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Physiological Significance of Network Organization in Fungi

Anna Simonin,** Javier Palma-Guerrero,® Mark Fricker,” and N. Louise Glass®

Plant and Microbial Biology Department, The University of California, Berkeley, California, USA,* and Department of Plant Sciences, University of Oxford, Oxford, United
Kingdom®

The evolution of multicellularity has occurred in diverse lineages and in multiple ways among eukaryotic species. For plants and
fungi, multicellular forms are derived from ancestors that failed to separate following cell division, thus retaining cytoplasmic
continuity between the daughter cells. In networked organisms, such as filamentous fungi, cytoplasmic continuity facilitates the
long-distance transport of resources without the elaboration of a separate vascular system. Nutrient translocation in fungi is
essential for nutrient cycling in ecosystems, mycorrhizal symbioses, virulence, and substrate utilization. It has been proposed
that an interconnected mycelial network influences resource translocation, but the theory has not been empirically tested. Here
we show, by using mutants that disrupt network formation in Neurospora crassa (Aso mutant, no fusion; APrm-1 mutant,
~50% fusion), that the translocation of labeled nutrients is adversely affected in homogeneous environments and is even more
severely impacted in heterogeneous environments. We also show that the ability to share resources and genetic exchange be-
tween colonies (via hyphal fusion) is very limited in mature colonies, in contrast to in young colonies and germlings that readily
share nutrients and genetic resources. The differences in genetic/resource sharing between young and mature colonies were as-

sociated with variations in colony architecture (hyphal differentiation/diameters, branching patterns, and angles). Thus, the
ability to share resources and genetic material between colonies is developmentally regulated and is a function of the age of a
colony. This study highlights the necessity of hyphal fusion for efficient nutrient translocation within an N. crassa colony but
also shows that established N. crassa colonies do not share resources in a significant manner.

he transition from unicellular to multicellular organisms has

occurred on multiple occasions in diverse lineages over con-
siderable evolutionary time (28, 38, 68). While an initial adaptive
advantage may have accrued simply from being larger, multicel-
lular organisms subsequently developed increased differentiation
and specialization, leading to a more efficient division of labor (8).
Multicellularity may have arisen by either the aggregation of indi-
vidual cells to form a colony or by the failure of daughter cells to
separate following division. Comparisons of unicellular animals
and their multicellular relatives support the view that multicellu-
larity is associated with expansion of the genetic families involved
in cell adhesion, cell-cell signaling, and cell differentiation (63). In
contrast, multicellular plants and fungi are derived from ancestors
that failed to separate following cell division, providing an oppor-
tunity to retain cytoplasmic continuity between daughter cells
(75). Thus, plant cells are linked by tissue-specific patterns of plas-
modesmata (41, 47), while fungi are either coenocytic or have
perforated septa that allow intercompartmental exchange (40).

In ascomycete and basidiomycete fungi, cytoplasmic continu-
ity is increased further through hyphal fusions (anastomoses),
leading to an interconnected mycelial network (9, 31, 56-59). Net-
work formation is hypothesized to be an adaptation to foraging,
particularly where resources have a heterogeneous distribution in
time and space, or to allowing a more rapid capture, exploitation,
and defense of new territory. Network architecture is remodeled
during growth, branching, and fusion (3, 21, 22), making it highly
responsive to variations in resource availability or in the amount
of damage incurred (7, 65). In networked organisms, such as fila-
mentous fungi, cytoplasmic continuity facilitates long-distance
transport of resources at speeds much faster than those with dif-
fusion alone through cytoplasmic streaming (26, 50, 73) or mass
flow (14) without the elaboration of a separate vascular system
(32). These data suggest that the architecture of a colony can have
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an important influence on the physiological state, organelle dis-
tribution, and nutrient translocation within the mycelium (64).
While self-fusion within a colony influences network architec-
ture, different colonies can potentially share resources via hyphal
fusion events (17, 21, 25, 33, 45). This aspect has been hypothe-
sized to be important for the exploitation of new resources via
heterokaryon formation (55) and for the generation of new ge-
netic diversity via parasexual genetics and lateral gene/chromo-
some transfer (42, 51, 60). The molecular and genetic mechanisms
involved in hyphal fusion have been studied extensively in the
filamentous ascomycete fungus Neurospora crassa (19, 39, 58).
Fusion occurs when N. crassa germlings and/or hyphae grow to-
ward each other through chemotropic interactions and adhere
upon physical contact, which is subsequently followed by cell wall
breakdown and a membrane merger to create a pore through
which the cytoplasm and organelles move (9, 17, 33). Many N.
crassa mutants defective in hyphal fusion have been identified (1,
15, 18, 24, 48, 66, 76). Although some fusion mutants show a
pleiotropic growth phenotype, two fusion mutants, the Aso and
APrm-1 strains, maintain near-wild-type maximal growth rates.
The soft (so) locus encodes a filamentous ascomycete-specific pro-
tein required for hyphal fusion, dynamic communication between
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germlings, and septal plugging after injury (16, 18). The Aso mu-
tant also shows a lag in colony establishment (61) due to its inabil-
ity to undergo germling fusion. In contrast to Aso mutants, which
show essentially no germling or hyphal fusion, APrm-1 mutants
have an ~50% reduction in germling and hyphal fusion events
compared to the number in the wild type (15). The N. crassa
Prm-1 locus encodes a transmembrane protein that has been
shown to be important for plasma membrane merging during
germling and hyphal fusion. These mutants bring the degree of
fusion, and therefore the network architecture, under experimen-
tal control, making it feasible to test the importance of hyphal
fusion on nutrient transport, genetic mixing, and network func-
tion.

