
The gut microbiome: Connecting spatial organization to function

Carolina Tropini1,*, Kristen A. Earle1,*, Kerwyn Casey Huang1,2,†, and Justin L. 
Sonnenburg2,†

1Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, 
CA 94305, USA

2Department of Bioengineering, Stanford University, Stanford, CA 94305, USA

Abstract

The first rudimentary evidence that the human body harbors a microbiota hinted at the complexity 

of host-associated microbial ecosystems. Now, almost 400 years later, a renaissance in the study of 

microbiota spatial organization, driven by coincident revolutions in imaging and sequencing 

technologies, is revealing functional relationships between biogeography and health, particularly 

in the vertebrate gut. In this review, we present our current understanding of principles governing 

the localization of intestinal bacteria, and spatial relationships between bacteria and their hosts. 

We further discuss important emerging directions that will enable progressing from the inherently 

descriptive nature of localization and –omics technologies to provide functional, quantitative, and 

mechanistic insight into this complex ecosystem.

Introduction

The complex consortium of microbes that inhabits the distal human gut has become a topic 

of intense scientific study over the past decade, resulting in huge gains of sequence-based, 

molecular, and functional understanding. Still, many of the governing principles by which 

the human body acts as a home to microbial life were established by pioneering research 

from several hundred years ago. In the 17th century, Antonie van Leeuwenhoek created 

lenses powerful enough to observe bacteria for the first time, and quickly focused on his own 

body. In scrapings from the plaque between his teeth, he found a diverse, abundant array of 

“animalcules”. Nevertheless, it was not until the 20th century that Elie Metchnikoff 

elucidated that humans are born sterile and then populated immediately after birth by 

numerous microbes (Metchnikoff, 1901), and laid out an atlas for the gastrointestinal tract 
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that still serves as the framework of our current understanding. His microscopy studies 

revealed that the density of bacteria increases along the length of the gastrointestinal tract, 

that different diets foster the growth of distinct microbial communities, and that bacteria are 

most abundant in the large intestine (Metchnikoff, 1901). However, it was uncertain at that 

time whether this community performed any valuable function(s). Instead, there was largely 

consensus that the majority of the gastrointestinal tract and its microbial community were 

evolutionary relics (Metchnikoff, 1901).

Recent insight into the gut microbiota’s tremendous impact on health and development has 

largely been driven by technological advances. Continually decreasing sequencing costs 

have helped with establishing a foundational understanding of the natural variation of 

microbiota composition among healthy subjects, and variation due to numerous factors, 

ranging from diet to lifestyle to delivery method. Although cataloging membership of the 

gut microbiota has become routine, understanding the functionality of individual members in 

the context of their ecosystem remains challenging. To that end, high-throughput assays 

focused on analysis of DNA (metagenomics), proteins (proteomics), and small molecules 

(metabolomics) are providing key tools to interrogate the elaborate crosstalk among gut 

microbes and between microbes and their host. Nonetheless, these techniques are typically 

applied to homogenized samples and neglect the spatial heterogeneity that underlies 

operations within this complex ecosystem.

While these high-throughput –omics techniques can be applied to virtually any biological 

sample (at least in principle), most analyses rely on stool, which has both advantages and 

shortcomings. Fecal material can be obtained non-invasively, is readily available, and allows 

for repeated sampling of an individual over time. However, sensitivity to change or decay of 

microbes and the molecules they produce (e.g., transcripts, metabolites) means that what is 

detected in stool may not be representative of what is occurring within the host. Perhaps 

most importantly, the snapshot of the gastrointestinal system provided by a single fecal 

sample is unable to capture the variation in bacterial localization and function along the 

length of the digestive tract.

Efforts have been made to quantify microbiota composition using 16S rRNA sequencing 

from samples derived invasively from distinct locations along the gastrointestinal tract, 

either by biopsy (Eckburg et al., 2005; Wang et al., 2005), laser-capture microdissection 

(Nava et al., 2011), or manual dissection (Turnbaugh et al., 2009; Yasuda et al., 2015). 

