexandra Boreiko,

Muhammad Nawaz Tahir, Isabel M. Müller, and Heinz C. Schröder

Abstract

Silica is a major constituent of sponge spicules in the classes Demospongiae and

Hexactinellida. The spicules of these sponges are composed of hydrated, amor-

phous, non-crystalline silica. In the case of the marine demosponge Suberites do-
muncula, the initial secretion of spicules has been shown to occur in specialized

cells, the sclerocytes, where silica is deposited around an organic filament. Subse-

quently, the spicules are extruded and completed extracellularly within a galectin/

collagen lattice/scaffold. A major step in elucidating the formation of siliceous

spicules on the molecular level was the finding that the ‘‘axial organic filament’’

of siliceous spicules is an enzyme, silicatein, which mediates the apposition of

amorphous silica and hence the formation of spicules. The formation of siliceous

spicules is certainly genetically controlled; this process initiates the morphogene-

sis phase and involves, in addition to silicatein, galectin and collagen, other

molecules. The aim of this chapter is to provide an understanding of spicule for-

mation and to outline the application of the basic biological strategies of the con-

trolled mineralization for nanobiotechnology.

Key words: sponges, Porifera, Suberites domuncula, spicules, biosilica, silica

formation, biotechnology, nanobiotechnology.

4.1

Introduction

Since the times of Aristotle (384–322 bc) [1], sponges have occupied a distin-

guished position among the animals because of their biomedical potential [2],

their beauty [3], and their enigmatic evolutionary origin [4–6]. Difficulties in their

systematic positioning and elucidation of their relationship to other multicellular

organisms have resulted in their designation as ‘‘Zoophytes’’ or ‘‘Plant-animals’’

(a taxon placed between plants and animals), until they were finally recognized
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as genuine metazoans, which diverged first from the animal ancestor, the Urme-

tazoa [7]. By then it had become clear that sponges are not ‘‘simple blobs’’ but

rather contain and express a variety of metazoan-like transcription factors, and

in turn form sophisticated tissue assemblies [8]. The sponges (phylum Porifera)

were originally grouped into siliceous sponges and calcareous sponges [9], but

after the discovery and/or appreciation of the glass sponges [10] they were re-

allocated to three classes: Demospongiae, and Hexactinellida (both have a sili-

ceous skeleton), and Calcarea (a calcareous skeleton) [11].

Examples are provided in Figure 4.1 of a hexactinellid (Hyalonema sieboldi; Fig.
4.1A), a demosponge (Suberites domuncula; Fig. 4.1F), and a calcarean sponge

Fig. 4.1 The three different classes of

Porifera. (A) Hexactinellida: Hyalonema

sieboldi. Lateral view of a specimen showing

the body and the stalk (size: 500 mm).

Specimens of this hexactinellid can be

divided morphologically into the cylindrical

upper body which is attached to 30 cm-long

basal stalk spicules that fix the specimens

to the substratum. (B) Earliest sponge in

body preservation, Solactiniella plumata

(Lowermost Cambrian Sansha section

[Hunan, China]) (size: 40 mm). (C) A section

through the demosponge Spongites plicatus

from the Jurassic (size: 30 mm). (D) The

fossil freshwater sponge Spongilla guten-

bergiana of the Middle Eocene (Lutetian)

near Messel (Darmstadt, Germany); size:

3 mm. (E) The calcareous sponge Clathrina

coriacea; size: 10 mm. (F) Demospongiae:

Suberites domuncula. This specimen lives

on the hermit crab Pagurites oculatus, which

resides in shells of the mollusk Truncu-

lariopsis trunculus; size: 30 mm.
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Fig. 4.2 Phylogenetic position of the Porifera

between the Urmetazoa and the Urbilateria.

The major evolutionary novelties which must

be attributed to the Urmetazoa are those

molecules which mediate apoptosis and

control morphogenesis, the immune

molecules, and primarily the cell adhesion

molecules. The siliceous sponges with the

two classes Hexactinellida and Demo-

spongiae emerged first, and finally the

Calcarea, which possess a calcareous

skeleton, appeared. The Archaeocyatha,

which are sponge-related animals with a

calcareous skeleton, became extinct. The

Calcarea are very likely a sister group of the

Cnidaria. From the latter phylum the

Ctenophora evolved which comprise not only

an oral/aboral polarity but also a biradial

symmetry. Finally, the Urbilateria emerged

from which the Protostomia and the

Deuterostomia originated. It is very likely that

the Urmetazoa emerged between the two

major ‘‘snowball earth events’’, the Sturtian

glaciation (710–680 MYA) and the Varanger-

Marinoan ice ages (605–585 MYA). In the

two poriferan classes, Hexactinellida and

Demospongiae, the skeleton is composed of

amorphous and hydrated silica, while the

spicules of Calcarea are composed of calcium

carbonate. The latter biomineral is also

prevalent in Protostomia and also in

Deuterostomia. In vertebrates, the bones are

composed of calcium phosphate (apatite).

The autapomorphic character of the

Demospongiae is the spicule-synthesizing

enzyme, silicatein.
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Fig. 4.3 Siliceous spicules. (A) The first

description of spicules from a species

belonging to genus Geodia [21]. Highlighted

are the spheres (asters [between t and c])

and also the spines (protriaenes and oxeas

[between c and g]). (B) The first description

of siliceous spicule formation in sponges

in the freshwater sponge Spongilla fluviatilis

[22]; this starts intracellularly, within the

‘‘Schw€aarmsporen’’. (C) Other cells have also

been suggested to form spicules, especially

those which have a large nucleus and

nucleolus [22]. (D) Schematic outline of the

spicule formation, based on studies with the

hexactinellids Hyalonema and Monorhaphis

[23]. In the center of the spicules the axial

filament (A) exists around, which the first

layer of siphons (silica) is formed. The next

organic layers, termed ‘‘spiculin lamellae’’

(Sp), are located beside this layer. The

spicule-forming sclerocytes, which were

originally termed ‘‘epithelium-like cells’’ (E),

surround the spicule. (E) Section through an

entire demosponge (Craniella schmidtii),

showing embryos within the parent [27]. This

small specimen with a diameter of 5 mm is

traversed by 0.5 mm-long protriaenes

(spicules; sp), while the embryo (em)

comprises only small oxeas (not shown).

(F) Euplectella marshalli, showing the mature

floricome, complex spicules, which are

surrounded by scleroblasts [61]; the spicules

may be up to 300 mm in size. (G) Fossil

spicules from S. plumata; the spicules are 0.5

to 5 mm in length.
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(Clathrina coriacea; Fig. 4.1E). Sponges were united to the phylum Porifera, for

the characteristic and distinct pores on the surface of the animals [12, 13].

Sponges represent the evolutionarily oldest, still extant taxon – which testifies

to the developmental level of animals living in the Neo-Proterozoic Eon (some

1000 to 520 million years ago; MYA); hence they can be termed ‘‘living fossils’’

[14]. Based on the sequence data of informative genes, which code for structural

and functional proteins, it had been calculated that the sponges diverged from the

common metazoan ancestor approximately 650 MYA [15]. This calculation is

in close accordance with fossil records, and implies that the sponges evolved

between the two glaciations, Sturtian and Varanger-Marinoan (Fig. 4.2). The pri-

mordial Earth’s surface comprised initially insoluble silicates, carbonates, and

also phosphates. During the cycle of silicate weathering and carbonate precipita-

tion, which occurred prior to or simultaneously with the glaciations, a dissolution

of surface rocks composed of insoluble silicates [CaSiO3] resulted in the forma-

tion of soluble calcium carbonate [CaCO3] and soluble silica [SiO2], under the

consumption of atmospheric CO2 [16, 17].

The Hexactinellida are the oldest group of sponges in the fossil records of the

Sansha section in Hunan (Early Cambrian; China) [18], where more or less com-

pletely preserved sponge fossils, such as Solactiniella plumata (Fig. 4.1B) have

been found. This fossil is especially noteworthy as it shows, besides the unusual

body preservation, also very intact siliceous spicules (skeletal elements). An ap-

proximately 40-mm-sized specimen comprises spicules that are 0.5 to 5 mm

long and have a diameter of 0.1 mm (Fig. 4.3G); some of these spicules may be

broken and present the open axial canals. A section through a fossil demosponge

Spongites plicatus (Jurassic) found near Oppeln (Poland) [19] shows the character-

istic complex aquiferous canal system by which the sponges pump and filter large

volumes of water through their tissues (Fig. 4.1C). Very rich fauna of fossil fresh-

water sponges have been discovered in the oil-shales of the Messel pit, near

Darmstadt (Germany). There, Spongilla gutenbergiana from the Middle Eocene

(Lutetian; some 50 MYA) has been found (Fig. 4.1D) [20]; most of this sponge’s

spicules are between 160 and 230 mm in length.

4.2

Early Descriptions

The first reports of sponge spicules were published in 1753 by Donati [21], who

isolated them from a species belonging to the genus Geodia (Alcyonium) (Fig.

4.3A). Distinct cytological studies on spicule formation were first published in

1856 by Lieberkühn [22], who used the freshwater sponge Spongilla fluviatilis (De-
mospongiae) as a model. These studies provided the earliest detailed analyses of

the development and differentiation of fertilized eggs, together with the differen-

tiation stages of somatic sponge cells from the ‘‘Schwärmsporen’’ to the spicule-

forming sclerocytes (Fig. 4.3B,C). Precise descriptions of the structure and also
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the growth of spicules of the glass sponges Hyalonema and Monorhaphis were

later provided by Schulze (1904) [23]. The spicules of Monorhaphis can reach

lengths of 70 cm, and may be up to 8 mm thick. Schulze proposed that the

growth started from axial organic filaments and suggested that thickening of the

spicules proceeded by fairly regular apposition of lamellar silica layers under

the formation of centric rings (siphons). Schulze also described the presence of

organic layers located between the concentric lamellae (Fig. 4.3D); during a later

phase of growth the spicules become surrounded by sclerocytes, which are the

spicule-forming cells.

The spicules function as the main stabilizing inorganic elements in the body in

demosponges (Fig. 4.3E) and hexactinellids (Fig. 4.3F). The inorganic material

which constitutes the spicules of the Demospongiae and also the Hexactinellida

is silica. The first report on the composition of the spicules dates back to 1789,

when Bindheim reported that these skeletal elements are formed from ‘‘Kiese-

lerde’’ (siliceous earth) [24]. Later, Gray (1826) mentioned that the ‘‘. . . fusiformes

transparent spiculae are composed of glass, which are cemented together by a

cartilage-like material’’ [25]. In 1864, Bowerbank noted also organic material be-

sides silica within the spicules [26]. Detailed analyses of siliceous spicules were

reported later, and revealed that silicic acid contributes more than 92% of the

mass of a spicule [27, 28]. Sollas, in 1888, presented especially comprehensive re-

sults on the physical and chemical properties of the siliceous spicules [27]; for ex-

ample, he reported that they have a refractive index of 1.5 and that colloidal silica

contains about 10% of water and has the general formula of (SiO2)2a5�H2O.

4.3

Structural Features of the Sponge Body Plan

Sponges – which are sessile filter-feeding organisms – form the oldest yet still ex-

tant metazoan phylum. They are characterized by a simple body plan [6, 14], their

body being composed of an epithelial layer which surrounds a mesohyl compart-

ment that is reticulated in a highly organized manner by a canal system. The

main structural and functional novelties, which evolved during the major evolu-

tionary transitions to the Porifera and Cnidaria, are summarized in Figure 4.2.

The autapomorphic character of the sponges, the spicules, represents an amazing

assortment of highly complex and morphologically diverse and filigree skeletal

elements.

In 1907, Wilson introduced the sponges as a biological system to experimental

biology, and later this became a traditional model to study both cell–cell as well as

cell–matrix adhesion [29]. A completely new approach to a further understanding

of the body plan organization in sponges was opened following the application of

molecular biological techniques, mainly by cloning of their cDNAs. Our studies

have focused especially on molecules (genes and proteins) which have been iden-

tified in the marine demosponges S. domuncula and Geodia cydonium, as well
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as the freshwater sponge Lubomirskia baicalensis, an endemic sponge of the Lake

Baikal. With the isolation of a galectin sequence as the first cell–cell adhesion

molecule, and the integrin sequence as the first cell–matrix adhesion receptor

from sponges, it became clear that sponges contain molecules closely related

to those known to promote adhesion also in Protostomia and Deuterostomia. Col-

lagen is the dominant molecule present in the extracellular matrix of sponges,

which functions as a cell–matrix adhesion molecule. The corresponding

gene was cloned from the freshwater sponge Ephydatia muelleri and from the

marine sponge S. domuncula. Cell surface-spanning receptors – in particular

the single-pass as well as the seven-pass transmembrane receptor proteins – serve

as receivers for extracellular signaling molecules. The first identified sponge

1-transmembrane receptor which represents an autapomorphic character for

Metazoa, was the receptor tyrosine kinase. In G. cydonium the metabotropic

glutamate/GABA-like receptor was characterized as a 7-transmembrane receptor.

Besides cell surface-associated molecules, receptors and their interacting li-

gands, molecules involved in morphogenesis are of prime interest for the under-

standing of body plan formation. During the development of animals, a set of

genes – most of which are transcription factors and responsible for cell fate and

pattern determination – are expressed.

4.4

Cells Involved in Spicule Formation

Until recently it has not been possible to define cell types in sponges in a strict

manner. Elucidation of the details of the molecular markers also allows the

distinction of some steps during the differentiation of stem cells to the sclerocyte

lineage – the cells that are involved in the formation of spicules. As with any

other metazoan, fertilized eggs also develop in sponges during a series of cell

divisions to morulae, blastulae, and perhaps even to gastrulae [30]. Recently, the

first report was made of using molecular markers to determine the restriction of

gene expression during embryogenesis in a sponge [31]. The results indicated

that, in oocytes, morulae and blastulae/larvae from S. domuncula, distinct genes
are expressed, among them a sponge-specific receptor tyrosine kinase (RTKvs).

In addition, the sex-determining protein FEM1 and the sperm-associated

antigen-related protein are highly expressed; in adult animals the expression

levels of these genes are very low (Fig. 4.4).

At present, studies on embryonic stem cells in sponges are restricted by the

lack of techniques to induce mass production of embryos under controlled condi-

tions. As a substitution, a three-dimensional (3-D) cell culture system has been

established for S. domuncula [32] whereby, under suitable conditions, dissociated

single cells form special types of cell aggregates, known as ‘‘primmorphs’’. These

contain cells of high proliferation and differentiation capacity that can be consid-
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ered operationally as embryonic cells (archaeocytes), as they express the gene en-

coding the sponge-specific RTKvs (Fig. 4.4). In a second step, a homeobox gene,

Iroquois, is up-regulated in primmorphs that are cultivated in a stronger water

current [33]. This transcription factor is expressed in the cells which form the ca-

nal system. The further phase to differentiation to sclerocytes is induced by addi-

tion of the morphogenetic inorganic elements silicon and ferric iron [34]. First,

the mesenchymal stem cell-like protein and noggin are expressed [35], and sub-

sequently the key enzymes and functional proteins, silicatein and collagen (see

Section 4.5) can be identified in the primmorphs (Fig. 4.4). The formation of spi-

cules then commences [34, 36]. Generally, spicule formation is a rapid process;

Fig. 4.4 Sequential expression of stem cell

marker genes in S. domuncula. In prim-

morphs, as well as in germ cells, high expres-

sion of two genes – the sponge-specific

receptor tyrosine kinase (RTKvs) and the

embryonic development protein (EED) –

can be identified. These genes could be

considered as markers for totipotent stem

cells. On exposure of the primmorphs to a

water current, the transcription factor Iroquois

is expressed, primarily in epithelial cells.

Subsequently, the gene for Noggin and later

those genes for silicatein and collagen, are

translated. Early drawings of a larva of

Aplysilla sulfurea (above; Delage 1892) [5] and

an electron micrograph of a spicule from

G. cydonium (a sterraster) are given as an

underlay of the bars.
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for example, in the freshwater sponge E. fluviatilis the 100 to 300 mm-long spi-

cules are synthesized under optimal conditions within 40 h [37].

4.5

Anabolic Enzyme for the Synthesis of Silica: Silicatein

A major breakthrough in our understanding of spicule formation occurred fol-

lowing the discovery of the key enzyme involved in spiculogenesis. The research

group led by Morse discovered that the organic filament in the central canal of

spicules is composed of a cathepsin L-related enzyme, which they termed silica-

tein [38, 39]. The group then cloned two of the proposed three isoforms of silica-

teins, the a- and b-forms, from the marine demosponge Tethya aurantium [39].

In subsequent years these molecules were also cloned from other sponges, in-

cluding the marine sponge S. domuncula and the freshwater sponge L. baicalensis
[34, 36, 40, 41, 42].

Silicatein exists in the axial canal (diameter ca. 1 mm) of spicules as an axial fil-

ament. This can be freed from the silica mantel with hydrofluoric acid (HF), and

subsequently visualized by staining with Coomassie brilliant blue [43]. The silica

material around the axial filament of the spicules is in some geographic regions

(e.g., on the bottom of Lake Baikal) amazingly resistant to dissolution, and pro-

tects the proteinaceous axial filament against disintegration. Sediments obtained

from the Baikal Drilling Project and known to be between 2 and 3 million years

old were extensively studied and found to contain fossil spicules from the ances-

tral species of L. baicalensis [44]. From these fossil spicules, organic filaments

dating back 2 million years can be released by HF treatment and stained with

Coomassie brilliant blue (Fig. 4.5A). All spicules from recent specimens of L.
baicalensis also contain an axial filament consisting of silicatein (Fig. 4.5B and C).

The S. domuncula cDNA encoding silicatein has been isolated and character-

ized [36]; the 1169 bp-long sequence has an open reading frame of 993 nucleo-

tides (nt), and the predicted translation product of 330 amino acids (Fig. 4.6) has

a calculated Mr of 36 306. As described above, silicatein is a new member of the

cathepsin subfamily [35, 36, 38]. The three amino acids Cys, His and Asn – which

form the catalytic triad of cysteine proteases – are present in the sponge cathepsin

at the characteristic sites: Cys125, His164 and Asn184. Furthermore, the silicatein

sequence comprises one cluster of characteristic hydroxy amino acids (serine)

(Fig. 4.6).

Phylogenetic analysis was performed with the silicateins from the demo-

sponges L. baicalensis, Tethya aurantium, S. domuncula, S. lacustris and E. flu-
viatilis, as well as with the cathepsins L from these sponges and the glass sponge

Aphrocallistes vastus; analyses were also conducted with the papain cysteine pepti-

dase from the plant Arabidopsis thaliana as an outgroup. The polypeptides were

aligned and a slanted tree was calculated which showed that the cathepsin L se-

quences form the basic branches from which the silicatein sequences originate.
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This suggests that the silicateins derive from a common ancestor of the cathepsin

L sequences from the marine Hexactinellida Aphrocallistes vastus and the marine

demosponges, here from S. domuncula. The tree indicates also that the silicateins

from the cosmopolitan species S. lacustris and E. fluviatilis form the basal branch

from which the polypeptides of the endemic Lake Baikal sponge, L. baicalensis,
emerge (Fig. 4.6). This analysis underscores also that the freshwater sponges

Fig. 4.5 Dissolution of the polymerized silica

of the spicules with HF in time-lapse images.

For this series of experiments the freshwater

sponge Lubomirskia baicalensis was used.

The spicules were treated with HF to dissolve

the siliceous material of the spicules. Within

2 min, optical time-lapse micrographs were

taken. Initially, the surfaces of the partially

broken spicule samples still show spines.

With time, the silica is dissolved, showing

first a perforation of the silica mantel at the

sites where spines had protruded. Finally, the

silica is completely dissolved leaving behind

only the organic axial filament (af ), which

was stained with Coomassie brilliant blue.

(A: a–f ) Fossil spicules (1 MYA) were treated

with HF. The release of one axial filament

(af ) is shown. In addition to the siliceous

spicule, the siliceous diatoms can also be

seen at the start of the dissolution process.

(B: a–f ) spicules from recent specimens

(L. baicalensis) were likewise processed to

demonstrate the presence of the axial

filament. (C: a–d) Limited dissolution of

spicules from Baikalospongia bacillifera.

Dissolution of the tips of the megascleres

(strongyles) was achieved with HF. The

successive release of the axial filament

(af ) is seen; also striking is the fragmentary

dissolution of the biosilica at the tips of the

spicules, leaving bubble-like holes behind.

(D) Limited dissolution of spicules from

S. domuncula show that, initially, the axial

filament is surrounded by a proteinaceous

coat, which becomes stained with Coomassie

brilliant blue. Scale bars: (A,B) ¼ 50 mm;

(C,D) ¼ 10 mm.
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evolved later in evolution than the marine sponges; in the case of the Lake Baikal

sponge this was approximately 3 MYA [45].

We were able to demonstrate that silicatein occurs in the axial filament in sev-

eral isoforms [41]. By using two-dimensional (2-D) gel electrophoretic analysis of

the axial filament (¼ silicatein), it was possible to show that in the axial filament

silicatein undergoes stepwise phosphorylation (Fig. 4.7B). Five phospho-isoforms

with pI values of 5.5, 4.8, 4.6, 4.5, and 4.3 have been identified [46]. The sizes

of these phosphorylated proteins are approximately 25 kDa, which is compatible

with the predicted mature form of the silicatein. Interestingly, the silicatein pro-

teins (ca. 25 kDa) appeared as two (perhaps also three) spots. In order to clarify

whether they represent three different posttranslational modifications, the two

spots were subjected to electrospray ionization (ESI)-mass spectrometry (MS).

The use of this approach led to the identification of 11 amino acid-long peptides;

in spot B, the deduced peptide sequence (F:Y:Y[Tyr]:S:G:V:Y:D:S:S:R9) was identi-

fied. This stretch matched with the amino acids (aa) from aa259 to aa26 in the

Fig. 4.6 Grouping of silicatein-deduced

protein sequences within the cathepsin/

cysteine protease family. Upper panel:

The deduced proteins of silicatein-a from

L. baicalensis (SILICAa_LUBAI) and S.

domuncula (SILICAa_SUBDO; CAC03737.1)

were aligned with the cathepsin L proteins

from L. baicalensis (CATL_LUBAI) and

S. domuncula (CATL_SUBDO; AJ784224).

Residues conserved (similar or related with

respect to their physico-chemical properties)

in all sequences are shown in white on black,

and those in at least two sequences in black

on gray. The characteristic sites in the

sequences are marked; the catalytic triad

(CT) amino acids, Ser (#) in silicateins and

Cys in cathepsin, as well as His (#) and

Asn (#), and the processing site for the

conversion of the proenzyme to the mature

enzyme ([ ] PRO). Finally, the serine cluster

([¼Ser¼]) and cleavage site of the signal

peptide are marked ({ }). The putative

protein kinase C phosphorylation sites are

indicated (P). The region within silicatein-a

which has been post-translationally modified

F:Y:Y:S:G:V:Y:D:S:S:R is marked. Lower panel:

Phylogenetic relationship of the silicateins,

the enzyme which catalyzes the polymeriza-

tion process of biosilica in the sponge

spicules. Four deduced silicatein sequences

of the isoform silicatein-a [a-1, a-2, a-3 and

a-4] from L. baicalensis (SILICAa1_LUBAI, ac-

cession number AJ872183; SILICAa2_LUBAI,

AJ968945; SILICAa3_LUBAI, AJ968946;

SILICAa4_LUBAI, AJ968947) and the two

cathepsin L sequences (CATL1_LUBAI,

AJ96849; CATL2_LUBAI, AJ968951) were

aligned with silicatein-a from S. domuncula

(SILICAa_SUBDO; CAC03737.1) from Tethya

aurantium] (SILICAa_TETHYA, AAD23951)

and with the b-isoenzymes from S. domuncula

(SILICAb_SUBDO, AJ547635.1) and T. auran-

tium (SILICAb_TETYHA, AF098670), as well

as with the cathepsin L sequences from

sponges S. domuncula (CATL_SUBDO,

AJ784224), G. cydonium (CATL_GEOCY,

Y10527) and Aphrocallistes vastus

(CATL_APHRVAS, AJ968951) and the related

papain-like cysteine peptidase XBCP3 from

Arabidopsis thaliana (PAPAIN_ARATH,

AAK71314) [outgroup]. Additionally, the

deduced silicateins from the cosmopo-

litan freshwater sponges E. fluviatilis

(SILCA1_EPHYDAT and SILCA2_EPHYDAT)

and S. lacustris (SILCA_SPONGILLA) are

included in this analysis. The numbers at

the nodes are an indication of the level of

confidence for the branches as determined by

bootstrap analysis (1000 bootstrap replicates)

[45].

H________________________________________________________________________________
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complete deduced sequence of silicatein-a from S. domuncula (see Fig. 4.6). How-

ever, parallel determinations with the protein of spot A revealed a modified se-

quence of F:Y:F[Phe]:S:G:V:Y:D:S:S:R, suggesting that this peptide had under-

gone a posttranslational modification, namely a de-hydroxylation from tyrosine to

phenylalanine. Computer modeling of silicatein-a with the human cathepsin S

(accession number NP_004070) as a reference using the Swissprot approach

(http://swissmodel.expasy.org/SM_Blast.html) revealed that this modified amino

acid (Tyr/Phe) is localized on the surface of the silicatein molecule (Fig. 4.8A).

In a further approach to model the silicatein dimer, the program Hex V4.5 (ob-

tained from D.W. Ritchie; http://www.csd.abdn.ac.uk/~dritchie/bioinformatics

.html) was applied. This software compares the shapes of two molecules by apply-

ing a fast Fourier transformation (FFT)-based algorithm; in addition, the surface

charge is implemented. This model shows that the cleft of the active centers of

the two molecules is directed to the surrounding milieu (Fig. 4.8B).

Fig. 4.7 Analysis of silicatein in the axial

canals of spicules from S. domuncula. (A)

Isolation of proteins under mild conditions,

and not with HF. Spicules were prepared,

pulverized and extracted with urea [47]. After

extraction, the samples were centrifuged and

the supernatants subjected to SDS–PAGE.

Lane b: proteins from spicule extracts

were separated and the gels stained with

Coomassie brilliant blue. The proteins were

blot transferred and reacted with PoAb-aSILIC

(lane c; 24 kDa band) or PoAb-aGALEC2

(lane d; 35 kDa band); the immunocom-

plexes were identified with labeled secondary

antibodies. Lane a: protein pattern after

SDS–PAGE of primmorphs extracted with the

urea-lysis buffer. The region around which

collagen had been identified is marked with

an arrowhead. (B) Analysis of the proteins in

the axial filament by two-dimensional gel

electrophoresis (first isoelectric focusing,

then size separation). A protein sample

obtained from the axial filament of the

spicules was analyzed. The arrowheads mark

the position of the monomers (25–28 kDa),

dimers (55 kDa) and trimers of silicatein

(75 kDa). In addition, the different pho-

sphorylated isoforms of silicatein (#1 to #5),

as well as the two spots (#A and #B) of the

25- to 28-kDa silicatein which had been

analyzed by ESI-MS are highlighted. Spot B

comprises the unmodified tyrosine at

position aa261, while in spot A this amino

acid is replaced by phenylalanine.
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4.6

Silicatein-Associated Proteins

In our initial studies on the formation of spicules in the primmorph system [46]

we were able to demonstrate that the axial canal not only contains a homoge-

neous material but is also structured and comprises membrane elements. There-

fore, we analyzed the protein composition of the spicules by using a novel extrac-

tion procedure. Instead of dissolving the spicules with HF, the purified spicules

were pulverized and extracted with a lysis-buffer (1� Tris-buffered saline; pH 7.5,

1 mM EDTA, 1% Nonidet-P40, protease inhibitor cocktail), supplemented with

4 M urea [47]. These extracts contained as the dominant protein the 24-kDa sili-

catein(s), as indicated by sodium dodecylsulfate–polyacrylamide gel electrophore-

sis (SDS–PAGE) (Fig. 4.7A, lane b) followed by Western blotting with silicatein

antibodies (lane c). For comparison, the protein pattern of crude extracts from

primmorphs obtained with this urea-lysis buffer is shown after SDS–PAGE (Fig.

4.7, lane a). The second major band in the extracts from spicules, corresponding

to 35 kDa, was identified as galectin by SDS–PAGE (lane b) and by Western blot-

ting (lane d). In addition, a strong protein band of size approximately 250 kDa

could be identified, which represents collagen (lane b). Finally, a further 14-kDa

protein was identified in the spicules, which displayed sequence similarity to se-

lenoprotein M [48]. From these data it must be concluded, that the formation of

Fig. 4.8 Computer modeling of silicatein-a.

(A) The silicatein-a had been subjected to

three-dimensional modeling using the

Swissprot approach and the cathepsin S

sequence as a reference. The active center of

the enzyme (ac), comprising Ser, His and

Asn (in red), the disulfide bridges (in blue),

and the localization of the Ser-stretches are

marked in green. In addition, the tyrosine

residue which undergoes de-hydroxylation to

phenylalanine is marked (Tyr). (B) To explain

the dimer formation, two silicatein-a

molecules (colored in blue [back] and brown

[front]) have been docked together, showing

the cleft of the active centers of the two

molecules in one row. Again, the Ser-

stretches are marked.
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biosilica in spicules requires other proteins in addition to silicatein. At present it

is assumed that these proteins are active in the structural and morphological or-

ganization of the silicatein-mediated biosilica synthesis.

4.7

Catabolic Enzyme: Silicase

During further elucidation of the metabolism of siliceous spicules, another

enzyme – silicase (which is able to depolymerize amorphous silica) – was identi-

fied in the marine sponge S. domuncula. The cDNA was isolated and the deduced

polypeptide was seen to be related to carbonic anhydrases. In addition to a car-

bonic anhydrase activity, recombinant silicase possesses the ability to dissolve

amorphous silica and to form free silicic acid [49]. Hence, this enzyme will surely

have a wide application in nanobiotechnology, for example in lithography [50].

4.8

Morphology and Synthesis of Spicules in S. domuncula

The skeleton of S. domuncula is composed of only two types of megascleres –

monactinal tylostyles, and a smaller fraction of diactinal oxeas [51]. The spicules

reach lengths of up to 450 mm in length, and diameters of 5 to 7 mm (Fig. 4.9A),

and grow through the apposition of lamellar silica layers (Fig. 4.9B). While the

two ends of the oxeas are pointed, the tylostyles have one pointed end and one

swollen knob-like end. Analysis with transmission electron microscopy (TEM)

showed that all spicules have an axial canal which is 0.3 to 1.6 mm wide in their

center (Fig. 4.9). By applying the primmorph system it became possible to follow

the different steps of spicule formation [46]. These studies established unequivo-

cally that the initial steps of spicule formation occur intracellularly in the sclero-

cytes (Fig. 4.9C). The large (15 mm) sclerocytes produce between one and three

spicules, each of which is up to 6 mm in length.

The formation of (at least) the first silica layer around the axial filament starts

within the sclerocytes. During the primordial stage, spicule growth begins around

the axial filament (Fig. 4.9D), whereupon lumps with highly electron-dense mate-

rial that represent the first deposits of spicules become visible. During growth in

the extracellular space, the spicules grow up to 450 mm in length, with a diameter

of 5 mm. Initially, the 1.6 mm-wide axial canal is filled with the axial filament and

additional membrane structures (Fig. 4.9E), whereas in the final stage it is filled

almost completely with the axial filament, which is homogeneous (Fig. 4.9F) and

displays the characteristic triangular axial form.

In an effort to achieve a better understanding of spicule synthesis, immuno-

gold labeling/TEM studies were performed using antibodies against silicatein

[46]. The immune serum showed a dense accumulation of gold granules in the

sclerocytes and the extracellular space. Fine structure analysis revealed that, ini-
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tially, concentric rings which are 0.2 to 0.5 mm apart are visible around the form-

ing spicules (Fig. 4.9G). Subsequently, the inner rings fuse and electron-dense

lumps become visible. Later, during maturation, the number of concentric rings

increases from two to ten, with a total diameter 4 to 6 mm (Fig. 4.9H and I). These

data support the view that the spicules grow appositionally in both directions,

both in width and in length [46, 51].

4.9

Formation of Spicule Morphology

To date, only preliminary experimental data are available on the underlying cellu-

lar mechanism(s) involved in formation of the filigree architecture of spicules and

their arrangement within the sponge body. This situation exists despite the fact

Fig. 4.9 Spicules and their formation in

sclerocytes from S. domuncula. (A) SEM

image of megascleres from S. domuncula.

(B) Cross-sections through one tylostyle with

its axial canal (ac). (C) TEM analysis of a

primmorph showing a cell (sclerocytes)

producing spicules (sp). (D–F) Maturation

of the axial filament in spicule from

primmorphs; TEM analysis. (D) Initial stage

of spicule growth (sp) showing the electron-

dense, homogeneous axial filament (af ).

(E) At a later stage the spicules are filled

with membrane structures and a small axial

filament (af ). (F) Finally, the triangular axial

filament appears as a homogeneous core that

does not completely fill the canal. (G–I)

Arrangement of the silicatein/immunogold

strings in the bulky extracellular space

(mesohyl) in tissue from adult specimens;

the analysis is performed by immunogold

electron microscopical analysis. (G) The

silicatein/immunogold concentric rings (ri)

are highly abundant in those areas of high

spicule synthesis. (H, I) The band-like rings

are regularly arranged around the surface of

the spicules/axial canals. Scale bars: (A) ¼
50 mm; (B–I) ¼ 1 mm.
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that spicule morphology is a key point in elucidating the body plan of sponges. It

is clear that the size/length of the spicules (megascleres) exceeds that of a cell,

and therefore several mechanisms may be proposed for the intracellular and sub-

sequent extracellular growth of spicules, leading to a complex morphology. In

1888, Sollas assumed that cells migrate along the spicules, thus allowing growth

along their axis [27] – a view which was strongly supported by Maas in 1901 [52].

In studying the demosponge Tethya lyncurium, Maas observed that spicule synthe-

sis began intracellularly (Fig. 4.10A) and was completed in the extracellular space.

There, spicule growth was seen to be controlled by an ordered arrangement of

cells which, according to illustrations produced by Maas (Fig. 4.10B), surround

the spicules. The ordered arrangement of the cells can even be traced after disso-

lution with HF (Fig. 4.10C).

In an attempt to unravel the organizing principles underlying spicule forma-

tion, a number of specific antibodies were applied. In S. domuncula these data

revealed that not only silicatein and galectin but also collagen fibers surround

the spicules in an ordered pattern [47, 53]. The existence of collagen in extracts

from spicules was recognized previously using SDS–PAGE (see Fig. 4.7A, lane

b). Careful time-kinetic recording of the proteins released by controlled HF disso-

lution revealed that, prior to the appearance of the axial filament, a proteinaceous

coat can be identified around the axial filament (see Fig. 4.5D, a and b). Later, us-

ing high-resolution scanning electron microscopy (SEM) analysis, it could be seen

that within the extra-spicular space there was an ordered network of collagen fi-

Fig. 4.10 Morphogenesis of spicules. (A) As

early as 1901, Maas demonstrated that in

Tethya lyncurium spicule synthesis begins

intracellularly [52]. (B) The spicules are

completed by an ordered arrangement of

cells in the extracellular space, the mesohyl

[52]. (C) After treatment with HF, the

surfaces of almost-dissolved spicules are

covered by an ordered arrangement of cells,

which – according to Maas’ illustrations –

surround the spicules. The ordered

arrangement of the spicules can even be

traced after dissolution with HF [52]. (D)

SEM analysis through tissue of S. domuncula.

The collagen fibers surround the spicules as

an organized mesh. Around the tips of the

tylostyles, a mesh-like arrangement of the

collagen fibers (col) is seen. Cell-like struc-

tures which are framed by collagen fibers

(> <) are often seen in middle part of the

spicules.
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brils surrounding the spicules (Fig. 4.10D). At the tips of the spicules, where the

knobs of the tylostyles are formed, a mesh of collagen fibers is visible, which sug-

gests that during spiculogenesis the enzyme silicatein (which mediates biosilica

deposition) is matrix-guided first by galectin and subsequently by collagen [47,

53]. Future experiments will address the question of the mechanism involved

here, and the specificity of interactions of these three molecules. Such investiga-

tions will also attempt to elucidate the controlling genetic machinery which is

‘‘switched on’’ during spicule formation. It should be noted here that, on the sur-

faces of the spicules, clusters of cell fragments, surrounded by collagen, are very

frequently seen (Fig. 4.10D) which are very reminiscent of the cell-like structures

first reported by Maas in 1901 (Fig. 4.10C).

4.10

Phases of Silica Deposition during Spicule Formation

Based on the results of the above-described studies, it is clear that the process of

spicule formation can be divided into the initial intracellular steps and a final, ex-

tracellular and shaping phase.

4.10.1

The Intracellular Phase in the Sclerocytes

Silica is taken up actively by a Naþ/HCO3
�[Si(OH)4] co-transporter [54]. In the

first steps, silicatein is synthesized as a pro-enzyme (signal peptide-propeptide-

mature enzyme: 36.3 kDa) and processed via the 34.7 kDa form (propeptide-

mature enzyme) to the 23 kDa mature enzyme. It is very likely that, during

transport through the endoplasmic reticulum and the Golgi complex, silicatein

undergoes phosphorylation and is transported into vesicles where it forms rods,

the axial filaments (Fig. 4.11A). Following assembly to filaments, the first layer(s)

of silica is (are) formed. Silica deposition occurs in two directions: (i) from the

axial canal to the surface (centrifugal orientation); and (ii) from the mesohyl to

the surface of the spicule (centripedal). Finally, the spicules are released into

the extracellular space where they grow in length and diameter by appositional

growth.

4.10.2

The Extracellular Phase: Appositional Growth

Silicatein is known to be present in the extracellular space where, surprisingly, its

molecules are organized into larger entities. Immunogold electron microscopy

studies have shown the silicatein molecules to be arranged along strings, which

in turn are organized parallel to the surfaces of the spicules [47]. In the presence

of Ca2þ, silicatein associates with galectin and allows appositional growth of the

spicules (Fig. 4.11B). As the surface of a new siliceous spicule is also covered with
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Fig. 4.11 Schematic outline of spicule

formation in S. domuncula. (A) The

initial steps of spicule synthesis occur

intracellularly, where the silicatein is

processed to the mature form. During

this process the silicatein undergoes

phosphorylation. It is likely that with the help

of other proteins the silicatein molecules

assemble to a rod, the axial filament. The

first deposition of silica proceeds around this

filament. (B) Process of appositional growth

of spicules in the extracellular space

(mesohyl). Here, galectin molecules

associate in the presence of Ca2þ to strings

(nets) that allow the binding of silicatein

molecules. Collagen fibers orient the

silicatein–galectin strings concentrically

around the growing spicules. In the final

step, biosilica deposition is mediated in

two directions, originating both from the

silicatein–galectin strings and from the

surface of the spicules (centripetally and

centrifugally). Finally, an additional further

biosilica lamella (bs) is formed which is

layered onto the previous two lamellae. The

initial biosilica layer is formed around the

silicatein rod, existing in the axial canal of

the spicules. (C) Spicule growth in the axial

direction occurs, likewise, by appositional

deposition of biosilica. It is proposed that the

axial filament (af ), which resides in the axial

canal, elongates through internalization of

the galectin–silicatein complexes.
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silicatein, the appositional growth/thickening of a spicule proceeds in two direc-

tions, centrifugally and centripetally.

4.10.3

The Extracellular Phase: Shaping

In the next step, the galectin-containing strings are organized by collagen fibers

to form net-like structures. It is very likely that collagen, which is released by

specialized cells – the collenocytes – provides the organized platform for spicule

morphogenesis (Fig. 4.11B and C). The longitudinal growth of spicules can be ex-

plained by the assumption that, at their tips, the galectin/silicatein complexes are

incorporated into deposited biosilica under formation and elongation of the axial

filament (Fig. 4.11C).

Fig. 4.12 Nature as a blueprint for nano-

biotechnological applications. (A) The bio-

logical blueprint: In sponges, biosilica is

formed through silicatein. When linked to

galectin and guided by collagen, biosilica

deposition forms an organized pattern. (B)

Nanobiotechnological application: Histidine-

tagged silicatein is linked to a nitrilotriacetic

acid ligand which chemisorbs to an activated

matrix, formed from a reactive polymer onto

a gold matrix through cysteamine activation.

In this state, silicatein catalyzes the forma-

tion of bio-titania and bio-zirconia from

monomeric precursors.
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Elucidation of the different phases of spiculogenesis, and the molecules in-

volved in the process, allows a wide application of silicatein in the field of nano-

biotechnology. In sponges, silica deposition is a biologically controlled process, the

key enzyme being silicatein which is linked non-covalently to galectin [47]. The

organized process of biosilica deposition is guided by an organic matrix, collagen

(Fig. 4.12A), and this principle has been used, on a gold surface (matrix), to syn-

thesize biosilica from monomeric precursors [55, 56]. The matrix used had been

activated by cysteamine to allow binding to a reactive polymer; in turn, this poly-

mer is able to chemisorb the nitrilotriacetic acid ligand. Finally, this architecture

allowed the binding of histidine-tagged silicatein (Fig. 4.12B). Surprisingly, silica-

tein immobilized onto this matrix has the capacity to catalyze the formation of

bio-titania and bio-zirconia from their monomeric metal oxide precursors, which

is another striking example of how Nature may provide a biological blueprint for

nanobiotechnological applications. Moreover, this technology introduces a new

concept, namely the synthesis of inorganic polymers and metal oxides via an

organic molecule (silicatein). In contrast, in 1828 Wöhler succeeded with his

epochal experiments on the synthesis of urea, an organic compound from inor-

ganic basic materials [‘‘die künstliche Erzeugung eines organischen, und zwar

animalischen, Stoffes aus unorganischen Stoffen’’] [57].

4.11

Final Remarks

To date, silicon biotechnology represents one of the fastest growing areas for

the generation of innovative biomaterials. Moreover, this technology is ‘‘bio-

inspired’’, with Nature being used as a model in the utilization of silicon – the

second most abundant element in the Earth’s crust – in combination with oxygen

to form polymeric silica. Although at present the mechanism by which sponges

form spicular biosilica is poorly understood, this has stimulated recent major

advances in biomedicine (e.g., bone replacement or immuno-masking), in elec-

tronics (semiconductor technologies), in optics (light transmission), and in

lithography. In time, and in principle, the application of silicatein and silicase

enzymes might lead to a combination of 3-D architectures with silica structures

and the formation of 3-D electronic biosilica chips.

It is perhaps of interest at this point to appreciate the findings of Haeckel

(1872) and Thompson (1942), who maintained that ‘‘. . . the form of the sponge-

spicules is all the more important and all the more interesting because it has

been discussed time and again in biology . . .’’, and that ‘‘. . . the sponge-spicule is

a typical illustration of the theory of ‘bio-crystallisation’ to form ‘biocrystals’ ein

Mittelding between an inorganic crystal and an organic secretion’’. [9, 58]. Clearly,

what these authors did not anticipate is that biosilica is likely to become a prime

raw material of the present millennium [59], with an annual global market for

silica estimated at approximately US$2 billion [60].
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V.A. Grebenjuk, R. Batel, M. Štifanić,
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5

Interactions between Biomineralization

and Function of Diatom Frustules

Christian Hamm

Abstract

The very complex, biomineralized silica shells ( frustules) of diatoms – autotrophic

protists belonging to the heterokontophyta – are currently subject to investiga-

tions concerning the molecular mechanisms which precipitate silica and influ-

ence its morphogenesis. The formation of biominerals is fascinating because it

occurs at ambient temperature, and because organisms are capable of efficiently

manipulating mineral growth into forms and composite organizations that inor-

ganic processes would never achieve. Recent results have shown that the growth

of biominerals, including the silica-forming diatom shells, can be strongly influ-

enced by the presence of diverse species-specific organic components. The geom-

etry of biominerals and their interpenetration with macromolecules are defined

by a production process which seems to be optimized for efficiency. However,

it is not only the efficiency of this process, but also the quality of the product –

the biomineralized structure – and its adaptive success which finally controls the

details of biomineralization. Thus, it is argued here that it would be helpful to as-

sess the function of biomineralized structures in order to understand the species-

specific characteristics in the process of diatom biomineralization. Likewise, it is

of interest to assess the physical properties of specific biominerals to transfer

knowledge on biomineralization into diverse technological fields.

Key words: diatoms, arms race, evolution, functional morphology, biomechanics.

5.1

Introduction

The perception of biominerals has a long, changeful history. Early cultures used

biominerals because of their mechanical, optical, and esthetic qualities (e.g., bone

needles, reflecting fish hooks made of nacre [1], cauri shells for embellishment

and money [2]). The discovery of intricate biomineralized structures in the proto-
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zoan realm which, for example was realized in diatoms and radiolarians, led –

especially during the 19th century – to an intuitive appraisal of their function,

which influenced the early naming of these organisms. For instance, Ehrenberg

called them ‘‘Panzerthierchen’’ (i.e., armored little animals) [3]. However, the

overwhelming diversity of forms among these taxa, combined with little knowl-

edge regarding the environmental factors crucial to them, soon supported the

view that their beautiful biomineralized shells were largely non-functional and

ornamental at best [4]. During the 1980s, a group of interdisciplinary scientists

comprising engineers, botanists and architects, mainly studied diatom and radio-

larian shells with regard to their geometries and potential building mechanisms

[5], but not their function. However, during the past few decades until the pres-

ent, the focus of research has been on biomineral precipitation and morphogene-

sis rather than functional morphology [6–10].

Recently, it has been shown that diatom shells most likely provide a very effi-

cient first line of defense against abundant pathogens and predators in aquatic

environments [11]. However, this significant ecological function, which is crucial

for the survival of diatom species and thus strongly controlled by the process of

natural selection, is still underestimated. Most likely, this is related to the small

size and the puzzling morphological diversity of these organisms (Fig. 5.1). In

order to link structural features of an organism to a function, knowledge of the

physical and ecological context, and thus of the factors that cause significant

selection pressure, is of utmost importance. Attacking organisms range from

viruses to fish, and thus diatoms are exposed to very diverse forms of mechan-

ical attack by pathogens, parasites and ingestors. Mechanical defenses in turn will

Fig. 5.1 Diverse forms of diatom frustules. (Photograph courtesy

F. Hinz, Hustedt-collection at the AWI, Bremerhaven, collected by

Hans Hass, Insel Tower, Galapagos, arranged by Ralf N€ootzel.)
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range from tough cell walls that withstand puncturing to long spines that deter

ingestion. Thereby, armor evolved in response to specific forms of attack.

It is now generally accepted, that serious mechanical challenges exist for dia-

toms in their environments, and that these are mostly generated by diverse pred-

ators [12, 13]. These challenges demand that diatoms must be stable and light,

and indeed criteria typical for stable lightweight constructions are realized in

many aspects of diatom shells. The co-evolution of mechanical attack and defense

systems, which is encapsulated in the term ‘‘evolutionary arms race’’ [14], is an

acknowledged driving force in the natural selection of terrestrial plants, leading

to speciation and ultimately shaping the structure and function of ecosystems. Al-

though the biomineralized shells of diatoms are clearly shaped by the same pro-

cesses, the interactions between predators and their biomineralized prey are still

poorly understood.

5.2

Approaches to Study Biominerals

The proportion of organisms has been always an issue for artists, architects and

scientists alike. Examples are the Roman architect Vitruvius (‘‘Symmetry arises

from proportion, which the Greeks call analogia . . . they are as necessary to the

beauty of a building as to that of a well-formed human figure . . .’’ [15]) and

his famous illustrator, Leonardo Da Vinci. The first scientific approaches to the

morphologies of (non-human) organisms have been typically linked to System-

atics [16]. Linnaeus used patterns, colors and geometric features to categorize

organisms as well as crystals. The philosopher Kant was interested in providing

explanations of the nature and origin of organisms, which is still central to an ac-

count of biology. Thereby, he emphasized the importance of quantitative aspects:

‘‘. . . in any special doctrine of nature there can be only as much proper science as

there is mathematics therein . . . in explaining how mathematics can be applied to

bodies’’. Kant asserted that ‘‘principles for the construction of the concepts that be-

long to the possibility of matter in general’’ must first be introduced. This means

that the concept of matter must be determined according to the Critique of Pure
Reason’s categories of quantity, quality, relation, and modality. On the other hand,

he thought it ‘‘. . . absurd for human beings . . . to hope that there may yet arise a

Newton who could make conceivable even so much as the production of a blade

of grass according to natural laws which no intention has ordered [17].’’

In spite of this pessimistic view, D’Arcy Wentworth Thompson, in his work On
Growth and Form [18], came close to a mechanistic explanation of how morpho-

genesis happens in accordance to the laws of physics. He postulated that physical

factors are the driving forces of morphogenesis, and thus the determined final

forms. Consequently, his many examples explain the morphologies of organisms,

including many biomineralized parts, from the perspective that certain physical

factors are crucial to the final form that biomineralized structures might have. A

striking example is his comparison between the septa within the coiled shells of
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foraminifera (marine protists) and the cephalopod nautilus. While septa between

individual chambers are concave outwards in Nautilus, they are convex outside in

forminiferans. Thompson related this phenomenon purely to morphogenesis. He

claimed that the curvature of the septa were determined while still flexible, thus

having mechanical properties of an elastic membrane. Since in Nautilus, the or-

ganism is situated outside the septum which is to be built, while foraminiferans

form it from the inside, he saw the curvature only as a result of the building

mechanisms. Thompson explicitly excluded aspects of functional morphology –

mainly mechanical strength – which had been put forward by Rhumbler, who

was an expert in research of foraminifera at the beginning of the 20th century

[19].

Although the connection between building process and convex or concave septa

of Foraminifera and Nautilus, respectively, is plausible, functional aspects are log-

ically also consistent. For practical reasons, any organism will prefer to live on the

concave side of a dividing wall; otherwise, the partition where it lives would need

more – and thus waste – material and energy to be built. In addition, especially

when possessing multiple chambers, foraminiferan shells do not necessarily fol-

low the growth pattern described above – the species belonging to the Fusulinida

have more or less straight chamber walls, although the building mechanism

must have been the same. However, creating the last of many inhabited cham-

bers concave at the outside does not give the organism the same advantage it

does if only few chambers are present, and the last one is much larger than is

the one before.

Thus, form is probably less governed by morphogenesis than it is by function.

Indeed, nowhere has the principle of ‘‘form follows function’’, which is attributed

to the American Architect Louis Henry Sullivan (1856–1924), been more strik-

ingly realized than in Nature, and this is exceptionally visible in biominerals.

Organisms are clearly able to manipulate recalcitrant crystalline materials into

forms they obviously need, and which would never form under purely abiotic

conditions. This manipulation, which is – from an energetics view – not favor-

able, must therefore be caused by selection pressure on the organisms, which

use specific biomineralized structures to increase their survival rates. Although

the amorphous silica used by diatoms is cheap and much more docile, obvious

adaptations of overall form can also be seen in diatom frustules (Fig. 5.2): Motile

forms, such as the pennate genera Navicula and Nitzschia shown here, always

have elongate forms with a bilateral symmetry, in contrast to planktonic or epi-

phytic forms, which often show radial symmetry (see Fig. 5.1).

Interestingly, the historic antithesis to Sullivan’s principle in architecture,

‘‘form follows precedent’’, is also strongly connected to natural systems: the ge-

netic heritage of an organism ensures, that radical modifications in the biochem-

ical machinery of mineralization cannot occur. Organisms and their offspring

are, for many generations, stuck with a set of tools – that is, the enzymes, organic

components and mechanisms of self-organization, which are largely inherited.

Adapting biomineralized structures to changing environmental conditions seems

therefore to be strongly restricted by the limited possibility to exchange these
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tools. However, the complex interactions that occur between transcription and

morphogenesis allow for considerable changes in the final traits of organisms,

even if genomes and protein composition are very similar. Consequently, many

traits of an organism can be attributed to certain genes and proteins, which were

originally used for completely different functions. For instance, marine sponges

carry genes (e.g., Bar/Bsh-Hb) that in other animals control the growth of eyes,

brains and the central nervous system [20]. Such biological functions of a trait

(e.g., the defensive capacity of siliceous shells) – if they originally evolved as adap-

tations to other problems than those for which their current characteristics are

designed for – are often called ‘‘exaptations’’ [21]. The discovery that genes

responsible for the development of highly developed traits in organisms with a

complex bauplan can be regularly found in ‘‘primitive’’ simple organisms sug-

gests that exaptations are not exceptions, but rather are the rule among evolution-

ary adaptations.

The most easily modified trait of a biomineral is probably its geometry. The ge-

ometric variations of diatom shells are remarkable, and major differences occur

even between closely related species [22]. This may be related to the specific

building process within biomembrane-surrounded silica deposition vesicles, the

forms of which appear to be strongly controlled by the cytoskeleton [23], probably

by mechanisms as described by Sheez [24] or Ingber [25]. Much more difficult is

a change of the biomineral chosen as the main structural component – in dia-

toms, silica has been the only mineral used for at least 110 (and probably 190)

million years [26, 27], while another prominent group of algae, the coccolitho-

phores, have relied on calcite for a similar period. A greater (but still very limited)

flexibility in the choice of materials for external shells can be seen in the phylum

Radiolaria, where the class Acantharia builds skeletal structures using strontium

sulfate, while the Polycystinea have a silicaceous skeleton. But even this is an ex-

ception, as in most cases the variation of minerals only concerns polymorphs; for

example, the minerals aragonite, calcite (and seldom vaterite) for calcium carbo-

Fig. 5.2 Motile pennate diatoms (Navicula spp. and Nitzschia sp.) from

a muddy environment, displaying bilateral symmetry.
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nate in mollusk shells [28], while sometimes (e.g., in Foraminiferans) aggluti-

nated sediment is taken as an complementary material to calcite or aragonite to

build shells [29].

The precipitation and modification of minerals are currently the focal points of

many studies on biomineralization [30, 31]. While much scientific progress has

been made during the past decade regarding biomineralization as a process, mor-

phogenesis remains an open issue and our understanding of the exact physical

properties of biomineralized structures and their ecological significance is poorly

developed.

The morphogenesis of diatoms has been described in detail and extensively

[32, 33], and diverse potential mechanisms of how the complex patterns might

develop have been proposed [10, 34]. Whilst these descriptions and are very valu-

able, the true nature of frustule formation process is much easier to study by di-

rectly observing it or by using video sequences [35]. In essence, such observations

show that the formation of diatom frustules occurs during highly dynamic pro-

cesses, many of which – and especially those concerning spine formations – do

not fit into the models mentioned above, as they involve rotation and counter-

rotation and longitudinal growth. In addition, scanning electron microscopy

(SEM) images of many diatoms (e.g., those of Asteromphalus depicted in Fig. 5.3)

show that very different structural elements occur at different size levels. This in-

dicates that frustule formation is under continuous biological control rather than

existing as a detached self-organizing process.

Besides efficient biomineralization and morphogenesis, the performance of the

finished product – the biomineralized structure – is essential for the survival of a

given species. Thus, the organism is both producer and customer: it has a certain

limited spectrum of tools and is responsible for process optimization, but it has

Fig. 5.3 Centric diatom Asteromphalus sp. (A) General overview,

showing the inside (left) and outside (right) of the frustule. (B) Detailed

view, showing the remarkable control of diverse forms at different

hierarchical levels.
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also urgent demands for the properties of the final product. The lack of exact

knowledge concerning these demands is probably rooted in methodology: whilst

studying biomineralization is challenging (but possible) in the laboratory, it is al-

most impossible to assess the exact nature and importance of the factors which

shape the ultimate form and nanostructure of biominerals in situ.
In diatoms, the factors involved in biomineralization and morphogenesis are

very sensitive to mutations and other perturbations. The polypeptides that precip-

itate silica within the silica deposition vesicles (SDV) are in diatoms species-

specific, and cause different types of precipitate [6]. Adding the element germa-

nium (Ge) or heavy metals to the culture medium causes strong deformations of

the diatom shells [36]. As the morphologies of diatom shells are defined by the

shape of the SDVs, which in turn are controlled by the cytoskeleton, drugs such

as colchicine may cause considerable aberrations in valve morphologies [37].

5.3

Evolution and Diatom Shells

The original use of biominerals can be traced back to the Palaeozoic period, when

microorganisms were dominating biomineralization, and formed reef-like struc-

tures (stromatolithes). Indeed, it was the unusual geometry of the earliest stroma-

tolithes [38], some 3430 million years ago, which served as an indication for the

presence of organic life. In this context, and considering the success of diatoms

in the ‘‘recent’’ world, it seems difficult to explain that unicellular algae bearing

silica frustules, such as the diatoms, evolved only some 190 million years ago, and

well-preserved diatom frustules exist only from the Cretaceous (110 million years)

onwards [26]. Hexactinellida (glass sponges) were widely abundant much earlier

– throughout the Palaeozoic – indicating that dissolved silica was available in con-

centrations sufficient for biomineralization.

The details of diatom evolution are provide in Chapter 8 of this volume, and in

essence they show an amazing rise of diatoms to the globally most important

group of microalgae – both in terms of primary production and species diversity.

There is reason to believe that the key to this success is a very favorable cost/

performance ratio of the diatom frustules. A major argument is that there are vir-

tually no diatoms without frustules, although the organisms have (in contrast to a

common belief that the protoplast cannot survive without silica) a fully functional

metabolism while they are in their reproductive stage, when the cells are free of

biomineralized parts. The synchronous reproduction of diatoms [39] indicates

that they are extremely vulnerable to all sorts of attack during this stage. This

phenomenon can be compared to many other synchronized reproductive efforts

of biomineralized organisms, for example, those of corals [40].

There is increasing knowledge and enthusiasm regarding the complex and

functional nature of graded composite biominerals. The structural parts of the

organisms, the functional properties of which have been underestimated com-

pared to those involved in metabolism, have been studied with new, highly devel-
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oped methods such as atomic force microscopy (AFM), nanoindentation, X-ray

diffraction, and infra-red (IR) spectroscopy. Biogenic materials for which intricate

structures have been unraveled include enamel, nacre, bone, and silica. Clearly, an

originally provocative sentence by the naval and aeroplane engineer Jim Gordon –

‘‘There can be no reason to assume that, while nature uses methods of infinite

subtlety in her chemistry and her control mechanisms, her structural approach

should be a crude one.’’ [41] – has meanwhile become common knowledge

among natural scientists. However, the physical properties, which result from

the complex structure of biominerals, are still often difficult to assess. As such

properties will have a crucial influence on the survival of a species, it is likely

that they are adapted to a certain environment and fulfill a certain function. In

order to appreciate the function of any structure built by an organism, it is impor-

tant first to understand the environmental factors which play significant roles for

its survival and reproduction.

Among the diverse explanations for the presence and form of diatom shells –

they are thought to have optical, catalytic, or mechanical functions – the mechan-

ical approach (lightweight armor) appears to be the most plausible, as it can ex-

plain both their material properties and the complex structure patterns [11, 13].

In addition, a wide variety of predators involved in an arms race with defensive

diatom frustules create many ecological niches in a seemingly monotonous envi-

ronment, such as the open ocean. This could explain the seemingly paradoxical

diversity of forms in plankton [42].

5.4

Biomechanics and Diatoms

Several approaches exist that describe the mechanical properties of diatom

frustules, using very diverse methods. Although long suspected, direct indica-

tions that diatom frustules are mechanically very strong have only recently been

described [11]. The forces which are necessary to crush diatom frustules (cells

with intact shells have been shown to pass the guts of krill unharmed) are high

enough to surpass those that many potential predators can generate.

Almqvist et al. [43], have mapped the e-moduli and moduli of hardness using

AFM in combination with Sneddon mechanics. Although this approach was de-

scribed by the authors as semi-quantitative, it has provided the first information

about significant differences in material properties in different regions of the dia-

tom frustule, thereby supporting the view that the material is more sophisticated

than ‘‘just opal’’. Further investigations along this line, perhaps using atomic

force acoustic microscopy (AFAM), may reveal such information.

While it is necessary to study the mechanical and material properties of diatom

shells directly, additional helpful information might be obtained by studying the

feeding tools of the organisms which feed on them, in order to assess the load

cases (defined by forces, contact areas, and directions), which pose the most im-

portant selection pressures. Planktonic diatoms, which are adapted to resist the

silica-laced mandibles of copepods [44], will need shells with different mechanical
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properties than epiphytic species adapted to withstand the radulae (file-like feed-

ing tools) of gastropods [45].

Further information could be obtained using finite-element analyses. Here,

the geometry of the diatom frustule must be transferred into an exact three-

dimensional (3-D) model, using either SEM or confocal laser scanning micros-

copy (CLSM) in combination with 3-D reconstruction software. The resultant

3-D model of the frustules can be used to visualize the stress values and direc-

tions within the structure as a function of certain load cases, and help to assess

parameters such as the ultimate strength of the biominerals. This approach could

be extended to the nanostructure of the silica, as soon as detailed information on

its composite structure is available. Ideally, these approaches may even provide

indications as to which mechanical challenges a specific diatom shell – with its

entire structural component, ranging from internal nanostructures to the overall

shape of the shells – is adapted.

5.5

The Effect of Evolutionary Feedback on Biomineralization

In order to understand the mechanism of biomineralization of diatoms, it may

not be helpful to regard the process of biomineralization and the thereby gener-

ated biomineral structures as a simple ‘‘cause-and-effect chain’’, because they both

interact strongly through evolutionary processes which select – between geneti-

cally varied individuals – for certain traits which maximize reproduction and sur-

vival (Fig. 5.4).

Fig. 5.4 The evolutionary feedback loop. The performance of the

biomineralized structures in context with the challenges of the

environment has a crucial influence on the mechanisms of

biomineralization. Together with a need for the efficient production of

biomineralized structures, this leads to a high degree of system

integration.
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The benefits of this integrative mechanism are clearly visible in biomineralized

structures other than those of diatoms. In nacre and bone, for example, organics

with sophisticated mechanical properties such as peptides, collagen and chitin

support biomineralization [46], yet at the same time they play a major role as

structural, reinforcing components within the hierarchical framework of biomin-

eral composites [47]. In other words, the process of biomineralization must be

tuned in a way which at the same time promotes the efficiency of biomineral cre-

ation and the usefulness of the finished structures, namely in terms of geometry

and material properties.

Several investigations concerning diatom frustules have suggested that this is

also the case in the minute, yet complex, diatom frustules. In contrast to the typ-

ical material properties of ‘‘opal’’, finite element calculations predict anisotropic

material properties of diatom silica. As stress values are strongly directional, it

follows that if the structure should be optimized for mechanical strength, then

the silica of the diatom frustule should be anisotropic – that is, it is stronger in

the direction of the highest stress values. Such anisotropic properties should be

reflected in the silica nanostructure of diatoms.

Although reports exist which show that diatom silica consists essentially of

minute spherical silica particles, and consequently would have isotropic material

properties [48], there is also evidence to suggest that diatom silica can have a

layered or even fibrous nanostructure. This, together with the polypeptides that

support the precipitation of silica [6, 7], would also provide the potential to form

composites which, in contrast to nacre, should be adapted to the more complex

lightweight geometry of diatom frustules. A further potential function has been

proposed by Sumper and colleagues [8] who showed that, based on their physical

properties, these polypeptides might also play a role in the morphogenesis of the

fractal pore structures (loculate areolae) of the diatom Coscinodiscus concinnus. A
similar function has been proposed by Poulsen et al. [49], who found that dia-

toms possess diverse proteins and polypeptides, which either induce or inhibit

the precipitation of silica, and thus may also be responsible for the creation of

nanopatterns in diatom frustules. Thus, it is likely that the polypeptides isolated

from purified diatom silica serve several functions in the morphogenesis and

functionality (i.e., mechanical strength and toughness) of diatom frustules. These

multiple functions of biogenic components are indeed the rule in biological

systems – for example, the role of collagen for the formation and function of

the endoskeleton of vertebrates. Therefore, it is necessary to assess such diverse

themes as genomics, proteomics, morphogenesis, function of the shell, ecology

and evolution of diatoms in an effort to understand why biomineralization func-

tions in diatoms in the way that it does.

5.6

Conclusions

In order to appreciate the intricacies of biomineralization of diatom frustules, it is

first necessary to understand their function, their physical properties, and their
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genetic heritage. It is clear that such integrative approaches to build structures

are also attractive to improve the efficiencies of macroscopic technological pro-

duction processes and the properties of the thus-produced components. Although

this has been attempted to a limited extent in the field of materials science (e.g.,

for casting fiber-reinforced plastics), a process where the mold for a complex, op-

timized structure is still forming while casting is already in progress, and where

certain compounds of a composite adapted to this structure turn dissolved sub-

stances into solids, has still to be invented in the technical world.

It is very likely, that many concepts to use diatoms in nanotechnology would

also profit heavily from a deeper insight into the physical properties of diatom

frustules, and their connection to the ecology and to the evolutionary background

of these small, but successful, organisms. Thus, studies on the functional mor-

phology and functional materials science of diatoms would not only improve our

understanding of how biomineralization works, but also support new, efficient

technological applications in the small, as well as the macroscopic, world.
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6

The Evolution of the Diatoms

Wiebe H. C. F. Kooistra

Abstract

Diatoms constitute the single-most diverse group of microalgae. Their hallmark

is the compound silica cell wall, the frustule, which encases the cell completely

but, nevertheless, permits growth and cell division. Silica cell wall elements are

encountered also in their resting stages and during the brief sexual phase in the

diatom life cycle, namely during the formation of a specialized zygote, the auxo-
spore. Frustule shape and ultrastructural details vary considerably across the diver-

sity and are at the foundation of taxonomic treatment. Generally, diatoms are

grouped into radial centrics, polar centrics, and pennates. Molecular phylogenies

reveal that the former two categories constitute ancestral groups (grades), where-

as the latter forms a clade. Fossil evidence confirms these findings. Diatoms are

ubiquitous in marine, freshwater and temporarily humid terrestrial habitats, and

they dominate the plankton in many coastal and oceanic regions. It is therefore

no surprise that diatoms constitute major players in the geochemical cycles of

carbon and silica – a role they have played since at least the Lower Cretaceous,

as their fossil record reveals. Several explanations can be given for the apparent

success of the diatoms, but their remarkable morphological and ecological diver-

sity is a key aspect. For example, the planktonic lifestyle developed from benthic

ancestry several times, independently.

Key words: auxospore, centrics, diatom, fossil record, frustule, ortho-silicic acid,

pennates, phylogeny, silica cycle, Thalassiosira.

6.1

Introduction

Diatoms are unicellular algae that usually range between 10 and 200 mm in

size. They constitute one of the major lineages of photosynthetic eukaryotes, and
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there are probably well over 105 species [1]. Diatoms abound in the plankton and

benthos of marine and freshwater habitats, as well as in damp terrestrial environ-

ments. Their contribution to productivity and nutrient cycling in the world’s

oceans is huge. Just a few hundred species of planktonic diatoms are responsible

for around one-fifth of all the photosynthetic fixation of carbon on Earth, and they

are also the most important biological participants in the silica cycle [2].

Three categories of siliceous cell wall elements are encountered in diatoms.

The best known of these elements are those that form the compound cell wall,

termed a frustule (see Sections 6.2.1 and 6.2.2). A second category of silica ele-

ments, consisting of small discs or series of bands, is formed during sexual repro-

duction (see Section 6.2.3), while a third category consists of more robust ele-

ments produced during the formation of resting cells (see e.g. [3] and Section

6.2.4).

Insights into the evolution of the diatoms can be gleaned from phylogenies

inferred from sequence differences among particular DNA marker regions of a

series of taxa. A widely used marker is the small subunit of the nuclear ribosomal

DNA (SSU rDNA; e.g., [4, 5]). The evolutionary history of the diatoms can also be

studied using their extensive fossil record, as frustule elements often are pre-

served in all their ultrastructural detail over millions of years (e.g., [6]).

Diatoms silica is of considerable economic importance. Fossil diatoms form ex-

tensive deposits, termed diatomite, which constitute an indispensable ingredient

of a wide range of products [7]. In addition, diatoms provide materials scientists

with models for the synthesis of silica-based materials at ambient temperatures

and pressures (see Chapters 3 and 5).

In this chapter, attention is focused on the evolution of the diatom frustule.

First, the ultrastructure and construction process of the frustule is described, after

which an overview is provided of the taxonomy, phylogeny, and fossil record of the

diatoms. Subsequently, the possible origin and evolution of silica sequestering

and cell wall construction are discussed. Finally, the rise of the diatoms is com-

pared with the waxing and waning of other groups in the modern phytoplankton,

and explanations are provided as to why the diatoms with their silica cell walls

rose to dominance.

6.2

The Silica Cell Walls of the Diatoms

6.2.1

The Frustule

The diatom frustule consists of two valves, each with a series of girdle bands

(Fig. 6.1). A typical valve resembles a Petri dish with a flat area, called the valve
face, and a rim, the mantle. The girdle bands underlap the mantle. One valve and

its girdle bands are together called the epitheca, and these overlap a similar but
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slightly narrower set of elements, the hypotheca. The frustule elements are stiff

and enclose the protoplasm completely, yet the composite nature of the frustule

permits growth by expansion along the central axis [3].

The frustule elements are interspersed with pores that are usually organized in

rows, called striae; silica bars between these striae are called interstriae. The valves
are the most elaborate elements, showing a remarkable diversity in shape and or-

namentation [3] (see Fig. 6.2 for illustration of terms). Many species have pore

fields, which exude polysaccharides to form mucilage pads for attachment to sis-

ter cells or to the substratum. Most diatoms possess processes (tubes) through

their valve face. Labiate processes (rimoportulae) are the most widespread of these,

and are probably involved in mucilage excretion and uptake of organic matter [8].

The name refers to their lip-like compression on the inside of the valve. Another

type of process – the strutted process ( fultoportula) – is unique for a group of

Fig. 6.1 Schematic representation of a diatom frustule and its

components in tilted girdle view. ET, epitheca; HT, hypotheca; EV,

epivalve; HV, hypovalve; VF, valve face; VM, valve mantle; GB, girdle

band. The girdle bands have been depicted as closed (ring-shaped)

(marked C), but in many species these structures are open at one end

(marked O), or they consist of diamond-shaped segments.
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planktonic diatoms, the Thalassiosirales, and is involved in the excretion of b-

chitin fibrils [9]. A third type of process, the raphe, consists of two V-shaped slits

located on one side of the midrib. The raphe allows the cells to slide actively over

the substratum by means of traction [3].

Valve shape and ornamentation form the basis of the diatom taxonomy. Three

major groups have now been recognized: radial centrics, bipolar centrics, and

pennates [5] (Fig. 6.2). Radial centrics possess valves resembling Petri dishes,

which are ornamented with a central annulus (ring) and striae radiating from it.

Fig. 6.2 Stylized shape and ornamentation of

a radial centric diatom in (A) valve view, and

(B) girdle view. (C) A polar centric diatom in

valve view; (D) polar centric diatom in girdle

view. (E) An araphid pennate diatom in valve

and girdle view. (F) A raphid pennate diatom

in valve and girdle view. AN, annulus (not

always visible); LP, labiate process; ALP,

apically oriented LP; CLP, central or peri-

central LP; GB, girdle bands; IS, interstria

(plural -striae), and S, stria; MR, midrib; PF,

pore field (in pennates, apical pore field; in

polar centrics, polar pore field, also called

ocellus or ocellulimbus depending on the

taxonomic group).
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Labiate processes, if present, are found along the valve perimeter or near the an-

nulus. Polar centrics have bi-, tri-, or multi-polar valves with a deformed annulus

and a radial pattern of striae. Labiate processes are located in or near the annulus,

and apical pore fields (if present) are located at the valve poles (apices). Pennates
possess boat-shaped valves ornamented with a midrib (the sternum) and striae

perpendicular upon it [3]. Pennate diatoms can be separated in araphid pennates

and raphid pennates. The former possess apical labiate processes and apical pore

fields in their valves, whereas the latter, instead, possess the raphe [3].

Although, in general, the valves are mono-layered, several species possess

valves in which a second siliceous layer is deposited underneath or on top of the

primary one. In many centric diatoms this secondary layer takes the form of

honeycomb-like chambers, whereas in some pennates the chambers arise from

secondary reinforcement of the interstriae [3]. The loculate structure enhances

stiffness of the valve whilst economizing on silica [10] (see also Chapter 5).

6.2.2

Frustule Construction

Vegetative cell division involves the assembly of two new thecae inside the

confines of the old ones. Valve construction follows immediately upon mitotic

nuclear division, and girdle bands are formed either during brief periods in the

interphase (e.g., Navicula pelliculosa) or more or less continuously throughout in-

terphase (e.g., Cylindrotheca fusiformis). The construction of elements takes place

in silica deposition vesicles (SDVs) under mildly acidic conditions and lasts for

only a few hours. Ortho-silicic acid Si(OH)4 is taken up through the plasma-

lemma by means of silicon transporter proteins (SITs), which have been identi-

fied in C. fusiformis and other diatoms [11] (see Chapter 3). Within the SDV, the

silicic acid encounters an organic matrix of silaffins and long-chain polyamines,

which have been implicated in accelerating silica deposition and controlling the

silica nanostructure [12] (see Chapter 3).

Silica deposition generally commences along the annulus or midrib, and then

proceeds along the interstriae to the edges [3]. When silica precipitation is com-

pleted, frustule elements are coated with organic macromolecules including

calcium-binding glycoproteins (called frustulins) to glue the elements together

upon their exocytosis, and to avoid subsequent dissolution. In C. fusiformis a third
category of frustule-related proteins, called pleuralins, has been discovered. Pleur-

alins are located in the zone where the ultimate girdle bands of the epitheca over-

lap the hypotheca. Their function is currently unknown.

The advantages of a modular cell wall system composed of valves and girdle

bands are manifold. Vesicles permit orchestration of the construction process;

overlapping modules can slide alongside one another permitting cell growth,

and daughter cells can inherit their share of the parental modules while main-

taining their defenses throughout the vegetative cell cycle. However, there are

also some evolutionary constraints associated with the frustule. New thecae
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must be constructed back-to-back, which permits the diatoms to exist only as

solitary cells or as chains; tissue differentiation is impossible [3]. Moreover, new

valves must be constructed within the confines of the parental frustule. The

daughter cell inheriting the parental hypotheca must now use it as the epitheca,

and produce a new hypotheca that fits inside the epitheca. Thus, with ongoing

vegetative growth the cells, on average, grow smaller and their variance in size

increases [3]. In order to escape from this miniaturization trap, the diatoms must

re-establish their original cell size, and virtually the only way do this by means of

sexual reproduction.

6.2.3

Sexual Reproduction and Auxospore Formation

Diatoms have a diplontic lifecycle with a prolonged vegetative diploid phase and

a brief sexual phase of gamete formation and fusion (Fig. 6.3). Centric diatoms

possess flagellated microgametes and non-motile macrogametes, whereas pen-

nates reproduce usually by means of amoeboid isogametes [3, 13]. The gametes

constitute the only, albeit brief, stage in the diatom life cycle in which cell

walls are lacking. Immediately after gamete fusion follows the formation of a spe-

cialized zygote, the auxospore, which expands in a matter of hours to a few days.

In radial centrics, the expanded cell surrounds itself with an organic wall, and

the new frustule is formed inside this wall (Fig. 6.3A). Hence, the initial valves

of the hatching cell are dome-shaped. The hypovalves of daughter cells formed

during the subsequent vegetative divisions have a flat valve face because they de-

velop against one another in the equatorial plane of the dividing cell. In some

centric diatoms the organic wall contains small silica discs ornamented with a

central annulus and a radial pattern of striae [3]. In polar centric diatoms with

a non-circular valve outline, the auxospore expands anisometrically by means

of a system of silica hoops and bands, called a properizonium (Fig. 6.3B). These

elements are formed and excreted one after another whilst the cell expands.

When the expansion is completed, the new frustule is formed inside the pro-

perizonium [3]. In pennates, a similar system of hoops, the perizonium, is laid

down (Fig. 6.3C). The primary tube-like layer of hoops, when sited perpendicu-

larly upon the longitudinal axis, creates the elongated shape typical of pennate

diatoms. In some species, a second layer of bands (the longitudinal perizonium)

is formed underneath these hoops and perpendicular upon the hoops (see inset

of Fig. 6.3C) [13, 14]. Subsequently, frustule formation proceeds as in the centric

diatoms.

Formation of the first two thecae in the auxospore occurs in synchrony with two

nuclear divisions, without any cell division; the superfluous nuclei disappear sub-

sequently [15]. Apparently, nuclear division is linked so intricately with silica up-

take and theca formation during normal mitosis, that even within the auxospore,

two – apparently useless – nuclear divisions must accompany frustule formation.

These processes seem to be governed by the same master regulator genes.
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Fig. 6.3 Life cycles of (A) radial centrics,

(B) polar centrics, and (C) pennates. Aux,

auxospore; Iso, isogamete, Ma, macro-

gamete; Mi, microgamete; Per, perizonium

composed of perizonial bands; ProPer,

properizonium composed of properizonial

bands; Z, zygore; þ, cell of plus-mating type-

strain; �, cell of minus-mating type-strain.

Perizonial and properizonial bands are

formed inside a primary organic cell wall.

Many polar centrics form small silica discs

in this primary layer (not drawn). Inset: fully

developed pennate auxospore in top view

and side view, but with the primary layer of

transverse (vertically oriented) perizonial

bands partially removed to show secondary

layer of longitudinal (horizontally oriented)

perizonial bands. The initial cell forms

inside the confines of the perizonium. The

first (epi-) valve forms in the lower side, the

second underneath the longitudinal perizo-

nial bands.
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6.2.4

Resting Stages

Auxospores are not resting stages. Auxospore cell walls are flimsy, serving solely

to guide the shape of the new cell. The only known exception here is Leptocylind-
rus danicus, in which the auxospore generates a resting spore. Vegetative cells can

develop into resting stages which, in most species, resemble vegetative cells.

However, some centrics produce spores, which are resting cells with morphologi-

cally distinct, and heavily silicified cell walls [16]. The resting stages often become

buried in the sediment and can fossilize (e.g., [17]); thus, they constitute an im-

portant sink in the oceanic silica budget [2].

6.3

Phylogenies

6.3.1

The Heterokont Relatives of the Diatoms

Diatoms belong to the heterokontophytes [18] – that is, the golden-brown micro-

algae and brown macroalgae (Fig. 6.4). These photoautotrophic organisms form a

Fig. 6.4 Cladogram showing relationships among heterokont organisms

based on nuclear SSU rDNA sequences. Tree topology redrawn from

phylogram in Ref. [18]. The presence of silica hard-parts in the groups

is indicated, and the most parsimonious way of character acquisition is

indicated over the tree.
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lineage within a much larger group of heterotrophic heterokont lineages, includ-

ing bicoecids, thraustochytrids, labyrinthulids, and oomycetes. All together, they

constitute the heterokonts. Their principal character is the heterodynamic flagel-

lar apparatus, with a forward swimming long flagellum lined with two rows of

tripartite glycoproteinaceous hairs (mastigonemes), and a backwards swimming,

shorter, naked flagellum. Within the heterokontophytes, there seems to be a basal

divergence between a clade with diatoms and bolidomonads [19] and a clade with

the remaining golden-brown algae [18]. The latter clade includes eustigmato-

phytes, chrysophytes, and raphidophytes, with both freshwater and coastal

marine taxa, the freshwater synurophytes, and the marine pedinellids, pelagomo-

nads, silicoflagellates (dictyochophytes), rhizochromulinids, tribophytes, xantho-

phytes, and brown macroalgae [18, 20]. Diatoms lack flagella – at least during

their vegetative stage – but the microgametes of the centrics reveal the heterokont

ancestry; they have one flagellum, the one with mastigonemes.

6.3.2

The Phylogeny of the Diatoms

Recent phylogenies of the diatoms [4, 5, 21] include many species and provide a

good coverage of the phylogenetic diversity (see Fig. 6.5 for an overview). Tree to-

Fig. 6.5 Cladogram showing relationships

among groups of diatoms based on SSU

rDNA sequences. The numbers at nodes are

bootstrap values. Values above 95 indicate

a high level of confidence; lesser values

indicate lower confidence. Gray blocks

indicate groupings; a block emerging from

a branch (horizontal line) indicates a clade

(natural- or monophyletic group), whereas a

block emerging directly from a vertical line

(node) indicates an unresolved polytomy (as

teeth on a rake). (This figure is an abridged

version of the phylogram in Ref. [4].)
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pologies generally show regions where the topology is well resolved, interspersed

with a few regions of densely packed ramifications that essentially collapse into

polytomies. The polytomies may result from the fact that most diatom phyloge-

nies have been inferred from single gene regions, generally the nuclear-encoded

large subunit ribosomal DNA (nuclear SSU rDNA, or 18S rDNA), which may

simply not contain enough phylogenetic signal to resolve such rapid ramifi-

cations. Yet, the taxa in these polytomies often share morphological novelties.

Therefore, the apparent lack of structure may result from relatively brief periods

of adaptive radiation on the basis of these morphological novelties.

The radial centrics constitute the most ancient group. Phylogenetically and

morphologically they are highly diverse, but species numbers are relatively low

in comparison to the other groups. In several trees (e.g., [4]), radial centric Eller-
beckia (¼ Paralia) sol is sister to a clade with all other diatoms. Ellerbeckia has ro-

bust, massive frustules that possess elaborately chambered valve walls, and link-

ing structures between adjacent valve faces, consisting of interlocking, radial

ridges [3] (Fig. 6.6).

The remainder of the radial centrics shows ill-resolved basal ramifications

from which emerge a few well-supported lineages [4, 5, 21]. One of these clades

contains the chain-forming Leptocylindrus; another one includes predominantly

solitary planktonic cells with lightly silicified, chambered valves and radially ar-

ranged labiate processes (Actinoptychus, Actinocyclus, Stellarima, Coscinodiscus); a

Fig. 6.6 Electron micrographs showing

frustule of Ellerbeckia sol. (A) Frustule with

broken valve face permitting internal view of

a chain of cells. The partially broken valve in

the front is a terminal one because its valve

face lacks any linking structures, thus

allowing a chain to split into two daughter

chains without damage. Radial ribs and

grooves visible on the intercalary valves (see

the ornaments on the broken walls in the

interior) link sister valves solidly together. (B)

Internal view showing in the upper right, a

part of a valve in valve-view. In the lower left,

from top to bottom, a girdle band, a valve,

and connected with it, the adjacent valve of

the sister cell, all in girdle view, and partially

broken, showing the robust walls. Pores in

the striae of the valve mantle are larger than

those in the girdle band. Scale bars ¼ 10 mm.