Previouswork on translocation in fungi, particularly in basidio-
mycete species, has focused on wild isolates; the requirement of an
interconnected network for nutrient translocation and colony in-
teractions has not been tested. We therefore evaluated whether
network formation in the N. crassa wild type, versus the Aso and
APrm-1 mutants, influenced nutrient transport under increas-
ingly challenging conditions, from initially homogeneous media
to heterogeneous systems with strongly asymmetric demands. We
investigated further whether fusion that is associated with colony
developmental age influences resource sharing between colonies,
and we evaluated its potential impact on generating genetic het-
erogeneity.

MATERIALS AND METHODS

Strains and media. The soft (FGSC 508), Aso:hph A (FGSC 11293),
APrm-1:hph A (A32), and wild-type (FGSC 2489) strains were obtained
from the Fungal Genetics Stock Center (43). We used the his-3::HI-dsRed
and his-3::Prdil-rdi-1-sgfp strains (53) for fluorescence imaging of the
colonies. The strains were grown on Vogel’s minimal medium (VMM)
(74) with the required supplements. To obtain inoculum plugs and strips,
strains were grown from conidia on plates of VMM (74). The one-tenth
sucrose medium used for the stable isotope experiments contained 2 g/li-
ter sucrose and 1.5% agar. The medium used for sucrose resource plugs in
radioisotope experiments contained 20 g/liter sucrose and 1.5% agar.

Stable isotope experiments. Colonies of the Aso, APrm-1, and wild-
type strains were grown for approximately 1 week in VMM slants at 25°C
in constant light. Conidia were harvested by adding 1 ml of sterile water to
a tube and vortexing for 30 s. Twenty microliters of conidial suspension
was streaked in a line across the middle of a 24- by 24-cm petri plate filled
with VMM. Sections of the colony that were 2 mm wide by 2 mm deep by
22 cm long were taken approximately 2 to 6 mm behind the periphery of
the colony and used as inoculum strips. Subsequently, these strips were
put on glass slides placed on top of a nonionized Nytran nylon membrane
(Whatman) on top of low-sucrose VMM agar prepared as described
above. Ten replicates of each strain were prepared. Three hundred micro-
liters of 2-amino['® Nlisobutyric acid (['*N]AIB) (Sigma-Aldrich) at a
concentration of 1 pg/pl was added evenly to 4 plates of each strain along
the inoculum strip. Three hundred microliters of water was added to one
plate of each strain as a control. All colonies were then grown until they
were 5 cm in linear length. Colonies were grown at 25°C in constant light
for the entire experiment. The remaining 5 replicates per strain were used
to repeat this experiment with a slight variation: the tracer was applied to
the inoculum strip after the colonies had grown 3 cm.