However, reliance upon bulk material for these measurements still results in loss of spatial 

resolution at the level of individual cells or even large consortia, thus failing to capture 

relationships within multi-cellular structures known to play important roles in complex 

microbial ecosystems (Dekas et al., 2014; Sekiguchi et al., 1999). To determine which 

bacteria are where, how their gene expression and function is connected to their local 

environment, and how global spatial organization varies in health and disease, we must 

return to where the field began – the microscope.
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Biogeography of the gut microbiota

The gut contains a number of distinct habitats that select for heterogeneous spatial 

organization of the microbes housed within (reviewed in detail in (Donaldson et al., 2016; 

Fung et al., 2014; Kamada et al., 2013; Mowat and Agace, 2014). Variation in microbial 

localization and density within the digestive tract has been described along both the length 

of the gut (from mouth to rectum) and the cross-section (from mucosa-associated into the 

lumen). Chemical gradients (e.g. pH) (O’May et al., 2005), oxygen levels (Albenberg et al., 

2014), nutrient availability (Berry et al., 2013), and immune effectors (Vaishnava et al., 

2011) are among the many factors hypothesized to drive heterogeneity along the 

longitudinal and transverse axes. Experimental models such as mice have led to a general 

understanding of gut biogeography, including epithelial topography, mucus architecture, and 

the spatial distribution of various phyla (Figure 1).

Bacteria are not uniformly distributed throughout the lumen

The vast majority of gut bacteria are found within the transient digesta passing through the 

lumen of the lower gastrointestinal tract. Although the lumen is a continuous space, 

properties of the local microenvironment drive variation in both identity and abundance of 

taxa. In the small intestine, where transit is faster, and simple sugar and amino acid 

metabolism is favored, the community is dominated by rapidly dividing facultative 

anaerobes such as Proteobacteria and Lactobacillales (Gu et al., 2013). By contrast, in the 

large intestine the flow is slower, and metabolism favors fermentation of complex 

polysaccharides derived either from undigested plant material (fiber), or from the host 

mucus. This results in greater species richness (Faith et al., 2013; Seedorf et al., 2014; 

Turnbaugh et al., 2009) and dominance of the saccharolytic Bacteroidales and Clostridiales 

orders.

Within the colon, bacteria are also organized along the transverse axis, from the middle of 

the lumen to the mucosa. Moving toward the epithelium, mucin utilizers, such as 

Akkermansia muciniphila (Berry et al., 2013) and certain Bacteroides spp. (Berry et al., 

2013; Yasuda et al., 2015), are thought to be enriched in the loose outer mucus layer that in 

humans extends several hundred microns into the lumen. Closer to the mucosa, an oxygen 

gradient selects for aerotolerant taxa, such as Proteobacteria and Actinobacteria, that express 

higher levels of oxygen-detoxifying catalases than other lumen residents (Albenberg et al., 

2014).

Most commensal organisms are kept segregated from the epithelium by the mucosa

The inflammatory risk of housing trillions of microbes within our gut is minimized by 

immunological and physical barriers that limit bacterial colonization of the intestinal mucosa 

(reviewed in detail in (Johansson and Hansson, 2016)). The best studied physical barrier to 

the intestinal epithelium is the gastrointestinal gel-forming mucin MUC2, which 

polymerizes to form a mesh-like microbial sieve (Johansson et al., 2011). In mice, the mucus 

is thickest and densest in the distal colon, where it is organized into two layers: the striated, 

attached inner layer that is generally devoid of bacteria, and the outer loose layer, which 

provides a habitat and scaffold for bacterial attachment and nourishment (Johansson et al., 
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2008). The inner layer physically excludes bacteria (Atuma et al., 2001; Ermund et al., 

2013b; Swidsinski et al., 2007b) and is enriched in innate and adaptive immune effectors 

targeting the microbiota, thereby providing a biochemical barrier as well (Barr et al., 2013; 

Bergstrom et al., 2016; Macpherson et al., 2015; Rogier et al., 2014).

Like the microbiota composition, the mucus varies throughout the colon, becoming denser 

and more continuous along the length toward the rectum, in part due to decreased water 

content. Interestingly, mucus thickness also fluctuates depending on circadian rhythms, 

affecting the taxonomic composition of the mucosal-associated ecosystem (Thaiss et al., 

2016). In the small intestine, where most nutrient absorption occurs, the mucus is loose and 

penetrable (Ermund et al., 2013a). Nonetheless, the spaces between villi are largely free of 

bacteria, due to secretion of antimicrobial peptides (Salzman et al., 2010; Vaishnava et al., 

2011).