(Illustrations provided courtesy of Richard

Crawford.)
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third clade has cells with an elongated pervalvar axis with many girdle bands, and

its members often form chains (Corethron, Rhizosolenia, and Guinardia). A fourth

clade contains more heavily silicified diatoms, forming chains with interlocking

spines (Aulacoseira, Stephanopyxis) or with central mucilage pads (Melosira, Podo-
sira, Hyalodiscus). Many of these genera possess labiate processes, either in a ring

near the valve perimeter or clustered near the central area.

The most diverse lineage emerging from the radial centric diversity contains all

of the polar centrics and the pennates [4, 5, 21]. The last common ancestor of this

lineage must have acquired the properizonial bands permitting formation of

shapes deviating from a circular outline (see Fig. 6.3B). Apically oriented pore

fields constitute another novelty, giving rise to ribbon-like or zig-zag-like chains,

and permitting exposure of most of the valve face to the environment. Within this

lineage the polar centrics generally form a grade or an ill-resolved topology from

which emerge several well-supported lineages. Three of these lineages are partic-

ularly diverse. One of these contains the planktonic genera Chaetoceros and Bac-
teriastrum, which possess setae, spine-like structures emerging from the apical re-

gions in the valves and extending outwards in telescopic fashion [22]. Another

lineage includes the Thalassiosirales [23], and has valves with a circular outline

as in radial centrics, though this must be a reversal because the nearest neighbors

are polar centrics [4, 5, 21]. Cells form chains by means of b-chitin fibrils exuded

through the strutted processes (see Section 6.2.1).

The single-most diverse lineage emerging from the polar centric diversity com-

prises the pennates. Here, amongst the several innovations, are the sternum for

structural reinforcement, the amoeboid isogametes, and the double layer of peri-

zonial bands (see Fig. 6.3C). The pennates show a basal dichotomy between a

well-supported but small clade of araphids and a diverse clade of araphids and

all of the raphids. The small araphid clade (see e.g., [4, 21]) contains, amongst

others, two genera, Rhaphoneis and Talaroneis, which are representatives of rela-

tively species-poor lineages in the extant diversity but with a rich fossil record.

The diverse clade shows a badly resolved basal topology (indicated as a polytomy

in Fig. 6.5) from which several well-supported clades emerge. One of these in-

cludes all of the raphid pennates.

Raphid pennates constitute a clade, and therefore the raphe has been acquired

only once, probably through elongation of apical labiate processes in an ancestral

araphid pennate [3, 24]. The raphe permitted diatoms to move actively, enabling a

rapid and massive radiation in many new niches. Raphid pennates now consti-

tute the largest group among the diatoms, in terms of genera and species, even

though it is the youngest of the major lineages.

6.4

The Diatom Fossil Record

Silica frustules preserve well, and often with all their ultrastructural details intact.

Strata consisting virtually entirely of fossil frustules are referred to as diatomite.
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Reliable diatom fossils of Pre-Cretaceous age are scarce [25], possibly because di-

atoms were rare or lived in habitats adverse to fossilization. In coastal habitats,

diatom frustules have a high probability of being destroyed or diagenetically

transformed into chert [26] or minerals, such as zeolites. Diatom frustules

preserve much better in the sediment of the ocean floor because of the slow

sedimentation pace, but even these sites are not permanent because seafloor-

spreading reworks the ocean crust on average every 110 Ma, rendering the

chances of finding Pre-Cretaceous fossils low.

The first rich diatom assemblages are of Early Cretaceous age at 115 Ma [27]

and 110 Ma B.P. [6, 17]. All valves in these records have a centric type of organi-

zation, but none of these could be assigned to any modern diatom genus or fam-

ily. The valves show a similar ultrastructure, revealing a principal layer with radi-

ally organized striae composed of simple pores and, in most specimens, a second,

external, heavily silicified layer consisting of a honeycomb pattern. A valve of

Amblypyrgus campanellus, a typical representative of the 110 Ma record [6, 17], is

shown in Figure 6.7. These diatoms probably formed chains by means of the

large spines fitting in the slots in the valve of the adjacent sister cell. Virtually all

valves in the 110 Ma record possess a radial centric organization, but a few – for

example, Bilingua rossii – have bipolar valves, indicating that polar centrics were

already present.

Between 110 and 90 Ma, diatoms have been poorly preserved [28]. However,

well-preserved fossil diatoms reappear at ca. 90 Ma, in the Late Cretaceous [29,

Fig. 6.7 Electron micrograph of a perfectly preserved valve belonging to

the 110 Ma B.P. fossil radial centric diatom Amblypyrgus campanellus

[6]. Note the honeycomb-pattern of the heavily silicified secondary outer

layer. The inner valve layer with radially organized pores is visible

through the openings in the secondary layer. Note also the spines and

slots in which spines on the valve of the sister cell fitted. Scale bar ¼
10 mm. (Illustration provided courtesy of Rainer Gersonde.)
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30], and provide the next clear window into the evolving diatom diversity. This

reveals the persistence of species from the 110 Ma fossil record, but many other

fossils show similarities to modern radial or polar centric genera.

Araphid pennates appear only after 90 Ma in the fossil record, and these fossil

pennates show only a simple midrib (e.g., [29]). In particular, diatoms in the

small araphid clade (Rhaphoneis and relatives) are well represented in these early

pennate fossil records. Raphid pennates are not known before the Palaeocene

[31], but from that time onwards they diversify rapidly. The Cretaceous-Tertiary

(K/T) boundary coincided with the extinction of some diatom taxa, but overall

diversity rebounded quickly. Changes in the Tertiary diatom flora, as well as the

events that shaped this flora, have been reviewed extensively [28]. In any case,

the order in which the major diatom groups arose, as inferred from the stratigra-

phy of the fossil record – that is, radial centrics first, then also polar centrics, then

araphid pennates, then finally, raphid pennates – agrees with the evidence from

the molecular phylogenies [4, 28].

6.5

The Origin and Evolution of the Diatom Frustule

Silica is not only used for cell wall construction, but is also a necessary compound

in many cellular processes throughout the Eukaryotes [32]. Therefore, silica up-

take and processing must be a feature of all eukaryotes. Silica cannot be hoarded

in the cytoplasm, and in case of overabundance it must be removed, either di-

rectly through the plasmalemma or into vesicles that can then, if needed, discard

their content by means of fusion with the plasmalemma. The SDV of the diatoms

probably evolved from such vesicles, or from vesicles producing organic body

scales, like those of pedinellids (e.g., Apedinella, Pteridomonas).
The ability to produce silica structures in a modular fashion was possibly ac-

quired in the last common ancestor of the heterokontophytes, because the modu-

lar construction of silica elements is encountered throughout the group [18, 33]

(see Fig. 6.4). Silicoflagellates, synurophytes, chrysophytes, parmophytes, and

xanthophytes all produce silica structures [20, 34, 35], though the bolidomonads

– the sister group of the diatoms – do not [19]. None of the heterotrophic hetero-

kont sister lineages possesses any silica structures. Actinophryid heliozoans (e.g.,

Actinopryis, Echinosphaerium) are heterotrophic heterokonts adorned with silica

spines, but they are derived pedinellids that have lost the ability to photosynthe-

size secondarily [36].

The heterokontophytes may have acquired the genetic toolbox involved in

silica metabolism themselves, but there are alternatives. Mayama and Kuriyama

[35] hypothesize that early heterokontophyta obtained some of the genes via hor-

izontal transfer from polycystineans. Extant polycystineans (e.g., Thalassicolla,
Collozoum) produce siliceous elements, and usually have endosymbiotic algae,

amongst them pennates [37]. Likewise, ancient polycystineans may have accom-

modated early heterokontophytes. In each of the heterokontophytan groups that
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possess silica structures, these structures are unique for that group. Again, some

unique features may have been acquired via horizontal gene transfer. The hypoth-

esis can be tested by comparing species phylogenies with those of genes involved

in silica metabolism.

Several heterokontophytan groups, such as chrysophytes, synurophytes, and

pedinellids, possess relatively simple isomorphic scales. A key innovation of the

diatom ancestor must have been the reshaping of such scales into two valves and

accompanying girdle bands. Parmophytes have developed a similar cell wall orga-

nization of interlocking silica elements of different shapes [20, 34], but whether

these organisms are related to diatoms remains to be determined.

6.6

Paleo-Ecology and Diatom Evolution

In order to understand how, and why, the diatoms rose to their present impor-

tance, their success must be reflected against the waxing and waning of other au-

totrophic protistan groups through geological time. Following the Permo-Triassic

extinction period (250 Ma B.P.) [38], the first planktonic organisms to (re)-appear

were the dinoflagellates and the prasinophytes in the Early Triassic, followed by

the appearance of the coccolithophorids in the Late Triassic [39]. These groups

became highly diverse in the Jurassic and Cretaceous, but from the Early Tertiary

onwards, their diversity declined steadily [39].

The waxing and waning of these groups is correlated with a cyclic process of

continental rifting and re-assembly [40]. The rifting of Pangaea resulted in higher

sea levels, larger areas covered by shallow epicontinental seas, increased availabil-

ity of nutrients (especially calcium) and, consequently, high phytoplankton bio-

diversity. Continental reassembly since the early Tertiary has had the opposite ef-

fects; sea levels dropped, shallow seas became dry land again, and nutrients were

locked up in the arid interior of large continents. Hence, phytoplankton diversity

declined [39].

Diatoms did not follow this trend of waxing and waning; they appeared rela-

tively late (see Section 6.4), but have kept on diversifying ever since. There are

several advantages associated with the use of silica for cell wall construction above

that of, for example, calcium carbonate or organic material, and these advantages

may have added to the success of the diatoms. Silica reinforced with organic ma-

terial has high tension and compression strength (see Chapter 5), and it is also

less heavy than calcium carbonate. Silica is generally in plentiful supply in both

seawater and freshwater (unless, of course, the diatoms themselves have depleted

it), and it is energetically less costly to sequester than calcium carbonate and or-

ganic material [41]. In addition, silica structures dissolve less easily and can exist

across a wider pH-range than calcium carbonate. Silica itself is unaffected by en-

zymatic decomposition, but the dissolution of frustule elements is enhanced by

bacteria decomposing the organic coating of these elements [42].
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Diatom diversity may have been affected by the evolution of grasses, because

dissolved silica became more readily available with the flourishing of grass on

land [39, 43, 44]. Grass sequesters silica from the soil and deposits it as micro-

scopically small flakes, called phytoliths. The phytoliths dissolve relatively quickly,

and the dissolved silica is washed via the runoff into coastal marine habitats.

Nevertheless, diatom diversity did not increase only because of these external

and biophysical factors; it also shared the biochemical, physiological, ultrastruc-

tural, biological and ecological characteristics that have provided diatoms with a

cutting edge in the competition for resources with other microalgal groups [45].

With regard to silica usage, the cutting edge aspect of the diatoms is their frus-

tule, which protects them throughout the vegetative phase, and their system of

(pro)-perizonial bands deployed during the sexual phase. These structures have

permitted the emergence of a wide range of cell shapes distinct from a Petri

dish, and allowed the diatoms to occupy an array of niches unparalleled in most

other microalgal groups. At present, diatoms dominate the oceanic and coastal

phytoplankton, and are ubiquitous in almost every other watery or humid com-

munity thinkable on Earth. Relatives of the diatoms – the silicoflagellates –

possess a siliceous exoskeleton composed of a polygonal frame adorned with sil-

ica spines. The skeleton does not impose structure onto the protoplasm because it

does not cover the cell, and therefore it restricts the exploration of cell shapes. No-

tably, silicoflagellates emerged at about the same period as the diatoms, and also

they kept on diversifying when dinoflagellate- and coccolithophorid diversity de-

clined. During the Late Tertiary, however, their diversity also waned, so that all

that is left of them today is a rich fossil record and a few extant species in cold

oceanic waters [46].
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de Goër, D. Vaulot, J. Phycol. 1999,
35, 368–381.

20 L.E. Graham, L.W. Wilcox, Algae.
Prentice-Hall, Upper Saddle River,

NJ, 2000.

21 J.S. Sinninghe-Damsté, G. Muyzer,
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7

Uptake of Silicon in Different Plant Species

Jian Feng Ma

Abstract

Silicon (Si) is the second most abundant element in soil, and has a wide array of

functions in the growth and development of plants. Silicon is able to alleviate var-

ious stresses including diseases, pests, lodging, drought, and nutrient imbalance.

Although all plants contain some Si in their tissues, the concentrations of Si in

the shoots differ greatly with plant species, and this difference is attributed to the

capacity of the roots to take up Si. At least two steps are involved in Si uptake,

including radial transport from external solution to the root cells, and subsequent

release from the root cells to the xylem. Currently, the latter process seems more

important for high Si accumulation. The first gene encoding Si transporter has

recently been identified in rice, a typical Si-accumulating plant. The transporter

encoded by this gene shows a high specificity for Si, and is localized at the distal

side of both exodermis and endodermis. The future cloning of more genes will

help in our understanding of the molecular mechanisms of Si uptake in different

plant species.

Key words: plant species, radial transport, silicon, transporter, xylem loading.

7.1

Silicon in Plants

Silicon (Si) is the second most abundant element in the Earth’s crust. In fact, sil-

icon dioxide comprises about 60% of the Earth’s crust mass, and more than 50%

of the soil mass. The Si concentration in soil solution is normally between 3.5

and 40 mg L�1, in the form of silicic acid [1]. Although all plants grown in soil

will contain some Si in their tissues, the Si concentration in the shoots varies con-

siderably among plant species, ranging from 0.1% to 10% Si of the tissue dry

weight [2]. Takahashi and coworkers have conducted an extensive survey on Si

concentrations in almost 500 plant species from Bryophyta to Angiospermae,
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grown under similar soil conditions (for a summary, see Ref. [2]). The results

showed that there is a characteristic distribution of Si accumulation in the plant

kingdom (Fig. 7.1). For example, plants belonging to the Bryophyta, Lycopsida,

and Equisetopsida of Pteridophyta show high Si accumulation, whereas those be-

longing to the Filicopsida in Pteridophyta, Gymnospermae, and Angiospermae

show low Si accumulation. In higher plants, only plants in the Gramineae and

Cyperacea show high Si accumulation. Recently, it was reported that plants in

the Balsaminaceae family also accumulate Si [3]. Plants in the Cucurbitales, Urti-

cales, and Commelinaceae show intermediate Si accumulation, whereas most

other plants species show low Si accumulation.

Within a family, the degree of Si accumulation differs among subfamilies.

For example, the degree of Si accumulation in Gramineae follows the order

of Bambusoideae > Pooideae > Panicoideae > Eragrostoideae [2]. Furthermore,

there also are genotypical variations in Si concentration; for example, a variation

from 1.53% to 2.71% Si was reported in the hull of barley cultivars [4].

Fig. 7.1 Distribution of Si-accumulating plants in plant kingdom. (Adapted from Ref. [2].)
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7.2

Beneficial Effects of Silicon on Plant Growth

Numerous beneficial effects of silicon on plant growth and development have

been observed in both Si-accumulating and non-Si-accumulating plants, includ-

ing barley, cucumber, rice, and strawberry. The effects are especially characterized

by the alleviation of multiple stresses, both biotic and abiotic in nature [5].

7.2.1

Disease Control

Silicon is effective in controlling (biotic) diseases caused by both fungi and bacte-

ria in different plant species. For example, Si increases the resistance of rice to

leaf and neck blast, sheath blight, brown spot, leaf scald, and stem rot [6]. Silicon

also decreases the incidence of powdery mildew in barley, cucumber, strawberry,

and wheat, ring spot in sugarcane; rust in cowpea; leaf spot in Bermuda grass

and gray leaf spot in St. Augustine grass and perennial ryegrass [7]. Silicon also

enhances the resistance of plants to insect pest such as stem borer and planthop-

per [8].

7.2.2

Alleviation of Stress

Silicon also alleviates many abiotic stresses, including chemical and physical

stress [5]. Typically, Si alleviates water stress by reducing transpiration – by up to

30% in the case of rice, which has a thin cuticle [2]. Under water-stressed condi-

tions (low humidity), the effect of Si on rice growth was more pronounced than

on rice that was cultivated under non-stressed conditions (high humidity) [2].

When rice leaves were exposed to a solution containing polyethylene

glycol (PEG), electrolyte leakage (which is an indicator of membrane lesion)

from the leaf tissues was decreased as the level of Si in the leaves increased [9].

The level of polysaccharides in the cell wall was higher in leaves containing Si

than in those lacking Si. These results suggest that, in rice leaves, the Si is in-

volved in cell water relationships such as mechanical properties and water perme-

ability.

Silicon application in rice is also effective in alleviating the damage caused by

climatic stress such as typhoons, low temperature and insufficient sunshine dur-

ing the summer season [2]. A typhoon attack usually causes lodging and sterility

in rice, with a resultant considerable reduction in rice yield. A high deposition of

Si in rice enhances the resistance to lodging.

The beneficial effects of Si under phosphorus (P)-deficiency stress have been

observed in many plants, including barley and rice. In an experiment using a nu-

trient solution, Si supply resulted in a larger increase in the dry weight of a rice

shoot at a low P level (14 mM P) than at a medium level (210 mM) [10]. The larger

beneficial effect of Si on plant growth under P-deficiency stress may be attributed
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to the enhanced availability of internal P through reductions in excess Fe and Mn

uptake. Silicon can also alleviate the damage caused by P excess by decreasing the

excessive uptake of P, which results in a decreased internal inorganic P concen-

tration. An alleviative function of Si on Mn toxicity has been observed in hydro-

ponically cultured barley, bean, pumpkin, and rice [2].

The beneficial effect of Si under salt stress has been observed in barley, rice,

and wheat [2]. In rice, both shoot and root growth were inhibited by 60% in the

presence of 100 mM NaCl for three weeks, but Si addition significantly alleviated

salt-induced injury [11]. The Na concentration in the shoot was reduced by 50%

by Si addition. Alleviative effects of Si on Al toxicity have been observed in barley,

maize, rice, sorghum, soybean, and teosinte [2].

7.2.3

Plant Growth

In addition to Si alleviating a variety of stresses, it also improves light interception

by keeping leaves erect, thereby stimulating canopy photosynthesis in rice [2].

Silicon also promotes cell elongation but not cell division, probably due to Si-

enhanced extensibility of the cell wall in rice [12]. Recently, Si was found to

increase the extensibility of the cell wall in the growing zone, and to reduce cell-

wall extensibility in the basal zone of isolated stellar tissues covered by endoder-

mal inner tangential walls in the roots of sorghum; this implied a role for Si in

enhancing root elongation and in protecting the stele as a mechanical barrier by

hardening the cell wall of the stele and endodermal tissues [13].

Most of the beneficial effects of Si are expressed through its deposition in the

cell walls of the epidermal surfaces of leaves, stems, and hulls. Silicon is depos-

ited in cell wall material as a polymer of hydrated, amorphous silica, forming

silica-cuticle double layers and silica-cellulose double layers [2]. Silicon is also de-

posited in the bulliform cells, dumbbell cells, and in the long and short cells

on the surface of leaves and hulls. Therefore, the beneficial effects of Si are quan-

titatively related to the amount of Si accumulated in the shoots. Silicon is also

thought to induce an active defense system in the suppression of plant disease;

an example of this is the enhancement by Si of phytolexin production in cucum-

ber and rice [14].

7.3

Uptake Systems of Si in Different Plant Species

The differences in Si accumulation described above have been attributed to the

ability of the roots to take up Si [15]. Silicon is taken up in the form of an un-

charged molecule, silicic acid [16]. Three different modes of Si uptake have been

proposed for plants with different degrees of Si accumulation, namely active, pas-

sive, and rejective uptake [2]. Plants which employ an active mode take up Si

faster than water uptake, and this results in a depletion of Si in the uptake solu-
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tion. Plants which employ a passive mode take up Si at a rate that is similar to

water uptake, and thus no significant changes in Si concentration are observed

in the uptake solution. In contrast, plants which employ a rejective mode of up-

take tend to exclude Si, and this is demonstrated by an increasing concentration

of Si in the uptake solution. These phenomena suggest that different mecha-

nisms are involved in the Si uptake by different plant species.

The uptake of Si involves at least two processes: (i) the radial transport of Si

from the external solution to cortical cells; and (ii) the release of Si from cortical

cells into the xylem (xylem loading). These processes have been examined in rice,

cucumber, and tomato, which represent high, medium, and low accumulations,

respectively [17]. The results of a time-course experiment showed that whilst the

Si concentration in the root-cell symplast increased with time in all species, the Si

concentration in the symplast was much higher in rice, followed by cucumber

and tomato; this occurred despite the Si concentration in the symplast in all spe-

cies being higher than in the external solution. A kinetic study showed that Si

concentrations in the root-cell symplast increased with increasing external Si con-

centration, but was saturated at a higher concentration, although the Si level in

the root-cell symplast differed widely between the three species (Fig. 7.2). Based

on these curves, the Km values were estimated as 0.16, 0.15, and 0.16 mM for

rice, cucumber, and tomato, respectively. In the same study, the values of Vmax

were 34.5, 26.9 and 13.3 ng Si root�1 8 h�1, respectively, for rice, cucumber, and

tomato. These results suggested that the radial transport of Si from the external

solution to the cortical cells in the three plant species is mediated by a transporter

which shows a similar affinity to silicic acid. However, the differences in Vmax

suggested that the density of the Si transporter on the root cell membranes dif-

fers among plant species, following the order of rice > cucumber > tomato.

A higher Si concentration in the root-cell symplast than in the external solution

suggests that silicic acid is transported against a concentration gradient from the

external solution to the cortical cells, and that this process would be energy-

dependent. This is supported by the finding that presence of a metabolic inhibitor

(2,4-dinitrophenol; 2,4-DNP) or exposure to low temperature resulted in a de-

creased radial transport of Si [17]. Furthermore, the Si concentration in the root-

cell symplast was reduced to a level similar to that in the apoplast and the exter-

nal solution in the presence of 2,4-DNP and under low temperature. These

results further suggest that the radial transport of Si involves two components:

first, a transporter-mediated component (as described above); and second, passive

transport by diffusion.

The subsequent process – that is, the release of Si from the cortical cells to the

xylem (xylem loading) – was also compared among rice, cucumber, and tomato

[17]. When the roots were exposed to a nutrient solution containing 0.5 mM Si,

the concentration of Si in the xylem sap of rice reached 6.0 mM Si in 30 min, and

18 mM in 8.5 h. This suggested that Si release to the xylem is a very rapid pro-

cess, and that in rice, Si is loaded against a concentration gradient. In contrast, Si

concentrations in the xylem sap of cucumber and tomato were much lower: in

cucumber, the concentration was only 0.6 mM after 30 min, and remained stable
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Fig. 7.2 Kinetic study of radial transport of Si in rice (A), cucumber (B), and tomato (C).
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during the experiment period, whilst in tomato it was lower than that of the exter-

nal solution.

A kinetics study of xylem loading of Si showed that, in rice, the process is medi-

ated by a transporter (Fig. 7.3) [17], whereas in cucumber and tomato it is medi-

ated by passive diffusion. Si concentrations in the xylem sap increased gradually

Fig. 7.3 Kinetic study of xylem loading of Si in rice (A), cucumber (B), and tomato (C).
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with increasing Si concentration in the external solution in both cucumber and

tomato (Fig. 7.3), though the concentration was lower than that in the external

solution. These results indicated that xylem loading is a very important determi-

nant of high-level Si accumulation in the shoots of rice. In contrast, the much

lower accumulation of Si in cucumber and tomato might be due to a lower den-

sity of the transporter from the external solution to the cortical cells, and a defec-

tive (or even absent) transporter from the cortical cells to the xylem.

Recently, a study using different plant species confirmed the coexistence of both

passive and active Si-uptake components, and that their relative contributions

were dependent on the plant species and external Si concentration [18]. Whilst

the active component serves as the major mechanism in rice and maize (see

above), passive uptake prevails in sunflower and wax gourd at high Si concentra-

tions, though active uptake becomes important at low concentrations.

7.4

Genes Involved in Si Uptake

Although a range of physiological studies have shown that Si transport is medi-

ated by transporters in Si-accumulating plants (see above), the role of the genes

encoding these transporters is not well understood. Recently, a gene responsible

for Si uptake was identified in rice [19], and cloned by utilizing a rice mutant

which is defective in Si uptake [20]. The mutant was isolated from sodium

azide-treated M2 seeds of rice using Ge tolerance as a selection parameter [20].

The mutant had a plant type similar to wild-type, except that the leaf blade of

lsi1 remained droopy when Si was supplied in solution culture. The Si concentra-

tion of the shoot tissue was found to be much lower in the mutant than in the

wild-type, but concentrations in the roots of each plant were similar. A relatively

long-term uptake experiment showed Si uptake by the mutant to be significantly

lower than that of the wild-type, whereas there was no difference in the uptake of

other nutrients such as P and K. The Si concentration in xylem sap of the wild-

type rice was also much higher than that of lsi1 [21].

The gene was cloned by a map-based cloning technique using a mapping pop-

ulation derived from a cross between the mutant and an Indica cultivar, Kasalath.

The gene Lsi1 is localized on chromosome 2, and consists of five exons and four

introns [19]. The cDNA of this gene is 1409 base pairs in length, and the deduced

protein consisted of 298 amino acids. The gene is predicted to encode a mem-

brane protein similar to water channel proteins, aquaporins. The predicted amino

acid sequence has six transmembrane domains and two Asn-Pro-Ala (NPA) mo-

tifs, which are well conserved in typical aquaporins. Blast search and ClustalW

analyses revealed that Lsi1 belongs to a Nod26-like major intrinsic protein (NIP)

subfamily. A single nucleotide substitution (G ! A) occurred in the lsi1 mutant,

and this resulted in an amino acid change from alanine in the wild-type to threo-

nine in the mutant, at a position of 132 aa. The substitution of Thr132 for Ala132

provoked severe steric interactions with Val55 and Val59 in helix 1 (H1), facilitat-

ing a movement of H1. This unfavorable interaction would affect the conforma-
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tion of Asn108, the pore-forming residue in the P-loop according to computer

modeling, and thus change the conformation of the transporter.

When the expression of Lsi1 was suppressed by RNA interference (RNAi), Si

uptake was significantly reduced [19]. Furthermore, when the cRNA encoding

Lsi1 was injected into Xenopus laevis oocytes, an increased transport activity for

silicic acid was observed [19], which supported the idea that Lsi1 is a major trans-

porter for Si into rice roots. The transporter also shows high specificity for Si,

whereas a non-charged molecule, glycerol, is not transported by Lsi1. A kinetic

study also showed that Si transport activity increased with increasing Si concen-

trations in the external solution.

Lsi1 is mainly expressed in the roots, and the expression is constitutive. How-

ever, the expression is regulated by Si level, and will decrease by 25% with a con-

tinuous supply of Si [19]. The results of in-situ hybridization showed that the

mRNA of Lsi1 was localized at the exodermis and endodermis. Interestingly, Lsi1
is expressed in the main roots and lateral roots, but not in root hairs (Fig. 7.4).

Fig. 7.4 Localization of the Si transporter in rice. (a,b) Fluorescence of

the Lsi1-GFP fusion protein in transgenic plants. (a) Distribution of Lsi1

in the intact roots; (b) localization of Lsi1 in the longitudinal section;

(c) cellular localization of Lsi1, detected by immunolocalization staining

with antibody of Lsi1; (d) computer modeling of Lsi1; the molecule at

the center shows silicic acid.
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This is consistent with the results of a previous physiological study which showed

that root hairs do not play any demonstrable part in Si uptake, but that lateral

roots contribute significantly to Si uptake [22]. Further investigations showed

that the transport protein is localized on the plasma membrane of the distal side

of both the exodermis and endodermis cells (Fig. 7.4), where the Casparian strips

exist [19]. As solutes are unable to pass through the Casparian strips freely, trans-

porters are needed to reach the stele for translocation from the roots to the shoot.

There are three close Lsi1 homologues in maize, namely ZmNIP 2-1, 2-2, and

2-3 m, with identity of 77 to 83%, and one homologue in rice (Os06g12310,

named Lsi6) with identity of 77% (Fig. 7.5). Maize also can accumulate Si, which

suggests that ZmNIP 2-1 to 2-3 might also be involved in Si uptake. It is interest-

ing to notice that genes close to Lsi1 are also found in zucchini and chickpea

Fig. 7.5 The phylogenetic relationship of Lsi1, a rice Si transporter, in

rice, maize, Arabidopsis, and other plant species. Os, rice genes; At,

Arabidopsis gene; Zm, maize genes. The scale bar indicates the genetic

distance.
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(both of which are dicotyledonous), and the function of these genes remains to be

examined in relation to Si accumulation in these plants.

In the marine diatom which requires Si as an essential element, a gene family

encoding Si transporters has been identified from Cylindrotheca fusiformis [23].

However, these genes do not have any similarity to the genes identified from

rice, indicating that the Si uptake system is different between diatoms and higher

plants.

A model of Si uptake in rice roots is illustrated in Figure 7.6. Many genes are

thought to be involved in Si uptake in rice, and Lsi1 appears to be responsible for

the influx of Si from the external solution to the root cells. Genes for efflux and

distribution of Si in rice remain to be identified, and homologues of these genes

must also be examined in different plant species. Furthermore, factors regulating

Si uptake need also to be identified in order to provide a better understand of the

molecular mechanisms of Si uptake in different plant species.
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Magnetic Microstructure of Magnetotactic

Bacteria

Richard B. Frankel, Rafal E. Dunin-Borkowski, Mihály Pósfai,

and Dennis A. Bazylinski

Abstract

Magnetotactic bacteria are permanent magnetic dipoles due to magnetosomes,

which are intracytoplasmic, nanometer-sized, crystals of magnetite (Fe3O4) or

greigite (Fe3S4) in membrane vesicles. Different strains of bacteria have different

crystal sizes, shapes, and arrangements. Here, we review the use of off-axis elec-

tron holography to determine the magnetic microstructure associated with the

magnetosome crystals in a number of different magnetotactic bacteria. The re-

sults allow the quantitative determination of parameters such as magnetic mo-

ments and coercive fields for individual magnetosomes and entire magnetosome

chains.

Key words: magnetotactic bacteria, magnetosome, magnetite, greigite, off-axis

electron holography, magnetic microstructure.

8.1

Introduction

8.1.1

Magnetotactic Bacteria

Magnetotactic bacteria are a morphologically and physiologically diverse group of

motile, Gram-negative prokaryotes, that are ubiquitous in aquatic environments,

and able both to orient and migrate along magnetic field lines [1]. They include

coccoid, rod-shaped, vibrioid, spirilloid (helical), and multicellular morphotypes.

Physiological types include denitrifiers that are facultative anaerobes, obligate mi-

croaerophiles, and anaerobic sulfate reducers [2]. There are likely many species of

magnetotactic bacteria [3], although only several have been isolated in pure cul-
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ture [4]. Iron can constitute as much as 3% of the dry weight of the bacterial cells

[5, 6]. Magnetotactic bacteria are found in freshwater and marine or brackish

aquatic habitats. Their highest numbers are found in the microaerobic zone,

also known as the oxic-anoxic interface (OAI) [7–9]. In some brackish-to-marine

chemically stratified habitats, the OAI is found – or is seasonally located – within

the water column. Hydrogen sulfide, which is produced by sulfate-reducing bac-

teria in the anaerobic zone and sediment, diffuses upwards, while oxygen diffuses

downwards from the surface; this results in a double, vertical, chemical concen-

tration gradient that also constitutes a redox gradient.

8.1.2

Magnetosomes

All magnetotactic bacteria contain magnetosomes, which are intracellular struc-

tures comprising magnetic iron mineral crystals enveloped by a phospholipid bi-

layer membrane [10, 11]. The magnetosome membrane is anchored to a network

of cytoskeletal filaments, adjacent to the cell wall, and is the locus of biological

control over the nucleation and growth of the mineral crystals [12–14]. Each mag-

netosome crystal consists either of magnetite, Fe3O4 [15], or of greigite, Fe3S4
[16], with crystals ranging typically from 35 to 120 nm in length [17], which is

within the single-magnetic-domain size range for both magnetite and greigite

[18–20]. On occasion, however, magnetite crystals with lengths of up to 250 nm

have been reported [21–23]. In the majority of magnetotactic bacteria, the magne-

tosomes are organized into one or more chains of various lengths, which lie par-

allel to the axis of motility of the cell. Clusters of separate magnetosomes occur

in some species, usually on the side of the cell on which the flagella are inserted

[24, 25]. Statistical analyses of magnetosome magnetite crystals show narrow,

asymmetric size distributions with a sharp high-end cutoff, and consistent

width-to-length ratios within individual species. In contrast, the size distributions

of synthetic magnetite crystals and biologically induced magnetite crystals with a

similar mean size have log-normal size distributions that extend to relatively large

crystals [17, 26, 27].

All known freshwater magnetotactic bacteria, as well as some marine, estuarine

and salt marsh strains, contain magnetite magnetosomes. Other strains in the

latter habitats contain greigite magnetosomes. While none of the greigite-

containing strains is available in pure culture, recognized greigite-bearing magne-

totactic bacteria include the many-celled magnetotactic prokaryote (MMP) [16],

and a variety of relatively large, rod-shaped bacteria [28, 29]. The magnetosome

greigite crystals are thought to form from non-magnetic precursors, including

mackinawite (tetragonal FeS) and possibly sphalerite-type cubic FeS [29, 30].

Some magnetotactic bacteria contain both magnetite and greigite magnetosomes,

that are co-organized within the same magnetosome chains but have distinct

morphologies for each mineral [31, 32].
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8.1.3

Magnetite Magnetosomes

A series of electron micrographs of magnetite magnetosomes from magnetotactic

bacteria are illustrated in Figure 8.1. The projected shapes of the magnetite crys-

tals are generally consistent within each species or strain [17, 33, 34], although

some variations in shape and size can occur within a given magnetosome chain

[35]. The presence of smaller and more rounded crystals, which are common at

one or both ends of the chains and are usually interpreted as ‘‘immature’’ crys-

tals, has been used as evidence that the magnetosome chain increases in length

by the formation of new magnetosomes at both ends of the chain following cell

division [36]. In addition to the roughly equidimensional magnetite crystal shapes

that are seen in, for example, Magnetospirillum magnetotacticum and other fresh-

water magnetotactic spirilla (Fig. 8.1a,d), non-equidimensional shapes have been

described in other species or strains [36, 37]. These shapes include elongated

pseudo-prismatic (Fig. 8.1b,e) and tooth, bullet, or arrowhead morphologies (Fig.

8.1c,f ) [38–40]. Many crystals of these types have been studied with high-

resolution transmission electron microscopy (HRTEM) and/or selected area elec-

tron diffraction (SAED). As a consequence, idealized crystal habits based on low

index forms – that is, on combinations of symmetry-related crystal faces – have

been proposed [17, 36, 39–41].

Magnetite and greigite both crystallize in the Fd3m space group. Macroscopic

crystals of magnetite display habits of the octahedron {111} and, more rarely, do-

decahedron {110} or cube {100} forms [42]. The idealized habit of the crystals in

M. magnetotacticum is the cuboctahedron [43], with equidimensional develop-

ment of six symmetry-related faces of the {100} form and eight symmetry-related

faces of the {111} form. A number of strains such as MV-1 [34, 44] and MC-1 [33]

have pseudo-prismatic habits that are elongated along a [111] axis, with six large

(110)-type faces parallel to the elongation axis capped by (111) planes and corner

facets (see Fig. 8.2d). This elongated morphology appears to be common in coc-

coid magnetotactic bacteria [23].

The relative orientations of the magnetosome crystals in a single chain can be

obtained from either zone-axis SAED patterns or HRTEM images of individual

crystals.

Figure 8.2a shows a bright-field image of a double chain of elongated magnetite

crystals in an unidentified freshwater magnetotactic coccus, in which each of the

numbered magnetosome crystals was aligned to a zone-axis orientation and their

relative orientations were determined. The white arrows indicate the [111] crystal-

lographic axis of elongation of each crystal [45]. The mutual alignment of the

arrows along the chain shows that [111] is nearly parallel to the chain axis in all

of the magnetosomes, except for the smallest crystal (marked 1) at the end of

the chain. In contrast, biological control over the orientations of the crystals

perpendicular to [111] appears to be random [45]. From a magnetic perspective,

the alignment of the crystals ensures that their magnetocrystalline easy axes are
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closely parallel to the chain axis. Figures 8.2b and 8.2c show a HRTEM image and

a SAED pattern, respectively, acquired from crystal 5 in Figure 8.2a. The HRTEM

image is consistent with the idealized habit shown in Figure 8.2d. However, in

the absence of specimen thickness information, crystal habits cannot be deter-

Fig. 8.1 (a) Near-perfect octahedral

magnetite magnetosomes in a cell from

a freshwater pond in Bremen, Germany.

(b) Highly elongated, pseudo-prismatic

magnetite magnetosomes in cells from

Woods Hole, Massachusetts, USA. (c) A

chain of arrowhead-shaped magnetite

magnetosomes in a rod-shaped cell from

Lake Ely, Pennsylvania, USA. (d) High-

resolution transmission electron microscopy

(HRTEM) image and SAED pattern of a

cuboctahedral magnetite magnetosome from

Magnetospirillum gryphiswaldense. (e) HRTEM

image and selected area electron diffrac-

tion (SAED) pattern of an elongated

magnetosome similar to those shown in (b).

(f ) HRTEM image and SAED pattern of a

magnetite magnetosome similar to those

shown in (c). The crystal is elongated along

[001].
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mined precisely from two-dimensional (2-D) images alone, because the edges of

crystal planes cannot be distinguished from the intersections of planes [46].

8.1.4

Greigite Magnetosomes

Although all freshwater magnetotactic bacteria have been found to mineralize

magnetite magnetosomes, many marine, estuarine, and salt marsh species pro-

duce magnetosomes that contain iron sulfide mineral crystals [8, 16, 47]. Bacteria

that contain iron sulfide magnetosomes include the MMPs [48–50] and a variety

of relatively large rod-shaped bacteria [8, 28, 30]. The iron sulfide minerals are ei-

ther greigite [8, 16, 29, 30] or a mixture of greigite and transient non-magnetic

iron sulfide phases that likely represent mineral precursors to greigite. These

minerals include non-magnetic mackinawite and likely sphalerite-type cubic FeS

[29, 30]. Based on transmission electron microscopy (TEM) observations, electron

diffraction, and known iron sulfide chemistry [51], the reaction scheme for grei-

gite formation in magnetotactic bacteria appears to be: cubic FeS ! mackinawite

Fig. 8.2 (a) Bright-field TEM image of a

double chain of magnetite magneto-

somes from a single cell of a freshwater

magnetotactic coccus [45]. The numbered

crystals were found to have their [111]

directions parallel to the magnetosome chain

axis to within 3� (except for crystal 1 at the

end of the chain, which was misaligned with

respect to the chain axis). (b) HRTEM image

and (c) SAED pattern of crystal 5 from (a),

viewed along [–110]. (d) Model for the

assumed morphology of the magnetite

crystals in (a). (Figure adapted from Ref.

[45].)
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(tetragonal FeS) ! greigite (Fe3S4) [29, 30]. Orientation relationships between

mackinawite and greigite minerals suggest that the cubic-close-packed S sub-

structure remains unchanged during the transformation; only the Fe atoms rear-

range. Planar defects typically occur along the close-packed layers of the resulting

greigite crystals. Such defects are probably remnants of precursor structures, and

could indicate that all greigite crystals formed by solid-state transformation from

mackinawite or cubic FeS. Neither mackinawite nor cubic FeS are magnetic,

yet the crystals are aligned in chains. It is perhaps kinetically easier to nucleate

and to grow mackinawite or cubic FeS, and then subsequently to allow them

to convert to greigite. A similar process occurs abiotically [52, 53]. The size range

of greigite crystals in magnetotactic bacteria is similar to that observed for

magnetite.

Just as for magnetite, several greigite crystal morphologies, exhibiting primarily

{111} and {100} forms, have been observed [41]. These morphologies include cu-

boctahedral, pseudo-rectangular prismatic, and tooth-shaped. In contrast to their

magnetite counterparts, the morphologies of greigite particles are much more ir-

regular, and the crystal size distribution of greigite from MMPs produces a Gaus-

sian, rather than an asymmetric, curve [54]. The MMPs contain greigite crystals

that have a range of morphologies, including pleiomorphic, pseudo-rectangular

prismatic, tooth-shaped, and cuboctahedral [30].

8.1.5

Magnetic Properties of Magnetosomes

In uniformly magnetized grains of ferrimagnetic materials such as magnetite,

uncompensated surface magnetic poles are sources of magnetostatic energy.

Magnetic domains (regions of uniform magnetization with varying direction) sep-

arated by narrow transition regions that are referred to as domain walls, can form

in a grain to minimize the magnetostatic energy [19]. However, for grains with

dimensions that are comparable to or below the domain wall width (ca. 100 nm

for magnetite), domains cannot form and the grains remain uniformly magne-

tized, single-magnetic domains (SD). For very small grains, the magnetization, al-

though uniform, spontaneously changes direction because of thermal energy. This

behavior, which is referred to as superparamagnetism (SPM), results in a time-

averaged remanent magnetization of zero. Thus, multi-domain and SPM grains

have lower remanent magnetization than SD grains [19]. Almost all magnetite

(and greigite) magnetosomes that have been characterized by TEM fall within

the SD size range [18].

During the past decade, computer simulations of magnetic dipole arrays (re-

ferred to as micromagnetic calculations) have been used to predict that a variety

of other low-energy microstates (LEMs) can occur in cubic grains of materials with

low anisotropy, such as magnetite [19]. One important LEM is the metastable SD

state, in which a near-uniformly magnetized SD state (a ‘‘flower’’ state) can per-

sist in grains that are larger than SD. The lowest energy states of these grains are

predicted to be non-SD, so-called ‘‘vortex’’ states.
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In summary, magnetite and greigite magnetosomes in the size range of

approximately 35 to 120 nm are predicted to be stable SD. In contrast, isolated

grains that are larger than 120 nm may be non-uniformly magnetized because

of formation of flower states, vortex states, or domain walls.

8.1.6

Cellular Magnetic Dipole

The arrangement of single-magnetic-domain magnetosomes in a chain maxi-

mizes the dipole moment of a cell because magnetic interactions between

the magnetosomes cause each magnetosome moment to orient spontaneously

parallel to the others and to the chain axis, minimizing their combined magneto-

static energy [18]. The total magnetic moment of the chain is therefore approxi-

mately the algebraic sum of the moments of the individual magnetosomes in the

chain. For organisms such as M. magnetotacticum, the remanent moment is the

maximum possible moment of the chain [55]. As the chain of magnetosomes is

fixed within the cell, the entire cell can be oriented in an external magnetic field

by the torque exerted on its magnetic moment, causing the cell to migrate along

the direction of the applied magnetic field as it swims [56].

Reported magnetic moments m of cells of M. magnetotacticum and strain MV-1

are@1� 10�15 A�m2 [57, 58]. The orientational potential energy of the magnetic

moment in the geomagnetic field B scales as mB, which is 5� 10�20 J for B ¼ 50

mT. This value of mB is about ten times greater than the thermal energy kBT at

room temperature, 4:1� 10�21 J (where kB is Boltzmann’s constant). The average

orientation of a cell with respect to B as it swims is related to the average projec-

tion of m onto B, which depends on the ratio of the magnetic to the thermal en-

ergy, (mB kBT
�1) [56]. For a ratio of 10, the average orientation of the cell is 0.9,

which means that the cell migrates along the magnetic field at 90% of its forward

speed. Thus, a magnetotactic bacterium is, in effect, a self-propelled magnetic

compass needle. Magnetotaxis occurs when the oriented cell migrates along the

local magnetic field lines. According to the magneto-aerotaxis hypothesis, the di-

rection of migration is determined by the sense (clockwise or counterclockwise)

of flagellar rotation, which is determined, in turn, by the aerotactic response of

the cell [59]. The presumed utility of magneto-aerotaxis is an increased efficiency

in finding and remaining at a preferred oxygen concentration at the OAI in a ver-

tically stratified aquatic habitat.

8.2

Experimental Measurements of the Magnetic Microstructure of Magnetosomes

The magnetic properties of individual magnetotactic bacteria and magnetosome

chains have been studied using several techniques, which have been used to con-

firm the SD nature of the magnetosomes and the permanent magnetic structure

of the magnetosome chains [55, 57, 60, 61]. Of these techniques, off-axis electron
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holography (EH) in the TEM is unique in allowing the direct visualization of the

magnetic microstructure associated with the magnetosomes [57, 58, 62]. Here,

we outline the basis of the method of off-axis EH and review several relevant ap-

plications of the technique.

8.2.1

Off-Axis Electron Holography: An Overview

The technique of off-axis EH requires the use of a field emission gun (FEG) TEM.

A schematic diagram of the electron-optical set-up is shown in Figure 8.3a. The

sample is illuminated coherently, with the region of interest positioned so that it

intercepts approximately half of the incident electron wave. An electron biprism

is used to overlap the electron wave that passes through the sample with the ref-

erence wave that passes only through vacuum, or alternatively, through a thin re-

gion of support film. Interference of the two parts of the electron wave results in

the formation of holographic fringes (Fig. 8.3b), which record both the amplitude

and the phase shift of the electron wave that has passed through the sample. A

‘‘Lorentz’’ lens allows holograms of magnetic samples to be acquired at high

Fig. 8.3 (a) Schematic ray diagram illustrat-

ing the components of a transmission elec-

tron microscope that are required for off-axis

electron holography (EH) of nanoscale mag-

netic materials. See text for details. (b–d)

Data analysis in off-axis EH of a chain of

magnetosomes. (b) Holographic interference

fringes. (c) Thickness contours derived from

the MIP contribution to the holographic

phase. (d) Magnetic induction map derived

from the magnetic contribution to the holo-

graphic phase. (Figure adapted from Ref. [62].)
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magnification, with the conventional microscope objective lens switched off, and

with the sample in magnetic-field-free conditions. The microscope objective lens

can be used to apply an external field to the specimen, parallel to the optic axis of

the microscope.

The sample can be tilted to an angle of @80� to provide a component of this

external field in the plane of the sample. Details of the procedure used to record

electron holograms, and to extract phase information from them, are described

elsewhere [58, 62].

The mean inner (electrostatic) potential (MIP) and magnetic (MAG) contribu-

tions to the phase shift of the electron wave are sensitive to the mean inner poten-

tial of the sample, V0, and the magnetic induction B, respectively. These contribu-
tions to the phase shift are given by the equations:

fMIP ¼ CE

ð
V0 dz ð1Þ

fMAG ¼ 2pe=h

ð ð
B dx dz: ð2Þ

where the constant CE is given by the expression

CE ¼ 2p� ½ðEþÞ=ðEðE þ 2E0ÞÞ� ð3Þ

In Eqns. (1) to (3), E and E0 are the kinetic and rest-mass energies of the

incident electron wave, respectively, l is the (relativistic) electron wavelength,

and z and x are directions parallel and perpendicular to the incident electron

beam, respectively. By magnetization of the sample in opposite directions in situ
in the electron microscope, acquisition of electron holograms of the oppositely

magnetized specimen, and finally subtraction of the resulting phase images

from each other during processing, the MIP contribution to the phase shift can

be eliminated, leaving only the desired MAG contribution. Contours can then be

generated from this magnetic phase image to produce a map of the in-plane com-

ponent of the magnetic induction, as shown in Figure 8.3d [57]. The MIP contri-

bution to the phase shift can be used to generate thickness contours (Fig. 8.3c)

which, together with HRTEM images and/or SAED patterns, can be used to pro-

vide information about the habits of the magnetosome crystals [46].

8.2.2

Off-Axis Electron Holography of Magnetite Magnetosome Chains

The superposition of the measured magnetic phase contours onto the MIP con-

tribution allows the magnetic microstructure to be correlated with the positions

of the magnetosomes. Magnetic phase contours of spacing 0.064 radians are over-

laid onto an image showing the positions of the magnetosomes in Figure 8.4 for

a cell of the magnetotactic bacterium M. magnetotacticum [57, 58]. The contours
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provide a semi-quantitative map of the magnetic field in the sample; the direction

of the measured in-plane induction at each point, integrated in the electron beam

direction, is tangential to the contours. All of the magnetosomes in M. magneto-
tacticum are approximately single magnetic domains that are magnetized parallel

to the axis of the magnetosome chain, as predicted (see Section 8.1.5). For the

magnetosomes that are at the ends of the chain, the contours ‘‘fan out’’ as a re-

sult of the presence of the demagnetizing field. At one point in the chain, there is

a ‘‘defect’’ (arrowed), where two small magnetosomes, which have been mineral-

ized in place of a larger one, result in slightly poorer confinement of the magnetic

field at that point. Smaller crystals at the right-hand end of the chain are in the

SPM size range, but they are also magnetized parallel to the chain axis, presum-

ably as a result of interactions with the magnetic field of the larger crystals in the

chain. The magnetic moment of the entire magnetosome chain can be obtained

directly from the magnetic contribution to the phase shift [57, 58], giving a value

of 5� 10�16 A�m2 (5� 10�13 emu), which is consistent with the value that would

be predicted for a chain of 22, 45 nm-diameter spheres of magnetite, using the

bulk value for the magnetization of magnetite of 480 kA m�1.

Similar measurements have been obtained from large (up to 250 nm) magneto-

somes with roughly square projected shapes in uncultured bacteria (Itaipu-1) [22].

This sample also contained bacteria with smaller, more elongated magnetosomes

(Itaipu-3). Preparation of the TEM grids resulted in mixing of the two magneto-

some types. Figure 8.5a shows that, although a significant amount of magnetic

flux can be seen emerging from the sides of the larger magnetosomes, the con-

centration of flux lines within the crystals indicates that the Itaipu-1 magneto-

somes in the chain configuration are in metastable SD states [22]. A fortuitous

arrangement of magnetosomes comprising three Itaipu-1 crystals forming a

right-angle and three Itaipu-3 crystals (Fig. 8.5b) showed containment of the mag-

Fig. 8.4 Magnetic induction map of a chain of magnetite

magnetosomes in a cell of Magnetospirillum magnetotacticum strain

MS-1, recorded using electron holography. The mean inner potential

contribution to the phase shift has been removed from the measured

signal before creating the contour map. The white arrow marks a defect

in the chain that consists of two small crystals. The spacing of the

contours is 0.064 radians. (Figure taken from Ref. [57].)
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netic flux lines parallel to the long axes of the elongated Itaipu-3 magnetosomes,

which suggested that these latter crystals were in SD states. In contrast, the mag-

netic field pattern in the larger crystals suggests that they contain domain walls or

vortex states, and are therefore not in SD states in the non-chain configuration.

Thus, it appears that the larger Itaipu-1 magnetosomes are in SD states only in

the chain configuration, in which their magnetization directions are stabilized

by the presence of the neighboring crystals [22]. The elongated Itaipu-3 magneto-

somes lie in the SD region, in agreement with the numerical results discussed

above. The larger Itaipu-1 magnetosomes are predicted to lie in the metastable

SD region, into which the SD size range is extended for materials of low aniso-

tropy [63]. The curvature of the field lines emerging from the sides of the larger

crystals in Figure 8.5a is reminiscent of the ‘‘flower-like’’ state predicted by micro-

magnetic models [63], although it may result primarily from the presence of the

demagnetizing fields of the crystals. This study illustrates the power of EH to de-

termine the magnetic microstructures of crystals, the sizes of which are close to

the critical size for the formation of metastable SD states, for comparison with

theoretical calculations.

Magnetite undergoes a phase change from the cubic to a monoclinic structure

at the Verwey transition (@119 K) [64]. The effect of the Verwey transition on the

magnetic microstructure of linear chains of magnetite nanocrystals was studied

by acquiring electron holograms from magnetosomes, both at room temperature

and with the specimen cooled to liquid nitrogen temperature [45]. For this study,

a freshwater magnetotactic coccus that contained two double chains of magnetite

magnetosomes (see Fig. 8.2) were chosen. At room temperature, both the mag-

netically easy [111] direction and the elongation axis of each magnetite crystal

are parallel to the chain axis. As a result, the magnetic contours are highly con-

Fig. 8.5 Magnetic induction maps from

electron holography of large magnetite

magnetosomes from cells collected at Itaipu,

Brazil. (a) When the large magnetosomes

are in a chain configuration, magnetic

interactions result in parallel magnetic

contour lines within the crystals. Smaller

magnetosomes from other types of cell

cling to the larger particles. (b) The large

magnetosomes are no longer in a single

domain state in broken chains, and exhibit a

more complicated magnetic microstructure.

The double-headed arrow labeled Ha indi-

cates the direction of the applied magnetic

field before recording the remanent magnetic

state. The contour spacing is 0.5 radians.

(Figure adapted from Ref. [22].)
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strained to be parallel to each other within the crystals and to follow the chain

axis (Fig. 8.6a,b). Although there is some transfer of magnetic flux between adja-

cent chains, each chain behaves relatively independently. In contrast, in the low-

temperature induction map, the directions of magnetic contours are far more

variable (Fig. 8.6c), with some crystals now showing S-shaped magnetic configu-

rations. The irregularities in the magnetic contours at low temperature likely re-

sult from a greater variation in the magnetization directions in each crystal,

which therefore behave magnetically in a less collective manner.

The change in structure from cubic to monoclinic at the Verwey transition is

associated with a change in the easy axis of magnetization to an [001] direction

of the original cubic structure [64]. Although inter-particle interactions and shape

anisotropy invariably result in the preservation of the overall magnetic induction

direction along the chain axis at low temperature, it is likely that the undulation

of the contours in the low-temperature induction map in Figure 8.6c results from

a competition between the effects of magnetocrystalline anisotropy, shape aniso-

tropy and interactions, which are only mutually favorable at room temperature.

8.2.3

Off-Axis Electron Holography of Greigite Magnetosome Chains

The first application of off-axis EH to the determination of magnetic microstruc-

tures in greigite magnetosomes involved the characterization of magnetotactic

bacteria from the Morro Bay, in the California estuary [32]. Most of the magneto-

tactic cells in the Morro Bay sample were rod-shaped, had a single polar flagel-

lum, and contained multiple chains of iron sulfide magnetosomes (Fig. 8.7a).

Fig. 8.6 (a) Magnetic induction map

recorded using electron holography from a

double chain of magnetite magnetosomes in

a cell similar to that shown in Figure 8.2.

Magnetic induction maps (b) at room

temperature and (c) at 119 K in a double

chain, showing the effect of the Verwey

transition in magnetite on the magnetic

microstructure. The contour lines are straight

in (b), but undulate along the chain in (c) as

a result of the change in the magnetic easy

axis of magnetite from [111] to [100]. The

spacing of the contours is 0.3 radians.

(Figure adapted from Ref. [45].)
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Fig. 8.7 (a) Bright-field TEM image of a rod-

shaped cell that contains a double chain of

iron sulfide magnetosomes. (b) Magnetic

induction map of the double magnetosome

chain in (a), recorded using electron holog-

raphy (EH). The contour spacing is 0.075

radians. The properties of the numbered

crystals were studied in detail. (c) SAED

pattern and HRTEM image of the greigite

magnetosome marked 1 in (b). Arrows

mark a planar defect. The inhomogeneous

contrast in (c) is likely caused by variations

in the thickness of the crystal. (d) Magnetic

induction map recorded using EH from a

dividing cell. The boxed area is enlarged in

the inset. The arrowed crystals were identified

as greigite. The magnetic phase contours

(spacing 0.098 radians) are wavy, and their

density within individual magnetosomes is

highly variable. (Figure adapted from Ref.

[32].)
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The chains were not as well organized as is usual in magnetite-bearing bacteria,

and many cells contained additional crystals that were offset from the chains, ap-

parently scattered throughout the cytoplasm. In some cells, the chains were not

recognizable, and the magnetosomes formed disordered clusters.

The structures of the magnetosomes marked 1 to 7 in Figure 8.7b were identi-

fied as greigite using SAED patterns and HRTEM images (Fig. 8.7c). No reflec-

tions corresponding to mackinawite or any other iron sulfide mineral appeared

in the patterns.

However, extended defects such as stacking faults and probable dislocations

were present, and the crystals typically exhibited patchy contrast in HRTEM im-

ages (Fig. 8.7c). Similar heterogeneous contrast was observed previously in other

iron-sulfide-containing cells, and attributed to strain resulting from the presence

of defects [29, 30]; the defects themselves were interpreted as resulting from the

mackinawite to greigite solid-state conversion process. Other factors – primarily

thickness variations – may also contribute to the uneven contrast. HRTEM im-

ages obtained from greigite magnetosomes in another cell, as well as three-

dimensional reconstruction of crystal positions and morphologies using electron

tomography (not shown), confirmed that the magnetosomes had highly irregular

and variable morphologies [32]. Instead of having well-defined, distinct facets,

their surfaces were often rounded and irregular. The crystallographic orientations

of the greigite magnetosomes are as random as are their morphologies. Whereas

crystals in magnetite-bearing bacteria are typically elongated along [111], with

their axis of elongation aligned parallel to the magnetosome chain, greigite crys-

tals in several cells were observed to have variable orientations. None of the major

crystallographic directions was found to be preferred as the axis of elongation,

and the alignment of the crystals with respect to the chain axis also varied

randomly.

Just as for the magnetite-containing cells described above, the measured mag-

netic microstructure was displayed by adding contours to the magnetic contribu-

tion to the measured holographic phase shift. The magnetosome chain in the cell

shown in Figure 8.7a contained magnetic phase contours that were generally par-

allel to the axis of the chain (Fig. 8.7b). However, there was considerable variation

in the local direction of the contours, including within individual particles. The

lower chain appeared to be more uniformly magnetized than the upper chain,

which contained three short magnetized segments, between which the contours

either turned back on themselves or joined those in the bottom chain. The mag-

netization of the crystals appeared to be weaker towards both ends of the chains.

Some crystals – in particular those at the ends of the chains and at their sides –

appeared to be non-magnetic (without any contours inside them).

A greigite-bearing, dividing cell, similar to that shown in Figure 8.7a, was also

studied in detail [32]. The structures and orientations of the arrowed crystals in

Figure 8.7d were determined, and quantitative measurements of the magnetic in-

duction in individual magnetosomes were performed on all of the crystals shown

in the inset to Figure 8.7d. In order to calculate and to interpret the magnetic in-

duction from the electron holographic phase images, the volumes of the crystals
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were determined by measuring the widths and lengths of the crystals in high-

angle annular dark-field images, and by assuming either spherical or cylindrical

crystal shapes. The results of these calculations showed that the measured mag-

netic induction in the crystals appeared to be related to their shapes and orienta-

tions. The induction values of only two of the arrowed greigite magnetosomes

(Fig. 8.7d) were consistent with data from the literature for bulk greigite (0.16 T);

the elongation axes of these crystals were roughly parallel to the chain axis. The

other crystals had measured induction values of less than 0.16 T, even though

SAED patterns and compositional data confirmed that these crystals were also

greigite. The apparent lack of a magnetic moment in these crystals could be ex-

plained by the dominant out-of-plane nature of their magnetic induction, which

is not recorded using EH, as well as by the presence of demagnetizing fields.

We suggest that crystal morphology and orientation are responsible for the ap-

parent variation of the magnetic induction in the greigite crystals shown in Fig-

ure 8.7. The shapes of the greigite crystals are irregular; most are slightly elon-

gated, but almost spherical crystals also occur. In general, the more elongated

and closely spaced the crystals, the more strongly magnetic they appear to be, par-

ticularly if the elongation and chain axes are parallel to each other. However, the

long axes of many of the crystals are not parallel to the chain axis, particularly in

the outer regions of the chains; such crystals appear to be non-magnetic as their

induction direction is parallel to the elongation direction of the crystal, and not

that of the chain. The crystallographic orientations of the greigite crystals are

themselves random.

Based on these observations, some general conclusions can be drawn about the

magnetic behavior of greigite magnetosomes. As for magnetite crystals, among

the effects that control the magnetic properties of isolated greigite crystals of this

size, shape anisotropy is the most important. If, however, the crystals are closely

spaced, then interparticle interactions dominate. Magnetocrystalline anisotropy is

the least important point. The apparently non-magnetic greigite crystals are prob-

ably magnetized with the major component of their magnetization pointing out

of the plane of the flat cell. Their magnetic signal therefore remains undetected

in electron holograms.

It is interesting to note that, although the random shapes and orientations

of the greigite magnetosomes result in a variable, winding magnetic induction

along the chain, the chain shown in Figure 8.7b consists of a large number of

magnetosomes that collectively result in a magnetic moment of 9� 10�16 A�m2

parallel to the long axis of the cell, which is sufficient for migration along the di-

rection of the magnetic field.

8.3

Conclusions

When the magnetic properties of greigite magnetosomes are compared with

those of magnetite magnetosomes in other types of bacteria, the differences are
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striking. In most magnetite-bearing strains that have been studied using EH, the

magnetite crystals are organized into relatively straight chains and each particle is

aligned with the [111] direction parallel to the chain axis; this results in fairly uni-

form magnetic induction along the entire chain, in terms of both magnitude and

direction. It appears that greigite magnetosomes are formed and assembled into

chains by biomineralization processes that are less strict than those in magnetite-

bearing bacteria. Nevertheless, these magnetosome chains are functionally ade-

quate in magnetotaxis. The biological lesson here may be that Nature need not

be perfect, just good enough.
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9

Genetic and Biochemical Analysis

of Magnetosome Formation

in Magnetospirillum gryphiswaldense

Christian Jogler and Dirk Schüler

Abstract

Magnetite crystals produced by magnetotactic bacteria (MTB) have species-

specific morphologies and sizes, which are mostly unknown from inorganic sys-

tems. This indicates that biomineralization in magnetosomes is a process under

strict genetic control with regard to iron accumulation, to the deposition of mag-

netic crystals within a specific organelle, and to the intracellular assembly and

alignment of such crystals into chain-like structures. During the past few years,

our understanding of the molecular and genetic basis of magnetosome formation

has improved substantially due to the increasing amount of genomic sequence

data obtained from various MTB, and the development of advanced genetic tech-

niques for their study. In this chapter we summarize our current knowledge of

the genes and proteins that control magnetosome biomineralization in Magneto-
spirillum gryphiswaldense, and provide an overview of the genomic analysis of MTB,

with emphasis on the structure and organization of the genomic ‘‘magnetosome

island’’ (MAI) identified in M. gryphiswaldense and other MTB. In addition, a

model of magnetosome formation and magnetite biomineralization is described.

Key words: magnetotactic, magnetosome membrane, magnetite biomineraliza-

tion, magnetosome island (MAI), Magnetospirillum gryphiswaldense, magnetosome

membrane protein (MMP), magnetosome filament, magnetosome chain.

9.1

Introduction

The most intriguing feature of magnetotactic bacteria (MTB) is their capability to

synthesize perfectly shaped, sized and arranged nano-sized crystals of a magnetic

mineral which, in many MTB, consist of magnetite (Fe3O4). Magnetite biominer-

alization takes place within intracellular organelles bounded by the magnetosome
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membrane, which provides spatial and chemical control and functions as a nano-

reactor for the growth of an iron oxide crystal. In addition, the bacterial magneto-

some chain represents one of the most complex subcellular structures found in a

prokaryotic cell. Bacterial magnetosome biomineralization has attracted a broad

interdisciplinary interest which goes beyond microbiology and biochemistry, and

is derived from fields such as geobiology, palaeomagnetism, and even nanobio-

technology [1–3]. The formation of a variety of crystals in diverse MTB is under

strict genetic control, yet our current understanding of magnetosome formation

at biochemical and genetic levels remains poor. The reasons for this are manifold,

and include a lack of appropriate bacterial strains available in pure culture, their

fastidiousness, and their inaccessibility to genetic manipulation. During the past

few years, however, our understanding of magnetosome formation has greatly

benefited from the combined application of genetic and biochemical techniques.

Initially, proteomic analysis of the magnetosome membrane led to the cloning

and identification of key genes encoding major magnetosome proteins in a re-

verse genetic approach. Recently, this has been complemented by the genome-

wide analysis of various MTB, as well as mutagenesis studies of individual gene

functions, the details of which are described in the following sections.

9.2

Genetics of Magnetosome Formation

9.2.1

Genomic Organization of Magnetosome Genes

In 2000, the DOE Joint genome institute (USA) commenced an effort to se-

quence the genomes of the magnetotactic coccus MC-1 and the strain Magneto-
spirillum magnetotacticum MS-1. Although, as yet, only incomplete draft versions

of these two genomes are available, the findings have already provided important

insights, and allowed the genome-wide identification of magnetosome genes [4].

Sequence determination of the first complete genome from a MTB was recently

accomplished for M. magneticum strain AMB-1, which has a genome size of

4.9 Mb. A near-complete draft version of the M. gryphiswaldense MSR-1 genome

sequence is currently available (M. Richter et al., unpublished results).

Fig. 9.1 (A) Schematic representation of the

482-kb whole genome shotgun (WGS)

genomic region. Magnetosome genes (mms

and mam), hypothetical genes, tRNA genes,

genes with other assigned functions, and

transposase genes are indicated by different

colors (see key). The distribution of the G–C

content is shown in the upper panel (the

average value for the 482-kb region is

62.59%). Selected direct repeats are indi-

cated as small arrows. The extent of the

conspicuous 130-kb magnetosome island

(MAI) described in the text is indicated by a

box. (Modified from Ref. [6].)
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The identification of genes encoding various magnetosome proteins by a

reverse genetic approach led to the discovery that magnetosome genes are not

scattered throughout the chromosome, but apparently are confined to a single ge-

nomic region [4]. This was later confirmed by the analysis of a spontaneous non-

magnetic mutant of M. gryphiswaldense termed strain MSR-1B [5]. Hybridization

experiments in combination with restriction analysis and pulsed-field gel electro-

phoresis revealed a large deletion of 40 kb in MSR-1B encompassing all previ-

ously described magnetosome genes. Sequence analysis of a 482-kb genomic

fragment from M. gryphiswaldense MSR-1 proved the existence of a conspicuous

region harboring the magnetosome genes extending over 130 kb [6]. This 130-kb

region displays the following characteristics:
� it harbors all identified magnetosome (mam/mms) genes that
encode magnetosome membrane proteins (MMPs), as

described later in this chapter;
� it contains a high proportion of transposase genes (>20% of

the coding region); and
� it contains many hypothetical genes. The 130-kb region

displays numerous direct and inverted repeats, which mostly

correspond to similar copies of transposase genes (Fig. 9.1).

The GþC content of this genomic fragment is slightly distinct from that of

the remainder of the genome, and displays a more heterogeneous distribution.

Three tRNA genes are present within the region, which is also bounded by a pu-

tative integrase gene. In summary, all of these features are strongly reminiscent

of those described for genome islands, such as ‘‘pathogenicity islands’’ in other

bacteria [7]. By analogy, the 130-kb region encoding magnetosome genes thus

represents a large genomic ‘‘magnetosome island’’ (MAI), which may have been

acquired by horizontal gene transfer (HTG). Recently, a MAI was identified in

M. magneticum AMB-1. Although its predicted size of 100 kb was slightly smaller,

its molecular structure, gene content and operon organization were very similar

to those of the MAI from MSR-1 (Fig. 9.2) [8–10].

Fig. 9.2 Molecular organization of MAI genes

encoding known magnetosome proteins in

M. gryphiswaldense and their homologous

regions in the genome of M. magneticum

AMB-1, M. magnetotacticum MS-1, and the

magnetic coccus strain MC-1. Genes of

related functional categories which are

shared between diverse MTB strains are

indicated by identical colors or hatching (see

key), equivalent genes are indicated by

identical denominations. Genes without

functionally characterized paralogs in non-

magnetotactic organisms are indicated in

gray. Colors of genes correspond to their

suggested functions, as indicated in Fig. 9.5.

Although further homologues of mam and

mms genes can be identified in the genome

assembly of the magnetic coccus MC-1, only

the mamAB operon is shown, as the genomic

sequence information for other parts is

incomplete.
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9.2.2

Genes Encoding Magnetosome-Associated Proteins are Co-Transcribed within the

mam- and mms-Operons

With the exception of MamW, all identified MMPs are encoded within the mam-

(magnetosome membrane) and mms- (magnetic particle membrane-specific) op-

erons, which are located within less than 35 kb of the MAI [4, 5]. Co-transcription

of genes within the mamAB, mamDC and mms6 operons from their respective

single promoters was demonstrated, indicating the presence of long polycistronic

transcripts of magnetosome genes, along with several additional genes of un-

known function [11]. In M. gryphiswaldense MSR-1, the mamAB operon encom-

passes 17 collinear genes extending over 16.4 kb of DNA (Fig. 9.1). The 2.1 kb

mamGFDC operon is located 15 kb upstream of the mamAB operon and com-

prises four genes. The 3.6-kb mms6 operon is located 368 bp upstream of the

mamGFDC operon and contains five genes. The transcription starting points of

the mamAB, mamDC, and mms6 operons were mapped closely upstream of the

first genes in the operons, respectively. The presence of transcripts was indepen-

dent from growth phase, but expression of mam and mms genes was slightly up-

regulated under magnetite-forming conditions – that is, during microaerobiosis

and in the presence of iron [11, 12].

The operon organization of magnetosome genes is conserved among different

Magnetospirillum strains, and to a lesser extent, also strain MC-1 (Fig. 9.2). Where-

as the overall similarity at protein and DNA level is very high between various

magnetospirilla, the transcriptional direction of mms6- and mamGFDC-operons
is inversed in M. gryphiswaldense MSR-1 compared to M. magneticum AMB-1 and

M. magnetotacticum MS-1. Both sequence and organization of magnetosome

genes are less conserved in strain MC-1 (Fig. 9.2).

9.2.3

The Magnetosome Island is a Highly Unstable Genomic Region and Undergoes

Spontaneous Rearrangements

Substantial sequence polymorphism within the MAI was observed between

clones isolated from different subcultures of M. gryphiswaldense MSR-1 [6], in-

dicating that this region undergoes frequent rearrangements during serial sub-

cultivation in the laboratory. Spontaneous magnetosome mutants accumulate in

bacterial cultures after prolonged storage of cells at 4 �C or exposure to oxidative

stress at a frequency of up to 10�2 [6]. All tested non-magnetic mutants exhibited

extended and multiple deletions within the MAI, and had lost either parts or the

entire mms- and mam-operons encoding magnetosome proteins. Mutations are

polymorphic with respect to position and extent of deletions, but are all associated

with the loss of various copies of IS elements. These observations indicate that

the genomic MAI has undergone frequent transposition events, which lead to

subsequent deletions by homologous recombination under conditions of physio-

logical stress [5, 6]. This could be interpreted in terms of adaptation to physiolog-
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ical stress, and might contribute to the genetic plasticity and mobilization of the

MAI.

Spontaneous loss of the ability to synthesize magnetosomes has been reported

for different MTB species [5, 6, 13]. For example, spontaneous non-magnetic

mutants were repeatedly observed in the marine magnetotactic vibrio MV-1. All

mutants failed to express a major copper-containing periplasmic protein (ChpA)

which presumably was involved in iron uptake [13]. Although mutants were ge-

netically heterogeneous, they all exhibited two point mutations (transversions)

at identical wobble positions within chpA, which apparently prevented the trans-

lation of its transcript by an unknown mechanism. This finding suggests that

different mechanisms are responsible for the appearance of spontaneous non-

magnetic mutants in different MTB.

Genomic islands are known to be frequently flanked by direct repeats [7],

which can participate in different RecA-dependent or RecA-independent rear-

rangements that typically lead to the duplication or deletion of covered sequences

[14]. Likewise, the direct repeats within the MAI of AMB-1 might be responsible

for genetic instability of the genome island in this organism. Fukuda et al. [9]

suggested a direct repeat-dependent mechanism of integrase-mediated excision

of the MAI followed by transient circularization. Interestingly, the MAI of AMB-

1 exhibits much fewer direct repeats than the corresponding region of M. gryphis-
waldense MSR-1, which might be due either to subsequent duplication events in

MSR-1, or to the reduction of complexity in AMB-1 by gradual loss by recombina-

tion during repeated subcultivation [6].

The discovery of the MAI might also explain the widespread occurrence of

magnetic phenotypes among various Proteobacteria and the phylum Nitrospira
[15]. It can be speculated that magnetosome genes have evolved only once, and

different bacteria may have acquired magnetosome genes via HTG [5], which

would have been facilitated by clustering of all required genes within a compact

MAI [10].

9.3

Magnetosome-Associated Proteins

9.3.1

Biochemical Characterization of the Magnetosome Membrane

Magnetic crystals synthesized in Magnetospirillum species are enveloped by a lipid

bilayer described as the ‘‘magnetosome membrane’’ (MM) [16]. There is growing

evidence that the presence of a MM seems to be common to many (if not all)

magnetite-forming MTB. The membrane can be solubilized by detergents after

magnetosome isolation, resulting in the agglomeration of the particles (Fig. 9.3).

Biochemical analysis of isolated magnetosomes revealed that phosphatidyletha-

nolamine and phosphatidylglycerol are the most abundant lipids in the MM of

M. gryphiswaldense MSR-1 and other cell membranes, whereas amide-linked fatty
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acids, which are common in the outer membranes of Gram-negative bacteria,

were not detected in the MM [17]. This similarity in lipid composition between

the MM and the cytoplasmic membrane (CM), and the observed localization ad-

herent to the CM, seems to point towards a common cellular origin. Recently, Ko-

meili and co-workers [18] presented direct evidence, using cryoelectron micros-

copy, that magnetosome vesicles in fact derive from invaginations of the inner

membrane [18], which suggests that the MM and CM are at least transiently con-

tiguous. The first suggestions for the presence of magnetosome-specific proteins

were derived from a study conducted by Gorby and co-workers, who reported two

polypeptide spots unique to the MM in two-dimensional (2-D) gels of protein ex-

tracts from isolated magnetosome particles of M. magnetotacticum MS-1 [16]. Al-

though the protein patterns of MM preparations from different MTB appear to be

dissimilar in one-dimensional (1-D) and 2-D analyses, there is growing evidence

that homologous MM constituents are present in other related MTB [4, 17]. Much

of the knowledge about the biochemical composition of the MM is derived from

analyses of the M. gryphiswaldense MSR-1 magnetosome subproteome. A number

of specific magnetosome-associated proteins (MMPs) were identified using vari-

ous proteomic techniques in SDS-solubilized extracts of the MM and tryptic

digests of isolated magnetosomes [17]. Several of the polypeptides identified

in MM preparations represent oligomers or post-translational modifications of

the same protein, as for instance by proteolytic processing, or covalently bound

c-type heme as revealed by peroxidase staining.

In addition to a set of major specific MMPs, a number of minor constituents

were occasionally found bound to isolated magnetosomes [8, 17]. Because these

were identified in small amounts, or they represent highly abundant cellular pro-

teins with different, well-defined functions, they may result from contaminations

by other subcellular compartments. For example, Mms16 which was detected

Fig. 9.3 (A) Isolated magnetosome particles with intact magnetosome

membranes (MMs) spontaneously tend to form chains. (B) Membrane-

enclosed particles frequently reorganize in the form of flux-closed rings,

which are interconnected by organic material of the MM forming

junctions between crystals (arrow). (C) Removal of the MM by SDS

treatment results in the instant agglomeration of membrane-free

magnetite crystals.
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in MM preparations from different Magnetospirillum strains was originally sug-

gested to be involved in the formation of MM vesicles in Magnetospirillum strain

AMB-1 [19]. However, it was demonstrated that Mms16 is not associated with

magnetosomes of M. gryphiswaldense in vivo, and its function seems entirely

unrelated to magnetosome formation, but is involved in the formation of poly-b-

hydroxybutyrate (PHB) granules. Thus, Mms16 most likely represents a contami-

nation, which becomes attached to the magnetosomes during cell disruption [20,

21].

In MSR-1, 18 specific bona fide MMPs have been identified so far, based on

their specific and abundant occurrence in preparations of the MM, and the co-

localization of their genes. Their characteristics are shown in Table 9.1. Further

MMPs might have escaped detection due their low abundance, tight mineral as-

sociation, or poor solubilization. Different MMPs display different binding char-

acteristics. For example, while pronase and proteinase K treatment caused total

degradation of MM-associated proteins, resulting in the agglomeration of par-

ticles, MamC, MamF and Mms6 remained associated with the MM after limited

tryptic digestion. The incomplete digestion of these proteins might be due to their

integral membrane localization and protection against proteolytic degradation.

Based on sequence analysis, MMPs can be assigned to various protein families,

which are briefly summarized in the following sections.

9.3.1.1 TPR Proteins (MamA)

MamA described in M. gryphiswaldense MSR-1 has also been identified in the MM

of several Magnetospirillum species [17]. It corresponds to mms24 which was

found in M. magneticum AMB-1 [22], and to Mam22 identified in M. magnetotac-
ticum MS-1 [4, 23, 24]. MamA is an abundant protein of the MM and contains

four to five copies of the tetratricopeptide repeat (TPR) motif. These motifs have

been identified in a growing number of proteins with diverse functions, and are

known to mediate protein–protein interactions [25]. It therefore has been specu-

lated that MamA is a receptor in the MM that interacts with cytoplasmic proteins,

or is involved in the assembly of multiprotein complexes within the MM. Data

supporting this notion were obtained via heterologous expression of mam22 in

E. coli [23, 24]. However, MamA-deficient mutants of AMB-1 were not affected in

the formation of magnetosome vesicles, but rather produced magnetite crystals

identical in shape and alignment to those in the wild-type, albeit in reduced num-

bers. These results indicate that MamA is not essential for magnetosome biomi-

neralization, but has a so-far uncharacterized function, which might be in the

‘‘activation’’ of magnetosome vesicles as suggested by Komeili and co-workers

[26].

9.3.1.2 CDF Proteins

Both MamB and MamM were identified as members of the cation diffusion facil-

itator (CDF) family of metal transporters, which consists of proteins that function

as efflux pumps of toxic divalent cations, such as zinc, cadmium, cobalt, and

other heavy-metal ions. More specifically, MamB and MamM have greatest simi-
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Table 9.1 Characteristics of identified magnetosome membrane proteins

(MMPs) from M. gryphiswaldense within the mms6-, mamGFDC-, and

mamAB-operons.

Protein Length BlastP-homologues

present AMB1/

MS1/MC1 [e-value]

BlastP-homologues

other organisms

[e-value]

Characteristics

or function

m
m
s6

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

MamW 138 AA 5e�45/3e�45/0.92 mox J motive (1.7) Membrane

protein

moxJ-like

MgI457 449 AA 1e�136/1e�133/0.007 Rhodospirillum rubrum
(2e�23)

TPR motive

MgI458 347 AA 2e�86/4e�79/3.0 Sinorhizobium meliloti
(3e�05)

Hypothetical

transmembrane

protein

MgI459 125 AA 2e�44/5e�37/3e�17 Thermococcus
kodakaraensis (0.032)

Hypothetical

membrane

protein

Mms6 136 AA 7e�17/1e�12/1.5 – Iron binding

MgI462 90 AA –/–/– – Unknown

m
am

G
F
D
C

8>>>>>>>>><
>>>>>>>>>:

MamG 84 AA –/–/– – Unknown

MamF 111 AA 1e�42/2e�42/2e�17 – Unknown

MamD 314 AA 2e�89/8e�90/2e�30 Alphavirus;
glycoprotein J (1.9)

Unknown

MamC 125 AA 5e�21/7e�21/2e�07 – Unknown

m
am

A
B

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

MamH 428 AA 0.0/1e�171/1e�116 Chlorobium tepidum;

putative transporter

(2e�34)

Major

Facilitator

Superfamily

MamI 77 AA 4e�15/7e�15/2e�05 – Unknown

MamE 772 AA 0.0/0.0/3e�57 Rhodopirellula baltica;
serine protease do-like

DEGP (1e�37)

PDZ domains;

putative Serin

protease

MamJ 426 AA 3e�47/2e�52/– Streptomyces avermitilis;
hypothetical protein

(0.003)

Magnetosome

chain assembly

MamK 360 AA 0.0/3e�172/1e�99 Delta proteobacterium

MLMS-1; Actin-like

(2e�85)

Cytoskeleton

filament; MreB-

like; chain

formation
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Table 9.1 (continued)

Protein Length BlastP-homologues

present AMB1/

MS1/MC1 [e-value]

BlastP-homologues

other organisms

[e-value]

Characteristics

or function

m
am

A
B

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

MamL 123 AA 5e�32/8e�27/0.42 Takifugu rubripes; claudin
32a (0.12)

Unknown

MamM 318 AA 3e�173/2e�159/3e�79 Geobacter metallireducens;
predicted Co/Zn/Cd

cation transporters (4e�34)

Iron

transporter

MamN 437 AA 0.0/0.0/0.002 Rubrobacter xylanophilus;
Naþ/Hþ antiporter

NhaD and related

arsenite permeases

(3e�31)

Unknown

MamO 632 AA 0.0/0.0/5e�79 Caulobacter crescentus;
serine protease (1e�14)

PDZ domain;

putative Serin

protease

MamP 270 AA 1e�108/1e�108/1e�34 Legionella pneumophila;
Protease (4e�05)

Unknown

MamA 217 AA 5e�113/7e�113/2e�37 Methanosarcina mazei;
O-linked N-acetyl-
glucosamine transferase

(6e�15)

TPR-motifs

‘‘activation’’ of

magnetosomes

MamQ 272 AA 6e�112/4e�106/1e�16 Thermotoga maritima;
lemA protein (6e�16)

Putative

membrane

protein

MamR 73 AA 3e�31/3e�31/1.9 Thermococcus
kodakaraensis; Predicted
site-specific integrase-

resolvase (0.015)

Hydrophilic

protein

MamB 297 AA 1e�159/2e�159/1e�78 Geobacter sulfurreducens;
cation efflux family

protein (1e�39)

Iron transport

MamS 180 AA 5e�60/7e�55/3e�13 Irpex lacteus; Exocellulase
(3.6)

Putative

membrane

protein

MamT 174 AA 3e�87/4e�83/7e�27 Caenorhabditis briggsae;
Hypothetical protein

(0.66)

Putative CytC

binding

MamU 297 AA 5e�114/4e�116/2.5 Mesorhizobium sp.;

Sphingosine kinase and

enzymes related to

eukaryotic diacylglycerol

kinase (2e�28)

Unknown

AA ¼ amino acid.
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larity to the CDF3 subfamily, which was postulated to comprise putative iron

transporters [27]. It has been speculated that MamB and MamM are involved in

the magnetosome-directed uptake of iron [4], and preliminary evidence obtained

from mutant analysis supports this assumption (Jung et al., unpublished re-

sults). A further CDF gene paralogous to mamB and mamM, named mamV, is
present in the mamAB operon of AMB-1 and MS-1, which however is missing in

the genomes of other MTB. Intriguingly, FieF, a CDF transporter identified in

E. coli with remarkable sequence similarity to the MamB and MamM proteins,

was recently demonstrated to export iron and zinc over the cytoplasm membrane

[28], which lends further support to the notion that CDF3 proteins are involved

in the transport of iron.