Colonies were cut with clean razor blades into three regions (A, B, and
C) that were 1.67 cm wide. Hyphal biomass was scraped off the membrane
covering the media for each region and placed in preweighed 5- by 9-mm
tin cups (Costech Analytical Inc.) in a 96-well plate. The biomass was
dried for 2 days at 60°C, and the dry weight was calculated. The samples
were analyzed for C and N with an isotope ratio mass spectrometer at the
Colorado Plateau Stable Isotope Laboratory (www.isotope.nau.edu).
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Radioisotope experiments. The ability of wild-type and fusion mu-
tant strains to translocate 2-amino[1-'*Clisobutyric acid (['*C]AIB)
from the center of a colony to hyphae at the periphery was assessed as the
colony grew out from an inoculation plug. Two 8-mm-diameter, 3-mm-
thick VMM agar plugs cut from just behind the tip region of a growing
colony were placed in opposite corners on translucent scintillation screens
(BioMax TRanscreen LE) lining 12-cm by 12-cm-square petri plates. The
plugs were approximately 4 cm from the side of the plates, approximately
3 cm from the top or bottom of the plates, and approximately 7.2 cm away
from each other on a diagonal. An 8-mm-diameter glucose and agar plug,
which we termed a “resource plug,” was placed approximately 4 cm op-
posite each inoculation plug. Water-soaked pieces of paper towel were
placed in the corners of the plates off the screen to maintain humidity. Ten
microliters of 0.9 mM ['*C]AIB was added to each inoculation plug at the
time of placement on the scintillation screen. The colonies were then
imaged using a photon-counting camera over 3 days to observe the move-
ment of the ['*C]AIB through the colonies as they grew. The specifics on
imaging techniques can be found in references 70 and 72. To test whether
the strains could transport AIB from the periphery of a colony toward the
interior, we used the same experimental design as described above, except
that [**C]AIB was added to the uninoculated resource plugs instead of to
the inoculation plugs.

To test the transport of ["*C]JAIB from one colony to another, six
8-mm-diameter inoculation plugs were taken from just behind the tip
region of a colony and placed in two rows of three approximately 3 cm
apart on a scintillation screen lining a 12-cm by 12-cm-square petri plate.
[**C]AIB was added to three of the inoculation plugs in a checkerboard
pattern, and photon emission was counted as described in reference 72.

Microscopy and developmental age experiments. Two different
strains with fluorescently labeled proteins were used: histone H1 (HI-
dsRed) (20, 54) and rdi-1-gfp (53). The Hl-red fluorescent protein
(dsRED) localizes to nuclei, and Rho guanosine nucleotide dissociation
inhibitor 1 (RDI1)-green fluorescent protein (GFP) localizes to the cyto-
plasm. Three microliters of approximately 10%/ml conidia of each strain
was inoculated in a line either 5 mm or 10 mm apart on the center of a
rectangle of VMM agar on a 6- by 4-cm glass slide. The colonies were kept
in a 25°C constant-light room. The colonies each had two linear growth
fronts, one growing toward the other colony, referred to as the inner front,
and one growing frontward away from the other colony, referred to as the
outer front. We captured fluorescent images (GFP and RFP) of the colo-
nies (i) on the center of the inner front where the two colonies met, (ii)
directly next to the inoculation lines on the inner front, and (iii) at the tips
of the outer front. Additional transects were imaged on the outer fronts
every 5 mm up to every 1 cm. At each point, an image was taken with a
GFP filter, and an image was taken with an RFP filter. Three replicates
were performed for each experiment. Micrographs were taken with a dig-
ital C4742-95 charge-coupled-device camera (Hamamatsu, Japan) using
the Openlab software program (Coventry, United Kingdom) and a Zeiss
Axioskop II microscope.

Colony architecture images were obtained by covering the hyphae
with 10 mM calcofluor. Images were taken after 15 min, allowing the
calcofluor to be absorbed into the hyphae and to stain the cell walls.
Micrographs were taken using a QIClick camera (QImaging, Surrey, BC,
Canada) on a Zeiss Axiolmager microscope, and the images were analyzed
using iVision Mac 4.5 software. The hyphal diameters and angles were
measured for 10 leading hyphae containing ~30 primary branches and
~20 secondary branches.