In mice, close association of bacteria with the epithelial surface and within crypts appear to 

be common features of the proximal colon and cecum (Pedron et al., 2012), where the inner 

mucus layer is less dense and more penetrable by bacteria than the distal colon (Figure 1) 

(Ermund et al., 2013a; Swidsinski et al., 2007b). The bacteria residing in crypts are distinct 

from the luminal population and enriched in members from the phyla Proteobacteria (Lee et 

al., 2013; Pedron et al., 2012) and Firmicutes (Swidsinski et al., 2005a). Though the 

Bacteroidetes are less abundant in crypts, the best-studied resident is Bacteroides fragilis, 
which is able to bind to gastrointestinal mucin (Huang et al., 2011). Stable association of B. 
fragilis in crypts has been attributed to a species-specific locus predicted to target 

polysaccharides (Lee et al., 2013). Whether these results reflect immature mucus present in 

gnotobiotic mice colonized for short periods of time ((Johansson et al., 2015) or are 

representative of a fully developed barrier will require additional studies.

Similar to crypts, the transverse folds of the proximal colon of mice provide an epithelium-

associated microhabitat for a specific subset of the mouse gut microbiota. 16S sequencing of 

sections isolated through laser capture microdissection showed that these interfold regions 

are enriched in the Firmicutes families Lachnospiraceae and Ruminococcaceae (Nava et al., 

2011). Crypts and transverse folds provide a protected habitat separated from the flow that 

transports luminal digesta. Thus, microbes localized to such safe havens likely have an 

advantage in reseeding the colon during normal transit of gut contents and after disruption 

by antibiotics and infection (Lee et al., 2013).

In addition, there are some notable exceptions to the theme that commensals are segregated 

from the epithelium by mucus and immune factors. In the ileum of mice, the Firmicutes 

segmented filamentous bacteria (SFB) adhere tightly to epithelial cells of villi and Peyer’s 

patches, and this intimate association has pronounced immunomodulatory effects (Ivanov et 

al., 2009). SFB strains are host-specific, and detected in a wide range of vertebrates (Klaasen 

et al., 1993), including humans (Yin et al., 2013). While it is not clear whether SFB, or an 

analogous taxon, occupy such a privileged physical niche in humans, there is recent 

evidence that humans harbor other lymphoid (Obata et al., 2010; Sonnenberg et al., 2012) 

and adipose tissue-resident commensals (Schieber et al., 2015). In the latter case, it was 

shown that in mice, a commensal member of Enterobacteriaceae can be detected in host 
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adipose tissue and promotes a metabolic blockade to muscle wasting (Schieber et al., 2015). 

However, the mechanisms by which specific taxa colonize and are restricted to particular 

anatomical sites are still largely unknown, and future studies are required to determine how 

stable colonization of host tissue affects host biology.

Spatial redistribution of commensals during disease

Historically, research into the impact of the microbiota on human health has focused on 

either compositional changes associated with disease, or the emergence of pathogens that 

can colonize or breach the epithelium. Now, it is becoming clear that spatial reprogramming 

of the microbiota may be a common and functionally relevant feature of chronic 

inflammatory diseases. Recently, specific microbiota members, such as the mucus degrader 

A. muciniphila, have been implicated in wound healing by stimulating enterocyte 

proliferation and migration (Alam et al., 2016). Conversely, inflammatory bowel diseases 

(IBD), which include ulcerative colitis and Crohn’s disease, are characterized by a 

compromised mucosal barrier and inappropriate immune activation by commensals 

mislocalized to the mucosa (Bergstrom et al., 2017; Swidsinski et al., 2009). Biopsies of 

patients with IBD have revealed biofilms of adherent B. fragilis covering the mucosa at 

inflamed sites (Swidsinski et al., 2005b), although it is still unclear whether this localization 

is a cause or an effect of IBD. Furthermore, there is evidence that mucus-consuming bacteria 

with increased prevalence in IBD patients are also better mucus utilizers in vitro (Png et al., 

2010), indicating an important role in mucus utilization, mucosal proximity and disease. It 

has also been shown that bacterial relocalization during colitis promotes immune stimulation 

in genetically susceptible murine hosts via outer membrane vesicles (Hickey et al., 2015). 