9.3.1.3 HtrA-like Serine Proteases

MamE and MamO display sequence similarity to HtrA-like serine proteases, al-

though they share only relatively weak (31%) sequence similarity to each other.

The mamP gene, encoding a further putative serine protease, is co-located with

mamE and mamO within the same operon, but the gene product of mamP has

not been identified in the MM. HtrA-like proteins share a conserved trypsin-like

protease domain and one or two PDZ domains. They act as molecular chaperones

and heat-shock-induced proteases, which degrade misfolded proteins in the peri-

plasm [29]. It has been suggested that MamE and MamO are involved in magne-

tosome formation, perhaps by the processing, maturation, and targeting of MMPs

during MM assembly [4].

9.3.1.4 MMPs with Unknown Function

Most of the identified MMPs – including, for example, the most abundant

MM-associated proteins MamC and MamF – have no known homologues in or-

ganisms other than MTB, and thus represent members of unique, MTB-specific

protein families [17]. MamC (‘‘Msm13’’) was also identified in isolated magneto-

somes of M. magneticum AMB-1 [22]. Other investigators confirmed the specific

localization of MamC within the MM of M. magnetotacticum using immunogold

staining techniques [30]. Both MamC and MamF are highly hydrophobic proteins

with several predicted transmembrane helices.

MamD and MamG are partially identical and share a hydrophobic sequence

motive with Mms6 [17], bearing similarity to LG-rich motives found in self-

aggregating proteins of biomineralization systems of animal origin [31–33].

Mms5, -7, and -8 were also hypothesized to play a role in the magnetite crystalli-

zation process [34]. The small Mms6 protein was described recently in Magneto-
spirillum strain AMB-1 as a tightly bound constituent of the MM that exhibited

iron-binding activity and had an effect on the morphology of growing magnetite

crystals in vitro [22].

MamN exhibits similarity to transporters including several Hþ-translocating

proteins, which makes it tempting to speculate that the MamN protein might

mediate Hþ efflux from the magnetosome compartment. This may contribute

to efficient buffering of the protons released during magnetite precipitation,
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which is required for the biomineralization process [35, 36]. MamT contains

two conserved putative cytochrome c heme binding sites [17], and thus might

represent a redox-active protein, which could be responsible for redox mediation

of iron within the MM compartment (see Fig. 9.5 later). Further MMPs, includ-

ing MamQ, MamR and MamS, display no or only weak similarity with well-

characterized proteins in organisms other than MTB [17] which, in the absence

of further experimental data, precludes any functional prediction.

9.3.2

MamJ and MamK Control Subcellular Organization and Assembly of Magnetosomes

Chains

The magnetosome-associated MamJ protein is particularly rich (18.7%) in repeats

of the acidic amino acid residues glutamate and aspartate. Its central domain con-

tains two identical, highly acidic Glu-rich stretches, in which acidic amino acid

residues account for 32.4% of the sequence [37]. MamJ was initially assumed to

be involved in magnetite crystallization [38], but recent data obtained from a

mamJ deletion mutant of M. gryphiswaldense MSR-1 have revealed that MamJ is

involved in the assembly of magnetosome chains by interaction with the cytoske-

letal ‘‘magnetosome filament’’ [37]. Specifically, mutant cells of MSR-1 lacking

MamJ display a reduced magnetic orientation, although they contain magneto-

some crystals identical in number, size, and morphology to those of the wild-

type. However, in the MamJ-deficient strain magnetosome crystals are no longer

aligned in a straight chain as in the wild-type, but instead arranged in compact

clusters.

Electron tomograms of vitrified M. gryphiswaldense cells clearly show a network

of filamentous structures traversing the cell closely adjacent to the cytoplasmic

membrane (Fig. 9.4). In wild-type cells, most magnetosomes were found ar-

ranged intimately along this filamentous structure, which is suggested to be part

of the cytoskeleton [37].

The close connection of the magnetosome chain with a cytoskeletal ‘‘magneto-

some filament’’ is likely to stabilize the magnetosome chains, and facilitates

transfer of the magnetic torque to the cell body. Empty magnetosome vesicles

were found mostly scattered throughout the cytoplasm. They were widely spaced

from each other and dissociated from the magnetosome filament, as revealed by

cryoelectron tomography. This indicates that magnetosomes are attached to the

magnetosome filament by MamJ in wild-type cells, whereas in cells lacking

MamJ mature magnetosome crystals are free to agglomerate once they are in

close proximity, thereby lowering the magnetostatic energy of their alignment

[37].

Because of its striking sequence similarity to actin-like MreB proteins [39, 40],

it was speculated that the mamK gene product might be involved in the formation

of a cytoskeletal structure associated with magnetosome chains [38]. Consistent

with this notion, the deletion of mamK in M. magneticum AMB-1 resulted in a

perturbation of chain formation and an absence of the ‘‘magnetosome filament’’.
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This led to the conclusion that MamK itself is forming this filamentous network

[18], thereby providing the scaffold to which magnetosomes are bound.

9.4

Mechanism of Magnetosome Formation and Magnetite Biomineralization

Although magnetosome formation is far from being fully understood in detail, a

model can be postulated based on available physiological, molecular genetic and

ultrastructural data (Fig. 9.5). According to this speculative model, magnetosome

biomineralization is preceded by vesicle formation, which originates from invagi-

nations of the cytoplasmic membrane (shown as ‘A’ in Fig. 9.5). The formation of

magnetite is coupled to the uptake of large amounts of extracellular ferrous or fer-

ric iron, which is transported into the cell by an energy-dependent process via an

unknown uptake system. The assimilation of iron for magnetite synthesis occurs

very efficiently from relatively low environmental concentrations. In M. gryphis-
waldense, ferric iron is incorporated by a high-affinity uptake system, which is sa-

turated at extracellular iron concentrations of 15–20 mM Fe [41]. Beside micromo-

lar amounts of iron, micro-oxic conditions are required for magnetite formation.

Cells of M. gryphiswaldense are non-magnetic when grown under aerobic condi-

Fig. 9.4 Reconstruction of a M. gryphis-

waldense cell by cryoelectron tomography

(modified from Ref. [37]). (A) A section

showing empty magnetosome membrane

(MM) vesicles, and those which are partially

filled with growing, immature magnetite

crystals (arrow), are closely attached to

the cytoskeletal magnetosome filament.

(B) Three-dimensional visualization of a part

of a M. gryphiswaldense cell with the cyto-

plasmic membrane (blue), empty vesicles

(yellow), growing and mature magnetite

crystals (red), and the magnetosome fila-

ment (green). (Micrographs and visualiza-

tion by M. Gruska and J. M. Plitzko, MPI

Martinsried.)
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tions, but resume Fe3O4 synthesis when the oxygen concentration is shifted

below a threshold value of 20 mbar [42, 43]. There is a clear correlation of the in-

crease in magnetosome content with decreasing extracellular oxygen concentra-

tion, with maximum magnetite synthesis occurring at 0.25 mbar oxygen. Super-

saturating amounts of ferrous iron are transported by the MamB/MamM-proteins

from the cytoplasm into the magnetosome vesicles, which are activated for mag-

netite formation by the MamA protein. Alternatively, iron transport may proceed

via MamB/MamM directly from the periplasmic space into the MM vesicles. In-

travesicular iron is then thought to be partially reoxidized, possibly by MamT, to

form a highly reactive Fe(III) oxide, which may react with dissolved Fe2þ to form

magnetite by a via-solution process [35]. Within the MM, iron is thought to be

bound by the Mms6 protein, which promotes nucleation and growth of magnetite

crystals. As protons are released in stoichiometric amounts during magnetite pre-

cipitation, the solution within the MM compartment must be sufficiently buf-

fered to ensure that the solubility product of magnetite is always exceeded [35,

36]. This could be accomplished by the active export of protons, possibly by the

MamN protein. (shown as ‘B’ in Fig. 9.5) Mature MM vesicles, which are attached

to the magnetosome filament through the MamJ protein, align themselves along

this cytoskeletal structure, probably interconnected and stabilized by the magne-

tosome membrane (‘C’ in Fig. 9.5).

Fig. 9.5 (A) Model for magnetosome formation and magnetite

biomineralization in Magnetospirillum gryphiswaldense, based on

available ultrastructural, genetic, and physiological data. For an

explanation, see the text.
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10

Physical and Chemical Principles of

Magnetosensation in Biology

Michael Winklhofer and Thorsten Ritz

Abstract

This chapter provides an overview of the recent progress in elucidating the

physical basis of geomagnetic-field sensitivity in higher organisms. Following a

brief introduction to the behavioral evidence, two hypotheses on the magneto-

reception mechanism are discussed, both of which are physically plausible and in

agreement with behavioral experiments. Under the radical-pair hypothesis, an ex-

ternal magnetic field will interfere with the dynamics of singlet-triplet intercon-

version in a spin-correlated radical pair (RP) and, hence, change the ratio between

singlet and triplet products created from the RP (biochemical compass). The mag-
netite hypothesis, on the other hand, posits that biogenic magnetite found in nerve

tissue converts the external magnetic field into a mechanical stimulus. A brief

overview is also provided of non-destructive techniques suitable to screen tissue

samples for the presence of magnetite or other iron mineral phases, which usu-

ally is the first step in identifying magnetoreceptors and studying magnetite

biomineralization.

Key words: magnetite, magnetic measurements, magnetoreceptor, behavioral

experiments, radical pair mechanism, ferritin.

10.1

Introduction

It is known that the Earth has had a global magnetic field since at least 3.5 billion

years. Evolution has therefore taken place in the presence of the geomagnetic

field, and – not surprisingly – many species across all major animal groups have

developed the ability to use the magnetic field as a major cue for oriented short-

and long-range migration. The so-called magnetic compass sense has now been

demonstrated in invertebrates (mollusks [1], crustaceans [2], insects [3]) and

vertebrates (fish [4], amphibians [5], reptiles [6], birds [7], mammals [8]), with
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migratory birds being the most thoroughly investigated group (for a complete ref-

erence until 1994, see Ref. [9]). Whilst the geomagnetic main field varies

smoothly over the globe, thereby acting as a reliable source of directional infor-

mation, the Earth’s crust with its heterogeneous magnetization structure gives

rise to regional and local magnetic anomalies. Many regions have their distinct

‘‘magnetic fingerprint’’, and so can provide animals with navigational informa-

tion. Homing pigeons, for example, appear to be able to pinpoint their location

on the basis of local magnetic anomalies, and there is evidence that homing pi-

geons may detect spatial field variations as low as 50 nT [10] relative to the back-

ground field of 50 000 nT (0.5 Oe).

Despite a profusion of behavioral data, astonishingly little is known about the

nature of the underlying magnetic sense and the primary physical mechanisms

by which the magnetic field is transduced into a nerve signal. As humans have

no reliable magnetic sense, we need to deduce all our knowledge from animal

behavior in magnetic fields. However, behavioral responses are a complex sum

of neuronal processes, genetic disposition, individual experience, and motivation,

which tends to obscure the primary processes in the receptors. What adds to the

complexity of the challenge is that the magnetic cue may serve as the input for

more than one sensory system and mediate more than one type of behavioral re-

sponse. There are many ways by which organic matter can interact with magnetic

fields but, fortunately, most of the associated effects are negligible in the compar-

atively weak geomagnetic field (50 mT). In the following sections, we discuss the

two most plausible hypothetical effects and promising structural candidates for

magnetoreceptors. For recent review articles, see also Ref. [11].

10.2

A Biochemical Compass Mechanism

Here, we describe a magnetoreception mechanism, by which the magnetic field

stimulus is converted directly into a chemical signal, through affecting a certain

type of chemical reaction.

10.2.1

Magnetic Field Effects on Radical-Pair Reactions

Magnetic fields can affect electronic states of atoms and molecules, in particular

their spin states. The magnetic fields required to overcome thermal fluctuations

are usually a thousand or more times stronger than the geomagnetic field, such

as the fields used in electron and nuclear spin resonance experiments. However,

in chemical reactions that involve an intermediate step with unpaired electron

spins – so-called radical-pair intermediates – much weaker magnetic fields can

change spin states. Today, the physics of magnetic field effects on radical pair re-

actions is well understood [12]. Radical pair intermediates can be created through
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a variety of reactions, such as light-induced electron transfer or the breaking of a

chemical bond. A radical pair contains two unpaired electrons with an unpaired

electron spin on each radical, the relative alignment of which influences the

chemistry of the radical pair and, hence, the reaction rates and yields. The differ-

ent alignments of electron spins correspond either to singlet or triplet states. Due

to the effect of internal magnetic fields created by magnetic nuclei (hyperfine in-

teractions), the alignment of electron spins changes, thus converting singlet into

triplet states, and back. An external magnetic field will change the dynamics of

singlet-triplet interconversion and, hence, change the ratio between singlet and

triplet products created from the radical pair. The radical-pair mechanism is cur-

rently the only mechanism for which magnetic field effects of geomagnetic field

strength have been measured experimentally on chemical reactions [13].

The formation of radical pairs is quite common in biological systems, notably

among reactions involving photopigments, which can respond to light in funda-

mentally different ways. Photopigments such as retinal in the opsin-family of

photoreceptors undergo a conformational change upon light absorption, trigger-

ing the reaction cascade underlying normal visual photoreception. Other photo-

pigments, such as chlorophylls or flavins, use light energy to transfer electrons

to nearby molecules, thereby generating radical pairs. Radical pairs have been

found for both chlorophyll-based reactions, such as in the primary charge separa-

tion reaction in photosynthesis, as well as for flavin-based reactions, such as

photoactivation of cryptochrome photoreceptors containing flavin dehydrogenase

(FAD) as active pigment [14].

10.2.2

A Hypothetical Radical-Pair Based Compass

The hypothesis that organisms can harness the magnetic field sensitivity of

radical-pair reactions to detect the direction of the geomagnetic field, was sug-

gested originally by Schulten [15], and later refined [16]. As hyperfine interac-

tions of many nuclei are anisotropic, the effects of an external magnetic field on

a single radical-pair reaction depend on the strength as well as on the direction of

the external magnetic field with respect to the molecular frame of reference. The

exact dependence on the external magnetic field depends on the chemical details

of the radical pair, but for many radical pairs it will approximate a cos 2f depen-

dence [17]. Strong magnetic field effects are expected only for sufficiently long-

lived radical pairs [18]. A viable physiological compass system based on radical

pairs then requires that the following crucial conditions are met:
� photopigments exist in birds that can form long-lived radical

pairs;
� a sufficient number of photopigments are fixed in the same

orientation to provide directional information; and
� a link of photopigments exists to a signal transduction

system (e.g., the visual system).
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Unlike other sensory receptor mechanisms – where a stimulus creates a signal –

in the radical-pair mechanism a magnetic stimulus modulates an already existing

signal by changing the balance between two intermediate reaction products. Mag-

netic fields can, in this way, be detected by their indirect influence on another sig-

nal transduction pathway. For a variety of reasons, it appears most plausible that

magnetic fields affect photoreception. The absorption of light by a photopigment

with appropriate photochemistry, can trigger a radical pair reaction and thus

modulate the spin states of the photopigment. If we assume that only the singlet

state, but not the triplet state, of the photopigment can initiate subsequent signal

transduction steps, the change of singlet yields by the magnetic field would result

in proportional changes in the photoreceptor signal intensity.

Assuming a fixed orientation of the radical-forming photopigments inside the

retinal cells of the eye, the magnetic field would modulate the radical-pair reac-

tion, and thereby affect light signaling differently in different parts of the retina,

leading to perception of the magnetic field as visual modulation patterns [16]. Ex-

pectations from radical pair-mediated magnetoreception are consistent with previ-

ous experimental observations – for example, the inclination-based nature of the

songbird magnetic compass and the observation of a narrow functional window

of the magnetic compass of European robins [7, 19].

10.2.3

Evidence for a Radical-Pair Mechanism in Migratory Birds

Initial support for the radical-pair hypothesis was derived from studies demon-

strating that the compass of birds is influenced by the availability of light with

specific wavelengths [20]. Furthermore, birds with their pineal gland removed

can still orient magnetically [21], suggesting that the eyes are the most likely site

of processing light information in relation to the magnetic compass. Subsequent

studies have resulted in a considerably more complicated picture of light effects

[22] that cannot be easily related to the responses of any one photoreceptor. Re-

cently, it was shown that magnetic compass responses of European robins appear

to be strongly lateralized, as covering up the right eye of migratory birds seemed

to destroy their magnetic compass orientation capabilities [23]. However, none of

these studies rules out the possibility that a change in light conditions affects

behavioral responses due to a change in motivation or other reasons unrelated to

the magnetic sensing mechanism. Thus, the effects of light alone should not be

taken as evidence for the existence of a radical-pair mechanism.

In principle, spectroscopy with oscillating magnetic fields can reveal the chem-

ical nature of the molecules involved in a radical-pair reaction. Such so-called

electron spin resonance (ESR) spectroscopy is only possible in vitro as the fluores-
cence of product yields is too small to be detectable in vivo. However, a form of in-
vivo spectroscopy can be attempted by detecting the effect of oscillating magnetic

fields on the behavior of the animal. Oscillating fields interfere with the ability of

birds to detect the geomagnetic field through a radical-pair mechanism, and suf-

ficiently strong oscillating fields will therefore result in disorientation. The appli-
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cation of oscillating magnetic fields indeed resulted in bird responses consistent

with expectations from the radical-pair mechanism. Magnetic fields of 1.3 and 7

MHz, at a strength of 470 nT, resulted in a disorientation in magnetic compass

responses unless they were presented parallel to the static (i.e., the geomagnetic

field), in which case no effect of the oscillating fields was discernible [24]. Non-

magnetic compass responses of birds [25] and responses of mole rats with a com-

pass presumably based on magnetite [26], were unaffected by the oscillating

fields. Taken together, the results of these studies provide strong evidence that

the magnetic compass of bird involves a radical-pair mechanism, but they provide

no information about the chemical nature of the radical pair.

Cryptochromes, with their active flavin group, have been suggested [16] as pos-

sible magnetoreceptor candidates, as they have the ability to form long-lived radi-

cal pairs [18] and are also found in the eye of birds [27]. In plants, cryptochromes

mediate several blue light-dependent responses. Recently, it was shown that

a change in the intensity of the ambient magnetic field from 33–44 mT to

500 mT enhanced growth inhibition in Arabidopsis thaliana under blue light,

when cryptochromes are the mediating photoreceptor, but not under red light,

when the mediating receptors are phytochromes, or in total darkness. Additional

cryptochrome-dependent responses, such as blue light-dependent anthocyanin

accumulation and blue light-dependent degradation of CRY2 protein, were also

enhanced at the higher magnetic intensity [28]. These findings demonstrate a

link between light sensing through cryptochromes and magnetic field effects,

and pave the way towards identification of the signal transduction mechanism

through for molecular biological and genetic studies in the Arabidopsis model

system.

In birds, several studies have employed genetic markers that are expressed only

in active cells showing neuronal activity, and can therefore be used to investigate

which brain areas are involved in a particular sensory or behavioral task; this

approach is referred to as ‘‘behavioral molecular mapping’’ [29]. Mouritsen et al.

[30] used this technique to show that a specific cluster of regions named Cluster

N in the forebrain of migratory birds is active at night during magnetic orienta-

tion, and that this activity disappears when the birds’ eyes are covered. Activity in

the same brain cluster is not observed in non-migratory zebra finches. These

findings further support the suggestion that magnetic compass signals are light-

dependent, originate in the retina, and enter the brain as visual information.

10.3

Biogenic Magnetite as a Basis of Magnetoreception

The magnetite hypothesis assumes that some specialized sensory cells contain ac-

cumulations of ferrimagnetic material, such as biogenic magnetite (Fe3O4),

through which the external magnetic field is coupled into the nerve system. In

its simplest realization, the ferromagnetic material would act as a compass nee-

dle, being rotated into the direction of the magnetic field, thereby exerting a tor-
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que on the neighboring tissue. A torque produces mechanical deformation which,

in combination with a mechanoreceptor such as a Pacinian corpuscle, can create

a receptor potential and hence trigger a nerve signal. Such a torque mechanism is

theoretically well understood [31] and of course plausible, as it is already realized

in magnetotactic bacteria [32], which can be considered as microscopic compass

needles, propelling along magnetic field lines. The great attraction for the mag-

netite hypothesis is that magnetic single-domain (SD) crystals of magnetite have

indeed been found in animal tissue, and closely resemble bacterial magnetite

crystals. The most impressive example in this context are magnetite crystals ex-

tracted from ethmoid tissue of the sockeye salmon, Oncorhynchus nerka, with
grain-sizes of between 25 and 60 nm (mean 48 nm); the crystal morphology was

described as cubo-octahedral [33]. Such a narrow grain-size range is typical of

biologically controlled mineralization processes. Due to the extraction procedure,

however, there was no information left on the in-situ disposition of crystals and

their histological context. Although chains of magnetite crystals were observed

in the magnetic extract [33], it cannot be ruled out that these were artifacts from

the magnetic extraction procedure. Likewise, it is not known if the ethmoid tissue

is involved in the magnetic sense of sockeye salmon. So far, however, chains of
magnetite crystals have not been identified in situ with certainty.

10.3.1

Pitfalls with the Magnetite Hypothesis

The presence of SD magnetite in tissue does not automatically make a case for

magnetite-based magnetoreception. Single-domain magnetite has been identified

in radula teeth in recent chitons (Mollusca, Polyplacophora), where it is harden-

ing the denticle cappings [34]. Apart from being magnetic, magnetite is also quite

hard (between calcite and quartz), thus allowing chitons to scrape encrusting al-

gae from intertidal rocks without abrading their tooth cusps. As an ore mineral,

magnetite has a high density (5 g cm�3), a factor which can be utilized to design

more sensitive gravity receptors than on the basis of calcium carbonate (3 g cm�3),

from which the otoconia in otolithic organs are normally composed. Indeed, mag-

netite particles in sand ingested by rays (guitarfish) were incorporated as otoconia

in the vestibular organ, alongside calcitic otoconia [35]. Even though the magnet-

ite particles are exogenous, they may well interact with the geomagnetic field and

produce a mechanical torque on the sensory cells in the otolithic organs [36].

There may be additional physiological or metabolic functions of endogenously

mineralized magnetite that have not yet been unearthed. Magnetite has been

identified in the human brain [37], the meninx and hippocampus [38], and also

in heart, spleen, and liver [39]. Magnetite may therefore serve as an iron dump

for the body, or as a byproduct from iron metabolism, or may even be diagnostic

for uncontrolled metabolism in tumor cells. In this respect, magnetic remanence

measurements on two mouse tumors have revealed large concentrations of ferro-

magnetic mineral, presumably magnetite [40]. The lessons to be learned from

these findings are that:
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� the detection of magnetite using bulk measurements can

only be taken as a first hint where to search more closely for

a magnetoreceptor; and
� ultrastructure analysis is required to clarify the cellular

context of the magnetite crystals and the type of neurons

associated with it.

10.3.2

Magnetite-Based Magnetoreceptors

A magnetite-based magnetoreceptor cell has been identified in trout (Oncorhyn-
chus mykiss) [41], whereby single neurons were identified in the superficial oph-

thalmic branch (ros V) of the trigeminal nerve; these neurons responded to

changes in the intensity, but not to the direction of an imposed magnetic field.

The ros V innervates the nose of the trout, and on order to localize the magneto-

receptor in this region the authors used a staining technique to trace the magneti-

cally responsive nerves back to the endings of the individual nerve cells. The mag-

netoreceptor cells were eventually detected in the epithelium of the olfactory

rosette. Using confocal laser scanning microscopy (CLSM), electron microscopy

and atomic force microscopy, a clump of iron-rich crystals (grain size 50 nm)

was found in the magnetoreceptor cell, which by means of magnetic force mi-

croscopy (MFM) were shown to have a permanent magnetism with magnetic

properties similar to those of SD magnetite [42]. It is possible that the crystals

were originally arranged in the form of a chain, which however collapsed during

the preparation, since a cluster of crystals is an energetically more stable configu-

ration than a chain. What remains to be clarified therefore is the in-situ arrange-

ment of magnetic crystals in the magnetoreceptor, and their physical connection

to the cytoskeleton or to the cell membrane.

In homing pigeons, magnetite-containing nerve endings (FNE) were consis-

tently located at six sites in the upper-beak skin (Fig. 10.1), in all nine individuals

investigated [43]. This excellent reproducibility strongly suggests a biological

function of the magnetite-containing structures. Significantly, not all FNE con-

tained magnetite, although the magnetite was found exclusively in FNE, and not

in the surrounding tissues. This finding points to a highly specialized function of

the magnetite-containing FNE in the upper-beak skin. The magnetite crystals in

the FNE have surprisingly small grain sizes (between 2 and 5 nm) [44, 45], and

form clusters that are 1 to 2 mm in size. Some 20 magnetite clusters can be found

in one FNE. The selected-area electron diffraction (SAED) pattern shows a uni-

form angular distribution, implying that the crystallographic axes of the magnet-

ite crystals are randomly distributed in a cluster. This is very different to the situ-

ation in magnetic bacteria, which grow magnetite crystals with their [100] axes

aligned along the magnetosome chain axis. It should be noted that the SAED pat-

tern cannot be used to distinguish unequivocally between magnetite and maghe-

mite (g-Fe2O3; the fully oxidized form of magnetite with practically identical lat-

tice parameter), while the low-temperature magnetic properties are diagnostic for
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magnetite as indicated by the peak in induced magnetization between 35 and

50 K (Fig. 10.2). Whilst such a distinction is crucial when investigating possible

pathways of biomineralization, it has little relevance for the magnetic properties

at physiological temperatures, where nanocrystalline maghemite and magnetite

are very similar in their magnetic properties.

Interestingly, the magnetite clusters are not the only conspicuous feature of

the putative magnetoreceptor. A vacuole and, even more surprisingly, numerous

platelets composed of an amorphous material rich in iron and phosphorus were

found alongside the magnetite clusters [43]. The platelets did not appear to be

magnetic in MFM measurements, which would be expected if the material in

question was a soft-magnetic FePX alloy. It is therefore more likely that the plate-

lets are made from iron phosphate. Amorphous iron phosphate has been re-

ported in a number of invertebrates [46], though its role in the putative magneto-

receptor cells remains mysterious.

Fig. 10.1 Clusters of ultrafine-grained

magnetite in the upper beak of homing

pigeons [43–45, 49]. (A) Light microscopic

view of a tissue section stained with Prussian

blue (PB), specific for Fe(III). The PB reaction

products, black granules between 1 and 2 mm

in size, occur within free nerve endings.

(B) Bright-field TEM image of a Fe(III)-rich

granule. The electron-opaque granule is partly

disrupted from sectioning. The arrow points

to fibrous material, possibly encapsulating

the granule. (C) Dark-field TEM image of the

opaque granule in (b) at higher magnifica-

tion. The bright dots are ultrafine-grained

particles with grain sizes between 2 and 5 nm.

(D) Selected area diffraction pattern (SAED)

of the granule in (b), showing random orien-

tation of the crystal axes. (E) Inside of the

upper beak. The white dots indicate the six

sites where candidate magnetoreceptors were

found. Scale bars: (A) ¼ 10 mm; (B) ¼ 1 mm;

(C) ¼ 0:1 mm; (E) ¼ 2 mm.
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Although the magnetite-containing FNE in the beak skin have not yet been

shown to be involved directly in magnetoreception, later behavioral studies in

homing pigeons with severed nerves [47] have provided more evidence to support

this conjecture. The ophthalmic branch of the trigeminal nerve (not the olfactory

nerve, as in trout) was shown to be involved in magnetic field reception in hom-

ing pigeons [47]. Moreover, it is the ophthalmic branch that conveys the sensory

input from the FNE in the upper-beak skin to the brain [43].

10.3.3

Hypothetical Transduction Mechanisms

Three main ingredients are needed to establish a quantitative biophysical model

of magnetic-field transduction: (i) the ultrastructure of the magnetoreceptor; (ii)

its physical properties (magnetic, electric, rheological); and (iii) the type of nerve

cell (slow/fast, tonic/phasic). In the case of homing pigeons, the ultrastructure is

known and the magnetic properties can be deduced from micrographs. A crucial

observation here is that the magnetite clusters are located in the FNE, which are

bare dendrites ramifying from myelinated nerve fibers (axons) into the epidermis.

Being unmyelinated and having no structural specialization, these FNE detect

temperature, pain, and – more importantly – touch; that is, they are sensitive to

mechanical stimulation. Interestingly, the FNE that contain the magnetite clus-

ters are located in the subcutis (below the epidermis and dermis) and so are not

likely to sense surficial stimulations such as tickle or light touch. Likewise, chem-

Fig. 10.2 Low-temperature magnetic measurement on the beak skin of

homing pigeon. The sample was first cooled in a zero-field (ZFC curve),

after which the induced magnetization was measured during warming

in a field of 150 Oe (15 mT). The measurement was repeated, but now

after cooling in 150 Oe (FC). The remanence blocked in during field

cooling is the difference FC-ZFC. Note the conspicuous anomaly

between 35 and 50 K, which is diagnostic for magnetite.
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ical stimulation (itch) is too surficial to be relevant in the subcutis. What remains

is heavy external touch, and also light internal mechanical deformation, as would be

produced by magnetic particles interacting with the magnetic field.

At this point, it is necessary to examine more closely the behavior of a cluster of

nanocrystalline magnetite particles under a magnetic field. Due to their small

grain size, the magnetic nanocrystals found in the pigeon beak cannot act as

microscopic compass needles (as would a magnetosome chain), but will be con-

stantly buffeted by thermal fluctuations. While the individual crystals can there-

fore not carry a stable direction of magnetization, a cluster of crystals will do so

in the presence of an external magnetic field. Such a collective of crystals has a

surprisingly high magnetic susceptibility; that is, even a field of low intensity can

induce a large magnetization. Well-understood examples of superparamagnetic

(SP) systems are technical ferrofluids (i.e., magnetic nanocrystals suspended in

a carrier liquid). Such a suspension is both magnetic and fluid, and deforms in

a magnetic field. Applied to the magnetite clusters in the FNE, this means that

magnetic field-induced deformation can stimulate FNE to produce a nerve im-

pulse [48]. Magnetic field-induced deformation is not restricted to SP clusters

with particles suspended in a liquid medium, but will also occur in SP clusters

with particles attached to the cytoskeleton. It should be noted that the SP clus-

ters do not occur isolated in a FNE, but rather form elongated groups of some

20 clusters, with the spacing between two adjacent clusters being roughly twice

their diameter [49]. Thus, the clusters will interact magnetically, thereby attract-

ing or repelling each other, depending upon the direction of the magnetic field.

In that way, mechanical forces arise that can stimulate the FNE. Theoretical cal-

culations show that the mechanism is viable in terms of sensing the magnetic

field direction – a finding which is also in agreement with results from behavioral

experiments (see Section 10.3.4) [50].

Based on the results of behavioral studies, it has been inferred that pigeons can

detect magnetic-field variations as small as 0.1% [10]. It is not clear if mechanical

forces induced by small field variations are strong enough to stimulate FNE ac-

cording to the theoretical models. A quantitative answer to this question requires

numerical values of physical model parameters such as magnetic susceptibility of

the SP clusters, as well as viscosity and shear modulus of the medium containing

the nanocrystals. Likewise, the threshold sensitivity of these FNE to mechanical

stimuli remains to be determined. Nonetheless, the FNE containing SP clusters

are excellent structural candidates for a magnetoreceptor.

10.3.4

Testing the Magnetite Hypothesis with Pulse Experiments

In several behavioral experiments test birds were subjected to a brief, but strong,

magnetic pulse (0.5 T for a few milliseconds) to test specifically if ferromagnetic

material is involved in magnetoreception [51]. The pulse intensity chosen was

high enough to remagnetize stable SD magnetite, and the minimum duration of

the pulse was dictated by the coil geometry used in the experiments. A duration
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of less than 5 ms was widely considered short enough to solely remagnetize fer-

romagnetic material, without affecting SP particles and without triggering any

unwanted side effects such as electrondynamically induced nerve pulses. A posi-

tive test (i.e., misorientation after pulse treatment) was prematurely taken as evi-

dence of SD magnetite being involved in magnetoreception. It transpires that SP

clusters will be also affected by a pulse, albeit differently than a chain of SD mag-

netites would be. If applied at an angle f > 45� with respect to the chain axis, a

strong magnetic pulse will disrupt the chain, causing temporal impairment of the

magnetoreceptor mechanism and misorientation [50]. Importantly, the chain will

re-assemble on a time scale of hours to days after the pulse treatment [50], which

is in good agreement with behavioral experiments which show that normal orien-

tation behavior is recovered after 4 to 10 days.

Interestingly, the pulse applied in behavioral experiments affected experienced

birds, but not young birds before their first migration. Compass orientation in

young birds on the other hand is affected by oscillating magnetic fields with fre-

quencies in the MHz range (see Section 10.2.3). Likewise, the compass orienta-

tion of experienced birds was not affected by anesthetization of the ophthalmic

nerve carrying magnetic information from the magnetite magnetoreceptor to the

brain. This led to the paradigm that compass orientation is based on a radical-pair

mechanism, while magnetite forms the basis of a magnetic-intensity sensor,

which is likely to be used by experienced birds in a so-called magnetic map sense

for determining geographic position by means of local magnetic field variations

(see Section 10.1).

10.3.5

Biomineralization of Magnetite in Vertebrates

One question unanswered thus far concerns magnetite biomineralization in

vertebrates. In the radula teeth of chitons (mollusks/invertebrates), the iron-

oxyhydroxide ferrihydrite (5Fe2O3�9H2O) was identified as a precursor mineral

to magnetite [52]. Using laser Raman spectroscopy among other techniques,

Brooker et al. [53] were able to show that ferrihydrite is the single main precursor

to magnetite formation in chiton teeth, and that iron mineralization occurs si-

multaneously on two fronts.

Ferritin may be the key protein in magnetite biomineralization in vertebrates.

Ferritins comprise a class of iron-storage molecules that are ubiquitous among

living systems. Each molecule of ferritin consists of 24 subunits which are as-

sembled to form an approximately spherical cage-like structure of external diam-

eter 12 nm; the cavity has a diameter of 8 nm [54]. Ferritin transforms highly tox-

ic Fe(II) into less toxic Fe(III) iron, to be sequestered in the cavity in the form of

an iron mineral similar to ferrihydrite with varying amounts of phosphate incor-

porated. Interestingly, the SP magnetite particles in homing pigeons have grain

sizes below 8 nm, and therefore may well have originated in ferritin, either as a

direct precipitate or with ferrihydrite as a precursory phase. The first hypothesis

is nourished by the fact that magnetite can precipitate in empty ferritin mole-
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cules, provided that the pH/Eh conditions are such that magnetite is stable [55].

In case ferrihydrite precipitates first, it may dehydrate and recrystallize into mag-

netite, or dissolve and reprecipitate as magnetite. The magnetoreceptor cell must

either be able to control the pH/Eh conditions so that magnetite is formed, or

have a modified ferritin molecule. It should be pointed out here that magnetite

instead of ferrihydrite is commonly found in ferritin from neurodegenerative

brain tissue (e.g., Alzheimer’s disease) [56]. The reason for the uncontrolled min-

eralization of magnetite is not clear, but there may be a connection to the con-

trolled biomineralization of magnetite in homing pigeons.

10.3.6

Non-Destructive Techniques Used to Detect Magnetite in Tissue

Currently, several methods are available to identify magnetite-based magnetore-

ceptor cells, with their suitability depending largely on the dimensions of the tis-

sue sample and on the volume concentration of magnetic material. When no his-

tological information on the exact location of the magnetoreceptors is available,

the search for magnetite usually begins with the analysis of larger samples (vol-

ume of a few cm3), here referred to as ‘‘bulk’’ samples. Once a positive sample

has been found, ultrastructural analysis and staining techniques can be applied

to thin sections to clarify the nature and histological context of the magnetite

crystals. The following techniques have proven successful in the detection of min-

ute amounts of magnetite in bulk samples.

10.3.6.1 SQUID Measurements

Modern superconducting quantum interference device (SQUID) magnetometers

may reach a sensitivity of 10�8 emu (magnetic dipole moment), which translates

into 10�7 mg of magnetite, or 105 magnetosomes with 50-nm grain size. To put

this figure into perspective, it should be noted that the amount required for X-ray

diffractometry is at least 1 mg, with a minimum 1% (by weight) concentration of

magnetite. For Mossbauer instruments a few milligrams of sample may be insuf-

ficient, with 10 mg (and even 100 mg) often being required. Nonetheless, this

technique is very effective at identifying different iron compounds.

Magnetic measurements are suitable not only for the rapid screening of tissue

samples to determine the presence of magnetic material, but they also allow us

to identify magnetic mineral phases from characteristic phase transitions at low

temperature. As magnetic properties depend on grain size, magnetic measure-

ments can be used further to infer the grain size of the magnetic phases. The

most diagnostic feature of magnetite is the Verwey transition; this is a first-order

phase transition that is ideal for stoichiometric samples and occurs at Tv ¼ 125 K

[57]. Single-domain and multi-domain magnetite can easily be identified by a pro-

nounced drop in the magnetization around Tv. Magnetic bacteria, in which SD

magnetite crystals are arranged in the form of one or several chains, show a

much larger drop in magnetic remanence when cooled in a strong magnetic field
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compared to when cooled in zero field. This phenomenon does not occur in clus-

ters of SD magnetite crystals, and therefore can be used as a diagnostic criterion

for the arrangement of crystals in chains [58]. In superparamagnetic magnetite

particles the Verwey transition is obscured. Nevertheless, the complex electronic

behavior of magnetite gives rise to another conspicuous magnetic anomaly be-

tween 35 K and 50 K [59], which was also observed in beak samples of homing

pigeon (see Fig. 10.2), despite the small crystal size (between 2 and 5 nm) [44].

By using a scanning SQUID microscope [60], it is possible to map the

magnetic-field distribution over a sample with a magnetic-field sensitivity of the

order of 1 pT (10�8 Gauss). The spacing between the superconducting pick-up

coil of the scanning SQUID and the sample surface is about 100 mm, which

makes it possible to detect the signal of a magnetic bacterium. The spatial resolu-

tion is largely determined by the dimensions of the pick-up coil (100–500 mm),

and limited by its distance to the magnetic source in the sample. By using decon-

volution techniques [61] it is possible to undo the smoothing effect of the pick-up

coil and so to improve the effective resolution below 100 mm.

10.3.6.2 X-Ray Fluorescence (XRF) and X-Ray Absorption Spectroscopy (XAS)

These synchroton-based measurements are described in detail in Chapter 21.

Here, we focus on how the technique can be used to detect and identify iron

minerals in tissue. The sample is first scanned under a microfocused X-ray

beam to produce two fluorescence maps – one for incoming radiation below the

K absorption edge of iron (7112 eV; background), and the other for X-ray energies

above the absorption edge. The spatial distribution of iron is obtained by subtract-

ing the two X-ray fluorescence maps. The method is so sensitive that a single

nanometer-scale particle is detectable in a 500 mm spot [62]. Regions of high Fe

concentrations can then be further investigated using energy-dependent modula-

tions of photoelectron scattering (X-ray absorption spectroscopy; XAS). Each ma-

terial has a characteristic absorption spectrum above the edge, where two spectral

windows are distinguished, the X-ray absorption near-edge structure (XANES, 0–

70 eV above edge) and the extended X-ray absorption fine structure (EXAFS,

above@70 eV). By comparing the obtained spectra with those of standard materi-

als, one can identify the compound in tissue. By using XANES, it was possible to

show that regions in the pigeon brain with anomalously high Fe concentrations

consisted primarily of magnetite [62].

10.3.6.3 Ferromagnetic Resonance (FMR) Spectroscopy

This technique is based on microwave absorption in ferromagnetic crystals. For a

given microwave frequency (e.g., 10 GHz), an absorption spectrum is measured

as a function of the intensity of an externally applied field. The resonance field

depends on magnetic material parameters (saturation magnetization, magneto-

crystalline anisotropy), particle shape, and the arrangement of particles. By using

FMR, isolated magnetite nanoparticles were detected in the abdomen of honey

bee (Apis mellifera), besides isolated Fe3þ ions and amorphous FeOOH [63].
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10.3.6.4 Nuclear Magnetic Resonance (NMR) Relaxometry

Nuclear magnetic resonance spectroscopy is an indispensable tool in chemistry

for the analysis of functional groups, molecular conformations, bonding, etc.

When magnetic material is present, however, long-range dipolar fields lead to

substantial line broadening, and as a result NMR spectroscopy loses much of its

discriminative power. Fortunately, the effect that causes line broadening also

changes the relaxation times of protons, and so can be exploited in NMR relaxom-
etry. By using this technique, Gossuin et al. [64] were able to determine an upper

limit of <1% for the magnetite concentration in ferritin extracted from the brains

of Alzheimer’s disease patients.

10.4

Conclusions

The physical mechanisms and receptor structures underlying the magnetic

sense of animals have long remained elusive, although this situation has much

improved during the past decade, driven by a powerful combination of new

concepts, sophisticated theoretical models, and integrated methodological ap-

proaches. Old working hypotheses have been elaborated to the point of making

quantitative predictions that can be tested directly in behavioral experiments. At

the same time, promising structural candidates of magnetoreceptors have been

identified in the trout and homing pigeon, which can now be isolated to study

the characteristics of their responses to magnetic fields.

Despite recent progress in the field of magnetoreception, some fundamental

problems remain to be solved. For the radical-pair mechanism, there is good

evidence that it underlies magnetic compass responses, but so far the candidate

molecules and structures are missing. On the other hand, although two promis-

ing structures have been proposed for a magnetite-based magnetoreceptor, it is

still far from clear how the magnetite sensor achieves the high sensitivity re-

quired to explain behavioral and electrophysiological results. Much of the fascina-

tion emitted from this research field lies in the inverse research challenges for the

biochemical compass on one hand, and the magnetite-based sensors on the other

hand, though which of these will reach the target first cannot be predicted at this

stage. However, it is conceivable that there may be more than one molecular so-

lution to the biochemical compass, just as in the case of the magnetite magneto-

receptors. Although the structures in trout and homing pigeon are innervated by

the ophthalmic branch of the trigeminal nerve, the respective magnetite crystals

have completely different magnetic properties. This dissimilarity suggests that

whilst magnetic sense in pigeons is based on a physical mechanism, a different

system is operating in the trout. Clearly, further research is needed to investigate

the putative magnetosensory pathways and to test models of transduction mecha-

nisms. The recent discovery of magnetic sensitivity in zebra fish, together with

the development of a fully automated behavioral assay to assess magnetorecep-
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tion in fish [65], sets the stage for a systematic analysis of magnetoreception us-

ing the power of zebrafish genetics and experimental manipulation.
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The Morphogenesis and Biomineralization

of the Sea Urchin Larval Skeleton

Fred H. Wilt and Charles A. Ettensohn

Abstract

Sea urchin embryos construct an elaborate, calcareous endoskeleton. During

gastrulation, a group of mesenchyme cells (primary mesenchyme cells, PMCs)

fuse, and within pseudopodial cables connecting the cell bodies, the skeleton is

secreted. This skeleton is composed almost totally (>99%) of CaCO3 by mass,

and contains small amounts of protein. The resultant composite is harder and

stronger than calcite, and much more resistant to fracture. In this chapter, the

early embryonic specification and morphogenesis of the PMCs is discussed, as is

the mode of formation of the skeletal elements by these cells. Recent information

is also presented regarding a gene regulatory network that operates in the PMC

lineage. New findings from the Stronglyocentrotus purpuratus genome project are

discussed that have advanced our understanding of the genes that mediate bio-

mineralization in this organism.

Key words: sea urchin, spicules, endoskeleton, primary mesenchyme cells,

biomineralization.

11.1

Introduction

Calcium carbonate shells, and the carapaces and spicules of invertebrate phyla,

which are usually composed of calcite or aragonite, are the main sources of skel-

etal support for many organisms. Whilst many of these shells are very beautiful,

they also constitute an important reservoir of calcium in the operation of biogeo-

chemical cycles of the elements on the surface of the Earth. Fossils and concre-

tions composed of calcite are abundant and striking, ranging from the chalk cliffs

of Dover to the coral reefs of Oceania. It is no wonder that the biomineralization

of calcium carbonate-containing skeletons has attracted the interest of so many

scientists for such a long time. One popular object of study has been the endo-
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skeletal spicule of the sea urchin embryo, and this will be the focal point of

this chapter. Sea urchins are members of the echinoderm phylum, the inverte-

brate phylum most closely related to the chordate phylum, which includes the

vertebrates.

Ever since Fol [1] and Hertwig [2] discovered that fertilization – and subsequent

development – involved the fusion of nuclei from the sperm and egg of sea ur-

chins, this embryo has played an important role in developmental biology. The

endoskeleton that is formed in the sea urchin embryo attains an overall shape

reminiscent of an easel popular in Victorian times; hence, the transparent larva

that displays this ‘‘easel’’ was dubbed a pluteus, the Greek word for easel. The spi-

cule is intensely birefringent in polarized light, and the c crystallographic axis lies
along the major axis of the elongated body rod of the spicule, which displays

the characteristics of a single large crystal [3–6]. Okazaki and Inoue [6] showed,

by scanning electron microscopy (SEM) of the spicule, using crystal overgrowth

techniques, that the crystallographic axes were coherent, aligned, and continuous

throughout the endoskeleton of the pluteus. Although the mineral of the spicule

is known to be calcite, with a rather high content of Mg (ca. 5%; [7]), its mechan-

ical properties are unusual, and its fracture planes are not characteristic of pure

calcite. The organic content of the crystalline spicules is very low (ca. 0.1–0.2%,

w/w), and it is a mystery how the occlusion of such a small amount of organic

material can so profoundly affect the properties of the skeleton.

Here, we will focus on the formation and structure of the larval skeleton of the

sea urchin, and compare it to what is known of mineralized structures, such

as spines and test, found in the adult. Finally, we will briefly address questions

concerning possible relationships between this calcite endoskeleton and those of

other invertebrates, and the carbonated apatite biomineralized tissues of verte-

brates. Interested readers will find additional information concerning skeletal

morphogenesis in the review of Ettensohn et al. [8]. Some recent, detailed re-

views by Wilt on biomineralization of the spicule [9] and comparisons of calcite

and aragonite biomineralization in various invertebrates [10] are also available.

11.2

Developmental Aspects of Sea Urchin Biomineralization

11.2.1

A General Description of Skeletogenesis

The embryonic skeleton of the sea urchin is produced by mesodermal cells

known as primary mesenchyme cells (PMCs). These cells are derived from the

micromeres – four small cells at the vegetal pole of the 16-cell stage embryo

(Fig. 11.1). During the fifth cleavage division, which is usually delayed in the mi-

cromeres relative to the other blastomeres of the embryo [11, 12], the micromeres

divide unequally, with each giving rise to one large and one small daughter cell.

The four large cells (‘‘large micromeres’’) give rise exclusively to biomineral-
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forming PMCs, while the four small cells (‘‘small micromeres’’) contribute to the

coelomic pouches of the larva [13].

The large micromeres undergo two or three rounds of cell division later in

cleavage (the number varies among different species) to produce 16 or 32 de-

scendants that become incorporated into the epithelial wall of the blastula. The

cells occupy a torus-shaped region surrounding the vegetal pole, where the prog-

eny of the small micromeres reside (Fig. 11.1). The large micromere descendants

undergo one final round of cell division that typically occurs shortly after ingres-

sion (see below), producing a total of 32 or 64 PMCs, depending upon the spe-

cies. The PMCs do not divide further during pre-feeding embryogenesis [14];

therefore, the entire embryonic skeleton is secreted by a fixed number of cells.

Although the average number of PMCs is 32 or 64, the number of cells in each

Fig. 11.1 Diagram illustrating the

development of the skeleton of the sea

urchin larva. Maternal cell fate determinants

(gray region) are localized at the vegetal

pole of the egg and include regulators of

canonical Wnt signaling. These factors are

inherited by the micromeres, which arise at

the 16-cell stage. The micromeres divide

unequally and their large daughter cells (large

micromeres) give rise to cells that occupy a

torus-shaped region at the vegetal pole of the

blastula. The large micromere descendants

ingress into the blastocoel at the mesen-

chyme blastula stage, after which they

are referred to as primary mesenchyme cells

(PMCs). By the mid-gastrula stage, the PMCs

become organized in a characteristic,

subequatorial ring pattern. Two triradiate

spicule rudiments arise along the ventro-

lateral aspects of the ring, one in each

ventrolateral PMC cluster. The arms of these

rudiments elongate and branch in a

stereotypical pattern to give rise to the

skeleton of the early (pre-feeding) pluteus

larva. The final two diagrams illustrate the

names and positions of skeletal rods in the

early larva, viewed laterally and from the

blastopore.
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embryo is somewhat variable, even within a batch of embryos derived from a

single fertilization [15, 16].

At the late blastula stage, the descendants of the large micromeres undergo an

epithelial-to-mesenchymal transition and migrate into the blastocoel. This pro-

cess, which is known as ingression, is associated with changes in the adhesive

properties [17, 18], shape [19, 20], and motility of the cells [21]. After ingression,

the large micromere descendants are referred to as PMCs. Initially, the PMCs

adopt a spherical shape and for a short time (@1 h) they remain in a loose mound

on top of the vegetal plate. Soon, however, the cells become motile and migrate

away from the vegetal plate along the basal surface of the overlying epithelial

cells. The motile behavior of the PMCs is distinctive; these cells migrate almost

exclusively by means of filopodial protrusions, which are highly dynamic [22–24].

As the PMCs migrate, their filopodia fuse to form cable-like structures (filopo-

dial cables) that link the cells in a syncytial network. The cells become fusion-

competent approximately 2 h after ingression [25], and remain so until at least

the early pluteus stage, although PMC fusion is normally completed much ear-

lier, by the mid-gastrula stage. After fusion has occurred, the bodies of individual

PMCs remain relatively spherical in shape and are distinguishable one from an-

other, although they are linked by the filopodial cables. If the embryos are fixed

and a fluorescent dye is then introduced into a single PMC, the dye becomes dis-

tributed throughout the syncytium via the filopodial cables, which indicates that

all of the PMCs are joined in a single, common network [25]. For several reasons,

it seems likely that fusion is a prerequisite for skeletogenesis, though this has not

been formally tested. First, biomineralization in the embryo, larva, and adult, is

always preceded by the formation of syncytia [26, 27]. Second, although solitary

PMCs can form small, calcified granules, these do not elongate to form rods

[28]. Third, spicules are deposited within a partially membrane-bound compart-

ment that may constitute a ‘‘privileged space’’ for biomineral formation (see

below). The formation of a syncytium may be required to establish a sufficiently

extensive compartment within which local conditions are appropriate for biomin-

eral deposition.

Although the movements of the PMCs seem random on a short time scale,

over the course of gastrulation the cells converge to a characteristic position along

the blastocoel wall, slightly below the equator of the embryo. At this position,

the cells adopt a stereotypical ring-like configuration (the subequatorial PMC

ring) (Figs. 11.1 and 11.2A). The ring pattern is polarized along the oral–aboral

(ventral–dorsal) axis of the embryo. Two clusters of PMCs form along the ventro-

lateral aspects of the PMC ring (the ventrolateral PMC clusters), and are the sites

where skeleton formation begins. The subequatorial ring is a transient structure,

and the distribution of the PMCs changes during later embryogenesis (see

below).

The secretion of the embryonic skeleton begins at the mid-gastrula stage with

the formation of one tri-radiate spicule rudiment in each of the two ventrolateral

PMC clusters. These three arms of each rudiment extend in the a crystallographic

plane. Although the initial orientation of the spicule rudiments within this plane
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can be variable, they soon rotate such that two of the three branches of each rudi-

ment point in the direction of the ventral and dorsal chains of the PMCs, respec-

tively, while the third branch extends toward the animal pole [29]. The entire em-

bryonic skeleton arises from the two spicule primordia, which elongate and

branch in a stereotypical manner. Different skeletal rods elongate at characteristic

rates, suggesting that local, ectoderm-derived signals modulate skeletal rod growth

[30].

Fig. 11.2 (A) Living, late gastrula stage

embryo (Lytechinus variegatus) viewed with

differential interference contrast optics.

VLC ¼ ventrolateral PMC cluster; VC ¼
ventral PMC chain; LC ¼ longitudinal PMC

chain. Arrows point to the two triradiate

spicule rudiments, one of which forms in

each VLC. (B) Fixed, late gastrula stage

embryo (L. variegatus). PMCs (green) are

labeled with a monoclonal antibody (6a9)

that recognizes a family of PMC-specific

surface molecules (MSP130 proteins). The

PMCs have completed fusion and filopodial

cables have formed. PMC filopodia also

interact with a basal lamina that lines the

blastocoel wall and with the surfaces of

the adjacent epithelial cells (arrow and

arrowhead, respectively). (C) Living, early

pluteus larva (L. variegatus) viewed with

partially crossed polarizers. The calcified rods

of the larva are intensely birefringent (arrow).

(D) Scanning electron micrograph of the

skeleton of an early pluteus larva (Dendraster

excentricus). ALR ¼ anterolateral rod;

VTR ¼ ventral transverse rod; POR ¼
postoral rod; BR ¼ body rod; RR ¼ recurrent

rod; SCH ¼ scheitel. The inset shows a high-

magnification view of part of the postoral

rod, which in this species is decorated with

barbs (arrows) and has a complex,

fenestrated morphology.
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The two halves of the skeleton are mirror images of each other, and the follow-

ing description applies to only half the skeleton (Figs. 11.1 and 11.2C,D). One

arm of the tri-radiate rudiment elongates to form the ventrolateral rod, which ex-

tends toward its partner from the other spicule rudiment. When the tips of the

two ventrolateral rods reach the ventral midline, they cease to elongate and their

tips often fuse. The cessation of growth of the ventral transverse rods is not a con-

sequence of interactions between their tips, however, because if one ventrolateral

rod is removed from the embryo microsurgically, the other still ceases growth

near the ventral midline [30]. The ventrolateral rod is the only rod that ceases to

elongate during embryogenesis and does not branch; the other arms of the tri-

radiate rudiment grow continuously. A second arm of the tri-radiate rudiment

branches soon after it forms, giving rise to two rods that extend along the c crys-
tallographic plane, but in opposite directions. These two rods are the postoral rod,

which supports the first of the larval arms, and the body rod, which extends along

the dorsal aspect of the PMC ring and terminates in a branched or fenestrated

structure known as the scheitel. A third radius of the spicule rudiment extends to-

ward the animal pole, forming the dorsoventral connecting rod. This rod subse-

quently branches, also giving rise to two rods that extend in opposite directions

along the c crystallographic axis. The anterolateral rod extends into the oral hood

and eventually supports one of the anterolateral arms, which forms near the

mouth. The recurrent rod extends into the larval body. In some species this rod

is relatively short, while in others it extends to the scheitel.

As the skeleton is secreted, the distribution of PMCs changes. Some PMCs mi-

grate from the ventrolateral clusters toward the animal pole, forming the so-called

longitudinal chains of PMCs. These cells will secrete the dorsoventral, anterolat-

eral, and recurrent rods. When arm formation begins, PMC cell bodies become

concentrated at these sites [29]. In addition, as the skeletal rods elongate, the dis-

tribution of PMC cell bodies along the rods changes, probably due to localized

patterns of rod growth [14].

Once the pluteus begins to feed, additional skeletal elements form [31]. These

elements are not continuous with the pre-existing, embryonic skeleton, but

form de novo in new locations in the larva. The cells that secrete these structures

express molecular markers characteristic of PMCs [14], and may be descendants

of these cells, although their embryonic lineage has not been determined. Two

additional pairs of larval arms arise after feeding begins. The posterodorsal arms
(which are supported by the posterodorsal rods) form near the postoral arms. A

wishbone-shaped skeletal element, the dorsal arch, forms above the esophagus.

Two arms of the dorsal arch extend to form the preoral rods, which support the

preoral arms.

The adult sea urchin has several calcified tissues, including test, teeth, and

spines. Biomineralization takes place continuously in the adult as the test en-

larges and worn tooth is replaced by new material. In species of sea urchins that

exhibit indirect development (the most common mode of development in the

group), the juvenile sea urchin arises from an imaginal disk-like structure known

as the echinus rudiment. As the echinus rudiment enlarges, several of the future

apical plates of the test grow from, and their optical axes are determined by, spe-
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cific larval skeletal rods [32]. Teeth and other elements of the juvenile test appear

to form de novo. A dramatic rearrangement of the larval body at metamorphosis

displaces the larval skeletal elements to the aboral surface of the juvenile urchin,

where they are eventually cast off [31, 33]. The cells that engage in biomineraliza-

tion in the adult are similar in many respects to the PMCs of the embryo. These

mesenchymal cells form syncytia and express many of the same biomineraliza-

tion-related genes expressed by PMCs [26, 27, 34–37]. Smith et al. [38] described

the growth of the juvenile urchin embedded within the pluteus larva and showed,

using immunocytochemical methods, that the juvenile spines contain both SM30

and SM50. It is not known whether the biomineral-forming cells of the adult are

descendants of the PMCs or are derived from other embryonic cell lineages.

11.2.2

PMC Specification

11.2.2.1 Embryological Studies

When micromeres or large micromeres are isolated, transplanted to ectopic sites

in the embryo, or recombined with other blastomeres, they give rise primarily to

PMCs [39–43]. Thus, these cells are ‘‘determined’’ in the classical embryological

sense. Embryological studies have provided evidence that cell fate determinants

controlling PMC development are localized in the vegetal region of unfertilized

eggs [39, 44]. It is likely that these determinants include activators of the Wnt sig-

naling pathway, the components of which play a critical role in the early specifi-

cation of micromeres, as discussed below.

The unequal division that produces the micromeres is intimately associated

with their specification. Micromere formation results from the displacement of

the mitotic spindles of the four vegetal blastomeres of the 8-cell stage embryo to-

ward the vegetal pole. This positioning of the mitotic spindle is associated with

changes in the cell cortex of the four vegetal blastomeres, which may establish a

vegetal, spindle attachment site [45–48]. If the cortical changes are inhibited with

pharmacological agents, the spindle is not displaced to the vegetal pole, the

fourth cleavage is equalized, and no micromeres form [49, 50]. Such embryos

also fail to form PMCs, although a skeleton eventually forms as a consequence

of the transfating of macromere-derived cells to a PMC fate [51]. The cortical

events and the unequal cell division have not been dissociated experimentally;

therefore it is possible that the cortical change, rather than the unequal division

per se, plays the primary role in micromere determination.

11.2.2.2 The Micromere-PMC Gene Regulatory Network

Recent studies have revealed elements of a complex gene regulatory net-

work (GRN) that underlies the specification and differentiation of the large

micromere-PMC lineage. The initial activation of this gene network is dependent

on maternally derived components of the Wnt signaling pathway, a pathway that

also plays an important role in the development of other vegetal cell types. Key

components of this pathway that function in micromeres include b-catenin [52],

TCF/LEF [53, 54], and Dishevelled (Dsh) [55]. Localized activation of Dsh in the
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vegetal region is required for the stabilization of b-catenin in micromeres and

subsequent activation (in concert with TCF/LEF) of target genes.

Downstream of b-catenin and its LEF/TCF partner is Pmar1, which encodes

a Paired-class homeodomain-containing protein [56–61]. Pmar1 is expressed tran-

siently in the micromeres and their progeny during early cleavage. Pmar1 is a di-

rect target of b-catenin/LEF/TCF [59], and appears to be the only critical target of

b-catenin with respect to PMC specification [58]. Overexpression of Pmar1 is suf-

ficient to convert animal blastomeres to a PMC fate [57, 58, 61]. Pmar1 is a tran-

scriptional repressor and presumably activates downstream genes in the PMC

GRN by a de-repression mechanism. Although targets of Pmar1 have not yet

been identified, it has been hypothesized that they include a ubiquitous repressor

of the PMC GRN [60].

The earliest known component of the PMC GRN specifically activated in the

large micromere lineage is Alx1, a gene which, like Pmar1, encodes a Paired-class

homeodomain protein [62]. Alx1 is essential for PMC ingression and for the acti-

vation of all known biomineralization-related genes. Some of these effects are

mediated through deadringer (Dri), a gene encoding an ARID-class transcription

factor [62, 63]. Another important gene that acts downstream of Alx1 is the tran-

scriptional repressor snail, which is required for ingression (S.Y. Wu and D.R.

McClay, personal communication). Several other transcription factors also play a

role in PMC differentiation, including Ets1 and T-brain [64–67].

Two of the transcription factors that function in the PMC GRN are also associ-

ated with biomineralization in vertebrates. Alx1 is a member of the Cart1/Alx3/

Alx4 subfamily of Paired-class homeodomain proteins, which mediate neural

crest-derived skeleton formation (skull vault ossification) in mammals [62, 68].

Members of the Ets family of transcription factors also play an important role in

the differentiation of biomineralizing cells in vertebrates [69].

Downstream of these zygotically activated transcription factors are genes en-

coding proteins that directly regulate biomineralization. These include the spicule

matrix proteins (see below) and P16, a novel, PMC-specific transmembrane pro-

tein required for normal skeletal rod elongation [70]. P16 is activated by Alx1, al-
though it is not known whether the interaction is direct. Another downstream

gene in the network is Cyp1, one of a small family of genes encoding peptidyl-

prolyl cis-trans isomerases [37, 71]. Ets1 and Dri probably interact directly with

regulatory DNA elements of the Cyp1 gene [71], suggesting that the PMC GRN

is relatively shallow – that is, there are relatively few layers of transcription factors

between the initial maternal activators and terminal differentiation genes that are

the final output of the network.

11.2.3

Regulation of Skeletal Patterning in the Embryo

The stereotypical pattern of the skeleton presents an excellent opportunity to ana-

lyze the morphogenesis of a complex, biomineralized structure. The morphology

of the skeleton is highly reproducible from embryo to embryo, indicating that
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skeletal morphogenesis is tightly regulated. There are also species-specific differ-

ences in skeletal morphology that can be exploited experimentally to reveal mech-

anisms of morphogenesis.

One fundamental feature of skeletal morphogenesis is that the arrangement of

the PMCs in the blastocoel serves as a template for the pattern of the skeleton.

Most of the rods of the embryonic skeleton are deposited within the filopodial ca-

bles that are formed and positioned along the blastocoel wall earlier in develop-

ment. For example, skeletal rods extend along all the chains of PMCs in the sub-

equatorial ring pattern, and formation of the dorsoventral connecting rods is

preceded by migration of the longitudinal chains of PMCs toward the animal

pole late in gastrulation. The exceptions to this generalization are the anterolat-

eral and postoral rods, which support the four arms of the pre-feeding pluteus

larva. These rods elongate by means of clusters (or ‘‘plugs’’) of PMCs at their

tips and extend the body of the embryo as they grow. Because the positions of

the skeletal rods are established by the positions of the PMCs – more specifically,

by the positions of the filopodial cables – the patterning of the skeleton is, to a

large extent, a consequence of the cues that guide PMC migration and position

the filopodial cables.

PMCs are guided by directional signals that arise in a progressive fashion dur-

ing gastrulation (for a review, see Ref. [72]). The elaboration of these cues is de-

pendent upon cell signaling events that occur throughout early development.

PMC guidance cues are widely distributed within the blastocoel, and are tightly

associated with the substrate of the migrating cells [72, 73]. During migration,

PMC filopodia interact with a thin basal lamina that lines the blastocoel. Filopo-

dia can also penetrate that layer, thereby interacting directly with the surfaces

of the adjacent epithelial cells (Fig. 11.2B) [72]. The basal lamina and the matrix

that fills the blastocoel are composed of a variety of extracellular molecules with

which PMCs might interact [74]. These include ECM3, a secreted, proteolytically

processed protein with multiple calcium-binding domains and a large amino-

terminal region similar to a mammalian proteoglycan core protein, NG2. PMC

filopodia interact with and redistribute ECM3-containing fibers during migration,

although it is not known whether the fibers direct the movements of the cells [75,

76].

The fine structure of the individual skeletal rods is both species- and rod-

specific. Individual rods can be simple, barbed, or fenestrated (Fig. 11.2D). In

those species that have fenestrated rods, only certain rods (often the postoral and

posterodorsal rods) are fenestrated. Studies using interspecific chimeras have

shown that PMCs from a species that forms fenestrated rods will do so in the

blastocoel of a species that normally forms only simple rods. Conversely, PMCs

from a species that forms only simple rods cannot be induced to form fenestrated

ones by incorporating the cells into embryos of a species that normally forms fen-

estrated rods [77, 78]. These studies reveal that the capacity to from fenestrated

rods is an inherent property of the PMCs. This property is constrained in some

way by extrinsic signals, however, as only certain skeletal rods are fenestrated

even in those species that form such rods (see Ref. [8]). The properties of the
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PMCs that determine whether they can form fenestrated rods, and the nature of

the cues that restrict this capacity to only certain rods, remain unknown.

11.2.4

Cell Interactions and Skeletogenesis

Embryological studies show that the large micromere-PMC lineage is autono-

mously programmed early in development (see Section 11.2.2.1). Nevertheless,

cell–cell interactions play an important role in many aspects of later PMC differ-

entiation and skeletogenesis. Indeed, skeletal development can be viewed as the

result of an interplay between intrinsic, autonomously programmed properties

of the PMCs and extrinsic signals that regulate the molecular properties and

biomineral-forming activities of the cells.

11.2.4.1 Cell Interactions and PMC Specification

When isolated at the 16-cell stage and cultured in plain seawater, micromeres un-

dergo a developmental program that closely resembles their normal development

in the intact embryo. The cells divide, become migratory, fuse with one another,

and activate the expression of several PMC-specific gene products encoded by ter-

minal genes in the PMC GRN, including SM50 and MSP130 [25, 79, 80]. The

cells do not secrete spicules however – an activity that requires signals from other

cells (see below). This pattern of development may be considered the default, au-

tonomous program of micromere development in the absence of any signals

from other cell types. Because cultured micromeres divide to form small clusters

of cells, however, it is possible that homotypic cell–cell signaling takes place

among micromere descendants.

It has been shown recently that MAP kinase (ERK) signaling plays an impor-

tant role in early PMC specification, at least in part through phosphorylation of

the transcription factor Ets1 [65, 66]. It is unknown whether ERK is activated in a

ligand-dependent fashion, as would be expected were this pathway linked to cell–

cell signaling events. The pathway is activated even when embryos are cultured

under conditions that disrupt cell–cell contacts, although the possibility of tran-

sient contacts, including homotypic interactions or even autocrine signaling, can-

not be excluded.

11.2.4.2 Cell Interactions and Skeletal Morphogenesis

Throughout their morphogenetic program, PMCs are in intimate contact with the

ectoderm. Thus, it is not surprising that overlying ectoderm cells provide signals

that regulate skeletogenesis. Ettensohn [16] showed that the initiation of skeletal

rudiments in the two ventrolateral PMC clusters is not a consequence of the in-

creased numbers of PMCs at those sites, and proposed that, instead, local ectoder-

mal signals stimulate spicule rudiment formation. Support for this hypothesis

came from experiments treating embryos with NiCl2, which results in the forma-

tion of supernumerary spicule rudiments within the subequatorial PMC ring [81].
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The effect of NiCl2 is a consequence of the effects of this compound on the ecto-

derm rather than the PMCs [82]. More recently, it has been shown that a wide

variety of pharmacological and molecular manipulations which alter the normal

oral–aboral polarity of the ectoderm also perturb skeletal patterning [81, 83–85].

These studies further support the view that ectoderm-derived cues are essential

for skeletal patterning, and show that these cues are intimately associated with

the oral–aboral polarity of the ectoderm.

As noted above, micromeres cultured in plain seawater do not secrete spicules.

They can be induced to do so, however, by the addition to the culture medium

of horse serum [40], extracellular matrix from Engelbreth–Holm–Swarm (EHS)

tumor cells [86], or partially purified blastocoel matrix [87, 88]. The period of sen-

sitivity to serum corresponds closely to the time of PMC migration and ring for-

mation in vivo [79, 89]. The active factors in these preparations have not been

identified, but they may mimic – or be identical to – the natural ectoderm-derived

signals.

There is evidence that signaling from the ectoderm continues throughout skel-

etogenesis. The rate of skeletal rod elongation is tightly regulated spatially and

temporally and appears to be independent of PMC number. It has therefore

been proposed that local signals control the rate of rod growth [30]. Consistent

with this hypothesis, photoablation of ectoderm cells at the tips of the larval

arms leads to reduced rates of rod elongation [14]. Several mRNAs encoding

biomineralization-related proteins (e.g., various spicule matrix proteins, MSP130

family members, P16, and carbonic anhydrase) show non-uniform patterns of ex-

pression within the PMC syncytium during later development [30, 37, 90, 91]. In

a few cases the expression of the corresponding protein has been examined and

shown to mirror the non-uniform expression of the mRNA [36, 80]. The localized

up-regulation of mRNAs in specific regions of the PMC syncytial network prob-

ably reflects the influence of short-range, ectoderm-derived signals. Local varia-

tions in levels of expression of biomineralization-related proteins may also influ-

ence local growth characteristics and properties of the skeletal rods, although this

has not been tested directly.

As discussed above, the ectoderm overlying the ventrolateral PMC clusters

is likely to be a source of signals that initiate skeletogenesis at these sites. This

region of the ectoderm is distinctive, both morphologically and at the molecular

level. The epithelial cells in this region have a characteristic, fan-like arrangement

[92]. The expression of a homeobox-containing gene, orthopedia (Otp), has been

shown to be strikingly correlated with sites of skeletogenesis [93]. Otp mRNA is

first expressed in one to three ectodermal cells overlying each of the two ventro-

lateral PMC clusters, where skeletogenesis is initiated. Later in development,

small numbers of Otp-expressing cells appear at two locations in the oral hood

region, near the sites of anterolateral arm formation. Nickel treatment causes ra-

dialization of Otp expression as well as radial initiation of spicule primordia. Mis-

expression of Otp also radializes the skeleton, and inhibition of Otp expression or

function inhibits skeletogenesis [94]. These observations suggest that Otp acti-

vates local, ectoderm-derived signals that promote skeletogenesis.
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Recent, unpublished studies conducted by Gache and colleagues have identi-

fied a critical signaling molecule that is produced by the ectoderm and a strong

candidate for a signaling molecule that might be regulated by Otp. The growth

factor, vascular endothelial growth factor (VEGF) is expressed specifically by ecto-

derm cells overlying the ventrolateral PMC clusters, while the corresponding

receptor (VEGFR) is expressed selectively by PMCs. Morpholino knockdown of

VEGF or VEGFR results in the same striking phenotype; mis-patterning of

PMCs in the blastocoel and inhibition of subequatorial ring formation, as well

as the complete failure of skeletogenesis. Because PMC migration and skeleto-

genesis are both perturbed in such embryos, it is possible that the effects of

VEGF on skeletogenesis are a secondary consequence of its critical role in PMC

guidance, although the molecule could also be involved directly in both processes.

Signaling by members of the bone morphogenetic protein (BMP) subfamily of

transforming growth factor (TGF)-b ligands has also been implicated in skeleto-

genesis. One BMP family member (univin) has been shown to be expressed in

the ectoderm in a dynamic pattern during blastula and gastrula stages [95]. In

other studies, Zito et al. [96] found that incubation of embryos in an antibody

raised against an apical extracellular matrix (ECM) protein (Pl-nectin) resulted

in inhibition of skeletogenesis. Skeleton formation in antibody-treated embryos

could be rescued by overexpression of univin, or by the transfer of blastocoel

fluid from normal embryos [96, 97]. Taken together, these findings suggest that

ectoderm–PMC interactions via the BMP pathway may regulate skeletogenesis.

11.3

The Composition and Formation of the Skeletal Spicule

As described in Section 11.2, the first indication of skeleton deposition occurs

during gastrulation, when two minute granules of calcite located in the ventrolat-

eral portions of the embryo can be seen in the syncytium. More than two

granules are observed in the syncytial cables of some embryos early in spicule for-

mation, but eventually only one on each side of the embryo persists [29]. The

granule has the form of a rhombohedron, as would be expected for pure calcite

[6]. Three rays extend from the calcite as described in Section 11.2.1. As men-

tioned in the introduction, the crystallographic planes of the various portions of

the skeleton are coherent so that observation of the birefringence indicates the

entire skeleton appears to be carved from a single crystal.

11.3.1

Sources of Calcium, its Precipitation, and Secretion

Nakano and colleagues [98] used a radiolabel (45Ca) to show that calcium from

seawater serves as the source of calcium in the endoskeleton. This group showed

that calcium accumulation by the embryo increases tenfold during gastrulation,

with 70% of the calcium being deposited in the spicules. Inhibitors of calcium
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transport suppress spicule elongation (for a review, see Ref. [99]). Inhibitors of

chloride transport also inhibit skeleton formation, which suggests a coupling of

calcium transport with anion co-transport. Hwang and Lennarz [100] showed

convincingly that the calcium of the spicule originates from the seawater, passes

into the cell via calcium channels, and then is secreted into the forming spicule.

The channel(s) itself has (have) not yet been identified, however. Zhu et al. [101]

have demonstrated the presence of an N-type calcium channel in a PMC EST li-

brary; this finding, when coupled with recent sequencing of the genome of the

sea urchin, S. purpuratus, could lead to progress in identifying players in the im-

port of calcium into PMCs.

The cell-surface glycoprotein MSP130, which has been characterized independ-

ently by several laboratories [102, 103], is a PMC-specific protein. MSP130 is

a member of a small family of at least seven echinoderm-specific proteins

(also including MSP130-related-1, -2, -3, -4, -5, and -6), encoded by clusters of

closely linked genes in the Stronglyocentrotus purpuratus genome [37]. Five of the

MSP130 family members are expressed during embryogenesis, each specifically

in PMCs. An asparagine-linked oligosaccharide side chain on MSP130 binds cal-

cium, and an antibody against this glycoprotein was found to interfere with spi-

cule formation. It was subsequently shown, however, that the MSP130 antibody

recognizes a carbohydrate moiety shared by other PMC-specific proteins, includ-

ing SM30 [104, 105], and is therefore not a specific inhibitor of MSP130 function.

It was originally proposed that this protein might serve as a calcium channel, but

later research demonstrated that MSP130 is a glycolipid-anchored cell-surface

protein, and hence, could not itself serve as a channel. It remains possible that

MSP130 and/or other members of the family regulate calcium acquisition by in-

teracting with transporters or channels. The expression of a small family of closely

related proteins with potentially overlapping functions in PMCs presents a chal-

lenge for dissecting the roles of these proteins in skeletogenesis.

One question here is whether the PMC acquires calcium and then secretes a

concentrated solution of Ca2þ ions. Various authors adduced indirect evidence

for the presence of putative calcium precipitates within the PMC [106, 107], and

recently Beniash et al. [108] published micrographs in which calcium precipitates

were visualized. Such precipitates would not usually survive the processing neces-

sary for electron microscopy. If calcium precipitation were to occur intracellularly,

then deposition of calcium into a vacuole, or intimately associated extracellular

space, might take place by exocytosis of already precipitated calcium. This could

then undergo rapid dissolution and crystallization, or undergo some phase trans-

formation, such as conversion from amorphous to crystalline.

11.3.2

The Spicule Compartment

A further, long-standing, question relates to the nature of the compartment

in which the spicule actually forms, and this point has recently been briefly

reviewed [9]. There is general agreement that the spicule is formed in a
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plasmalemma-bound space, and that the spicule is very intimately associated with

– and indeed enrobed by – the pseudopodial cables connecting the PMCs. There

is also good evidence that the enrobing cytoplasm is not completely continuous,

but is punctuated by small interruptions in the membrane [107, 109, 110]. Len-

narz et al. [107] have shown that low pH and chelating agents can initiate the de-

mineralization of spicules in living cells, supporting the idea that the spicule is

topologically outside the cell. Envelopment of the spicule by the pseudopodial

cell membrane is very extensive, however, and for that reason it is likely that

most of the space in which the spicule lies is not in equilibrium with the fluid

of the blastocoel cavity; hence, the spicule is formed in a physiologically ‘‘privi-

leged’’ space.

11.3.3

Growth of the Spicule

Ideas about how biomineralization proceeds in this, and indeed in other animals,

have been influenced by the discovery by Beniash and colleagues [111] that

early in its formation the spicule contains large amounts of amorphous calcium

carbonate (ACC). The amorphous material is slowly (within hours or days) trans-

formed into calcite. It has been suggested that the precursor of calcite in the spi-

cule is ACC, and that the PMC forms the ACC, which is then delivered by exocy-

tosis to the privileged space where it becomes incorporated into the forming

spicule, later to transform into calcite. The mechanisms that regulate the putative

conversion of ACC to calcite are unknown, nor is it known whether the conver-

sions take place gradually or simultaneously throughout the spicule. The latter is

unlikely, however, as the percentage of ACC in the mineral of the developing spi-

cule decreases gradually. The spicule is birefringent throughout its development,

even at its earliest stages; hence, either some calcite is present even at the earliest

stages, or the ACC is sufficiently ordered to produce birefringence.

Even though it was known that amorphous forms of several minerals exist in

the biomineralized world [112], including ACC in some ascidian spicules, ACC

is metastable in the chemistry laboratory and is quickly transformed (in seconds

or minutes) into the stable calcium crystals, aragonite and/or calcite. The long

lifetime of ACC in vivo requires that there is some biological control of its stabil-

ity [113]. Raz et al. [114] have reported that proteins extracted from skeletal spi-

cules of the prism stage of sea urchin development (a stage in which 50% or

more of the spicule mineral is amorphous) can stabilize ACC in the laboratory.

Proteins extracted from the spicule of the pluteus, in which there is little or no

ACC, do not stabilize ACC. The conditions in vitro do not exactly duplicate the

concentrations of Mg2þ and Ca2þ in seawater and blastocoel fluid, but the result

is tantalizing and suggests that the transient activity of protein(s) can regulate the

transition from ACC to calcite.

Most ACC found in stable skeletal elements in the biological world, such as

those found in the ‘‘antler’’ spicules of the ascidian, Pyura pachydermatina, are
hydrated, containing one mole of water per mole of CaCO3. The ACC present in
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developing sea urchin spicules, however, has little or no water, and the nearest

atomic neighbor distances are very similar to those of calcite [115]. The interme-

diate range order of atoms is insufficiently ordered to produce good X-ray diffrac-

tion pattern in this type of ACC. ACC is also involved in aragonite formation in

mollusk shells [116] and in regenerating the spines of sea urchins [117], and it

will be interesting to discover whether it is the hydrated or anhydrous form of

ACC that is present in these two situations.

The elongation of a spicule element occurs by the addition of material at the

tip, as was shown by 45Ca-labeling studies [118]. As the spicule develops, how-

ever, it also increases in girth [30]. The isotopic calcium-labeling studies empha-

sized terminal growth, but considerable mass dispersed over the entire surface of

the spicule is added as the spicule elongates, increasing the diameter of the spi-

cule along its entire length. When spicules are fractured and etched, for example

with low pH, the etching displays concentric circles [6, 106, 119]; it is not known

if these concentric laminae correspond to some event in the deposition of addi-

tional calcium carbonate. An example of the etching of a transverse section of the

spicule is shown in Figure 11.3.

11.3.4

Integral Matrix Proteins of the Spicule

Spicules are easily obtained by the lysis of embryos, collection of the spicules and

adherent material by centrifugation, and subsequent exposure of the spicules to

NaClO4. The resultant spicules are completely devoid of adherent extracellular

material and present a finely granular surface. An example of a collection of

such isolated skeletons is shown in Figure 11.4. Mineral can be removed by dis-

solving CaCO3 at moderately acidic pH (<5.0) or by using chelating agents that

Fig. 11.3 An etched, broken spicule. Isolated, NaClO4-cleaned spicules

were crushed, then etched by brief exposure to 10 mM acetic acid in

the presence of 4% (v/v) glutaraldehyde. The etched spicules were

carbon coated and visualized by scanning electron microscopy.

(Photograph courtesy of Lindsay Croker.)
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bind calcium. The amount of organic material present is on the order of 0.1 to

1.0% (w/w). Okazaki [31] reported that the proportion of total organic material

was 1.0%, with protein constituting 0.036%, whereas Benson [109] found isolated

spicules to contain approximately 0.1% (w/w) soluble protein (w/w), with total

carbohydrate approximately 4% of the amount of protein (i.e., 0.004%) of the total

mass. A further very small amount (ca. 0.01%) of the spicule mass is composed

of water-insoluble organic materials, probably insoluble proteins, about which

nothing is known.

The soluble proteins occluded in the calcite of the spicule, when considered as

a group, are rather similar to proteins found in shells and spicules of other phyla.

The amino acid composition is acidic, and about 65% of the amino acids are

glutamic acidþ glutamine, aspartic acidþ asparagine, glycine, serine, and ala-

nine. The mixture of proteins binds about 1 mole of calcium per 51 000 Da of

protein, with a binding constant on the order of 10�4 M [109]. Although about

10 components (the majority are N-linked glycoproteins) are evident after one-

dimensional (1-D) electrophoresis on SDS-containing acrylamide gels, two-

dimensional (2-D) gel electrophoresis resolves between 40 and 45 proteins [125].