RESULTS

Hyphal fusion is required for efficient nutrient translocation.
The impact of varying levels of hyphal fusion on nutrient translo-
cation was determined by evaluating the distribution of an en-
riched stable isotope tracer, ['>NJAIB, which was added to an
inoculum of a fully interconnected wild-type (WT) colony, a par-
tially connected APrm-1 colony, or an unconnected Aso colony.
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FIG 1 Experimental design and translocation of '°N in N. crassa colonies.
(A) Diagram of plates used for stable isotope translocation experiments. The
plates were 24 by 24 cm and filled with low-sucrose agar covered with a nylon
membrane, with glass slides placed at one edge of the plate. An inoculum strip
of minimal medium agar containing a strip of hyphae was placed on the edge of
the glass slides. ['>N]AIB was added to the inoculum strip either at the start of
the experiment or after the colonies had grown 3 cm. The letters indicate the
1.67-cm regions from which the colony biomass was harvested. (B) The
amounts of §'°N in regions A, B, and C of the WT, APrm-1, and Aso colonies
were determined when a ['>N]AIB tracer was added to the inoculation strip at
the time of colony inoculation. (C) The amounts of 3'°N in regions A, B, and
C of the wild-type, APrm-1, and Aso colonies were determined when a
['*N]AIB tracer was added to the inoculation strip after 3 cm of linear growth.
Bars indicate the standard errors.

Following inoculation and ['’N]AIB addition, the 8'°N distribu-
tion across sections of the colony was measured after ~5 cm of
linear growth by harvesting a strip immediately adjacent to the
inoculum point (region A), a strip at the midzone (region B), and
astrip at the colony margin (region C) (Fig. 1A). The levels of 3'°N
in the WT, APrm-1, and Aso colonies were similar in region A
adjacent to the inoculum point (Fig. 1B). In both the WT and
APrm-1 colonies, the 8"°N levels significantly increased toward
the colony periphery (regions B and C; Fig. 1B). However, Aso
colonies had much lower 8'°N levels in the midzone and colony
margins (Fig. 1B).

To determine if ['>N]AIB could be transported within an al-
ready established colony, a ['’N]AIB tracer was added to the in-
oculation strip of the WT, APrm-1, and Aso colonies after 3 cm of
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FIG 2 Total C/N ratios found in different regions of WT and mutant N. crassa
colonies. (A and B) Total carbon/nitrogen ratios obtained from regions A, B,
and C (Fig. 1A) from the WT, APrm-1, and Aso colonies when ['*N]AIB tracer
was added to the inoculation strip at the time of inoculation (start) (A) or after
3 cm of linear growth (B); (C and D) total percentages of nitrogen found in
regions A, B,and Cin the WT, APrm-1, and Aso colonies when ['>N]AIB tracer
was added to the inoculation strip at the time of inoculation (start) (C) or after
3 cm of linear growth (D); (E and F) total percentages of carbon found in
regions A, B,and Cin the WT, APrm-1,and Aso colonies when ['>N]JAIB tracer
was added at inoculation (E) or after 3 cm of linear growth (F). Error bars
indicate the standard errors. The average natural abundance of "°N for the
unenriched control colonies was ~4.5%o.

linear growth. As described above, strips of the colony were har-
vested after 5 cm of linear growth. The APrm-1 and Aso colonies
showed similar 3'°N levels in the region immediately adjacent to
the inoculum point, while WT colonies had significantly higher
levels (Fig. 1C). However, a very significant decrease in '°N levels
in the Aso colonies toward the colony margin was observed com-
pared to that in the WT and APrm-1 colonies. These data indicate
that the WT and the APrm-1 mutant are capable of the transloca-
tion of nutrients during growth or in an already-established net-
work, while the unconnected Aso mutant colonies are incapable of
significant translocation.

Network formation affects carbon/nitrogen ratios in colo-
nies. An important trait of filamentous fungi is their ability to
rapidly distribute carbon and nitrogen from sources to sinks (6,
21, 32), a trait that is presumably mediated by the interconnected
mycelial network. We therefore tested the hypothesis that the total
C and N content in Aso colonies, which show a severe defect in
resource translocation, would be significantly different from that
in the wild-type colonies. As predicted, the Aso mutant had a
higher C/N ratio than both the APrm-1 and WT colonies (Fig. 2A
and B). Carbon, nitrogen, or the synergy of C and N could drive

ecasm.org 1347


http://ec.asm.org

Simonin et al.

