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Abstract

Many microbial communities, including those involved in chronic human infections, are patterned 

at the micron scale. In this Review, we summarize recent work that has defined the spatial 

arrangement of microorganisms in infection and begun to demonstrate how changes in spatial 

patterning correlate with disease. Advances in microscopy have refined our understanding of 

microbial micron-scale biogeography in samples from humans. These findings then serve as 

a benchmark for studying the role of spatial patterning in preclinical models, which provide 

experimental versatility to investigate the interplay between biogeography and pathogenesis. 

Experimentation using preclinical models has begun to show how spatial patterning influences 

the interactions between cells, their ability to coexist, their virulence and their recalcitrance 

to treatment. Future work to study the role of biogeography in infection and the functional 

biogeography of microorganisms will further refine our understanding of the interplay of spatial 

patterning, pathogen virulence and disease outcomes.

It has been proposed that up to 80% of bacteria live in spatially structured communities1–4. 

This biogeography has been studied on numerous scales, revealing clear evidence for 

microbial patterning, often reminiscent of the patterning observed in macro-organisms5,6. 

At the micron scale within a single environment, spatial patterning of microorganisms 

(microbiogeography) influences their physiology and behaviour by shaping the interactions 

they can form with surrounding cells and with the abiotic microenvironment (FIG. 1).

Microbiogeography is influenced by numerous factors, including the nutritional and 

physiochemical landscape and the ability of microorganisms to attach to surfaces. 

In addition, microbial interactions influence, and are influenced by, the community’s 

biogeography. Bacteria are equipped with various regulatory mechanisms to sense and 

respond to chemical and physical environmental cues7–10. Many chemical cues are 

diffusible molecules produced by neighbouring microorganisms that are within ‘earshot’, 
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and include metabolites such as lactic acid11,12 as well as dedicated signals such as 

acyl-homoserine lactone quorum sensing signals13–15. Other cues require physical contact 

between microorganisms or result from the interaction of microorganisms with a host16–19. 

Whether mediated by diffusible molecules or direct physical contact, these interactions alter 

the patterning of microorganisms as well as their growth and fitness in an environment. 

We previously reviewed several environmental cues and biological properties that shape the 

microbiogeography of infection20.

Despite the presumed importance of biofilms and their spatial patterning, we have a limited 

understanding of these structures at the micron scale. Studies of microbiogeography are 

relatively rare, particularly those using intact samples. In this Review, we highlight recent 

findings from studies using human- derived samples of chronic polymicrobial infection 

environments and microbial communities in the oral cavity, as these areas have seen recent 

advancement in quantifying biogeography and its physiological consequences (FIG. 2). 

Chronic polymicrobial infections, such as those in the lungs of people with cystic fibrosis or 

within chronic wounds, are persistent infections colonized by several species of bacteria, 

whose interactions with each other limit treatment efficacy. The diverse communities 

of microorganisms in the human oral cavity are present during health, but also cause 

caries and gum disease. Studies of chronic polymicrobial infections, oral infections and 

microorganisms colonizing the oral cavity have revealed that microorganisms are spatially 

structured at the micron scale, with defined arrangements of multiple strains or species21–24. 

In addition, microorganisms often form aggregates or biofilms in these infections with 

defined spatial patterning relative to host cells. These findings form a framework for 

studying and conceptualizing the biogeography of diverse polymicrobial sites, including 

all sites that are colonized by the microbiota.

The ex vivo analyses of samples from humans also serve as a benchmark for studying 

bacterial biogeography in experimental systems in the laboratory. Advancements in 

understanding the role of biogeography in infection are driven by the development of 

preclinical models that promote spatial patterning and enable hypothesis testing using 

genetic mutants and the manipulation of biogeography (BOX 1). Preclinical models are 

important to uncover the mechanisms controlling spatial patterning and the impact of 

microbiogeography on bacterial function. Although much is still unknown, these studies 

have started to reveal the mechanisms of the intricate, micron-scale interactions between 

microorganisms and neighbouring microbial or host cells. Importantly, these studies 

contribute to the idea that micron-scale biogeography affects the fitness of the microbial 

constituents as well as the severity of disease25–29.

In this Review, we detail the recent findings that advance our understanding of 

microbial micron-scale biogeography, both in human specimens and in preclinical 

models. Additionally, much of the recent microbiogeography research has been driven 

by technological advances that have provided an unprecedented view of the spatial 

structure of microbial communities in infections. Thus, we also highlight the importance 

of recently developed approaches including computational quantification of micron-scale 

spatial structure (BOX 2) and cutting-edge imaging technologies. Finally, we discuss 
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future approaches for understanding microbial biogeography including spatial assessment 

of microbial function.

Biogeography in human infection

To understand the importance of biogeography in human infections, it is essential to 

assess the spatial arrangements of microorganisms in human- derived samples. Without this 

information, it is virtually impossible to formally assess the relevance of most laboratory 

studies to the human infection they are meant to mimic. For example, virtually any two 

microorganisms will interact in the laboratory when mixed, but understanding whether these 

interactions occur in human infections and affect community function and biogeography 

requires benchmark data from the actual infection. Historically, electron microscopy was 

used to visualize human-associated microorganisms with a focus on chronic bacterial 

infections and microorganisms in the oral cavity. However, electron microscopy does not 

provide information on the identity of microbial community members and live bacteria 

cannot be visualized. Despite these challenges, researchers used electron microscopy almost 

50 years ago to study the spatial patterning of multispecies human oral communities, 

demonstrating that bacteria in the oral cavity are surface-associated and surrounded by an 

extracellular matrix30–33.