While some of these could represent minor post-translational modifications

of various proteins, the total number of individual matrix proteins is still large.

Other, 2-D, gels confirmed that most of the proteins had a pI < 6:0, but a small

number were basic.

Several different approaches have been used by different laboratories to tease

out particular proteins for characterization [36, 101, 121]. One useful approach

was to scan a cDNA recombinant library in lambda phage with polyclonal anti-

Fig. 11.4 Purified spicules. Spicules were prepared from pluteus larvae

of S. purpuratus using NaClO4 to remove vestiges of the primary

mesenchyme cells. A sample was placed on a scanning electron

microscopy (SEM) stub, carbon-coated, and visualized in the SEM. The

diameter of the largest spicule is 5 mm. (Photograph courtesy of Jong

Seto.)
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bodies directed against the mixture of soluble spicule proteins. More recently, the

examination of an expressed sequence tag (EST) collection derived from PMCs

[91] and annotation of the sequencing of the entire genome of S. purpuratus
have been fruitful [37]. The known spicule matrix proteins are shown in Table

11.1.

Recent analysis of the S. purpuratus genome has shown that the spicule matrix

genes are organized in clusters of tandemly arranged genes [37]. The SM50 fam-

ily (also including SM37 and SM32) are basic, non-glycosylated proteins. PM27

and a similar, closely-linked protein are also basic, as are SM29 and three linked

relatives. It is curious that nine of the 16 putative matrix proteins are basic, and

do not possess the typical bulk amino acid composition. The SM30 proteins,

which are acidic, glycosylated and the most abundant proteins in the spicule, are

encoded by six tandemly linked genes. Only four of these genes are expressed in

PMCs of the embryo, the others being expressed in adult mineralized tissues.

The last known member of the spicule matrix protein family is SpC-lectin, which

is expressed only in PMCs and has a structure similar to that of other known

matrix proteins [91]. It is important to note that the assignment of these proteins

to the occluded, integral matrix protein group is provisional. Using specific anti-

bodies, only the SM30, SM50 and PM27 proteins have been shown directly to be

occluded in the mineral; antibodies have not yet been developed for the other

proteins.

As the bulk amino acid composition is acidic and most of the proteins are

known to be glycosylated, it is evident that many of the occluded spicule matrix

proteins remain to be identified and characterized. The extent of glycosylation is

known from mobility shifts on 1-D gels of protein samples that have been treated

with endoglycosidases [120]. SM50 and PM27 have been shown, using immuno-

cytochemistry, to reside on the surface of the spicule in vivo, as well as being oc-

cluded. Traces of SM30 are also found on the spicule surface, but most of this

Table 11.1 Integral spicule matrix proteins.

Gene name Protein characteristics Reference

SM50 Basic, non-glycosylated 123

SM32 Alternate splice form of SM50 91

SM37 Similar to and linked to SM50 122

SM29 Similar to SM50 91

SPU_005989,91,92 Three genes linked to and probably related to SM29 37

PM27 Similar structure to SM50/29 36

SPU_027906 Linked to PM 27 37

SM30-A, B, C, E Acidic, glycosylated and abundant in spicule 37

SM30-D, F Expressed primarily in adult 37

SpC-lectin acidic 91
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protein is embedded in the interior of the spicule [80]. When the soluble proteins

are analyzed on SDS-containing acrylamide gels without prior reduction of the

sulfhydryl groups, many of the individual proteins migrate together, indicating

that disulfide bond bridges probably link some of the many proteins present

[124]. It is possible many of the occluded matrix proteins are assembled, in situ,
in multi-component assemblages.

The developing embryo presents the opportunity to examine the time course

of expression of the mRNAs encoding different spicule matrix proteins, and also

to examine the time course of secretion of the proteins into the spicule. Only a

few genes have been examined in this way, and the time course of accumulation

of the mRNA and protein of SM50 and PM27 and are very different from those of

SM30. SM50 [125] and PM27 [36] mRNAs accumulate very rapidly about the

time that the PMCs ingress, and increase to a high level for the remainder of

embryogenesis (about 100 mRNA molecules per cell for SM50; 16 per cell for

PM27). On the other hand, SM30 mRNA accumulation can only be detected after

spicule secretion begins, about the time of mid-gastrulation in S. purpuratus, and
it then rises to about 400 copies per cell and remains high [126]. The PMCs

expressing at high levels change during the course of spicule formation. SM50
expression is highest in the PMCs at the growing spicule tips, while SM30 has

similar expression levels in all the PMCs except those depositing the ventral

transverse rods, where its expression is extremely low. Whole-mount in-situ hy-

bridization and Northern blotting studies of SM29, SM32, SM37, and SpC-lectin
all show patterns of mRNA expression similar to that of SM50, and at early stages

of skeletogenesis higher expression in the ventrolateral clusters than in the grow-

ing body rods [37].

11.3.5

Mineral–Matrix Relationships

A key question in the study of biological composites of mineral and protein is the

function of the organic components, both as individuals and as components of an

assemblage. Sometimes, the morphological arrangements of matrix and mineral

can be partially visualized, as in the case of proteins surrounding the aragonite

tablets found in nacre of mollusk shells [127]. Such arrangements can at least

suggest different functions. Sea urchin larval spicules and adult spines have

both been the subject of investigation of the relationships between matrix pro-

teins and minerals.

Earlier light and electron microscopy investigations [106, 128, 129] showed

clearly that if demineralization of the spicule was carried out in the presence of

fixative, a complex, fibrous network congruent with the outlines of the original

spicule could be demonstrated. There was no periodicity or other remarkable fea-

tures, except that in some cases the network seemed to consist of concentric, re-

ticular laminae. Protein staining could be observed in the interior of etched, clean

spicules [80], and also on polyvinylidene fluoride (PVDF) membranes on which

clean spicules had been deposited and then demineralized [130]. SM30, SM50,

and PM 27 were all shown to be present as components of this reticulum, and
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monoclonal antibodies against specific epitopes indicated that SM30 and SM50

might have different localizations within the fixed matrix of the pluteus spicule

[130]. In all of these instances the mineral was dissolved during preparation for

microscopy. Lennarz and colleagues [131] and Ameye et al. [132] devised an im-

munochemical method, using gold-tagged secondary antibodies, to localize pro-

teins in the smooth endoplasmic reticulum while preserving the mineral, and

showed SM30 to be present on cleaved surfaces of the spicule. Seto et al. [119]

refined the method by using affinity-purified antibodies and carbon coating, and

were able clearly to demonstrate the labeling of both SM30 and SM50 throughout

fracture faces and on etched surfaces. These authors concluded that both of these

proteins must be tethered to the remaining mineral and widely distributed in the

composite material.

Another promising approach has been employed by Berman et al. [133, 134],

using high-resolution X-ray diffraction, conventional microscopy, and fluores-

cently tagged proteins. This group showed that some matrix proteins (extracted

from the adult test) bound to specific faces [110] of calcite crystals grown in vitro,
and that if overgrowth continued the protein became occluded in the crystal. Oc-

clusion of the proteins changed the cleavage of such crystals to conchoidal. The

same group went on to study the size of perfect crystal domains (150 nm for the

spine) and the degree of misalignment of such domains (many times greater

than pure calcite) in sea urchin spines.

Based on these and other measurements, it is reasonable to assume that in the

case of the spine – and perhaps also the spicules and test – proteins of the matrix

Fig. 11.5 Diagram of the relationship

between the primary mesenchyme cells

(PMCs) and spicules of sea urchin larva.

Fused PMCs are enrobed by cytoplasmic

cords that connect with cell bodies. The

cross-section shows detail of the PMC

overlying the spicule, which contains both

mineral and occluded matrix proteins, such

as SM50, SM30, and PM 27. The space

between the PMC cell membrane and spicule

has been greatly exaggerated for graphic

clarity. (Diagram reproduced with permission

from Ref. [80]; 8 Elsevier Publishing.)
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form a woven mesh. In the case of the spicules, the mesh forms concentric layers

that are separated by 100 nm or more, with interconnecting fibrils, and the aver-

age open space in this fabric is on the order of 100 to 400 nm. Perfect calcite mi-

crocrystallites, all crystallographically well aligned, fill the irregular spaces defined

by this protein fabric. A diagrammatic representation of the proposed relation-

ships of PMCs, mineral and matrix is shown in Figure 11.5.

11.3.6

Functions of Matrix Proteins

The problem of determining the function of matrix proteins is especially difficult

for those proteins that are actually embedded in the crystalline phase, mainly due

to the difficulty of characterizing possible consequences of mutations or knock-

outs. Clearly, the presence of occluded proteins changes the material properties

of spicules, and of adult mineralized tissues such as the spines and test, as these

materials are harder, more flexible, and fracture differently than pure calcite [135].

The sea urchin spicule, in particular, offers a route to understanding aspects of

matrix protein function because different proteins can potentially be reduced or

eliminated by the use of molecular biological techniques. This undertaking has

just begun. The expression of SM50 during embryogenesis was temporarily re-

duced by about 80% by Peled-Kamar et al., using an anti-sense phosphothiorate

DNA [136]. This treatment transiently inhibited elongation of the developing spi-

cule, but was not unduly toxic. Surprisingly, the initial calcite granule was depos-

ited, even though elongation was prevented, which suggested that deposition of

the initial granule is regulated differently from extension of the skeletal ray. The

selective suppression of individual proteins can be reduced to lower levels, and

more sustainably, by the use of morpholino antisense oligonucleotides, which

have been successfully employed for the study of many different genes in echino-

derms and vertebrates. This approach should allow glimpses into the role of

given proteins in construction of the spicule, as well as the material properties

of any spicules that develop. This approach is currently being employed for the

SM30 proteins, and the preliminary indications are that SM30 – in contrast to

SM50 – is not essential for spicule formation but probably plays a role in the de-

velopment of the material properties of the mature composite material.

11.3.7

Adult Mineralized Structures

There is a considerable history of the mineralogy of the skeletal structures of

adult echinoderms [7]. These mineralized structures are also endoskeletal as

they are covered – at least during their early development – by a layer of epithe-

lium. Both the spines and the test of echinoids, whilst behaving in polarized light

as single calcite crystals, have occluded matrix proteins and altered material prop-

erties. At this point, mention will be made of only a few of the more recent re-

search forays. As described above, SM50 is present in spines, test [137], spicules
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found in tube feet, and teeth [138], whereas SM30 is present in these same tis-

sues except the test, where the SM30 mRNA is missing [139]. Based on that cor-

relation, it was suggested that SM30 might be associated with primary growth in

the a axis, rather than the c axis found in spines and spicules. Both the ventrolat-

eral spicule rod (of S. purpuratus and Lytechinus variegatus) and test (of Hemicen-
trotus pulcherrimus) have their primary direction of growth in the a axis. This hy-

pothesis has not yet been put to the experimental test, although potentially it

could be. Furthermore, not all species have their test plate growth in the a axis

[7], and so the examination of other species might be useful.

RNA from spines has recently been examined using polymerase chain reaction

(PCR) technology [37], and it is interesting that some – but not all – of the SM30
family of genes are expressed there. An SM30 protein isoform in the spine was

found to be distinctive [125]. Some SM30 family members are only expressed in

the larval spicule, some in both the larval spicule and spine of the adult, and one

of them only in the spine and not in the embryo.

Ameye et al. [140, 141] used a number of modern fixation protocols to study

the test, tooth and the primordium of the pedicellaria of Paracentrotus lividus.
High-pressure freezing followed by freeze-substitution gave good structural pres-

ervation, together with a retention of antigenicity. Polyclonal antibodies prepared

against SM30 and SM50 (from S. purpuratus) were employed and displayed spe-

cific cross-reactivity; epitopes of both proteins were localized solely in skeleton-

forming cells and organic matrix of all three mineralized tissues. The finding of

SM30 in the test directly contradicts the suggestion of Kitajima et al. [139], al-

though the report of the latter group was based on analysis of RNA by Northern

blotting, whereas the results of Ameye et al. are derived from the use of cross-

reacting antibodies and immunoelectron microscopy. Urry et al. [80] also found

very low levels of SM30 in the ventral transverse rods of the larval skeleton, while

Kitajima did not detect SM30 there, and Guss and Ettensohn [30], using whole-

mount in-situ hybridization, did not see SM30 mRNA expressed in the PMCs of

the ventral transverse rod. Different levels of sensitivity using completely differ-

ent analytical methods are not unexpected. It is very likely that at least low levels

of SM30 are present in the test and ventral transverse rod of the larval skeleton.

Politi et al. [117] have recently investigated the regeneration of spines of P.
lividus, and have shown that the mineral of regenerating spines is first an amor-

phous calcium carbonate, which then slowly transforms to calcite. These authors

described an initial deposition of hydrated amorphous calcium carbonate, which

then probably passes through a dehydrated amorphous state, and finally forms

calcite. This transition of ACC to calcite is very reminiscent of the findings of Be-

niash et al. for the larval spicules (although they did not find a hydrated interme-

diate), and suggests that the use of ACC as a precursor to the crystal may be

widespread.

The adult sea urchin possesses other mineralized tissues. For example, the

tube feet possess an osculum at the tip, and also contain small spicules in the

mesenchymal tissue along the length of the tube foot. These mineralized tissues

contain SM50 and SM30 [126].
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Veis and colleagues [142] have investigated the mineral and matrix proteins

of the adult tooth apparatus, an elaborate mineralized structure specialized for

scraping and feeding. The teeth continuously lengthen to compensate for the

loss caused by scraping at the distal end of the tooth. The density of mineral and

Mg content of the calcite has been mapped using X-ray computer-assisted tomo-

graphic techniques, and there are considerable differences in different locations.

Not surprisingly, mineral density increases as one proceeds in the distal (adoral)

direction. Proteins have been extracted and characterized from the highly miner-

alized portion of the tooth [138, 142]. There are a large number of proteins that

can be demonstrated using HPLC or gel electrophoresis. Phosphoserine is pre-

sent, and the glutamate content is higher than that of the aspartic acid; matrix

proteins of Aristotle’s lantern have higher levels of aspartate than glutamate.

Antibodies against several adult mammalian tooth proteins, including dentin ma-

trix protein 1, sialoprotein and phosphophoryn, have been detected in the sea ur-

chin tooth extracts. The significance of these observations is unclear, as analysis

of the S. purpuratus genome does not reveal any obvious homologues of these ver-

tebrate proteins in the sea urchin [37]. The possibility remains that antigenically

similar proteins are present in sea urchins that have diverged greatly at the pri-

mary sequence level. The Veis group has also detected cross-reactions of tooth ex-

tracts with the spicule proteins SM50 and SM30 [142], as have Ameye et al. [140].

The availability of the genome of S. purpuratus should facilitate comparisons of

integral matrix proteins of adult tissues with those of the embryo using PCR

and related tools. Despite the results of the antibody cross-reactions being tanta-

lizing, there is insufficient data available to draw any conclusions about the simi-

larity of matrix proteins in these different mineralizing tissues.

11.3.8

Function of Non-Matrix Proteins

Although a common assumption is that it is the collection of proteins found

occluded in the calcite that is important for nucleation and regulation of crystal

growth, this need not be the case. In fact, the nucleating surface might only be

closely associated with the surface of the crystal face; enzymes might affect crystal

formation by affecting conversion of ACC to calcite or aragonite; and hydrophobic

membranes could constrain the spaces in which calcium carbonate deposition

and crystallization takes place, as shown in model systems by Meldrun [143].

Thus, perhaps it is not surprising that several non-matrix proteins profoundly

affect spicule formation. Among the most puzzling of these is collagen, which is

secreted by PMCs and possibly the blastula epithelial wall, and is present in the

extracellular matrix of the blastocoel. Interference with collagen synthesis or

crosslinking has long been known to inhibit skeleton formation [144, 145]. The

PMCs secrete various forms of fibrillar and non-fibrillar collagens [146], but tran-

scripts encoding non-fibrillar collagens are the most abundant during gastrula-

tion (see Ref. [37] and references therein). There is evidence that collagen, when

produced by the PMCs, acts as an essential cellular substrate that supports
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biomineralization, although the mechanism is unknown [146, 147]. Interference

with metalloprotease activity [110] or procollagenase [148] also inhibits skeleto-

genesis. Less surprising is the fact that the inhibition of glycosylation [149] inhib-

its spicule formation, which suggests that the carbohydrate moieties of spicule

proteins have essential functions.

Another important protein which is not a member of the spicule matrix protein

family is P16. This is a novel, small (172-aa) transmembrane protein [91] that

is expressed exclusively by PMCs. Morpholino knockdown studies have shown

that P16 plays an essential role in spicule elongation and acts at a late step in

this process – that is, downstream of PMC specification, migration, and fusion

[70]. Morpholino knockdown of P16 inhibits, but does not completely suppress,

spicule formation. A recent analysis of the S. purpuratus genome has identified a

second gene, closely linked to P16 and encoding a very similar protein, that is

also expressed specifically by PMCs [37]. This gene may have partially overlap-

ping functions. It is unknown whether P16 functions in association with the

PMC plasma membrane or whether it might be cleaved and incorporated into

the spicule matrix.

Carbonic anhydrases (CAs) – which are zinc-containing enzymes found

ubiquitously in nature – catalyze the reversible hydration of carbon dioxide

(CO2 þH2O $ HCO3
� þHþ) [150]. CAs have been implicated in biomineraliza-

tion in several systems, and have usually been suggested to play a negative role;

that is, to suppress mineral formation [151, 152] or to facilitate its resorption

(e.g., by osteoclasts) [153]. In the sea urchin, biochemical studies have demon-

strated an increase in CA activity during embryogenesis, beginning at the mesen-

chyme blastula stage, and inhibitors of CA have been shown to block spicule for-

mation in vivo [154, 155]. Enzyme activity has been detected in the organic matrix

of the adult test, suggesting that the protein may be secreted and occluded within

the matrix [156]. There are at least 19 genes in the S. purpuratus genome that en-

code CAs, but to date only one has been identified that is expressed at high levels

specifically by PMCs during embryogenesis [37]. This gene is also expressed in

biomineralized tissues of the adult. The amino acid sequence of the PMC-specific

CA includes a predicted N-terminal signal sequence and a C-terminal GPI an-

chor, indicating that this protein is an extracellular CA. The active site is highly

conserved, strongly suggesting that the protein is catalytically active.

11.4

Generalizations about Biomineralization of Calcium Carbonates

At this point we should consider whether any generalizations can be made from

our consideration of sea urchin skeleton formation, and usefully applied to other

instances of biomineralization. This type of question can be considered within an

evolutionary context: how did the various molecules and mechanisms found in an

organism arise over evolutionary time? It can also be considered in a more mech-

anistic framework: are similar mechanisms employed to form a biomineral?
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Unfortunately, it is mostly premature to pursue these comparisons very deeply.

As discussed in Section 11.2.2.2, several of the genes for transcription factors that

are involved in specification of tissues carrying out biomineralization are similar

in sea urchins and vertebrates. This type of similarity is at the level of body plan.

When we examine genome databases and compare the genes encoding proteins

found in the occluded matrix, or closely associated with the biomineralization

process, there is little – if any – similarity between vertebrates and sea urchins,

at least at the level of the primary amino acid sequence [37]. For example, many

of the vertebrate extracellular proteins associated with biomineralized tissues are

members of a family of secreted calcium-binding phosphoproteins (SCPPs) that

expanded through gene duplication after the echinoderm-chordate divergence

[37, 157]. Conversely, the spicule matrix genes appear to be echinoderm-specific,

and have also probably expanded relatively recently in evolutionary terms. The

formation of calcium phosphate biominerals in vertebrates, and of calcium carbo-

nates in sea urchins, therefore seems to be carried out by different molecules.

A comparison of proteins found in molluskan shells, in calcareous sponge spi-

cules, and in adult urochordate spicules has not revealed any apparent similarity

with sea urchin matrix proteins [10]. Of course, negatively charged, acidic pro-

teins (often glycosylated) abound in all these instances, and may be regarded as

a very general biochemical strategy for biomineralization of calcium carbonates.

Indeed, there are likely to be important structural similarities in the proteins

that mediate biomineralization in different organisms that cannot be identified

or studied at the level of primary amino acid sequence. No striking relationships

for proteins that could serve as nucleators or regulators of crystal habit and

growth are yet known [10]. One of the problems here is that relatively few pro-

teins have been isolated and characterized in detail, even in the well-studied mol-

luskan shell. We have almost no functional information on the role of any of

these proteins, though it is likely proteins exist that govern the choice between

aragonite and calcite [158], and preside over the microstructure of the arrange-

ments of layers of non-occluded matrix and mineral, such as the bricks and mor-

tar arrangement found in the mollusk nacre [159]. Further functional studies,

more detailed structural analyses, and combined structure–function studies will

ultimately be necessary to resolve many of these issues. In addition, the sequenc-

ing of the genomes of other invertebrate deuterostomes, including other echino-

derms, will surely be informative.

On the other hand, we can speculate that some strategic principles with regard

to the processes of biomineral construction might exist. First, mineral deposition

of the spicule – and possibly also of many other instances such as tooth enamel –

takes place in very small, constrained spaces that are lined with hydrophobic sur-

faces. The importance of these spatial constraints in determining the shape of dif-

ferent skeletal elements may be profound. Second, the new discoveries of the key

role of an ACC precursor to the calcite of the spicule and spine, and its likely role

in molluskan shell mineralization, has underlined the possible general impor-

tance of using ACC as precursor material [160]. It is hoped that further investiga-

tions into the role of ACC in different examples will illuminate whether this is

really a general process, or not.
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12

Regulation of Coccolith Calcification

in Pleurochrysis carterae

Mary E. Marsh

Abstract

Coccolithophores are marine phytoplankton that impact the pCO2 of ocean and

atmosphere by consumption of CO2 through photosynthesis and generation of

CO2 through CaCO3 formation. Coccolithophores exhibit both calcifying and

non-calcifying phases (morphotypes), and transitions between phases can be trig-

gered by such environmental variables as nutrient composition. Concomitantly

global transitions of coccolithophore populations between non-calcifying and cal-

cifying morphotypes may cause variation in environmental pCO2. Hence a major

goal of phytoplankton research is to understand the molecular basis of CaCO3

production within coccolithophore populations and how it is impacted by envi-

ronmental dynamics. This chapter summarizes the currently understood stages

of CaCO3 formation and crystal growth in Pleurochrysis carterae emphasizing the

roles of acidic polysaccharides and illustrating how deletions of these molecules –

naturally or induced through mutagenesis – produce viable populations with non-

calcifying or poorly calcifying morphotypes.

Key words: coccolithophore, coccolith, calcium carbonate, carbon cycle, calcifica-

tion, biomineralization, calcite, polyanions, polysaccharides, Pleurochrysis carterae.

12.1

Introduction

It is difficult to overemphasize the global significance of coccolithophore biomi-

neralization. The appearance of calcareous nanoplankton during the late Triassic

marked the onset of calcium carbonate sedimentation in the deep ocean. Today,

the massive chalk and limestone deposits formed from the calcitic skeletons of

coccolithophores and foraminifera are a dramatic testament to their continuing

impact on the structure and composition of the lithosphere [1]. The coccolitho-

phores as CaCO3-secreting phytoplankton also impact ocean chemistry, atmo-

211

Handbook of Biomineralization. Edited by E. Bäuerlein
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spheric composition, and the global carbon cycle via consumption of CO2 during

photosynthesis and generation of CO2 during calcification [2].

CO2 þH2O $ CH2Oþ O2 ð1Þ

Ca2þ þ 2HCO3
� $ CaCO3 þ CO2 þH2O ð2Þ

A recent study has shown that pelagic CaCO3 formation by calcareous nano-

plankton may have stabilized the present-day carbon cycle, bringing to an end

the cycle of protracted global ice ages that occurred during the Neoproterozoic,

before the evolution of calcifying plankton [3]. The coccolithophores may also be

impacting the limited glacial cycles of the Quaternary period. In today’s oceans,

coccolithophores are the major producers of pelagic CaCO3 and CO2. Coccolith

CaCO3 (calcite) forms within the organisms’ Golgi apparatus in a manner that may

be regulated by environmental factors as well as cellular and genetic elements.

Although there are numerous extant coccolithophore species, biomineraliza-

tion studies have necessarily been limited to those that are easily maintained in

laboratory culture – the coastal Pleurochrysis carterae, the cosmopolitan Emiliania
huxleyi and, to a lesser extent, the subpolar Coccolithus pelagicus (Fig. 12.1). Emi-
liania appeared in the fossil record 268 kyr ago, became dominant about 73 kyr

ago [4], and is the most abundant species today [5]. The heavily calcified Coccoli-
thus evolved at low latitudes in the early Cenozoic and later migrated to subpolar

waters where it is located today [6]. The evolutionary history of Pleurochrysis is un-
certain, as it has not been observed in the fossil record; as its crystals are quite

small they may not withstand sedimentation and lithification processes [7]. Al-

though Pleurochrysis crystals are insignificant compared to those of the heavy cal-

cifiers, Pleurochrysis is the most forgiving coccolithophore to work with because

its phenotype is very stable in culture, and it thrives despite rather drastic labora-

tory manipulations. Here, the formation of Pleurochrysis coccoliths is described;

coccolith formation in Emiliania is described in Chapter 13.

Fig. 12.1 Scanning electron micrographs of coccolithophores. (a)

Pleurochrysis carterae (reproduced from Ref. [13]). The mineralized

coccolith rims (arrowhead) are indicated. (b) Emiliania huxleyi. (c)

Coccolithus pelagicus (image by S. Nishida). Scale bar ¼ 1.0 mm.
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12.2

Pleurochrysis Coccolith Structure

Pleurochrysis coccoliths are composed of an oval organic base plate with a distal

rim of interlocking calcite crystals (Figs. 12.2 and 12.3). Crystals of two distinct

forms – R units and V units – alternate about the rim; their crystallographic c

axes are aligned parallel and radial (R units) or inclined about 63� (V units) to the

coccolith plane [8]. The interlocking V and R units form two parallel discs, the

distal and proximal shield elements, which are linked by subvertical structures

known as tube elements [9]. The alternating V/R alignment appeared in the earliest

coccolithophores, and has been conserved throughout their 230 million-year his-

tory, while the size and shape of the coccolith crystals continue to evolve [10]. The

Fig. 12.2 Transmission electron micrographs

of Pleurochrysis coccoliths. (a) Mature

coccolith inclined about 30� to the plane of

the page. (b) Thin section of mature

coccolith seen in cross-section just prior to

secretion into the coccosphere. The V and R

crystal units are located on the rim of the

base plate (B). (c) Similar to (b), except the

coccolith is demineralized to show the

organic coat surrounding the mature crystals.

(d) Section showing coccolith vesicle before

mineralization (1) with base plate and

coccolithosomes (dense particles), during

mineralization (2) with vesicle membrane

tightly apposed to the crystal surface, and

after mineralization ceases (3) with the

crystals displaced form the membrane and

surrounded by an organic coat. Coccoliths

and unmineralized scales (s) are apparent in

the coccosphere. Because the actual crystals

were lost during staining they appear white in

this section. The distal shield (d), proximal

shield (p), inner tube (i), and outer tube (o)

elements of the mineral ring are indicated.

Scale bar ¼ 0.1 mm. (Reproduced from Refs.

[8] and [24]).
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Pleurochrysis cell is surrounded by a coccosphere consisting of a single layer of

coccoliths and several underlying layers of unmineralized scales.

12.3

Pleurochrysis Coccolith Formation

CaCO3 formation in coccolithophores is regulated by processes that control ion

accumulation, calcite nucleation, crystal growth, and growth termination. Ion ac-
cumulation refers to processes which generate and maintain a medium that is

supersaturated with respect to CaCO3 at mineralizing foci throughout calcite nu-

Fig. 12.3 Schematic diagram showing

the stages of Pleurochrysis coccolith

mineralization on the base plate rim, as

viewed from the interior of the coccolith.

Polysaccharide particles (coccolithosomes)

are replaced by a ring of protocrystals. In

wild-type cells the protocrystals develop

into mature interlocking V and R units. The

protocrystals become the waists of the

mature crystals. For simplicity, the crystal

tube and shield elements are depicted as

thin plates. The proximal and distal shield

elements form the double disk. An electron

micrograph of the corresponding mature and

protococcolith rings is shown, along with the

structure of PS2, the major component of the

coccolithosomes.

214 12 Regulation of Coccolith Calcification in Pleurochrysis carterae



cleation and crystal growth; it includes temporally and spatially controlled mech-

anisms for amassing calcium and bicarbonate ions and removing hydrogen ions.

Nucleation refers to all processes and factors other than ion accumulation that de-

termine the rate and site of calcite nucleation and the crystallographic orientation

of the initial mineral phase. Growth includes all processes subsequent to nuclea-

tion that regulate crystal growth and morphology. The following four sections

summarize currently understood features of Pleurochrysis coccolith biomineraliza-

tion. Interestingly, some features are apparently restricted to the Pleurochrysida-

ceae, while others have been observed in all coccolithophores examined.

12.3.1

Ion Accumulation

Coccolith precursors – base plates and acidic polysaccharides – are synthesized in

medial to trans Golgi cisternae and then transferred to the coccolith vesicle in the

trans Golgi network for fabrication of calcitic rims (Fig. 12.2d). Before the onset of

mineral deposition, two polysaccharides, PS1 and PS2, form 20-nm particles with

calcium ions and attach to the base plate rim (Figs. 12.3 and 12.4a) [11–13].

The polysaccharide particles known as coccolithosomes [11] effectively buffer the

calcium ion concentration in the coccolith vesicle by providing a large reservoir

of loosely bound calcium [12, 13]. PS1 is a polyuronide with a glucuronic/

galacturonic acid ratio of 1:3, and contains small amounts of uncharged glycosyl

Fig. 12.4 (a, b) Grazing sections showing

successive early stages of Pleurochrysis

coccolith rim mineralization. (a) Base plate

with dense calcium/polysaccharide particles

(coccolithosomes) associated with the rim

(arrowhead). (b) Base plate with a ring of

small rectangular crystals among the

polysaccharide particles on the rim

(arrowhead). Unstained section. Inset: Cross-

section showing a small crystal (white arrow)

above the base plate apparently attached to

the coccolith ribbon (arrowhead). (c) Isolated

protococcolith showing the complete ring of

protocrystals. Scale bars ¼ 0.1 mm.

(Reproduced from Ref. [8]).
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residues (Table 12.1). PS2 is the more abundant polysaccharide and has an un-

usual structure, a repeating sequence consisting of d-glucuronic, meso-tartaric,
and glyoxylic acid residues (Fig. 12.3) [14]. With a net ionic charge of �4 per re-

peating unit, PS2 has the highest calcium-binding capacity of any known

mineral-associated polyanion. Chemically induced mutants and spontaneously

occurring variants of Pleurochrysis, which do not express PS2, have a CaCO3 con-

tent less than 5% of that in wild-type cells [15] (Fig. 12.5a). Cells lacking PS2 are

probably incapable of maintaining a concentration of calcium ions high enough

to sustain calcite nucleation and growth. A vacuolar ATPase has been localized in

the coccolith vesicle that may function in the removal of Hþ generated during

CaCO3 deposition [16, 17].

Although all ultrastructurally examined coccolithophores form base plates in

the Golgi that are subsequently mineralized in the coccolith vesicle, only the

Pleurochrysidaceae produce calcium-rich organic particles that adhere to the

base plate rim before calcite nucleation. Additionally the polysaccharide compo-

nents of the particles – PS1 and PS2 – have not been detected in the Isochrysi-

dales Emiliania huxleyi and Gephyrocapsa oceanica, or in the oceanic Coccolithales

Cruciplacolithus neohelis (M.E. Marsh, unpublished results), but occur in all Pleu-
rochrysis species/strains examined so far [14, 18–20]. Apparently, other groups

have alternant mechanisms for regulating calcium ion concentrations in the coc-

colith vesicle.

It appears that the process of polyanion-mediated biomineralization has arisen

independently in unrelated organisms several times, but does not occur in all

members of a related group, or even in all mineralizing tissues of the same or-

ganism. Very acidic phosphoproteins and polysaccharides are chemically similar,

as both are high-capacity, low-affinity calcium-binding polyanions. Dentin phos-

phoprotein (DSP) is the major non-collagenous protein in vertebrate dentin, and

more than 75% of the DSP amino acid residues are the negatively charged as-

partic acid and phosphoserine [21]. In the absence of DSP (gene knockout), verte-

Table 12.1 Composition of Pleurochrysis polysaccharides expressed as molar ratios.

Residue PS1 PS2 PS3

Glucuronic acid 0.30 1.04 0.16

Galacturonic acid 1.00 0.10 1.00

Galactose 0.050 – –

Rhamnose 0.035 – –

Arabinose 0.10 – –

Tartaric acid – 1.00 –

Glyoxylic acid – 1.01 –

Mannose – – 0.53

Xylose – – 0.09

SO4 trace – 0.27
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brate tooth dentin is poorly mineralized, whereas neither DSP nor significant

levels of other highly acidic polyanions are required for normal mineralization of

bone in the same organism [22]. A similar aspartic acid- and phosphoserine-rich

phosphoprotein is associated with mineralization in some bivalve shells [23].

Thus, polyanion-mediated mineralization is a feature of: (i) coccolith formation

in the Pleurochrysidaceae but not other coccolithophore groups; (ii) vertebrate

dentin but not vertebrate bone; and (iii) bivalve shells in some species but not

others. Mutagenic studies have demonstrated that the polyanion pathway is es-

sential for normal mineralization in the tissues and organisms in which it occurs,

but the interesting question is: what replaces the polyanion-mediated pathway in

other mineralizing organisms/tissues?

12.3.2

Calcite Nucleation

Prior to mineralization in Pleurochrysis, clusters of coccolithosomes and a narrow

band of organic material known as the coccolith ribbon appear on the distal rim of

Fig. 12.5 Thin sections through the Golgi

(Go) region showing coccolith formation in

Pleurochrysis mutants. (a) A ps2� cell that

does not synthesize PS2. No crystals are

formed on the coccolith rims, and the

unmineralized base plates are secreted into

the coccosphere (arrowheads). Without PS2

the coccolithosomes do not have a discrete

particulate structure and appear as an

amorphous mass (double arrow). (b) A ps3�

cell (lower panel) that does not synthesize

PS3. Mineralization ceases after formation of

the protocrystals. They acquire an organic

coat (consisting only of PS1 and PS2), after

which the protococcoliths are secreted into

the coccosphere (upper panel). Crystals

(which are lost during tissue preparation)

are represented by white holes with the

characteristic contours of protocrystals.

The coccolithosomes (arrow) have their

characteristic particulate structure. (Repro-

duced from Refs. [15] and [24]). Scale bar ¼
0.2 mm.
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the base plate (Fig. 12.4) [8]. Subsequently, small crystals form within the coccoli-

thosome clusters and in contact with the coccolith ribbon. A complete closed ring

of small crystallites (the protococcolith ring) develops about the rim with the crys-

tallites having alternately radial (R) and vertical (V) orientation (Fig. 12.3). Pleuro-
chrysis mutants and variants that do not express PS2 – which is the major cocco-

lithosome component – produce few crystals (Fig. 12.5a), indicating that PS2 is

important for efficient crystal nucleation. Nucleation may be inhibited in cells

lacking PS2 simply because the calcium carbonate ion product in the coccolith

vesicle is too low (see above), and not because of any structural modification to

the nucleation site occasioned by the absence of PS2; that is, the coccolithosomes

may be localized on the coccolith rim in wild-type Pleurochrysis cells only to in-

sure a sufficiently high calcium ion concentration during calcite nucleation. The

fact that other coccolithophore groups nucleate calcite without expressing PS2 –

or any analogous polyanion – supports this view.

In Pleurochrysis, the coccolith ribbon tethers the initial crystallites to the base

plate and is the probable site of calcite nucleation (Fig. 12.4b, inset). Although a

coccolith ribbon has not been directly observed in other genera, Young et al. [10]

have proposed a model for alternate V and R unit nucleation based on a folded

ribbon-like structure that is applicable to double disc-shaped coccoliths in general.

Multiple folds normal to the coccolith rim [10], or a single fold parallel to the rim

[8], would produce nucleation sites with similar structures but different orienta-

tions on either side of the fold. This arrangement permits the nucleation of crys-

tals in two different orientations from the same crystallographic face – the face

most compatible with the nucleation site. As the Pleurochrysis crystals are bound

to the coccolith ribbon on (1014) faces, the ribbon is the most likely nucleation

site, but the possibility that the crystallites are nucleated elsewhere and subse-

quently bound to the ribbon cannot be ruled out [8].

12.3.3

Crystal Growth

Through synchronous growth of the protocrystals, the base plate acquires a

double disk-shaped calcitic rim, and the individual crystallites acquire anvil-like

shapes (Figs. 12.2 and 12.3) [8, 11]. The growth process requires a sulfated galac-

turonomannan PS3 (Table 12.1), which is localized at the interface between the

growing crystals and the membrane of the mineralizing vesicle [24]. In chemi-

cally induced mutants that do not express PS3, mineralization ceases after forma-

tion of the protococcolith ring (Fig. 12.5b). PS3-like sulfated galacturonomannans

may be elements of the crystal growth/shaping pathway in coccolithophores gen-

erally, as similar polysaccharides have been characterized in Emiliania [25] and

Gephyrocapsa and Cruciplacolithus (M.E. Marsh, unpublished results). The detailed

role of PS3 in crystal growth and shaping is still poorly understood, but the

polyanion – which is sandwiched between the vesicle membrane and the crystal
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surface – is probably involved in deformation of the coccolith vesicle membrane.

This occurs either directly by contributing to a pushing force at the lumenal sur-

face or possibly indirectly by sending a signal to the outside that a pulling force

should be established on the cytoplasmic surface. As the coccolith vesicle becomes

deformed, calcite grows in the direction of the deformation. It is clearly the defor-

mation of the coccolith vesicle by cellular mechanisms, rather than the natural

growth of calcite, which is predominantly responsible for the shape of the mature

coccolith crystals, as: (i) the vesicle membrane is tightly opposed to the crystal

surface throughout its growth; and (ii) the coccolith crystals have complex sculp-

tured contours not observed in calcite grown in vitro, even in presence of biopoly-

mers such as PS3.

12.3.4

Growth Termination

The termination of mineralization coincides with a pronounced swelling of the

coccolith vesicle. The huge influx of fluid probably quenches mineral deposition

by rapidly lowering the calcium carbonate ion product. The vesicle membrane is

displaced from the mineral, leaving PS3 on the crystal surface where it becomes a

component of the crystal coats (Figs. 12.2 and 12.5b). At the same time, the coc-

colithosomes disintegrate releasing PS1 and PS2, which also become bound to

the crystal surface. Although PS1, PS2, and PS3 are all finally localized in the

crystal coats of mature coccoliths, they had different origins and served different

functions: PS1 and PS2 were derived from a reorganization of the 20-nm cocco-

lithosomes which had a calcium-buffering role, and PS3 was derived from the

crystal-membrane interface where it had a growth-directing function. The cocco-

liths retain their polyanion crystal coats after extrusion into the coccosphere.

12.4

Identifying Other Regulatory Elements in Coccolith Mineralization

The characterization of Pleurochrysis mineral-associated polyanions and the estab-

lishment of their role in ion accumulation/nucleation (PS1 and PS2) and crystal

growth/shaping (PS3) has been a straightforward process. It required isolation of

the polyanions, determination of their composition, preparation of antibodies to

immunolocalize the polyanions throughout the crystal growth process, and then

finally isolation of poorly mineralizing mutants, identification of those not ex-

pressing the polyanion of interest and correlation of their phenotype with the

missing molecule. Although this approach has worked beautifully for the very ob-

vious, very abundant, and very accessible polyanions on the crystal surfaces in the

coccosphere, identifying other regulatory elements and determining their func-

tion will be more difficult.
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For example, many chemically induced mutants with mineralizing defects

have been established in the author’s laboratory, but the molecular bases of their

defects are unknown – except for those discussed above which do not syn-

thesize polyanions, and for mutants which do not synthesize the coccolith base

plate or, indeed, any scales at all. In addition, environmental factors such as

nutrients can affect the morphology of Pleurochrysis crystals. When ammonia re-

places nitrate in the culture medium, mineralization is reduced, and the coccolith

crystals acquired irregular shapes (Fig. 12.6b), but the reason for this is not clear.

In the absence of nitrate, expression of the enzyme nitrate reductase is sup-

pressed in diatoms [26] and the green alga Chlamydomonas reinhardtii [27]; how-
ever, even if nitrate reductase is similarly suppressed in Pleurochrysis, it is unclear
why this should affect the amount and morphology of mineral deposited in the

coccoliths.

Methods for the identification of genes regulating coccolith mineralization

through molecular approaches are currently under development. In Chapter 13,

the use of DNA microarrays to identify differentially expressed genes in calcifying

versus non-calcifying Emiliania morphotypes is described. In the author’s labora-

tory, transformation tools are under development for use in gene knockdown

assays, assuming that the ubiquitous RNA interference pathway also exists in

Pleurochrysis. To this end, promoters from several highly expressed Pleurochrysis
fucoxanthin chlorophyll a/c-binding protein genes are being tested for their

ability to drive expression of both the Zeocin-resistant gene she ble and double-

stranded hairpin RNAs derived from sequences in a Pleurochrysis cDNA library.

A method for stripping coccospheres from the cells has also been developed

(Fig. 12.7) to allow vector uptake through electroporation.

Fig. 12.6 Electron micrographs of coccoliths isolated from Pleurochrysis

cells culture in medium with (a) nitrate or (b) ammonia as the sole

nitrogen source.
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12.5

The Non-Mineralizing Phases of Pleurochrysis and Other Coccolithophores

Non-mineralizing coccolithophore phases are important because transitions be-

tween coccolith-bearing cells and non-mineralizing cells may have important

environmental consequences. As described above, coccolithophores contribute

CO2 to the upper ocean and atmosphere during CaCO3 deposition, but a non-

calcifying population of coccolithophores represents a net CO2 sink as it fixes

CO2 through photosynthesis only. Hence, non-mineralizing phases of Pleuro-
chrysis are described and compared with those of other coccolithophore species.

In addition to the unicellular coccolith-bearing forms described above, Pleuro-
chrysis also exhibits a non-calcifying phase organized in branched filamentous

colonies, which was originally classified in the genus Apistonema [28–30]. Both

coccolith-bearing and filamentous phases are self-perpetuating via binary fission.

There have been no definitive comparisons of DNA content by flow cytometry as

the filamentous cells – which are embedded within a cell wall-like structure of

compacted scale layers – are resistant to disaggregation. However, based on other

methods of DNA estimation, the filamentous cells are haploid with respect to the

coccolith-bearing cells [31]. Filamentous forms appear in aging stationary phase

cultures and then disappear when diluted into fresh medium. The filaments re-

lease unmineralized swarmers, which fuse and evolve into coccolith-bearing cells

[28, 32]. Nutrient limitation may favor formation and propagation of the haploid

stage, while nutrient excess apparently favors formation and propagation of the

diploid coccolith-bearing phase. However, filamentous colonies isolated 10 years

Fig. 12.7 Pleurochrysis cells were stripped of their coccospheres by

suspending in 1.0 M sorbitol five to six times, followed by sedi-

mentation. The plasma membrane (arrow) remains with the cell.

The membrane appears disrupted in electron images, but this may be a

fixation artifact. In any event, the cells recover and regenerate complete

coccospheres within 48 h.
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ago from agar plates originally streaked with coccolith-bearing cells (strain CCMP

645) have not reverted to the calcifying stage, despite propagation in nutrient re-

plete medium for 10 years (M.E. Marsh, unpublished results). Hence, unrecog-

nized coccolithophore species may exist in natural (ocean) communities in stable

filamentous stages.

Unicellular non-mineralized Pleurochrysis variants occur sporadically at low fre-

quency (about 1 per 106) in CCMP 645 cultures. An interesting variant is the

ps2� cell described above, which does not express PS2, produces few calcite crys-

tals, and has a mineral content less than 5% of the level in calcified cells (Fig.

12.5a). Calcified and ps2� cells are isoploids. Although the ps2� morphotype

arises infrequently, it reverts rapidly to the calcified form. Apparently, the cells

can exist in either phase, with the calcified form favored under standard culture

conditions (i.e., 18 �C, F/2 medium) [33]. A ps2� mutant has also been isolated

from a wild-type culture treated with a chemical mutagen [15]. Although the mor-

photypes of the mutant and natural variants are indistinguishable, the mutant –

unlike the variants – does not revert to the wild-type calcified form. There may be

an epigenetic mechanism, which switches cells between calcified and ps2� states,

with the chemically induced ps2� mutant sustaining damage in either the switch-

ing mechanism or a specific gene regulating PS2 synthesis.

Other unicellular non-mineralized forms of Pleurochrysis appear naturally and

infrequently in laboratory culture (M.E. Marsh, unpublished results). One such

variant does not form organic base plates; another variant forms base plates and

expresses all three acidic polysaccharides, but does not calcify. In the latter vari-

ant, unmineralized base plates are incorporated into the coccosphere, and the

acidic polysaccharides coalesce into large masses, eventually appearing in the

medium or trapped within the coccosphere. Both of these non-calcifying variants

revert rather rapidly to the calcified coccolith-bearing stage in laboratory culture.

Reversion rates of naturally appearing non-mineralizing variants need to be deter-

mined as a function of environmental conditions such as irradiance, temperature,

pH, salinity, and nutrient concentrations. Unidentified non-calcifying phases of

Pleurochrysis may occupy important niches in the natural phytoplankton com-

munities of the world’s oceans.

The filamentous haploid form of the Pleurochrysidaceae is unique among the

coccolithophore groups studied to date. The haploid cells which arise spontane-

ously in Emiliania cultures are non-calcifying, scale-bearing motile cells (S cells)

[5, 34] which propagate by binary fission and may also serve as gametes [35]. Dip-

loid non-motile, non-mineralized cells (N-cells) also commonly arise in Emiliania
cultures; the transition from calcified cell (C-cell) to N-cell is favored by nutrient-

rich media (for details, see Ref. [5]). In Emiliania strains held in long-term cul-

ture, the entire population frequently shifts from a C-cell to an N-cell morphotype

even in nutrient-poor media, whereas spontaneous transition of an N-cell culture

to the C-cell morphotype has not been reported [5]. Of the four identified genera

in the Isochrysidales clade (Emiliania, Gephyrocapsa, Isochrysis, and Chrysotila),
only non-calcifying morphotypes have been observed in the latter two [36, 37].

The ‘‘non-calcifying coccolithophores’’ Isochrysis and Chrysotila have either lost
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the ability to calcify, or they represent very stable non-mineralizing phases of as-

yet unidentified coccolithophore species.

Many species have two coccolith-bearing life cycle phases, with one phase ex-

pressing heterococcoliths and the other expressing holococcoliths [38–40]. Heter-

ococcolith crystals have intricate complex shapes that are species-specific and not

observed in inorganic sources of calcite. In contrast, holococcolith crystals have

the simple habits characteristic of inorganically formed calcite. In general, hetero-

coccoliths have a much higher calcite content than holococcoliths. Environmen-

tal forces that trigger heterococcolith/holococcolith phase transition in cultures or

the sea are unknown, although there is a tendency for the holococcolith form to

occur higher in the water column than the corresponding heterococcolith form

[39]. Heterococcoliths are fully formed before discharge into the coccosphere,

while the holococcolith base plates are calcified extracellularly [38, 41]. The

holococcolith-bearing phase is probably haploid [42].

12.6

Coccolith Calcification and the Ocean Carbon Cycle

Over at least the last 400 000 years of the Quaternary, the atmospheric pCO2 has

been 30% lower during glacial periods (190 matm) than during preanthropogenic

interglacial times (280 matm), which suggests that pCO2 is a driver or amplifier of

the glacial cycles, that are linked to orbital periodicity [43]. The ocean is the pri-

mary reservoir for absorbing atmospheric pCO2 changes through CO2 fixa-

tion by phytoplankton [Eq. (1)], CO2 generation during CaCO3 formation by

coccolithophores and planktonic foraminifera [Eq. (2)], ocean circulation with ex-

change of carbon between surface and deep water, and finally burial of CaCO3

and organic debris in the ocean sediments [44]. Models capable of generating

Quaternary pCO2 fluctuations are based on putative fluctuations in one or more

of these dynamics. A glacial increase in SiO2-forming diatoms relative to CaCO3-

forming coccolithophores due to an increased level of dissolved silica in the

glacial ocean would reduce pCO2 in the glacial atmosphere [45]. Similarly, if a

significant portion of the global coccolithophore population were to shift from

calcifying to non-calcifying states due to different nutrient availabilities or other

environmental factors during glacial periods, this would also reduce atmospheric

pCO2 during the glacial interval. Variation in coccolith abundance in ocean sedi-

ments is often correlated with glacial–interglacial transitions, indicating a pre-

ponderance of coccolithophores during interglacial periods (for details, see Ref.

[46]). However, it is not clear whether the variation is due to diatom competition

or to switching of coccolithophores between calcifying and non-calcifying mor-

photypes.

A major goal of biomineralization studies is to understand how CaCO3 produc-

tion varies naturally within coccolithophore populations, and to determine how

environmental forces affect the variation. The function of calcified scales is poorly

understood [47], making it difficult to predict environmental conditions that favor
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the growth and expansion of one phase over another. Additionally, epigenetic

mechanisms (other than meiosis/syngamy) utilized by coccolithophores to switch

between non-calcifying/calcifying forms are unknown. The presence of calcified

scales has been, with few exceptions, the exclusive criterion used to identify coc-

colithophores in environmental and sediment trap studies, as non-mineralized

coccolithophores are almost impossible to identify by microscopy alone. As a con-

sequence, the presence, the species, and the numbers of non-calcified coccolitho-

phores in natural phytoplankton communities today are essentially unknown. In

order to establish the presence of non-mineralizing coccolithophore phases in

natural communities, it will be necessary to correlate coccolithophore-specific

DNA sequences with a non-coccolith-bearing morphology by in-situ hybridization.

The morphotype distribution within coccolithophore communities of the past

is also unknown. However, it should be possible to identify any past variation in

morphotype among the Isochrysidales as their uniquely shaped calcified cocco-

liths and a class of lipids (the alkenones) that is uniquely synthesized by the

group are both preserved in the sediments [48]. Any variation in morphotype dis-

tribution within the Isochrysidales corresponding to cycles of glacial–interglacial

climate shifts should be recorded in the sedimentary record as a cyclical shift in

the relative abundance of alkenones to Emiliania/Gephyrocapsa coccoliths. Given

the fragility of the calcified Emiliania morphotype in culture, it is reasonable to

ask what impact climate change has had on the species morphotype, and what

impact the Emiliania/Gephyrocapsa morphotype has had on climate change.
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13

Molecular Approaches to Emiliana huxleyi

Coccolith Formation

Betsy A. Read and Thomas M. Wahlund

Abstract

Genomic tools have been developed to allow Emiliania huxleyi to be exploited as a

full-featured model for investigating fundamental aspects of coccolithophore biol-

ogy. To this end, large-scale expressed sequence tag programs have been under-

taken and microarrays created with significant gene coverage to unravel one of

the most important aspects of coccolithophore biology: that of the genes and pro-

teins involved in calcification and coccolithogenesis. Investigations have also

begun functionally to characterize some of the most interesting candidate bio-

mineralization transcripts. The analyses to date indicate that biomineralization

involves a variety of cellular processes, including cellular metabolism, ion trans-

port, vesicular trafficking, lipid and polysaccharide synthesis, and cell signaling.

The complex genetics and cellular physiology of biomineralization is unlikely to

be explained by any one gene. To this end, these studies represent a first attempt

to define the multiple interactions that characterize this complex process. Further

systematic genome wide (and later, proteomic) analyses, in concert with detailed

analysis of candidate proteins, will provide new connections between biomineral-

ization and related cellular events that cannot be predicted with the very limited

knowledge available at present.

Key words: Emiliania huxleyi, coccolithophorid, calcification, biomineralization,

microarray, expressed sequence tag, phytoplankton, calcite.

13.1

Introduction

Coccolithophores are one of the most diverse and spectacular nanostructure-

producing organisms. These pelagic microalgae derive their name from the cal-

careous coccoliths that blanket the cell. Today, they represent the third-most

prominent group of phytoplankton, with more than 300 different species [1],

227

Handbook of Biomineralization. Edited by E. Bäuerlein
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each of which displays a unique calcareous skeleton with microstructures that

range from simple geometric forms to ornate crowns or oval platelets with

spokes, extended spicules, or elaborate funnels. Emiliania huxleyi has emerged

as the dominant coccolithophore, and is found today throughout the world’s

oceans, forming massive blooms which often exceed 100 000 km2, with cell den-

sities reaching 1� 104 cells mL�1 [2]. With its ability to fix inorganic carbon into

photosynthetic and biomineralized products, the alga is linked to the chemical

balance between the atmosphere, hydrosphere, and geosphere; directing carbo-

nate chemistry in surface oceans, and exporting large amounts of carbon to deep

water sediments. Coccolith formation in E. huxleyi is an excellent model system

for studying calcium carbonate biomineralization. Aside from being the most

prominent coccolithophore and one of the world’s major producers of calcite [2],

the organism is relatively easy to culture and manipulate in the laboratory. E. hux-
leyi also holds special appeal as a unicellular eukaryote performing biologically

controlled biomineralization.

Understanding the intricacies of biomineralization in E. huxleyi is important

not only to environmental and Earth scientists, but also to those in the fields of

biomedical and material science. Biomineralized tissues such as bones and teeth

continue to be of fundamental importance in medicine and healthcare, yet very

little is known about the molecular mechanisms that govern the formation of

these tissues. Knowledge of the molecular mechanisms regulating these pro-

cesses is important for developing strategies to promote healthy mineralization,

and for addressing problems associated with pathological conditions such as rick-

ets, osteoporosis, and ectopic calcification of vascular tissues [2, 3]. There is also

growing interest in the use of biomineralization proteins and their synthetic

analogues for the control of crystal properties and organization in the material

science/nanotechnology industry, where there is an incessant demand for in-

creasingly smaller structures. The nanoscale patterning and the reflective proper-

ties of calcite coccoliths are attractive to material scientists who aspire to use

biomolecules as templates for modeling sophisticated microchips, biosensors, cat-

alysts, porous materials, or biomimetic structures [4]. An insight into the under-

lying biological structures, and the inductive and inhibitory mechanisms that

control their development, will serve as the basis for advances in biomineraliza-

tion research and applications related to human health and nanotechnology.

13.2

Cellular Physiology of Biomineralization

Molecular and biochemical data indicate that calcification and coccolithogenesis

in E. huxleyi are complex, genetically and physiologically regulated processes [5–

9]. E. huxleyi is a unicellular eukaryote with a full complement of internal organ-

elles, as shown in Figure 13.1. The calcium carbonate liths that blanket the cell

are synthesized within a specialized compartment known as the coccolith vesicle,
which is positioned close to the nucleus (Fig. 13.1A). The coccolith is synthesized
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in a matrix-mediated manner whereby the nature, orientation, size, and shape of

the crystalline elements is tightly controlled within the vesicle. Crystal nucleation

and growth is governed by a specific set of matrix macromolecules; these include

polyanionic macromolecules likely to include proteins, polysaccharides, proteoli-

pids, and proteoglycans. It has been hypothesized that a Golgi-derived reticular

body attaches to the coccolith vesicle and supplies the matrix material and cal-

cium to the forming coccolith [2]. When synthesis of the coccolith is complete,

the reticular body disassociates and degenerates, while the coccolith vesicle mi-

grates to the cell surface. The coccolith is then extruded from the cell through

the plasmalemma to become part of an interlocking sphere of coccoliths that en-

capsulates the cell (Fig. 13.1B). Unfortunately, until recently much of what is

known about calcification in E. huxleyi has been gleaned from electron micros-

copy and/or physiological studies. Hence, relatively little is known about the ge-

netic and biochemical/molecular underpinnings of calcification.

13.3

Traditional Biochemical Approaches

While several strategies have been employed, most matrix macromolecules asso-

ciated with biomineralization that have been identified thus far from living organ-

isms have been purified from the extracts of biominerals. In E. huxleyi, the first

macromolecules to be isolated from the coccoliths were acidic polysaccharides

[10, 11]. In-vitro experiments showed that an acidic polysaccharide consisting of

Fig. 13.1 (A) Schematic representation showing the relationships

between the internal organelles hypothesized to be associated with

calcification and coccolithogenesis in E. huxleyi. (B) Scanning electron

micrograph showing the E. huxleyi coccosphere and layered coccoliths

[5].
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at least 13 monosaccharides (coccolith polysaccharide; CP) was capable of inhibit-

ing the deposition of calcium carbonate [12–14]. Despite containing both nega-

tively charged carboxyl and sulfate groups, the demonstrated affinity for Ca2þ

ions in solution was low and did not seem to affect the ability of CP to inhibit

crystallization. Hence, CP was presumed to have a greater affinity to the surface

of the calcium-containing crystals. More recent studies using atomic force mi-

croscopy (AFM) have shown that coccolith-associated polysaccharides (CAP) in-

teract preferentially with calcite surfaces at acute rather angles [15] and, when

bound, specific functional groups prevent crystal growth and dissolution to affect

coccolith morphology.

While polysaccharides have been implicated – and a number of investi-

gations have been devoted to studying their properties and probable role in

biomineralization – little consideration has been given to how these polysacchar-

ides are held in position, and their constituent functional groups are specifically

oriented, to confer functionality. Westbroek and co-workers [14] suggested that

polysaccharides are anchored to the membrane of the coccolith-forming vesicle

by means of non-covalent interactions with positively charged membrane pro-

teins. Before initiation, and during the early stages of calcification, these polysac-

charides form a net that binds to the nucleate crystalline structures to inhibit

biomineralization. Crystal formation, Westbroek contends, is then initiated when

the vesicle begins to expand under the control of cytoskeletal elements. At this

time the polysaccharides disassociate from the membrane, creating a sheath

around the nascent coccolith to modulate the shape of the growing crystal and

prevent its excessive growth. Whilst this is an intriguing hypothesis, however, it

lacks experimental evidence.

Until recently, coccolith polysaccharides were the only well-characterized macro-

molecules thought to be associated with biomineralization in E. huxleyi. The

potential role that proteins may play in calcification in E. huxleyi has been regret-

tably overlooked. In fact, only a single attempt to characterize biomineralization

proteins has been reported from E. huxleyi [16]. In that study, Corstjens and co-

workers separated E. huxleyi CP by electrophoresis into four fractions, one of

which contained a large amount of protein. This led to the isolation and charac-

terization of GPA, which is an acidic protein rich in glutamic acid, proline and

alanine residues. While GPA is able to bind calcium ions, immunolocalization

shows GPA on the surface of both calcifying and non-calcifying cells of E. huxleyi.
The authors proposed one of two functions for GPA: (i) that GPA in conjunction

with polysaccharides is involved in controlling the nucleation and growth of

CaCO3 crystals; or (ii) that GPA somehow mediates the transport of Ca2þ ions

from the cell exterior to the coccolith vesicle. Unfortunately, GPA has not been

thoroughly studied in this regard and its role in calcification remains to be de-

fined.

Studies of the macromolecules involved in coccolith biomineralization have in-

cluded attempts to extract and purify the active compounds by dissolving cocco-

liths [11]; consequently, only the most abundant soluble components of E. huxleyi
coccoliths have been targeted. It is important to note that isolated coccoliths also
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contain an insoluble organic fraction [16] that has not been characterized and

may contain additional macromolecules important to coccolithogenesis. It is also

important to note that whilst the extraction of macromolecules (specifically pro-

teins from mineralized tissues) and the use of molecular biology methods to

clone and sequence corresponding cDNA or gene sequences has been successful

in identifying matrix-associated proteins from a number of different organisms

[17–20], these methods are biased and may not be sufficiently sensitive for inves-

tigations with E. huxleyi. Organic macromolecules are typically present in only

minute amounts in ‘‘matrix-mediated’’ biominerals [21]. In most biomineralizing

organisms, only the major macromolecules have been studied. An analysis of the

sea urchin spicule, however, suggests that biomineralization may involve numer-

ous organic components [22, 23], some of which are present only in trace

amounts. It is perhaps possible that, by characterizing these minor components,

the exact processes of biomineralization in coccolithophores will be better under-

stood. Coccoliths are minute, and each contain only 3.5 pg CaCO3 [24]; hence, it

may prove difficult to detect the major – let alone the minor – organic constitu-

ents using gel electrophoresis methods. A viable alternative may be to isolate

and characterize macromolecules of the coccolith vesicle, although attempts to

isolate the coccolith vesicle have not been successful.

13.4

Genomics

It is clear that traditional approaches directed towards identifying the molecular

players in biomineralization processes do not possess the power – or the

resolution – of genomic and proteomic approaches for discovering multiple

gene, protein, and metabolic pathway interactions that must occur during this

complex process. In our laboratory, we have been cooperating with the Depart-

ment of Energy (DOE) on the sequencing of the E. huxleyi (strain 1516) nuclear

genome. The E. huxleyi nuclear genome is estimated to be@190 Mb, and to date

it has been sequenced to 8� coverage. Efforts to assemble the genome, however,

have been thwarted by a collection of issues that include apparent a varying poly-

morphism rate, a high GC content, sequence repeats, and a lack of scaffold conti-

guity. The current assembly has over 1000 scaffolds with 11 500 gaps, representing

an estimated 35% of the genome. Various genome assembly algorithms are cur-

rently being applied in the hope of obtaining a more complete sequence. In addi-

tion, attempts to create a physical map using the optical mapping method of

Schwartz and colleagues [25] and the sequencing of a bacterial artificial chromo-

some (BAC) library are also under way and should help to resolve some of the

assembly ambiguities. The draft sequence of the genome is planned for early

2007, with annotation of the genome to proceed immediately thereafter. The

availability of the E. huxleyi genome sequence will be a tremendous asset to the

research community, as it will undoubtedly provide a rich source of information

for the development of molecular tools and techniques. This in turn will facilitate
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our efforts to understand the cellular and molecular mechanisms governing bio-

mineralization.

In order to accelerate the genetic and molecular characterization of the biology

of E. huxleyi, several large-scale E. huxleyi expressed sequence tag (EST) projects

based on cDNA sequencing have been initiated [8, 26] (also DOE 2005; unpub-

lished data). The analysis of ESTs generated by systematic partial sequencing of

randomly picked cDNA clones is an effective means of rapidly gaining informa-

tion about an organism at its most fundamental level. Wahlund and co-workers

generated a set of 3527 and 4116 tags from a cDNA library derived from RNA

extracted from calcifying and non-calcifying cells, respectively, of E. huxleyi strain
1516, while Li and colleagues generated another 5081 tags from another non-

calcifying strain, CCMP 1280. More recently, the DOE sequenced 70 661 clones

from additional libraries constructed from E. huxleyi strain 1516 cells at various

stages of growth under calcifying conditions promoted by phosphate limitation.

In total, some 84 385 ESTs have been generated, and from these a unigene set of

19 460 sequences has been assembled, representing what may very well be the

full (or almost the full) repertoire of E. huxleyi genes. When BLASTX homology

searches were performed to identify the putative function of individual unigenes,

a total of 8388 (43%) sequences exhibited significant BLASTX hits (e value <

10�3), but not a single unigene exhibited homology to any known biomineral-

ization protein. This is not surprising, however, given the limited number of

biomineralization proteins identified to date, and the lack of amino acid

sequence homology shared by those proteins that have been identified. Despite

the absence of identifiable biomineralization sequences, these EST datasets and

the assembled unigenes have provided new insights into the physiology of E.
huxleyi. They have also provided a framework with which to exploit existing tech-

nologies and to develop new methods to advance our understanding of this glob-

ally significant organism.

13.5

Functional Genomics

Many of the research investigations describing biomineralization in E. huxleyi
have focused either on the ecophysiology of calcification, or on the ultrastructure

and morphology of the coccoliths. Research studies aimed at the identification of

genes and proteins involved in calcification have received little attention, and in

fact this topic is still in its infancy. At present, very little is known about the ge-

netic and molecular underpinnings of biomineralization – whether proteins are

directly involved in the nucleation and crystal growth processes, or whether they

are simply ancillary; whether they are required only to support the biogenesis of

the coccolith vesicle, to facilitate the uptake and transport of ions, to assist in the

trafficking of the coccolith vesicle to the plasma membrane, or to govern coccolith

exocytosis? In an attempt to address some of these questions, the present authors’

laboratory has undertaken a multifaceted functional genomics approach.
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Many of these investigations have relied on the availability of two strains:
� Strain 1516, which calcifies nicely when grown under

phosphate-limiting conditions but ceases to calcify when

grown under phosphate-replete conditions.
� Strain B39, which calcifies under both phosphate-replete and

phosphate-limiting conditions.

Comparisons within strain 1516 and between strains 1516 and B39 have enabled

us to identify and examine subsets of differentially expressed genes relevant to

biomineralization by using suppressive subtractive hybridization (SSH), micro-

array, and quantitative real-time PCR analysis.

13.5.1

Suppressive Subtractive Hybridization

SSH is a sophisticated technique that combines normalization and cDNA sub-

traction to enrich and isolate differentially expressed gene fragments. SSH has

been applied successfully across a wide range of organisms to identify, for exam-

ple, disease-related, developmentally associated, and/or genes specific to particular

metabolic conditions or physiological states. In order to understand the molecular

mechanisms governing biomineralization in E. huxleyi, relevant subsets of differ-
entially expressed genes must be identified, cloned, and studied in detail. Hence,

we constructed SSH libraries from cultures of strain 1516 grown under calcifying

(phosphate-limiting) versus non-calcifying (phosphate-replete) conditions as tester

and driver populations for reciprocal SSH procedures [5]. Positive clones from

each of the two libraries were randomly selected, and dot-blots were performed

for the analysis of expression patterns. A total of 513 mutually exclusive clones

from the ‘‘calcifying’’ library and 423 mutually exclusive clones from the ‘‘non-

calcifying’’ library was sequenced, assembled, and compared to sequences in

GenBank using BLASTX. Of the 103 differentially expressed gene fragments

from the non-calcifying library, 34% showed significant homology to other known

proteins, while only 23% of the 65 differentially expressed gene fragments from

the calcifying library showed homology to other proteins. The differential expres-

sion of a subset of these genes was confirmed by a combination of dot (Fig.

13.2A,B) and virtual Northern blotting (Fig. 13.2C), as well as quantitative real-

time PCR analysis. Combined differential screening established a positive clone

rate of greater than 50% for both libraries. The results of these studies support

the value of SSH-based EST sequencing as a complement to the aforementioned

EST resources for functional genomics investigations, with the fragments isolated

providing the basis for the cloning of full-length genes and more detailed func-

tional analysis. Full-length sequencing of one particular clone expressed at levels

more than 100-fold greater in calcifying versus non-calcifying cells revealed a

transcript showing significant homology to a ligand-gated anion channel, with

four transmembrane helices and a distinct arginine-rich region likely to represent

the ligand binding domain. Efforts are currently under way to determine the
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membrane location of this particular ion channel protein, with the goal of evalu-

ating the physiological consequences of blocking the channel or knocking out the

gene to elucidate its potential role in biomineralization.

13.5.2

Microarray

Because the processes of calcification and coccolithogenesis are highly regulated

and likely to be complex, requiring coordinated expression of many genes and

pathways, we have also employed cDNA microarrays to investigate changes in

gene expression associated with biomineralization in E. huxleyi. Microarrays

emerged during the dawn of the genome-sequencing era, and involve the hybrid-

ization of complex cDNA probes to large sets of target genes that have been im-

mobilized in a dense, ordered array on a solid support. This high-throughput

method for studying global changes in gene expression profiles has revolution-

ized our understanding of many biological processes, and has been applied across

the life sciences to predict the function of genes, to identify novel transcripts, to

link genes to biochemical pathways, classify diseases, examine genetic variation,

and to develop hypotheses about transcriptional regulation and gene regulatory

Fig. 13.2 Dot-blot analysis showing differential screening results of

subtracted library clones from a phosphate-limiting (f/50; tester) (A)

and a phosphate-replete (f/2; tester) (B) plate. Clones on each plate

were differentially screened tester-specific and driver-specific cDNA

probes. (C) Virtual Northern blot analysis of differential clones obtained

from phosphate-limiting (f/50; A) and phosphate-replete (f/2; B)

subtracted libraries [5].
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networks. The power of DNA microarrays lies in their ability simultaneously to

measure the global gene expression patterns of biological processes, and their dy-

namic variations. While microarrays have been used to address a number of im-

portant questions in marine biology, they had not been applied to investigate bio-

mineralization in any organism, including until recently, coccolithophorids. This

is largely due to a lack of cDNA libraries and/or available sequence information

from these organisms.

Our laboratory has used both cDNA and oligonucleotide arrays to interrogate

gene expression in calcifying and non-calcifying cultures of E. huxleyi. Our initial
microarray experiments involved the printing of cDNA 2298 elements derived

from a cDNA library constructed from RNA extracted from calcifying cells of E.
huxleyi strain 1516 [8]. These microarrays were used to examine the differential

gene expression patterns in calcifying and non-calcifying E. huxleyi cultures

grown in phosphate-limiting and phosphate-replete media, respectively [26].

Among the transcripts analyzed, 79 were found to be up-regulated and 48 to be

down-regulated in calcifying cells relative to non-calcifying cells. These 127 tran-

scripts were then subjected to full-length sequencing and subjected to BLASTX

homology searches.

13.5.3

Real-Time RT-PCR

Real-time RT-PCR was used to test the overall validity of the microarray data, as

well as the relevance of many of the proteins predicted to be associated with bio-

mineralization, including a novel gamma-class carbonic anhydrase [5, 7], GPA,

and a phosphate-repressible permease [16, 27]. Other differentially regulated

genes included those related to cellular metabolism, ion channels, transport

proteins, vesicular trafficking, and cell signaling. The putative function of the

vast majority of candidate transcripts again could not be defined. Nonetheless,

the data represent profiles of the transcription changes associated with bio-

mineralization-related pathways in E. huxleyi, and have identified novel and po-

tentially useful targets for more detailed analysis. In order to distinguish genes

involved in biomineralization from those associated with phosphate limitation,

we analyzed the expression of differentially expressed transcripts in strain B39

that calcifies in phosphate-replete media. The combined microarray and real-

time RT-PCR analysis results enabled us to identify 46 genes that may be directly

or indirectly involved in coccolith biomineralization, and 36 genes that are either

related to phosphate limitation or were false positives [6].

We have also used maskless photolithographic DNA synthesis to construct

high-density oligonucleotide arrays of some 105 420 probes representing an E.
huxleyi unigene set of 19 460 sequences assembled from over 80 000 available

ESTs. A total of 35 140 individual 55- to 60-mer probes were designed to interro-

gate the 19 460 unigenes, nine bacterial negative control sequences, and 229 ran-

dom 60-mer controls needed to estimate background noise levels. To measure

transcriptional activities with the purpose of identifying genes that were highly
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and differentially expressed in calcifying versus non-calcifying cells, microarrays

were probed with biotin-labeled cDNA, reverse-transcribed from total RNA ex-

tracted from the calcifying E. huxleyi strain B39 and the non-calcifying strain

1516 at 4, 6, 8, 10, and 12 days after inoculation. The reliability of the data was

indicated by strong correlations between duplicate arrays at each time point for

each strain. After background subtraction and normalization, a large number of

genes showed differential expression, with some 3335 and 2490 transcripts being

up- and down-regulated by more than fourfold in calcifying strain B39 versus

those of the non-calcifying strain 1516 cultures. In addition, 565 transcripts were

up-regulated and 549 transcripts were down-regulated by more than 10-fold, and

15 and 45 transcripts were up- and down-regulated by more than 50-fold, in these

same cultures, respectively. The number of genes for which differential expres-

sion peaked at each of the individual time points following inoculation are listed

in Table 13.1. The differential expression pattern was highest for most genes at 4

days post inoculation than at any other time point; this is in the early exponential

phase of growth and reflects the intracellular events occurring during lag phase,

when cells adapt to the new environment and metabolic activity is highest, prior

to cell division events.

We have examined the consistency of the new oligonucleotide array with re-

spect to data generated from our previous cDNA array and quantitative real-time

PCR studies. Results from the present investigation confirm the association of 37

of the 46 transcripts classified as most likely to be involved in biomineralization,

with transcripts in the present investigation exhibiting a significant differential

expression in at least one of the five time points. The differences in results for

the nine remaining transcripts can be explained by differences in the technolo-

gies. Oligonucleotide probes may be less sensitive, resulting in lower sensitivity

as compared to cDNA probes. However, oligonucleotide probes, on the other

hand, are more specific than cDNA probes and as such are more discriminating

and thus better able to distinguish between members of the same gene family.

The use of oligonucleotide arrays and sampling over multiple time points also

provides a more reliable data set altogether.

Table 13.1 Differential expression of genes over time by microarrays.

Effect Time after inoculation

4 days 6 days 8 days 10 days 12 days

Peak up-regulation 4312 2225 2277 2246 3129

Peak down-regulation 6464 2543 1454 1546 2182

Totals 10 877 4768 3731 3792 5311
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The up-regulation of the calcium binding protein GPA, g-carbonic anhydrase

[7], and a phosphate-repressible permease in both the cDNA and oligonucleotide

arrays speaks to the integrity of the data sets [6, 7]. Previously, GPA has been

linked to calcification processes in E. huxleyi, and is hypothesized (in conjunction

with coccolith polysaccharides) to be involved in either the nucleation and growth

of CaCO3 crystals or the transport of Ca2þ from the cell exterior to the coccolith-

forming vesicle. Up-regulation of the g-carbonic anhydrase is also perhaps indica-

tive of the reliability of the microarray data, as these enzymes have been involved

in all biomineralization systems described to date. The up-regulation of the

phosphate-repressible phosphate permease in calcifying cells is also in accord

with reported data, which speaks of a strong link between phosphate metabolism

and calcification [2]. The peak in expression of these three transcripts, and the

peak expression or repression of most of the other previously identified biominer-

alization transcripts, occurred at 4 days after inoculation. Perhaps not surpris-

ingly, this is suggestive of an increase in transcriptional activity preceding the

time at which maximal calcification and coccolithogenesis rates are reported to

occur, during the late log to early stationary phases of growth.

Although we have only just begun the analysis and data mining of our oligonu-

cleotide arrays, we are encouraged by the reliability of the data evidenced thus far.

Initial attempts to cluster the oligonucleotide array data are shown in the self-

organizing maps depicted below, where the 2282 number of differentially ex-

pressed genes (b 2� up- or down-regulated, SD < 1:4) were clustered into

28 groups (Fig. 13.3). Most interest was expressed in clusters 4–7 and 11–14,

where GPA and other biomineralization candidates cluster. The intention is to

perform further annotation, clustering and more detailed statistical analyses of

these transcripts and their promoter regions to identify transcripts, the corre-

sponding protein correlates of which we will begin functionally to characterize.

Whilst many of these investigations are still in progress, the value of the results

will ultimately depend not only upon the data generated, but also upon its clever

exploration and integration with the knowledge gained from complementary

tools such as EST analysis, cloning, and real-time PCR methods.

The function of candidate biomineralization proteins is typically demonstrated

in a three-step process. First, proteins thought to play a role in biomineralization

processes are cloned and expressed in recombinant forms, or are extracted from

the mineralized material, purified, and characterized. These proteins are typically

identified by their presence or absence in mineralized or non-mineralized

cultures/cells, or by their spatial or temporal expression patterns. Linking the pro-

tein of interest in vivo to biomineralization processes is often the second step, and

this is accomplished using transgenic or diseased systems whereby expression of

the target protein is altered, knocked-out, or enhanced. Finally, in-vitro mineral-

ization assays are employed to provide insights into the mechanism of action

and to define the function of the protein in vivo. Proteins under investigation

may also be systematically modified both in vivo and in vitro to further probe their

function. Hence, the determination of a precise role for a candidate protein in the
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biomineralization process of a complex living system requires a combination of

carefully designed in-vivo and in-vitro studies.
Thus far, we have identified a suite of genes that are differentially expressed

under calcifying and non-calcifying conditions, and we are now in the process of

functionally characterizing their corresponding protein products. Initially, our ef-

forts have been focused on those transcripts most likely to be involved directly in

biomineralization processes, based on their expression profiles and features iden-

tified using bioinformatics tools. These investigations will begin by determining

the subcellular locations of target proteins, by analyzing their secondary structure,

assessing their calcium binding potential, and establishing their potential to in-

fluence biomineralization in vitro. Transcripts will be expressed in Escherichia coli
(or in alternative expression systems for proteins recalcitrant to expression in E.
coli), and their corresponding protein products purified to generate antibodies

for subcellular localization studies. This in turn will provide a specific organellar

context for additional studies aimed at defining the precise functional role. Pro-

tein function is often dependent upon structure; hence, in order to understand

the mechanisms of action and regulation, it is also important to examine the bio-

chemical and biophysical features of these proteins of interest. As a complemen-

tary approach we will employ proteomics tools – for example, two-dimensional

gel electrophoresis – to determine whether some of the up- and down-regulated

proteins correspond to candidate transcripts.

13.6

Future Directions and Approaches

Genomics and functional genomics strategies have been recently applied with

these algae and, together with proteomics methods, these offer great potential

for imparting new insight into the fundamental biology of coccolithophores, and

to the development of new molecular tools and genetic techniques. Both in our

laboratory and in the laboratories of others, a multifaceted approach has been

taken to develop molecular tools and to understand calcification in E. huxleyi by
generating cDNA libraries and ESTs [5, 8, 9], performing microarray analyses and

developing gene expression systems [6, 7], constructing a bacterial artificial chro-

mosome library, and initiating genome sequencing in collaboration with the DOE.

Fig. 13.3 Representation of 3� 4 map

obtained by the self-organizing maps

algorithm, showing gene expression cluster

for differentially expressed transcripts in

calcifying B39 versus non-calcifying 1516

cultures. Each map node represents the

average differential expression profile for a

set of similar genes in the data set.

Experimental points on the x-axis are

designated: 1 ¼ 4 days post inoculation;

2 ¼ 6 days post inoculation; 4 ¼ 8 days post

inoculation; and 5 ¼ 12 days post

inoculation. The y-axis shows log ratios of the

normalized expression values. Each cluster is

shaded from white to gray and numbered

from 1 to 12.

H________________________________________________________________________________
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By collaborating with the DOE we have generated approximately 80 000 ESTs and

assembled a unigene set of approximately 19 000 sequences. Gene discovery and

transcription profiling using long serial analysis of gene expression (SAGE) in E.
huxleyi has recently been described [27]. And finally, the plastid genome [28] and

an E. huxleyi-specific virus EhV86 have both been completely sequenced [29].

Despite the significant progress made in E. huxleyi genomics over the past few

years, many challenges remain. Molecular approaches have been hampered by

the absence of a viable transformation system, and also by the fact that coccolitho-

phores grow as diploid, vegetative cells the sexual life cycle of which has yet to be

controlled in culture. Advances in the genetics (specifically in terms of mutant

selection and analysis) and large-scale transformations will greatly increase the

power of E. huxleyi as a model system to answer many fundamental questions

concerning calcification. However, as yet mutant libraries are not available, and

our knowledge of the E. huxleyi genome in terms of its content, structure, and

organization remains limited. Although a unigene set of 19 000 ESTs has been

assembled, the coding potential of the genome and details of gene structure –

including intron and exon lengths, intergenic distances, features of promoters,

and variant 5 0-ends of mRNAs transcribed from the same transcription unit –

remain to be defined. With the impending release of the E. huxleyi genome se-

quence and the annotation efforts currently under way, avenues for new experi-

ments probing cellular functions on a genome-wide scale will soon be available.

As a consequence, significant advances in our understanding of biomineral-

ization and other important processes in this model haptophyte will likely be

revealed.
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Organic Matrix and Biomineralization

of Scleractinian Corals

Sylvie Tambutté, Eric Tambutté, Didier Zoccola,

and Denis Allemand

Abstract

In scleractinian corals, biomineralization leads to the formation of a calcium car-

bonate exoskeleton. This process is biologically controlled and involves a mineral

fraction of calcium carbonate and an organic fraction named the organic matrix.

Corals are phylogenetically basal metazoans, possess a simple anatomy, can be

easily manipulated for physiological studies, and possess a majority of genes in

common with vertebrates. They are therefore good models for biochemical, phys-

iological, and evolutionary studies concerning either the transport of ions or syn-

thesis of organic matrix involved in biomineralization processes. This chapter fo-

cuses on the current state of knowledge of the organic fraction, from its synthesis

by the tissues to its incorporation in the skeleton.

Key words: calcification, carbonate, calcium, calicoblastic ectoderm, exoskeleton,

cnidarian.

14.1

Introduction

Scleractinian corals are major participants in the construction of the coral reefs

which constitute the most important bioconstructions of the world. Calculated

and measured production on reef flats range as high as 10 kg CaCO3 m
�2 year�1,

and a global mean of 1.5 kg CaCO3 m�2 year�1 for the entire reef complex is

probably not unrealistic, leading to a carbonate production of 9 Tmol m�2 year�1

[1, 2]. Most coral reefs are found in tropical and subtropical seas, with their dis-

tribution being limited not only by temperature, salinity and sedimental load but

also mainly by depth in relation to light penetration in water. Indeed, most scler-

actinian corals live in symbiotic fashion with dinoflagellates commonly known

as zooxanthellae; these are photosynthetic protists that largely contribute to the
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success of coral calcification. Despite the involvement of corals in ecology (bio-

diversity), geochemistry (control of carbon and calcium cycles), geology (reef

formation), paleoclimatology (environmental archives) and medicine (bone sub-

stitution), the mechanism of coral skeleton formation at the tissular, cellular or

molecular levels is still poorly understood. Skeleton formation was initially con-

sidered as a purely mineralogic process where the basic element of the skeleton

– that is, the fiber – was described as a single orthorhombic crystal of aragonite

formed without biological control [3]. Since then, many geologists and geochem-

ists have widely applied this concept of a chemically dominated process. Con-

versely, biologists have based their research on a biological concept, such that

today it is admitted that coral skeleton formation is a process of ‘‘extracellular bio-

logically controlled biomineralization’’ [4], and as such involves both mineral and

organic fractions. The mineral fraction consists of calcium carbonate crystallized

in the form of aragonite, and implies the supply of ions from seawater to the site

of calcification. The organic fraction – named the organic matrix – consists of or-

ganic molecules which should play major roles in biomineralization such as min-

eral nucleation, micro- and macro-regulation of crystal morphology, and mineral

characteristics (for reviews, see Refs. [5–7]).