Host genetics may also play an important role in digestive tract diseases. Recently, a specific 

host molecular chaperone, Cosmc, was shown to be associated with IBD in humans, and 

deletion of Cosmc in mice led to loss of gut microbiota diversity (Kudelka et al., 2016). 

Furthermore, the structure of the fecal microbiota is affected in patients with chronic 

idiopathic diarrhea, suggesting that gut homeostasis is an important feature in establishing 

commensal organization (Swidsinski et al., 2008).

Polymicrobial biofilms of otherwise commensal organisms are also a spatial feature of 

colorectal tumors (Dejea et al., 2014). The lack of a consensus bacterial composition at 

tumor sites suggests that the organization of commensals may be secondary to initiation and 

potentiation of the tumor by a narrower subset of phylotypes may be the relevant 

characteristic of this pathology (Hajishengallis, 2014). Unsurprisingly, the best understood 

examples of inappropriate microbiota localization involve diseases for which biopsies are a 

routine diagnostic, suggesting the possibility of ascertainment bias. Further investment in 

microscopy and spatial imaging technology, and their use in disease models in transparent 

organisms such as Caenorhabditis elegans or zebrafish, are needed to determine the 

dynamics of mislocalization during, and its contribution to, disease processes.

Overcoming imaging challenges in the gut

Intestinal tissues have long been stained and imaged for diagnostic purposes. Hematoxylin 

and eosin (H&E) stain differentially colors basophilic and acidophilic substances, 
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respectively, and is commonly used in histology. Other stains target broad categories of 

molecules (e.g., Gram, targeting the cell wall) and hence can be used to generally define 

bacterial localization, but do not permit analysis of specific species or structures such as 

biofilms. Recent advances have combined multiple labeling approaches, including general 

stains, specific antibodies, and/or fluorescent probes, to dissect spatial heterogeneity in 

taxonomic composition and host environment across gut locations.

Mucus preservation and visualization

The gastrointestinal tract and its microbial inhabitants are difficult to observe intact. Key 

morphological features, including mucus and digesta where the vast majority of gut 

microbes reside, are difficult to preserve during routine histological preparation.

MUC2 is a large 5,197-amino acid protein core containing two mucin domains rich in 

proline, threonine, and serine repeats that become heavily O-glycosylated during processing 

in the Golgi apparatus (Johansson et al., 2011). These glycans account for nearly 80% of the 

mass of secreted MUC2 and result in the formation of a highly hydrated mucus layer upon 

secretion from the secretory vacuoles of goblet cells (Ambort et al., 2012). These properties 

render mucus difficult to preserve and observe, although some recent methodological 

advances have allowed the concurrent staining of mucus, epithelium and microbiota (Figure 

2, Box 1). However, due to the fact that hydration status can alter mucus thickness, fixed 

sections are not necessarily representative of the in vivo landscape, but rather should be used 

in comparative studies with appropriate, similarly treated controls. To assay in vivo 
characteristics, live tissue from mouse intestines can be mounted in perfusion chambers or as 

colonic explants ((Bergstrom et al., 2016; Birchenough et al., 2016), although the use of 

buffers and hydrating reagents must be carefully considered as mucus will readily absorb 

water, potentially altering thickness.

Box 1

Technical challenges of mucus and microbiota imaging

Recently developed histological methods for improved mucus preservation enable the 

observation of bacteria and mucus in a relatively intact state (Johansson and Hansson, 

2012; Matsuo et al., 1997). Fixation of tissue with fresh chloroform, dry methanol, and 

glacial acetic acid (called Carnoy’s fixative, or methacarn), and processing in water-free 

solutions before embedding in paraffin, results in a mucus layer that is structurally 

comparable to in vivo samples (Johansson et al., 2011). The presence of luminal contents 

further stabilizes the mucus and allows for the study of resident bacteria. Properly 

preserved, the mucus layer can be visualized using antibodies to MUC2 (Johansson and 

Hansson, 2012) or lectins (Essner et al., 1978) such as Ulex europaeus agglutinin I 