The advent of DNA sequencing technologies has fostered a renaissance in our understanding 

of the identity of microorganisms associated with the human body. These technologies 

enable the design of species-specific probes to directly visualize microorganisms by 

fluorescence in situ hybridization (FISH)34,35. In FISH, fluorescently conjugated DNA or 

peptide nucleic acid (PNA) probes are designed to hybridize with a specific sequence 

in the microorganisms of interest. Technical modifications in fixing procedures, probe 

hybridization steps and use of several probes led to methods such as signal-amplified 

catalysed reporter deposition FISH (CARD-FISH)36, double-labelling of oligonucleotide 

probes FISH (DOPE-FISH)37 and combinatorial labelling and spectral imaging FISH 

(CLASI-FISH)38. Despite advances in FISH imaging to study microbiogeography in 

infection, the technique usually only provides a ‘snapshot’ and thus has limitations for 

studying the spatiotemporal dynamics of microorganisms during chronic infections. In 

addition, FISH requires a priori knowledge of the microorganisms in the infection site, and 

although CLASI-FISH can label up to 120 microbial taxa, most FISH studies only describe 

the spatial patterning of a few taxa39.

Below we discuss the bacterial micron-scale biogeography in three human polymicrobial 

infection environments that have been visualized using FISH techniques.

Cystic fibrosis lung infections

The lungs of people with cystic fibrosis are often a site of persistent and damaging microbial 

infection. Several factors characterize the airway environment in cystic fibrosis, including 

a high number of neutrophils, high levels of proinflammatory cytokines and entrapment 

of several microbial species in a thick mucus layer40,41. Delineating the factors involved 

in the spatiotemporal dynamics of microorganisms within the cystic fibrosis airway is 

challenging due to limitations in sample collection and microbial infections that persist 
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for decades. An early study used PNA-FISH imaging of explanted cystic fibrosis lungs to 

describe the spatial patterning of the pathogen Pseudomonas aeruginosa in the cystic fibrosis 

airways42. This study identified both aggregates and planktonic cells of P. aeruginosa in 

airways and respiratory zones, surrounded by alginate, extracellular DNA (eDNA) and 

polymorphonuclear leukocytes. Another study expanded on this work to determine the 

source of eDNA surrounding P. aeruginosa aggregates in explanted cystic fibrosis lung 

tissues, using PNA-FISH to label the bacteria and histone-specific antibody staining to 

label human- derived eDNA43. Although bacterial aggregates were surrounded by human-

derived eDNA, this was not the result of NETosis of polymorphonuclear leukocytes, 

and, interestingly, no eDNA of host origin was detected within P. aeruginosa aggregates. 

Further, the authors hypothesized that the eDNA provides a barrier protecting the bacterial 

aggregates against antibiotics and antimicrobial components of the immune system. These 

findings highlight the role of eDNA and other extracellular polymers in microbiogeography.

Although FISH techniques are valuable for identifying microbial spatial patterning, 

autofluorescence and sample opacity can hinder analysis. Recent tissue clearing methods 

such as the passive clarity technique (PACT) have tackled this problem in human-derived 

samples44,45. A PACT method termed MiPACT (microbial identification after PACT) 

reduces the opacity of human expectorated cystic fibrosis sputum samples, thus making 

the sputum sample transparent and facilitating imaging46 (FIG. 2a). Following MiPACT, 

microorganisms were labelled with FISH, and the eDNA and mucin were detected by 

immunofluorescence staining. Additionally, to determine the physiological activity of the 

pathogen Staphylococcus aureus, the authors used the hybridization chain reaction, which 

enables the specific detection and quantification of transcript levels. The authors found 

differential growth rates across subpopulations of S. aureus, uncovering intra-population 

phenotypic heterogeneity in situ. Although these results were tremendously informative, it 

should be noted that this technique leads to an increase in bacterial volume (approximately 

fivefold); thus, the microbial communities visualized in this study have limited use for 

studying micron-scale spatial structure.

These studies of cystic fibrosis were instrumental in assessing how bacterial biogeography 

could potentially impact important pathogen functions, such as resistance to antibiotics. 

However, most human- derived samples were obtained from end-stage cystic fibrosis lung 

disease and do not provide information on the microbiogeography of pathogens during 

disease progression. Thus, the development of preclinical models and the acquisition of 

temporal sputum samples are required to assess the emergent properties of microbial spatial 

patterning in the cystic fibrosis lung. These studies will likely be hampered by the reduced 

ability of individuals with cystic fibrosis to spontaneously produce sputum, a result of the 

incredible success of new therapeutics47.

Chronic wound infections

Chronic wound infections are a substantial healthcare burden worldwide, and polymicrobial 

chronic wound infections display high levels of antibiotic resistance and result in delayed 

wound healing9,48–52. Although PNA-FISH methods have been used to examine the 

biogeography of bacteria infecting chronic human wounds, there has been considerably 
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less work in this area than with cystic fibrosis lung infections. As was observed in human 

cystic fibrosis infection samples, microorganisms inhabiting chronic wounds are present 

primarily in aggregates, although planktonic cells were also observed53. Studies aimed at 

examining the spatial structure of wounds co-infected with P. aeruginosa and S. aureus 
revealed precise biogeography, with S. aureus present closer to the surface of the wound 

(within 30 μm) and P. aeruginosa deeper in the wound bed (>40 μm from the surface)53,54 

(FIG. 2b). Studies of acute burn wounds in healthy volunteers also found medium to large 

aggregates of coagulase-negative Staphylococcus at the wound edges but no bacteria in 

the wound bed 4 days after wounding55,56. Thus, it is clear that wounds display precise 

biogeographical patterns, defined by segregation of taxa between the surface and the bed 

of the wounds. The next steps involve understanding the microbial functions required for 

establishing these patterns and the importance of these patterns for disease outcomes. For 

example, these processes my be influenced by functions such as respiration rate, the ability 

to consume certain metabolites and the modulation of host immune responses.