Most biomineralization studies conducted in different organism models consist

of the biochemical characterization of organic matrix components, as physio-

logical approaches are rarely performed due to anatomical and histological com-

plexity and/or experimental difficulties. One of the main interests in working

with scleractinian corals is that they possess a simple anatomy and, from a prac-

tical viewpoint, coral mother colonies (and especially branching corals) can be

propagated in small fragments named microcolonies or nubbins. Microcolonies

are clonal organisms resulting from asexual reproduction by fragmentation, and

can be maintained in the laboratory under controlled conditions of culture. Each

microcolony is composed of a small piece of skeleton entirely covered by tissues

(coenosarc and polyps), and can easily be manipulated for physiological studies. A

mother colony of the scleractinian coral Stylophora pistillata, a microcolony and its

schematic representation are illustrated in Figure 14.1.

One other interest is that scleractinian corals are members of the phylum Cni-

daria, a sister group of the Bilateria, and thus could be particularly informative for

inferring the gene content of the common metazoan ancestor [8]. Scleractinian

corals belong to the class Anthozoa, which is phylogenetically ancestral, and both

morphological and molecular evidences are consistent with the idea that mem-

bers of this class best represent the primitive cnidarians and are therefore closer

to the common ancestor of the Eumetazoa; that is, the Ureumetazoan [8]. Never-

theless, corals possess a majority of genes in common with vertebrates as 90% of

coral coding genes are present in humans and about 10% of the coral Acropora
expressed sequence tags (ESTs) are found in humans, whereas they are not repre-

sented in Drosophila or Caenorhabditis genomes [9].

Thus, corals are good models for biochemical, physiological, and evolutionary

studies concerning either the transport of ions or the synthesis of organic matrix

involved in the biomineralization process. The physiology of calcification has

been recently reviewed [10, 11]. This chapter will only focus on the current state
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of knowledge of the organic fraction, from its synthesis by the tissues to its incor-

poration in the skeleton.

14.2

Coral Anatomy and Histology

In this section we will refer to the terms normally used to describe coral anatomy

and histology by using a schematic representation (Fig. 14.2); this is necessary to

comprehend the vocabulary used in the following sections (for detailed descrip-

tions, see Refs. [10, 12–14]).

Most scleractinian corals are colonial organisms composed of similar units, the

polyps, linked together by a tissue named the coenosarc. The skeleton is extra-

cellular (exoskeleton), and is located at the base of the coral tissues. The tissues

in contact with seawater are the oral tissues, whereas those facing the skeleton

are the aboral tissues. Tissues consist of two epithelial layers, an ectoderm and

an endoderm, separated by a connective layer of mesoglea. The oral and aboral

endoderms delimit a cavity named the coelenteric cavity, gastrovascular cavity, or

coelenteron. The tissues are mechanically anchored to the skeleton by desmocytes

[15, 16]. The aboral ectoderm in contact with the skeleton is referred as the skel-

etogenic tissue or calicoblastic ectoderm (‘‘chalicoblast cell’’ was the original name

Fig. 14.1 The scleractinian coral Stylophora pistillata. (A) A mother

colony. (B) A microcolony, showing that the skeleton is entirely covered

by the tissues. (C) Schematic representation of a microcolony, showing

that the polyps are linked together by the coenosarc.
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Fig. 14.2 Schematic representation of the histology of the coenosarc of

the coral S. pistillata (drawn from a transmission electronic micrograph).

Cl ¼ chloroplast; Cn ¼ cnidocyte; M ¼ mitochondria; Na ¼ nucleus of

animal cells; Nz ¼ nucleus of zooxanthellae; Py ¼ pyrenoid;

SS ¼ subcalicoblastic space.
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given by von Heider [17]). The topography of the calicoblastic ectoderm exactly

complements the growth surface of the skeleton [12, 14, 18]. Calicoblastic cells

are long (10 to 100 mM), highly interdigitated, and overlap each other. Their high

mitochondrial content suggests that they possess an active metabolic role [11],

and the presence of calcium channels and calcium ATPases in calicoblastic cells

suggests that they play an important role in calcification [19, 20]. The subcalico-
blastic space, which is the space between the skeleton and the calicoblastic cells

(if it exists) has a size which might be species-specific but in general does not ex-

ceed a few nanometers [21, 22].

14.3

The Proportion of Organic Matrix in the Skeleton

Originally, in the 19th century, Silliman [23] claimed that 4 to 8% of the skeletal

weight of more than 20 species of tropical reef scleractinian corals was organic.

About 100 years later, Wainwright [24] estimated that in fact the organic compo-

nent of the skeleton comprised 0.01 to 0.1% of the total skeleton weight, and was

constructed from at least three constituents: (i) filaments of lime-boring algae; (ii)

a dispersed network of fibers; and (iii) a transparent matrix of chitin. In 1980,

Johnston [12] indicated that, when identifying skeletal organic materials, it was

important to distinguish between the chemical components of the skeleton com-

pared to those derived from the soft tissues of the coral, or from endoliths. John-

ston subsequently warned that a differentiation should be made between ‘‘skele-

tal organic matrix’’ and ‘‘skeletal organic material’’, and suggested that the latter

involved the skeletal organic matrix plus all other contaminating components

such as endoliths and trapped tissues. From that time, in order to avoid such con-

tamination, the chemical treatment of corals was carefully performed on the pow-

ders of skeletons (usually created using sodium hydroxide and/or bleach) in order

to obtain only the skeletal organic matrix. It should also be noted that the organic

matrix can be divided into ‘‘soluble’’ and ‘‘insoluble’’ components [25], depending

on the extraction method used, and consequently care must be taken when com-

paring and interpreting results. Taking into account the difficulties encountered

in the accurate determination of the soluble organic content after EDTA decalcifi-

cation, Constantz and Weiner [26] reported that proteins accounted for 0.07 wt%

of the treated skeleton. More recently, by using a thermogravimetric method, the

organic plus water content of coral skeletons was estimated at approximately 2.5

wt%, and thus the volume of the non-mineral material within skeletal units could

reach a 5 to 7% (v/v) ratio or more [27]. This information is especially important

when conducting ultrastructural studies of coral [27]. The presence of water in

the coral skeletons was also recognized by Gaffey [28] who concluded that, due

to its submicroscopic distribution, water was located as ‘‘minute inclusions’’.

Later, Cuif [27] suggested that organic matrix associated with the skeleton could

be hydrated, and highlighted the possible loose-to-tight relationship between

water and the organic matrix.
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14.4

The Relationship between the Organic Matrix and Calcification

By incubating tips of branches of Pocillopora damicornis in seawater containing

Na2
14CO3, Muscatine and Cernichiari [29] and Young [30] demonstrated the in-

corporation of 14C both in the mineral and organic fractions, and established

that an interaction between organic material and mineral could exist at the site

of mineralization. Young [30] subsequently proposed that this interaction could

represent the part by which the animal controls the calcification. Allemand et al.

[31] used labeled amino acids (14C-Asp) and specific inhibitors of cellular protein

synthesis and exocytotic pathways to determine the kinetics of organic matrix

synthesis and deposition in coral skeleton, and to investigate the role of organic

matrix in the regulation of skeleton formation (Fig. 14.3). These authors proposed

that the lag phase of 20 min before the incorporation of labeled molecules into

the skeleton corresponded to the time required for protein synthesis and trans-

port to the site of skeletogenesis. As the rate of incorporation of 14C-labeled mol-

ecules into the organic matrix and calcification were constant over the time range

tested, it was concluded that both organic and inorganic components were depos-

ited simultaneously. Finally, by using a pharmacological approach, it was sug-

gested that organic matrix biosynthesis and its migration towards the site of cal-

cification was a prerequisite step in the calcification process. By using X-ray

microanalysis combined with electron microscopy at the calcifying interface,

Clode and Marshall [32] were able to show that substantial amounts of calcium

Fig. 14.3 Kinetic experiments performed on Stylophora pistillata

microcolonies. (A) Incorporation of 14C-aspartic acid into the skeleton.

(B) Incorporation of 45Ca into the skeleton. Open symbols show

incorporation under control conditions; filled symbols show incorpora-

tion in the presence of a protein synthesis inhibitor added at time 0.

(Figures adapted from Ref. [31].)
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were associated with the organic component at the calcifying interface, and sug-

gested that organic fibrils function as templates for CaCO3 crystal growth.

14.5

The Composition of the Organic Matrix

Based on X-ray analysis results, chitin was identified as the first biochemical com-

ponent of the organic matrix in corals [24], though later it was suggested that its

presence was limited only to some coral species [33]. Nonetheless, its presence in

coral skeleton has not been confirmed by more recent reports. In the biomedical

field, where coral is used as a bone graft substitute, it is often admitted that

the organic matrix composition is limited to the presence of amino acids [34],

whereas biochemical analyses of several coral species have shown that the organic

matrix always contains proteins in which the acidic amino acids (notably aspartic

acid, and to a lesser extent glycine) are the most abundant [26, 33, 35–41]. The

amino acid g-carboxyglutamate has also been identified in two corals [42]. This

amino acid is usually found in vertebrate mineralized tissues in ‘‘Matrix Gla pro-

teins’’ (MGP), which have been shown to act as inhibitors of mineralization [43].

The organic matrix also contains polysaccharides (most notably of the sulfated

form) which are often in the form of glycosaminoglycans [21, 39, 41, 44], though

the protein/sugar ratios vary depending on the coral species under investigation

[41, 45]. The presence of glycoproteins has also been reported in the organic ma-

trix [26, 45–47]. Similarly, the presence of lipids has been suggested, and even

reported, in coral matrices [33, 40, 48, 49]. Indeed, Isa and Okazaki [48] have

shown that phospholipids extracted from scleractinian coral skeletons were able

to bind calcium, which suggested that they may serve as seeding sites for CaCO3

deposition in the process of skeleton formation.

Biomineralization studies focus on the characterization of the organic matrix

macromolecules enclosed within the biomineral, as the method of extraction of

matrix components from the mineral phase leads to a loss of low molecular-

weight matrix components during the desalting step. By using a physiological

approach on microcolonies of Stylophora pistillata incubated with [14C]-amino

acids (aspartic acid and glycine), Puverel et al. [50] showed that newly absorbed

amino acids are incorporated preferentially into small molecules of molecular

weight approximately 1–3 kDa. These authors suggested, therefore, that the coral

organic matrix contains a significant amount of these low molecular-weight com-

ponents (most likely peptides) which may be involved in processes such as crystal

nucleation and growth regulation.

14.6

Localization of Organic Matrix Synthesis

Histological observations have shown that the calicoblastic ectoderm is in close

contact with the skeleton, and thus this cell layer is considered to play a major
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role in skeleton formation [12, 51–53]. Both, Johnston [12] and Isa [54] reported

the presence of vesicles, located between the calicoblastic cells, which could be re-

sponsible for the transport of organic matrix, whereas Clode and Marshall [22]

attributed this observation to artifacts linked to sample preparation. Intracellular

vesicles containing calcium and organic material were also observed within cali-

coblastic cells [22, 55], with Cohen and McConnaughey [10] suggesting that such

vesicles with their organic content might serve as sites of production and stabili-

zation of amorphous calcium carbonate, or as precursors of granular seed crystals

in calcification centers. However, a combination of the results on the mineralogy

and chemistry of calcification centers was unable to support this proposition [56].

Goldberg [21] demonstrated that calicoblastic cells were the source of acidic poly-

saccharides which appear to contribute to the composition of the mineralizing

matrix. Using antibodies raised against the soluble organic matrix of Stylophora
pistillata, Puverel et al. [57] showed a specific labeling of the calicoblastic cells

and thus demonstrated that only these cells were directly responsible for organic

matrix synthesis and secretion (Fig. 14.4). These studies also indicated that if cells

other than calicoblastic cells were to be involved in organic matrix synthesis, then

Fig. 14.4 Immunolabeling of organic matrix on Stylophora pistillata

tissues with antibodies raised against soluble organic matrix extracted

from this coral [57]. Observations made with a confocal microscope

(Leica4 TCS SP5). Immunolabeling (red) merged with DAPI staining of

the nuclei (blue). Only calicoblastic cells are radiolabeled and thus

directly responsible for organic matrix synthesis. SK ¼ skeleton;

SW ¼ seawater.
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their involvement would be only indirect, for example through the synthesis of

precursors. Finally, these studies invalidated the hypothesis that the organic ma-

trix consists of the remains of tissues pinched between fully developed crystals, as

was proposed by Constantz [58], as no labeling of the skeleton was obtained with

an antibody recognizing proteins of the calicoblastic cell membranes.

Observations of organic matrix features between the calicoblastic epithelium

and the skeleton performed on frozen-hydrated preparations of Galaxea fascicu-
laris [22] and Mycetophyllia reesi [21] tissues showed that the organic matrix fibrils

were present in the sub-calicoblastic space. Based on an ultrastructural study of

the calcifying interface, Clode and Marshall [22] observed that the distribution of

organic structures was not uniform across the skeletal surface.

14.7

The Role of Zooxanthellae and Heterotrophic Feeding in Organic Matrix Synthesis

Numerous studies on coral calcification have demonstrated the stimulation of

CaCO3 deposition in the light compared with the dark (for a review, see [59]). Var-

ious hypotheses have been proposed to explain this process – which has been

named ‘‘light-enhanced calcification’’ – one of which was the synthesis by zooxan-

thellae of compounds necessary for organic matrix synthesis.

The first observations on the possible involvement of zooxanthellae in organic

matrix synthesis were derived from the findings of Muscatine and Cernichiari

[29], who demonstrated the translocation of photosynthates to the host and the

greater incorporation of 14C (from Na2
14CO3) in skeletal organic matrix of corals

incubated in the light than in the dark. Houlbrèque et al. [60] showed that the

ratio of calcification rate to aspartic acid incorporation into the skeletal organic

matrix was about twofold higher in the dark than in the light. This finding

showed that the link between the organic matrix and calcium carbonate is not

constant as, during the light period, the amount of organic matrix and/or the as-

partate content per molecule of calcium carbonate increased, whereas it (they) de-

crease(d) during the dark period. Recently, Moya et al. [61] have characterized the

transition stages between dark and light calcification rates and vice versa, and

showed in both cases a lag phase of about 25 min. These authors suggested that

the time necessary to switch from the dark calcification rate to the light calcifica-

tion rate could correspond to the time required for photosynthates to be trans-

ported to the calicoblastic epithelium where organic matrix synthesis takes place,

and then be exocytosed towards the skeleton. The time required for the opposite

transition – from light to dark – could correspond to the synthesis of the last or-

ganic matrix proteins using photosynthates as precursors after switching off the

light, and to their transport to the site of skeletogenesis. This could fit with the

observations of Houlbrèque et al. [60] regarding a decrease in dark organic matrix

synthesis, as mentioned above. Cuif and colleagues [37, 38, 62] have also shown

that discrimination between symbiotic and non-symbiotic coral species could be

effected through the biochemical composition of their mineralizing matrices, and
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especially through differences in four amino acids and five monosaccharides.

This proposal is supported by the fact that glutamic acid – one of these discrimi-

nating non-essential amino acids – is likely synthesized by zooxanthellae and

transferred to the cnidarian host cells [63]. By using 15N and 13C as tracers, Mus-

catine et al. [64] found that d15N differed between the organic matrix from symbi-

otic and non-symbiotic corals, and might act as a proxy for photosynthesis. How-

ever, even if autotrophic feeding by zooxanthellae is considered, heterotrophic

feeding also certainly plays a role in organic matrix synthesis. Effectively, Alle-

mand et al. [31] have shown that, for the most abundant amino acid present in

the organic matrix (i.e., aspartic acid), there is no available pool in host tissues,

which suggests the need for an external source. By incubating microcolonies in
14C-Asp under light or dark conditions and under different conditions of feeding,

Houlbrèque et al. [60] showed that the increase in calcification rate might be

induced by a feeding-stimulation of the organic matrix synthesis. Thus, organic

matrix synthesis is most likely influenced both by autotrophic feeding through

zooxanthellae and heterotrophic feeding, although whatever the source of organic

matrix precursors, its final synthesis and excretion is effected only by calicoblastic

cells [57].

14.8

Characterization of Organic Matrix Proteins

Whereas plentiful data exist on the amino acid composition of the organic matrix,

very few are available on the characterization of the corresponding proteins. As

with mollusk shell proteins, this deficiency is due to technical difficulties in sepa-

rating and purifying the molecules, which are usually highly acidic [65], inti-

mately associated with the mineral phase, and highly charged. Once extracted,

they aggregate and are difficult to separate chromatographically. For example, in

gel electrophoresis most bands are diffuse and smeared, even in two-dimensional

gels, where protein glycosylation contributes to their poor separation according to

their molecular weight [45]. There also appears to be a large difference in the re-

sults of gel electrophoresis depending on the protocols and the species used [41,

65]. At present, only one protein has been fully characterized, the galaxin, from

Galaxea fascicularis with an apparent molecular weight of 53 kDa [47]. Galaxin

shows two structural features that are observed in some hard tissue proteins,

namely a tandem repeat structure and the occurrence of dicysteine repeats, which

might suggest a role for these motifs in biomineralization. The exact role of this

protein is still unknown, however. Apart from this protein, the partial character-

ization of other proteins has also been performed [41, 49], and this has allowed

some common features to be determined between the organic matrix proteins of

different coral species and between coral organic matrix proteins and other inver-

tebrate or vertebrate matrix proteins (see Section 14.9).
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14.9

Comparative Studies between Organic Matrix Proteins from Different Organisms

As mentioned in Section 14.8, as only one organic matrix protein has been char-

acterized in corals, comparative studies based on sequence alignments are diffi-

cult. However, a number of investigations have been instigated to determine (by

an immunological approach) if there was any cross-reactivity between organisms

forming calcium carbonate skeletons. Marin et al. [66] compared the immuno-

logical properties of skeletal water-soluble matrices and the mucous excretions

of three invertebrates – one coral and two bivalve mollusks. These authors con-

cluded that the cross-reactivity recorded between the muci and skeletal water-

soluble matrices suggested that these different secretory products had a high de-

gree of homology. There was also some evidence that a partial homology existed

between the water-soluble matrices and the muci in the three investigated spe-

cies, which supported the hypothesis that the calcifying machinery of the Meta-

zoa is derived – at least in part – from anti-calcifying molecules of the excretory

systems. This homology might be the result of a convergent evolution of mucins

and organic matrix proteins towards a similar objective – that is, to avoid uncon-

trolled calcium carbonate precipitation. However, this cannot be generalized to

all corals since the results obtained by Puverel et al. [57] with antibodies against

the organic matrix of the coral stylophora pistillata were not in agreement with

this hypothesis, as no labeling of the oral ectodermal cells producing mucus was

observed. Comparative studies have also been performed between fish otolith and

coral skeleton (two aragonitic skeletons) with antibodies raised against proteins

extracted from fish otolith organic matrix [67]. The results showed that these anti-

bodies label mesoglea and, more interestingly, also the calicoblastic layer of cor-

als. When using a dot-blot analysis, these antibodies demonstrated positive label-

ing with coral organic matrix extracts, suggesting the presence of common

epitopes in organic matrices from corals and fish otoliths – which are two phylo-

genetically distant organisms.

Some common features between the organic matrix proteins of different coral

species, and even between coral organic matrix proteins and other invertebrate or

vertebrate matrix proteins, have been found even if the proteins have only been

partially characterized. This is the case for calcium-binding proteins (CaBP)

which have been revealed by 45Ca-binding assays in three coral species, thus sug-

gesting that they might be involved directly in the control of crystal formation, as

is the case for other biominerals [5, 68]. However, CaBP have not been revealed

for all coral species [49]. Puverel et al. [41] have also demonstrated the presence

of a long acidic poly-aspartate domain (at least a sequence of 36 Asp) in the or-

ganic matrix of the coral Stylophora pistillata. Proteins containing aspartic do-

mains have been reported to control the mineralization process by interacting

with crystals of calcium salts in a specific manner [69, 70], and their presence

has been evidenced also in mollusk shells [71–73]. Long poly-aspartate domains

have also been found in proteins of the calsequestrin family [74] and in Aspolins
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from fish muscle [75], where negatively charged Asp residues are thought to be

responsible for binding calcium with a high capacity and a moderate affinity

[76]. If these properties were the same for biomineralizing proteins containing

poly-aspartate domains, then they could control the mineralization process since,

in crystal formation, the calcium must interact both with the protein and with the

crystal [68]. The internal sequence of one protein of the coral Tubastrea aurea ex-

hibits similarity with carbonic anhydrase sequences [49], and indeed carbonic an-

hydrase activity has been found in the organic matrix of this coral [77]. Such an

activity was also initially described in the organic matrix extracted from the nacre

of pearl oyster [78], where this enzyme is suggested to act as a negative regulator

of calcification [79], and also found in the skeleton of Octocorals [80, 81].

14.10

Organic Matrix and Skeleton Microarchitecture

Cohen and McConnaughey [10] reviewed the two models with regard to the po-

tential role of the organic matrix on skeleton microarchitecture – namely, the in-

hibition or promotion of crystal growth. On the subject of the inhibition of crystal

growth, Marin et al. [66] reported that coral mucus as well as skeletal organic ex-

tracts inhibited CaCO3 precipitation in vitro. Cohen and McConnaughey [10] also

proposed that such an inhibitory role might be a way for the coral to control crys-

tal growth. Such an inhibitory role for the organic matrix has been detected for

specific proteins from mollusk shells [69, 82–84], though such experiments are

always based on in-vitro assays of CaCO3 precipitation. It must also be noted that

the amino acid g-carboxyglutamate identified in some corals [42, 85] could play an

inhibitory role, as do proteins containing such an amino acid in vertebrate miner-

alized tissues [43]. With regard to the promotion of crystal growth, the first

models proposed by Goreau [86] and Johnston [12] concerned respectively the

role of mucopolysaccharides or glycoproteins as envelopes for crystal formation.

By using modern techniques, the organic matrix can be observed in coral skele-

tons from macro- to micro- and nano-metric scales. At the macrometric scale, im-

munolabeling performed on the skeleton with antibodies against the soluble or-

ganic matrix confirmed the presence of organic matrix on two skeletal structures

which differed in shape, namely the corallite and the cœnosteum [57]. On the

cœnosteum and its spinules, the distances delimited by the reticulate network

labeling suggested that the organic matrix coated bundles of fibers. On the coral-

lite and its septae, the irregular labeling could correspond to calcification centers.

Cuif et al. [44] suggested an intimate involvement of organic compounds in nu-

cleation and the growth of organic fibers. The observations of Cuif and colleagues

[44, 56, 87] showed that calcification centers and fibers contain organic matrix

components, and by performing a micro-structural and physico-chemical charac-

terization of the fibers and centers of calcification of septae, Cuif and Dauphin

[56] proposed that the formation of centers of calcification and deposition of fi-
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bers should be regarded as a two-step (successive) process. Calcification centers

create the first architectural framework, followed by the development of fibers

through a micron-scaled polycyclic secretory process. These authors confirmed,

by using microprobe analysis, the difference in chemical composition between

the two skeletal elements, and especially differences in sulfur concentrations be-

tween the fibers and the centers. A few years later, the mapping of S-sulfate con-

centrations in centers and fibers provided direct evidence of high concentrations

of organic sulfate ay the centers of calcification, and a banding pattern of S-sulfate

in fibrous parts [44]. Clode and Marshall [32] also detected significant amounts of

sulfated molecules throughout the calcifying interfacial region, which could be

calcium-binding polysaccharides and glycoproteins present in the organic mate-

rial. Finally, a series of variously scaled observations and localized measurements

using atomic force microscopy (AFM) allowed recognition of the presence of an

organic component at the nanometer scale (nanograin) with a biomineralization

cycle starting by the secretion of a mineralizing matrix and ending with a crystal-

lization step [88, 89].

14.11

Organic Matrix and Its Implications for Paleo-/Geo-Chemistry and Diagenesis

Inorganic compounds of coral skeletons are presently used as paleoceanographic

proxies due to the well-defined stratigraphy of the annual coral bands [90]. How-

ever, research on the organic matrix and its implication in this domain is less ex-

tensive. To date, very few studies have dealt with the century-scale preservation of

organic matrix in the skeleton of corals, whereas it has been shown that preserved

antigenic determinants can be found in organic matrix from Cretaceous cephalo-

pods [91] or from 75 000 year-old bivalve shells [92]. Muscatine et al. [64] per-

formed a study on the stable isotope composition of organic matrix on three

specimens of a Triassic coral, Pachythecalis major, which allowed (using d15N as a

proxy) one to determine that the species was symbiotic. Other studies on organic

matrix diagenesis in corals have focused primarily on the use of d/l amino acid

ratios as a means of dating coral annual bands [93], although as bacteria were

present and metabolically active, some fractions of the skeletal organic matter

were shown to be metabolized [94]. Ingalls et al. [40] subsequently aimed at char-

acterizing the diagenetic status of organic matter in operationally defined intra-

crystalline and non-intracrystalline organic matter pools in order to relate the ex-

tent of organic matrix preservation to the degree of organic matter association

with the coral skeleton. These authors determined that organic matter decompo-

sition occurred more rapidly in the non-intracrystalline pool than in the intracrys-

talline pool, although decomposition in both pools was slow. As intracrystalline

organic matter within coral skeletons appeared to be very well preserved, it was

suggested that this material could be an important addition to the current suite
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of coral-based tools presently used in paleoceanographic studies. In particular,

these authors indicated that an examination of the concentration of organic com-

pounds in coral skeletons, as well as the isotopic composition of this organic mat-

ter, merited further development as paleoceanographic indicators. However, Dau-

phin and Cuif [95] warned of the need for methodologic improvements when

using carbonate as a tool for paleoenvironmental reconstructions, as organic ma-

trices occluded in aragonitic crystals of coral skeletons are not fully destroyed,

even when heated to 800 �C. By performing a micro- to nano-scale approach,

Cuif et al. [89] proposed that each growth layer in coral skeleton could be consid-

ered as an Environment Recording Unit made from mineral nanograins densely

packed within an organic component. The presence of an organic matrix in the

skeleton has its implication for paleoenvironmental studies based on the isotopic

composition of coral skeleton. Indeed, the ‘‘physiological effect’’ or ‘‘vital effect’’

of the animal on the isotopic equilibrium was first described during the 1950s

[96, 97]. The presence in the organic matrix of the skeleton of molecules showing

catalytic activity – such as the enzyme carbonic anhydrase [49] – might serve as

an explanation of the vital effect, as was suggested by Weiner and Dove [4] for

mollusk shells.

14.12

Conclusions

Despite only one protein having been fully characterized to date in coral organic

matrix, new insights on its composition, synthesis, and role in calcification have

been highlighted through a series of investigations conducted using molecular

biology, biochemistry, physiology, and microscopy approaches. The involvement

of the coral organic matrix in several and various domains such as paleo/

geochemistry, diagenesis or evolution strengthens our need to expand this re-

search, especially through complementary approaches. Apart from the involve-

ment in the domains detailed in Section 14.11, it is worth noting that coral is

one of the few biomaterials which has been extensively studied as a bone graft

substitute, with in-vitro, animal, and human research investigations having been

conducted for almost 30 years [34]. Unfortunately, the properties of coral as im-

plants have generally been studied with non-demineralized skeletons rather than

with whole extracts of organic matrix or isolated molecules. Although organic ma-

trix extracts have only been characterized for their cytocompatibility [39], osteo-

genic activity has never been reported, which is in contrast to the activity found

with the organic matrix of nacre from pearl oyster [98]. Since in coral larvae and

adults, the molecules involved in mammal osteogenesis such as bone morphoge-

netic proteins (BMPs) are present in tissues [67, 99], the study of such ancestral

molecules and their potential implications in coral skeleton formation, as well as

in mammalian osteogenesis, might open new pathways not only in medicine but

also in evolutionary studies of biomineralization.
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15

Statoliths of Calcium Sulfate Hemihydrate are

used for Gravity Sensing in Rhopaliophoran

Medusae (Cnidaria)

Fabienne Boßelmann, Matthias Epple, Ilka Sötje, and Henry Tiemann

Abstract

The complex marginal sense organ (rhopalium) of rhopaliophoran medusae is

discussed. This organ is responsible for equilibrium sensing, photoreception,

and sensory responses to stimuli such as chemicals, pressure, mechanical touch,

and temperature. In this chapter, attention will be focused on the mineral part of

the gravity sensors inside the rhopalia, the so-called statocysts. Amazingly, these

sensors – which occur within water-dwelling organisms that contain about 99%

of water – consist of bassanite, the hemihydrate of calcium sulfate. A number of

small hexagonal single crystals (statoliths) of this hygroscopic material are stabi-

lized by different cells and membranes. These crystals have been characterized by

synchrotron radiation-based powder and single-crystal diffractometry. Here, an

overview is provided of statoliths of different species, conclusions are drawn as

to why this material is possibly used, and which statolith materials occur in other

jellyfish species.

Key words: gravity sensing, statolith, rhopalium, jellyfish, scyphomedusae, cubo-

medusae, bassanite, calcium sulfate, X-ray diffraction, synchrotron radiation.

15.1

Diversity of Alkaline Earth Sulfates in Organisms and Nature

Although calcium is the most common cation in organisms for biomineraliza-

tion, calcium sulfate and its hydrates are rare [1, 2]. Besides the statoliths in me-

dusae, it is known to occur only in green algae of the family Desmidiaceae. Some

species of this family have been reported to use calcium sulfate as a biomineral,

and possibly also as statolith [3]. However, earlier reports of calcium sulfate in the

genus Closterium of the Desmidiaceae [4] were later proven incorrect – that is,

these crystals were identified as barium sulfate with traces of strontium sulfate

[5].
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Within the four classes (based on the system of Werner [6]) of the Cnidaria,

several biominerals occur in statoliths. Anthozoa have ectoskeletons built from

calcium carbonate, Hydrozoa have statoliths of calcium-magnesium phosphate,

and Scyphozoa and Cubozoa have statoliths of calcium sulfate hemihydrate (bas-

sanite) [6–11].

In geology, calcium sulfate can be found as dihydrate (gypsum) and as anhy-

drite. Bassanite, the hemihydrate (plaster of Paris), is not a rock-forming material

as the others, as it is extremely hygroscopic with a quick transformation to dihy-

drate when in contact with moisture, and is therefore extremely rare [12]. Bassan-

ite is of major importance in the construction industry, and is therefore prepared

in large-scale from gypsum at temperatures of approximately 120–130 �C in auto-

claves. The properties of the three calcium sulfates are compared in Table 15.1.

15.2

Morphology of Rhopalia, Statoliths, and their Function

In the life cycle of the taxon rhopaliophora, which includes the two cnidarian-

classes Scyphozoa and Cubozoa, two different generations occur – the sessile

and benthic polyp and the free-swimming planktonic medusa. Only the latter

need, according to their conditions of life, the rhopalia as complex sensing organs.

The occurrence of two generations that reproduce on the one hand asexually

(polyp) and on the other hand sexually (medusa) is referred to as metagenesis.
The asexual reproduction is different in each medusa-producing class, the me-

dusa generation being formed out of the polyp by a process known as strobilation
within the Scyphozoa and as metamorphosis within the Cubozoa. During strobila-

tion, the polyp-body laces several times and the resulting discs develop into

Table 15.1 Comparison of calcium sulfate and its hydrates [13–17]

Mineral name Gypsum Bassanite Anhydrite

Formula CaSO4�2 H2O CaSO4�0.5 H2O CaSO4

Crystal system monoclinic trigonal orthorhombic

Density/g cm�3 2.30–2.37 2.7 2.9–3.0

Hardness (Mohs) 2 unknown 3–3.5

Color white or colorless colorless, snow-white colorless, white

Streak white white white

Twinning common on {100};

less common on {101}

no untwinned structure

described in the literature

simple or

repeated {011}
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ephyrae (medusa-larvae). The ephyrae are released from the polyp residuum and

develop into adult medusae. Cubozoan polyps convert into small medusae com-

pletely by metamorphosis.

The medusa, as well as the polyp, can be traced back to a relatively simple basal

construction plan. The radial symmetry, the existence of only two epithelial layers

(ectoderm and endoderm), the mainly acellular mesogloea located between these,

and the existence of only one body-opening are marks for this plan [18, 19]. The

body of a medusa consists of the often disc- or bell-shaped umbrella with a

mouth-opening on its subumbrellar side (Fig. 15.1). The marginal rim of the um-

brella in most groups bears tentacles as well as lappets and in the main radii the

sense-organs, that typically occur as multiples of four [18, 20]. The anatomy of

the rhopalia in Scyphozoa and Cubozoa was described by Russel [21] and Werner

[6]. The rhopalium of a coronate scyphomedusa is a club-shaped complex organ

which is located in a niche in the margin of the umbrella and covered with an

epidermal hood on the exumbrellar side [6]. It bears various sense cells on differ-

ent pads, the light-sensing organs (if present), and terminally always the stato-

cyst. Inside the first bulb of the rhopalium is located a small cavity, the ampoule,
which is connected to the gastrovascular cavity via a stalk-like channel [22] to sup-

ply the organ with nutritive materials. The statocyst functions together with the

hood as a graviceps sensor. Sense-cells for gravity reception each extend a cilium

towards the hood and bear axons at the proximal end. Hündgen and Biela [23]

examined the area of the graviceps reception (touch-plate) in the scyphomedusa

Aurelia aurita in detail. The statolith at the distal end of the rhopalium and the

touch-plate located proximal of the statolith at the exumbrellar side together con-

stitute the gravitational sense organ. The touch-plate is formed by ectodermal

cells that extend projections at their bases to the mesogloea. Three different types

of receptor cell compose the touch-plate that are laterally joined by septet junc-

tions, with all bearing an apical sensory cilium.

The whole axons of all sense cells construct a local restricted area on the meso-

gloea that have the character of ganglia [18]. The ganglia control the animal’s pul-

sation [24] and serve as pacemakers to control umbrellar pulsations and maintain

equilibrium [25, 26].

Fig. 15.1 Photograph of Periphylla periphylla. Scale bar ¼ 2 cm.
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15.3

Examination of Statoliths

Statoliths of the scyphomedusae Aurelia aurita, Cyanea capillata and Cyanea la-
marckii (order Semaeostomeae), Periphylla periphylla (order Coronatae), Rhizos-
toma octopus, Cassiopea andromeda and Cotylorhiza tuberculata (order Rhizosto-

Fig. 15.2 Phylogenetic tree of the Cnidaria with scanning electron

micrographs of statoliths in the different groups (for suborder, family

and species the examined groups are shown only). Scale bars ¼ 10 mm.
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meae) and of the CubomedusaeCarybdea sp. and Tripedalia cystophora (order Caryb-
deida), were examined with scanning electron microscopy (SEM) (Fig. 15.2).

Morphologically, the statoliths of all species can be described as short trigonal

needles. The statoliths removed from each rhopalium were of different sizes, but

of the same order of magnitude within a given species. The most abundant crys-

tal shape was twice as long as wide in the examined coronates and semaeostomae

medusae. Other crystals with a more polyhedral and isodiametrical shape or lon-

ger and slender shape (ten times longer than wide) were rare. In contrast, the pol-

yhedrical crystal shape was the most abundant in rhizostome medusae such as R.
octopus and C. andromeda.
These statoliths were characterized with energy-dispersive X-ray spectrometry

(EDX) which showed mainly calcium, sulfur and oxygen, indicating the presence

of calcium sulfate. This composition was found by several authors in rhopalio-

phoran medusae [8, 27–30], and described as calcium sulfate dihydrate (i.e., gyp-

sum). In contrast, synchrotron radiation powder diffraction (Fig. 15.3) revealed

the material to be calcium sulfate hemihydrate (i.e., bassanite) [9, 10]. These re-

sults were verified by single crystal analysis with synchrotron radiation of crystals

of P. periphylla and A. aurita. The investigated crystal of P. periphylla showed a

trigonal structure [9], as in the geological crystal system [17]. The crystal struc-

ture of A. aurita could only be identified as monoclinic [10] because of a worse

data sheet with less diffraction peaks.

Fig. 15.3 X-ray based synchrotron radiation powder diffractogram of the

statocysts of Aurelia aurita and Periphylla periphylla. The noticeable

difference in intensities of several reflexes between the International

Center for Diffraction Data (ICDD) file and the measurements are due

to preferred orientation of the crystals.
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15.4

Formation and Growth of Statoliths

The morphogenesis of the statocyst, especially in its early phase, takes place in

close connection to the morphogenesis of whole rhopalium. The rhopalium is

originated (and originates again during every medusa formation) from the ten-

tacle complex of the polyp and, like these, contains a central endoderm as well as

a covering ectoderm [19, 31]. Usually, the statocyst in Scyphozoa is formed by en-

dodermal lithocytes [20]. Intracellular biomineralization is a widespread strategy

in organisms. This controlled mineralization can occur within specialized vesicles

or vacuoles that direct the nucleation of biominerals within the cell where an or-

ganic matrix may also be active as a nucleating template. The concentrations of

cationic and anionic biomineral constituents can be controlled by the cell. The

compartment membrane itself regulates the internal conditions for biomineral-

ization [2, 32, 33]. Fossil evidence confirms that the origin of the Cnidaria lies in

the Precambrian (i.e., older than 570 million years) [34]. Because biomineraliza-

tion itself is a very conservative ability of organisms that had developed already in

the Precambrian, it is likely that the basic mechanisms for the different materials

are similar [32] and that biomineralization in rhopaliophorans is controlled by

similar basic mechanisms, as in other organisms. Spangenberg [35] found fila-

mentous material in scyphozoan cells from which the crystals were dissolved.

When rhopalia of the coronate medusa P. periphylla were examined in detail

with transmission electron microscopy (TEM), the rhopalia were found to incor-

porate a number of endodermal lithocytes that were filled with vesicles and con-

tained a large vacuole that included the statolith [9]. These vesicles could contain

the solution which is necessary for crystal formation, as it is known in other cases

of biomineralization. The formation of hemihydrate must occur in well-secluded

compartments under the nucleating influence of specialized biomolecules, and

the crystals must be permanently protected against the aqueous environment in

order to prevent hydration. This is most likely accomplished by a thin layer of or-

ganic matter covering the statoliths. Scanning electron-microscopy images (Fig.

15.4B and C) suggested an incorporated center or hole in the middle of the single

crystals. These centers appear as rectangular cavities equidistant from the crystal

faces in high-magnification light microscopy. The size can be determined only ap-

proximately (up to 1.2 mm) with this method, due to problems with refraction.

SEM measurements of cuts through the statocyst indicated the presence of cav-

ities with a diameter of 2 to 4 mm that were already existing in the smallest crys-

tals. The use of these cavities is not yet known, however.

The initiation of statolith synthesis in A. aurita first occurs in ectodermal cells

of the tentacle bases of metamorphosing polyps, before rhopalia formation. These

cells probably migrate to their ultimate site at the endodermal tip of the rhopa-

lium [35].

New statoliths of A. aurita ephyrae form in cells (Fig. 15.5) in calcifying vesicles

that are found intracellularly, located often near the cell nucleus and sometimes

in close proximity to the Golgi apparatus. The vesicles are membrane-bound and
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contain variable amounts of osmiophilic amorphous mineral and acidic phospha-

tase. Mature statocytes contain large statoliths within intracellular vacuoles [35].

Phosphate is not incorporated into the statoliths, but it contributes to an efficient

uptake of calcium and sulfate into the cells and/or calcifying vesicles, stimulating

the growth of statoliths of A. aurita [36]. In Cyanea capillata the cytoplasm sur-

rounding the calcifying vesicles during synthesis contains the enzyme carbonic

anhydrase which catalyzes the reaction between carbon dioxide and water to pro-

duce carbonic acid [37].

At the start of metamorphosis in the rhizostome C. andromeda the rhopalia de-

velop as conical lobes from the margin of the disc at the bases of the rhopalial

tentacles. The statocyst develops from the top of the lobe and includes the stato-

liths, which increase gradually in number and size [19]. The increase in number

and the growth of statoliths during the medusa development is the normal proce-

dure in all species examined here [10, 11]. The distribution of small (young) and

larger (older) crystals within the statocyst of the semaestome A. aurita was eluci-

dated by synchrotron radiation microcomputer tomography (SRmCT), which is a

non-destructive method used to visualize the location of the crystals in a rhopa-

lium. The organic tissue is invisible when using this method because in the

high-energy beam only electron-dense material (here, the mineral phase) absorbs

Fig. 15.4 (A) Microtomographic image (mCT, side view) of intact

rhopalia of the medusa Aurelia aurita. S ¼ subumbrellar side of the

rhopalium; e ¼ exumbrellar side of the rhopalium; b ¼ base of the

rhopalium. (B) SEM image of a cut section in an embedded statocyst.

Scale bar ¼ 100 mm. (C) SEM image of a cavity in a statolith.
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(Fig. 15.4A). The largest crystals are located in the subumbrellar (mouthwards)

part of the rhopalium, whereas the smaller crystals are located on the exumbrellar

(bellwards) side. The crystals become bigger from the base of the statolith towards

the subumbrellar and distal area of the statolith. The largest crystals are mostly

oriented with their longitudinal axis to the center of the statolith. The formation

area of the crystals is located close to the base of the statocyst. The number, size,

and, orientation of the statoliths provides important information about the age of

the specimen and formation of the crystals during development.

In the Cubozoa Tripedalia cystophora the first signs of metamorphosis from

polyp to medusa-stage are the contacting polyp-tentacles. The early stage of the

developing rhopalium is represented by a rhopalar bud consisting of totipotent

cells. This bud develops a cavity which is a bulge of the gastric cavity. The proxi-

mal part of the bud develops into the statocyst, which is a closed, multicellular

complex consisting of endodermal lithocytes and which contains a large vacuole

that is filled to a large extent with calcium and sulfate ions bound to an organic

matrix [38]. According to Lowenstam [39], the biomineralization in Scyphozoa, as

well as in young Cubozoa, is a biologically controlled mineralization inside the

cell in an isolated environment (i.e., the vacuole). The biomineral crystals in Scy-

phozoa remain continuously intracellular, within the vacuole of the lithocytes. It

Fig. 15.5 Transmission electron micrograph of the statolith cells of

Periphylla periphylla (note that the statoliths were dissolved during

preparation). c1; c2; c3 ¼ cells; cl ¼ cellular layer around the statoliths;

dcr ¼ dissolved crystal (site of the statolith); n ¼ nucleus; v ¼ vesicle.

Scale bar ¼ 2.5 mm.
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is likely that the development of the cubozoan biomineral differs somehow

when the medusae become older. The structure of the statoliths of the young me-

dusae of Carybdea sp. is very similar to the structures in Scyphozoa [9–11]. These

crystals fuse with further development and form a radiating star before they

merge into a solid mass. Large Cubozoa have only one solid ellipsoid statolith

with daily growth rings [27, 28]. The appearance of this massive statolith is re-

markably different from the collection of single crystals in the rhopalia of scypho-

zoans. The concentric layers described by Ueno et al. [27] in older cubozoan me-

dusae statoliths must appear by further formation of calcium sulfate hemihydrate

during growth.

15.5

Occurrence of Calcium Sulfate Hemihydrate in the Different Taxa with Phylogenetic

Aspects

Fossils evidence confirms that the Cnidaria are diverged in Precambrian times

close to the base of multicellular animals [34]. The recent Cnidaria are commonly

divided in the four classes Anthozoa, Scyphozoa, Cubozoa, and Hydrozoa [6, 40,

41], though some authors have introduced an additional class, the Staurozoa [42].

The anthozoans are characterized by the polyp generation only, and therefore sta-

tocysts are lacking. Evidence provided by several authors supports the theory that

the polyp-generation is the primary form from which the medusa-generation

evolved later [40–45]. The Anthozoa are believed to be the sister group of the re-

maining cnidarians [41, 42, 44, 45], the Tesserazoa [40] or Medusozoa [46], based

on the presence of a stiff cnidocil and linear mitochondrial (mt)DNA, including

the three classes with a polyp and a medusa generation. The graviceps sense is

necessary for the orientation of the medusa in its environment, and must have

evolved together with this planktonic life stage. The investigation of the statolith

structure offers an additional tool beside morphological and molecular biological

features to examine phylogenetic relationships within the Cnidaria, especially

within the Tesserazoa. Several theories exist concerning the development of the

medusa. The medusa generation could have been developed once within the Me-

dusozoa [46] or several times in the different classes [6, 22, 40, 47]. The latter hy-

pothesis is supported by the fact that the marginal sense organs of the Hydrozoa

and Rhopaliophora have a different developmental origin [6, 48]. Hydrozoans

have ectodermal statocysts, whereas rhopaliophoran statocysts consist of ecto-

and endoderm. The class Hydrozoa is commonly seen as the sister group of the

Rhopaliophora, including Scyphozoa and Cubozoa which are monophyletic be-

cause of the existence of rhopalia, derived from polyp tentacles [41]. In Hydrozoa,

the biomineral calcium-magnesium phosphate is used [7, 8]. The statolith mate-

rial of several species belonging to different groups of the Rhopaliophora, the scy-

phozoans A. aurita, Cyanea lamarckii, C. capillata, P. periphylla, R. octopus, C. an-
dromeda and in the cubozoans Carybdea sp. and Tripedalia cystophora, was shown
by modern methods to be calcium sulfate hemihydrate (bassanite) [9–11]. The
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fact that until now both groups of Rhopaliophora are seen to use the same min-

eral for their statoliths confirms the close relationship between the classes Scy-

phozoa and Cubozoa.

These results support the hypothesis that medusae have developed twice within

the Cnidaria: on the one hand in the Scyphozoa and Cubozoa, and on the other

hand in the Hydrozoa. This concept is supported also by other characteristics

shared by both groups; for example, gastric filaments and rhopalia as marginal

sense organs originating from transformed polyp tentacles. The anatomy of early

statocyst-stages is also comparable in Coronata [9], Semeaostomeae, Rhizosto-

meae [10] and Cubozoa with regard to their content of isolated prismatic crystals

[11]. Although the start of statolith formation is identical within the Rhopalio-

phora, different branches can be recognized concerning the shape and the further

ontogenetic development of the statoliths. The cubozoans T. cystophora and Caryb-
dea sp. are clearly different from the semaestome and rhizostome medusae with

regard to the development of solid statoliths in older medusae. The appearance of

isolated prismatic crystals at the start of statolith development – similar to stato-

lith development in semaestome and rhizostome medusae – can be interpreted as

a plesiomorphic feature of the class Cubozoa.

The formation and use of the unusual (and, within the animal kingdom,

unique) hygroscopic biomineral bassanite is an ancient attribute of the Rhopalio-

phora, which must have had a pelagic generation already at that time. It is possi-

bly preserved because of its higher density compared to dihydrate (gypsum).

From a biological point of view, it makes sense to use calcium sulfate hemihy-

drate instead of calcium sulfate dihydrate as a gravity sensor. The density of the

hemihydrate is higher (2.7 g cm�3) than that of the dihydrate (2.3 g cm�3). The

density ratio becomes even more favorable (1.7:1.3) after eliminating the buoy-

ancy by subtracting the density of water.

The phylogenetic relationships of the classes within the Tesserazoa remain the

subject of debate. The Scyphozoa have been assumed by several authors [44, 47,

49, 50] to be the most basal taxon, and the Coronatae could be the most basal

within this group [6, 44]. Despite many species in this order being deep-sea

organisms, CaCO3 is known to dissolve in deeper water regions below 4000–

5000 m (lysocline), due mainly to the high pressure [51], and therefore would

not be usable in the gravicepts sensors of deep-sea medusae. Thus, the develop-

ment of the medusa-generation under these environmental conditions might be

a reason why calcium sulfate has evolved as the biomineral in statoliths.

In future, the examination of biominerals in cnidarian statoliths must be ex-

tended to all groups in order to help clarify the phylogenetic relationships within

the Tesserazoa. It would also be interesting to expose the mechanisms which en-

able an animal that lives in an aquatic environment to produce a highly hygro-

scopic material that, currently, can be produced industrially only under pressure

and at high temperature. To date, only minimal information is available regard-

ing the mechanism which leads to the production of the unique biomineral bas-

sanite, and this will clearly be a major target for future investigations.
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Unusually Acidic Proteins in Biomineralization

Frédéric Marin and Gilles Luquet

Abstract

Calcium carbonate biominerals are the most abundant mineral on the surface of

the Earth. In eukaryotes, all biologically controlled calcium carbonate minerals

are associated with a minor organic matrix, which displays several essential func-

tions: crystal nucleation, control of crystal shape, and crystal growth inhibition. In

addition, the matrix may be involved in enzymatic functions and may mediate

cell–cell and cell–matrix interactions. The matrix is a mixture of proteins, glyco-

proteins, complex carbohydrates, proteoglycans, glycosaminoglycans and, some-

times, lipids. The biochemical properties of this matrix have been studied in nu-

merous cases. One peculiarity shared by most (if not all) matrices associated with

calcium carbonate biominerals is the presence of unusually acidic proteins; very

often, these are rich in aspartic acid residues. The nature and biochemical proper-

ties of these proteins, their study and their unusual behaviour in solution remain

topics of debate. In this chapter, we review our present knowledge of these un-

usually acidic proteins associated with calcium carbonate biomineralizations in

selected eukaryotic phyla.

Key words: acidic protein, amorphous calcium carbonate (ACC), aragonite, as-

partic acid, calcite, calcium carbonate, glutamic acid, organic matrix, post-

translational modification.

16.1

Introduction: Unusually Acidic Proteins and the History of their Discovery

In the biosphere, eukaryotes represent major contributors to the production of

calcium carbonate biominerals. These biominerals play a pivotal role, for several

reasons [1]: (i) they are a major actor in the carbonate cycle; (ii) they represent

a major sink for both calcium and carbon, and thus, participate in the climate

273

Handbook of Biomineralization. Edited by E. Bäuerlein
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regulation; and (iii) they contribute to maintain the Earth’s homeostasis by buffer-

ing the oceans and maintaining them at a reasonable degree of supersaturation.

All calcium carbonate biominerals produced by eukaryotes share a remarkable

property. They are all organo-mineral composites, where the organic phase repre-

sents only a small fraction (from <0.1 wt% to few wt%) of the total biomineral.

Today, it is known that this matrix plays essential functions in mineralization [2].

In particular, it acts as a template for calcium carbonate deposition, by favoring

the growth of calcium carbonate crystals in privileged directions, and then stop-

ping their growth. The biomineral also stabilizes unstable or metastable poly-

morphs of calcium carbonate (vaterite, aragonite, amorphous calcium carbonate).

In addition to these physico-chemical functions, the organic matrix may also be

involved in cell–matrix interactions and cell–cell communication. This organic

matrix is not homogeneous, but rather is composed of a mixture of different

macromolecular components, including proteins, saccharides, glycans, and lipids.

Among the proteinaceous moiety, the key components of the matrix are the un-

usually acidic proteins. These are central to classical hypotheses on biomineral-

ization, because they are always associated with calcium carbonate biominerals,

and because they are shown to interact strongly with them [3].

The concept that eukaryote calcium carbonate biominerals are organo-mineral

composites has long been known. In fact, such reports extend back to the mid-

19th century, when Frémy [4] analyzed for the first time conchiolin, the insoluble

organic residue of mother-of-pearl. The finding of unusually acidic proteins asso-

ciated with calcium carbonate biominerals is much more recent, however. It is

difficult to determine with precision who was the first to claim that acidic macro-

molecules were needed to bind calcium ions and nucleate calcium carbonate. The

proposal was first made during the early 1960s, and formulated successively by

Glimcher [5], Hare [6], Simkiss [7], and Degens and co-workers [8]. Hare, in

1963, had a surprisingly modern view: ‘‘. . . the role of the organic matrix in min-

eralization is probably to provide a set of highly specific templates which act as

the sites for the nucleation of the mineral phase . . . Aspartic and glutamic acid

side chains could provide negatively charged sites, which would attract calcium

ions.’’ In 1967, Degens also said: ‘‘. . . the most essential factor in nucleating a

mineral phase appears to be the availability of free carboxyl groups provided by

certain acidic amino acids . . .’’. What appears however certain was that the detec-

tion of acidic proteinaceous fractions associated with calcium carbonate biomin-

erals was correlated to the development and the extensive use of amino acid anal-

yses of protein hydrolyzates.

An important step was crossed almost simultaneously by Meenakshi and co-

workers, and by Crenshaw, with the discovery of the EDTA-soluble matrix [9], ex-

tracted from molluskan shells. In both cases, this matrix appeared to be singu-

larly enriched in aspartate residues, in comparison to the EDTA-insoluble matrix,

which was more hydrophobic. Although Crenshaw believed that most of the as-

partate residues were in their amide form, he demonstrated that the soluble ma-

trix was intracrystalline, since it was not degraded by NaOCl-treatment of the

shell powder. This meant that the soluble acidic matrix is tightly bound to the
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mineral phase. A few years later, Weiner and Hood, in a key report, showed that

the soluble proteins of the molluskan shell matrix were truly aspartic acid-rich

and that they could act as a template for crystal nucleation [10]. Consequently,

these authors proposed a first model, where the binding of calcium ions is per-

formed via the negatively charged carboxyl radicals of aspartic acids, in a hypo-

thetical (D-Y)n sequence (where Y can be any amino acid). They explained that

the atomic distance between two consecutive calcium ions in the aragonite lattice

would match the distance between two consecutive negatively charged radicals of

aspartic acid in such a sequence (which implies that one calcium ion is chelated

by two consecutive carboxylates). Some years later, Wheeler et al. brought another

missing part to the puzzle when they observed that the acidic soluble matrix had

the ability to delay the in-vitro precipitation of calcium carbonate [11] – an effect

which was found to be dose-dependent. At that time, it appeared that the acidic

proteins of the shell played two antagonist roles in calcium carbonate biomineral-

ization: nucleation and inhibition. These two concepts were central to the disci-

pline for the two decades following their discovery. Nowadays, although still im-

portant, these concepts are replaced in a more dynamic perspective, as we will see

in the following sections.

16.2

What Makes a Protein Unusually Acidic?

In the light of our introduction, it seems necessary first to define an unusually

acidic protein. In the living world, the majority of proteins have an isoelectric

point, which is either neutral or slightly acidic. The isoelectric point (pI) is the

pH value at which a protein has no net electric charge. At a pH below pI, proteins

carry a net positive charge, but above pI their net charge is negative. In the pro-

teome of the bacteria Escherichia coli, more than 90% of the abundant proteins lie

in an isoelectric point window of 4 to 7 [12]. Thus, those proteins which exhibit a

low pI (below 4/4.5) can be considered as ‘‘unusually acidic’’. However, such a

definition is restrictive, as a protein with a pI around neutrality can exhibit very

acidic functional domains, compensated by basic ones.

There are two reasons for a protein for being ‘‘unusually acidic’’. First, in its

primary structure, acidic amino acids dominate, and the ratio between acidic and

basic residues is largely in favor of the acidic residues. Second, this protein exhib-

its post-translational modifications, which bring additional negative charges to

the peptide core. In the first case, the acidity of a protein is generally determined

by the amount of aspartic acid (Asp, or D) and glutamic acid (Glu, or E) residues

in the sequence. Aspartic and glutamic acids are the two natural amino acids,

which exhibit a carboxylic acid group in their side chain (aCH2COOH for Asp,

aC2H4COOH for Glu). Their frequencies in ‘‘standard proteins’’ are 5.3% and

6.2%, respectively [13]. The other parameter to consider is the ratio between these

amino acids and the sum of lysine (Lys or K), arginine (Arg, or R) and histidine

(His, or H): a protein with only few D or E residues can indeed exhibit a relatively
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acidic pI if it contains very few basic residues. For example, this is the case for

GAMP, a crustacean matrix protein (see Section 16.5.2.5, Arthropods).

Post-translational modifications represent a second way to increase the poly-

anionic characteristic of a protein. In the case of proteins associated with biomin-

erals, the most frequent modifications are glycosylation, phosphorylation, sulfa-

tion, and carboxylation of glutamic acid [14]. Glycosylation is the enzymatic

addition of a saccharide moiety to a protein core [15]. Two types of glycosylation

exist: N-linked glycosylation to the amide nitrogen of asparagine side chain, and

O-linked glycosylation to the hydroxyl group of serine or threonine side chain.

The first type is found for example in the molluskan shell protein dermatopontin

[16], whereas the second type is suspected to be the main glycosylation type of

mucoperlin, another shell protein [17]. Although not all glycosylations modify

the net charge of a protein, some do, such as the addition of sialic acids (a family

of nine-carbon, negatively charged monosaccharides), the addition of polysacchar-

ides composed of acidic sugars such as glucuronic acid (e.g., hyaluronic acids), or

the addition of saccharides which exhibit a terminal sulfate group.

The second important post-translational modification is phosphorylation,

which represents the addition of a phosphate group (PO4) on to serine (the most

frequent case), threonine, or, more rarely, on to tyrosine [15]. Phosphorylations

are catalyzed by protein kinases, an extremely diversified family of enzymes.

Phosphorylations are extremely important in biomineralization systems and ful-

fill important functions. Phosphate groups are thought to bind calcium ions in

cooperation with carboxylic groups [18]. For example, phosphophoryn, which is

found in the dentin matrix, is highly phosphorylated, and the phosphate groups

are important for its function as a mediator of dentin biomineralization [19]. RP-

1, a molluskan shell protein is a potent inhibitor of calcium carbonate precipita-

tion in vitro, but this effect is completely dependent on phosphate groups, as the

dephosphorylation of RP-1 results in a complete loss of any inhibitory effect [20].

Orchestin, a protein associated with calcium storage concretions in a terrestrial

crustacean, is a calcium-binding protein. Here again, this ability, which is con-

veyed by phosphorylated serine residues, is lost when serine is dephosphorylated

[21].

Another post-translational modification, which can increase the negative charge

of a protein involved in biomineralization, is sulfation – that is, the addition of a

sulfate group to the side chain hydroxyl group of a tyrosine residue. Several extra-

cellular matrix proteins exhibit sulfated tyrosine residues [22]. In biomineraliza-

tion research, however, this post-translational modification is poorly documented,

although its existence is suspected on the basis of computer-based analyses of the

primary structures of several biomineralizing proteins [23].

Finally, the carboxylation of glutamic acid residues leads to the formation of

g-carboxy-glutamic acid (abbreviated as Gla). Proteins containing Gla residues –

such as osteocalcin and matrix Gla protein – are important constituents of

calcium phosphate biominerals, such as bone [24]. However, to our knowledge,

Gla has not yet been detected in proteins associated with calcium carbonate

biominerals.
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16.3

Biochemical Techniques for Studying Unusually Acidic Proteins

Because unusually acidic proteins are strongly bound to the mineral phase, they

are usually released by dissolving the calcium carbonate powder, with concen-

trated EDTA (directly in solution or by dialysis against EDTA) [10, 25], with dilute

acetic acid [26], or more rarely with hydrochloric acid [27] or formic acid [28].

EDTA functions at neutral pH and therefore, does not denature matrix proteins.

On the other hand, EDTA forms aggregates which are difficult to remove, even by

extensive dialysis [29]. Thus, when not completely removed, EDTA can dramati-

cally interfere with subsequent investigations such as inhibition tests or the in-
vitro growth of calcite. In this regard, our preference is to use dilute (5% v/v)

cold (4 �C) acetic acid, which is progressively added to the decalcifying solution

using an automatic titrimeter, such that the pH never falls below 4. Another in-

teresting possibility is the soft demineralization of calcium carbonate powder on a

cation-exchange resin [30]. Extraction of the matrix with bi-distilled water, as has

been performed in few cases [31], is insufficient to extract acidic proteins.

Once solubilized, the acidic proteins, which are considered to be major compo-

nents of the matrix soluble fraction [10], are then separated from the insoluble

fraction by centrifugation. They are subsequently concentrated and purified from

the mineral ions, by combining ultrafiltration and dialysis. When they are free

from salts, they can be analyzed by using different biochemical methods, in order

to obtain structural information. Usually, because these proteins do not have a

globular shape, gel permeation chromatography is not very effective in resolving

discrete molecules. To date, the most relevant fractionation techniques have been

a combination of high-performance liquid chromatography (HPLC) and ion-

exchange chromatography [32], or polyacrylamide gel electrophoresis under dena-

turing conditions (SDS-PAGE) [33]. Even by optimizing the fractionation condi-

tions, unusually acidic proteins have a tendency to smear, except when extracted

from amorphous calcium carbonate (ACC) structures [34] or from eggshells [35].

The analysis of acidic proteins by gel electrophoresis requires some precautions

to be taken. First, denaturing conditions must be used [36] in order entirely to

dissociate the macromolecular complexes formed in the matrix. Second, acidic

proteins do not stain easily with Coomassie Brilliant Blue (CBB), because they

are often poor in, and sometimes devoid of, any aromatic and basic amino acids,

with which the anionic blue form of CBB reacts exclusively [37]. Classical silver

staining can be employed [38], although despite the high sensitivity of this stain-

ing, ‘‘negative staining’’ patterns of acidic proteins are often observed [19a]. Fur-

thermore, because of their charge, acidic proteins tend to diffuse quickly out of

the gel. This obstacle can be precluded by a double fixation of the gel after the

electrophoresis, and a modification of the staining procedure, which visualizes

all of the acidic macromolecules [39]. Other staining procedures can be used for

visualizing highly acidic proteins, in particular Alcian blue [40] or carbocyanine

(Stains-all) [41]. Alcian blue stains blue the polyanionic macromolecules (pro-

teins, glycoproteins, proteoglycans, acidic polysaccharides), and seems adapted

16.3 Biochemical Techniques for Studying Unusually Acidic Proteins 277



for acidic proteins, but is not very sensitive. Carbocyanine dye stains blue the

polyanionic proteins (e.g., sialoglycoproteins, phosphoproteins, calcium-binding

proteins), and the other proteins red. One peculiarity of the Stains-all staining is

that calcium-binding proteins exhibit generally a distinctive metachromatic blue

color [21, 42]. However, in some cases, polyanionic molecules such as calcium-

binding proteins stains purple with carbocyanine [42]. Our own experience has

shown that some unusually acidic proteins of the shell of the bivalve Pinna nobilis
stains also purple with carbocyanine [43]. However, this staining is not very sen-

sitive and fades rapidly when exposed to light. Modifications have been per-

formed for improving the sensitivity and stability of carbocyanine staining by

combining Stains-all and silver staining [44]. In addition to carbocyanine, red

ruthenium, which initially is used as a histochemical dye for acidic glycosamino-

glycans, specifically stains red any calcium-binding proteins [45], and may conse-

quently be used to detect such proteins among matrix acidic components.

One peculiarity observed for highly acidic proteins is their behavior in SDS-

PAGE: they migrate to a calculated molecular mass higher than their molecular

mass deduced from their sequence or evaluated by mass spectrometry. This is the

case for nacrein, a molluskan shell protein (see Section 16.5.2.6), and for GAMP

and orchestin (two crustacean calcium storage structures proteins; see Section

16.5.2.5). If this discrepancy can be attributed to the putative presence of post-

translational modifications, then another explanation lies in the presence of

strongly biased amino acid domains which are known to bind SDS poorly [46].

Among these domains are those rich in acidic amino acids (e.g., asp-rich).

Following electrophoresis, unusually acidic proteins can be blotted onto nitro-

cellulose membranes, and studied for their ability to bind radioactive calcium

ions [47]. This test has been applied successfully in a number of cases [21, 48],

although some acidic proteins associated with calcium carbonate biominerals do

not bind at all (because they are unable to renature during electro-transfer on the

membrane [49]), or they bind calcium very poorly. The calcium overlay test devel-

oped by Ebashi and co-workers was primarily adapted to high-affinity–low-

capacity calcium-binding proteins – that is, proteins with canonical calcium-

binding domains, such as EF-hand [50]. Several extracellular calcium-binding

proteins do not exhibit EF-hand motifs or other canonical calcium-binding do-

mains, and bind calcium only with a low affinity [51]. Because unusually acidic

proteins associated with calcium carbonate biominerals exhibit domains rich in

glutamate or aspartate when they are calcium-binding, chelation of the calcium

ions (sometimes in cooperation with other anionic groups such as phosphate or

sulfate) is performed with a high capacity and a low affinity. This type of affinity

is compatible with the nucleation process, which requires a reversible binding of

calcium ions [52]. Our own practical experience has shown that the Maruyama

test must be adapted in some cases, for such proteins, for example by reducing

the time for rinsing the membranes, and by increasing the time of film exposure.

Other characterizations of unusually acidic proteins blotted onto nitrocellulose

membranes include studies of their putative post-translational modifications. For

example, phosphorylations can be studied with commercially available antibodies
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raised against phosphoserine, phosphotyrosine or phosphothreonine, or by per-

forming either a complete (e.g., by using the lambda protein phosphatase) or spe-

cific (using Ser/Thr- or Tyr-protein phosphatase) enzymatic cleavage. Another

approach consists – after in-vivo labeling of phosphoproteins with radioactive

phosphate – of identifying the labeled amino acids. Following the in-vivo injection
of 32Pi, the whole organic matrix proteins are classically extracted, then submitted

to an acidic hydrolysis followed by a separation by thin-layer chromatography.

The radiolabeled amino acids were revealed by autoradiography and identified by

comparison with standard phosphoamino acids [21].

Glycosylation studies can be approached via analysis with lectins (carbohydrate-

binding proteins), via chemical treatment using trimethanesulfonic acid (TMFS)

followed by a high-performance anion-exchange chromatography, or via enzy-

matic deglycosylations (with a mixture of glycosidases or with single specific gly-

cosidases) [43].

During the past 20 years, few functional tests have been developed for monitor-

ing the effect of unusually acidic proteins on the crystallization of calcium carbo-

nate. For the in-vitro inhibition test, known amounts of an acidic protein are

added to a solution of sodium bicarbonate (10 mM) to which a solution of cal-

cium chloride is quickly added [25, 53]. Variations of the pH values indicate

whether the spontaneous precipitation of calcium carbonate (calcite) occurs nor-

mally, or whether the process is delayed. If the latter, the delay corresponds to the

inhibiting effect of the tested acidic protein. A variant of this test consists of

maintaining a constant pH (the pH stat test) by adding the required volume of

sodium hydroxide via an automatic titrimeter [11]. The volume added is inversely

proportional to the inhibiting capacity of the tested molecule. Another semi-

quantitative variant of this test consists of measuring in a Petri dish the inhibi-

tion zone caused by acidic proteins on calcium chloride-containing agarose

hydrogel immersed in sodium bicarbonate solution [54]. The second test, the ‘‘in-

terference test’’, consists of growing calcium carbonate crystals, by slow diffusion

of ammonium bicarbonate vapors into a solution of calcium chloride, to which

known amounts of acidic proteins are added [27]. The crystals are then observed

by scanning electron microscopy. In ‘‘blank’’ tests, most of the crystals have the

typical rhombohedral shape. Interfering acidic proteins can drastically modify

the shape of the crystals, by provoking the development of new crystal faces, or

by promoting the appearance of polycrystalline aggregates. The effect is also

dose-dependent. Several acidic proteins associated with calcium carbonate bio-

minerals are known to exert an effect at concentrations as low as 1 mg mL�1.

16.4

Interactions of Acidic Proteins with Calcium Carbonate Crystals and Organo-Mineral

Models

At nanoscale and molecular scale, the problem of the interactions of acidic pro-

teins with calcium carbonate biominerals has been solved by a variety of comple-
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mentary techniques, including classical scanning electron microscopy (SEM)

observations, cryo-transmission electron microscopy (TEM), X-ray diffraction,

atomic force microscopy (AFM), computer-based molecular modeling, crystal

growth experiments in the presence of acidic protein followed by SEM observa-

tions, circular dichroism (CD) and NMR structural analyses from synthetic pep-

tides. Much of our knowledge has been derived from studies conducted by

Weiner, Addadi, Aizenberg and co-workers [27, 55], the group of Stephen Mann

[56], Wierzbicki, Sikes and co-workers [57], the group of De Yoreo [58], DeOli-

veira and Laursen [59], the group of John Evans [60], and Valiyaveettil and co-

workers [61]. In a number of studies, the molluskan shell or sea urchin spines

were used as a model system. Briefly, different modes of interactions of unusually

acidic macromolecules with calcium carbonate crystals can be distinguished.

Acidic proteins can induce nucleation, adsorb specifically onto some crystal faces,

and/or intercalate in a controlled manner into the crystal lattice. It has also been

suggested that, in some cases, they stabilize amorphous calcium carbonate.

As noted above, the consecutive discoveries of Weiner and Hood, [10] and of

Wheeler and co-workers [11], led to the idea that acidic proteins play two antago-

nistic roles, depending on their state. Thus, when adsorbed onto an organic insol-

uble template, the acidic proteins promote crystal nucleation, but when they are

free in solution they play an opposite role, by inhibiting crystal growth. In the ini-

tial nucleation model of Weiner et al. [62], which was developed from molluskan

shell biomineralization, the acidic (Asp-rich) proteins were bound to a ‘‘sole’’ of

hydrophobic silk-fibroin-like proteins (adopting the antiparallel b-sheet conforma-

tion). These insoluble proteins were in turn attached to a chitin core. In this

‘‘sandwich’’ model, the carboxylate functions of the side chains of aspartic acid

residues were accessible to calcium ions. Sulfated polysaccharides, which suppos-

edly were bound to the acidic protein core, could also contribute by attracting and

concentrating calcium in the vicinity of the soluble template [55a]. The crystals

then could grow on top of the polyanionic layer. As described, the model was re-

lated to hetero-epitaxy.

The initial molluskan biomineralization model presented above has undergone

drastic evolution during the past few years, for two reasons. First, recent cryo-

TEM observations of nacre samples have brought to light a completely different

organization of organo-mineral assembly [63]. Second, very recently Cölfen and

co-workers discovered that each nacre tablet in the nacreous shell layer of Haliotis
laevigata is surrounded by a thin layer of ACC [64]. With regard to the first aspect,

Levi-Kalisman and co-workers proposed a molluskan nacre model where b-chitin

provides the insoluble organic framework, in which the hydrophobic (Gly/Ala-

rich) proteins (the silk-fibroin-like proteins) form a gel. The acidic proteins are

thought to be clustered at the interface between the framework and the gel, and

also to be entrapped within the gel. Aragonite tablets nucleate within the gel, and

push away the gel by expanding their size. The second aspect concerns the forma-

tion of transient amorphous calcium carbonate. The fact that the elaboration of

any crystalline calcium carbonate biomineral (calcite or aragonite) could be pre-
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ceded by a preliminary step, during which ACC forms, seems to be a general phe-

nomenon which is shared by mollusks, crustaceans, and echinoderms [65]. This

reconstitutes the role of acidic proteins in a more general context, where they co-

operate with other components of the matrix, in a highly controlled sequence

[66]. First, the framework (chitin) is built, after which the initial mineral granules

(ACC) are secreted (they may be formed intracellularly and exported to the site of

crystallization). The role of acidic proteins, at this stage, remains obscure: it is

unclear whether they stabilize the ACC for a short period, during the transit of

amorphous precursor granules from the cell to the site of mineralization, or

whether they provide the inhibiting micro-environment between the secreting

cells and the location of mineral assembling process. The third stage is nuclea-

tion of the crystals (aragonite tablets), driven by acidic proteins, in cooperation

with sulfate groups. The final stage is growth of the formed crystals, and comple-

tion of the mineralizing cycle.

Because acidic proteins exhibit several anionic sites, they can interact strongly

with calcium carbonate crystals. The crystal-binding properties imply that there is

a molecular recognition between acidic proteins and the mineral surfaces. This

recognition involves both the primary (Asp-rich domains) and the secondary

structure (b-sheet) of acidic proteins. In numerous cases, it has been shown that

negatively charged polypeptides (e.g., poly-aspartic acid) are extremely effective

inhibitors of calcium carbonate growth [67], as they are much more potent inhib-

itors than small mineral ions (Mg) or small organic molecules such as free as-

partic acid. Their effect is reinforced when they are associated with a hydrophobic

domain [67]. One mechanism involved is that they are adsorbed onto crystal nu-

clei, and ‘‘poison’’ them. When the acidic proteins cover all the faces of small

growing nuclei, the crystals can no longer grow and the inhibition is complete.

When acidic proteins are adsorbed onto specific faces, the crystals grow in privi-

leged directions [55a] and the final crystal shapes are different from those of cal-

cium carbonate crystals, and synthesized in a purely chemical manner.

The controlled intercalation of acidic proteins into the crystal lattice of calcite or

aragonite serves as a general mechanism, and explains, for example, why the sea

urchin calcitic spine has a better resistance to fracture than pure calcite. In partic-

ular, the spine does not break along the [104] plane of calcite, which is the most

frequent cleavage plane. The intercalation of acidic glycoproteins along crystal

planes that are oblique to the [104] plane modifies the mechanical properties of

the spine. Consequently, this latter crystallographic plane is not privileged when

mechanical constraints are applied. The intercalation is controlled and differen-

tial, according to the type of acidic proteins. This has been demonstrated in two

cases. First, partly purified proteins from the spines of the sea urchin Paracentro-
tus lividus were found to interact only with faces roughly parallel to the c crystallo-
graphic axis of calcite. Second, the soluble matrix of the calcitic prisms of Atrina
rigida, a bivalve, can be divided in two populations of proteins: the most acidic

interacting with the {001} set of faces, and the less acidic, with the {01l} set of

faces [27, 55h]. Computer simulations and AFM observations performed with
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synthetic poly-Asp peptides show that they bind {110} faces of calcite, and that

they stretch in parallel rows in a direction parallel to the c crystallographic axis

[68].

Recently, another effect of acidic proteins in calcite biominerals was detected.

Pokroy and co-workers [69], by measuring the lattice parameters of different bio-

genic molluskan calcite biominerals, observed a slight lattice distortion (about

2� 10�3), after taking into account the required corrections for magnesium and

sulfur. This distortion is not isotropic, but rather is maximal along the c axis. It
was further demonstrated that calcite crystals grown in the presence of one acidic

protein, caspartin, exhibit a similar lattice distortion. Although this effect can only

be measured with an extremely precise X-ray diffractometer, it is clearly signifi-

cant.

16.5

Occurrence of Unusually Acidic Proteins in Selected Metazoan CaCO3-Mineralizing

Phyla

So far, unusually acidic proteins are a feature seen to be shared by most – if not

all – calcium carbonate-mineralizing phyla. However, it must be borne in mind

that for some eukaryotic phyla, our knowledge is extremely limited: for example,

we know virtually nothing of the molecular aspects of the biomineralization of

the bryozoans, a group of colonial animals that, in geological times, has had con-

siderable importance as reef-builders. The situation is similar for several calcify-

ing green or red algae. In contrast, a wealth of data is becoming available for mol-

lusks, crustaceans, echinoderms, or vertebrates. In between these situations, the

foraminifera, calcifying sponges, brachiopods, urochordates (tunicates) have also

been studied, though much of our knowledge is based on a limited number of

amino acid compositions of bulk matrices or, in the best cases, the amino acid

compositions of purified proteins. Cnidarians represent a phylum for which sev-

eral amino acid compositions of bulk skeletal matrices were determined during

the 1970s and 1980s, and for which sequence data on skeletal proteins have just

begun to be published.

Here, we have deliberately chosen to assemble the data on unusually acidic pro-

teins characterized from three different mineralizing systems, for which several

protein sequences have been published and are available in protein databases,

into three tables. These comprise the molluskan shell (Table 16.1), the cuticle

and calcium storage structures of crustaceans (Table 16.2), and finally, the egg-

shell (Table 16.3). We selected only those proteins which exhibit a theoretical pI

below 6. For mollusks, approximately 22 protein sequences are known, of which

14 are acidic and four can be considered as extremely acidic (pI < 4). For crusta-

ceans, 28 complete cuticular protein sequences (plus nine partial sequences) have

been retrieved. In addition, two complete protein sequences of calcium storage

structures have been determined. From these 30 sequences, 21 can be considered

282 16 Unusually Acidic Proteins in Biomineralization



Ta
b
le

1
6
.1

A
ci
d
ic
p
ro
te
in
s
fr
o
m

m
o
llu

sk
sh
el
l
o
rg
an

ic
m
at
ri
x.

P
ro
te
in

n
am

e
S
p
ec
ie
s

M
ic
ro
st
ru
ct
u
re

p
I

D
[%

]
E
[%

]
S
w
is
s-
P
ro
t/
Tr
E
M
B
L

ac
ce
ss
io
n
n
u
m
b
er

R
ef
er
en

ce

N
1
4

P
in
ct
ad
a
m
ax

im
a

N
ac
re

(a
ra
g
o
n
it
e)

4
.8

8
.8

7
Q
9
N
L
39

7
0

N
1
6
/N

1
4-
1

P
in
ct
ad
a
fu
ca
ta

N
ac
re

(a
ra
g
o
n
it
e)

5
.4
2

7
.4

8
.3

Q
9
T
V
T
2

7
1

B
P
ea
rl
in

"
N
ac
re

(a
ra
g
o
n
it
e)

5
.1
4

9
.4

7
.5

O
9
7
0
48

7
2

I
M
S
I6
0

"
N
ac
re

(a
ra
g
o
n
it
e)

4
.8

5
.5

0
.4

O
0
2
4
02

7
3

V
M
S
I3
1

"
P
ri
sm

s
(c
al
ci
te
)

3
.7
9

5
.4

8
.6

O
0
2
4
01

7
3

A
M
S
I7

"
P
ri
sm

s
(c
al
ci
te
)

5
.9
8

2
.6

0
Q
7
Y
W
A
5

7
4

L
P
ri
sm

al
in
-1
4

"
P
ri
sm

s
(c
al
ci
te
)

4
.2
4

9
.1

0
Q
6
F
4C

6
7
5

V
A
sp
ei
n

"
P
ri
sm

s
(c
al
ci
te
)

1
.6
7

6
0
.4

1
.5

Q
7
6
K
52

7
6

I
M
u
co
p
er
li
n

P
in
n
a
n
ob
ili
s

N
ac
re

(a
ra
g
o
n
it
e)

4
.8
7

4
.8

4
.7

Q
9
B
K
M
3

1
7

A
M
S
P
-1

P
at
in
op
ec
te
n

ye
ss
oe
n
si
s

F
o
li
at
ed

(c
al
ci
te
)

3
.3
4

2
0
.1

2
.7

Q
9
5
Y
F
6

7
7

A
sp
ri
ch

fa
m
il
y

A
tr
in
a
ri
gi
da

P
ri
sm

s
(c
al
ci
te
)

2
.5
3
(m

in
)
to

4
1
(m

in
)
to

8
.2

(m
in
)
to

Q
5
Y
8
21

to
7
8

"
"

"
3
.3
4
(m

ax
)

5
5
.1

(m
ax
)

1
4
.4

(m
ax
)

Q
5
Y
8
30

G
A
P
7

H
al
io
ti
s
ru
fe
sc
en
s

N
ac
re

(a
ra
g
o
n
it
e)

5
.4
3

9
.1

3
Q
9
B
P
3
7

7
9

A
A
P
2
4

"
N
ac
re

(a
ra
g
o
n
it
e)

5
.5
3

7
.5

6
.1

Q
9
B
P
3
8

7
9

S
N
ac
re
in

Tu
rb
o
m
ar
m
or
at
u
s

N
ac
re

(a
ra
g
o
n
it
e)

5
.7
6

6
.1

4
.6

Q
8
N
0
R
6

8
0

T
h
e
p
I
an

d
D
þ
E
p
er
ce
n
ta
g
e
va
lu
es

ar
e
ca
lc
u
la
te
d
fr
o
m

ea
ch

p
ro
te
in

p
ri
m
ar
y
se
q
u
en

ce
,
d
ev
o
id

o
f
th
e
si
g
n
al

p
ep
ti
d
e
w
h
en

p
re
d
ic
ta
b
le
,
o
b
ta
in
ed

in
th
e
S
w
is
s-
P
ro
t/
T
rE
M
B
L
d
at
ab
as
e.

T
h
is

d
o
es

n
o
t
ta
k
e
in
to

ac
co
u
n
t
th
e
p
u
ta
ti
ve

p
o
st
-t
ra
n
sl
at
io
n
al

m
o
d
ifi
ca
ti
o
n
s,
w
h
ic
h
co
u
ld

o
cc
u
r
in

vi
vo

an
d
m
o
d
if
y
th
e
p
I
o
f
th
e
m
at
u
re

p
ro
te
in
s.
O
n
ly

co
m
p
le
te
ly

se
q
u
en

ce
d
p
ro
te
in
s,
th
e
p
I

o
f
w
h
ic
h
is

<
6
,
h
av
e
b
ee
n
li
st
ed
.
T
h
es
e
w
er
e
re
tr
ie
ve
d
fr
o
m

b
iv
al
ve
s
(B
IV
A
LV

IA
)
an

d
g
as
tr
o
p
o
d
s
(G

A
S
).

16.5 Occurrence of Unusually Acidic Proteins in Selected Metazoan CaCO3-Mineralizing Phyla 283



as unusually acidic and are consequently presented in Table 16.2. For the egg-

shell, 17 sequences are known, but only nine are acidic. There is no doubt that,

in the near future, these three lists will be considerably extended, in particular

because several genome sequencing projects are currently under way (see

www.genomesonline.org), and will soon provide a wealth of information on the

organization (introns and exons) and of the location of each calcifying gene.

This is already the case for the sea urchin Strongylocentrotus purpuratus, for the

edible mussel Mytilus californianus, and the lobster Homarus americanus.

Table 16.2 Acidic proteins from crustacean organic matrix.