A
re R | ¥
WT
R §I* ’
“® R .
APrm-1
cer| @
¢ R| @
A
S0 R @I %
EXils Shr 3200
B
o3
WT I «R* © @
RS | R -
=
| ®R* - . 4 .
APrm-1
R*s | » a ' '.
T—
I »R* ES % & ‘
Aso
R*s | ® © o ’
4 i;r 8 I;r 16 l;r 32_hr |64 hr

FIG 3 Images of ['*C]AIB in colonies of WT and mutant N. crassa strains over
time. (A) Images of photon emissions were captured at 4, 8, 16, 32, and 64 h
from the WT, APrm-1, and Aso colonies where ['*C]AIB was added to the
inoculation plugs (I*) prior to growth of the colony. Unlabeled sucrose re-
source plugs (R) were placed ~4 cm from the inoculation plugs. (B) Photon
emissions captured at 4, 8, 16, 32, and 64 h from the WT, APrm-1, and Aso
colonies where ["*C]AIB had been added to a sucrose resource plug (R*) prior
to growth, but the inoculum plug (I) remained unlabeled. Resource plugs were
placed ~4 cm from the inoculation plugs.

these differences in C/N ratios. We therefore analyzed the total C
and N content separately (see Materials and Methods). A statisti-
cally significant trend in total C amounts was not observed be-
tween the strains or treatments (Fig. 2E and F). However, differ-
ences in the total N percentages were observed. For all three
strains, the tip region had higher total N levels. For the Aso colo-
nies, all treatments showed a significantly lower total N level (Fig.
2C and D). Because we did not use an enriched ">C tracer, we were
also able to analyze the natural abundance of 8'°C. There was a
small but significantly more negative 3'>C abundance in all the
Aso regions than that in the corresponding region of the APrm-1
or wild-type colonies (see Fig. S1 in the supplemental material).
These observations indicate that Aso colonies have an altered car-
bon metabolism or utilization that leads to the fractionation of C,
which is significantly different than that in the APrm-1 and WT
colonies.

Dynamic measurements of N distribution during explora-
tion of a heterogeneous environment. The requirement for har-
vesting samples destructively (Fig. 1 and 2) restricts the temporal
and spatial resolution that can be achieved with '°N isotope stud-
ies and makes it challenging to observe dynamic behavior in re-
sponse to perturbation. We therefore imaged the rates and pat-
terns of resource distribution in living WT, APrm-1, and Aso
colonies grown in a heterogeneous environment (media plugs
placed on a scintillation screen) using photon-counting scintilla-
tion imaging (PCSI) of *C-labeled AIB. Distinctly different pat-
terns of ['*C]AIB distribution were observed in all three strains. In
the WT colonies, the majority of the ['*C]AIB was distributed
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FIG 4 ["C]AIB translocation between N. crassa colonies. (A) Six colonies
were grown on one 12- by 12-cm petri plate, with three inoculum plugs labeled
with ["*CJAIB (I*) and three inoculum plugs that were left unlabeled (I) in a
checkerboard pattern. (B) Photon emissions were captured from WT colonies
from an experimental design shown in panel A after growth for 64 h.

toward the periphery of the colony (Fig. 3A, top), consistent with
the ['*N]AIB tracer data from mass spectrometry analyses of the
colony sections. Furthermore, the distribution of ['*C]AIB in the
WT was not affected by the presence of an additional resource,
with no evidence for preferential resource allocation to this sector
of the colony. In the APrm-1 mutant colonies, a significant frac-
tion of ['*C]AIB remained in the interior of the colonies (Fig. 3A,
middle), while in the Aso colonies, the majority of the tracer was
concentrated around the original inoculum plugs (Fig. 3A, bot-
tom). These observations indicate that even an ~50% decrease in
network formation, as observed in the APrm-1 colonies, signifi-
cantly affected the ability of a colony to translocate resources in a
more polarized heterogeneous environment.

There is no detectable retrograde transport of resources in
Neurospora. A WT N. crassa strain was very efficient at translo-
cating AIB from the inoculum to the periphery of the colony (Fig.
3A). We therefore asked whether colonies of WT or the APrm-1
and Aso fusion mutants were affected in the retrograde transport
of ['"*C]AIB from the tips toward the interior of the colony. In this
case, the ['*C]AIB was added to resource plugs so that the hyphae
at the periphery of a colony originating from the inoculation plug
would “discover” the resource. However, minimal reverse trans-
location of the ['*C]AIB from the resource plug to the interior of
the colony was observed in all three of the strains (Fig. 3B). We
infer that retrograde translocation of resources from the hyphal
tips to the colony interior does not occur at a significant level in N.
crassa under the conditions tested here.