Oral cavity

As described above, spatial structure analysis has been a key component of human oral 

microbiology research for more than 50 years, and the oral cavity remains the leader in 

our understanding of the biogeography of both colonizing and infecting communities57. 

The tooth surface is covered with a diverse microbial community, and early microbiological 

studies led to a model of ecological succession24,58. However, although the acquisition 

of oral biofilms is often easier than many other human infections, the sheer number 

of microorganisms in the oral cavity presents challenges for most approaches aimed 

at identifying the spatial patterning of diverse genera or species. The development of 

CLASI-FISH has largely overcome this roadblock, and recent studies with CLASI-FISH 

using human dental plaque have shown precise species-patterning within the multispecies 

‘corncob’ structures that were first identified with electron microscopy more than 40 

years ago59,60 (FIG. 2c). In addition, a recent study showed highly structured microbial 

communities on the tongue dorsum. Quantification of spatial relationships revealed habitat 

specialists and correlated taxa, and the analysis of the shape of single-taxon patches 

indicated clonal range expansion and contraction relative to the distance from host epithelial 

cells61,62. These studies substantially increase our understanding of the ecology of oral in 

vivo biofilms from healthy sites, suggest additional functional roles and interactions, and 

serve as an example for investigations of diseased sites.

Whereas it is clear that oral communities form precise spatial structure via 

specific microorganism–microorganism and microorganism–host interactions57,63,64, the 

mechanisms that regulate the formation and stability of these spatial patterns over time 

are largely unknown. A recent study tackled this problem by imaging the microbial 

communities on intact teeth extracted from children with high levels of caries65. Dental 

caries is caused by a polymicrobial infection of the tooth surface, and the dynamics between 

commensal microorganisms and pathogens plays a crucial role in the progression of tooth 

decay. By localizing the microbial communities above carious lesions, the researchers 

identified multiple species arranged in a 3D corona-like structure containing an inner core 

of Streptococcus mutans, the causative agent of caries, surrounded by outer layers of other 
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bacteria. Using an in vitro polymicrobial model that recapitulated the corona structure, they 

discovered that this architecture creates localized regions of acidic pH that lead to caries 

formation on the tooth surface, providing a causal link between micron-scale biogeography 

and disease. Further study revealed that corona formation is an active process initiated 

by production of an extracellular scaffold by S. mutans that directs precise assembly of 

other bacteria (BOX 2). This study provides a basic framework for establishing causal links 

between biogeography and microbial function that can be applied to other human infection 

studies and indicates the power of combining human infection data with relevant preclinical 

models.

Mechanistic insights from preclinical models

Studies of human- derived specimens have been instrumental in describing the biogeography 

of infection but are limited by access to human samples and the technological challenges of 

analysing these samples. In addition, manipulation of biogeography or temporal assessment 

of microbial spatial structure is often not possible in ex vivo human samples, limiting the 

ability to study the clinical implications and emergent properties of spatial patterning. To 

fill this gap in knowledge, preclinical models of infection have been developed to uncover 

the mechanisms driving biogeography and provide a link between the spatial patterning 

of microbial communities and pathogenesis. Although preclinical models generally provide 

considerable versatility compared with human- derived samples, the relevance of these 

models to the human infection environment is often unknown. A key aspect of preclinical 

models designed to study biogeography is that they must allow microorganisms to spatially 

organize, which is not the case in traditional well-mixed laboratory cultures. Thus, human 

biogeography studies play a critical role as benchmarks to assess the strengths and 

weaknesses of preclinical models (BOX 1).

Preclinical infection models can either be in vitro or in vivo, and these models can differ 

substantially in both their utility and their relevance to the human infection environment. 

There has been progress across numerous infection types to derive mechanistic insights into 

the role of micron-scale biogeography in infection using these models. Here, we again focus 

on models meant to mimic the cystic fibrosis lung, chronic wounds and the oral cavity, 

as spatial patterning has been most studied in these human sites. Together, this work has 

demonstrated the relationship of pathogenesis and spatial patterning, providing a framework 

for broadly understanding the biogeography of infection.

In vitro preclinical models

Although it is generally thought that animal models of infection, particularly mouse models, 

are more relevant to human infection than in vitro models, this is not always the case (BOX 

1). Mice are, of course, not humans, and often have limitations on the duration of the 

infection, require high numbers of infecting microorganisms to establish an infection and 

differ substantially from humans in their immune system25–29. In addition, mouse models 

are often constrained experimentally and are not ideal for studying questions that require, for 

example, extensive temporal data. These considerations have led to the development of in 

vitro preclinical models specifically designed to mimic the human infection environment.
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In vitro preclinical models for studying biogeography retain the flexibility, low cost and 

ease of in vitro studies, with the addition of specific disease-relevant environmental factors 

that enable spatial structure to develop. Many preclinical models arise by adapting standard 

in vitro models to incorporate a clinically relevant substrate (for example, tooth enamel or 

catheter material), media supplements that reflect in vivo conditions (for example, saliva, 

plasma or mucin) and/or host cells or tissue, as detailed below. Typically, these models 

study biogeography using bacterial strains expressing fluorescent proteins of interest that 

can be visualized using various imaging techniques, often in real time. These approaches 

can also provide mechanistic insights into the emergent aspects of microbial community 

spatial structure by using defined mutants that have either been genetically altered or strains 

that have evolved particular traits of interest. However, alternative quantitative approaches 

such as Raman microscopy, atomic force microscopy66, surface plasmon resonance imaging, 

scanning electrochemical microscopy67,68 and imaging mass spectrometry69 have also been 

used in in vitro preclinical models70–74.