Protein name Species Origin pI D [%] E [%] Swiss-Prot/

TrEMBL

accession

number

Reference

HaCP4.4 Homarus americanus Cuticle 5.88 2.2 0 Q7M494 81

HaCP4.6a, b " " 4.68 6.7 2.2 Q7M4A1, A2 81

HaCP9.3 " " 5.44 2.4 4.7 Q7M491 81

HaCP11.6a " " 5.86 0.9 3.6 Q7M4E3 81

CpCP4.59 Cancer pagurus Cuticle 4.59 2.3 9.1 P81586 82

CpCP4.66 " " 4.94 4.5 6.8 P81590 82

CpCP4.98 " " 4.83 2 6 P81588 82

CpCP5.75 " " 4.05 13.7 11.8 P81589 82

CpCP/AMP11.14 " " 4.22 12.7 4.9 P81575 82

CpCP12.43 " " 4.65 7.7 5.1 P81581 82

CpCP12.46 " " 4.36 9.4 5.1 P81582 82

CsCP8.2 Callinectes sapidus Cuticle 3.78 18 7.9 Q5XLJ9 83

CsCP8.5 " " 4.01 17.2 6.9 Q5XLK0 83

CAP-1 Procambarus clarkii Cuticle 3.83 20 8.8 Q7YUE2 84

CAP-2 " " 3.98 10.8 18.5 Q75PH3 85

DD4/Crustocalcin Penaeus japonicus Cuticle 3.84 5.3 15.6 Q9GUY4 86

DD5 " " 5.33 7.3 3.8 Q9GUY5 86

DD9A " " 4.09 8.8 11.5 Q9NDS2 86

DD9B " " 4.15 9.7 10.6 Q9NDS3 86

GAMP Procambarus clarkii Gastroliths 4.11 1.6 9 Q9U913 87

Orchestin Orchestia cavimana Concretions 4.4 16.7 13 Q9XYT4 88

The pI and Dþ E percentage values are calculated from each protein

primary sequence, devoid of the signal peptide when predictable,

obtained in the Swiss-Prot/TrEMBL database. This does not take

into account the putative post-translational modifications, which

could occur in vivo and modify the pI of the mature proteins. Only

completely sequenced proteins, the pI of which is <6, have been listed.

These are essentially components of the cuticle matrix, except for the

final two from calcium storage structures.
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16.6

Concluding Remarks

The review on unusually acidic proteins involved in biomineralization calls for few

remarks.

First, most of our present knowledge is restricted to a limited number of spe-

cies, namely two coccolithophorid algae, a few foraminifera, four cnidarians,

eight mollusks (four bivalve species, four gastropod species), seven arthropods,

and five echinoderms. The question thus remains as to whether this sampling is

sufficient to provide a good representation of the acidic proteins associated with

calcium carbonate biominerals. The answer is, probably not, considering the

huge size of some phyla (mollusks and arthropods) and the diversity of skeletal

textures (corals and mollusks). Most likely, we have a very partial view of the di-

versity of all unusually acidic proteins involved in biomineralization, and are just

‘‘discovering the tip of the iceberg’’.

Second, the acidity of unusually acidic proteins is often due to aspartic acid,

rather than to glutamic acid. Although there are several exceptions to this (e.g.,

some crustacean proteins), there is a net tendency for biological systems to

choose aspartic acid – a remarkable selection which to date is totally unexplained.

Table 16.3 Acidic proteins from eggshell organic matrix.

Protein name Origin pI D [%] E [%] Swiss-Prot/

TrEMBL

accession

number

Reference

Osteopontin Gallus gallus 4.53 12.9 9.3 P23498 89

Clusterin " 5.48 5.9 10.1 Q9YGP0 90

Serum albumin " 5.46 6.9 8.4 P19121 90

Ovalbumin " 5.2 3.6 8.6 P01012 91

Ovocalyxin-36 " 5.38 4.3 3.0 Q53HW8 92

Struthiocalcin-2 Struthio camelus 5.41 6.3 10.6 P83515 93

Rheacalcin-2 Rhea americanus 4.85 6.3 12.6 P84618 93

Dromiocalcin-2 Dromaius novaehollandiae 4.87 7 9.9 P84616 93

Pelovaterin Pelodiscus sinensis 5.3 7.1 0 P84818 94

The pI and Dþ E percentage values are calculated from each protein

primary sequence, devoid of the signal peptide when predictable,

obtained in the Swiss-Prot/TrEMBL database. This does not take

into account the putative post-translational modifications, which

could occur in vivo and modify the pI of the mature proteins. Only

completely sequenced proteins, the pI of which is <6, have been listed.

All protein sequences were obtained from avian species (except

pelovaterin, from a turtle).
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Third, all of the known skeletal proteins are not acidic when considering their

primary structure. For example, in the case of mollusks about one-fifth of the pro-

teins are unusually acidic, while the remainder are acidic, neutral, or even basic.

This is even more striking in the case of sea urchins, where most of the spicule

proteins exhibit a (theoretical) neutral or basic pI. One aspect to consider is, of

course, post-translational modifications, that can drastically modify the properties

of biomineralization-associated proteins, and increase their polyanionic proper-

ties.

Fourth, most of the unusually acidic proteins belong to the soluble fraction.

However, some limit-cases exist, such as the molluskan shell protein MSI31 [73],

or the crustacean GAMP [87]. For example, MSI31 exhibits hydrophobic domains

typical of framework insoluble proteins, in addition to acidic domains, which are

characteristic of soluble shell proteins. GAMP is an insoluble protein, rich in glu-

tamine residues (20%), with an acidic pI (4.11) and glutamic acid residues (9%)

dispersed throughout its N-terminal half. These counter-examples make the clas-

sic dichotomy between acidic soluble proteins and hydrophobic insoluble proteins

less pertinent.

Which brings us to the final remark. Many of the unusually acidic proteins

and, more generally, of proteins associated with calcium carbonate biominerals,

are modular, with each module corresponding to a functional domain. As a con-

sequence, most of these proteins must be multifunctional, though how they func-

tion is still beyond our comprehension. Clearly, a major effort must be made to

understand the function(s) of these proteins, and in that sense the morpholino

approach, as used in the otolith system [95], may provide some promising results.
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Fish Otolith Calcification in Relation to

Endolymph Chemistry

Denis Allemand, Nicole Mayer-Gostan, Hélène de Pontual,

Gilles Boeuf, and Patrick Payan

Abstract

Otoliths are paired calcified (aragonite) structures used for the maintenance of

equilibrium and hearing in all teleost fishes. They are considered as biological ar-

chives and, as such, are routinely used for the management of fish population.

Otolith formation results from a biomineralization process taking place in a large

acellular compartment, the endolymph, and therefore represents a model by

which to analyze intermediate steps between cells and the mineral. This chapter

reviews the role of this acellular compartment in the control of otolith growth,

and in particular on the respective role of ionic versus organic parameters. This

compartment fulfils the three roles involved in the biomineralization process:

(i) the supply of the appropriate macromolecules constituting the organic matrix;

(ii) the supply of the ionic environment necessary for controlled calcification; and

(iii) a spatio-temporal control leading to the formation of 3-D mineralized struc-

ture. In conclusion, major unresolved questions and future research directions

are outlined.

Key words: otolith, fish, acellular calcification, endolymph, saccular epithelium,

ion supply, organic matrix, biological archives, nychthemeral cycle, Factor retard-

ing calcification (FRC), environmental control, thermogravimetry.

17.1

Introduction

The inner ear of teleost fishes harbors three pairs of otoliths involved in balance

and auditory functions. As in all carbonated biominerals, CaCO3 is clearly pre-

dominant (90–99%), with a minor organic fraction, called the organic matrix

(OM) [1]. Somatic growth of fishes continues throughout life, with a simulta-

neous growth of otoliths to keep up with the development of the bony labyrinth
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in which they are located. Otolith growth follows a seasonal rhythm, with succes-

sive deposition of alternative opaque and translucent (Fig. 17.1a) that have long

been used to estimate age. On a higher scale it can be observed organic-rich

layers called D-zones and mineral-rich layers or L-Zones (Fig. 17.1b) that provide

daily chronologies ([2], see Ref. [3] for a glossary of terms). The existing relation-

ship between somatic and otolith growth, although very complex [4], means that

environmental (temperature, salinity, etc.) and/or physiological factors (hormone

levels, for example during development, growth and reproduction) influencing

somatic growth are also parameters that affect otolith growth.

To a certain extent it is also possible to reconstruct environmental histories

from otolith chemistry [5, 6]. For example, stable isotopes of oxygen as well as

some trace elements (e.g., Sr, Ba) have proved to be good proxies of the ambient

environment (e.g., temperature and salinity). The complete and preserved record

of growth and environmental history is ensured both by continual growth and

Fig. 17.1 Fish otolith morphology. (a) Whole

otolith of a plaice, Pleuronectes platessa,

showing opaque (O) and translucent (T)

zones viewed under transmitted light.

Opaque zones appear dark in transmitted

light and bright in reflected light, and vice

versa for translucent zones. Scale bar ¼ 2 mm.

(b) Transverse thin section of an otolith

of Vinciguerria nimbaria (Photichthyidae)

under transmission light microscopy. Primary

increments composed of L- and D-zones

are clearly visible. Sequences of primary

increments provide chronologies at a daily

scale when daily deposition has been

validated. Scale bar ¼ 10 mm. Reproduced

from Ref. [3]. (c) A schematic representation

of a cross-section of the left otolith-otosac

complex.
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lack of resorption even during starvation periods [7]. These properties grant oto-

liths a genuine biochronological function which has been largely used in fisheries

sciences. Furthermore, the fish inner ear presents the major advantage of allow-

ing the analysis of the pericrystalline fluid, an acellular medium called endo-

lymph, and hence to study ionic and organic precursors of the otolith.

Progress in the fields of physiology and biomineralization is required in order

to develop a robust otolith growth model that appears as a future challenge in oto-

lith science and applications.

17.2

Basic Calcification Principles as Applied to Fish Otoliths

17.2.1

Basic Equations

From a strictly ionic standpoint, CaCO3 formation is governed by the reaction:

Ca2þ þ CO3
2� ! CaCO3.

A state of saturation coefficient (Sa) of the solution is defined according to the

formula:

Sa2 ¼ [Ca2þ] � [CO3
2�]/KSa;

where KSa is the solubility product of the crystal considered. When Sa is >1, the

fluid is supersaturated and CaCO3 precipitates spontaneously. Conversely, when

Sa is <1, there is no formation of CaCO3. Thus, Sa appears as an ionic parameter

potentially regulating the calcification process.

When the pH of biological liquids is on the order of 7 to 7.5, inorganic carbon

exists predominantly under the form of HCO3
�. Therefore, it is HCO3

� that

combines with Ca2þ according to the reaction:

Ca2þ þHCO3
� ! CaCO3 þHþ

Under these conditions, the Hþ produced must be eliminated from the calcifi-

cation site to avoid impeding calcification by acidosis. Thus, pH may also be con-

sidered to be a major ionic factor influencing the calcification process.

17.2.2

Difference between a Chemical Crystal and a Biocrystal

The basic difference between a chemical crystal and a biomineral is the presence

of an OM embedded within the biomineral. Although the amount of OM in the
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Fig. 17.2 Immunolocalization of organic

matrix on a trout otolith. Antibodies, raised

against the trout organic matrix [47], were

used to localize organic matrix on otoliths

etched by 1% acetic acid for 20 min. (A,B)

External surface viewed with fluorescence

binocular microscopy under (A) visible light

and (B) fluorescent light. External surface

(C,D) viewed by confocal microscopy. The

organic matrix is distributed at the surface of

growing fronts of the otolith (B,C) with

continuous fibers across the layers (D). (E,F)

Section of an otolith embedded in LR white

resin viewed with fluorescence binocular

microscopy under (E) visible light and (F)

fluorescent light, showing OM as growth

layers (F: detail of the box shown in E). Scale

bar ¼ 100 mm. (Illustrations courtesy S.
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otolith is low (e.g., 0.2 wt% in the otoliths of trout and turbot [8], but see below),

it is functionally primordial as it controls the successive phases of the genesis of

biominerals. The role of OM in otolith has been elegantly demonstrated by Söll-

ner et al. [9]. By knockdown of a single protein, Starmaker (a protein sharing

homologies with dentin sialophosphoprotein), in the zebrafish one-cell-stage em-

bryo, these authors showed that the otolith switches from an aragonite poly-

morph to a calcite polymorph crystallization with changes in otolith morphology.

Within the otolith, the organic matrix creates a network, as shown by antibody la-

beling (Fig. 17.2). This network appears to label the growth surface of the crystal,

despite maintaining a structural continuity across the layers, as shown by the

presence of fibers perpendicular to the growth axis.

Thus, the formation of a biomineral requires the spatio-temporal conjunction

of an appropriate ionic environment associated with the presence of specific or-

ganic components.

17.2.3

The Players Involved in Calcification

A calcifying system comprises three compartments that, according to the model

studied, have developed in different ways:

1. A calcifying epithelium (or a cell in the case of intracellular

calcification, as in invertebrate scleroblasts) playing generally

a threefold role: (i) synthesizing and secreting, on the

calcification site, organic precursor/regulator compounds;

(ii) ensuring the supply of ionic precursors (Ca2þ and HCO3
�)

at a sufficient concentrations; and (iii) removing Hþ during

CaCO3 formation.

2. The pericrystalline fluid in which the compounds mentioned

in point 1 transit. This compartment may be limited to a

simple liquid film (as in corals) between the calicoblastic

epithelium and the skeleton (see Chapter 14), or it may

constitute a larger volume such as uterine fluid during the

calcification of birds’ eggs (see Chapter 18), extra-palleal fluid

in mollusks [10] or endolymph in fish.

3. The biomineral resulting from the three-dimensional (3-D)

organization of the organic matrix in which the CaCO3

crystals become embedded.

It must be noted that the different phases of the calcification process undergo

temporal constraints, which suggests that the calcifying epithelium is the target

of regulating systems (central nervous and endocrine systems) generally in phase

with endogenous and/or induced biological rhythms. In fish, for example, tran-

section of the vestibular nerve stops otolith growth [11].
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17.2.4

The Case of Fish Otoliths

A schematic cross-section of the otolith–otosac complex in fish, with the three

above-mentioned components – the saccular epithelium, the endolymph, and the

otolith – is provided in Figure 17.1c. The calcification process of the otolith is

acellular, since aside from insertion of the otolithic membrane, which is built up

by a network of fibers and gelatinous layers surrounding the otolith that function-

ally connects the otolith to the macula via the sulcus [12], the otolith floats freely

in the endolymph. This morphological characteristic implies that all the calcify-

ing parameters (ionic and organic structural components, organic regulators)

necessarily transit through the endolymphatic compartment, and their 3-D com-

bination produces the otolith. While in most biominerals the only way to study

the calcification process is to use a destructive approach by analyzing the extrac-

tion products of the biomineral after decalcification, the fish inner ear is a choice

model for studying the chemistry of the pericrystalline fluid. It is possible to take

samples of this fluid for analysis (ca. 5–15 mL of distal and 3–10 mL of proximal

endolymph for a trout of 300 g body weight). In the fish inner ear, this approach –

when conducted in parallel with the analysis of growth rings – makes possible

the study of the relationship between endolymph composition and the elemen-

tary growth of the corresponding otolith. This approach provides meaningful in-

formation on the chemistry of the endolymph at a known time, thereby reflect-

ing the organism’s condition at that instant. The two approaches, though

incomplete, are clearly complementary when they can both be used on the same

model. However, the endolymph must also provide proper floatability for the oto-

lith to ensure its sensorial function. It is therefore necessary to separate the

strictly calcifying parameters from the others inherent to the otolith’s physiologi-

cal functions.

17.3

The Fish Endolymph: a Complex Heterogeneous Medium

17.3.1

The Standard View

Pericrystalline fluid was initially thought to act simply as an intermediate homo-

geneous compartment. The fluids in the inner ear of all vertebrates are character-

ized by a high Kþ concentration [13], that allows depolarization of the macula’s

ciliated sensory cells when they are activated by displacement of the otoconia/

otoliths [14]. In fish, in addition to the high Kþ content [15], the whole endo-

lymph has been characterized by a more alkaline pH than that of blood [15, 16],

a difference that was related to the fact that otoliths grow throughout the fish life

whereas the otoconia of the other vertebrates do not [17].
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17.3.2

Spatial Heterogeneity of Endolymph Composition

The study of fish endolymph challenged this classical view with the discovery in

trout and turbot of the spatial heterogeneity in endolymph composition of the

saccular compartment. For both ions and organic compounds, the endolymph

appears compartmentalized. Indeed, samples withdrawn from the proximal or

distal parts of the endolymphatic compartment have shown very significant differ-

ences in the concentrations of most components analyzed, but notably of calcify-

ing parameters such as Catot, CO2tot, pH, collagenic and non-collagenic proteins,

proteoglycans and the factor retarding in-vitro CaCO3 crystallization (FRC) (Fig.

17.3) [8, 18–20].

The most unexpected of these results concerns the pH, and [HCO3
�] values of

the proximal endolymph that are significantly lower than in the distal endolymph,

and the FRC concentration, which is higher in the proximal endolymph while

otolith growth is maximum proximally. These results suggest that the relation-

ship between alkaline fluid and CaCO3 deposition is less strict than is implied

by the ions’ simple chemical behavior. The proximo-distal distribution of protein

concentration (with a 4.3-fold higher concentration of total protein in the proxi-

mal region) complies more with expectations concerning dissymmetric otolith

growth, thus strengthening the hypothesis that the organic gradient in the endo-

lymph could act as a driving force to organize otolith growth along determined

axis.

Fig. 17.3 Illustration of the heterogeneity of the composition of fish

endolymph by comparing solute concentrations in the proximal and

distal compartments. Left: Ionic components. Right: Organic

components. * indicates that the proximal-distal difference is

statistically significant. FRC (the factor retarding in-vitro CaCO3

crystallization) is expressed in s mL�1 endolymph. (Illustration drawn

from data in Refs. [18, 23, 8, 20].)
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17.3.3

Complexity of the Saccular Epithelium

The origin of the endolymph heterogeneity is probably linked to the diversity of

cell types observed in the saccular epithelium. Two different types of ionocytes

(mitochondria-rich cells usually associated with active ion transport) have been

characterized: (i) large ionocytes distributed like a crown around the macula;

and (ii) small ionocytes grouped in patches in the distal part of the saccular epi-

thelium [21, 22] (see Fig. 4 in [23]). Small distal ionocytes probably account for

the high [Kþ] in the distal endolymph as they present lateral invaginations com-

parable to those observed in the cells of insect anal glands, which actively trans-

port Kþ [24]. Mugiya and Yoshida [25] suggested that calcium transport across

the saccular epithelium was achieved by a transcellular process, most likely in-

volving a receptor-operated calcium channel and a Ca2þ-ATPase. Toshe and Mu-

giya [26] suggested also the presence of a HCO3
�-ATPase and/or a Cl�/HCO3

�

exchanger. Supporting this hypothesis, Kozel et al. [27] showed that a mice defi-

cient in isoform 2 plasma membrane Ca2þ-ATPase has an intact macular epithe-

lium and gelatinous membrane, but lack otoconia. However, these results were

challenged by those of Payan et al. [28], who developed a novel technique to per-

fuse the inner ear of a trout. These authors suggested that, in the presence of

chemical gradients of Ca2þ, movements of Ca2þ between the perfusion fluid and

the proximal compartment of the endolymph resulted from simple diffusion,

probably via an extracellular pathway [23]. Their hypothesis, which was based on

Fig. 17.4 Change in the chemistry of the endolymph in trout during

stress caused by Cl2-gas shock (according to Ref. [23]). This example

illustrates the possibility that [CO2tot] in the endolymph may increase

following a deficit in CaCO3 deposit on the otolith.
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the measurement of net Ca2þ flow, was reinforced by observations in the utricle

of Oreochromis mossambicus larvae by use of ‘‘energy-filtering transmission elec-

tron microscopy’’ [29]. Furthermore, electrochemical considerations favor the hy-

pothesis that HCO3
� influx and Hþ efflux through the proximal epithelium

should also be passive (transepithelial electric potential of þ10 mV) [23].

The type of cells responsible for the synthesis and secretion of organic com-

pounds of the OM was studied using antibodies against either: (i) the total or-

ganic matrix extract from otolith [30]; (ii) electrophoretically separated proteins

[31]; and (iii) synthetic peptides prepared from the sequence of a protein cloned

from the organic matrix [9]. It appears that the antibodies obtained from targeted

proteins specifically recognize cells present in the proximal part of the saccular

epithelium (macula and surrounding), while the antibodies against the crude ex-

tract recognize the entire saccular epithelium.

17.3.4

Dynamics of the Components of the Endolymph

As in all biological media, the components of the endolymph are constantly re-

newed, with their renewal rate ðlÞ corresponding to the relationship between

speed of appearance (or disappearance) of the parameter considered in the endo-

lymph and the available pool of the same parameter in the endolymph (Table

17.1).

The composition of one otolith, the age of which is known, helps in evaluating

the needs of its elementary constituents necessary for daily deposits of CaCO3

and the associated OM. Thus, it is possible to calculate l in the endolymph linked

to otolith formation. In proximal endolymph, it appears very clearly that the l for

organic components is much lower than for ions (see Table 17.1). Ion pools are

Table 17.1 Dynamics of components of proximal endolymph in trout.

Ca2B HCO3
C Non-collagenic protein Total collagen

Concentration

Day 2.3 mM 13.5 mM 15.2 g L�1 2.1 g L�1

Night 2.5 mM 16.4 mM 10.5 g L�1 0.2 g L�1

Endolymph pool 23 nmol 13.5 nmol 152 mg 21 mg

Daily needs 230 nmol 230 nmol 20 ng 11 ng

l 10 times/day 17 times/day 0.01%/day 0.05%/day

Concentration values are given in Ref. [19]. Pool values are calculated

from ‘‘day’’ concentrations and a volume of proximal endolymph

evaluated at 10 mL with respect to a total volume of the endolymph of

20 mL [19]. The mean daily deposits on the otolith are evaluated in a

1-year-old trout with otoliths weighing 8 mg [19, 28].
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renewed approximately 10 to 17 times each day, and the l for Ca2þ is very close to

that estimated from the calcium fluxes (12 times per day) by Payan et al. [28].

Based on these data, and taking into account the magnitude of l compared to

the pools, Ca2þ and HCO3
� consumption for daily increments of the otolith

should decrease their concentrations in the endolymph, but the renewal rate cov-

ers their use. In contrast, the collagenic and non-collagenic endolymphatic pro-

tein pools are approximately 1000-fold greater than the daily needs, and therefore

consumption for calcification did not affect the concentrations.

17.4

Are Levels of Calcifying Parameters in Endolymph Associated with Otolith Growth?

In order to obtain some insight into the mechanism of otolith formation, it is

tempting to associate the concentration of precursors in endolymph with their

rate of incorporation into the otolith under various conditions that are known

to alter otolith growth (e.g., nychthemeral rhythm, temperature, salinity, fasting,

stress).

17.4.1

The Nychthemeral Cycle

Here, two questions are to be asked: First, are there variations of calcifying

parameters in functionally associated compartments – that is plasma and

endolymph? Second, is the light signal (appearance or extinction) a triggering

parameter?

17.4.1.1 Plasma Calcium Levels

Cyclical variations in plasma calcium levels have often been observed [16, 19, 32–

35], with peaks occurring during either the day [16, 34, 36] or night [19, 32, 33,

35]. In trout, however, Borelli et al. [19] observed simultaneous variation (inten-

sity and phase) in calcium and protein levels, which suggested that plasma Ca2þ

concentrations remained unchanged during the course of the nychthemeral cycle.

This result was related to the fact that these authors reported no variation in Catot
in the endolymph of trout.

17.4.1.2 Incorporation of Precursors in the Otolith

The incorporation into the otolith of 45Ca and 14C-amino acids varies in antiphase

and according to the nychthemeral cycle [36], while the appearance of light ap-

pears to be a preponderant triggering factor [34].

17.4.1.3 Acid–Base Balance

Variations in CO2tot are reported in the plasma and endolymph of trout [16, 19]

and turbot [35], associated with variations in pH [16] or pCO2 [19]. Takagi et al.

[37] also observed significant diel variations in endolymph pH and pCO2 in an

300 17 Fish Otolith Calcification in Relation to Endolymph Chemistry



antiphasic manner. However, Sa did not exhibit significant diel variations in a

mixture of distal and proximal endolymph, which suggested that the distal endo-

lymph (taking into account its larger volume) was kept supersaturated with re-

spect to aragonite during the day–night cycle.

17.4.1.4 Organic Compounds

Major cyclical variations in total protein concentration in the endolymph that

peaked during the day were observed in turbot [35] and trout [19, 20], thereby

denoting cyclical synthesis/secretion activity of the saccular epithelium in associ-

ation with endolymphatic proteolysis. In the proximal endolymph, the total colla-

gen concentration is multiplied by a factor of 10 during the day [19]. Similarly,

expression of the collagen-like OM protein otolin-1 mRNA shows large diel varia-

tions, with higher expression occurring at night [37]. On the other hand, mRNA

expression of the organic matrix protein OMP-1 was almost constant, as was the

concentration of FRC [20]. It should be noted that, when the parameters vary, the

magnitude of variation is far more intense in the endolymph (on the order of 50–

100% for protein and CO2tot) than those that vary in the plasma compartment

(approximately 10% for calcium and protein levels).

The relevant conclusion remains that many parameters evolve rhythmically

within comparable periods. In the proximal endolymph, a saturation threshold

for Ca2þ and HCO3
� occurs at the end of the night period, and this may trigger

CaCO3 precipitation on the organic matrix formed during the day, when total pro-

tein levels may peak in the endolymph [23]. The peak at night of otoline-1, the

most abundant protein contained in the EDTA-insoluble fraction of the otolith

matrices, may participate in the control of CaCO3 precipitation. In the distal

zone, Takagi et al. [37] suggested that only an organic control of the daily incre-

ment formation occurs in the otolith.

17.4.2

Environmental Factors

Environmental stresses are known to alter otolith growth and to induce an otolith

‘‘check’’. A six-week period of starvation in trout induced a decrease in CO2tot in

the distal endolymph [38], and an increase in immunolabeled OM proteins, with

a 70% fall in FRC levels in the proximal endolymph [20]. Stress consecutive to

exposure to gaseous Cl2 induced a threefold joint increase in protein and CO2tot

concentration (see Ref. [23] and Fig. 17.4), and a 2.3-fold decrease in FRC concen-

tration [20] in the proximal endolymph. These results demonstrated a direct rela-

tionship between changes in endolymph parameters and the formation of an

abnormal deposit on the otolith. However, no significant effect was observed on

the level of calcifying parameters in the endolymph of turbot were subjected to

external variations in salinity (from 350 to 120) and temperature (from 17 �C

to 12 �C), even after a 6-week acclimatization to the new conditions (P. Payan

et al., unpublished results).
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17.4.3

Conclusion

The level of ionic calcifying parameters in the endolymph may influence calcifica-

tion, but the cause-to-effect relationship between these two variables is not only

direct but also remains very complex to interpret as the concentration of precur-

sors in the endolymph is multi-causal. An association between the level of organic

compounds in the endolymph and otolith formation is even more hazardous

given the lack of information on the nature of these organic compounds. It does

not seem realistic at present to predict otolith growth on the basis of quantitative

parameters of the endolymph studied so far. The spatial heterogeneity of endo-

lymph composition may be viewed as an additional difficulty in analyzing the cal-

cification process. In fact, the otolith model offers a unique opportunity to study

differentiated growth (proximal and distal sides) on a single model in an identical

plasma environment.

17.5

Questions and Future Research Directions

17.5.1

Daily Variations in Endolymph Protein Concentrations

The amount of proteins used daily in otolith formation is very small compared to

the endolymphatic pool, and consequently variations can result only from two

concomitant and/or alternating processes: synthesis/secretion by the saccular epi-

thelium; and endolymphatic proteolysis. Gauldie and Nelson [39] suggested a

pulsating secretion in the saccular epithelium of deep-sea fish but, to our knowl-

edge, no mention has ever been made of the measurement of proteolytic activity

in the endolymph, which might be an interesting research goal. A second re-

search target might be to explain the variations observed with regards to the na-

ture of the proteins formed de novo each day. Proteins are generally assayed using

the Bradford protocol, although Coomassie blue, which interacts with the lateral

basic amino acid chains, is not very sensitive and sugar compounds present in

the endolymph [40] may cause interference with this technique. Moreover, the

nature of the secreted protein may vary during the nychthemeral cycle, leading

to different Coomassie-reactive quantification of proteins. Nonetheless, profound

changes in the parameters (concentration and/or nature) of endolymph proteins

(mainly proximal) do occur during the cycle, and the mechanistic significance of

these changes remains to be elucidated.

17.5.2

[Ca2B] and [HCO3
C] in the Endolymph

The value of [HCO3
�] may be easily calculated on the basis of direct measure-

ment of the CO2tot of an endolymph sample and the value of plasma pCO2, bear-
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ing in mind that, as CO2 easily diffuses through biological membranes, the pCO2

values will be identical in both compartments (plasma and endolymph). This

approach was recently validated by Borelli et al. [19], whose calculations con-

firmed direct measurements of pH in the proximal and distal endolymph. In the

presence of anionic molecules such as proteins, calcium exists in two states, ei-

ther free or bound to negative charges. The Ca2þ/Catot ratio depends on several

factors, including the concentration and nature of anionic molecules, the degree

of ionization (which itself is dependent on the pH of the fluid), and Ca2þ affinity

constants. As these parameters are not known for the anionic components of the

endolymph, the only way in which the value of Ca2þ can be evaluated is by direct

measurement using Ca2þ-sensitive electrodes. Values reported in the literature

related to samples of distal endolymph [41], and suggested that there was approx-

imately 50% of free Ca2þ. However, the calibration of microelectrodes in proximal

endolymph is inaccurate due to the composition of this medium (notably the

high protein concentration). It is primordial to accede to this parameter for better

exploitation of the relationship between Ca2þ concentration and intensity of the

deposit. We can recall that [Ca2þ] in proximal endolymph, in addition to the

above-mentioned parameters (Catot, [Protein] and pH), may also depend on Ca2þ

consumption during formation of the otolith, on plasma calcium levels, and on

the trans-saccular electric potential [28].

17.5.3

Physico-Chemical Originalities of the Distal Endolymph

Several questions remain as to the composition of the distal endolymph. In com-

parison with the proximal endolymph, it is a more alkaline medium, richer in

[CO2tot], and thus in HCO3
�, containing high concentrations of polyanionic mol-

ecules (Fig. 17.3). Despite these characteristics, the distal side of the otolith ex-

presses less growth than the proximal side. The relationship between the concen-

tration of substrates and intensity of the deposit remains very complex.

The chemical originalities of distal endolymph are highlighted by the following

experiments. First, the speed of diffusion of Hþ ions in the endolymph was

studied by microinjecting HCl and measuring the variations in pH produced at

a distance of 2 to 3 mm from the injection site (see Table 17.2; in-vitro experi-

ments in stabilized geometry on endolymph samples from trout; unpublished re-

sults). The HCl injection triggers metabolic acidosis in the proximal endolymph

but, curiously, causes no effect in distal endolymph. As this effect might be

caused by the high buffering power of distal fluid, the effects of respiratory

acidosis (5% CO2) on the pH of the endolymph was monitored in the perfused

inner ear of the trout (Onchorhyncus mykiss). Respiratory acidosis was found to

trigger an acidification which was two- to threefold greater in the distal endo-

lymph, which suggested that this fluid is in fact approximately two- to three-fold

less buffered than proximal endolymph. The only explanation currently avail-

able for this surprising result is that this medium contains very few mobile buffer
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systems, which would justify the virtual non-diffusibility observed of the Hþ in-

jected.

All of these results suggest that distal endolymph is a biological compartment

with original physico-chemical characteristics, which should make its study par-

ticularly attractive. These results also suggest that proximal and distal endo-

lymphs, while being spatially connected, are functionally separated.

17.5.4

Difficulties in the Analysis of the OM

The analysis (unpublished results) of otolith by thermogravimetry (evaluation of

the relative weight of the organic matrix by complete combustion of the biomin-

eral) showed, surprisingly, that trout otoliths contain approximately 2.5% OM

(Fig. 17.5) compared to the dry weight, a value which was tenfold greater than

that obtained when using acid or EDTA [8]. This suggests either that the extrac-

tion methods did not allow complete retrieval of OM from the mineral, or that

problems had occurred with the quantification of protein, as suggested above. To

these difficulties in the extraction/solubilization of the OM are added problems of

migration on standard (mono or bi-dimensional) gels, as illustrated by the results

of Dauphin and Dufour [42] on the OM from cod otoliths (smearing most likely

occurred due to the presence of large amounts of acid proteins and/or glycopro-

teins in the OM). Thus, a technological effort to extract the OM and to effect its

separation on gel is necessary to isolate the organic components that are OM pre-

cursors.

Table 17.2 Study of Hþ diffusion in endolymph during metabolic and respiratory

acidosis in trout.

Endolymph Proximal (DpH unit) Distal (DpH unit)

Metabolic acidosisa �1:80G 0:245 (5)

P ¼ 0:001

0 (8)

Respiratory acidosisb �0:09G 0:04 (8)

P ¼ 0:050

�0:24G 0:07 (8)

P ¼ 0:008

Values are meanG SD; values in parentheses indicate numbers of

experiments performed.
aMetabolic acidosis is triggered by the injection of 37.5 nmol HCl in a

volume of 1–2 mL in 15 mL endolymph previously sampled and stored

away from air in capillary tubes.
bRespiratory acidosis is triggered by 5% CO2 in the perfusion fluid of

the inner ear of trout [28]; pH measurements were made in situ in

both compartments of the endolymph (unpublished results).
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17.5.5

Weak Analogy between the Organic Components of OM and Endolymph

Here, two observations are intriguing. Antibodies against the totality of the OM

recognize by Western blot only one (94 kDa) [30] or two (75 and 65 kDa) [19]

bands in the endolymph. Antibodies against isolated OM protein recognize target

protein in the endolymph by Western blot only very weakly (otoline-1 and OMP-1)

[31]. It is difficult to imagine that there are so few endolymphatic precursors, but

several hypotheses may be suggested: (i) an overly weak concentration of the ele-

ment; (ii) a very short biological half-life of target proteins, which implies that,

according to the moment of sampling these proteins would be absent from the

endolymph; (iii) antigenic sites at the origin of antibodies against the OM differ-

ent from those expressed by the proteins of the endolymph, which could mean

that there is remodeling of the precursors in the endolymph during formation of

the OM; and (iv) incomplete OM extraction.

The first three observations suggest that there is a genuine chemistry of the en-

dolymph that should be approached as a reactive medium, and not as a simple

transit compartment between the saccular epithelium and the otolith.

Fig. 17.5 Thermogram of the degradation (expressed in % weight loss)

of powder from a trout otolith as a function of the temperature. The

large decrease observed between 700 and 850 �C is due to the

combustion of CaCO3. Inset: details of the initial decrease due to

combustion of the organic matrix.
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17.5.6

Comparative Study of the OM of Carbonated Biominerals

Supposing that the mechanisms of formation of mineralized tissue result from a

fundamental process maintained during evolution, the comparative study of OM

extracted from several carbonate models should help preferentially to target the

organic components common to the organic matrix, thereby orienting the choice

of target molecules to study. There exist at present some 50 isolated sequenced

proteins from OM of different carbonate biominerals. In fish otoliths, only three

proteins have been cloned: OMP-1 [43] and otoline-1 [44] in trout, and their ho-

mologues in zebrafish [45], and starmaker [9] in zebrafish. In some cases, OM

proteins show homologies with Ca-binding or collagen-like proteins, but in

many cases these proteins are perfectly original and display either no homologies

with known proteins or surprising homologies (otoconin 90: homology with

phospholipase A2 [46], or OMP-1: homology with a human melanotransferrin,

[43]), suggesting a rather evolutionary process of OM proteins based on the use

of sequences originating from different proteins and reassemble into new pro-

teins (chimeric proteins).

17.5.7

Organic Chemistry of the Endolymph

Many questions subsist concerning our knowledge of the nature of the organic

precursors present in endolymph. Considering the complexity of the protein pro-

file of endolymph, the prime difficulty involves separating the calcifying organic

components of other intrinsic components from the physiological functions of

otoliths. Comparisons of the protein profile(s) of the endolymph under different

growth conditions of otoliths should be fruitful to identify the organic com-

pounds involved (cf. changes in the electrophoretic profile of endolymph day-

night in trout [19, 20], particularly the FRC [8, 20, 47]). The second difficulty con-

cerns the chemical nature of the organic components. One of the lessons of the

above-mentioned comparative approach of the OM that shows a certain disparity

in the nature of cloned protein could be the fact that the protein part structuring

the molecules which constitute the OM would serve as a structural support rather

than being functional, the function being ensured mainly by other groups con-

nected to the protein skeleton, as is the case for proteoglycans and glucosylamino-

glycans. In this context, the chemistry of complex sugars currently appears as a

promising orientation for a better understanding of the mechanisms involved in

the calcification process.
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Eggshell Growth and Matrix Macromolecules

José Luis Arias, Karlheinz Mann, Yves Nys, Juan Manuel

Garcia Ruiz, and Maria Soledad Fernández

Abstract

The avian eggshell is a highly ordered natural acellular composite bioceramic in

which the inorganic moiety is formed in conjunction with organic biopolymers in

the form of proteins and proteoglycans. It is formed in the oviduct, a confined,

assembly line-type, tubular bioreactor, where a spatio-temporal regulated biosyn-

thesis and secretion of organic macromolecules control the crystallization of cal-

cium carbonate. Numerous approaches have been carried out to localize, isolate,

identify and characterize the matrix molecules present in the demineralized egg-

shell, or their precursors in the eggshell-forming tissue or its secretions. In this

context, three groups of molecules have been associated with eggshell formation:

(i) ubiquitous components; (ii) egg white components; and (iii) components

unique to the eggshell. In this chapter, we examine the current information on

the eggshell structure, composition and formation which is considered in six

principal sections: eggshell structure and formation; crystalline structure of the

eggshell; eggshell organic component localization; the unique eggshell organic

components; a proteomic inventory of the chicken calcified eggshell matrix; and

role of the organic components in eggshell mineralization.

Key words: eggshell, mammillan, ovoglycan, ovocleidin, ovocalyxin, calcin, type x

collagen.

18.1

Introduction

The avian eggshell is a natural acellular composite bioceramic in which the inor-

ganic moiety is formed in conjunction with organic biopolymers in the form of

proteins and proteoglycans [1]. It is composed of a bilayered fibrillar membrane

and a calcified extracellular matrix which are sequentially assembled at physiolog-
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ical temperaturea 41 �C during 22 h of migration through the oviduct. The avian

eggshell is one of the fastest biomineralizing systems known [2], with approxi-

mately 5 g of calcium carbonate being crystallized in less than 20 h as a require-

ment to fabricate the shell [3]. Thus, a hen deposits during one year approxi-

mately 1.5 kg of calcium carbonate, which is equivalent to her own body weight.

This massive extracellular mineralization, combined with a spatio-temporal regu-

lation of organic macromolecule biosynthesis and secretion in a confined, assem-

bly line-type, tubular bioreactor – the avian oviduct – provides a useful model for

the study of the process of biomineralization [4].

The avian oviduct consists of six different anatomical segments, referred to as

the infundibulum, magnum, isthmus, red isthmus or tubular shell gland, shell

gland proper or uterus, and vagina [5]. The isthmus, red isthmus and shell gland

are involved in eggshell formation. The segments are covered by a lining epithe-

lium and tubular epithelial glands containing both ciliated and non-ciliated cells

[6]. These cells distinctively differentiate along the segments and have a special-

ized control of distinct parts of eggshell fabrication [7]. During the past decade

several other reviews have been presented, focusing especially on the formation,

structure, organization, or chemical composition of the eggshell [5, 8]. In this

chapter we describe recent progress on the structure, composition and formation

of this highly regulated crystalline composite bioceramic.

18.2

Eggshell Structure and Formation

During egg formation, the ovum, which is covered by the inner vitelline mem-

brane, leaves the ovary and is fertilized in the infundibulum, if spermatozoa are

present. On entering this segment, the ovum acquires the outer vitelline mem-

brane. Albumen is secreted and deposited onto the vitelline membrane during

its transit through the magnum [9]. Surrounding the albumen is the peri-albumen
layer (also called the inner lining, basement membrane or limiting membrane

[6c, 10]), which is produced by a glandular single-layered luminal epithelium of

a 2-mm region referred to as the magnum-isthmus junction [11]. The peri-

albumen layer constitutes the boundary between the egg content and the egg-

shell. A network of thin fibrils – the inner shell membrane (membrana testae

interna), and a thicker fibrillar outer shell membrane (membrana testae externa)

– are then sequentially secreted by epithelial cells lining the isthmus [12]. These

two non-mineralized layers adhere to each other over almost the entire surface of

the egg, but are separated at the obtuse side of the egg, thus defining the bounda-

ries of the air chamber. Ultrastructurally, each fibril is composed of an electron-

dense core surrounded by a fuzzy material referred to as the mantle [1a, 13].

Sparsely deposited on the outer side of the shell membranes are the mammillary
knobs, which are the sites where crystal nucleation and the initial phases of cal-

cium deposition take place [14]. The mammillary knobs consist of the calcium re-

serve assembly (CRA) and crown region. The CRA is composed of a dense, floc-
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culent material embedded within the outer shell membrane fibrils, and is capped

by a centrally located calcium reserve body (CRB) sac containing numerous 100-

to 300-nm-diameter electron-dense, spherical vesicles [15]. The thickest mineral-

ized portion of the eggshell, the palisade layer, is composed of integrated inor-

ganic (@97%) and organic (@2%) components, and is formed by calcite columns

which begin above each mammilla and end below the outermost eggshell layer,

the cuticle. The organic component of the palisade obtained after decalcification

is known as the shell matrix or spongiosa. The cuticle consists of an inner vesicular

layer and an outer non-vesicular layer. The vesicles contain high concentrations of

magnesium and phosphorus, partially in the form of hydroxyapatite (Fig. 18.1)

[15b, 16].

18.3

Crystalline Structure of the Eggshell

The predominant inorganic material of avian eggshells is calcite, although ara-

gonite has been shown to occur in abnormal eggshells and vaterite was found in

some bird eggshells [5, 17]. Crystallographic and morphologic studies of the pali-

sade reveal three subzones [18]:
� The cone layer: this inner transitional zone between the

mammillary and palisade layers corresponds to hemi-

spherical nucleation centers with a radial structure formed

Fig. 18.1 Diagram of an eggshell transverse

section, showing the localization of the

matrix molecules. C, cuticle; P, palisade; M,

mammillary layer; EM, eggshell membranes;

LM, limiting membrane. Key to numbers:

1, laminin; 2, uncharacterized 52-, 108- and

160-kDa glycoproteins and 260-kDa

polysaccharide; 3, type X collagen; 4, ovalbu-

min; 5, ovotransferrin; 6, lysozyme; 7, osteo-

pontin; 8, lysyl oxidase; 9, mammillan

or chondroitin-6-sulfate proteoglycan; 10,

c-type lectin-like proteins; 11, clusterin; 12,

hyaluronic acid; 13, ovoglycan and ovocleidin-

116; 14, ovocalyxin-25; 15, ovocalyxin-32;

16, ovocalyxin-36; 17, glycoproteins,

phosphoproteins and pigments.
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by calcite spherulitic microcrystals (20 mm thick). The radial

arrangement displays concentric growth banding that shows

no preferred orientation in X-ray diffraction (XRD) patterns

[19], though there is evidence of preferred orientation at the

nanoscale by small-angle X-ray scattering [20].
� The central layer: in this zone, the crystals gradually grow

(80 mm thick) and develop a modest crystallographic texture

with their c-axis ([001] direction) perpendicular to the egg

surface or oriented after (104) planes with their c-axis tilted
44� from the surface plane, depending on the egg size [1a,

8e, 21]. This gradual growth is explained by a competition

model where the radial crystallites around the nucleation

centers begin to compete for growth space, and a columnar

structure arises. Only those crystals oriented perpendicular

to the substrate (outer shell membrane) will survive [8e, 22].

However, this model explains neither the occurrence of

grooves between mammillae until the columns fuse together,

nor the occurrence of pores left between columns. A minimal

dynamic model based on the KPZ non-lineal diffusion

equation has been proposed to address these questions [23].

There are many 250- to 300-nm-diameter vesicles located

between the crystals [6d, 13b, 15b, 24].
� The surface vertical crystal layer: this zone is 3 to 8 mm thick

and corresponds to a region with the strongest texture and

vertical reorientation of the crystals [1a]. This region contains

a relatively small number of vesicles between the crystals

compared to the other zones.

In summary, in the outer zone of the palisade, there is a tough structure made

from large crystals where the external impacts are absorbed by a thin inter-

crystalline organic matrix, which makes crack propagation difficult. The inner re-

gion of the palisade is composed of microcrystals of spherulitically arranged cal-

cite, which facilitates the propagation of cracks when the young chicken pecks

from the inside of the shell during hatching. In addition, these microcystals facil-

itate the dissolution of calcium for chicken embryo bone formation during its

development.

18.4

Eggshell Organic Matrix Components and Their Localization

During the past decade, numerous attempts have been made to localize, isolate,

identify and characterize the matrix molecules present in the demineralized egg-

shell. This not only concerned the eggshell itself, but also aimed at the identifica-

tion of precursors of matrix molecules in the eggshell-forming tissue (i.e., the ovi-
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duct) or its secretions (i.e., uterine fluid). These combined efforts led eventually to

the identification of a variety of eggshell matrix macromolecules that can be sub-

divided into three groups:
� Ubiquitous components: that is, components that also occur

in other tissues of the body, such as type X collagen and lysyl

oxidase, osteopontin, clusterin and serum albumin.
� Egg white components: many proteins occurring in the egg

albumen also occur in the eggshell, such as ovalbumin,

ovotransferrin and lysozyme.
� Components unique to the eggshell: this group is composed

of eggshell proteins and proteoglycans that are synthesized

only by those tissues involved in eggshell mineralization

(isthmus, red isthmus and shell gland), and include

ovocleidins-17 and -116, ovocalyxins-21, -32 and -36,

struthiocalcins-1 and -2, dromaiocalcins-1 and -2, rheacalcins-

1 and -2, ansocalcin, mammillan, and ovoglycan.

The peri-albumen layer or limiting membrane consists of three glycoproteins of

160, 108 and 52 kDa, and one Alcian blue-positive polysaccharide of 260 kDa [11]

that have not yet been well characterized. However, laminin has been immuno-

chemically detected in this structure [10b]. Eggshell membranes contain 95%

protein, 2% carbohydrate, and 3% lipid. After some decades of controversy, it is

now well established that eggshell membranes are not composed of keratin [25].

By using polyclonal antibodies, type I and V collagens have been detected immu-

nohistologically in the eggshell membranes [26]. although their occurrence has

never been confirmed by using more precise and more sensitive methods. Egg-

shell membranes also contain type X collagen which is located in the core of

membrane fibers [12, 27]. Ovalbumin, ovotransferrin and lysozyme have been de-

tected immunologically in association with the eggshell membranes [8b, 10d, 28],

while osteopontin – a phosphorylated glycoprotein present at high concentrations

in bone and kidney – has also been immunodetected in the fiber core [8b, 29].

Although there is some indirect evidence suggesting the occurrence of proteogly-

cans and sialic acid-rich glycoproteins [30] in the fiber mantle, the precise nature

of these molecules has proved to be elusive. In addition, it is not known whether

the reported activity of lysyl oxidase coupled with catalase in the shell membranes

[31] corresponds to the chemical composition of the mantle. Eggshell membranes

do not mineralize, apparently due to an inhibition of mineralization by type X col-

lagen [27b]. However, the chemical integrity of this collagen is crucial to allow

correct mineralization of the eggshell. Factors which affect the correct collagen

cross-linking (i.e., specific deficient diets or drugs), interfere with normal palisade

mineralization [32].

Mammillae are difficult to visualize in intact shells, but the organic matrix rem-

nants of these structures are evident in decalcified material. In many avian spe-

cies, the mammillae contain mammillan, an oversulfated keratan proteoglycan,

which is secreted by the isthmus gland cells, although a chondroitin 6-sulfate pro-
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teoglycan has been identified in the mammillae of both, duck and guinea fowl [2,

33]. OC-17, osteopontin, ovalbumin, lysozyme, ovotransferrin [10d, 28, 34] and

clusterin [35] have also been immunodetected in these structures.

Following decalcification of the eggshell palisade, an organic moiety referred to

as the shell matrix or spongiosa is obtained, constituting@2% of the whole layer.

Together with eggshell-specific components (vide infra), this contains glycosami-

noglycans [36] and ubiquitous proteins such as osteopontin [29, 37] and clusterin

[35]. Osteopontin can regulate crystal formation depending on its phosphoryla-

tion status, while clusterin (a disulfide-bonded heterodimeric glycoprotein) has

been suggested to function in the uterine fluid as a chaperone to prevent prema-

ture aggregation and precipitation of other components during eggshell forma-

tion [35]. A detailed description of an eggshell-specific proteoglycan (ovoglycan)

and eggshell-specific proteins such as ovocleidin-17 and -116, ovocalyxins, stru-

thiocalcins, dromaiocalcins, rheacalcins and ansocalcin, is provided in the follow-

ing sections.

18.5

The Unique Eggshell Organic Components

18.5.1

Ovoglycan and Ovocleidin-116

Ovoglycan is a unique 200-kDa dermatan sulfate proteoglycan, having a core pro-

tein of 116 to 120 kDa and three or four glycosaminoglycan chains with an aver-

age mass of 22 kDa; the molecule contains more 4-sulfated than 6-sulfated disac-

charides [33a, 38]. The ovoglycan core protein, referred to as ovocleidin-116, has

been cloned, isolated and characterized [39]. It contains one disulfide bond

(Cys31–Cys42) and an additional free cysteine. The sequence of OC-116 contains

two N-glycosylation consensus sequences, 293N-D-S, which is only marginally gly-

cosylated, and 62N-Q-T, which was found to be modified with at least 17 different

glycan structures, mostly containing the relatively rare lacdiNAc (GalNAcb1-

4GlcNAc) motif. Furthermore, the sequence contains four Ser-Gly sequences

which may serve as attachment sites for the glycosaminoglycan chains. Ovo-

glycan occurs in the electron-dense vesicles of the red isthmus and shell gland-

lining epithelial cells and, once secreted, appears in the 250- to 300-nm-diameter

vesicles in the palisade shell matrix [7, 38c, 39a]. Its sulfation status is crucial for

calcium carbonate crystal formation and normal eggshell calcification [7, 40].

18.5.2

C-Type Lectin-Like Proteins of the Avian Eggshell

This group of proteins comprises several proteins isolated from different avian

species. Ovocleidin-17 was the first eggshell-specific matrix protein to be isolated

and characterized [34b]. This 142-amino-acid protein was found to be expressed
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exclusively in tubular gland cells of the shell gland, and is present in uterine fluid

during the growth phase of the eggshell [41]. In the shell matrix ovocleidin-17 is

distributed uniformly throughout the palisade layer, but shows a higher concen-

tration in the mammillary layer. The amino acid sequence of OC-17 identified the

protein as a member of the C-type (calcium-dependent) lectin-like superfamily of

proteins or protein domains [42]. The members of this superfamily share a com-

mon amino acid sequence motif consisting of approximately 110 to 140 amino

acids which contains a number of highly preserved residues [43]. This motif oc-

curs not only in single domain proteins but also in multi-domain proteins [44].

The first members of this family were all Ca2þ-dependent lectins (C-type lectins),

but it soon became apparent that this motif also occurred in proteins which did

not bind carbohydrates, and not even calcium. Thus, the name C-type lectin-like

domains (or proteins) was proposed. The only true lectin of this superfamily

which has been detected in a biomineral is perlucin, which is isolated from aba-

lone nacre [45]. The avian eggshell C-type lectin-like proteins lack some highly

preserved residues which have been shown to be an essential part of the Ca2þ-

or carbohydrate-binding domain of the lectins [46], indicating that they all belong

to the non-lectin subgroup of the superfamily.

At the time when the amino acid sequence of OC-17 was first reported, the

most similar sequence found in databases was that of pancreatic stone protein

(PSP), and a comparison of these two proteins proved to be informative. PSP is

a member of a group of closely related proteins that are expressed predominantly

in the pancreas and are the major proteins of pancreatic calcitic stones [47]. In

the healthy pancreas, PSP occurs as a soluble precursor that is also known as lith-

ostatine, mainly because it was thought to inhibit calcium carbonate crystal

growth in pancreatic fluid and thus prevent the formation of stones. In chronic

pancreatitis, OC-17 is cleaved by prematurely released or prematurely activated

pancreatic trypsin, with the removal of an N-terminal undecapeptide radically

changing the solubility of the remaining C-type lectin-like domain. Hence, OC-

17 precipitates in the form of large fibrils which form a three-dimensional (3-D)

network that eventually serves as a scaffold for mineralization. Although the

number of identical residues shared by OC-17 and mammalian PSPs is only ap-

proximately 32%, their 3-D structure is very similar. Both proteins are clearly not

lectins, and neither binds calcium ions [48]. However, lithostathine showed an as-

sembly of negatively charged residues at the surface of the molecule which was

suggested to interact with calcium carbonate crystals. Some authors have re-

ported an interference of lithostathine with calcium carbonate precipitation or a

modification of crystal growth, although others have been unable to demonstrate

any specific effect of lithostathine in such assays. In addition, it must be borne in

mind that data obtained with the soluble lithostathine might not be valid for the

insoluble PSP, especially as the inhibitory effect on crystal growth (if true) seems

to reside in the N-terminal peptide, which is absent from PSP [49]. In OC-17, a

ring of positively charged residues at the surface of the molecule was suggested to

interact with calcium carbonate crystals; the protein was also reported to modify

the crystal habit of calcium carbonate crystals [48b], though others were unable to
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identify this effect [50]. Both, pancreatic fluid and shell gland fluid are supersatu-

rated in calcium carbonate. In pancreatic fluid there seem to exist small calcite

crystals which are more numerous in the fluid of chronic pancreatitis patients

than in that of healthy humans [51]. If such microcrystals were to be trapped in

the PSP precipitate, either during or after fibril formation, they might act as nu-

cleation sites for the bulk mineralization of the PSP matrix [49]. Thus, it might

be speculated that both proteins, in their respective biomineral, could provide a

scaffold by forming structured aggregates, which may then be filled with mineral

phase. Interestingly, the only function which at present is associated with the

non-lectin domains of the C-type lectin-like superfamily is interaction with other

proteins [52] or self-association [53]. However, the proteome of eggshells is very

probably much more complicated than the proteome of pancreatic stones, and

there may be many proteins in the avian eggshell which attach to the scaffold,

take part in scaffold construction, or modify the functions of other components.

Some years after the first reports were made of OC-17, the presence of an ho-

mologous protein in goose eggshells was reported [54]. This protein, referred to

as ansocalcin, was claimed to be the orthologue of OC-17, although the sequence

identity was only about 36%, which would seem to be too low for such closely re-

lated species. In addition, ansocalcin showed no post-translational modifications,

whereas OC-17 had been shown to be a phosphoprotein (see below). Further-

more, OC-17 contained only the six cysteines generally conserved in the long

form of C-type lectin-like motifs, while ansocalcin contained seven cysteines.

The isolation and sequence analysis of two C-type lectin-like proteins from ostrich

eggshell, named struthiocalcin-1 (SCA-1) and struthiocalcin-2 (SCA-2) [55], then

indicated the presence of two different subgroups among this group of eggshell-

associated C-type lectin-like proteins. This was confirmed by the identification,

isolation and sequence analysis of more proteins of this family occurring in the

eggshell matrix of two other ratites (large flightless birds from the southern hemi-

sphere), the emu and rhea, and which were named dromaiocalcin (DCA)-1 and -2

and rheacalcin (RCA)-1 and -2, respectively (Fig. 18.2) [56]. By sequence compar-

ison alone (see Fig. 18.3), it was clear that the proteins formed two different

groups. Group 1, with 63–77% identical residues shared between its members,

contained SCA-1, DCA-1, RCA-1 and ansocalcin. Group 2 contained the ratite pro-

teins SCA-2, DCA-2 and RCA-2, which shared 78–85% identical residues and, less

evidently, OC-17, with a sequence identity of 42–47% to other group members.

Furthermore, while the members of group 2 contained in their sequence the six

cysteines conserved in all long-form C-type lectin-like domains, group 1 members

contained one to three additional cysteines (Fig. 18.2).

Further strong evidence for the distribution of these proteins into different

groups came from the presence of post-translational modifications. While no

modifications were found in group 1, the members of group 2 were invariably

phosphorylated [42, 55, 56]. Two to three serines at conserved positions were

phosphorylated in the ratite proteins, and one or two phosphoserines were iden-

tified in OC-17 at identical positions (Fig. 18.2). It has been reported variously

that phospho groups may be associated with interaction with mineral phases,
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but the role of the group 2 phosphoserines remains unknown at present. The

special position of OC-17 in this group is underlined by the occurrence of an

N-glycosylated form of the protein (OC-23) [57]. One of the two serines modified

by phosphorylation in the major form of the protein is also part of an N-

glycosylation sequon, Asn-Ala-Ser. However, if the Asn is glycosylated, this serine

is not phosphorylated, indicating that these two modifications are mutually exclu-

sive in ovocleidin. The function of these different modifications is not clear. The

only differences observed between the two forms of the protein were a better

Fig. 18.2 Alignment of avian C-type lectin-like

protein sequences. Identical amino acids and

amino acids of similar properties (identical

charge, hydrophobic, aromatic, neutral with

hydroxyl group) conserved in four or more of

the sequences are in shown boxes. Cysteines

are shaded gray, cysteines conserved in all

sequences are in bold type. Phosphorylated

serines are shown in bold italics and

underlined. RCA, rheacalcins; DCA,

dromaiocalcins; SCA, struthiocalcins; ANCA,

ansocalcin; OC, ovocleidin; PSP, pancreatic

stone protein.
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water solubility of the glycosylated form, and a decreased resistance of OC-23 to

proteolytic attack, which might be the result of a less tight conformation as com-

pared to the non-glycosylated form. A recent comparative study of ansocalcin and

OC-17 indicated that these two proteins may have different locations in the ma-

trix, and perhaps also differences in specific functional aspects [50]. Thus, OC-17

concentrations in eggshell powder are reduced by treatment with bleach, while

ansocalcin remains a major protein. This was taken to indicate that ansocalcin

has a stronger association to the mineral than OC-17, and may even become inte-

grated into the crystal lattice, while the chicken protein does not. Furthermore, it

was shown that ansocalcin – but not OC-17 – influences the morphology of grow-

ing calcite crystals. However, the latter finding was inconsistent with the report by

Reyes-Grajeda et al. [48b] that OC-17 modified crystal habit and the pattern of

crystal growth in in-vitro crystallization experiments. The difference between an-

socalcin and OC-17 [50] was attributed to the presence and spacing of multiplets

of negatively and positively charged amino acids which were not conserved in the

OC-17 sequence. There also seem to be differences in structural changes induced

by calcium ions, and differences in aggregation behavior between the two pro-

teins, as evidenced by circular dichroism, intrinsic tryptophan and dynamic

light-scattering measurements under specific conditions [50]. However, further

investigations will be required to determine whether such differences are group-

specific or are limited to ansocalcin and OC-17.

Finally, proteins interacting with antibodies against OC-17 were shown to be

present in extracts of turkey, duck, guinea fowl, goose and pheasant eggshells,

Fig. 18.3 Unrooted tree showing the clustering of similar C-type lectin-

like protein sequences. For protein name abbreviations, see Fig. 18.2.

The scale bar indicates the number of substitutions between nodes that

define branch length.
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but not in eggshell extracts of quail [33b]. However, because a protein of similar

size was found by the protein staining of gels this difference may simply be due

to small changes in the relevant epitope(s). At present, it is unclear why geese

and hens can form perfectly functional eggshells with only one C-type lectin-like

protein, yet ratites appear to require two proteins of this family.

18.5.3

Ovocalyxins

Ovocalyxins (ovo ¼ egg; calyx ¼ shell) correspond to four different proteins of

molecular weight 21, 25, 32, and 36 kDa, respectively, that are secreted by the

uterus and red isthmus and present in the eggshell matrix [8e, 58]. Ovocalyxin-

21 and ovocalyxin-25 have recently been cloned [8e]. Database analysis shows

that ovocalyxin-25 has a WAP (whey acidic protein)-type domain similar to that

described for lustrin A, a matrix protein from abalone nacre [59]. Ovocalyxin-32

is present in the uterine fluid mainly during the terminal phase of mineraliza-

tion, is mainly localized in the outermost part of the eggshell palisade and the cu-

ticle and, consequently, has been suggested to play a role in the termination of

shell mineralization [60]. Database analysis has demonstrated a limited identity

(30%) to two unrelated mammalian proteins, latexin, a neuronal carboxypepti-

dase inhibitor, and a putative translation product of a tazarotene-induced gene 1

(TIG1), a retinoic acid receptor-responsive gene of human skin cells.

Ovocalyxin-36 has also been cloned [8e], and is found in uterine fluid during

the calcification phase of eggshell formation, in eggshell extracts and throughout

the eggshell, but especially in the basal part of the shell and in the egg membrane.

Ovocalyxin-36 mRNA is strongly up-regulated when the egg is present in the

uterus. Its protein sequence shows 20–25% homology to the lipopolysaccharide-

binding proteins (LBP), bactericidal permeability-increasing proteins (BPI) and

Plunc family proteins, which suggests that it belongs to a family of proteins asso-

ciated with the innate immune response, rather than the process of eggshell cal-

cification.

18.6

A Proteomic Inventory of the Chicken Calcified Eggshell Matrix

The avian eggshell matrix proteins reviewed here were identified using the

classical tools for protein sequence analysis, such as automated Edman degrada-

tion of the isolated protein. This method, in combination with gel electrophoresis

or chromatographic separation, is still used to analyze protein mixtures of limited

complexity or to identify major components of protein mixtures, as for example

the major matrix proteins extracted from several ratite eggshells [56a]. Moreover,

the procedure is still valuable for the identification of new proteins with com-

pletely unknown sequences.
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An alternative approach has been to study peptides arising from the CNBr

cleavage of eggshell insoluble proteins, by using techniques such as capillary elec-

trophoresis and high-performance liquid chromatography (HPLC) [61]. However,

as an increasing number of complete genome sequences becomes available by

the use of large-scale nucleic acid sequencing, it has become almost routine to

identify the entire set of proteins (the proteome) that occurs in tissues or body

fluids of interest by using high-throughput, mass spectrometry-based methods

[62]. Recently, these methods were applied to the acid-soluble organic matrix of

chicken eggshell calcified layers [63], whereupon some 520 proteins were identi-

fied. By using a recently published method which takes advantage of the linear

relationship between the logarithm of protein concentration and the number of

observed peptides in LC-MS/MS experiments (the exponentially modified Protein

Abundance Index, emPAI [64]), the eggshell proteins were allocated to groups of

high, intermediate, and low abundance [63]. The high-abundance proteins (Table

18.1) included the 10 eggshell matrix proteins known previously, with the excep-

tion of osteopontin – which is known from protein sequencing yields to belong to

the highly abundant matrix proteins, but which appeared in the low-abundance

group. Although osteopontin is known to be highly phosphorylated, the phospho-

peptides were not found and thus did not contribute to the observed peptides for

the emPAI calculation. Phosphopeptides are notoriously difficult to identify by

mass spectrometry in complex peptide mixtures, and require prior enrichment

and the use of dedicated mass spectrometric techniques [65]. In total, 32 proteins

(approximately 6% of the total) were assigned to the high-abundance group (Table

18.1).

In addition to the eggshell proteins known previously, this group included the

egg white proteins ovoinhibitor and cystatin, the widespread extracellular matrix

protein fibronectin, the serum proteins serum albumin and vitamin D-binding

protein, the lipid-binding proteins extracellular fatty acid-binding protein, prosa-

posin, ganglioside GM2 activator protein and apolipoprotein D, some ubiquitous

intracellular proteins such as actin and ubiquitin, and also components of signal-

ing pathways, including calcyclin and Dickkopf-related protein 3, a potential in-

hibitor of the Wnt signaling pathway. This group also included some previously

uncharacterized proteins with a high similarity to mammalian signal transduc-

tion molecules such as Edil 3/Del-1. A complete list of all identified proteins can

be found in the supplementary material to Ref. [63]. This list contains many ex-

tracellular matrix proteins, proteases and protease inhibitors, more egg white pro-

teins, immune system-related and antimicrobial molecules, and signal transduc-

tion components. It appears that the chicken eggshell organic matrix is a very

complex mixture of proteins, some of which are synthesized on demand by egg-

shell gland cells and therefore may have a specific function, while others are in-

cluded into the matrix during mineralization simply because they are compo-

nents of the uterine fluid present at this stage of egg production. This latter

group comprises molecules which may be left over from processes taking place

in preceding sections of the oviduct (e.g., egg white or eggshell membrane depo-

sition), components of decaying cells and their basement membranes lining the
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Table 18.1 The most abundant proteins in the chicken eggshell calcified layer organic matrix.

Protein emPAI Previously known location(s)

Ovocalyxin-21 (similar to RIKEN cDNA

1810036H07; IPI00574331.1)

176.8 Specific eggshell protein

Lysozyme C (IPI00600859.1) 128.2 Egg white, eggshell, body fluids

Serum albumin (IPI00574195.1) 113.5 Blood plasma, egg yolk, eggshell

Ovalbumin (IPI00583974.1) 85.6 Egg white, eggshell, body fluids

51-kDa protein (similar to Edil 3/Del-1;

IPI00588727.1)

83.8 Edil3/Del-1: extracellular

Ovocalyxin-32 (IPI00578622.1) 71.0 Specific eggshell protein

Ovocleidin-116 (IPI00581368.1) 65.3 Specific eggshell protein

Ovocleidin-17 (IPI00572756.1) 64.8 Specific eggshell protein

Cystatin (IPI00576782.1) 45.4 Egg white, body fluids

Clusterin (IPI00604279.1) 42.7 Body fluids, eggshell, egg white

Similar to Ig m heavy chain disease protein

BOT, partial (@25%; IPI00595925.1)

30.6 Extracellular

Hypothetical protein XP_429301 (similar to

cathepsin B; precursor); (IPI00577962.1 and

00573387.1)

24.8 Cathepsin B: cytosol, lysosome,

nucleus and extracellular

Extracellular fatty acid-binding protein

(IPI00600069.1)

26.8 Extracellular, body fluids

Ovocalyxin-36 (IPI00573506.2) 23.2 Specific eggshell protein

Ovotransferrin (IPI00578012.1) 22.9 Egg white, eggshell, body fluids

Similar to fibronectin (IPI00590535.1) 18.9 Extracellular matrix fluids

Apolipoprotein D (IPI00600265.1) 18.3 Extracellular

Similar to hypothetical protein HSPC117

(IPI00571823.1; emPAI: aa 1-450; domains:

bactericidal permeability increasing 1, 2)

16.8

50-kDa protein/similar to MGC75581 protein

(IPI00575013.1 and IPI00588573.1; similar to

Edil 3/Del-1)

15.9 Probably extracellular

Dickkopf-related protein 3 (IPI00578016.1) 14.0 Extracellular

Peptidyl-prolyl cis-trans isomerase B

(IPI00583337.1)

13.7 Endoplasmic reticulum lumen
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oviduct, and endoplasmic reticulum or Golgi apparatus proteins as byproducts of

the secretion of egg components. Of course, the proteins of intermediate and low

abundance – which include many enzymes and growth factors, growth factor-

binding proteins and other signal transduction chain components – may also

play a role in eggshell structure or in the regulation of eggshell matrix compo-

nent synthesis and assembly. These are largely unknown processes which, hope-

fully, will become the focus of attention during the next few years. Finally, it

should be stressed that the results of a proteomic study, as described above, de-

pend critically on the quality of the sequence data used by sophisticated computer

Table 18.1 (continued)

Protein emPAI Previously known location(s)

Similar to hypothetical protein A430083B19

(IPI00578305.1; domains: S-100/intestinal

calcium-binding protein-like)

12.9

GM2 activator protein (IPI00599943.1 and

IPI00587080.1, partial GM2 activator

domains combined)

12.9 Lysosome

Ovoinhibitor (IPI00587313.2) 12.1 Egg white

Hemopexin (IPI00596012.1; IPI00573473.1) 11.6 Blood plasma

Similar to nexin-1 (IPI00594564.1) 11.1 Nexin-1: extracellular

Similar to fibronectin 1 isoform 3

(IPI00601771.1)

9.0 Fibronectin: extracellular matrix

Prosaposin (proactivator polypeptide

precursor; IPI00584371.1)

9.0 Extracellular, lysosomes

Vitamin D-binding protein (IPI00573327.1) 9.0 Body fluids

Actin, cytoplasmic 1 (IPI00594778.1) 9.0 Cytoplasm

Ubiquitin/ribosomal protein S27a/

polyubiquitin (IPI00581002.1; 00584240.1;

00585698.1; 00589085.1)

9.0 Cytoplasm, nucleus

Calcyclin (IPI00572547.1) 9.0 Intracellular

Osteopontin; emPAI probably too low

because of many modifications

(IPI00585901.1)

(1.8) Extracellular matrix,

eggshell, body fluids

The most abundant proteins in the chicken eggshell calcified layer

organic matrix [63]. The proteins are ordered by decreasing

exponentially modified Protein Abundance Index (emPAI) [64]. For the

complete list of eggshell matrix proteins, see the supplementary

material to Ref. [63].

322 18 Eggshell Growth and Matrix Macromolecules



programs to identify proteins from ions and fragmentation patterns. Currently,

the chicken genome is still lacking 5 to 10% of sequence [66], and the most re-

cent draft seems – at least in part – not to be of sufficiently high quality for pro-

teomic studies [63]. The current proteomic studies of chicken tissues and body

fluids should, therefore, not be regarded as complete or final.

18.7

Role of the Organic Components in Eggshell Mineralization

Throughout the chapters of this book, perhaps the most striking aspect with re-

gard to biominerals is the range of exquisite and unique morphologies observed.

It is also striking that these morphologies are often organized hierarchically on a

scale from nanometers to meters, and employ macromolecules to manipulate the

crystallization processes. In particular, this remains a source of inspiration for the

creation of novel materials biomimetically [1b, 40c, 67].

In the eggshell, several observations support the hypothesis that the matrix

components regulate the process of mineralization:

1. The organic composition of uterine fluid changes at different

stages of shell formation, and this leads to modifications of

the kinetics of calcium carbonate precipitation in vitro [41,

68].

2. Gene expression and/or the secretion of macromolecules by

oviduct cells changes during eggshell formation [7, 27c, 29,

37a,b, 41].

3. Depending on the temperature, pH, ionic strength,

concentration, polyelectrolyte behavior, conformation and

molecular mass, those macromolecules isolated from the

shell matrix (or others close related to them) affect the

morphology of calcium carbonate crystals in vitro [10d, 28,
40, 50, 54b, 68, 69].

4. The administration to the hen of drugs that affect the

synthesis or post-translational modification of specific

eggshell macromolecules also affects eggshell formation [7,

32].

As has been described in other biomineralization systems – for example, in

seashells – it is becoming increasingly clear that macromolecules contribute to

the regulation of the eggshell mineralization process. However, those mecha-

nisms involved in the interaction of organic macromolecules with the inorganic

phase have not yet been fully demonstrated. It is not only the action of one mac-

romolecule in a defined condition that must be established, but also the spatio-

temporal interactions of different molecules in order to understand the actual

contribution of the organic phase to the biomineralization process. In this con-

text, the eggshell as an acellular compartment of mineralized extracellular matrix

will continue to serve as a valuable model for understanding calcium carbonate-
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based biomineralization. Moreover, the use of new methodologies and techniques

– including proteomics – will be of major importance in learning about the regu-

latory mechanisms of eggshell formation.
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Genetic Basis for the Evolution of Vertebrate

Mineralized Tissue

Kazuhiko Kawasaki and Kenneth M. Weiss

Abstract

Many proteins critical to vertebrate tissue mineralization arose from a common

ancestor by gene duplication, and these constitute the Secretory Calcium-binding

Phospho-Protein (SCPP) family. A bird eggshell matrix protein, mammalian milk

caseins, and salivary proteins are also members of this family. The last common

ancestor of these genes was created by a large segmental duplication, or whole

genome duplication, early in vertebrate evolution. The SCPP family subsequently

arose principally by tandem gene duplication, thereby generating many physio-

logically similar but functionally specialized proteins. It is notable that the reper-

toire of SCPP genes is significantly different in tetrapods and teleost fish, reflect-

ing independent parallel gene duplication histories. Thus, while mineralized

tissues have remained as an important adaptive trait, the underlying genetic basis

has drifted in these two major vertebrate clades. The evolution of the SCPP gene

family illustrates the initial co-option of available raw materials used to make the

mineralized skeletal system of vertebrates with subsequent tinkering.

Key words: tissue mineralization, extracellular matrix protein, vertebrate evolu-

tion, dental tissue, enamel, dentin, bone, enameloid, gene duplication, disordered

protein.

19.1

Introduction

Many metazoans first evolved mineralized skeletons at the time of the Cambrian

explosion (the Early Cambrian) [1]. Among deuterostomes, echinoderms and tu-

nicates have mineralized skeleton consisting of calcium carbonate [2]. However,

basal jawless vertebrates, hagfish, lampreys, and their extinct relatives found

from the Early Cambrian Chengjiang biota have no mineralized skeleton at all

[3]. Thus, it is thought that the vertebrate mineralized skeleton is a relatively
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recent innovation [4]. The earliest vertebrate mineralized skeleton has been found

in the feeding apparatus of the conodont, an eel-like jawless vertebrate [5]. The

Ordovician jawless vertebrates subsequently evolved a mineralized dermal skele-

ton [5–7]. These mineralized tissues are both composed of hydroxyapatite, a com-

posite of calcium phosphate, similar to teeth of the jawed vertebrates.

The vertebrate tooth consists of three principal tissues: a highly mineralized

surface tissue called enamel or enameloid; a softer body dentin; and supportive

bone [8]. These three tissues form on specific compositions of extracellular ma-

trix (ECM) proteins, which are secreted by cells differentiated through reciprocal

epithelial–mesenchymal interactions [8–10]. The Ordovician jawless vertebrates

also had a similar structure; the tubercles present on their dermal skeleton con-

sisted of comparable tissue layers developed through epithelial–mesenchymal in-

teractions [6, 7, 11]. For this reason, it has been thought that the teeth of jawed

vertebrates evolved from the ancient dentinous elements of Paleozoic jawless ver-

tebrates [11].

Among the many proteins involved in tooth development, transcription factors,

signal molecules, and their receptors are also used in the development of many

other tissues. By contrast, ECM proteins are more specialized and some of these

are abundant only in a particular mineralized tissue. Hence, the genealogy of

these ECM proteins should reveal the evolutionary history of mineralized tissues.

Many ECM protein genes involved in tissue mineralization constitute the Secre-

tory Calcium-binding Phospho-Protein (SCPP) gene family, which originated ini-

tially from the common ancestor, SPARC (secreted protein, acidic, cysteine-rich;

also called osteonectin), coding a major non-collagenous ECM protein for both

dentin and bone [12–14]. This family also includes genes for a bird eggshell ma-

trix protein, and mammalian milk caseins and salivary proteins [14]. Teleosts also

use many SCPPs for tissue mineralization, but their SCPP genes arose indepen-

dently in this lineage by parallel gene duplication [15].

19.2

Dental Tissue Mineralization

Vertebrate teeth develop through reciprocal interactions between epithelium and

the underlying neural crest-derived ectomesenchyme [8, 10]. These interactions

induce budding of the epithelium and condensation of the ectomesenchymal

cells. This leads to morphogenesis of the dental epithelium which triggers the

formation of tooth cusps after mineralization. Through these processes, tetrapods

develop ameloblasts from epithelial cells and both odontoblasts and osteoblasts

from the ectomesenchymal cells. These differentiated cells then prepare the

ECM for dental tissue mineralization; first, odontoblasts deposit ECM proteins

for dentin between odontoblast and ameloblast cell layers; next, the ameloblasts

secrete ECM proteins for enamel onto the mineralizing dentin surface (Fig.

19.1A). These two mineralized tissues are thus formed between odontoblast and

ameloblast layers, whereas osteoblasts deposit ECM proteins for bone below these

structures.
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Teleost fish (and larval urodele in tetrapods) have similar mineralized dental

structures, but the mineralization process is significantly different. Initially, the

ECM proteins for the surface mineralized tissue layer are secreted from both

odontoblasts and the inner dental epithelial (IDE) cells, after which the dentin

ECM proteins are deposited by odontoblasts (Fig. 19.1B) [16, 17]. Due to the

dual origin of the surface tissue layer of teleost teeth, this tissue is called ename-

loid instead of enamel, and the cells that deposit enameloid ECM proteins are

called the IDE cells instead of ameloblasts. The surface tooth layer of chon-

drichthyans (and scales of elasmobranchs) is also enameloid of dual tissue origin

[18].

19.3

Matrix Proteins of Dental Tissues

Dentin and bone both form on collagen fibrils. Approximately 90% of the dentin

and bone protein matrix consists of type-I collagen, the most abundant protein in

the body [9]. In teleosts, type-I collagen also serves as the mineralization scaffold

for enameloid. However, collagen fibrils alone cannot initiate tissue mineraliza-

tion, and many other molecules are necessary for regulated mineralization.

Fig. 19.1 Mineralization of dental tissues and

the expression of Secretory Calcium-binding

Phospho-Protein (SCPP) genes. (A) In

tetrapods, odontoblasts first secrete proteins

for dentin, after which ameloblasts organize

the enamel matrix. (B) In teleosts, both the

inner dental epithelial (IDE) cells and

odontoblasts initially secrete enameloid

proteins. While odontoblasts continue to

express dentin extracellular matrix (ECM)

protein genes, the IDE cells become

degenerate following the deposition of

enameloid matrix. Many teleosts have

pharyngeal teeth in addition to oral teeth

(some teleosts such as zebrafish have only

pharyngeal teeth). In fugu pharyngeal tooth

development, the inner dental epithelium

(IPE) initially overlays dental epithelium;

however, after the degeneration of dental

epithelium, the IPE comes into direct contact

with the surface of both cap enameloid and

body dentin. During these stages, the IPE

continues to express ECM protein genes [15].

Major SCPP genes, expressed in various cell

types of mammals (A) and fugu (B), are

shown in boxes.
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Among these molecules, DSPP (dentin sialophosphoprotein), DMP1 (dentin ma-

trix acidic phosphoprotein 1), IBSP (integrin-binding sialoprotein), MEPE (matrix

extracellular, phosphoglycoprotein), SPP1 (secreted phosphoprotein 1), SPARC,

and BGLAP (bone g-carboxyglutamic acid protein; also called osteocalcin) are par-

ticularly important in mammals [9, 10, 19]. These proteins are present in both

dentin and bone, but their composition in each tissue is significantly different.

For instance, dentin is rich in DSPP, and mutations in this gene cause dentin

hypoplasia or dentinogenesis imperfecta, whereas the expression of DSPP is mar-

ginal in bone and its known mutations have no effect on bone development [20,

21]. By contrast, IBSP constitutes 8 to 12% of the total non-collagenous proteins

in human bone, with substantially lower amounts (@1%) in dentin [22]. Among

these dentin/bone ECM proteins, DSPP, DMP1, IBSP, MEPE, and SPP1 have

been shown to have arisen from a common ancestor by tandem gene duplication

and have consequently been named Small Integrin-Binding LIgand, N-linked

Glycoproteins (SIBLINGs) [23]. SIBLING genes are primarily expressed in miner-

alized tissues, but their expression has been also detected in many soft tissues

[24–26]. In this chapter, we refer to this group of proteins as dentin/bone SCPPs,

because they are part of the larger SCPP family, all of which ultimately originated

from SPARC, as described in Section 19.7.

Tooth enamel is highly specialized among vertebrate mineralized tissues in

that this tissue does not contain collagen but rather forms on a distinctive protein

matrix scaffold of exclusive epithelial (ameloblast) origin [9, 27]. In mammals,

ameloblasts secrete three major enamel ECM proteins (Fig. 19.1A): AMEL (ame-

logenin); AMBN (ameloblastin); and ENAM (enamelin) [9, 28]. The genes for

these proteins are all primarily expressed in ameloblasts, although their marginal

or transient expression has been also detected in odontoblasts [29, 30]. Mutations

in human AMEL or ENAM result in enamel hypoplasia or amelogenesis imperfecta,
and mice with disrupted AMBN develop severe enamel hypoplasia [31–33]. These

facts suggest the essential role of these proteins in enamel mineralization. AMEL

constitutes more than 90% of enamel ECM protein and serves as the scaffold for

mineralizing enamel [9, 27, 34], whereas the functions of ENAM and AMBN are

less clear [33, 35]. Enamel is the hardest tissue in the vertebrate body, and this is

enabled by the fact that during its maturation these enamel proteins are actively

degraded by proteinases secreted by ameloblasts and subsequently removed from

the mineralizing enamel [36, 37]; as a result, the mature enamel does not contain

proteins and becomes a highly mineralized inorganic tissue. In addition to these

three major enamel genes, another – AMTN (amelotin) – was recently found to

be preferentially expressed in ameloblasts and may play a critical role in enamel

formation [38].

19.4

Mammalian SCPP Genes

The genes for five dentin/bone ECM proteins (DSPP, DMP1, IBSP, MEPE, and

SPP1) and four enamel proteins (AMEL, ENAM, AMBN, and AMTN) arose from
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Table 19.1 Human SCPP genes and their ancestors.