Mature networked colonies of N. crassa do not share re-
sources. To assess whether fusion might impact resource sharing
between adjacent genetically identical colonies, ['*C]AIB was
added to alternating plugs of the WT colonies in two rows such
that every other plug was labeled (Fig. 4A). After 3 days, fungal
growth was confluent, and the individual colonies could no longer
be distinguished from each other. However, when examined for
["*C]AIB distribution, only the colonies that emerged from the
['*C]AIB plugs were labeled, resulting in a checkerboard pattern
of labeled and unlabeled colonies (Fig. 4B). The labeled colonies
did not grow substantially into the unlabeled colonies or translo-
cate ['*C]AIB an appreciable distance into neighboring colonies.
These data indicate that no or only limited resource sharing occurs
between mature N. crassa colonies.

Genetic mixing in WT colonies is affected by colony age. As
fusion does not appear to assist long-distance transport between
colonies (Fig. 4), we tested whether it had an impact on genetic
mixing. We assessed the movement of fluorescently labeled pro-
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cence (mixed) across H1-dsRED and rdi-1-gfp colonies inoculated 5 mm apart. Error bars indicate the standard errors. (B) Graph showing average percentage of
hyphae containing only green fluorescence (RDI1-GFP), average percentage of hyphae containing only red fluorescence (H1-dsRED), and average percentage of
hyphae with both green and red fluorescence (mixed) across HI-dsRED and rdi-1-gfp colonies inoculated 1 cm apart. Bars indicate the standard errors. (C)
Micrograph of the periphery of a 2.5-mm colony stained with 10 mM calcofluor; angle values between leading hyphae and primary branches are indicated.
Abbreviations: L, leading hyphae; P, primary branch; S, secondary branch. (D) Micrograph of the periphery of a 5-mm colony stained with 10 mM calcofluor;
angle values between leading hyphae and primary branches are indicated. Scale bars indicate 100 wm. (E) A graph showing average hyphal diameters at different

locations within the colonies. Bars indicate the standard errors.

teins targeted to the nucleus and cytoplasm of WT N. crassa colo-
nies that were allowed to come into physical contact with each
other. Conidia from a wild-type strain bearing a nuclear fluores-
cence marker (H1-dsRED) (20) and conidia from a wild-type
strain bearing a cytoplasmic GFP marker (RDI1-GFP) (53) were
inoculated in opposing parallel lines. To assess whether genetic
mixing occurred, fluorescent images were taken at transects
throughout both colonies. Mixed red (H1-dsRED; rhodamine fil-
ter) and green (RDI1-GFP; GFP filter) hyphae are a consequence
of hyphal fusion events between the HI-dsRed and rdi-1-gfp col-
onies.

Conidial lines inoculated 5 mm apart germinated and grew
~2.5 mm before they encountered each other. The contact area
between the rdi-1-gfp and HI-dsRed colonies showed ~50%
mixed hyphae (Fig. 5A). In addition, the entire HI-dsRed colony
showed significant red and green fluorescence, with the outer pe-
riphery of the colony opposite of the contact zone containing 85%
mixed hyphae. In the rdi-1-gfp colony, red nuclear fluorescence
extended to the inoculation point (~2.5 mm) but was not ob-
served in the remainder of the rdi-1-gfp colony. The differences in
mixing ratios between the two colonies could be due to an inability
to detect small numbers of HI-dsRed nuclei, histone H1 turnover,
or simply that the HI-dsRed nuclei did not migrate as far as the
cytoplasmically localized RDI1. As observed with the ['*C]AIB
labeling (Fig. 4B), there was little growth of the hyphae of the
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rdi-1-gfp strain (“green-only” hyphae) into the HI-dsRed colony
or growth of HI-dsRed (“red-only”) hyphae into the rdi-1-gfp
colony.

When the HI-dsRed and rdi-1-gfp conidial lines were plated 10
mm apart, they germinated and grew ~5 mm from the inocula-
tion point before encountering each other. Unlike with the colo-
nies that were inoculated 5 mm apart, mixing was limited to the
interaction zone only (Fig. 5B). No nuclear dsRed fluorescence
was detected in the rdi-1-gfp colony past the contact zone, and a
very low percentage of hyphae showed cytoplasmic GFP fluores-
cence 2.5 mm from the contact zone in the HI-dsRed colony.
These data suggest that, after 5 mm of linear growth, N. crassa
colonies have reached a developmental age at which extensive cy-
toplasmic and nuclear exchange is restricted.