In vitro models that include surfaces.—Biofilms are an important feature of some 

human infections, and a large number of preclinical models have been developed to study 

the mechanisms involved in biofilm formation. Preclinical models have been instrumental 

in defining the mechanisms that are required for bacteria to form spatially structured 

biofilms and resist killing by antimicrobials. For example, the study of the biogeography 

of polymicrobial biofilms involved in dental caries has leveraged in vitro flow cell and 

static biofilm systems. Use of hydroxyapatite-coated surfaces with sterile human saliva as a 

component of the growth medium to mimic the oral environment has provided insights into 

how oral microorganisms interact at the tooth surface to produce precise spatial structures12. 

One of the primary findings from these studies is that spatial structure is impacted by 

metabolic exchange between bacteria. For instance, S. mutans and the oral bacterium 

Veillonella parvula form precise spatial structures when grown as an in vitro biofilm. This 

patterning likely forms due to metabolic interactions mediated by S. mutans-produced lactic 

acid that is used by V. parvula as a preferred carbon source and results in high resistance to 

the antimicrobial chlorhexidine75,76.

However, as discussed above, many human infections are dominated by small aggregates 

instead of the large surface-attached biofilms, such as those that form in once-flow-through 

flow cells and in static biofilm culture systems. Thus, although these approaches are still 

used and their ease of use has garnered widespread acceptance, we propose that they have 

limited utility for studying microbial functions in many chronic human infections such as 

those in the cystic fibrosis lung and in chronic wounds. Subsequently, there is an urgent need 

to increase the biological relevance of these methods for many infection types77. We recently 

proposed a quantitative methodology for improving model systems10,78,79 and propose that 

these sorts of approaches are crucial for improving the relevance of most biofilm models 

(BOX 1).

In vitro models containing host polymers.—Host polymers (such as mucin, eDNA, 

collagen, fibrin and so on) are a key component of virtually every infection environment, and 

microorganisms have evolved complex responses to these biopolymers and, in many cases, 
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have high-affinity receptors for them80–83. Thus, the addition of biopolymers to in vitro 

growth media has been a common approach for developing more relevant model systems. 

Specifically, the addition of biopolymers often promotes and supports the formation of 

aggregates of tens to thousands of bacterial cells, similar to what is observed in many human 

infections, enabling researchers to study the development and function of this biogeographic 

patterning42,84,85. In combination, the work detailed below shows how host polymers can 

alter interactions and highlights the importance of measuring microbiogeography over time.

Researchers have used the preclinical model synthetic cystic fibrosis sputum medium 

(SCFM) and SCFM2 to study chronic bacterial infections of the cystic fibrosis lung (FIGS 

2a,3). This growth medium contains ions, carbohydrates, amino acids, small acids and lipids 

at concentrations found in expectorated cystic fibrosis sputum from stable patients86,87. 

In addition, this model contains the host polymers mucin and eDNA. SCFM2 has been 

validated as a relevant model for studying human cystic fibrosis lung infection due to 

its viscosity, which is imparted by mucin, its promotion of antibiotic-resistant bacterial 

aggregates and its ability to replicate gene expression patterns and gene essentiality profiles 

for multiple bacterial pathogens78,79,85–90. SCFM2 was recently shown to be the most 

accurate preclinical model system for recapitulating the gene expression of P. aeruginosa 
observed in the cystic fibrosis lung78, outperforming several models including a mouse acute 

infection lung model. Although encouraging, SCFM2 is outperformed by other models for 

particular functions; thus, it is crucial that researchers choose preclinical models based on 

the functions of interest and not ease of use or experience with a model.

Biogeography studies using SCFM2 have revealed how the spatial patterns of P. aeruginosa 
alter interactions with phage and govern aggregate to aggregate communication85,88,89,91. 

In the early stages of growth in SCFM2, P. aeruginosa planktonic cells form aggregates 

that increase in size over time through bacterial growth. At later time points, migrant cells 

disperse from aggregates and colonize new areas, seeding new aggregates. In the presence 

of phage, aggregates are protected from killing because of exopolysaccharide production. 

However, seeding of new aggregates by migrants is inhibited88 (FIG. 3a). Studies in SCFM2 

have also provided insights into how spatial structure affects P. aeruginosa signalling 

via quorum sensing, showing that aggregates of ~2,000 cells do not communicate with 

neighbouring aggregates, whereas P. aeruginosa aggregates greater than 5,000 cells can 

communicate with neighbouring aggregates as far away as 176 μm (REF.85) (FIG. 3b). 

These studies, enabled by the use of SCFM2, provided the first insights into the role 

of spatial structure in inter-aggregate signalling using aggregates of biologically relevant 

sizes. Finally, recent studies of P. aeruginosa aggregate assembly provided insight into 

how changes in bacterial genotype can alter both inter-species and intra-species microbial 

biogeography in the structured environment of SCFM2 (REFS89,91) (FIG. 3c,d).