(UEA-1) for mouse colon (Gouyer et al., 2011) or wheat germ agglutinin (WGA) (Goto 

et al., 2014), which label specific carbohydrate structures attached to the protein core 

(Figure 1–3). However, even this fixation can cause decreases in apparent mucus 

thickness due to dehydration. The effects of this dehydration are most severe in the small 

intestine and in the proximal colon, due to the high water content of these intestinal 

regions. One limitation of this preparation method is the incompatibility of alcohol-based 
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fixatives with actin stains, such as phalloidin. Nonetheless, this methodology has opened 

the door for systematic studies of the spatial organization of the gut microbiota within the 

colon environment, and has laid the foundation for understanding the bacteria-mucus 

interface (Chassaing et al., 2015; Loonen et al., 2014; Martinez-Medina et al., 2014; 

Nava et al., 2011).

Imaging the microbiota alongside mucus presents additional challenges. Preservation of 

endogenous fluorescence is not compatible with denaturing fixatives required for 

maintenance of mucus. Cross-linking fixatives such as 10% formalin or 4% 

paraformaldehyde are compatible with fluorescent reporters, and coupled with sucrose 

immersion and OCT embedding and cryosectioning, high-resolution images of bacteria 

in morphologically intact tissue with luminal contents have been achieved (Arena et al., 

2015; Muller et al., 2012). In cases where mucus preservation is desired, methacarn 

fixation coupled with immunofluorescence against cloned or native bacterial proteins 

enables the simultaneous visualization of mucus and gut bacteria. Immunofluorescence-

based bacterial detection methods are compatible with commercially available host-

specific antibodies, and are widely used with a variety of tissue preparation strategies 

(Barthel et al., 2003; Deng et al., 2003; Lee et al., 2013; Sigal et al., 2015).

Mucus staining can be coupled to bacterial detection using fluorescence in situ 
hybridization (FISH) probes that target individual microbiota members (Chassaing et al., 

2015; Huang et al., 2011; Johansson et al., 2008; Loonen et al., 2014; Pedron et al., 2012; 

Swidsinski et al., 2005a; Swidsinski et al., 2007a; Swidsinski et al., 2005b; Vaishnava et 

al., 2011). Despite its general utility, there are some limitations that must be considered 

when using FISH. Although probes have been designed to generally label bacteria, 

certain taxa are less permeable to nucleic acid oligomers or have lower ribosomal 

contents (Wagner et al., 2003), and hence general probes are unable to detect every 

bacterium in a given sample (Daims et al., 1999). Conversely, general stains such as the 

DNA dye 4′,6-diamidino-2-phenylindole (DAPI) present other challenges, for example 

autofluorescence from tissue and plant material is particularly bright in the blue emission 

range, and hence generates substantial noise that is computationally challenging to 

separate from the relatively weak bacterial signal (Earle et al., 2015). FISH can also be 

challenging when trying to distinguish between closely related strains (Wagner et al., 

2003). Finally, the contents of lysed bacteria, which may be particularly prevalent during 

perturbations that challenge viability, can generate background signals that reduce signal 

to noise. Nonetheless, these recent advances indicate a bright future for targeted imaging 

of microbiota members and their mucosal environment.

Using the techniques highlighted in Box 1, multiple groups have shown that diet is an 

important modulator of mucus thickness (Desai et al., 2016; Earle et al., 2015). Specifically, 

during fiber deprivation, microbes that would otherwise consume microbiota-accessible 

carbohydrates (MACs) degrade the mucus barrier, reducing its thickness (Figure 2B,C). 

Furthermore, during dietary MAC starvation, mice were shown to be more susceptible to the 

bacterial pathogen, Citrobacter rhodentium, highlighting the importance of the mucus layer 

as a mechanical barrier against bacterial invasion (Desai et al., 2016). Given the difficulties 

of preserving mucus in its original in vivo state, it is imperative that studies are comparative 
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in nature and include proper controls, rather than make absolute claims of mucus thickness 

and structure.