Hyphal architecture changes with colony age and is associ-
ated with the capacity to share resources. Germlings in N. crassa
and young, undifferentiated hyphae show developmental and
morphological differences from hyphae in a mature colony (2, 44,
62, 67). For example, while germ tubes have uniform hyphal di-
ameters (~3.5 pm) (62), in a mature colony at least 4 different
hyphal types occur (5), which are characterized by differences in
hyphal diameter, branching angles, extension rates, and compart-
ment lengths (67). To test the hypothesis that a developmental
time point during colony establishment is associated with re-
source sharing, conidia/hyphae were stained with 10 mM calco-
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fluor, and images were captured from the conidial inoculation
point to the 2.5-mm growth front in colonies inoculated 5 mm
apart and from the inoculation point to 5 mm of growth in colo-
nies inoculated 10 mm apart (Fig. 5C and D; see also Fig. S2 in the
supplemental material). There were striking differences in hyphal
architecture at the colony periphery of a 2.5-mm colony com-
pared to that of the hyphae at the periphery of a 5-mm colony. All
hyphae at the periphery of a 2.5-mm colony had similar hyphal
diameters and displayed branching angles of ~90° (right angles)
(Fig. 5C and E). In contrast, hyphae at the periphery of a 5-mm
colony differentiated into leading (or trunk) hyphae and primary
and secondary branch hyphae that had significantly different hy-
phal diameters (Fig. 5E). In particular, the branch angles of the
primary and secondary hyphae were no longer at 90° but showed
branch angles of ~50° (Fig. 5D; see also Fig. S3 in the supplemen-
tal material). These observations suggest that while germlings and
undifferentiated colonies of N. crassa readily share resources be-
tween colonies via hyphal fusion, their differentiation into mature
hyphal forms restricts resource sharing to the interaction zones of
mature colonies.

DISCUSSION

This study used multiple techniques, including radioisotope trac-
ers, stable isotope tracers, and fluorescently labeled proteins, to
visualize and quantify nutrient flows and cytoplasmic and nuclear
movement within and between N. crassa colonies. Using the Aso
and APrm-1 fusion mutants, we determined that hyphal fusion
influences nutrient distribution within N. crassa colonies. The soft
mutant, which lacks hyphal fusion (18), is severely decreased in its
ability to transport resources. These results imply that an inter-
connected network is important for nutrient translocation within
a fungal colony. The soft mutant is also different than the APrm-1
mutant and the WT in terms of carbon and nitrogen composition
and ratios, but it is unclear whether this is a result of the lack of
hyphal fusion and a reduced ability to translocate nutrients.

A hallmark of true filamentous fungi is the ability to form
interconnected networks (9). Mathematical models of intercon-
nected networks show that the exchange of energy resources pro-
vides an adaptive advantage to these organisms (49). Fungal inter-
connected networks form a contiguous lumen, which may
facilitate information flow through biophysical principles, such as
growth-induced mass flows and hydraulic coupling (30, 31), or
through cytoplasmic streaming, leading to significant advection
(26, 50, 73). However, different fungal species show marked dif-
ferences in septation (29) that can restrict these flows, particularly
those of nuclei. In N. crassa, the septal pores are open, and the
cytoplasm and all organelles, including nuclei, show dramatic
flow rates through interconnected networks (33). Other species,
such as many filamentous basidiomycetes, have complex struc-
tures at the septa that allow cytoplasmic and presumably some
organellar transfer but which restrict nuclear mixing (46). Ad-
ditionally, some basidiomycete species can form multihyphal
aggregates, termed cords or rhizomorphs, that show some tissue
differentiation, with larger-vessel hyphae acting as conduits for
long-distance transport (14, 32).

Nutrient translocation and the rates of movement in fungal
species are of particular interest in many fields, but research link-
ing network morphology to measured nutrient movement is
scarce (23). Most analyses use theoretical models to predict trans-
port efficiency and network resilience from an empirically deter-
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mined network architecture system (3, 30). In theory, efficient and
robust translocation networks can be achieved by differential re-
inforcement of the main transport pathways coupled with the
introduction of cross-linking pathways, analogous to fusion
events, which add robustness to the system. During grazing by
Collembola on cord-forming colonies of the basidiomycete Phan-
erochaete velutina, the network responded to attack by increasing
the degree of cross-linking, dynamically adjusting the resilience of
the system at the expense of further exploratory growth (65). In
this study, we removed or reduced the fusion component of an N.
crassa colony through genetic manipulation by using mutants that
differed in fusion frequency. Our results show that hyphal fusion
is necessary for effective nutrient translocation, and even an
~50% reduction in fusion frequency in the APrm-1 mutant re-
sulted in decreased translocation rates (Fig. 4).