Further, spatial patterning has been shown to impact inter-species microorganism–

microorganism interactions using the Lubbock chronic wound biofilm model (LCWBM), 

developed to study chronic human wound infections. Unlike SCFM2, which adds polymers 

to the growth medium to enhance the biological relevance, the LCWBM relies on the 

biological activity of infecting bacteria to promote polymer formation. The LCWBM is 

constructed by the addition of plasma and red blood cells to a complex microbiological 
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medium (Bolton broth) that supports growth of several microorganisms often found in 

human chronic wounds92 (FIG. 2b). Although the LCWBM begins as a liquid medium, 

inoculation with S. aureus or any microorganism that produces the enzyme coagulase 

activates the coagulation cascade, turning soluble fibrinogen in the plasma into insoluble 

fibrin. The production of fibrin imparts gel-like properties to the medium and provides 

a scaffold for the spatial organization of bacteria. Using this model, researchers showed 

that co-cultures of the common wound bacteria P. aeruginosa and S. aureus coexist as 

discreet aggregate biofilms, and the morphology of these clusters, as well as the host matrix 

surrounding them, was similar to that seen in sections from human and mouse wounds92,93. 

Importantly, co-culture increases the antibiotic tolerance of the bacteria, unlike in many 

other in vitro growth conditions but similar to human infection93–96.

Host cell models.—Models that incorporate immortalized mammalian cell lines and 

immune cells offer the opportunity to study biogeography in the context of host–

microorganism interactions, although spatial information is generally ignored in these 

models as they have primarily been used to study the molecular interactions between 

host and microbial cells. One example in which a cell line model has been used to 

assess biogeography involves the use of differentiated cystic fibrosis human bronchial 

epithelial cell lines that are grown at the air–liquid interface (ALI). This model enables 

real-time imaging of microbial interactions with host cells as well as the introduction 

of environmental disturbances to assess their effect on microbial biogeography. Recent 

studies aimed at quantifying the accuracy of the ALI model indicate that it promotes 

gene expression of P. aeruginosa that closely resembles that in the cystic fibrosis lung78, 

indicating that this model has advantages for studying host–pathogen interactions. Use of 

ALI-differentiated cystic fibrosis bronchial epithelial cells showed that rhinovirus infection 

affects the pathogenesis and biogeography of P. aeruginosa97. The viral infection increased 

hydrogen peroxide (H2O2) production by cystic fibrosis cells, leading to the dispersal of 

mucoid P. aeruginosa aggregates to the basal surface of the epithelial cells. Infection of 

ALI cystic fibrosis airway cells with respiratory syncytial virus (RSV) also altered the 

aggregate assembly of both P. aeruginosa and S. aureus98,99. Interestingly, RSV infection of 

bronchial epithelial cells activates interferon signalling, increasing secretion of transferrin to 

the epithelial apical surface. This disruption in iron homeostasis then enhances the growth 

and biofilm formation of P. aeruginosa at the apical surface. By contrast, increased S. aureus 
biofilm formation on RSV-infected cystic fibrosis epithelial cells appears to be mediated by 

increased levels of nutrients other than iron.

Keratinocyte cell lines such as the HaCat cell line have been used to study microbial 

biogeography in wound infections. Infection of keratinocytes with of P. aeruginosa showed 

that the fucose-binding lectin LecB binds to the plasma membrane of epithelial cells and 

inhibits the wound healing process by changing cell attachment and growth signalling 

pathways50,100. Infection of keratinocytes with P. aeruginosa and S. aureus in the presence 

of other commensal bacteria decreased the level of biofilm formation and resulting damage 

to keratinocytes by these pathogens101. This decrease in biofilm formation was proposed to 

be mediated by the microbiogeography of the community in which the commensals form a 
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layer between the pathogens and keratinocytes. Further, the bacterial inoculum ratios and the 

timing of the inoculations altered the thickness of the pathogen biofilm layer.

Together, this work builds on our understanding of the relationships between spatial 

patterning, microbial interactions, host cell physiology and pathogen fitness. Future work 

additionally has the opportunity to exploit 3D organoid models and organ-on-a-chip 

methods, which have been used extensively in recent years to study host–pathogen 

interaction dynamics (reviewed elsewhere102,103). For example, a recent 3D organoid airway 

model to mimic the cystic fibrosis airway environment is derived from cells isolated from 

people with cystic fibrosis104. Although models such as this have not been used to study 

the biogeography of infection, they provide a promising platform for studying microbial 

biogeography within complex human cell arrangements and at a large scale in the future.

In vivo preclinical models

Although in vitro models offer flexibility and ease of use, these models are often limited 

when studying complex interactions between the host and microorganisms and the role of 

biogeography in mediating these interactions. Animal models have been a cornerstone for 

studies aimed at examining host–microorganism interactions, and recent studies have begun 

to assess biogeography in these models.

Non-mammalian infection models.—Non-mammalian models offer the benefits of 

high-throughput analysis, genetic tractability and access to publicly available strains and 

reagents, all generally with low expense and low infrastructure requirements. Many types of 

invertebrates are used to study polymicrobial infection biogeography, including Drosophila 
melanogaster (fruit fly), Caenorhabditis elegans (nematode), larval and adult Danio rerio 
(zebrafish) and various species of plants105. Although there are clear advantages in using 

these models, interpretation of the findings in the context of human disease can be 

challenging (BOX 1). For example, immune system differences with regard to humans 

should be considered as well as any environmental differences. However, these models can 

be useful to test hypotheses such as the impact of gut movement on shaping the spatial 

organization of microorganisms106 or how synergistic interactions between pathogens alter 

niche colonization107.