Bacterial detection

The lumen of the gastrointestinal tract is one of the densest and most diverse ecosystems 

described, with hundreds of bacterial phylotypes that can collectively reach densities 

exceeding 1011 bacteria per gram of content. Visualizing both individual bacterial cells and 

the breadth of diversity of these bacteria via microscopy presents a substantial technical 

challenge. Early efforts to visualize the gut microbiota within the colon relied on electron 

microscopy. Scanning and transmission electron microscopy of intestinal tissue, while 

limited in scale and bacterial identification strategies, rendered stunning, high-resolution 

images of bacteria associated with food particles and host tissue (Bollard et al., 1986; 

Croucher et al., 1983; Savage and Blumershine, 1974; Savage et al., 1971) and produced 

vivid depictions of morphological diversity in the gut (Croucher et al., 1983; Savage and 

Blumershine, 1974) (Figure 3A,B). However, these methods require fixation and processing 

that result in the collapse of colonic mucus, and hence loss of biologically relevant spatial 

information at the mucus interface.

Optical microscopy is a versatile and powerful method to visualize the spatial organization 

of the gut microbiota, based on its ease of use, diverse colorimetric bacterial labeling 

strategies, and applicability to larger tissue sections. Early applications of light microscopy 

to Gram-stained histological sections revealed that bacteria colonize the mucosa (Savage et 

al., 1968; Tannock, 1987), providing some of the first evidence for distinct gut habitats that 

select for particular phylotypes. However, reliance on general stains and cell morphology to 

identify bacteria limits insight into this spatial partitioning.

Fluorescence microscopy provides several options for visualizing particular bacterial taxa in 
vivo: (1) direct identification of bacteria expressing fluorescent proteins, (2) 

immunofluorescence applied to an epitope of interest, and (3) fluorescence in situ 
hybridization (FISH) to RNA (particularly 16S rRNA). Fluorescent protein expression has 

been used successfully to study several pathogens (Arena et al., 2015; Muller et al., 2012) 

and commensals (Amar et al., 2011; Jemielita et al., 2014), although such in vivo bacterial 

localization studies require some persistence of the strain within the community. Moreover, 

to engineer protein expression within such a strain requires that the species be culturable and 

genetically tractable. While there have been advances in cultivation methods for gut 

microbes (Browne et al., 2016; Lagier et al., 2016; Schnupf et al., 2015), genetic tools 

remain limited. Furthermore, the incompatibility of fixation methods with either fluorescent 

proteins or mucus preservation currently prohibits direct visualization of both fluorescent 

proteins and mucus within the same tissue section (Box 1).

Application of FISH to 16S rRNA has provided a flexible method of bacterial identification 

that does not require culturing of taxa. The sequencing data required to design probes is 

readily available, and validated probes already exist for many abundant gut commensals 

(Loy et al., 2007). Furthermore, FISH protocols are compatible with nearly every fixation 

and processing method, and combinatorial labeling strategies enable detection of at least 15 

different phylotypes in a single sample (Valm et al., 2011). Using multi-label FISH, the 
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presence of colon tumors was shown to be correlated with biofilms and bacterial tissue 

invasion (Dejea et al., 2014). Imaging of the oral microbiota revealed the development of 

plaque microbes into spatially differentiated structures from a few to hundreds of microns in 

size (Welch et al., 2016). 16S rRNA FISH has become a widely employed method for 

detection of commensal gut microbes in vivo. The convenience and reliability of 16S rRNA 

FISH far outweigh its limitations (Box 1), making it an essential tool for studying 

microbiota biogeography (Chassaing et al., 2015; Huang et al., 2011; Johansson et al., 2008; 

Loonen et al., 2014; Pedron et al., 2012; Swidsinski et al., 2005a; Swidsinski et al., 2007a; 

Swidsinski et al., 2005b; Vaishnava et al., 2011).

A specific challenge associated with bacterial detection in the gut is the cell density present 

within the colon. Even in thinly cut paraffin sections, the cellular cross-sections of maximal 

area lie in different planes, and rarely are perpendicular to the imaging axis. Due to the large 

spatial extent of point spread functions, the out-of-focus signal arising from cells a few 

microns away from the focal plane pollutes standard epifluorescence images, making 

detection of single cells extremely difficult. Thus, a smaller depth of focus, which is 

achieved by confocal microscopy, is necessary to distinguish individual cells. Even then, the 

close contact between bacteria makes automated segmentation and cell counting 

computationally challenging. Several tools have emerged to facilitate user-friendly manual 

and semi-automated curation of cell boundaries (Ducret et al., 2016; Van Valen et al., 2016). 