Protein distribution

(rich amino acids)

Gene symbol

(alias)

Protein name (alias)

Ancestor

Skeleton SPARC (OSN) Secreted protein, acidic, cysteine-rich (osteonectin)

Brain SPARCL1

(HEVIN)

Secreted protein, acidic, cysteine-rich-like 1 protein

(high endothelial venule protein)

SCPP

Dentin, Bone DSPP Dentin sialophosphoprotein

(Glu, Asp, Ser) DMP1 Dentin matrix acidic phosphoprotein 1

IBSP (BSP) Integrin-binding sialoprotein (bone sialoprotein)

MEPE Matrix extracellular phosphoglycoprotein

SPP1 (OPN) Secreted phosphoprotein 1 (osteopontin)

Enamel AMEL Amelogenin

(Pro, Gln) ENAM Enamelin

AMBN Ameloblastin (sheathlin, amelin)

AMTN

(UNQ689)

Amelotin (UNQ689)

Milk, Saliva,

Enamel

APIN (ODAM) APin protein (odontogenic, ameloblast associated)

Milk, Saliva, PDL FDCSP

(C4ORF7)

Follicular dendritic cell secreted peptide

Salivaa MUC7 Mucin 7 (MG2)

PROL1 (BPLP) Proline-rich 1 (basic proline-rich lacrimal protein 1)

PROL3

(SMR3B)

Proline-rich 3 (submaxillary gland androgen

regulated protein 3 homolog B (mouse))

PROL5

(SMR3A)

Proline-rich 5 (submaxillary gland androgen

regulated protein 3 homolog A (mouse))

LOC401137 LOC401137b

HTN1 Histatin 1

HTN3 (HTN2) Histatin 3

STATH Statherin

Milk CSN3 (CSN10) k-Casein
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a common ancestor by a series of gene duplication events [12, 14]. In addition,

the genes for milk caseins and some salivary proteins also arose from the com-

mon ancestor, and these all constitute the large SCPP gene family [12–14]. The

22 members of this gene family found in the human genome, are listed in Table

19.1. The common evolutionary origin of these genes is based on the following

three lines of evidence [12, 14].

First, these genes all localize on human chromosome 4, where they further

split into two clusters (Fig. 19.2A). The only exception is AMEL, which is located

on the sex chromosomes in placental mammals, and the X-copy, AMELX resides

within the first intron of theRhoGTPase activating protein 6 (ARHGAP6) gene [14].
Second, although – with just a few exceptions – these proteins have virtually no

sequence homology, they share common biochemical characteristics:
� they all have a signal peptide, and hence are secretory

proteins;
� most of them are rich in charged, particularly acidic amino

acids (Glu and Asp);
� most have at least one, but usually many Ser-Xaa-Glu motifs

(Xaa represents any amino acid; Asp or phospho-Ser may

replace Glu), in which the Ser residue is phosphorylated; and
� they bind to calcium ions through these acidic amino acids

(Glu, Asp, and phospho-Ser).

Thus, we refer to these proteins as ‘‘Secretory Calcium-binding Phospho-

Proteins’’ (SCPPs).

Third, the SCPP genes all share a common structure:
� the entire exon 1 and the 5 0-end of exon 2 together comprise

the 5 0-untranslated region (5 0-UTR);
� exon 2 additionally codes the entire signal peptide and the

N-terminal of the mature protein (typically, 16 and 2 amino

acids long, respectively); and

Table 19.1 (continued)

Protein distribution

(rich amino acids)

Gene symbol

(alias)

Protein name (alias)

(Ser-Xaa-Glu

motif )

CSN2 b-Casein

CSN1S1 aS1-Casein

aMany salivary SCPPs are also present in tears [14].
bLOC401137 represents the locus symbol given in the genome

sequence database.

PDL, periodontal ligament.

336 19 Genetic Basis for the Evolution of Vertebrate Mineralized Tissue



� all of the introns are phase-0, which means that they are

located between two adjacent codons instead of disrupting a

codon (Fig. 19.3A).

Although some of these structural elements may be found in other genes, only

SCPP genes have been found to possess all of these characteristics.

The SCPPs are distributed primarily in four extracellular domains (dentin/

bone, enamel, milk, and saliva), with some SCPPs being detected in two or three

of these domains as well as other tissues (see Table 19.1). The genes form two

large clusters; these are on the same chromosome but are separated by 17 mega-

bases in the human genome, one for dentin/bone SCPP genes and the other for

Fig. 19.2 SCPP gene clusters in the human (A), chicken (B), frog (C),

and fugu (D) genomes. The location of SPARCL1 (open box) and SCPP

(closed box) genes are shown above the scale (kb ¼ kilobases). Note

that the scales are different in these four maps. In (A), two large SCPP

gene clusters are separated by 17 megabases (Mb) in distance. The

distribution of SCPPs is indicated above.
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milk/saliva/enamel SCPP genes. Furthermore, the milk, salivary, and enamel

SCPP genes are not randomly distributed but form subclusters (e.g., CSN1S1/
CSN2, PROL5/PROL3/PROL1/MUC7, and AMTN/AMBN/ENAM; see Fig.

19.2A). This subclustering appears to reflect a sequential tandem duplication his-

tory; enamel, milk, and salivary SCPP classes arose early in the evolution of the

larger cluster, and subsequently members of each SCPP class were amplified in

an adjacent region. Occasionally, however, some genes appear to have shifted

their expression domain, resulting in intermingled subclusters of milk and sali-

vary SCPP genes.

Milk, salivary, and enamel proteins are secreted from the mammary glands,

salivary glands and ameloblasts, respectively, and all develop from epithelium

through epithelial–mesenchymal interactions. The developmentally related tissue

origins seem to facilitate interchangeable expression domains through slight

modifications of the regulatory sequences. Among the milk/saliva/enamel SCPP

genes, AMBN is an old gene and has been found in both frogs and crocodilians,

whereas no milk/saliva SCPP genes have been identified in non-mammalian

tetrapods (see Section 19.5). We thus assume that the milk/saliva/enamel SCPP

gene cluster initially arose from an ancient enamel SCPP gene, and many milk

and salivary SCPP genes arose during the evolution of mammal-like reptiles [14].

APIN (APin protein) and FDCSP (Follicular dendritic cell secreted peptide) be-

long to the SCPP gene family, and their expression has been detected in both sal-

ivary glands and lactating mammary glands [39]. Interestingly, recent reports

have also revealed their expression in developing teeth, with APIN in the enamel

Fig. 19.3 Structure of the SCPP genes and

their ancestral SPARC and SPARCL1. (A) As a

typical SCPP gene structure, exons 1–3 of

human SPP1 are illustrated. Note the two

contiguous Ser-Xaa-Glu motifs (SSEE, where

Ser residues are phosphorylated) coded at

the end of exon 3 and phase-0 intron (splice

sites, gt-ag) located between two adjacent

codons (CCA/GTT). (B) Structure of the

human SPARC, SPARCL1, and SPP1 genes.

The untranslated regions (5 0-UTR and 3 0-
UTR), signal peptide (SP), and mature

proteins (domains I, II, III for SPARC and

SPARCL1) are depicted in different gray

scales. The length (nucleotide) of each exon

is shown in corresponding exons (exons 1–

11). Intron phases are indicated between two

exons.
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organ (including ameloblasts) and FDCSP in fibroblasts producing periodontal

ligament (a soft connective tissue surrounding the roots of teeth) [40, 41]. These

two genes are adjacent to each other within the milk/saliva SCPP gene cluster

(Fig. 19.2A). In addition, both genes have the termination codon within their pen-

ultimate exon and their last exon codes only the 3 0-UTR. This untranslated last

exon is present in all milk/saliva SCPP genes located between CSN1S1 and

CSN3 [12, 14], which suggests a close evolutionary relationship of these genes,

including APIN and FDCSP.
The opossum (Monodelphis domestica) also has all five dentin/bone SCPP genes,

six SCPP genes expressed in teeth (APIN, FDCSP, AMTN, AMBN, ENAM, and

AMEL), and three milk SCPP genes (CSN1S1, CSN2, and CSN3). These genes

are distributed in two large clusters, and their order and orientation within the

clusters are conserved in the opossum and human genomes. The conserved clus-

tering of these SCPP genes in mammalian genomes might reflect a transcrip-

tional regulation by a master element common to all these genes in terminally

differentiated tissues, although the regulatory mechanisms for the SCPP genes

remain largely unknown.

19.5

Chicken and Frog SCPP Genes

Three dentin/bone class SCPP genes, DMP1, IBSP, and SPP1, are clustered in

the chicken genome (Fig. 19.2B) [14]. Likewise, in the frog (Xenopus tropicalis) ge-
nome, DMP1 and IBSP also reside adjacent to each other. Additionally, in the

frog, AMBN is located approximately 170 kb upstream of these two genes (Fig.

19.2C). The proximal location of these dentin/bone and enamel SCPP genes sug-

gests that these two classes of SCPP genes initially arose by tandem gene dupli-

cation. Subsequent intrachromosomal rearrangement split the primordial tan-

dem array, such that humans now have two large SCPP gene clusters (Fig.

19.2A). The presence of these two SCPP gene clusters on a single chromosome

suggests that intrachromosomal rearrangements have been more frequent than

inter-chromosomal translocations [14].

Frog AMEL resides entirely within the first intron of ARHGAP6, though in the

opposite orientation, similar to mammalian AMELX. As yet, no chicken SCPP

genes have been detected in the orthologous chromosomal regions to AMEL or

the mammalian milk/saliva/enamel SCPP gene cluster. To date, chicken SCPP

genes have been identified only within the dentin/bone class SCPP gene cluster

[14].

Among enamel SCPP genes, AMEL and AMBN are both present in the ge-

nomes of frogs and crocodilian reptiles, whereas neither ENAM nor AMTN has

been identified from any non-mammalian tetrapods [42, 43]. This suggests that

modern birds secondarily lost AMEL and AMBN – and perhaps also ENAM and

AMTN – after they became toothless in the Late Cretaceous [14]. Alternatively,

ENAM or AMTN may have arisen relatively recently in the lineage leading

to mammals after the divergence from ancestral birds. Similar to ENAM and
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AMTN, DSPP – a SCPP gene primarily expressed in odontoblasts – has been

found only in mammals. This highly specialized gene (see Section 19.8) may

also have been lost secondarily in the bird lineage, or it recently arose in an an-

cestor of the mammals.

Chick embryos with transplanted mouse neural crest develop mineralized

structures resembling tooth germs beneath the oral epithelium [44]. In this struc-

ture, the mouse DSPP gene is expressed in odontoblast-like cells, while no

enamel matrix is deposited from the chick epithelium. Thus, modern birds seem

to retain at least some odontogenic potential, although this regulatory signal re-

sponse may represent the invocation of processes in the oral epithelium that are

still used by birds in other tissues such as feathers. Modern birds cannot develop

functional teeth due to degenerated SCPP genes for tooth mineralization.

Within the chicken dentin/bone class SCPP gene cluster, the ovocleidin-116

(OC116) gene is located at the locus corresponding to mammalian MEPE (com-

pare Figs. 19.2A and B). OC116 is a major component of the eggshell calcified

layer organic matrix [45]. OC116 has the characteristic gene structure common

to the SCPP family [13], and the amino acid sequence shows a marginal se-

quence identity to macaque MEPE. These facts suggest that avian OC116 is or-

thologous to mammalian MEPE [14, 46]. Although dentin/bone SCPPs are usu-

ally involved in calcium-phosphate mineralization, OC116 and SPP1 are involved

in the calcification of eggshell that is composed of calcium carbonate [45, 47].

Moreover, SPP1 is associated with mammalian otoconia in the inner ear, also

consisting of calcium carbonate [48]. Thus, SCPPs do not seem actively to deter-

mine the specific type of mineral crystals; instead, the local ionic conditions seem

to be more important.

19.6

Teleost SCPP Genes

In Section 19.2, we described how tooth mineralization differs significantly be-

tween tetrapods and teleosts (see Fig. 19.1), and consequently it is not surprising

that, among the SCPP family, only SPP1 has been found in both tetrapod and

teleost genomes. However, SPP1 has been identified from zebrafish and trout

but not from medaka or two puffer fish species (Takifugu rubripes and Tetraodon
nigroviridis) [13].
As will be described in Section 19.7, initially the duplication of SPARC gener-

ated the SPARC-like 1 (SPARCL1) gene; subsequently the first SCPP gene arose

from SPARCL1. The dentin/bone SCPP genes are located adjacent to the ances-

tral SPARCL1 in mammalian and chicken genomes (Fig. 19.2A and B). In the

fugu genome, seven distinct SCPP genes (SCPP1–SCPP5 with three closely re-

lated SCPP3 genes, SCPP3A, SCPP3B, and SCPP3C; see Fig. 19.2D) are located

adjacent to SPARCL1 [14, 15].

The expression of six fugu SCPP genes has been detected in teeth and jaws (see

Ref. [15] for details of highly specialized fugu jaw development), but no expres-
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sion has been identified in any soft tissues, cartilage, or bone [15]. In the secre-

tory stage for enameloid matrix, SCPP2, SCPP4, and SCPP5 are expressed in the

IDE; SCPP1 and SCPP5 in odontoblasts; and SCPP3A and SCPP3B in the inner

pharyngeal epithelium (IPE) overlying the dental epithelium (Fig. 19.1B). Subse-

quently, in the secretory stage for dentin matrix, SCPP1 and SCPP5 are expressed

in odontoblasts, and SCPP3A and SCPP3B continuously in the IPE. This ex-

pression pattern suggests that SCPP2 and SCPP4 are involved in enameloid,

SCPP3A, SCPP3B, and SCPP5 in both enameloid and dentin, and SCPP1 in

dentin mineralization [15].

19.7

The Origin of the SCPP Family

SPARCL1 is closely related to SPARC; both are multifunctional ECM proteins

and associate with various other ECM proteins, cations, growth factors, and cells

[49, 50]. In mouse embryos, SPARCL1 is expressed primarily in brain, whereas

SPARC is expressed preferentially in skeleton (see Table 19.1) [51]. In adults,

SPARC is one of the most abundant non-collagenous ECM proteins in both

dentin and bone [52].

Although the characteristic structure shared by SCPP genes has been found

only in this gene family, the 5 0 region of both SPARC and SPARCL1 shows strik-

ing structural similarity to the SCPP genes (Fig. 19.3B) [13]. In addition, the

N-termini of SPARC and SPARCL1 also have biochemical characteristics that

are common to SCPPs. The SPARC and SPARCL1 proteins consist of three func-

tional modules – domain-I, -II, and -III – of which domain-I is unique to these

two proteins, while domain-II and -III are also present in many other proteins

(Fig. 19.3B) [14, 50, 53]. Domain-I comprises many acidic amino acids and binds

to calcium ions similar to SCPPs [50]. However, SPARCL1 is closer to SCPPs in

terms of amino acid composition: (i) acidic amino acids are dominant in both

SPARC and SPARCL1, but basic amino acids (Lys, Arg, or His) are also present

in SPARCL1; and (ii) Ser-Xaa-Glu motifs are found only in SPARCL1 not in

SPARC [14].

These two biochemical characteristics are common to all tetrapod and teleost

SPARC and SPARCL1 proteins found to date. By contrast, basic amino acids

and one or two Ser-Xaa-Glu motifs are always present in the SPARC protein of

protostomes, sea urchin, and ascidians [13]. In addition to these similarities,

SPARCL1 is located adjacent to the SCPP gene cluster in mammalian, avian,

and fugu genomes, whereas SPARC resides on a different chromosome. These

facts suggest that gene duplication initially created SPARCL1 from SPARC, and
SCPP genes subsequently arose from the 5 0-region of SPARCL1. The mature por-

tion of SCPPs originated from acidic domain-I of SPARCL1 [13].

SPARC is an ancient gene found in both protostomes (arthropods and nemat-

odes) and deuterostomes, whereas SPARCL1 has been cloned only from mam-
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mals, birds, and teleosts, but from no other vertebrate or non-vertebrate clades

[13, 14]. Based on the molecular clock hypothesis for the evolutionary rates of se-

quence divergence, SPARCL1 arose from SPARC shortly before the divergence of

ray-finned fish and lobe-finned fish [13]. On the other hand, it has been thought

that two rounds of whole genome duplication or large segmental duplications oc-

curred early during vertebrate evolution [54, 55]. SPARC is located on human

chromosome 5, whereas SPARCL1 is on chromosome 4. A portion within each

of these two chromosomes has been proposed to have arisen by the second ge-

nome duplication, which occurred before the divergence of cartilaginous fish

and stem bony fish [56, 57]. More than 100 genes located in the proximity of

human SPARC (5q31-qter) have closely related paralogous genes on chromosome

4, which supports the idea that the SPARC-flanking region was involved in a

large-scale duplication. Thus, although the timing of the duplication is still con-

troversial and the molecular clock estimates have substantial statistical errors, it is

likely that SPARCL1 arose from SPARC in vertebrates by a large segmental or

whole-genome duplication.

19.8

The Function of SCPPs and Intrinsic Disorder

SCPPs are involved either directly or indirectly in tissue mineralization, but inter-

estingly they do this in two opposing ways – by promoting or inhibiting mineral

crystallization. The inhibition of mineralization is an important function of milk

caseins. The aS- and b-caseins bind to calcium ions with their contiguous Ser-Xaa-

Glu motifs (see Table 19.1 for abundant amino acids present in SCPPs of each

class). In fact, these proteins precipitate relatively easily in the presence of cal-

cium ions. However, through interaction with the k-casein, they sequester cal-

cium phosphate into nanoclusters and form casein micelles, which enables milk

to be supersaturated with calcium and phosphate [58, 59]. As a consequence, ca-

seins help mammalian infants rapidly to grow teeth and bone, and they also pre-

vent the calcification of mammary glands.

Salivary SCPPs, along with other classes of salivary proteins, bind to the surface

of teeth and oral mucosa, forming a thin film – the salivary pellicle – which pro-

tects the oral cavity [10, 60]. Similar to milk, saliva is also supersaturated with

calcium and phosphate ions. In particular, STATH and HTN1 maintain the solu-

bility of these ions in saliva and prevent the spontaneous precipitation of calcium

phosphates in the oral cavity [61]. In addition, STATH is thought to facilitate post-

eruptive enamel maturation, increasing surface hardness and resistance to de-

mineralization [10].

For dentin/bone SCPPs, a series of in vitro studies have shown that contiguous

Glu residues in IBSP nucleate mineral crystallization, whereas highly phosphory-

lated, negatively charged regions of SPP1 inhibit crystal formation [62, 63]. In

addition, the shift from mineralization inhibitor to nucleator by protein phos-

phorylation has been observed for DMP1 [64]. Similar to tetrapod DMP1, teleost
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SCPP1 – which is involved in dentin mineralization – is also highly acidic and

has many contiguous Ser-Xaa-Glu motifs [15]. DSPP is the most negatively

charged SCPP. The C-terminal half of this protein, termed dentin phosphopro-

tein (DPP, also called phosphophoryn), consists almost entirely of Ser-Ser-Asp re-

peats, in which 85–90% of Ser residues are phosphorylated [9].

In contrast, acidic amino acids do not predominate in enamel SCPPs; instead,

Pro is abundant in AMEL, AMBN, ENAM and AMTN, and also Gln in AMEL and

AMTN. Both Pro and Gln are also predominant in teleost SCPP2, SCPP4, and

SCPP5 involved in enameloid mineralization. This suggests a fundamental differ-

ence between highly mineralized tissues and softer dentin or bone at the ECM

protein level.

Many SCPPs are thus rich in charged amino acids, Ser, Pro, and/or Gln resi-

dues, and these residues often form clusters within the protein. In contrast, Cys

is extremely rare and hydrophobic amino acids (Ile, Leu, and Val) are under-

represented. This is similar to the characteristic amino acid composition of what

are known as ‘‘intrinsically disordered proteins’’ [65, 66]. In contrast to most pro-

teins that form globular structures under physiological conditions, the disordered

protein regions do not fold into fixed three-dimensional structures to carry out

their functions. The intrinsic disordered regions facilitate protein–protein interac-

tions and bind to ions and crystals at low affinities [67]. In addition, phosphoryla-

tion occurs predominantly within these regions and regulates the activity of these

proteins [68]. These regions are also susceptible to proteolysis and are rapidly de-

graded [69]. Such characteristics are commonly found in SCPPs; for example,

milk/saliva and dentin/bone SCPPs bind to calcium ions and hydroxyapatite crys-

tals, dentin/bone SCPPs associate with other ECM proteins such as collagens,

and dentin/bone and enamel SCPPs are processed by proteases.

Genes for intrinsically disordered proteins typically show higher evolutionary

rates than are found for other more structurally specific – and hence selectively

constrained – proteins [67]. In addition, the exons of SCPP genes are flanked by

phase-0 introns descended from domain I of SPARCL1, so that duplication or de-

letion of an exon does not alter the reading frame. In fact, many genes consisting

of introns with identical phases are known to have experienced such histories

[70]. This mode of exon duplication/deletion modulates the capacity of calcium-

binding and/or protein–protein interactions within individual SCPPs. Thus, iter-

ative birth and death processes of exons and relatively high evolutionary rates in

the disordered regions have allowed rapid sequence differentiation of duplicated

new SCPP genes, which seems to have facilitated the evolution of various adap-

tive traits.

19.9

Conclusions

Among the most important characteristics of vertebrates are their mineralized tis-

sues, which include an internal skeleton in addition to many other structures.
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During the evolution of jawed vertebrates, strong and persistent natural selection

for feeding and predation seems to have favored mineralized teeth. This stable

phenotype is, however, sustained by differently evolved SCPPs in teleosts and tet-

rapods. Thus, this phenomenon appears to be an example of phenogenetic drift;

a shift in the genotype that underlies a stable phenotype maintained by natural

selection [71, 72]. A similar example is known for the crystallin genes that code

the lens structural proteins; distinct lens crystallins have been co-opted from var-

ious stress proteins or metabolic enzymes in different animal taxa [73]. Despite

their diverse origins, however, they all fulfill the refractive need for a transparent

eye lens. For tissue mineralization, individual SCPPs – both in teleosts and

tetrapods – have flexible functions, as illustrated by disordered proteins weakly

binding to ions and proteins in the extracellular region. Moreover, while the min-

eralized tooth is maintained by natural selection, independent histories of parallel

gene duplication have allowed new SCPP genes to become similarly specialized

in these two lineages [15].

An acidic protein with many contiguous Ser-Xaa-Glu motifs and a mucin-like

acidic protein enriched in Ser and Pro residues has been identified from the min-

eralized tissues of sea urchins and mussels, respectively [74, 75]. These proteins

are not related to SCPPs, however; rather, the SCPP family arose in the vertebrate

lineage. Both in protostomes and deuterostomes, SPARC is found in the basal

lamina, where it presumably binds a polygonal meshwork forming type-IV colla-

gens to maintain mechanical stability [49, 76–78]. The tubercles of the ancient

dermal skeleton and the teeth of jawed vertebrates both grow adjacent to the basal

lamina. Thus, we assume that collagen/SPARC-based tissue mineralization is an-

cient, and speculate that these molecules were co-opted when the first mineral-

ized tissue was innovated by Palaeozoic jawless vertebrates [7, 13]. Since that

time, the elaborated mineralized skeletal system has evolved through iterative

gene duplication, initiated from SPARC, with subsequent tinkering with the du-

plicated genes.
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20

Skeletogenesis in Zebrafish Embryos

(Danio rerio)

Shao-Jun Du

Abstract

Zebrafish (Danio rerio) has recently become a popular model to study skeletogen-

esis because it provides a unique system for both easy developmental analyses

and powerful genetic screening. The transparent nature of the zebrafish embryo

enables convenient observation of cartilage and bone development at the micro-

scopic level. Genetic screens have generated large numbers of valuable mutants

with developmental defects in craniofacial, axial, and fin skeletons. This chapter

focuses primarily on recent studies on skeletogenesis in zebrafish, which have

taken advantage of the simple embryology and genetic tractability of zebrafish to

dissect the cellular and molecular mechanisms underlying skeletal development

in vertebrates.

Key words: zebrafish, skeletogenesis, skeleton, bone, cartilage, fin, osteogenesis,

pharyngeal arch, mineralization.

20.1

Introduction

Zebrafish, a small freshwater cyprinid which is native to South-eastern Asia [1],

has become an important animal model for studying the molecular and genetic

regulation of skeletogenesis in vertebrates. Zebrafish offers several advantages

compared with other model systems. First, zebrafish embryos develop externally,

allowing easy examination of skeletal formation during development [2]. Second,

zebrafish has well-organized patterns of cartilages and ossified skeletons in an

early larval stage that can be visualized by using simple staining methods [3, 4].

Third, the rapid development, short generation time, and embryonic transpar-

ency have made zebrafish a very attractive model system for forward genetic

screening. Large numbers of mutants with skeletal deformities have been iden-

tified that provide a rich resource for the molecular analysis of skeletogenesis
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[5–7]. Fourth, the reliable transgenic technology provides a powerful tool to ana-

lyze the regulation of gene expression and gene functions in zebrafish embryos

[8–10]. Fifth, the knockdown technology by morpholino antisense complements

very well the genetic approach in delineating the in-vivo functions of genes that

regulate skeletal development [11]. Finally, recent advances in the Zebrafish Ge-

nome Project have speeded up the mapping and characterization of genetic mu-

tations in zebrafish mutants. Thus, zebrafish has recently moved to the forefront

as a vertebrate model in studying skeletogenesis.

20.2

Craniofacial Skeleton

20.2.1

Anatomy and Development of Zebrafish Craniofacial Skeleton

Skeletogenesis in zebrafish occurs in a rostral to caudal fashion during develop-

ment. Craniofacial skeletons (i.e., the skull and pharyngeal cartilages) first appear

in the head region [4, 12–14], followed by the axial skeleton in the trunk [4, 15,

16], and fin rays in caudal, dorsal, anal and lateral regions [16, 17]. The skull of

zebrafish is a highly organized structure that is more complex than the skulls of

other model organisms [18]. The bones of the zebrafish skull can be divided into

two major classes based on their functions: (i) the pharyngeal arches support the
feeding and gill breathing structures; and (ii) the neurocranium bones protect the

brain and sensory organs.

The zebrafish forms a series of seven pharyngeal arches [3, 12]. The first pha-

ryngeal arch (mandibular) gives rise to Meckel’s and palatoquadrate cartilages that

constitute the lower and upper jaws, respectively. The second pharyngeal arch

(hyoid) develops into several cartilages, including the ceratohyal and hyosymplec-

tic cartilages that support the jaw and connect the jaw to the skull. The remaining

five pharyngeal arches – which are known as branchial arches – are gill-bearing

arches. Each pharyngeal arch consists of a similar set of homologous cartilages

that form a basic pattern of five elements from dorsal to ventral (pharyngobran-

chial, epibranchial, ceratobranchial, hypobranchail, and basibranchial) [3].

The development of craniofacial skeletons has been described in great detail

in zebrafish larvae [12, 14]. The craniofacial skeletons can be visualized using var-

ious staining methods that specifically stain cartilage or ossified bones. Cartilages

are first detected in the craniofacial skeleton at 2 to 3 days post fertilization (dpf )

by Alcian blue staining, whereas the formation of ossified bones can be visualized

later by using Alizarin red or calcein staining in craniofacial skeletons at around 5

to 6 dpf [3] (Fig. 20.1). The craniofacial bones may develop directly from a me-

senchymal condensation within a connective tissue (membrane bone or dermal

bones), or indirectly from a cartilage intermediate (cartilage-replacement bone)

[16]. The majority (43/74) of zebrafish skull bones are cartilage bones that un-

dergo either endochondral ossification (ossify within cartilage, such as pharyn-
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geal arches) or perichondral ossification (ossify in the perichondrium surround-

ing the cartilage, such as neurocranium) to form ossified bones [19].

Zebrafish have provided the opportunity for the examination of cell lineages

during craniofacial development [20]. Lineage studies have demonstrated that

the neurocranium which protects the brain and sensory organs of the head is

generated from both cranial neural crest and craniofacial mesoderm [20]. By con-

trast, the pharyngeal skeletons, including the jaw and the branchial arches, are

derived solely from cranial neural crest cells [20–23]. During morphogenesis, cra-

nial neural crest cells migrate from dorsal and lateral regions of the neural ecto-

derm to specified locations where they form densely packed cell condensations.

Morphogenesis controls the size, shape, number and arrangement of bones. Once

morphogenesis of a given skeletal element is achieved, mesenchymal cells in this

element will undergo osteogenesis to form bones. The embryonic origin of the os-

teoblasts that invade and ossify the craniofacial cartilages, transforming them into

the functional bones of the gill arches in adult zebrafish, remains unknown [18].

Fig. 20.1 Visualization of craniofacial and axial skeletons in zebrafish

larvae. (A) Ventral view of brachial arch cartilages in 6-dpf zebrafish

larvae (Alcian blue staining). (B) Ventral and (C) lateral views of

ossified craniofacial and axial skeletons in 6-dpf zebrafish larvae

(Alizarin red staining).
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20.2.2

Molecular Regulation of Craniofacial Skeleton Development and Patterning

The craniofacial skeletons are highly organized structures with dorsoventral, me-

diolateral, and anterior-posterior patterns. Patterning of the craniofacial skeleton

requires molecular signaling for cell–cell communication, and regional specific

expression of transcription factors involved in cell fate determination, such as

the Hox and Dlx code [24]. Several classical signaling molecules, such as Hedge-

hogs, Wnts, transforming growth factor-b (TGF-b) and fibroblast growth factors

(FGFs), have been implicated in craniofacial skeleton patterning. Early Hedgehog

signaling from the ventral brain primordium to the oral epithelium organizes an-

terior craniofacial development and the formation of anterior neurocranial and

upper jaw cartilage [25, 26]. Wnt11, which is responsible for the silberblick mu-

tant, is required for development of the basiocranial cartilage [27, 28]. The type I

TGF-beta receptor Alk8, which is mutated in the laf mutant, acts in the bone mor-

phogenetic protein (BMP) signal transduction, and is required for development of

the cartilages of the pharyngeal arches [29–31]. BMP signals repress the expres-

sion of Bapx1 in the mandibular mesenchyme and control the position of the de-

veloping jaw joint [32]. FGF signals are essential for forming the endodermal

pouch which plays a key role in craniofacial skeletal patterning. Blocking FGF3

or FGF8 expression or signal transduction leads to complete or near-complete

loss of the neurocranial cartilage [33, 34]. The findings of recent studies have in-

dicated that insulin-like growth factor-binding protein-3 may play an important

role in regulating pharyngeal skeleton formation and differentiation [35].

Signaling molecules probably act on transcription factors (e.g., members of the

Hox family) to control the development of the craniofacial skeletons. Hox tran-

scription factors may function as selectors in the anterior-posterior patterning of

the pharyngeal arches. Members of the hox gene family are expressed in a seg-

mented fashion along the anterior-posterior axis in all vertebrates, including ze-

brafish [36–39]. Moz-dependent Hox expression controls segment-specific fate

maps of skeletal precursors in the face [40]. Loss-of-function analysis indicates

that Hoxa2 is specifically required for development of the second pharyngeal

arch [41]. Knockdown of hox2a expression by morpholino antisense oligonucleo-

tides results in abnormalities of the second pharyngeal arch, where ventral skele-

tal elements were replaced by duplicated first arch structures [41]. Mutation of

lazarus/pbx4, encoding a hox gene partner, or the disruption of valentino/kreisler
– a hox gene regulator – results in abnormal anteroposterior patterning of pha-

ryngeal cartilages [42–44].

In addition to hox genes, the results of recent studies have indicated that mem-

bers of the distal-less (dlx) gene family act as a Dlx code to control branchial arch

skeletal pattern and development [24]. Distal-less homeobox-containing genes

have been identified in zebrafish [45–48]. The spatiotemporal expression pattern

of the dlx genes supports the view that Dlxs impart cellular identity to the differ-

ent arches, and dlx genes are required to make arch-specific dermal bones. How-

ever, clear evidence for Dlx functions in branchial arch development is yet to be
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established in zebrafish. Molecular genetics analyses have revealed that Dlx6

directly controls hand gene expression and acts as an intermediary between

Endothelin-1 signaling and dHAND transcription during craniofacial morpho-

genesis in mice [49].

20.2.3

Mutational Analyses of Craniofacial Skeletons

During the past 15 years, several genetic screens have been performed to gener-

ate mutants that affect various developmental tissues and organs, including the

skeletal system. The genetic approach has been very powerful, and very produc-

tive. The two large screens initiated in 1992–1993 in the laboratory of Christiane

Nuesslein-Volhard in Tuebingen, Germany, and in the laboratories of Wolfgang

Driver and Mark Fishman in Boston, Massachusetts, USA, have generated several

thousand mutants that affect early development [50, 51]. Another set of mutants

has recently been isolated by Nancy Hopkins’s laboratory at the Massachusetts In-

stitute of Technology, United States, through pseudotyped retroviral insertion [52].

Together with recent small-scale (but more focused) screens, hundreds of zebra-

fish mutants have been generated that show developmental defects in skeletogen-

esis [5–7, 53]. Many of the zebrafish mutants closely resemble human skeletal

deformities, reflecting the highly conserved developmental mechanisms underly-

ing skeletal morphogenesis in vertebrates [18].

The craniofacial mutants exhibited several major aspects of abnormalities,

ranging from defective specification and differentiation of chondrocytes to abnor-

mal morphogenesis and organization of cartilage and craniofacial skeletons. Mu-

tants, such as hammerhead, jellyfish and knorrig, exhibit global defects in cartilage

differentiation and growth. In the hammerhead mutant, the mesoderm-derived

cartilages are reduced, whereas jellyfish mutant larvae are characterized by a se-

vere reduction of all cartilaginous elements [5–7], and poor organization of chon-

drocytes and individual cartilages [54]. Recent studies conducted by Yan and

colleague [54] have shown that jellyfish results from mutations in the sox9a gene.

Zebrafish has two co-orthologues of tetrapod SOX9 stemming from an ancient

genome duplication event in the lineage of ray-fin fish [55]. Mutational analysis

revealed distinct, but overlapping, roles for Sox9a and Sox9b in craniofacial devel-

opment [54]. Both Sox9a and Sox9b are required for Col2a1 expression, the major

collagen component in cartilaginous cells [54]. Sox9a and Sox9b have different ef-

fects on the expression of Runx2b, a transcription factor which is expressed in

prehypertrophic and hypertrophic chondrocytes and osteoblasts [56]. Runx2b is

required for chondrocyte maturation and osteoblast differentiation. Expression of

Runx2b was severely reduced in the arches of Sox9b mutants, but not in Sox9a

mutants [54]. Recently, another zebrafish mutant that strongly resembles the

Sox9a/Sox9b double phenotype has been identified [57]. This mutant has been

mapped to Trap230/Med12, a co-activator for Sox9. These studies demonstrate

that transcriptional regulation by Sox9a and Sox9b are essential for both morpho-

genesis and differentiation of cartilages.
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In contrast to the jellyfish mutant, the craniofacial defects in other types of mu-

tants appear to be restricted to specific arches or defined regions in the arch. Mu-

tants, such as schmerle, sucker, hoover, and sturgeon, show specific defects in the

first two arches and leave the more posterior pharyngeal arches largely unaffected

[6, 7]. In the lockjaw mutant, the hyoid arch is significantly reduced and subsets

of branchial arches do not develop [6]. Knight and colleagues [58] have shown

that the lockjaw mutant is caused by mutation in the tfap2a gene that encodes a

transcription Activator Protein 2 (AP2) expressed in the premigratory neural crest

of zebrafish larvae. AP2 is required for the survival of neural crest migrating from

the hindbrain and spinal cord to form the pharyngeal arches [58–61]. The

lockjaw/tfap2 zebrafish mutant shows similar craniofacial defects as the Tcfap2a
mutant mice [62–64].

The sucker mutant has also been mapped to a secreted peptide, Endothelin-1

(Edn1), expressed in arch primordia of the first (mandibular) and second (hyoid)

pharyngeal arches [65–67]. Endothelin-1 signaling patterns the ventral facial skel-

eton. Genetic analyses suggest that the bHLH transcription factor Hand2 and the

homeobox transcription factor Bapx1 may mediate the function of Edn1 in pat-

terning ventral pharyngeal cartilage and the jaw joint [67]. Early activation of

hand2 and dlx genes is critical for the dorsoventral patterning of pharyngeal

arches [68]. Furin, a proportion convertase required for Edn1 proteolysis, is re-

quired for the Edn1-dependent compartmentation of the arch into the intermedi-

ate and ventral domains [68].

During the past few years, several other interesting mutants have been mapped

and cloned. van gogh (vgo), which is characterized by defects in the ear, pharyn-

geal arches and associated structures, is caused by a mutation in the tbx1 gene, a

member of the large family of T-box genes [69]. The phenotypes of vgo mutants

bear striking resemblance to humans affected with DiGeorge syndrome. Muta-

tions in histone deacetylase 1 (HDAC-1) or histone acetyltransferase also lead to

developmental defects in craniofacial cartilage and hyoid arch [70, 71]. Similarly,

a mutation of integrin a5 results in hyoid arch defects [72]. Moreover, mutations

in other transcription factors, such as Mafb, Pbx4, Foxi 1 and Sox 17, also cause

developmental defects in pharyngeal cartilages [73–77]. As predicted, there ap-

pears to be regulatory interactions among these factors in the control of pharyn-

geal arch development [69].

20.3

The Axial Skeleton

20.3.1

Anatomy and Development of the Axial Skeleton

The axial skeleton is the defining feature of all vertebrates, its anatomy and devel-

opment having been described in great detail in zebrafish [16]. The axial skeleton

includes the vertebral column and associated median fins (unpaired dorsal, anal,
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and caudal fins) [16]. The vertebral column is a segmented structure composed of

an alternating pattern of vertebrae and intervertebral discs [15, 78]. The interverte-
bral disc is a non-ossified structure joining two ossified vertebrae. In zebrafish, the

average number of vertebrae is 32 [15], these being classified into five types based

on projections associated with the vertebrae, including cervical (two), rib-bearing

(10), rib- and hemal arch-bearing (two), hemal arch-bearing (14), and caudal fin

vertebrae [15].

The development of the axial skeleton follows that of the craniofacial skeleton.

The notochord, which serves as the embryonic axial skeleton, plays a key role in

the development and patterning of vertebrae and intervertebral discs. Formation

of the vertebral body begins with ossification of the notochord sheath to form the

chordacentra; these are ring-shaped structures that serve as the bases of the verte-

bral centra (Fig. 20.2). The chordacentra are laid down in a metameric manner in

an anterior to posterior sequence [4, 15, 78]. The anterior-most portion of the no-

tochord is first ossified as a head element [4, 13, 15, 28], and therefore it is not

considered as part of the vertebrae. The chordacentra within vertebrae 3 and 4

are the first to ossify in the vertebral column. Ossification of each centrium ini-

tiates at the boundary between two adjacent muscle segments [4]; the process

starts from the ventral region and then expands dorsally as well as in both ante-

roposterior directions [4, 16]. Following the ossification of chordacentra 3 and 4,

additional centra are added bidirectionally, with the two anterior chordacencentra

(1 and 2) formed after the formation of chordacentra 5 [4, 15, 16]. By 17 dpf, chor-

dacentra appears in all vertebral segments in the zebrafish larva (Fig. 20.2).

Chordacentra may play a key role in the further development of the vertebral

bodies by patterning the sclerotome [78–80]. The chordacentrum acts as a foun-

dation for the initial layer of perinotochordal bone, the autocentrum, which is

formed by sclerotome-derived osteoblasts through direct ossification [81]. It has

Fig. 20.2 Visualization (by Alizarin red staining) of axial skeletons in

zebrafish larvae in (A,B) 14-dpf, (C,D) 17-dpf, and (E,F) 20-dpf zebrafish

larvae. The chordacentra are clearly seen as segmented, ring-shaped

mineralized structures along the notochord.
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been shown in Atlantic salmon that, before the formation of chordacentra, the

sclerotome immediately surrounding the notochord consists of an unsegmented

tube of undifferentiated mesenchymal cells [79]. Following chordacentra forma-

tion in the notochord sheath, the sclerotome-derived mesenchymal cells differen-

tiate into osteoblasts [79]. Ultrastructural studies in salmon have shown that the

vertebral body consists of a core of two layers of ossified bone: the inner layer

chordacentra immediately surrounding the notochord; and the outer layer of am-

phiocoelus bone from osteoblasts [79]. Consistent with findings in salmon, Eka-

nayake and Hall [82, 83] showed in Japanese medaka (Oryzias latipes) that verte-
bral bodies are deposited by osteoblasts lining at the outer surface of the bone; no

deposition of bone takes place on the inner surface [82, 83]. This polarized matrix

secretion allows the osteoblasts always to stay on the bone surface and never to

become trapped in the matrix as osteocytes [83]. Thus, in contrast to vertebral de-

velopment in mammals through cartilages, mesodermal cells surrounding the

notochord directly ossify and form vertebral bodies without a cartilage intermedi-

ate in medaka, salmon and some other teleosts.

In zebrafish, the role of osteoblasts in vertebral formation is less clear, however.

Fleming and colleagues [78] found that vertebral centra in early-stage zebrafish

larvae arise by secretion of bone matrix from the notochord. However, it is un-

likely that the complete centra are entirely deposited by notochord cells in zebra-

fish larvae and adult fish, because it is difficult to explain how the vertebral body

grows from inside the bony ring of chordacentra. It has been suggested that the

sclerotome-derived osteoblasts may invade the centra at a later developmental

stage and are responsible for forming the vertebral bodies in larvae and adult ze-

brafish, as in salmon and medaka [78]. In zebrafish, cells expressing sclerotome

markers (e.g., twist) have been found in the sclerotome [84], although the relative

contribution of sclerotome cells to centra formation is less clear, and requires fur-

ther investigation [78].

20.3.2

Development of the Intervertebral Disc

Adjacent vertebrae are connected through intervertebral discs (IVDs); these are

fibrocartilagenous structures that are strong enough to withstand compression

forces yet sufficiently flexible so as to allow movement between the vertebrae. In-

tervertebral discs are essential elements of support and mobility of the vertebrate

bodies. Each IVD has two parts: an inner nucleus pulposus, and a surrounded

outer annulus fibrosus. Studies conducted in chick embryos have shown that the

annulus fibrosus is formed by sclerotome-derived mesenchymal cells, whereas

the nucleus pulposus is probably derived from notochord cells.

The primordium of the IVD is visible in the notochord as early as 8 dpf in ze-

brafish larvae. Between two mineralized chordacentra there is an unmineralized

region that defines the future IVD. The IVDs form in a metameric manner in a

rostral to caudal sequence. By 17 dpf, the notochord is completely segmented into
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vertebral body and IVD regions in zebrafish larvae (see Fig. 20.2). During the no-

tochord’s segmentation and mineralization, it undergoes reorganization and vir-

tually disappears from the osseous sites that form the vertebral bodies. However,

the notochord persists inside the primitive IVD, where it proliferates and expands

to form the nucleus pulposus [85, 86]. Histological analyses have revealed that

the IVD is occupied primarily by large vacuolated cells that are very similar to no-

tochord cells in zebrafish larvae at 30 dpf (Fig. 20.3).

Several studies have demonstrated that mouse mutants with abnormal noto-

chord development exhibit developmental defects in IVDs. The targeted deletion

of Sox5/Sox6 results in increased apoptosis in notochord cells that leads in turn

to a loss of the nucleus pulposus in the IVDs [87]. Similarly, Jun – which is essen-

tial for notochord survival – is also required for IVD formation [88]. Moreover,

conditional knockout of Collagen II (Col2a1) demonstrated that although Col2a1-

null mice have a normal notochord, the notochord cells were not removed in the

region where developing vertebral bodies normally occur [89, 90]. Col2a1 mu-

tants fail to develop IVDs, which suggests that notochord cell migration or re-

moval from vertebral bodies is also required for disc formation.

The IVDs may play an important role in vertebral growth in fish. By using

a twist-g fp transgenic medaka, which is expressed in sclerotome, Inohaya and

Fig. 20.3 Morphology of intervertebral disc

and vertebral body of zebrafish at 30 dpf.

(A) Sagittal view of vertebral sections

[hematoxylin and eosin (H&E) staining]. The

vertebra is an acellular structure within the

calcified vertebral body. (B) H&E staining of

cross-section of intervertebral disc at 30 dpf.

The nucleus pulposus cells in the disc are

large vacuolated cells that resemble noto-

chord cells. Arrows in (A) and (B) indicate

the vertebral body. (C) H&E staining

showing cross-section of intervertebral disc

and vertebral body in fish at 30 dpf. The

vertebral body is occupied primarily by

acellular bone; the notochordal canal is

located at the center of the vertebral body.
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colleagues [91] showed that twist-g fp-expressing cells are localized surrounding

the notochord region corresponding to the IVD during embryogenesis. This local-

ization of twist-g fp-positive cells continues to be present in the disc region, even

in adult fish. These data suggest that sclerotome cells localized in the IVD region

may contribute to the formation of vertebrae during fish growth.

20.3.3

The Notochord Plays Key Roles in Vertebral Column Development

Several pieces of evidence suggest that the notochord plays a key role in pattern-

ing and segmentation of the vertebral column [92, 93]. Although the notochord

appears as a non-segmented structure in early development, it becomes seg-

mented later through metameric mineralization of the notochord sheath to form

a ring-shaped structure called chordacentra [4, 16]. The notochord consists of a

notochord sheath surrounding notochord cells. The notochord sheath is depos-

ited by notochord cells, and consists of a thin, external elastic membrane with a

high elastin content, covering a thicker collagenous layer. Electron microscopy

analyses have revealed that the notochord sheath is a tri-laminar structure, con-

sisting of an inner layer, a medial layer, and an outer layer [94]. A defective noto-

chord sheath affects notochord cell differentiation [94–96]. Electron microscopy

analyses conducted in Atlantic salmon have also revealed that the notochord con-

tains two types of cell: the outer germinal layer of chordoblasts (resting inside the

notochord sheath); and a core of classical notochord cells with a large fluid-filled

vacuole [79]. The chordoblast layer may play an important role in notochord seg-

mentation and chordacentra formation because segmental alkaline phosphatase

activity is only detected in the chordoblast layer during notochord segmentation

[80].

20.3.4

Retinoic Acid and Hedgehog are Involved in Notochord Segmentation

and IVD Formation

Retinoic acid (RA) is a powerful modulator of gene expression, and an imbalance

of RA has been shown to lead to abnormal development of the axial skeleton [97].

RA receptor disruption has resulted in homeotic transformations of the axial skel-

eton [98], whereas excess levels of RA induce vertebral abnormalities such as

vertebral fusion [99–104]. RA stimulates chondrocyte terminal differentiation by

inducing the expression of mineralization-related genes [105, 106]. Treating ze-

brafish larvae with RA at an early stage promotes the rapid mineralization of

chordacentra, which in turn leads to a disruption of notochord segmentation

and subsequent vertebral fusion (Fig. 20.4). These data suggest that RA might

play a role in notochord segmentation and vertebral development. The RA actions

may be counterbalanced by the Hedgehog (HH) signal expressed in notochord

and IVD cells. An inhibition of HH signaling with cyclopamine results in the for-

mation of smaller discs in zebrafish larvae (S.J. Du et al., unpublished results).
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This leads to later defects in axial skeletons, including vertebral fusion and a loss

of IVD formation (S.J. Du et al., unpublished results).

A model has been proposed that RA and HH might act in an antagonistic fash-

ion to control vertebral and IVD formation. RA promotes the terminal differenti-

ation of chordoblast cells in the notochord to form mineralized chordacentra,

which establishes the foundation for the segmented pattern of the vertebral col-

umn. By promoting mineralization of chordacentra, RA may play a key role in

the formation of vertebral bodies. In contrast, Hh may suppress mineralization

of the notochord sheath and the formation of chordacentra in the region commit-

ted to IVDs. It has been shown that RA strongly suppresses the expression of Ihh

in chondrocytes [107]. RA may control notochord segmentation and mineraliza-

tion by repressing Hh expression, and Hh may be important for preventing min-

eralization of the notochord sheath and later formation of IVDs. The concerted

action of these two opposing signals may be involved in forming and maintaining

the segmented pattern of vertebrae and IVDs.

Bone morphogenetic proteins may also play a role in vertebral development in

fish. Several zebrafish mutants with BMP signaling defects have been identified

[108, 109], although due to their early lethality these zebrafish mutants have not

provided useful informative on BMP functions in bone development. Fisher and

Halpern [110] have provided evidence suggesting that skeletal development is

regulated by chordin through its ability to block BMP activity. In addition, by

using a transgenic approach, we have shown that overexpression of BMP2 or

Dorsalin-1 (a BMP-like protein) in zebrafish notochord disrupted the develop-

ment of chordacentra and axial skeleton formation [4] (Fig. 20.5). Taken together,

Fig. 20.4 Retinoic acid (RA) disrupts

notochord segmentation and induces

vertebral fusion in zebrafish larvae. (A,C)

Alizarin red staining showing notochord

segmentation in (A) dimethyl sulfoxide

(DMSO)-treated or (C) RA-treated zebrafish

larvae. Rapid mineralization and segmen-

tation defects are clearly observed in the

RA-treated larvae (C). (B,D) Alizarin red

staining showing the axial skeleton of (B)

DMSO-treated or (D) RA-treated larvae at 21

dpf. Vertebral fusion was clearly seen in the

RA-treated larvae; the long vertebrae with two

sets of neural and hemal arches are seen in

the RA-treated group.
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these data indicate that BMP signaling is likely involved in skeletogenesis in

zebrafish.

20.3.5

Genetic Screening for Vertebral Mutants

The ability to identify morphological abnormalities in zebrafish embryos using

stereomicroscopy has made the initial screening of mutants that affect early de-

velopment highly productive. However, these studies have failed to identify mu-

tants that affect formation of the axial skeleton, due largely to the fact that

complete maturation of the skeleton is a relatively late event in zebrafish develop-

ment. Fisher and colleagues [111] have undertaken a mutagenesis screen for skel-

etal dysplasia in adult zebrafish, by using radiography to detect abnormalities in

skeletal anatomy and bone morphology. These authors have isolated a dominant

mutant, chihuahua, which shows a general defect in bone growth. Molecular char-

acterization revealed that chihuahua carries a glycine to aspartic acid mutation in

the Gly-X-Y triplet repeat in the type I collagen I(a) chain, a genetic mutation

which is also responsible for the vast majority of human osteogenesis imperfecta

[111]. Recently, we have developed a simple and sensitive method for visualizing

skeletal structures in live zebrafish larvae using calcein staining [4]. The calcein

staining method overcomes many of the drawbacks associated with the classical

time-consuming staining methods, and therefore will likely have a great potential

in future screening for skeletal mutants in zebrafish.

Fig. 20.5 Effects of ectopic expression of

BMP2 and Dorsalin-1 in notochord cells

on notochord segmentation and vertebral

development. (A,B) Alizarin red staining

showing defective chordacentra formation in

bone morphogenetic protein-2 (BMP2)- (A)

or Dorsalin-1-injected (B) zebrafish larvae at

14 dpf. The affected chordacentra (arrow)

appear to be smaller than the unaffected

chordacentra in the neighboring regions

(arrowheads). (C,D) Alizarin red staining

showing an axial skeleton defect in BMP2-

(C) or Dorsalin-1-injected (D) zebrafish larvae

at 21 dpf. The affected vertebrae with

vertebral fusion are indicated by arrows.
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20.4

Fin Skeleton

There are two types of fin in zebrafish: the unpaired median fins, and the paired

fins. The unpaired median fins consist of dorsal, ventral and caudal fins, while

the paired fins consist of pelvic and pectoral fins [17].

20.4.1

Development of Median Fins

The three median fins are formed in different temporal patterns [16]. The caudal

fin is the first to develop, with the fin ray becoming visible at 14 dpf. This is fol-

lowed by the anal and finally the dorsal fins. The caudal fin contains both endo-

skeleton (radials) and exoskeleton (fin rays); the dorsal and anal fins also consist

of endoskeleton supports and exoskeleton supports. These endoskeletons are

formed by endochondral ossification of cartilaginous radials. The endoskeleton

of the caudal fin is composed mainly of five hypurals that are expanded and later-

ally flattened haemal arches and spines that serve as attachments for the caudal

fin rays. In contrast to the endoskeletons, the exoskeletons are dermal skeleton

that is generated by direct ossification of collagenous matrix, without passing

through a cartilaginous step.

At present, the molecular regulation of median fin development is not well un-

derstood. Expression analyses have suggested a role for BMP and Gdf signaling

in median fin development. Expression of bmp2a and bmp2b was found in late-

stage zebrafish median fin [112]. bmp2a is expressed in developing fin rays, while

bmp2b is expressed in developing fin rays, hypertrophic chondrocytes, and in the

zone of segmentation in developing anal and dorsal fin radials. Similarly, Gdf5 is

also expressed in the developing skeleton of median fins of late-stage zebrafish

larvae [113]. Gdf5 is expressed in the mesenchyme between cartilage condensa-

tions of the endoskeletal supports of the dorsal, anal, and caudal fins. Moreover,

as development proceeds, the expression domains of Gdf5 expand distally to sur-

round tips of developing cartilages, which is consistent with a role in cartilage

growth and differentiation.

20.4.2

Development of Paired Fins

The paired fins have considerable similarities with tetrapod limbs [114]. The

structure and development of paired fins has been described in zebrafish [13],

the paired fins arising as bilateral appendages from the lateral plate mesoderm

(LPM). Induction and prepatterning of the zebrafish pectoral fin bud requires ax-

ial RA signaling [115]. Mutants in Raldh2 – an embryonically expressed gene en-

coding a RA-synthesizing enzyme – failed to develop pectoral fins, and therefore

were named no-fin (nof ) mutants [116]. Similar pectoral fin defects were observed

in fg f24 or sall4 mutants or Tbx5 knockdown embryos [117–119]. It appears that
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fin/limb induction is triggered in the LPM by a cascade of signaling events origi-

nating in the axial mesoderm, involving FGF, Wnt, and RA signals [120]. A

model suggests that RA signaling from the somatic mesoderm leads to activation

of wnt2b expression in the intermediate mesoderm, which then signals to the

LPM to trigger T-box5 gene expression. Tbx5 is required for FGF signaling in

the limb bud; this leads to activation of prdm1 expression, which in turn is re-

quired for downstream activation of fg f10 and sall4 expression [120].

Classical embryological studies have implicated the existence of an apical ecto-

dermal maintenance factor (AEMF) that sustains signaling from the apical ecto-

dermal ridge (AER) during limb development. Shh and Fgf signals from the mes-

enchyme are candidate molecules from AEMF in limb/fin bud induction and

patterning. The zebrafish dackel (dak) gene has been suggested to act in the ecto-

derm of pectoral fin bud to maintain AER signaling [121]. Dak acts synergistically

with Shh to induce fg f4 and fg f8 expression [121]. The dak mutant develops pec-

toral fin buds initially, but dak mutant fin bud fails to progress from the initial fin

induction phase to the autonomous outgrowth phase [121]. dak mutation results

in pectoral fin defects similar to the limb defects found in Shh null mutant in

mice [122].

20.4.3

Molecular Regulation of Fin Formation and Growth

Genetic screening has identified over a hundred zebrafish mutants with develop-

mental defects in the median and/or paired fins [123]. Several mutants have been

identified with outgrowth defects in fins [123, 124]. For example, longfin (lof ) and
another longfin (alf ) have longer fins compared with wild-type fish. In contrast,

Stein und bein (sub) and Short fin (sof ) have shorter fins than wild-type fish [123,

124]. The genetic defects of sof have been characterized and shown to be caused

by a lesions in Connexin 43, the protein subunits of gap junctions [125], suggest-

ing a role for local cell–cell communication in the regulation of bone size and

growth.

Fin regeneration has been effectively used to study fin development [126] be-

cause regeneration processes are reminiscent of those occurring during develop-

ment [127]. Zebrafish regeneration is mediated by the creation of blastema cells.

Signals released by the overlying regeneration epidermis either control or contrib-

ute to the proliferation of blastema cells. Ectopic expression of Sonic HH or BMP2

in the blastema by direct plasmid DNA injection induced excess bone deposition

and altered the patterning of regeneration [128]. The effects of Shh ectopic ex-

pression could be antagonized by ectopic expression of chordin [128].

During fin regeneration, tissue replacement is precisely regulated such that

only the appropriate structures are recovered – this phenomenon is referred to

as positional memory. It appears that there is a dynamic gradient of positional in-

formation along the proximodistal axis of the appendage that assigns region spe-

cific instructions to injured tissue. Lee and colleagues [129] have demonstrated

that FGF signaling defines position-dependent blastemal properties and growth
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rate during zebrafish appendage regeneration. FGF specifies the amount of tissue

to regenerate, as well as the growth rate of regeneration to occur. The essential

role of FGF signaling in fin regeneration is further confirmed by a recent finding

that the devoid of blastema (dob) mutant, resulting from a fg f20 null mutation, is

unable to undergo fin regeneration [130]. Retinoic acid is another important fac-

tor that controls fin formation and regeneration. The global exposure of fish em-

bryos to RA disrupted the formation of dorsal and caudal fins and the regenera-

tion of caudal fins [131, 132] (also S.J. Du et al., unpublished results). Retinoic

acid may act by down-regulating the expression of shh, ptc1, and bmp2 [133]. A

RA response element has been identified in the 5 0 flanking sequence of the shh
gene [134]. A recent systematic screening for genes expressed differentially dur-

ing regeneration of the zebrafish caudal fin has identified over 300 hundred

genes that were up-regulated during fin regeneration [135]. The functions of

these genes and their interactions during fin regeneration remain to be deter-

mined.

20.5

Summary

Zebrafish has become an alluring model system to study how skeletal structures

are patterned during development, mainly because the zebrafish represents a

unique system for both simple developmental observation and powerful genetic

screening [136]. Results from these studies have demonstrated that the molecular

regulation of skeletogenesis in zebrafish is very similar to that of mammalian or-

ganisms [18, 137–139]. In addition, larval zebrafish have been used in a rapid,

high-throughput in-vivo screen to identify agents with anabolic effects in promot-

ing or increasing bone formation [140]. Thus, zebrafish provides a powerful ad-

junct to mammalian models for the identification of new anabolic bone agents,

and offers potential for the genetic elucidation of pathways important in osteo-

blastic activity. Moreover, zebrafish have been successfully used in forward ge-

netic screening to uncover physiological mechanisms controlling skeletal growth

and development of the adult form [141], thereby highlighting the potential of the

zebrafish system in elucidating the physiological regulation of post-embryonic

growth and skeletogenesis. Indeed, the zebrafish represents a versatile and valu-

able model system for studying various aspects of animal development and

growth. As a consequence, in addition to serving as an excellent model for basic

research, the zebrafish has increasingly become a popular model in medical re-

search.
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The Application of Synchrotron Radiation-

Based Micro-Computer Tomography in

Biomineralization

Frank Neues, Felix Beckmann, Andreas Ziegler, and Mathias Epple

Abstract

Synchrotron radiation-based micro-computer tomography (SRmCT) is a

destruction-free technique which offers a convenient way to distinguish between

mineralized tissues and the surrounding organic tissue. Its special properties

make this method ideal for the study of biomineralized tissues. Virtual sectioning

after computerized three-dimensional (3-D) reconstruction allows hidden internal

structures to be visualized, and the advantage that destruction of the sample – as

occurs in ‘‘real-life’’ cutting – can be avoided. In this chapter, following a brief

description of the method per se, its application to zebrafish (Danio rerio) and to

a terrestrial crustacean, the common woodlouse, Porcellio scaber, are presented.

The teeth and bone of Danio rerio, and the mineralized exoskeleton and sternal

calcium carbonate deposits of Porcellio scaber, will be discussed.

Key words: micro-computer tomography, zebrafish (Danio rerio), scanning

electron microscopy, bone, teeth, Isopoda (Porcellio scaber), cuticle, synchrotron
radiation.

21.1

Synchrotron Radiation-Based Micro-Computer Tomography (SRmCT)

Synchrotron radiation-based micro-computer tomography (SRmCT) is con-

ducted at the Hamburger Synchrotronstrahlungslabor HASYLAB at Deutsches

Elektronen-Synchrotron (DESY), Hamburg, Germany. SRmCT is carried out at the

wiggler beamlines BW2 and W2 of the DORIS storage ring (Fig. 21.1). The

GKSS-Research center Geesthacht has been responsible for the operation of

microtomography at DESY since the end of 2002. Depending upon the sam-

ple’s composition and size, the photon energy is optimized for best contrast in

the tomograms. Photon energies in the range of 8 to 200 keV can be applied

using either beamline BW2 or W2. Danio rerio and Porcellio scaber were mea-
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sured at beamline BW2 with photon energies of 19 keV (D. rerio) and 17 keV

(P. scaber).
The schematic set-up for absorption-contrast microtomography is shown in

Figure 21.2. The sample manipulator is used to position the sample in a lateral

position (z-direction) and to permit its rotation. If a sample cannot be illuminated

completely due to its size (i.e., if it is larger than the beamsize), then it can

be measured in several segments which are then assembled after numerical pro-

cessing. Of course, this applies to samples which are extended in the z-dimension.

D. rerio was analyzed in 11 steps (z-direction), and P. scaber in four steps (z-

direction). During data collection, the samples were rotated from 0� to 180� in

steps of 0.250� and two-dimensional (2-D) X-ray images being recorded by the

detector at every step. The set-up of the detector is shown diagrammatically in

Figure 21.3. After passing through the sample, the monochromatic beam was

converted into visible light by a fluorescent screen. This image was then magni-

fied by the lens system, and the 2-D picture recorded using a CCD camera. Re-

construction of the tomographical data is carried out using a back-projection of

the filtered projection [1].

Fig. 21.1 Schematic diagram of the experimental station at the storage

ring DORIS-3 at HASYLAB/DESY. The GKSS-research center Geesthacht

is operating the microtomography at the wiggler beamlines BW2, and

W2. The optimal photon energy E for tomographic investigation can be

chosen depending on the sample composition and size. The beam size

and maximal spatial resolution obtained in the tomograms are

indicated.
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21.2

SRmCT applied to Bones and Teeth of the Zebrafish (Danio rerio)

Today, Danio rerio – a teleost fish of the cyprinid family in the class of ray-finned

fishes – is one of the most investigated laboratory animals, largely because it has

a short generation time [2] and transparent embryos [3]. In addition, the ease of

performing mutagenesis in D. rerio has made it ideal for experimental studies.

Genomic research investigations using D. rerio [3–7] are widespread due to its

completely decoded genome, which is constantly being updated. With regards to

common ancestors in evolutionary terms, the development of humans and fish

shows many similarities [8], and consequently genetic and environmental influ-

ences are investigated using D. rerio as an experimental model in areas of cancer

research [9, 10], nephrology [11], and oral biology [12, 13]. In line with its higher

vertebrate counterparts, D. rerio forms the same skeletal and muscle tissue types,

and the development of the bones is also similar. This is especially notable in the

axial skeleton from connective tissue cells or cartilaginous precursors as chon-

droidal ossification, as well as in the dermal (cranial) bones as a result of direct

ossification [4, 14].

As a family, the cyprinids have no teeth in the oral cavity (no oral dentition);

rather, these animals have pharyngeal teeth placed on the posterior branchial

arches (pharyngeal jaws) in the throat. Whilst the basic morphology of these cyp-

rinid teeth is similar to that of most vertebrate teeth, one important difference

Fig. 21.2 Set-up for absorption contrast

microtomography.

Fig. 21.3 The two-dimensional X-ray detector uses a single crystal

fluorescent screen to convert the X-rays into visible light, which is then

projected on a CCD camera. Optical mirrors can be added to protect

the CCD camera from the incident X-rays, especially at higher photon

energies.
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is that the pharyngeal teeth are continuously replaced during the fish’s lifetime

[15–17].

21.2.1

Overview of the Skeleton

The sample (one whole fish) was initially dehydrated in a graded ethanol row,

then placed into graded solutions of the epoxide precursor in ethanol, and finally

into an epoxide precursor for polymerization.

An overview of the skeleton of D. rerio is illustrated in Figure 21.4; this shows

the skull (1), the vertebral column (2), and the tail fin (3), while attached to the

skull is the pectoral fin (4). The neural arch (5) is seen on all vertebrae, whereas

the ribs (6) are only attached to the precaudal vertebrae, and the hemal arch (7) is

attached only to the caudal vertebrae. The precaudal portion extends from the

skull to the dorsal fin (8), and the caudal portion from the start of the dorsal fin

to the end of the vertebral column. In addition, the ventral (9) and anal (10) fins

are also visible; these, like the dorsal fin, are not connected by bones or joints to

the vertebral column.

In Figure 21.4 two sections are marked ‘A’ and ‘B’; these will be discussed more

fully in the following two sections.

21.2.2

The Teeth

The teeth of D. rerio are not located in the mouth, as are those of humans or

other vertebrates, but rather are located in the throat (this position is marked as

Fig. 21.4 Synchrotron radiation-based micro-computer tomography

(SRmCT) overview of the skeleton of an adult Danio rerio. Box A is the

area of the teeth; Box B indicates a part of the vertebral column.
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‘A’ in Figure 21.4 and is shown separately in Figure 21.5). Further differences

from human teeth are also apparent; typically, the teeth in D. rerio are arranged

horizontally (not vertically) to each other, and only one type of teeth is apparent.

This is unlike the situation in humans, where different types of teeth occur, such

as incisors, canines, and molars. Clearly, the function of teeth in D. rerio is differ-
ent to that in humans. A scanning electron micrograph of the teeth on the jaw-

bone is shown in Figure 21.6; the resolution of SEM is better than that of SRmCT,

but the localization in fish is much more difficult.

Fig. 21.5 Left: frontal view (SRmCT) of the head (towards the tail;

marked as ‘A’ in Fig. 22.4), showing the branchial bone with the

pharyngeal teeth (arrows). Right: an enlargement of one jaw is shown.

Fig. 21.6 Scanning electron micrograph of the teeth (arrows) on the jawbone.
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21.2.3

The Vertebral Column

Section B (shown in Fig. 21.4) is enlarged in Figure 21.7, and shows a row of

three vertebrae; the vertebral canal (encircled) is formed by the vertebra and the

neural arch. There is no hemal arch visible because this is a part of the precaudal

vertebral column. Consequently, a rib-vertebra connection is shown in the right

part of Figure 21.7, viewed from another direction. Such a rib-vertebra connection

is also visible by scanning electron microscopy (SEM) (see Fig. 21.8). Although

Fig. 21.7 Magnification (SRmCT) of a segment of the vertebral column

with three vertebrae (Box B in Fig. 22.4). Left: a view through the

vertebral canal (encircled), showing the mineralized part of the skin

(arrow). Right: a connection between a rib and a vertebra is encircled.

Fig. 21.8 Scanning electron micrograph of the rib-vertebra connection (encircled).
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resolution when using SEM is superior, the samples require dissection and prep-

aration in order to render SEM (as a surface-sensitive method) applicable.

21.3

SRmCT applied to the Cuticle of P. scaber

SRmCT has the potential to contribute to the analysis of mineral distribution and

mineralization processes in arthropod tissues. Arthropods have an exoskeleton –

the cuticle – that provides not only support for internal tissues but also protec-

tion. The cuticle is the outermost barrier of an arthropod, and must allow for

movements and communication with the outer environment. Thus, the shape,

as well as the chemical, mechanical and optical properties of the cuticle depend

on its specific function within the animal. The main components of the cuticle

are chitin and proteins that form fibrils arranged in a helical manner [18]. In

many species – and particularly in crustaceans – these fibrils form the matrix for

mineralization with calcium carbonate, and this results in a composite material

with outstanding mechanical properties. As in all arthropods, the development

and the associated growth of the animal force isopods frequently to replace their

cuticle. During this molting process the animals first synthesize a new, larger –

but as-yet unmineralized – cuticle underneath the old one. When the old cuticle

is cast away, the new cuticle is stretched by the uptake of significant amounts of

water that increase the animal’s volume [19]. Following this stretching process,

the new cuticle is calcified as rapidly as possible in order to restore its functions

of support and protection.

The common woodlouse, P. scaber, is a terrestrial crustacean which belongs to

the order Isopoda and is a well-established model organism for the study of bio-

mineralization [20, 21]. The mineral within its cuticle consists mainly of calcite

and amorphous calcium carbonate (ACC), with smaller amounts of amorphous

calcium phosphate [22]. ACC is of particular interest because in biological sys-

tems it is found as a precursor of crystalline calcium carbonate modifications

[23] and is thought to play an important role in the initiation of biomineralization

processes. In addition, because of its high solubility [24], some organisms use

ACC as a transient store for calcium [25–28]. Because calcium is only scarcely

available on land (in contrast to marine environments), the land-dwelling P.
scaber develops large deposits as reservoirs for cuticular calcium carbonate con-

sisting of an organic matrix and ACC [26, 29, 30].

21.3.1

Overview of the Mineralized Exoskeleton

Porcellio scaber were shock-frozen in liquid propane, freeze-dried, and embedded

in EPON resin. A SRmCT of the distribution of calcium carbonate in the integu-

ment of the head (H) with the second pair of antenna (A2), the thorax segments

(1 to 7), the pleon (P), the pereiopods (PP) and the uropod exopodits (UE), is
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shown in Figure 21.9. All visible parts of the outer integument, including the

optical lenses in the ommatidia of the eyes (E) and the tubercles on the tergal

segments, are well mineralized.

21.3.2

Molting and Sternal Deposits

Isopods are unique in molting first the posterior and then the anterior half of the

body. Before the molt, the animal resorbs calcium from the posterior cuticle and

stores it within the first four sternites of the anterior body [31]. A model of cal-

cium movements during molting is shown in Figure 21.10. At about one week

before the molt, calcium ions are resorbed from the posterior cuticle across the

epithelium into the hemolymph. From there, calcium ions are transported across

the anterior sternal epithelium and stored within the sternites. After molting of

the posterior part of the body (intramolt), the sternal deposits are entirely re-

sorbed within less than one day. For this the direction of the epithelial transport

is reversed and calcium ions from the calcium deposits are transported across the

anterior sternal epithelium back to the hemolymph and used to mineralize

the new posterior cuticle [32, 33]. The animal then molts the anterior half of the

body.

The calcium deposits can be seen as white areas at the ventral side of the ani-

mal (Fig. 21.11). Sagittal sections show that the reservoirs are located within the

ecdysial space, between the anterior sternal epithelium and the old cuticle. Scan-

ning electron microscopy (Fig. 21.11) reveals that the deposits consist of one ho-

mogeneous layer and two layers with fused and free spherules that increase the

surface area of the deposits and therefore facilitate rapid dissolution of the depos-

Fig. 21.9 Upper: SRmCT overview of P. scaber. Lower: a virtual section

through the organism, demonstrating the ‘‘empty’’ interior. The arrows

indicate tubercles on the tergal segments and head. A2, antenna; E,

eyes; H, head; P, pleon; PP, pereiopods; UE, uropod exopodits.

Numbers indicate thorax segments 1 to 7.
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Fig. 21.10 Scheme of calcium flow during the molting stages of Porcellio scaber.

Fig. 21.11 Location of sternal calcium

carbonate deposits of P. scaber. (A) The

deposits form during premolt, within the first

four sternites. (B) Sagittal section through an

anterior sternite. The calcium carbonate

deposits (CaD) are located between the old

cuticle (C) and the anterior sternal epithelium

(ASE). (C) The deposits consist of three

layers: an outer homogeneous layer (hl) and

two layers consisting of numerous spherules:

the proximal spherular layer (psl) and a distal

spherular layer (dsl) in which the spherules

are fused one with another.
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its during mineral resorption [26, 34]. SRmCTdata of P. scaber in the intermolt (A,

B) and premolt (C, D) stages are illustrated in Figure 21.12. In Figure 21.12B and

D, thin mineral layers were electronically filtered out to reveal only the mineral

structures, which have a higher absorption contrast. This method allows a distinc-

tion to be made between the rather thin mineral layers within the integument

(exoskeleton) (Fig. 21.12A and C), and the sternal deposits of P. scaber that occur
during the premolt but not in the intermolt stage (Fig. 21.12B and D).

21.4

Summary

Overall, it has been shown that synchrotron radiation-based micro-computer

tomography (SRmCT) is a valuable tool for the investigation of biomineralized

samples. The technique can be used to demonstrate the internal structures of

samples without the need for destruction or the creation of artifacts during the

preparation processes. Moreover, due to the large range of X-ray photon energies

available it is possible to investigate both, biominerals with a low X-ray absorption

(e.g., a snail embryo) or a higher X-ray absorption (e.g., human teeth) [35].

Fig. 21.12 SRmCT of P. scaber with view of the ventral side. (A,C)

Intermolt stage. (B,D) Premolt stage with amorphous calcium

carbonate deposits at the sternites (arrows).
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Mechanical and Structural Properties of

Skeletal Bone in Wild-Type and Mutant

Zebrafish (Danio rerio)

Fu-Zhai Cui and Xiu-Mei Wang

Abstract

The zebrafish skeleton has a similar development process, biomineralization

characteristics, and hierarchal levels of organization as human bone, though the

Haversian system is absent. Based on its predominance in systematic mutagene-

sis studies, it is clear that the zebrafish represents a potentially very powerful and

simple model for studying bone mineralization and bone diseases at the molecu-

lar level. Notably, bone structural features observed by atomic force microscopy

and transmission electron microscopy in the zebrafish system provide new visual

evidence supporting the concept of surface mineralization on collagen fibrils,

thereby creating the mineral–collagen complex. Comparative studies of the me-

chanical and structural properties of skeletal bone in wild-type and mutant zebra-

fish also contribute to our molecular-level understanding of biomineralization.

Key words: biomineralization, zebrafish, skeleton, hierarchical structures, nano-

mechanical properties, surface mineralization.

22.1

Introduction

The zebrafish (Danio rerio) has proved to be an important system for studying

vertebrate-specific problems of development, largely because it represents a pow-

erful model organism for conducting studies of embryology, developmental biol-

ogy, and genetics [1, 2]. When compared with other, established genetic models,

the zebrafish has several advantages. As a vertebrate, the zebrafish is genetically

closer to humans than to flies or worms, and so can be used to address the devel-

opment and function of vertebrate-specific features. Moreover, its small size,

rapid generation time and low associated costs permit thousands of fish to be

maintained in a single laboratory for large-scale genetic screening. The zebrafish

is also more accessible than other vertebrate models when conducting investiga-
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tions into early developmental processes, mainly on the basis of its external fertil-

ization process and transparent larvae.

In the past, research investigations using the zebrafish have covered many

areas, including developmental neurobiology and the cardiovascular system [3–

6]. Indeed, research groups worldwide have used the zebrafish to identify genes

involved in processes ranging from obesity to bone disease [7], with studies on

bone mineralization and diseases having been conducted since 2000 [8, 9]. Nota-

bly, large-scale mutagenesis screening [10–12] and recent advances in genetic

techniques [13–15] – when used in combination in the zebrafish – have helped

to define those genes involved in basic cellular and physiological processes, bio-

mineralization, and the mechanisms involved in human bone disease.

22.2

The Potential of Zebrafish as a Model for Bone Mineralization

Recent, and also ongoing, investigations have confirmed that the zebrafish skele-

ton has a similar development process, biomineralization characteristics and hier-

archical levels of organization as human bone. Hence, by combining systematic

mutagenesis studies with recent advances in genetic techniques, it is clear the

zebrafish represents a potentially very simple, yet powerful, model for the study

of bone mineralization and bone disease at the molecular level.

22.2.1

Hierarchical Structures of Zebrafish Skeleton Bone

Bone is a form of mineralized material that has a highly complex structure

which, in human long bones, has been described as having seven levels of hierar-

chical organization [16]. A similar seven-level hierarchical structure was also ob-

served in zebrafish skeletal bone, with levels ranging in scale from micrometers

to nanometers (Fig. 22.1) [17]. In the zebrafish system, the basic building block of

bone material is that of the mineralized collagen fibril (level 2), which itself is

composed of a very hard material, the mineral, and a much softer material, the

collagen fibrils (level 1). Mineralized collagen fibrils are always present in bundles

or arrays aligned along their length (level 3). These fibril arrays are organized into

two common patterns – arrays of parallel fibrils and a plywood-like structure

(level 4). At a higher level of organization, the initially deposited bone undergoes

internal remodeling to form the circular lamellar structure bone with a central ca-

nal for the notochord and two arches for the neural tube and blood vessels from

the dorsal and ventral sides of the centra (level 5). Levels 6 and 7 refer to the ver-

tebrae and whole skeletal bone, respectively.

Although in the zebrafish only two of the most common fibril array patterns

of organization are observed – namely parallel fibrils arrays and plywood-like

structures – the Haversian system is non-existent. Thus, zebrafish skeletal bone
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might be viewed as a simple model by which to study the single Haversian

system.

22.2.2

Microstructural Characteristics and Nanomechanical Properties across the

Thickness of Zebrafish Skeletal Bone

Lamellar properties – which are the primary features of human osteons – are also

observed in zebrafish skeletal bone. Thus, it is important to investigate zebrafish

skeletal bone as a function of increasing distance from the skeletal center in order

to obtain information relating to the microstructural characteristics of bone and

how these relate to its nanomechanical properties [18].

Under the control of optical microscopy, atomic force microscopy (AFM) obser-

vations have focused on different areas of bone, from the inner side to the outer

side [18]. The typical AFM topography of the surface structure nearest to the cen-

ter of skeleton bone show the mineralized collagen fibrils to be densely packed,

with several fibrils tightly aligned to build up thicker bundles that are 700 to 800

nm in diameter. Fibrils within a bundle are preferentially oriented in parallel

fashion, with only slight alterations of orientation being found among the bun-

dles. In addition, cross-striation patterns are evident on the fibril surface along

the cylinder-shaped fibrils. The periodicity and diameter of the fibrils are 67 nm

and 170–180 nm, respectively. In the center of the bone wall, five parallel layers

are seen to run along the circumferential orientation of the bone wall, each of 7 to

Fig. 22.1 Schematic diagram of the seven hierarchical levels of

organization in zebrafish skeleton bone. Level 1: HA crystals and

collagen proteins. Level 2: Mineralized collagen fibrils. Level 3:

Assembly of mineralized collagen fibrils. Level 4: Two fibril array

patterns of organization found in the zebrafish skeleton bone (part

illustration from Ref. [16]). Level 5: Lamellar structure. Level 6: Vertebra.

Level 7: Part of the skeleton bone.
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8 mm thickness. The layers consist of thin fibril arrangements, each with diame-

ters of 400 to 600 nm. The fibrils which comprise the layers tend to align length-

wise and to lie essentially parallel to the layer direction along the densely packed

parts. The width of these portions is typically 1100 to 1200 nm, and there are

changes in fibril orientation at the boundaries, which became loose and disor-

dered. Short striations are arranged periodically along the layers, perpendicular

to the length; the typical period is 70 to 90 nm. A closer examination (using

AFM) of the loosely packed boundary shows that the thick fibrils consist mainly

of thinner fibrils of 140 to 150 nm diameter, with the arrangement of the fibrils

being clearly different in the region near the periosteal bone. Here, the fibrils are

dispersed preferentially along the circumferential orientation of the bone wall,

without building up evident bundles. Typically, the diameter of the fibrils is 110

to 120 nm, and clear cross-striations patterns are also apparent along the fibrils.

The periodicity of the patterns is 67 nm.

The stained bone sections have also been examined using transmission elec-

tron microscopy (TEM) to study the collagen fibril organization in different areas.

The collagen fibril bundles are seen to increase in density and thickness from

outer to inner, and their orientations become gradually more ordered. In the

zebrafish skeletal bone, type I collagen fibrils are observed with two typical

diameters:
� The thinner fibrils have a typical diameter of about 10 to

30 nm, without any clearly banded pattern, and are mainly

observed in the area close to the outer layer. These thinner

fibrils are relatively loosely packed, randomly distributed, and

interwoven, but gradually become ordered from the outer to

inner, and grouped into bundles.
� The thicker fibril bundles in the inner and middle layers are

about 50 to 80 nm in diameter, with a clear cross-striation

pattern; the long axis of these thicker fibril bundles is

approximately parallel to the endosteal surface.

The outermost layer is composed of four to five sublayers of osteoblasts, and

some fine collagen fibrils are also found around these cells. These phenomena

imply that, in the zebrafish bone, the outer layers are younger than the inner

layers, and that any increase in layer thickness is accomplished by new collagen

fibril formation at the outer edge. As the bone ages, the collagen fibrils become

much thicker, they change to an ordered arrangement, and they group into

bundles.

The microstructures of zebrafish bone sections from the inner side to outer

side were also investigated using TEM. It is observed that the inner layers appear

to have a darker electron density than the outer layers, indicating a higher degree

of mineralization near the inner wall. In order to compare the mineralized fea-

tures between different domains, the selected area diffraction (SAD) patterns

from the inner, middle and outer wall have been measured, respectively. These
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patterns in the inner and middle layers show polycrystalline rings which index as

the hydroxyapatite (HA) phase with 002 preferential orientations. The sharper dif-

fraction rings in the inner area indicate the degree of mineralization as decreas-

ing from the inner to the outer bone wall. Moreover, the SAD pattern in the outer

layer showed no obvious diffraction rings, indicating that few minerals are depos-

ited in the area near the outer wall, which corresponded to the findings of the

AFM investigations.

It is well known that the microstructures have a significant influence on the

mechanical properties of the bone. The degree of mineralization and the collagen

fibrils organization crosslinking all correlate with the mechanical properties [19–

21]. The same conclusion can be drawn from an examination of the bone’s

mechanical properties by nanoindentation testing. This was conducted on the

transverse cross-sections of vertebrae along a radius from r to r0, where r is the

distance from endosteum and r0 is the thickness of the bone wall. Ten groups of

indentation data at each thickness were used for a preliminary statistical analysis.

The values of hardness and elastic modulus were 583G 142 MPa and 9:8G 2:4

GPa at r/r0 ¼ 0:3, 573G 119 MPa and 9:0G 2:1 GPa at r/r0 ¼ 0:5, and

426G 123 MPa and 6:4G 2:3 GPa at r/r0 ¼ 0:7. Notably, the hardness and elastic

modulus were seen to decrease from the inner to the outer bone layers.

Biomineralization is a highly controlled process which is regulated by self-

assembling organic molecules such as collagen and non-collagenous proteins.