D. melanogaster has been commonly used to study biofilm formation, virulence and host 

interactions of several pathogens such as P. aeruginosa, S. aureus and Candida albicans. In 

P. aeruginosa infection of D. melanogaster, the bacteria were found as antibiotic-resistant 

aggregates, and aggregate formation required pel exopolysaccharide expression108. pel 
mutants that did not form biofilms were hypervirulent and inhibited the expression of 

antimicrobial peptides by the fly. Further, the D. melanogaster infection model was used to 

show that the P. aeruginosa quorum sensing receptor RhlR is required for neutralizing the 

cellular immune response and for aggregate formation109.

C. elegans infections are a useful system for microbial biogeography studies due to the 

ease in imaging the entire nematode110. For example, Staphylococcus epidermidis infection 

required synthesis of the biofilm-associated polysaccharide intercellular adhesin in wild-type 

C. elegans, but not in immunocompromised nematodes111. This study shows the power 
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of non-mammalian infection models to combine microscopy with both bacterial and host 

mutants. Imaging of C. elegans infections has also been used to determine virulence 

factors of P. aeruginosa, including quorum sensing genes and common goods such as 

iron chelators112. When co-infected, quorum sensing mutants co-localize with wild type 

cells, but there is high variability in spatial patterning and abundance of cells across 

individual nematodes. In addition, a study using C. elegans as an infection model showed 

that biogeographical history impacts virulence113. The authors found that P. aeruginosa 
cells recently dispersed from biofilms were more virulent than cells grown planktonically. 

As these studies and other similar studies are highly informative, it is surprising that C. 
elegans has not been used more broadly to assess the role of biogeography in polymicrobial 

infections. We propose that this model provides a platform for assessing polymicrobial 

biogeography in high throughput in the future.

Mammalian models.—Although mammalian models are often considered the gold 

standard in vivo models for studying infection, biogeography studies in these models 

are rare. The studies that do exist generally use microorganisms that express fluorescent 

proteins or have been labelled after tissue fixation using FISH. Imaging infection samples 

from mammalian models can be challenging, as the levels of autofluorescence are often 

high in tissue, thus making it difficult to identify microorganisms with high accuracy. 

Additionally, imaging mass spectrometry has also been used in mouse models to assess the 

chemical environment of infections114,115. Below we discuss some notable examples of how 

biogeographical studies using mammalian models can provide new insights into infection 

dynamics.

One of the first studies to assess the role of micron-scale spatial patterning 

in pathogenesis involved imaging of the oral bacteria Streptococcus gordonii and 

Aggregatibacter actinomycetemcomitans in a murine abscess model of infection11 (FIG. 

2c). Quantification of the spatial structure of this polymicrobial abscess infection 

revealed precise spatial patterning, with A. actinomycetemcomitans enriched within 4–13 

μm of S. gordonii aggregates. This enrichment was, in part, mediated by perception 

of the streptococcal metabolite H2O2 by A. actinomycetemcomitans, which, at high 

concentrations, triggers dispersal of this pathogenic bacterium. Elimination of the ability 

of A. actinomycetemcomitans to sense and respond to H2O2 altered the spatial structure 

of the community with A. actinomycetemcomitans enriched in areas immediately adjacent 

(≤4 μm) to S. gordonii. This altered spacing resulted in decreased virulence, thus providing 

a causal link between biogeography and pathogenesis. Although this is, to our knowledge, 

the only study that has linked micron-scale spatial patterning of microbial communities and 

pathogenesis, we expect that this is a common occurrence in polymicrobial infections.

The mouse has been a valuable model for our understanding of the gut microbiota, and both 

sequencing and microscopy approaches have established that microbial taxa vary along the 

length of the intestine, between the lumen and the crypts, and across different diets116,117. 

For example, to study the role of succession on niche colonization of the intestinal gland, 

a study in a mouse model used differentially labelled Helicobacter pylori118. The authors 

found intra-species competition over niche occupation, where colonization of H. pylori in 

the intestine is clonal and there are no mixed populations inhabiting the same micro-niche. 
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This colonization required bacterial chemotaxis as H. pylori chemotaxis mutants could 

not prevent secondary infection of their resident gland and had a severe defect in the 

ability to spread to new glands. Thus, H. pylori establishes spatial patterning within glands, 

likely mediated by unknown host factors, and primary colonization prevents secondary 

colonization of the gland by the same species.

Another study examined the colonization of the gnotobiotic mouse gut with a consortium 

of 15 human gut commensal bacteria reconstructed from the healthy human gut119. 

Colonization of the bacterial consortia was imaged in the proximal colon after 14 days. 

To preserve the structure, the tissues were initially encased in agarose, and then fixed 

and embedded in a glycol methacrylate resin. Results from this study revealed that the 

colon may be better conceptualized as an incompletely mixed bioreactor, rather than an 

environment that has sharply stratified compartments.