For large-scale measurements, where manual curation is prohibitively time intensive, pixel-

based quantitative measurements that ignore cell boundaries can be used (Earle et al., 2015) 

as long as cellular resolution is not required. New methods for imaging of thick sections, 

thereby allowing full visualization of colonic crypts and biopsy samples (Liu et al., 2015), 

should motivate the development of three-dimensional segmentation algorithms.

Given the limitations of existing methods, and the difficulties inherent in preserving 

morphological features of the gut, both imaging and computational advances have great 

potential to empower systematic study of the organization and spatial dynamics of the gut 

microbial community (Figure 4).

Future directions

In the era of high throughput –omics research, technological advances combined with user-

friendly data analysis platforms have made many approaches to microbiota investigation 

highly accessible. As we continue to unravel the complex microbial communities and the 

interactions that underlie microbial localization in the gut, several emerging technologies 

stand to contribute substantially. Recent advances in microbiota imaging approaches have 

pushed the field forward (Earle et al., 2015; Geva-Zatorsky et al., 2015), and promise to 

provide spatial information in tandem with functional interrogations through other 

approaches. Bioorthogonal click chemistry labeling of gut-resident bacteria is a powerful 

addition to the current set of visualization tools. Transparent vertebrates such as zebrafish 

have enabled real-time imaging of microbes within a host (Jemielita et al., 2014; Wiles et al., 

2016), and imaging windows that have potentiated real-time tracking of tumor cells may 

provide the capacity for measuring the dynamics of the colonic community in mice (Ritsma 

et al., 2013).
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Synthetic biology, the application of engineering principles to design biological systems, has 

had limited focus on abundant members of the gut microbiota (Khalil and Collins, 2010). 

Developing tools for gut commensals has the potential to provide biosensors and memory 

devices that can address basic questions about factors that individual bacteria sense and 

respond to in the gut (Mimee et al., 2015). Paired with a quantitative imaging pipeline, these 

tools can be used to discover the metabolic interactions and niche properties that shape the 

gut community and host health, including the spatial extent to which the effects of local 

inflammation are experienced by the microbiota, whether certain microhabitats are protected 

from antibiotic exposure, and how colonization order affects spatial partitioning or the 

ability to stably introduce a new strain. Imaging mass spectrometry (Berry et al., 2013; Rath 

et al., 2012) provides a complementary and valuable culture- and isolation-independent 

method to determine which bacteria are responsible for producing bioactive small molecules 

and proteins, and how these products drive spatial organization.

Finally, microbiota imaging must focus on expanding our biological scope (Figure 3,4). 

Nearly everything we know about spatial organization in the gut is limited to bacteria in 

mice. Few studies have examined how gut-resident viruses (Barr et al., 2013; Virgin, 2014), 

fungi (Iliev et al., 2012; Underhill and Iliev, 2014), protozoans (Berrilli et al., 2012) and 

helminths (parasitic worms; Figure 3C, D) (Broadhurst et al., 2012; Hasnain et al., 2011) 

remodel their environment and interact with the bacterial community. These groups include 

many important commensals and pathogens, and understanding how our physiology is 

affected by their presence (or in some cases, absence) is critical.

On the host side, while mice, and gnotobiotic mice in particular, are essential model 

organisms, there are clear differences physiologically (e.g., immune system), anatomically 

(Treuting and Dintzis, 2012), and microbially (Spor et al., 2011) between mice and humans. 

Further studies of human tissue, from biopsies (Johansson et al., 2014; Swidsinski et al., 

2007a; Swidsinski et al., 2005b) and colectomies (Dejea et al., 2014), will be critical for 

elucidating these differences.

The localization of pathogens within their respective hosts is an essential aspect of their 

biology and a key determinant of the pathology that ensues. Only recently has it been 

recognized that the localization of commensals within their vertebrate hosts is equally 

important, and that mislocalization of these otherwise benign organisms is a feature of 

chronic inflammatory diseases. Now, with imaging and computational tools in hand, we are 

poised to answer many more questions by quantifying the often subtle spatial factors that 

have profound effects on our health.
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Figure 1. Biogeography of the mouse gastrointestinal microbiota
Top: confocal micrographs of intestinal sections stained with UEA-1 (green) and DAPI (blue 

in epithelium, red in lumen). The UEA-1 glycan epitope is most abundant in the mouse 

distal colon and less so in the cecum and proximal colon. The epithelial boundary is overlaid 

(maroon). Middle: schematic of the distal mouse gastrointestinal tract. Bottom: schematic of 

key characteristics of each intestinal location after fixation with dry Carnoy’s fixative. 