Collagen fibril provides the fundamental organic matrix framework for the depo-

sition of apatite in the vertebrate mineralized bone tissue [22]. In the present

study, the microstructural evolution of zebrafish bone could be described as fol-

lows. As the bone is formed, the collagen filaments secreted by osteoblasts in

the outermost layer self-assemble to form the collagen fibrils, which are thin, ran-

domly distributed and contain few mineral deposits. As the age of bone increases,

these fibrils become more ordered, and subsequently increase in diameter and

tend to form densely packed collagen fibril bundles. Morphology studies using

TEM show that the fibril bundles have well-banded features, while SAD patterns

indicate that the HA has (002) preferential orientation. These microstructural evo-

lutions across the thickness comply with the bone’s mechanical properties. The

finding that the outer-layer bone is always looser, thinner and much more lightly

mineralized than the inner-layer bone proves that the enlargement in bone diam-

eter occurs as a result of the deposition of new bone in the outer layers.

The characteristics of biomineralization and the microstructures of zebrafish

bone are similar to those of human Haversian bone [23]. There is also a decline

in mineral content from the center of the osteon outwards, which occurs prin-

cipally by periosteal bone deposition and endosteal bone resorption, with the

endosteal bone becoming more mineralized than periosteal bone. Otherwise, the

organization of collagen fibrils in the zebrafish system and in human osteon is

similar. Indeed, zebrafish bone could be viewed as a simple model with which to

study the mineralization characteristics of the human Haversian system and hu-

man bone disease.
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22.2.3

Surface Mineralization of Collagen Fibrils in Zebrafish Skeleton Bone [24]

In Figure 22.2a, the micrograph of the middle layer of the unstained sections

without decalcification, the thicker mineralized collagen fibrils are seen to be

densely packed. A higher-resolution image (Fig. 22.2b) revealed one notable fea-

ture of the fibrils which differed from the appearance in the stained sections,

namely that the side regions showed a high electron density, indicating that the

space is filled with crystals. As illustrated in Figure 22.2b, the diameter of the fi-

brils without the adjacent mineral layer was consistent with data obtained from

Fig. 22.2 Transmission electron microscopy images of unstained bone

sections. (a) General image indicating the mineralized collagen fibrils,

which are closely arrayed preferentially along the circumferential

orientation of the bone wall (as indicated by the black arrows). The

mean fibril diameter is 151:2G 13:5 nm. (b) Detailed structure of

the fibrils at high resolution. (c) Schematic diagram of surface

mineralization of collagen fibrils.
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the stained bone section TEM images. Furthermore, crystals were also observed

in the middle areas of the fibrils. The SAD pattern showed the HA crystals to

have a preferred (002) crystallographic orientation that was approximately parallel

to the long-axis direction of the associated collagen fibril.

AFM analyses provide further evidence of the surface mineralization. Figure

22.3a illustrates a typical AFM topography flattened image taken from the decal-

cified sections. The observed spots were located near to the inner layer of the

bone wall. Several demineralized fibrils with evident periodicity along their longi-

tudinal axes were shown to aggregate into one fibril array. The structure and or-

ganization of the undecalcified bone materials were also scanned using AFM, and

showed highly ordered arrangements of thick, mineralized collagen fibrils. A rep-

resentative micrograph is shown in Figure 22.3b, in which the mineralized colla-

gens can be identified as a number of cylindrically shaped fibrils with evident

cross-striation patterns. At least three important features of the fibrils could be

noted:

1. The fibrils are much thicker and more closely packed than

those seen in the decalcified sections by AFM.

2. The fibrils preferentially run parallel to each other in

microscopic domains, as indicated by the arrows.

3. Several fibrils are hierarchically assembled into thicker

mineralized fibers. As the fibers are aggregations of the

fibrils, the fibers run in the same orientations.

It is well accepted that the deposition of minerals during the formation of all

vertebrate skeletons occurs principally in association with collagens. The details

Fig. 22.3 (a) Atomic force microscopy (AFM) image of the acid-etched

bone section, showing the array of collagen fibrils. (b) AFM image

obtained from the unetched bone sections. The arrows indicate fibrils

running parallel to each other. T ¼ cross-striation periodicity.
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of the precise structural events of the collagen–mineral interaction are incom-

plete, however, whereby one aspect is the possibility that minerals might nucle-

ate and deposit in association with the surface of collagen fibrils, in addition to

interacting with the hole and overlap zones of the protein. The concept of surface-

mediated mineralization on collagen was first proposed in a study of tendon cal-

cification and subsequently reported elsewhere [26–29]. However, few data have

been presented to demonstrate whether mineral deposition might be surface-

mediated by collagen in vertebrate systems.

The first – and most convincing – evidence arose from TEM observations of the

space surrounding the surfaces of the collagen fibrils. High-resolution images of

the collagen fibrils indicated that this space originally accommodates the HA

crystals which are deposited on the fibril surface. As shown in Figure 22.2b, the

diameter of the fibrils without minerals and the thickness of the surface mineral

layer well matches the typical diameter of the mineralized fibrils and clearly sup-

ports this suggestion. Further supportive evidence was obtained by comparing the

diameters and arrangements of the decalcified and undecalcified fibrils using

TEM and AFM. Here, the fibrils in decalcified bone samples were found to have

a diameter < 100 nm, and to align loosely. In association with the surface miner-

als, the mineralized fibrils become much more densely packed and grow to more

than 120 nm in diameter.

A third point of evidence depends on observations and comparisons of the min-

eralized collagen located from the outer bone layer inwards [18]. It has been

reported that the representative diameters of the mineralized collagen fibrils in-

crease significantly, in association with mineralization of the fibrils becoming

heavier from periosteum to endosteum. Thus, it was conjectured that as the min-

eralization becomes heavier, more minerals are deposited on the surface, making

the fibrils thicker. Furthermore, when the surface mineralization has occurred,

the fibrils undergo stronger interaction and intercrossing with each other and as-

semble into thicker mineralized fibers that align preferentially along the circum-

ferential orientation of the bone wall. This is demonstrated by the AFM images

taken from the heavy mineralized areas located close to the center.

The SAD pattern measured from the surface minerals indicated that, rather

than being randomly deposited, the minerals prefer to array on the fibril surface,

with their 002 crystallographic orientations running along the long axes of the

fibrils. This feature may imply that the surface mineralization is mediated by

possible strong interactions between the mineral deposits and the fibrils. To

date, however, very little in-vivo evidence with regard to the sites of surface nucle-

ation has been reported. Landis et al. [30] have proposed that the nucleation sites

might be located in the vicinity of a channel opening, and that this may occur by

particular stereochemical or electrostatic interactions – for example, the charged

groups of the constituent collagen a-chains at the collagen array surfaces and the

molecular species located at or near the collagen channel entrance sites [30]. Pre-

vious in-vitro collagen mineralization experiments have confirmed that both car-

bonyl and carboxyl groups on the collagen molecules are the nucleation sites.

More important is the direct observation that the crystals covering the surface of
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the collagen fibrils and the c-axes of the HA crystals are aligned with the longitu-

dinal axes of collagen fibrils. Here, the epitaxial growth mechanism may be a pos-

sible explanation of the assembly. The negatively charged groups of the collagen

molecules are the nucleation sites of HA crystals. The positions of the oxygen in

the hydroxyl groups of HA crystals may have epitaxial relationships with those in

the carboxylate groups of collagen fibrils [31].

In summary, the bone structural features observed with the use of AFM and

TEM have provided new visual evidence supporting the concept of surface

Table 22.1 Summary of the similarities between the zebrafish skeleton and human bone.

Zebrafish skeleton (vertebra) Human long bone (osteon)

Developmental process Endochondral ossification Endochondral ossification;

secondary osteon

Hierarchical

structures

Level 7

Level 6

Whole skeleton bone

Vertebra

Whole bone

Spongy vs. compact bone

Level 5 Circular lamellar bone Cylindrical motif: osteon

Level 4 Fibril array patterns Fibril array patterns

Level 3 Fibril array Fibril array

Level 2 Mineralized collagen fibril Mineralized collagen fibril

Level 1 Major components

(collagen fibrils and

mineral)

Major components

(collagen fibrils and

mineral)

Plywood-like structures Plywood-like structures

Mineralization

characteristics

Minerals

Crystal

shape/size

HA crystals with 002

preferential orientation

Plate-shape/20–42 Å thick

HA crystals with 002

preferential orientation

Plate-shape/20–50 Å thick

There is a decline in the
degree of mineralization from
the endosteal bone outward.

High level of mineralization
near the central Haversian
canal.

Nanomechanical properties There is a decline in both

nanohardness and elastic

modulus from the

endosteal bone outward.

H@ 550 MPa

E@ 9 GPa

There is a decline in both

nanohardness and elastic

modulus from the center

of the osteon outward.

H@ 600 MPa

E@ 20 GPa
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mineralization on collagen fibrils in the zebrafish skeleton system, to create the

mineral–collagen complex. The data reported serve to fill a gap in our knowledge

between macromolecular- and anatomic-scale studies of the mineralization pro-

cess in calcified tissues.

22.2.4

Conclusion

Similarities between the zebrafish skeleton and human bone in terms of the

development process, biomineralization characteristics, hierarchal structures and

nanomechanical properties, are listed in Table 22.1. These investigations show

that zebrafish skeleton is similar to human bone in terms of development pro-

cesses, biomineralization characteristics and hierarchal levels of organization.

Thus, the zebrafish provides a powerful yet simple model for studying bone min-

eralization and bone diseases at the molecular level.

22.3

Hierarchical Structural Comparisons of Bones from Wild-Type and liliputdtc232 (lil)

Gene-Mutated Zebrafish

Here, we will introduce structural comparisons between the bones of the gene-

mutated zebrafish skeleton and those of wild-type fish, according to the hierarchi-

cal levels of organization. At this point, four of the seven hierarchical levels,

which range in scale from micrometers to nanometers [17], will be discussed.

22.3.1

Alteration of Vertebrae Development

The zebrafish skeleton bones were microtomed continuously transverse to the

bone long axis. Light microscopy observations following hematoxylin and eosin

(H&E) staining showed asymmetric mineralization of the centra in lil bone.

Moreover, it could also be seen that the mean thickness of lil bone wall

(20:5G 2:8 mm) was approximately 65% less than that of wild-type bone

(59:7G 5:9 mm); moreover, some cracking is also observed in the lil bone wall.

22.3.2

Fracture Topography and Fibrils Array Patterns

Two clear differences were apparent between the transversely fractured surfaces

of wild-type and lil skeletal bones upon examination by SEM. First, the wild-type

bone wall had an obvious plywood-like structure, but this was not seen in the

gene-mutated bone wall. Second, many microcracks were visible in the lil bone
wall, but no such microcracks were seen in wild-type bone.
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22.3.3

Mineralized Collagen Fibrils

The TEM-based morphologies of the mineralized matrix in wild-type and lil mu-

tated bone were quite different, with the mineralized collagen fibrils being more

ordered in the latter than in the former. SAD patterns of unstained tissue sections

indicated that the crystals in both bone types were hydroxyapatite, and had a pre-

ferred (002) crystallographic orientation, which was approximately parallel to the

long axis direction of collagen fibrils. Although the diffraction rings of lil bone
were much sharper than those of wild-type bone, the lil bone was seen to have a

higher degree of mineralization.

22.3.4

Type I Collagen Fibrils

In the zebrafish skeleton bone, type I collagen fibrils were observed with two

typical diameters. The thinner fibril was about 10–30 nm in diameter, without

any clearly banded pattern, while the thicker fibril was about 40–60 nm in diam-

eter and had a clear cross-striation pattern. The thinner fibrils were arrayed along

several different orientations, which were observed at the area close to the outer

layer. The average diameter of the thinner collagen fibrils of lil bone (29:1G 3:5

nm) was about twice that of wild-type bone (14:1G 1:2 nm), and the collagen

fibrils of gene-mutated bone were much more curved and flexible than those of

wild-type bone. The thicker fibrils were close to the inner layer, with the long

axis approximately parallel to the endosteal surface. For the thicker collagen

fibrils, there was only a small increase in average diameter (D) after muta-

tion (Dwt ¼ 52:0G 3:9 nm; Dlil ¼ 58:2G 5:3 nm; p ¼ 0:001, t-test). The cross-

striation periodicity (T) of the two types of fibril showed no distinct difference

(Twt ¼ 57:3G 1:3 nm; Tlil ¼ 57:0G 0:5 nm; p ¼ 0:42, t-test). It should also be

noted that the gaps between the fibers in mutants were much wider than those

in normal samples, which indicated that the fiber packing in lil bones was some-

what looser and may affect the functions of the collagen fibers as the framework

of bone. However, the slightly larger standard deviations in diameter measure-

ments for mutated samples suggest a less-uniform collagen fiber. Overall, these

results suggested that some alterations had occurred during the assembly of col-

lagen molecules or filaments with respect to that in normal bone.

22.3.5

The Hydoxyapatite Minerals

It can be clearly seen, by TEM, that the mineral morphologies of the wild-type

bone and lil bone were quite different. Of note, the traditional plate-shaped mor-

phology of the crystals of wild-type bone appeared needle-shaped, most likely
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because the crystals were aligned with their flat surfaces more or less parallel to

the beam [33]. The crystals of lil bone did not show a needle shape, but rather

were irregularly shaped. In addition, the wild-type bone crystals were between 20

and 42 Å thick, as reported previously [33]; by comparison, the lil bone crystals

ranged from approximately 75� 150 to 140� 200 Å in size. Despite these find-

ings, SAD patterns did not demonstrate any differences between the two types

of bone crystal structure, which were both well indexed as the HA phase with

002 preferential orientations. Other variations regarding the mineral properties

were also apparent, and have been reported elsewhere [34].

22.4

Variation of Nanomechanical Properties of Bone by Gene Mutation in the Zebrafish

Investigations of the mechanical behavior of bone represent a special challenge,

not only because such behavior depends on the complex hierarchical structure

of bone [35, 36], but also because of the technical difficulties encountered when

handling very small samples [37]. Today, nanoindentation is used widely for prob-

ing the mechanical properties of small volumes, thin films, and small microstruc-

tural features [38, 39], and consequently this approach was considered to be a

good choice to evaluate the mechanical properties of bone [40–45].

In these studies, we compared the mechanical behaviors of the liliputdtc232

and Stöpseldtl28d gene-mutated zebrafish skeletal bone with those of wild-type

bone, mainly by nanoindentation. In the following section the results for lil
gene-mutated bone are included as an example; details of the investigations on

Stöpseldtl28d gene-mutated fish bone are reported elsewhere [9].

The results of previous studies have shown that collagen fibril assembly and

the degree of mineralization differ between the inner and outer layers of the skel-

eton bone wall. Thus, nanoindentation tests were conducted on transverse cross-

sections of the vertebrae along the thickness from endosteum to periosteum, us-

ing light microscopy. The locations of the indents were defined with relative

radius r/r0, where r is the distance from endosteum and r0 is the thickness of

the bone wall. For the wild-type zebrafish, the indent positions were selected

with r/r0 ¼ 0:3; 0:5, and 0.7. Two vertebral sections were selected from two indi-

vidual wild-type fish, and five indentations were programmed at each thickness,

contributing to a total of 15 indents per donor. In the case of the lil mutation, be-

cause the bone wall was not thick enough to program three indents, the indents

were programmed only at the mid-point of the bone wall. Three vertebral sections

were selected from three individual gene-mutated fishes, and five indentations

were made per donor.

Each nanoindentation provides information on the continuous changes in

hardness and elastic modulus with the increasing of indentation displacement.

The typical hardness-displacement and elastic modulus-displacement curves
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suggest that, for the zebrafish bones, the hardness is comparatively steady with

increasing displacements, whereas the elastic modulus has a maximum value at a

displacement of about 100 nm and then decreases with the increasing of displace-

ments.

All data for hardness and elastic modulus were used for preliminary statistical

analysis, respectively. The means and standard deviations of each pair of hardness

and elastic modulus with a certain r/r0 of wet bone tissues were calculated from

these data. Because the properties were compared between the wild-type and lil
bones at the locations of r/r0 ¼ 0:5, an unpaired t-test was performed to assess

differences in properties between these regions. The values of hardness and elas-

tic modulus (Hwt, Ewt, Hlil, Elil) referred to values at a depth of 1000 nm. More-

over, the average elastic modulus (Ewt, Elil) at r/r0 ¼ 0:5 suggested an arithmetic

average of modulus with different depth, and these were selected over the range

of 400 to 900 nm displacements in order to avoid errors near the surface. The

nanoindentation tests demonstrated statistically significant differences in the

mechanical properties of wild-type and lil bone, with three points being noted in

particular:

1. The nanohardness of lil bone (Hlil ¼ 367G 177 MPa)

was about 36% lower than that of wild-type bone

(Hwt ¼ 573G 119 MPa) at the location of r/r0 ¼ 0:5

(p ¼ 0:002, unpaired t-test). At this r/r0, the elastic modulus

(Elil ¼ 6:1G 2:4 GPa) was about 32% lower than (p ¼ 0:004,

unpaired t-test) that of wild-type bone (Ewt ¼ 9:0G 2:1 GPa).

The elastic modulus and hardness of lil bone were also lower

than those of wild-type bone at the location of r/r0 ¼ 0:3 and

0.7.

2. The data of hardness and the elastic modulus were more

scattered in lil bone than in wild-type bone. The standard

deviation of hardness of lil bone was 49% higher than that

of wild-type bone; for the elastic modulus, the standard

deviation of lil bone was about 14% higher than that of wild-

type bone.

3. The ratio (Elil/Elil) of the average elastic modulus and the

elastic modulus in lil bone was approximately 1.52, which is

higher than that in wild-type bone (Ewt/Ewt ¼ 1:40). This

indicated that elastic modulus of lil bone declined more

rapidly than that of wild-type bone with increasing inden-

tation displacement. It should be pointed out here that

the values of hardness for individual wild-type bone were

similar to those for human cortical lamellar bone [40–42].

It is well documented that an examination of fracture topography of a material

can provide valuable information on its mechanical behavior. The plywood-like

structure in wild-type bone can optimize the mechanical behavior of bone materi-
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als [16]. The parallel fibril arrays in successive layers progress from one direction

through intermediate angles to another direction, which permits the bone to

withstand compressive forces in many directions. Rotation of the collagen fibrils

orientations also intensifies the cross-link concentration in collagen, which is as-

sociated with bone stiffness and the capacity to absorb energy to fracture [46–48].

Nevertheless, most of the collagen fibrils in lil bone were parallel, which would

weaken the cross-linking of the fibrils. In addition, some cracks in lil bone were

easy to form among collagen fiber bundles because of the loose packing of paral-

lel collagen fibers; the cracks usually were initiated along the direction of the long

axis of collagen fibrils. Thus, the conclusion may be drawn that the presence

of many microcracks and loose packing of collagen bundles in a gene-mutated

bone influences its nanomechanical properties. Moreover, the distribution of in-

homogeneities of these microcracks in lil bone make the data of hardness and

elastic modulus disperse. In addition, the mechanical properties of bone are

themselves a combination of factors, such as collagen fiber orientation, mineral

content, and the arrangements of these materials [42]. Here, the mutated bone

is softer than the wild type, probably in part because it is less mineralized.

A reduction in the number of collagen cross-links and the formed microcracks

has been shown to be associated with a loss of bone stiffness and strength [48–

50]. A large number of microcracks in lil bone are precursors to bone fracture [51,

52]; indeed, whilst some cracks are found in lil bone, wild-type bone is much

more compact and no such cracks are observed. Furthermore, the finding that

the ratio Elil/Elil is higher than that of Ewt/Ewt may have important implications

for fracture properties in gene-mutated zebrafish. The observed loose packing of

collagen bundles in lil bone may serve as the origins where the cracks initiate,

and these microcracks may be easily expanded with increasing indentation dis-

placements. Thus, the internal stress in lil bone was easier to release than in

wild-type bone, and the elastic modulus in lil bone changed more remarkably

with the increasing of indentation depth. A relatively smooth fracture surface

was also found in lil bone, which is always thought of as a main characteristic

for the fracture of brittle materials [53]. In particular, it was found that the gene-

mutated bone was easy to rupture during specimen preparation.

Although the above-mentioned results imply that gene-mutated bone might be

brittle, the origin of such bone brittleness is not clear. It has been suggested that

changes in collagen fibril diameter, collagen cross-linking and mineral crystallin-

ity are possible sources of bone brittleness [54, 55]. However, bone brittleness is

usually ascribed to the presence of hypermineralization, resulting in an enhanced

bone hardness. In the present studies, the reduction in mechanical performance

and increasing brittleness may have been due mainly to a decreased collagen

cross-link concentration and the formation of parallel microcracks. As bone

brittleness is the common hallmark of several important human bone diseases,

investigations into this condition in gene-mutated zebrafish may not only be

important for understanding the mechanisms and therapeutic strategies for

these skeletal diseases, but also provide novel ideas for the design of synthetic

bone materials.
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22.5

Conclusion

The zebrafish skeleton has a similar development process, biomineralization

characteristics and hierarchal levels of organization as human bone. By combin-

ing systematic mutagenesis studies with recent advances in genetic techniques,

the zebrafish is becoming a powerful yet simple model by which to study bone

mineralization and bone diseases at the molecular level. Comparative studies of

the mechanical and structural properties of skeletal bone in wild-type and mutant

zebrafish will continue to provide valuable information on the process of bio-

mineralization at the molecular level.
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23

Nanoscale Mechanisms of Bone Deformation

and Fracture

Peter Fratzl and Himadri S. Gupta

Abstract

Bone is a biomineralized tissue with remarkable mechanical performance, specif-

ically a combination of large stiffness with high work to fracture. Whilst the struc-

ture of bone is extremely complex and variable, extending over seven or more

levels of hierarchy, its basic building block – the mineralized collagen fibril – is

rather universal. This consists of staggered arrays of collagen molecules rein-

forced by nanometer-sized mineral platelets. The mineral is carbonated hydroxya-

patite (dahlite), and its amount is usually thought to determine the stiffness of

the material. However, the properties of the organic matrix and the geometrical

arrangement of the organic and the mineral components at all levels of hierarchy

determine the way in which the material deforms and fractures. The hierarchical

structure is known to adapt to the biological function of the bone, and plays a crit-

ical role in controlling its susceptibility to fracture. In this chapter, the structural

features of bone material in the submicrometer range are reviewed, and some re-

cent results on deformation and fracture mechanisms – some obtained with

new experimental methods based on the diffraction of synchrotron radiation –

are described. A better knowledge of these mechanisms is crucial in order to

understand – and hopefully to prevent – osteoporotic fractures. Such knowledge

may also serve as inspiration for the development of new bio-inspired composite

materials.

Key words: bone, collagen, hydroxyapatite, fracture, deformation, synchrotron

radiation, diffraction, nanomechanical testing, nanocomposite, toughness.

23.1

The Hierarchical Structure of Bone

The hierarchical structure of bone is thought to be optimized to achieve a remark-

able mechanical performance [1–5]. The basic building block is the mineralized
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collagen fibril. Clearly, the mineral and the collagen matrix have extremely differ-

ent mechanical properties (Fig. 23.1). While mineral is extremely stiff and brittle,

the protein collagen is tough but much less stiff than mineral. Bone and similar

mineralized tissues (e.g., dentin) combine high toughness with reasonable stiff-

ness (Fig. 23.1). This could not be achieved by a random mixture of the two com-

ponents, and means that structural design at many levels of hierarchy is required

to obtain these good overall properties.

A great variety of structures results from the assembly of mineralized collagen

fibrils, thus allowing for the adaptation of different bones to their respective me-

chanical functions. In bones such as the femoral head (Fig. 23.2), a dense exter-

nal shell (cortical bone) is partially filled with spongy material having pores in the

sub-millimeter range (cancellous bone). Only about 20% of the volume is filled

with bone material; the remainder is filled with bone marrow. The pores visible

in cortical bone (Fig. 23.2b) are due to blood vessels. Cortical bone has usually

a lamellar structure (Fig. 23.2d) consisting of mineralized collagen fibrils as-

sembled in a rotated plywood-like fashion [4, 6], though other arrangements of

collagen fibrils (woven or parallel-fibered) also exist. The rotated plywood struc-

ture consists of successive layers with parallel collagen fibrils, whereby the orien-

tation of the fibrils turns in successive layers. In particular, each blood vessel in

cortical bone is surrounded by concentric bone lamellae. The structural unit con-

sisting of the central channel for the blood vessel and the surrounding lamellar

material is called osteon (‘‘O’’ in Fig. 23.2b; details of the osteon structure are dis-

cussed in Section 23.3).

At the nanoscale, bone material consists of collagen fibrils reinforced with

mineral particles consisting essentially of carbonated hydroxyapatite. The bone-

Fig. 23.1 Typical values of stiffness (Young’s modulus) and toughness

(fracture energy) for tissues mineralized with hydroxyapatite. The dotted

lines represent the extreme cases of linear and inverse rules of mixture

for both parameters.
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forming cells (osteoblasts) deposit the organic collagenous matrix in units called

bone packets, where the mineral particles subsequently precipitate. As a conse-

quence, both the mineral content as well as the size of the mineral particles in-

creases as a function of the age of a given bone packet. Due to the permanent

remodeling of existing bone tissue – whereby bone is first resorbed by osteoclasts
and later replaced by new bone formed by osteoblasts – bone packets of different

Fig. 23.2 (a) Section through a femoral head

showing the shell of cortical bone (C) and

the cancellous bone (S) inside. (b) Enlarge-

ment of the cortical bone region visualized

by backscattered electron imaging (BEI),

revealing several osteons (O) corresponding

to blood vessels surrounded by concentric

layers of bone material. (c) Single trabecula

from the cancellous bone region. The arrows

in both (b) and (c) indicate osteocyte lacunae

where bone cells have previously been living.

(d) Further enlargement showing the lamellar

and fibrillar material texture around an

osteocyte lacuna (OC). All images produced

with scanning electron microscopy [7].
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ages coexist at the same time in any bone. Typically, bone packets tend to be on

average younger when there is a fast turnover by the cells. A third type of cell

which derives from osteoblasts is trapped in bone material and may serve as

strain sensors in bone. These osteocytes (arrows in Fig. 23.2b and 23.2c; ‘‘OC’’ in

Fig. 23.2d) are interconnected with each other and with the outside of the tissue

by a network of fine capillaries (indicated by a white arrow in Fig. 23.2d).

23.2

Structural Design of Bone at the Nanoscale

At the nanoscale, bone is a composite material, consisting of an organic matrix

(collagen) in which mineral crystals are embedded. While bone mineral is stiff

and brittle, the protein is much softer and tougher [8]. Both the individual char-

acteristics of mineral crystals and collagen as well as the interaction between

them are crucial for the mechanical performance of bone.

The organic matrix of bone consists of collagen and a series of non-collagenous

proteins and lipids. Some 85 to 90% of the total bone protein consists of collagen

fibrils [9]. Type I collagen (the principal component of the organic matrix of bone

as well as of other connective tissues) is a large fibrous protein with a highly re-

petitive amino acid sequence based on -Gly-X-Y- (where Gly is glycine and X, Y

are often proline and hydroxyproline) [10–12]. This repetitive sequence allows

three polypeptide chains (called a chains; type I collagen is composed of two a1

chains and one a2 chain) to fold into a triple-helical structure. The structure of

collagen has been studied in great detail [13–17], and the main results concern

details of the packing of collagen molecules in the fibril [14]. The mineralized col-

lagen fibril of about 100 nm diameter serves as the basic building block of the

bone material. The 300 nm-long and 1.5 nm-thick collagen molecules are depos-

ited by the osteoblasts (bone-forming cells) into the extracellular space, and then

self-assemble into fibrils. Adjacent molecules are staggered along the axial direc-

tion with a shift between neighboring molecules (D) of @67 nm, generating

a characteristic pattern of gap zones with 35 nm length and overlap zones with

32 nm length within the fibril [18] (Fig. 23.3). This banded structure of the fibril

was demonstrated with transmission electron microscopy (TEM) [19] and by neu-

tron scattering [20].

Neutron-scattering experiments [22] also showed that the equatorial spacing

the equatorial spacing between the collagen molecules (d) in non-mineralized

wet fibrils is about 1.6 nm, whereas in dried conditions the spacing of the mole-

cules is reduced to 1.1 nm. In mineralized wet bone, an intermediate d-value of

1.25 nm was found. A comparison of computer modeling and small angle X-ray

scattering (SAXS) experiments confirmed the process of closer packing of the

collagenous molecules when clusters of mineral crystals replace the water within

the fibril [23]. Figure 23.4 illustrates this scenario: When the packing density of

molecules increases due to water loss from drying, the typical lateral spacing be-
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Fig. 23.3 The mineral crystals are arranged

parallel to each other and parallel to the

collagen fibrils in the bone composite, in a

regularly repeating, staggered arrangement

[19, 21]. (a) The staggered arrangement of

collagen molecules with mineral crystals

nucleating in the gap zones (light gray). (b,c)

Two-dimensional sketches with the triple-

helical collagen molecules and mineral

crystals first located in the gap zones and

later extending beyond and slightly distorting

the original arrangement of the molecules.

Fig. 23.4 Equatorial diffuse X-ray scattering

peak showing the spacing of collagen

molecules as a function of water content

[decreasing from fully wet in (a) to fully dry

(c) via an intermediate state (b). The black

circles symbolize collagen molecules in the

cross-section of a fibril. r is the number of

collagen molecules per unit surface in the

fibril cross-section. (d) Schematic of a

mineralized collagen fibril; the mineral

particles are elongated in the direction

perpendicular to the book page (which

corresponds to the horizontal axis in Fig.

23.3) and are needle- or plate-shaped. Note

that the number of molecules in (d) is about

the same as in the fully wet case (a). The

average spacing d between molecules as

determined from the peak of the X-ray

scattering data is about the same in

mineralized and in dry fibrils [23].
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tween molecules in the fibrils decreases from about 1.6 to 1.1 nm (Fig. 23.4a–c).

If the water in Figure 23.4a is replaced by mineral, the results may be a situation

such as that shown schematically in Figure 23.4d. The growing mineral particles

compress the molecule packets between them, effectively reducing the molecular

spacing to the value in dry tendon. The peak at 1.1 nm is, however, much lower

and broader in the fully mineralized fibril (Fig. 23.4d) than in a dry fibril (Fig.

23.4c), because the size of the islands with dense packing of collagen molecules

is much smaller. Hence, the mineralized fibril has an average density of collagen

molecules similar to the wet fibrils, but a typical molecular spacing similar to the

dry fibril.

The mineral crystals are mainly flat plates [19] and mostly arranged parallel to

each other and to the long axis of the collagen fibrils. Crystals occur at regular

intervals along the fibrils, with an approximate repeat distance of 67 nm [24];

this corresponds to the distance by which adjacent collagen molecules are stag-

gered (see Fig. 23.3). In addition to crystals embedded in fibrils, there is also

extrafibrillar mineral [25], which probably coats the 50- to 200-nm-thick collagen

fibrils [26]. The intrafibrillar mineral is thought to nucleate within the gap region

(groves or channels) of the collagen fibril structure [27]. These gap regions are

due to the staggered arrangement of collagen fibrils [18, 27–29], whereby neigh-

boring molecules are shifted axially by the D-period of DA67 nm, while the

length of the molecules is only about 300 nm. Hence, molecules extend over a

little less than five D-periods (5� 67 nm ¼ 335 nm), leaving a gap of about

35 nm to the next molecule in the axial direction (Fig. 23.3). Within the gap

zones, crystal formation is triggered by collagen or – more likely – by other non-

collagenous proteins acting as nucleation centers [30]. After nucleation, the crys-

tals are elongated and typically plate-like [19, 31, 32], but they are extremely thin

and grow in thickness later [27, 34]. In bone tissue from several different mam-

malian and non-mammalian species, bone mineral crystals have a thickness of

typically 1.5 to 4.5 nm [7, 25, 27, 34–37]. The basic hydroxyapatite mineral of

bone – Ca5(PO4)3OH – often contains other elements that replace either the cal-

cium ions or the phosphate or hydroxyl groups, one of the most common oc-

currences being the replacement of the phosphate group by a carbonate group

[5, 7].

The volume fraction – as well as the size, shape and arrangement of the rein-

forcing particles – plays a pivotal role in defining the mechanical properties of

any composite, and bone is no exception. In bone, the average mineral content

of bone tissue is species-dependent and lies within the range of 30 to 55 vol.%

or 50 to 74 wt.% respectively, as measured by the ash weight/dry weight ratios,

or scanning electron microscopic methods [38–42]. However, the bone matrix,

which is forming the structural motifs of bone tissue, such as trabeculae in can-

cellous bone (see Fig. 23.1c) and osteons in compact bone (Fig. 23.1b), is not

uniformly mineralized, but rather shows a pronounced local variation at the

length scale of 10 to 100 mm. In the case of human bone matrix, the degree of

mineralization can vary between 0 and 43 vol.% mineral content. Two coupled

processes are responsible for this:
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� First, the old bone matrix is continuously resorbed and

replaced by new bone (remodeling) by the activities of bone

cells [44], which lay down bone packets of width typically 5–

10 mm at a time (lamellar width).
� Second, the progressive mineralization (or maturation) of the

newly formed bone matrix follows a characteristic time

course. After a lag time of 13 days the collagenous matrix

begins to mineralize rapidly up to 70% of full mineralization

capacity within a few days – a phenomenon known as

primary mineralization [44]. The residual 30% of increase in

mineral content lasts for several years [45] (secondary
mineralization).

As a consequence, the bone material is composed of bone packets of about 5 to

10 mm in size, each having its own mineral content corresponding to its tissue

age, which today can be best visualized and quantified by backscattered electron

imaging (BEI) methods [38, 46]. These spatial discontinuities in the bone matrix

mineralization might have an important influence on crack initiation and propa-

gation behavior in the material, and thus are essential for its extreme toughness

[2, 45]. The in-vivo mineralization process has not yet been fully elucidated.

The size and shape of mineral particles in bone tissue were mainly analyzed

using TEM [19, 21, 47] and SAXS [23, 27, 37, 48–50]. The majority of the studies

[19, 32, 33, 52] describe the mineral particles as plate-like in shape, although a

rather wide range of geometrical dimensions has been reported. The thickness

of the platelets ranges from 2 to 7 nm, the length from 15 to 200 nm, and the

width from 10 to 80 nm [44]. One particular point of controversy which emerged

during the late 1980s and early to mid-1990s concerned the shape of the mineral

particles, whether needles [52–54] or platelets [19, 31, 51, 55–58]. One reason for

the confusion was that the side-on view of the particles has the strongest absorp-

tion contrast in TEM, which gave the predominant needle-like impression but,

after a more refined image analysis, platelets viewed face-on were also observed

[59]. However, the existence of more needle-like mineral particles in bone tissues

of certain species or developmental ages cannot be excluded [7, 37].

It has been shown that the high stiffness and high work to fracture of the min-

eralized collagen matrix of bone could be explained by a mechanical model where

the stresses are transferred via tensile strains in the mineral platelets and shear

strains in the ductile organic (collagen) matrix [60]. Such a scheme for deforma-

tion makes good use of the high contact area between the mineral platelets and

the collagen matrix, as well as an optimal use of the high stiffness of mineral par-

ticles and high ductility of the collagen matrix. Refined in later investigations

[61], such a model was used to explain the variations in local mechanical stiffness

observed in the zone of mineralized cartilage in the human knee patella. The

nanosize thickness of mineral particles is thought to be responsible for the high

toughness of the collagen mineral composite [62], because very small particles

are less sensitive to flaws.
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23.3

The Lamellar Organization of Bone

Mineralized fibrils self-assemble into fibril arrays (sometimes called fibers) on the

scale of 1 to 10 mm. Whilst a diversity of structural motifs exists between tissues

[5], the most common structure in bone is the lamellar unit [4, 6]. A lamella re-

fers to a planar layer of bone tissue, around 5 mm thick, which is found in a repet-

itive stacked arrangement in both trabecular (spongy) and osteonal (compact)

bone. In the following section, lamellae are considered to belong to the cylindrical

secondary osteon – the basic building block of compact bone – which is essen-

tially a hollow cylindrical laminate composite (@200 mm in diameter) surround-

ing a blood vessel that traverses the outer shaft of long bones. The lamella is

expected not only to provide mechanical support but also to serve as a protective

covering for the sensitive inner vascular channel.

While the existence of the lamellar unit in bone has been known for over a cen-

tury [63], the internal structure of this basic building block – and also its correla-

tion to mechanical function – have long remained unclear. Light microscopic

imaging led Ascenzi and co-workers [64–66] to classify lamellae as either: (i) or-

thogonal plywood with alternate layers showing a fibril orientation parallel and

perpendicular to the cylindrical axis of the osteon; or (ii) unidirectional plywood,

with the fibril orientation predominantly parallel or perpendicular to the osteon

axis. Electron microscopic analyses performed by Marie Giraud-Guille and co-

workers suggested the existence of a ‘‘twisted plywood’’ structure [6], with fibril

orientation ranging continuously over a period of 90� across the width of the

lamella. Weiner and co-workers refined this to a ‘‘rotated plywood’’ configuration

[4], where the fibrils rotate not only with respect to the osteon axis, but also

around their own axis across the width of the lamella. An alternative model

suggests that alternately denser and looser packed fibrils give the impression of

lamellar units in bone tissue [67]. Nonetheless, a detailed quantitative under-

standing of the structure of the osteonal lamellae and its variation across the

entire osteon was, until recently, not available.

Detailed quantitative information on the osteon structure was obtained with a

novel method combining synchrotron X-ray texture measurements with a 1 mm-

wide beam and rastering of a thin (3–5 mm-thick) section of an secondary osteon

in steps of 1 mm [68, 69]. The results are summarized in Figure 23.5, which

shows the variation of fibril orientation across and within bone lamellae, with

1 mm spatial resolution. The fiber axis orientation varies periodically, with a pe-

riod of 5 mm corresponding approximately to the width of a single lamella. This

implies that each lamella consists of a series of fibril layers oriented at different

angles to the osteon axis. More surprisingly, the angles are always positive, which

implies that on average each lamella has a non-zero spiral fibril angle with re-

spect to the long axis of the osteon, with a right-handed helicity.

These results thus show that osteonal lamellae are built as three-dimensional

helicoids around the central blood vessel. Such helicoidal structures have been

found in other connective tissues, for example in the secondary wood cell wall
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[70, 71] and in the insect cuticle [71]. Remarkably, the sense of the helicity (right-

handed) is the same for both the bone osteon and the wood cell wall. As two

structures fulfilling a similar biomechanical support and protection function –

the osteon for the inner blood vessels, and the wood cell wall for water/nutrient

transport within the cambium – it is believed that they represent an example of

an optimal mechanical design used in two different phyla. Indeed, the helicoidal

principle of fiber composite design in biomaterials has been proposed as a major

unifying concept across different species [71]. Such a helicoidal structure also has

biomechanical advantages. From a biophysical standpoint, the non-zero average

spiral angle means that the osteon is extensible (and compressible) like a spring

along its long axis. The elastic extensibility thus imparted would be useful in ab-

sorbing energy during in-vivo mechanical loading, and may help in protecting the

sensitive inner blood vessels from being disrupted structurally by microcracks

[72] that propagate from the highly calcified interstitial tissue through the osteon

to the central Haversian canal.

Complementary nanomechanical investigations of the local stiffness and hard-

ness of the osteon revealed a modulation of micromechanical properties at the

lamellar level [73, 74]. Specifically, the compressive modulus of the sublamellae

within a single lamella, as measured by nanoindentation, varied from about 17

to 23 GPa, with thin layers of lower stiffness alternating with wider layers of

higher stiffness (Fig. 23.6). Quantitative BEI was used to determine the local min-

eral content at the same positions as those measured by nanoindentation. The

Fig. 23.5 A model of the fiber orientation

inside the lamellae of an osteon (a). The

fibers are arranged at different angles inside

single lamellae (b). On average, they have a

positive spiral angle m, implying that the

fibers form a right-handed spiral around the

osteon axis, like a spring. In addition, there

is a periodic variation of the spiral angle m

across the osteon diameter (c), with a period

close to the lamellar width (@5 mm). The

spiral angle is always positive, except after

the cross-over into the interstitial bone

surrounding the osteon (at radii larger than

40 mm).
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lower axial stiffness is partly due to the lower stiffness of a fiber normal to its

long axis relative to the stiffness along its long axis. However, the results showed

that the regions of lower stiffness also had a lower mineral content, implying that

the mechanical difference is not merely an anisotropy effect but is also due to

variation in composition. Hence, the differently oriented sublamellae have also a

different mineral content, with the fibers at a large spiral angle being less calci-

fied. Mechanically, such a modulated structure could serve as a natural example

of a crack-stopping mechanism. It is known that microcracks occur more fre-

quently in the surrounding interstitial bone than in the osteon itself [75]. It

might be speculated, therefore, that the modulated structure at the lamellar level

acts to trap microcracks from propagating from the interstitial bone to the inner

blood vessel. Modulations in yield strength and stiffness have been shown to

be effective crack-stopping mechanisms in artificial multilayered composites

[76–78].

The lamellar organization also leads to a dramatic orientation dependence of

the fracture properties of compact lamellar bone. Cracks propagating parallel to

the lamellae need an energy of less than 400 J m2, while cracks cutting the lamel-

lae need energy of almost two orders of magnitude more (ca. 10 kJ m2) [79]. The

reason for this, as illustrated in Figure 23.7, is obvious. While cracks are able

to split the lamellae with comparatively low amounts of energy, they are strongly

deviated at each interface between successive lamellae, because the lamellae are

much stronger then the interface between them. As a consequence, a huge

amount of energy is dissipated by the zigzagging of cracks propagating in the di-

rection perpendicular to the lamellae (Fig. 23.7).

Fig. 23.6 Two-dimensional scanning

nanoindentation measurements of local

stiffness inside bone osteons reveal that the

lamellar structure results in a periodic

mechanical modulation. (a) Scanning force

microscopy (topography) image of a sector of

osteon from a polished cross-section through

a human femur, with the two-dimensional

grid of indents clearly visible (inside the

white square). (b) The two-dimensional plot

of indentation modulus E (stiffness) at the

measured locations [75].
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Fig. 23.7 Lower panel: Crack extension energy as a function of the

angle between the crack propagation direction and the lamellae

(collagen direction). Upper panels: Scanning electron images of

corresponding crack shapes [80].

Fig. 23.8 X-ray absorption micrographs of

sections through human L4 vertebrae; lighter

regions indicate bone and darker regions

marrow. The solid lines indicate the direction

of mineral particles, and their length is

proportional to the degree of orientation.

An increase in degree of orientation and

approximately 90� rotation in average

orientation of mineral particles is visible as

the mineralized matrix changes from growth

cartilage (GC) in (a) to cortical bone in (b)

and (c). (a) At 2 months; (b) at 11 years;

(c) at 45 years.
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The lamellar organization in cancellous bone (see Fig. 23.1c) has not been

studied to the same level of detail. However, Jaschouz et al. used texture measure-

ments to obtain the mineral orientation in single trabeculae of human bone [80].

These authors found that the mineral particles show fiber texture along the tra-

becular axis. It is also known that the degree of mineral particle orientation is

not constant, but rather increases from the embryonal stage to the mature adult,

as shown in Figure 23.8 [33].

23.4

Bone Deformation at the Nanoscale

Bone is a strong and, most importantly, a tough material. Toughness is associated

with large energy dissipation during crack growth, thus reducing the driving

force for crack propagation. Different toughening mechanisms were previously

identified at various levels of the hierarchical structure. For example, the forma-

tion of microcracks was visualized in the vicinity of the main crack due to stress

concentrations ahead of the crack tip [81–83]. While microcracks do not contrib-

ute to the progression of the main crack, their formation dissipates mechanical

energy. Crack deflection and crack blunting [84] at weak interfaces – toughening

mechanisms which are well known from composites – were attributed to the in-

terlamellar boundaries and the cement lines (e.g., at the secondary osteon bound-

aries). Recently, crack bridging was proposed to play a dominant role in reducing

the crack tip driving force [85–87]. A major energy dissipation mechanism is

crack deviation at the interfaces between lamellae (see Fig. 23.7, upper right).

Whilst these mechanisms operate at the micrometer scale, irreversible defor-

mation mechanisms at the nanometer scale were recently discovered also to play

an essential role in increasing the toughness of the bone material. Deformation

energy has been shown to be dissipated by shearing of a thin ‘‘glue’’ layer be-

tween mineral-reinforced collagen fibrils [88, 89]. The dissipation of energy was

attributed to ‘‘sacrificial bonds’’ in collagen needing time to re-form after pulling

[26, 90], and being correlated to the time needed for bone to recover its tough-

ness, as measured by atomic force microscope indentation. Several other hypoth-

eses have been proposed on the processes occurring at the supramolecular and

molecular levels, based either indirectly from (macroscopic) mechanical tests

[91] or from ex-situ observations of deformed or fracture bone using high-

resolution electron microscopy techniques [92]. These included pressure-induced

phase transformations of the apatite phase and collagen crosslink disruption, as

suggested by Raman spectroscopic imaging of zones of high deformation around

indents [93], creep in the hydroxyapatite particles [91], bridging of cracks by

unbroken collagen fibrils to enhance toughness [87], plastic deformation in the

collagen phase [94], and decohesion between the mineral particles and the colla-

gen molecules within the fibrils [95]. Recently, our group has used time-resolved
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X-ray diffraction with in-situ mechanical testing to deliver quantitative informa-

tion on the deformation processes at the fibrillar level.

Specifically, the regularity of the collagen fibril structure at the nanoscale gives

rise to coherent X-ray diffraction peaks in the small-angle regime [29]. These

peaks arise due to the Hodge–Petruska packing scheme [18], in which regions

of high and low electron density alternate along the fibril axis. A quantitative

measure of the fibrillar strain comes from tracking shifts in the positions of these

peaks [96]. Our results show [88, 89] that the fibril strain is always less than the

total strain. On average, the fibril/tissue strain ratio is about 1:2, although it can

increase as the elastic modulus increases [88, 89]. To help understand the fibrillar

level processes corresponding to macroscopic yielding and plasticity in bone,

Figure 23.9 illustrates the rescaled fibril strain (EF/ET)eF, as a function of tissue

strain for a range of samples, and averaged over all samples. In the elastic re-

gime, force balance at the fibrillar level means that:

EFeF ¼ ETeT ¼ macroscopic stress on the tissue.

Hence, if the stiffness of the nanometer-sized mineralized fibril unit is taken as

constant between samples, then a plot of (EF/ET)eF should yield a slope of 1, as is

indeed seen from the solid guideline in Figure 23.9. Beyond the yield, point (in-

dicated by the dashed guideline), (EF/ET)eF approaches a constant value. While

there is individual variation between samples (resulting in large error bars), it is

clear that the rescaled fibril strain saturates at a value of about 0.5%, and does not

strain further. As the fibrils do not relax back to zero deformation, it is inferred

Fig. 23.9 Scaled fibril strain (EF/ET)eF, where ET is the tissue modulus,

and EF ¼ 13.3 GPa is a constant [90], as a function of tissue strain,

binned in steps of tissue strain for a range. Error bars indicate standard

errors of the mean.
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that beyond the yield point they are undamaged, elastic, and under a constant

non-zero stress. Interestingly, a similar maximal strain is found in partially min-

eralized turkey leg tendon, a system which consists of parallel fibers of mineral-

ized and unmineralized collagen running parallel to each other. The maximum

strain attained by the mineralized fibers in this tissue is also 0.5%, leading us to

speculate that this is the maximum or fracture strain of fully mineralized colla-

gen fibrils (with mineral weight percentages of 60–65% [2]).

Based on these two pieces of information, a microscopic model for bone defor-

mation at the nanoscale was developed (Fig. 23.10). The long (>5–10 mm [26, 92,

97]) and thin (100–200 nm diameter) mineralized fibrils lie parallel to each other

and separated by a thin layer (1–2 nm thick) of extrafibrillar matrix (shown in

highly exaggerated dimension in Fig. 23.10). When external tensile load is ap-

plied to the tissue, it is resolved into a tensile deformation of the mineralized

fibrils and a shearing deformation in the extrafibrillar matrix. Whilst no precise

data are available on the tissue’s mechanical behavior or its composition, it is

likely that it is comprised of non-collagenous proteins such as osteopontin and

proteoglycans such as decorin. Single molecule spectroscopy of fractured bone

Fig. 23.10 Schematic view of the interface between two mineralized

collagen fibrils with a ‘‘glue layer’’ providing shear deformation

(according to Refs. [89, 90]). The movement of fibrils is indicated by

white arrows. According to Ref. [24], mineralized fibrils are coated with

flat mineral particles. The white arrows symbolize movement of the

mineralized fibrils (diameters of the order of several hundred

nanometers), leading to shear deformation in the glue layer.
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surfaces carried out by the group of Paul Hansma showed that the extrafibrillar

matrix has properties similar to a glue-layer between the fibrils – specifically, it

is relatively weak but ductile, and deforms by the successive breaking of a series

of ‘‘sacrificial bonds’’ [26, 90]. The matrix may also be partially calcified [98],

which would increase its shear stiffness and reduce its deformability.

These results point towards a deformation mechanism where the matrix–fibril

interface is disrupted beyond the yield point, and the matrix moves past the fi-

brils, forming and reforming the bonds with the fibrils as it does so. Such a situ-

ation is analogous to a viscous flow of a liquid past a solid substrate, and likewise,

for a constant velocity of flow (constant strain rate) a constant shear stress is

transmitted to the substrate (mineralized fibril), which thus holds its strain at a

non-zero value. Analogies may also be drawn to the disaggregation and disrup-

tion of fiber bundles under strain [99]. The interface between the stiff mineral-

ized fibril and the weak extrafibrillar matrix is likely to be weaker than that

between the stiff mineral particles inside the fibril and the adjacent collagen mol-

ecules. Evidence for this comes from the relative stiffness of mineral/collagen

(100 GPa/2 GPa) [2, 8] versus mineralized fibril/extrafibrillar matrix (20 GPa/0.1

GPa) [8, 100].

Deformation in the mineralized matrix occurs not only at the hierarchical level

of the mineralized fibril/extrafibrillar matrix alone, but also at the next higher

level of the fibril arrays. Previously, the case was considered of partially mineral-

ized collagen from mineralized turkey leg tendons [101]. At this level, the fibrils

aggregate into 1 to 4 mm-diameter fiber bundles. Backscattered electron imaging

of the local mineral content at the level of the individual bundles shows that the

fibrils are inhomogeneously mineralized – a mixture of mineralized fibrils coex-

ists with unmineralized fiber bundles [102]. When stretched to failure, a novel

two-step fracture process is observed at the micron length scale. For low strains

below 1–2%, all of the fibrils stretch homogeneously. For larger strains, the stiff

mineralized fibers break or detach from the neighboring ductile unmineralized

fibers, but the tissue as a whole remains intact. The macroscopic cohesion comes

about because the unmineralized fibers bear the remaining load, stretching by as

much as 8 to 10%. Breakage of the stiff component is correlated with the reduc-

tion of the slope of the stress–strain curve (reduction in effective stiffness). By

this mechanism, it is believed that the tendon achieves both a high stiffness in

the normal physiological regime of low working strains (<0.2%) [103], as well as

a structural protection against sudden, traumatic loads.

Whilst all hierarchical levels contribute to the outstanding mechanical proper-

ties of bone, the above discussion suggests that an essential contribution is due to

the structure at the nanoscale, and the way in which mineral particles are shaped

and arranged in the organic matrix. Most importantly, a thin glue layer between

mineralized collagen fibrils seems to contribute most of the plastic deformability

of bone material. Surprisingly, little is known about the composition and struc-

ture of this layer, and further investigations are required to fully elucidate its

properties.
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Formation and Structure of Calciprotein Particles:

The Calcium Phosphate–Ahsg/Fetuin-A Interface

Alexander Heiss and Dietmar Schwahn

Abstract

Fetuin-A is a plasma protein that acts as a potent systemic inhibitor of ectopic cal-

cification. A lowered fetuin-A serum level in end-stage renal disease patients usu-

ally leads to severe vascular and valvular calcifications. Further clinical relevance

is provided by fetuin-A-deficient mice developing similar calcifications. The inhi-

bition is based on the formation of nanometer-sized fetuin–calcium phosphate

particles, though such inhibition is only transient. This chapter reports on the

structural dynamics of these colloidal particles in an in-vitro model system eluci-

dated by small-angle neutron scattering. A two-step particle formation character-

ized by a rapid increase in particle size was observed. A detailed contrast variation

analysis of second-stage particles revealed that they consist of an octacalcium

phosphate core shielded by a dense fetuin-A monolayer.

Key words: fetuin-A, calcification, inhibition, colloid, small-angle neutron scat-

tering, contrast variation, core-shell topology.

24.1

The Protein–Mineral Interface

24.1.1

Mineral Formation

The term biomineralization refers to mineral formation controlled by organic

compounds and, consequently, this gives rise to specific mineral phases, sizes,

and shapes. Ranging from colloidal precursors to completely assembled biocom-

posites, this process covers a wide range of length scales. Soluble charged organic

molecules function as nucleation centers of minerals, whereas rather insoluble
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molecules (self-) assemble to highly organized matrices serving as guiding struc-

ture of mineral deposition. For example, the high mineral ion load in the milk

and blood of mammals needs to be buffered in order to prevent mineral deposi-

tion, whereas bone and tooth mineral formation is induced in an organic matrix.

Structural investigations of biocomposites such as bone, dentin, enamel or nacre

showed that, despite variations in the organic fraction, the mineral phase is char-

acterized by aligned plate-like nanocrystals with a large aspect ratio and a defined

spatial arrangement. This particular structural organization results in a stiffness

that is comparable to that of a pure mineral but in addition, a much higher resis-

tance to fracture was demonstrated (see Chapter 23).

Clearly, controlled mineral deposition during hard tissue formation – and,

vice versa, its inhibition in soft tissues – does not solely rely on proteins. Various

compounds found in the body such as sugar chains (proteoglycan/glycos-

aminoglycan), smaller molecules (ATP/pyrophosphate, citrate) or ions (Mg2þ)

are known to interfere with mineral growth [1]. Furthermore, it should be

stressed that hard tissue formation is controlled by specialized cells:
� Hypertrophic chondrocytes (cells from the cartilage) at the

growth plate in bone deliver so-called matrix vesicles that

contain mineral nuclei which serve as precursors of

mineralization.
� Bone-degrading osteoclasts and bone-forming osteoblasts,

which produce the framework and regulate the ion supply at

sites of mineralization, subsequently remodel the tissue.

Thus, the skeleton in vertebrates cannot simply be regarded

as a ‘‘sink’’ for calcium and phosphate ions – it is an ion

reservoir that undergoes permanent reconstruction.

Studies conducted some 30 years ago reported on acidic serum proteins which

decrease mineral growth and the rate of amorphous calcium phosphate to apatite

transformation [2]. Mineral-binding proteins may have a high specificity to min-

eral composition, mineral polymorph, and even to a particular crystallographic

face. Thus, the question to be solved concerns the structural basis of protein–

mineral recognition at the interface. The most abundant calcium phosphate-

binding proteins and their sequence motifs are listed in Table 24.1. Aspartate,

glutamate, phosphoseryl (which possibly occupies phosphate positions on the

surface), as well as g-carboxy-glutamate (GLA) can coordinate calcium residues

from the mineral surface. Correct folding leads to a clustering of these mineral-

binding residues on the protein surface. Additionally, a specific (charge-) surface

pattern given by the secondary structure is, to some extent, complementary to the

crystal face.

In this chapter we focus on the mineral-binding protein fetuin-A, which is ef-

fective in buffering a high mineral ion load, rendering it into the probably most

important systemic (throughout the body, not tissue-specific) inhibitor of un-

wanted mineral deposition.
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24.1.2

Fetuin-A

Mammals with a low fetuin-A level are prone to ectopic calcification (unwanted

calcification of soft tissue). For example, fetuin-A-deficient mice develop severe

soft tissue calcifications [16]. Likewise, the extent of vascular and valvular calcifi-

cations in patients receiving long-term hemodialysis often correlates with a

lowered fetuin-A level [17]. Fetuin-A is a @50 kDa plasma protein of which the

tertiary structure is not yet fully known, although sufficient information on its

structure, stability and function is currently available for a detailed structure–

function analysis. Processed bovine fetuin-A is a three-domain protein consisting

of 341 amino acids. Extensive N- and O-linked glycosylation contribute approxi-

mately one-third to a total molecular weight (Fig. 24.1). Early studies on bovine

fetuin-A employing circular dichroism and optical rotary dispersion indicated

that removal of the terminal sialic acid residues from the glycosylations, or a com-

plete deglycosylation, results in protein destabilization and protein aggregation

[18]. Accordingly, recombinant fetuin-A which is expressed in Escherichia coli –
and hence is unglycosylated – tends to aggregate [11]. Likewise, a low pH leads

to protein aggregation.

Due to protein sequence homology, the first two domains of fetuin-A belong

to the cystatin superfamily. Comparative structure modeling of cystatin-like do-

mains from fetuin-A, fetuin-B, histidine-rich glycoprotein (HRG), and kininogen

using the crystal structure of chicken egg white cystatin (1CEW) as a template, is

shown in Figure 24.1. In contrast to all other domains, the first domain of fetuin-

A exposes an extended highly acidic b-sheet that mediates the attachment to basic

calcium phosphate [10, 11]. This mode of attachment is reminiscent of matrix

proteins from mollusk shell, with a b-sheet where acidic residues with fixed spac-

ing and orientation mediate the binding to calcium carbonate or oxalate crystals

[19]. In fact, fetuin-A binds to calcium carbonate but fails to inhibit calcium

Fig. 24.1 Schematic three-domain structure

of bovine fetuin-A (right). Post-translational

modifications such as serine phosphoryla-

tions (*) and glycosylations (D) are plotted,

as well as binding sites for (basic calcium

phosphate) mineral transforming growth

factor-b (TGF-b). The first two domains are

cystatin-like. The image on the left shows the

modeled structure of the mineral-binding

fetuin-A domain 1 (D1, using the crystal

structure of chicken egg white cystatin,

1CEW, as a template) above a mineral

surface.
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carbonate sedimentation [10]. In-vitro activity tests on native full-length proteins

of the cystatin superfamily and various recombinant deletion mutants thereof

proved that: (i) the inhibitory activity is restricted to the amino-terminal first do-

main D1 of fetuin-A; (ii) fetuin-A phosphorylation does not affect the activity [20];

and (iii) as mentioned above, (complete) fetuin-A glycosylation maximizes activ-

ity, possibly by stabilizing the native fold [10, 11].

Fetuin-A shows a weak nucleating effect at low concentration, and acts as an

inhibitor at high concentration. Previous studies on the mechanism of inhibition

so far state that fetuin-A inhibits mineral deposition by stabilizing mineral col-

loids in solution [11, 12]. By employing transmission electron microscopy (TEM),

we observed initially amorphous fetuin-A–mineral particles (@50 nm in diame-

ter) that subsequently grew and crystallized (>100 nm in diameter). Due to anal-

ogies to the lipoprotein particles with respect to their structure as well as to their

suspected function and clearance in vivo, these colloids were referred to as calci-
protein particles (CPP) [11]. In order to gain further insight regarding evolution of

the CPP and their internal protein–mineral structure, a number of small-angle

neutron-scattering measurements was conducted.

24.2

Small-Angle Neutron-Scattering Studies

In order to explore the inhibition effected by fetuin in more detail, small-angle

neutron scattering (SANS) was employed. In this complex, non-interfering tech-

nique for direct structural analyses, neutrons are emitted from fission reactions

of the uranium isotope 235U in nuclear reactors, or from spallation sources where

a heavy metal target is bombarded with high-energy protons. The emitted neu-

trons must be moderated to lower energies. In particular for SANS, a special

‘‘cold source’’ moderator consisting of liquid hydrogen or deuterium is installed

next to the reactor core; this provides an increase in intensity for long-wavelength

neutrons by more than one order of magnitude. These neutrons are directed to

the SANS instrument by neutron guides operating with total reflection.

24.2.1

Instrumental Set-Up

The components of a SANS diffractometer are depicted schematically in Figure

24.2. Neutrons entering the instrument first pass through a velocity selector, a

collimator with two apertures, and the sample. Depending on revolution speed,

the selector is transparent for wavelength typically between 5 and 15 Å, with a rel-

ative mean-square deviation of 10%. The two apertures regulate the divergence of

the primary neutron beam. Neutrons which are diffracted at chemical and/or

density heterogeneities in the sample finally impinge on a two-dimensional, local
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sensitive detector. For intensity reasons, the aperture sizes are in the centimeter

range, whereas for resolution reasons collimator and detector distances typically

range between 1 m and 20 m, allowing scattering angles from Y ¼ 0:1� to 20�.

Scattering at low Q – that is, from particles of the order of 103 Å size –

necessitates detector distances of at least 20 m requiring a higher collimated

beam. Hence, longer detector distances lead to a reduced neutron flux. However,

such a decrease in neutron flux can partly be compensated by the insertion of

novel neutron lenses in combination with a widened irradiated sample area [22].

In order to keep multiple scattering low, the total scattering by the sample should

be below 10% of the incident neutron intensity [21].

Liquid samples are usually measured in a quartz cuvette with an optical

path-length of between 0.1 and 0.5 cm. The cell is positioned in the neutron

beam directly behind the sample aperture (Fig. 24.2). With regard to mineral-

ization experiments, generally no other steps of sample preparation except for

the induction of supersaturation is necessary, and this allows continuous in-situ
time-resolved measurements to be made. The scattered intensity is a function

of the momentum transfer Q ¼ ð4p=lÞ sinðY=2Þ. The typical Q range is be-

tween 10�3 < Q[Å�1] < 0.3, which corresponds to length scales between

10 < R < 103 Å.

24.2.2

Theoretical Background

Typically, the scattering intensity expressed as the macroscopic cross-section

dS=dW (in units of cm�1) is measured as a function of Q according to:

dS

dW
ðQÞ ¼ PðQÞDr2 ð1Þ

Fig. 24.2 Scheme of a classical pin-hole small-angle neutron scattering

(SANS) instrument. LC ¼ distance of the two apertures which

determines the divergence of the incident neutron beam; LD ¼ sample-

to-detector distance.
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This equation applies to dilute solutions where interaction between the par-

ticles is negligible. The scattering at Q ¼ 0, P(0) ¼ FV, is determined by the

particle volume fraction F, the particle volume V, and the scattering contrast

Dr2 ¼ ðrParticle � rSolventÞ2, whereas information about size and shape of the par-

ticles is derived from scattering at finite Q. The scattering contrast is determined

from the coherent scattering length densities r of the particles and the solvent.

Although analytical expressions of P(Q) exist for simple geometrical forms,

approximate laws at low (Guinier’s law) and large (Porod’s law) u ¼ RgQ

(Rg ¼ radius of gyration) are generally used [24]. Hence, relying on the Guinier

approximation PðQÞ ¼ Pð0Þ expð�R2
gQ

2=3Þ at u < 1, Rg can be calculated,

whereas at u > 1 a power law according to PðQÞ ¼ paQ
�a may be observed. Com-

bining both approximations gives an equation that covers a larger Q range:

PðQÞ ¼ Pð0Þ expð�u2=3Þ þ pa½ðerf ðu=
ffiffiffi
6

p
ÞÞ3=Q�a ð2Þ

In this form, the erf(u) accounts for the correctness of the underlying approxima-

tions in their Q ranges [25].

The scattering length density r is an intrinsic physical property of the sample;

it is composed of the coherent scattering length bi of element i and the volume of

the atomic complex o, r ¼
P

bi=o (Table 24.2). The scattering length b for neu-

trons is irregular with respect to the atomic number. In particular, one obtains

different b-values for isotopes as the neutrons interact with the nucleus of the

atom (nuclear scattering). Important in this respect are the very different b-values

for hydrogen (bH ¼ �3:74� 10�13 cm�1) and for deuterium (bD ¼ 6:67� 10�13

cm�1), a property which is extensively used to alter the scattering contrast and

which, in sophisticated contrast variation experiments, allows information to be

collected about the internal structure of composites such as protein–mineral par-

ticles [24]. Hence, only particles that differ from the solvent in their coherent scat-

tering length densities r give rise to a scattering signal.

Table 24.2 Physical properties of the calciprotein particle (CPP) components.

Component Density

[g mLC1]

Molecular weight Chemical formula r [1010 cmC2]

Water 1 – D2O½F� þH2O½1� F� �0:561G 6:951F

Fetuin-A 1.317 50 kDa – 1:46G 1:95F

OCP 2.61 0.983 kg mol�1 Ca8H2(PO4)6�5H2O 3:07G 1:99F

Density and size of fetuin-A were assessed by ultracentrifugation; the

scattering length density r was obtained from SANS experiments. The

r for hydroxyapatite (HAP) and octacalcium phosphate (OCP) were

calculated considering the corresponding mass densities taken from

Ref. [23].
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24.3

Calciprotein Particle Formation and Transformation

24.3.1

Fetuin-A

Bovine fetuin-A exists as a monomer in phosphate-buffered physiological saline

(PBS). The corresponding scattering curve of a 2.5 mg mL�1 fetuin-A solution in

D2O is depicted in Figure 24.3A and fitted with Eq. (2), as shown by the solid line.

The radius of gyration of Rg ¼ 31G 0:2 Å and a Q�4 Porod’s law (not shown in

the figure) was derived indicating compact particles (Table 24.3), which closely

match the size obtained from dynamic light scattering, Rg ¼ 32 Å [11]. As

discussed in Section 24.1.3, fetuin-A is susceptible to aggregation; hence, a

reduction in ionic strength results in a drastic increase in particle size

Rg ¼ 238G 0:4 Å (Table 24.3). Similarly, as shown in Figure 24.3B, a reduction

in pH (50 mM PO4, pH 6) leads to the production of even larger aggregates of

Rg ¼ 534G 79 Å, revealing a self-similar (mass fractal) structure with a dimen-

sionality of D ¼ 1:56G 0:01. Scattering from two concentrations of 0.5 (—) and

5 mg mL�1 (---) fetuin was measured; a normalization with respect to their vol-

ume fraction leads to congruent curves. At Qb 0:07 Å a transition to Porod’s

Fig. 24.3 (A) Small-angle scattering of

2.5 mg mL�1 (50 mM) bovine fetuin-A in

PBS/D2O. Compact particles with a radius

of gyration of Rg ¼ 30:7G 0:2 Å

[dS=dWð0Þ ¼ ð5:4G 0:05Þ � 10�2 cm�1] were

detected. (B) Covering a concentration range

from 0.5 to 5 mg mL�1, fetuin-A exists in 50

mM phosphate, pH 6, as an aggregate of

self-similar (i.e., fractal structure) with a size

of Rg ¼ 534G 79 Å (see also Table 24.3). The

transition to Porod’s Q�4 law occurs at

Q ¼ 1/a ¼ 0.07 Å�1, which means that units

of about a ¼ 14 Å size act as basic building

blocks of the self-similar structure [20]. This

means scattering from individual proteins

(or domains of them) if compared with

RgA31 Å.
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Q�4 law is observed, indicating the presence of building blocks of about a ¼ 14 Å

dimension that most likely represent compact protein domains.

24.3.2

Inhibition of Mineral Sedimentation Effected by the Serum Proteins Fetuin-A

and Albumin

Albumin, an acidic and highly abundant serum protein, is a @100-fold weaker

inhibitor of calcium phosphate sedimentation than fetuin-A [10, 26]. Due to its

high serum concentration of@40 mg mL�1, albumin nonetheless contributes in

preventing mineral deposition. Bovine serum albumin has a molecular weight of

66 kDa (589 amino acids) and is not glycosylated. An Rg-value of 34:3G 0:4 Å was

detected for bovine albumin (Table 24.3); this size is almost identical with that

assessed by small-angle X-ray scattering [27].

For a side-by-side comparison experiment in 5 mM CaCl2 and 2 mM PO4 ion

concentration in H2O, the fetuin-A concentration was adjusted to 0.28 mg mL�1

(5.6 mM), which represented the lower limit of fetuin-A serum levels in adult

cows (0:2G 0:05 mg mL�1), whilst albumin was adjusted to an arbitrary concen-

tration of 0.66 mg mL�1 (10 mM). In fact, the albumin sample concentration was

considerably lower than its serum concentration (@1/60), but sufficiently high to

inhibit completely any mineral deposition at low supersaturation (approximately

twofold serum concentration with respect to each ion) and room temperature for

at least 2 h. In both samples the induction of mineralization resulted in a pro-

nounced increase in scattering intensity that reflected the surge of colloids (see

Fig. 24.4). The scattering pattern of fetuin-A suggested the formation of particles

with an Rg-value of 334G 0:6 Å. Albumin-controlled mineralization resulted

Table 24.3 Characterization of the bovine serum proteins fetuin-A and albumin.

Protein Solvent [% D2O/buffer] Rg [Å]

Fetuin-A 0/PBS 35:6G 0:3

100/PBS 34G 0:7

100/50 mM Tris pH 7.4 238G 0:4

100/50 mM phosphate pH 6.0 534G 79

Albumin 0/PBS 36:5G 0:1

60/PBS 34:3G 0:4

Ovalbumin Interpolated at 1=Dr ¼ 0 32:7G 0:4

Generally, within a concentration range from 0.5 to 5 mg mL�1 no

change in the radius of gyration (Rg) was observed. Fetuin-A exists as a

monomer in phosphate-buffered saline (PBS; a physiological high-salt

buffer), whereas a low ion strength and a low pH lead to aggregation.

The larger Rg of albumin compared to fetuin-A reflects the higher

molecular weight (66 kDa versus 52 kDa, respectively).
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in comparably larger aggregates of Rg ¼ 505G 0:6 Å. To summarize, fetuin-A–

mineral particles are appreciably smaller in size than the colloids formed in the

presence of albumin; this proves that, on a molar basis, fetuin-A stabilizes grow-

ing mineral aggregates much more efficiently than albumin. It is, therefore, a

considerably more efficient inhibitor.

24.3.3

Calciprotein Particle Formation

Exploration of CPP formation by SANS permits a continuous retrieval of struc-

tural information such as particle size and internal structure. Recent advances

with regard to CPP characterization are illustrated in the following sections, on

the basis of 10 mM CaCl2 and 6 mM PO4 supersaturation and a fetuin-A concen-

tration of 2.5 mg mL�1. The low scattering shown in Figure 24.5A was measured

before mineralization was started, and is attributed to the fetuin-A protein. Next,

CPP formation was studied in a time-resolved measurement from 30 min to 14 h.

The scattering patterns were typical of a bimodal size distribution – that is, large

CPPs at low Q-values and small fetuin-A monomers at large Q-values. These data

were fitted according to Eq. (2) and shown in Figure 24.5 as solid lines. Clearly,

the colloidal particles first detected represented a transient phase, as a slow trans-

formation to a second stage was observed after 5 h of incubation. This transfor-

mation slowly proceeded within another 5 h, as indicated by an increase in the

extrapolated scattering at Q ¼ 0 by one order of magnitude, and in the Rg-value

from 266 to 490 Å (Fig. 24.5B). Inspection of these data revealed that dS=dWð0Þ

Fig. 24.4 Formation of calciprotein particles

(CPP) in H2O with 5 mM CaCl2 and 2 mM

PO4 ion concentrations, and in the presence

of the two bovine serum proteins fetuin-A

(BF: Rg ¼ 334G 0:6 Å; dS=dWð0Þ ¼ 4:2G
0:02 cm�1) and albumin (BSA: Rg ¼ 505G
0:6 Å; dS=dWð0Þ ¼ 23:7G 0:07 cm�1). The

formation of particles of this size inhibits

mineral sedimentation. Even larger amounts

of albumin results in comparably larger

particle sizes, thus demonstrating a much

less effective stabilization of the mineral

phase.
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increased by a factor of 7, while R3
g increased by a factor 6.3; this indicated that,

according to dS=dWð0ÞzFV, the transformation mainly occurred by an increase

in particle size, as the volume fraction of the CPPs apparently did not change. In

theory, a decrease in unbound fetuin-A would have been expected due to integra-

tion into the CPPs causing a slump in scattering intensity at large Q. The absence

of this effect in Figure 24.5A indicates that only a small fetuin fraction was effec-

tively involved in the formation of CPP.

Supersaturation is the driving force of mineral formation. Fetuin-A efficiently

counteracts this supersaturation by stabilizing the mineral particles only above a

threshold concentration. A concentration-dependent SANS analysis of this com-

plex interplay (Fig. 24.6) confirmed the formation of stable particles down to 0.5

mg mL�1. At 0.25 mg mL�1, mineral sedimentation was observed after about 3 h,

when a strong increase in the CPPs size to Rg ¼ 722G 24 Å (not shown here) was

noted. This effect was also reflected by a low scattering intensity of the second

CPP stage. Furthermore, the initial particles resembled more the second-stage

particles at higher fetuin-A concentrations in terms of their dS=dWð0Þ and Rg.

Fig. 24.5 (A) Evolution of the scattering

signal proves a two-step calciprotein particle

(CPP) formation. Induction of super-

saturation (inhibition mix: 2.5 mg mL�1

bovine fetuin-A, 10 mM CaCl2 and 6 mM

Na2HPO4) results at low Q in a spontaneous

steep increase in scattering intensity. A

second increase in scattering intensity is

detected after 5 h of incubation. The intensity

stabilizes again after 4–5 h and remains

near-constant until completion of the

experiment. Furthermore, a Q�4 Porod’s law

suggests that the CPPs in the second state

(9 ha ta 14 h) are compact. Before

inducing supersaturation, scattering from the

fetuin monomers is detected which remains

constant during the mineralization process.

This indicates that most of the protein stays

in solution and is not involved in the

mineralization process. (B) First-stage

particles have an Rg value of 265 Å. The

subsequent transformation starting after 5 h

of incubation (shaded time-frame) is

indicated by a simultaneous increase in

forward scattering intensity, and the Rg-value

almost doubles.
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Hence, it was concluded that these CPPs grew so rapidly that the first stage could

not be detected. With regards to the second stage in the stable range well above

0.5 mg mL�1, a reciprocal correlation between the forward scattering dS=dWð0Þ
and Rg apparently existed. Thus. according to dS=dWð0Þ ¼ FV ¼ nV2 (where n

is the number density of particles), a rise in fetuin-A concentration would result

in a greater number of particles, but of smaller size.

24.3.4

CPP Structure

Contrast variation is a sophisticated technique that is perfectly suited to quantita-

tive structural investigations on colloidal composites such as CPPs. Basically, the

scattering length density r of the solvent is varied by adjusting the defined H2O/

D2O ratios while keeping the protein and ion concentrations fixed. For example

(as shown schematically in Fig. 24.7), both particle components – namely fetuin-

A (light gray) and calcium phosphate (dark gray) – usually contribute to scattering

as both components differ in their scattering length density from water. If the

contrast of the protein is matched (i.e., rP ¼ rW), it cannot be distinguished from

the solvent, and only the mineral scatters (Fig. 24.7B). The reverse of this is that if

the mineral is matched (i.e., rM ¼ rW), then only the protein fraction scatters

(Fig. 24.7C). Expressing the scattering law by the partial scattering functions Si; j
clarifies the contribution of each component with respect to its contrasts [24]:

Fig. 24.6 Fetuin-A concentration-dependent SANS analysis. The

extrapolated scattering at Q ¼ 0 and Rg are plotted against the fetuin-A

concentration. Below a threshold concentration of@0.4 mg mL�1, a

considerably weaker inhibitory effect is shown.
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dS

dW
ðQÞ ¼ ðrM � rWÞ2SM;MðQÞ þ ðrP � rWÞ2SP;PðQÞ

þ 2ðrP � rWÞðrM � rWÞSP;MðQÞ ð3Þ

The self-terms SM;M and SP;P are attributed to the mineral (M) and protein (P)

fractions, respectively, whereas the cross-term SP;M reflects correlations between

both components. Here, the self-terms are determined at the match points (i.e.,

rM ¼ rW or rP ¼ rW), when one component is ‘‘invisible’’. As this approach is

not feasible for the cross-term, at least three different contrasts – that is, a set of

samples with identical mineral ion and fetuin-A content but varying H2O/D2O

ratio – need to be measured, whereof the partial scattering functions according

to SðQÞ ¼ ½Dr2��1IðQÞ are calculated. Here, the vectors IðQÞ ¼ fdS=dWðQÞkg
and SðQÞ ¼ fSi; jðQÞg represent the scattering intensities from an experimental

series and the partial scattering functions, respectively, whereas the matrix

½Dr2� ¼ ½fri � rS; kgfrj � rS; kg� includes all contrasts. The matrix type and the di-

mension of the vectors depend on the number k of measured contrasts and the

number of independent partial scattering functions i; j ¼ fM;Pg; that is, i and j
can be either M or P, whereas rS; k represents the scattering length density of the

solvent. The inversion of the matrix ½Dr2� is a basic mathematical procedure

which reverts to the method of ‘‘singular value decomposition’’ as the matrix is

usually not of quadratic nature [28]. Positive or negative SP;M(Q) values princi-

pally indicate the spatial allocation of the protein – that is, if it is rather bound to

the mineral surface or rather trapped inside the particle.

Figure 24.8 shows the square root of dS=dWð0Þ of eight samples of first

and second stage plotted against the D2O content. According toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dS=dWð0Þ

p
z jrCPP � rWj, no scattering intensity (i.e.,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dS=dWð0Þ

p
¼ 0) signi-

fies no contrast. Thus, at this point the interpolated scattering length density of

the CPP is identical with rW. Contrast matching is found at a D2O content of

FD2O ¼ 0:69 and 0.64 for the first and the second stages, corresponding to

rCPP ¼ 4:24 � 1010 cm�2 and rCPP ¼ 3:89 � 1010 cm�2, respectively. Assuming octa-

Fig. 24.7 Cartoon showing SANS contrast variation of water exemplified

at a calciprotein particle (CPP). (A) CPP in H2O. (B) Scattering length

density of proteins and water (light gray) is matched, and thus is

undetectable with neutrons. (C) Mineral and water (dark gray) is

matched.
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calcium phosphate (OCP, Ca8H2(PO4)6�5H2O) as the predominant mineral phase

(see Table 24.3) [29], the distribution of protein and mineral for both stages was

calculated. The analysis suggested a first CPP stage consisting of @10 vol.%

fetuin-A, whereas the second stage had a comparably higher fetuin-A volume

fraction of@30%. Moreover, it was found that at least 4% and 60%, respectively,

of total fetuin and mineral-forming ions were withdrawn from solution by CPP

formation which, for the mineral ions, is comparable to other studies on the for-

mation process [12]. It is not intended that a detailed report on structural analysis

employing contrast variation will form the subject of this chapter. However, it

must be pointed out that an analysis of the second stage revealed a core shell to-

pology. Hence, a compact OCP mineral core is enclosed by a dense protein mono-

layer that inhibits growth and aggregation of the mineral nuclei [29].

24.4

Conclusions

The high affinity of fetuin-A for basic calcium phosphates is effected by the first

cystatin-like domain that includes an exceptionally acidic b-sheet (see Fig. 24.1).

Albumin – which was used as an unspecific control protein – is also an acidic se-

rum protein but lacks a comparable structure motif, and consequently mineral

precursors grow much more rapidly in the presence of albumin than in the pres-

ence of fetuin-A.

Mineralization in the presence of fetuin-A revealed a stepwise formation which

was marked by a pronounced increase in particle size. Immediately after starting

mineralization, particles of Rg ¼ 250 Å were formed which, after about 5 h, had

transformed to particles twice this size (see Fig. 24.5). By using the technique of

Fig. 24.8 Square root of scattering extrapolated to Q ¼ 0 measured at

various H2O/D2O fractions. The scattering length densities at the

match point dS=dWð0Þ ¼ 0 indicate a comparably higher mineral

content of the first stage.
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contrast variation, it could be confirmed that these particles consisted of calcium

phosphate and fetuin. Interestingly, the CPP transformation to the second stage

was seen to be accompanied by an increase in fetuin-A content, from about 10%

to 30%, assuming an OCP polymorph (Fig. 24.8). Previously [29], we have deter-

mined the arrangement of the proteins in the mineral phase for the second stage

as a core–shell topology of mineral core (presumably OCP) and a dense fetuin-A

monolayer. Further analysis showed that approximately 4% of the fetuin, and

60% of the calcium and phosphate ions, were captured by the CPPs. Thus, the

solution was still supersaturated, and the system may respond by clustering

most of the remaining ions at the protein monomers.

Other techniques such as TEM and electron diffraction revealed that the CPPs

were initially amorphous, followed by a change to a crystalline morphology ac-

cording to Ostwald’s step rule [10, 11]. However, the present SANS data do not

reflect the presence of such an amorphous calcium phosphate polymorph, which

suggests that transformation to a crystalline structure occurs within the first 30

min. To conclude, the SANS experimental findings disclose the inhibition mech-

anism of fetuin-A as follows:
� Nucleation and growth of mineral protein particles is not

prevented.
� In contrast, fetuin-A enforces nucleation and thereby leads to

a larger number of relatively small CPPs of the order of

1000 Å diameter (see Fig. 24.6).
� Fetuin-A temporarily prevents further coalescence as it

ensheathes the mineral core. A similar shielding arrange-

ment was found in milk, where much higher calcium

and phosphate ion concentrations (@30 mM Ca and 22 mM

PO4) need to be compensated by protein–mineral aggregates

similar to the CPPs. Here, caseins are highly phosphorylated

proteins (see Table 24.1) that form micelles with calcium

phosphate nanocluster inclusions [7, 8].

The present SANS analyses were based on ion and protein concentrations that

exceeded physiological concentrations approximately by an order of magnitude.

Thus, instead of a CPP volume fraction of DV=V@ 10�5, the samples were ad-

justed to a volume fraction of 10�4. However, reducing the fetuin and ion concen-

trations by a factor of two did not change the SANS results with respect to size

and time evolution of the CPPs. This in turn led to speculation that the process

of mineralization in dilute solutions is mainly determined by the relative

amounts of protein and ions. Within a physiological context, however, local and

temporary micro-environments have ion concentrations far in excess of those

that might occur on average in the blood. Bone remodeling, for example, causes

confined jumps in ion concentration.

Although fetuin-A is a recognized systemic inhibitor of ectopic calcification in
vivo [16, 17], such inhibition is only transient in nature. Here, by using SANS, it

has been shown that CPP formation is characterized by major structural arrange-
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ments with respect to the protein and mineral phases. Consequently, the objec-

tive of future investigations must be to achieve an understanding of the mecha-

nistic details relating to the inhibition of nucleation and the stepwise formation

of mineral sedimentation.
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