Ex vivo preclinical models

Ex vivo models offer some of the versatility of in vitro preclinical models, while providing 

high fidelity to many of the nutritional and micron-scale structural aspects of the infection 

environment. These models have been especially powerful for demonstrating how spatial 

patterning develops over time and affects pathogen fitness. For example, in the ex vivo 

porcine lung model, the dissected bronchioles alone with surrounding alveolar tissue or in 

combination with SCFM86,90 provide a structured environment with physical and chemical 

properties similar to cystic fibrosis airways. In this model, infections of P. aeruginosa and 

S. aureus are formed in the small airway and can be studied for up to 7 days120–122. 

This model provides a platform to investigate social interactions, antimicrobial resistance 

and aggregate assembly over time. Cystic fibrosis P. aeruginosa isolates have increased 

antimicrobial resistance in the ex vivo porcine lung model compared with the standard 

antimicrobial susceptibility testing, suggesting that this model can be used to predict in 

vivo antimicrobial susceptibility levels123. In addition, a recently developed ex vivo human 

chronic wound model uses human skin to create 6-mm excisional wounds within a 12-mm 

biopsy of full-thickness tissue124. By infecting these wounds with microbial communities 

and imaging with electron microscopy, a study found that C. albicans serves as a scaffold, 

shaping the spatial patterning of S. aureus and Citrobacter freundii. Further, microorganism–

microorganism interactions and priority effects in this system increased inflammation and 

neutrophil killing.

The future: functional biogeography

Microscopy-driven approaches using fluorescently labelled cells have enabled substantial 

advances in determining the identity and biogeography of microorganisms during human 

infection. Although the success of these studies required technological advancements in 

sample preparation and image analysis, there is a need to combine these approaches 

with those aimed at defining the functions of individual cells in situ. A small set of 

pioneering studies have adapted techniques derived from imaging eukaryotic cells to probe 

the functional biogeography of microorganisms at the micron scale. As discussed above, 

hybridization chain reaction probes designed for genes of interest were used to distinguish 
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between different physiologies of S. aureus in cystic fibrosis sputum samples46. This 

approach was also used to spatially localize P. aeruginosa subpopulations expressing the 

exopolysaccharide alginate in response to varying oxygen levels125. A second technique 

called parallel sequential FISH (par-seqFISH), which uses sequential, combinatorial 

labelling of mRNA molecules, was recently adapted to study the expression of 105 genes 

across individual P. aeruginosa cells126. In this study, monoculture biofilms grown in vitro 

in SCFM showed spatial heterogeneity in their expression of metabolic and virulence-related 

genes. These and similar approaches will provide an immediate way forward in linking 

biogeography with bacterial single-cell functions.

Two sequencing-based approaches developed to map mRNA transcripts in eukaryotic 

systems also provide inspiration for how to study the spatial dynamics of global microbial 

gene expression during infection. One study developed the 3D intact tissue RNA sequencing 

method STARmap (spatially resolved transcript amplicon readout mapping)127,128. In 

STARmap, targeted, barcoded cDNA SNAIL probes (specific amplification of nucleic acid 

via intramolecular ligation probes) are hybridized to intracellular mRNA in solid tissues. 

cDNA is amplified in situ and the amplicons are embedded within a hydrogel. Then, the 

barcodes on each amplicon are sequenced in situ using fluorescent probes, creating a map of 

gene expression. A second approach for combining biogeography and sequencing analyses 

is spatial transcriptomics, a novel method that is high throughput, untargeted and simple to 

use and allows for the identification of functional differences across a tissue specimen129. 

These advancements in transcriptome spatial maps in eukaryotic organisms are introducing 

novel approaches that can be adapted to microorganisms to visualize the physiology of 

bacterial communities during infection.

Summary and conclusion

Chronic polymicrobial infections impose a high burden on healthcare systems and are often 

resistant to antimicrobial therapy130. Thus, understanding the mechanisms and dynamics 

of host–pathogen interactions and antimicrobial resistance during chronic infections is 

crucial. There is increasing evidence that spatial patterning is a key component of 

infection, especially polymicrobial infections. Preclinical models have demonstrated that 

biogeography can impact important functions including virulence, antibiotic resistance, 

epithelial cell damage and bacterial communication. However, although this Review has 

highlighted data from select human-associated polymicrobial communities, there remains 

much to learn about the similarities and differences in microbial biogeography at these and 

other sites, including the respiratory tract, the skin and the female genital tract. We believe 

that the framework proposed in BOX 1 can aid in these studies. Together, this work will 

result in the ability to answer fundamental questions in microbiogeography.

Thus, across the human microbiota and chronic infections, much work remains to elucidate 

the mechanisms that link microbial ecology, biogeography and disease. The ultimate 

goal is to understand how perturbing the spatial patterning of microbial communities 

can advance treatment strategies. For example, novel interventions could interfere with 

microbial interactions, altering the spatial patterning and, thus, pathogenesis. The additional 

development of efficient and high-throughput methods to study the spatial dynamics of 
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microorganisms over the course of polymicrobial infection will further elucidate how to 

prevent and treat chronic infections.

Acknowledgements

The authors thank the Cystic Fibrosis foundation for a post-doctoral fellowship to S.A. (AZIMI18F0); the 
National Institutes of Health (NIH) for funding to G.R.L. (F32DE027281 and K99DE031018); and NIH Grants 
R01DE023193, R01DE020100 and 1R01GM116547 and a grant from the Shurl and Kay Curci Foundation to M.W.

Glossary

Biogeography
The spatial assembly and distribution of various Organisms in an environment through time.

Microbiogeography
The spatial patterning of microorganisms at the micron scale within a single environment.

Quorum sensing
The detection of an increased concentration of small signal molecules at high cell density, 

which can control gene expression in bacterial populations.