Using the concepts advanced by Grime (27), saprotrophic
basidiomycetes, such as P. velutina, are persistent stress-tolerant
(S-selected) or combative (C-selected) species, while N. crassa is a
ruderal (R-selected) ascomycete species (52) adapted for the rapid
colonization of fire-damaged trees (35). Our results show that N.
crassa colonies can easily translocate a tracer when labeled from an
inoculation point, as well as through an established colony. How-
ever, retrograde transport was not observed. When encountering
a carbon-rich resource plug under nutrient-poor conditions, the
N. crassa colonies did not transport resources to the interior of the
colony but instead sent these resources outward toward foraging
tips (Fig. 3). These observations are in contrast to those of mycor-
rhizal fungi, where bidirectional transport is required from the
tips to the roots and the roots to the tips (11). In persistent basidio-
mycete species, such as P. velutina, rapid pulsatile fluxes operate
both acropetally and basipetally between the inoculum and added
resources (69, 71, 72). In addition, unlike in N. crassa, rapid shifts
in nutrient distribution occurred in P. velutina in response to new
resource additions (70) and even to long-distance translocation
between different individuals (21). These differences in colony
transport may be primarily due to the formation of cords in some
basidiomycete species, such as P. velutina or Armillaria mellea,
that facilitate retrograde movement (70). Indeed, some degree of
hyphal differentiation and tissue organization may be essential to
allow more complex patterns of nutrient distribution, such as ret-
rograde translocation and strategic reallocation of nutrients from
sources to sinks. Differences in colony transport potentially have a
further effect on C and N composition and metabolism in colo-
nies, as is seen in the significantly decreased N and altered C iso-
tope fractionations in N. crassa colonies lacking fusion.

Germlings readily share cytoplasm and nuclei when they fuse
(17, 62). However, our results show that genetically identical
~5-mm colonies that physically interact do not significantly share
cytoplasm and nutrients. There are a number of developmental
differences between germlings and mature N. crassa colonies. For
example, the transcriptional profile of germlings is much different
from that of older colonies (36, 37), and some hyphal fusion mu-
tants that do not show germling fusion will resume fusion after
colony development (66). N. crassa germlings lack a defined Spit-
zenkorper and a nuclear exclusion zone in the hyphal apex, but
once these germlings grow to 150 pm, they have acquired both
(2). Similarly, young undifferentiated N. crassa mycelia have uni-
form hyphal diameters (~3 to 4 wm), uniform hyphal extension
rates and compartment lengths (67), and near-90° branch angles
(44). By contrast, hyphae in mature colonies show differentiation,
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with “leader or trunk” hyphae (~10 pwm in diameter) versus pri-
mary (~7 pm in diameter) and secondary (~5 pm in diameter)
branches, with branching angles of ~60° (44, 67). These observa-
tions indicate that germlings and young colonies are physiologi-
cally and developmentally distinct from mature colonies, which
dramatically affects their capacity for resource sharing. Ecologi-
cally, it may be important for germlings and young colonies to
pool their resources via fusion to outcompete others for the utili-
zation of a new resource (61). However, once a colony is estab-
lished, cooperation may be less important, and other aspects, such
as resource plundering and the transfer of mycoviruses (4, 10, 12,
13), both of which occur via hyphal fusion between colonies, may
play an important role in the restriction of interaction between
colonies. Interestingly, it was recently shown that a non-self-rec-
ognition system in filamentous fungi, termed heterokaryon or
vegetative incompatibility, which restricts heterokaryon forma-
tion between mature colonies, is suppressed in germlings in the
filamentous ascomycete Colletotrichum lindemuthianum (34).
Thus, our data indicate that hyphal architecture, which is regu-
lated developmentally, plays an important role in the capacity of
individual colonies to share resources. Further research will be
necessary to determine the signals and processes affected by hy-
phal fusion within and between fungal colonies and its capacity for
genetic exchange and resource sharing, especially between fungi
with differing life histories.
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