Mucus structure and bacterial localization are heterogeneous along the longitudinal and 

transverse axes of the murine gastrointestinal tract. The MUC2-dependent layer becomes 

increasingly dense and impenetrable along the length of the intestines; the non-continuous 

appearance of the mucus in the ileum and proximal colon is potentially due to artefacts 

during mucus preparation. The density and diversity of bacteria increase along the 

longitudinal axis, with the small intestine favoring facultative anaerobic, proteolytic bacteria, 

and the colon favoring anaerobic, saccharolytic bacteria. Along the transverse axis, most 

bacteria are spatially segregated from the host tissue by immunological and physical barriers 

(Johansson et al., 2008; Vaishnava et al., 2011), with a few notable exceptions (Ivanov et al., 

2009; Lee et al., 2013; Sonnenberg et al., 2012). Mucus structure in live animals is reviewed 

in (Pelaseyed et al., 2014). AMP, antimicrobial peptide; sIgA, secretory IgA; SFB, 

segmented filamentous bacteria.
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Figure 2. Improved histological methods allow visualization of mucus heterogeneity in the mouse 
colon
A) Distal colon of a conventional mouse stained with UEA-1 (green), DAPI (blue in 

epithelium, red in lumen), and FISH probes specific to Firmicutes (yellow) and 

Bacteroidales (maroon). The thick, continuous, laminated inner layer of mucus adheres to 

the epithelium and excludes bacteria.

B–C) Distal colon of a gnotobiotic mouse colonized with Bacteorides thetaiotaomicron fed a 

high-fiber diet (B) or polysaccharide-free diet (C) (Earle et al., 2015). The sections are 

stained with anti-MUC2 antibody and DAPI; images show the epithelium (blue), mucus 

(green), bacteria (red), and plant matter (yellow) in the lumen. The epithelial border (cyan) 

was identified using the software BacSpace (Earle et al., 2015). The mucus layer in (C) is 

thinner than in (B), likely due to its consumption by B. thetaiotaomicron.
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Figure 3. Microscopic visualization of the gut microbiota
A) Scanning electron micrograph (Savage and Blumershine, 1974) from the mouse distal 

gut. Rod-, fusiform- and spiral-shaped bacteria are present, illustrating the morphological 

diversity of the gut microbiota.

B) Scanning electron micrograph from the mouse colon (Savage and Blumershine, 1974), 

highlighting the high density of bacteria in the gut.

C) Inter-kingdom spatial interactions between helminths and bacteria have been poorly 

studied to date. Trichuris muris, a mouse model of whipworm, was visualized by labeling 

with WGA (red) in the proximal colon of a conventional Swiss-Webster mouse 14 days after 

inoculation with ~200 T. muris ova. The anterior end is embedded in the epithelium near 

gastrointestinal lymphoid tissue (white arrowheads), while the posterior end is free in the 

lumen. MUC2 is labeled in green, and the mouse and worm nuclei are labeled with DAPI in 

blue.

D) Magnification of white box in (C) with bacterial DAPI signal segmented from the worm 

DAPI signal and false-colored yellow. Bacteria can be seen embedded in the cuticle of the 

worm.

E) Much of what we know about localization in the gut is derived from mouse studies. 

Further studies of human biopsies are needed, and in particular, on samples with preserved 

mucus. Here, a biopsy from a healthy patient has been fixed in methacarn, processed, 

sectioned and stained as described in Box 1. Bacteria, which are labeled with DAPI and 

false-colored red, are visible on the luminal side of the inner mucus layer.
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Figure 4. Future directions and challenges for localization studies of the gut microbiota
Biogeography studies require technological and methodological development from the 

organismal/organ scale (left) to the cellular and sub-cellular scales (right). Highlighted are 

some of the potential challenges and improvements that will advance the field of microbiota 

organization.
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