Cystic fibrosis
A disorder that is caused by mutation(s) in the cystic fibrosis transmembrane conductance 

regulator gene, which affects cells that produce mucus, sweat and digestive enzymes. 

in people with cystic fibrosis, the build-up of mucus in the airways results in chronic 

polymicrobial lung infections.

Function
A physiological property of a bacterium, such as glucose catabolism or motility.

Catalysed reporter deposition FISH
(CARD-FISH). In CARD-FISH, the nucleotide probe is conjugated to horseradish 

peroxidase that amplifies the fluorescence in situ hybridization (FISH) signal. This method 

is used for bacterial taxa or bacterial functions with inherently low signal, for example 

bacteria with low ribosome content.

Double labelling of oligonucleotide probes FISH
(DOPE-FISH). DOPE-FISH uses 5′ and 3′ double-labelled oligonucleotide probes to 

increase the fluorescence in situ hybridization (FISH) signal.

Combinatorial labelling and spectral imaging FISH
(CLASI-FISH). Simultaneous fluorescence in situ hybridization (FISH) labelling of 

individual taxa using multiple fluorophores. By mixing the fluorophore combinations used 

for each taxon, this method enables the detection of tens to hundreds of taxa concurrently. 

Spectral imaging is usually followed by linear unmixing analysis to differentiate between 

taxa.

Alginate
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An exopolysaccharide produced by Pseudomonas aeruginosa that helps cells to attach to 

surfaces and form biofilms.

Extracellular DNA
(eDNA). eDNA can be produced by host cells or bacteria. it is one of the main components 

of the biofilm matrix that can provide structural scaffold for bacterial cells and may play a 

role in protecting bacterial cells in response to host cells and antibiotics.

NETosis
Neutrophil extracellular traps (NETs) are nucleic acid and intracellular components 

that are forced out of polymorphonuclear leukocytes in response to microorganisms 

and proinflammatory cytokines. NETosis is a type of programmed cell death in 

polymorphonuclear leukocytes such as neutrophils that functions as cellular defence. During 

NETosis, cells force out their chromatin, forming sticky traps that can trap bacterial cells.

Mucin
A type of high molecular weight glycosylated protein produced by epithelial cells in animals 

that forms gels and is found in high levels in lung infections. Bovine and porcine mucins can 

be purchased commercially which has led to their use in numerous preclinical models.

Hybridization chain reaction
The detection and quantification of RNA transcripts using exogenously added fluorophore-

conjugated DNA hairpins. These hairpins self-assemble, amplifying their signal.

Coagulase
An enzyme produced by several types of bacteria that converts the soluble protein fibrinogen 

in blood to insoluble fibrin, leading to clot formation.

Preclinical infection models
In vitro and in vivo models used to study microbial infection.

Raman microscopy
A combination of laser-based imaging and Raman spectroscopy to detect the differential 

excitation levels of photons. This method is used to identify certain molecules without 

disturbing the spatial arrangement of the samples.

Atomic force microscopy
A powerful imaging technique that uses a fine and specific tip attached to a cantilever that 

scans along the surface of a sample. The changes in contact forces between the tip and the 

surface of the sample are recorded by a laser beam that generates an accurate topographic 

image of the surface at nanometre resolution.

Surface plasmon resonance imaging
A label-free imaging method that is used to detect and measure the attachment level and 

surface properties of bacterial biofilms. This method analyses changes in the angle of 

reflected light of a surface Covered with the sample of interest, compared with a control 

surface.
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Scanning electrochemical microscopy
A label-free microscopy method using probes that detect redox reactions and can provide an 

electrochemical map of an environment.

Imaging mass spectrometry
Mass spectrometry performed across a spatial plane to build a map of detected chemicals.

Hydroxyapatite
A mineral form of calcium apatite that is the main component of tooth enamel and bones.

Fibrin
A glycosylated protein in blood formed by the enzymatic action of a serine protease on 

soluble fibrinogen. Polymerized fibrin leads to clotting of the blood.

Transferrin
A glycoprotein that binds to iron and transports iron through the bloodstream.

Keratinocyte
A cell that forms the outer layer of skin and produces keratin to form a protective barrier.

Organoid
A small, differentiated collection of cells containing similar cell types and functions as an 

organ. Organoids are produced in vitro using stem cells derived from the organ of interest 

that are cultured in a medium containing growth factors and extracellular matrix.

Organ-on-a-chip
A cell culture device that contains a multichannel 3D microfluidics chip, designed to mimic 

the physical and chemical properties of an organ. Organ-on-a-chip models can provide a 

structured microenvironment for high-throughput assessment of bacterial–host interactions, 

for instance in response to various stimuli.

Glycol methacrylate resin
An ester form of epoxy resin that can be used instead of paraffin for embedding biological 

samples for better quality imaging.
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Box 1 |

Framework of preclinical infection model development

Preclinical models are essential for studying the processes that shape micron-scale 

biogeography in infection and for defining the role of biogeography in pathogenesis. 

Hundreds of laboratory models exist for studying infection, and more are constantly 

developed, but there is no gold standard for the qualities of a ‘good’ model for studying 

biogeography. The ideal model will vary depending on the focal microorganism or 

microbial community, the infection type and the stage of infection. The four stages 

proposed here (see the figure) offer a framework for using the human infection 

environment as a guide in the development and improvement of preclinical models 

of infection, ultimately leading to the elucidation of the mechanisms that shape 

microbiogeography and pathogenesis. Further, although this framework is focused on 

research that explicitly is studying biogeography, any study that investigates bacterial 

physiology in chronic infections will benefit from considering the spatial components of 

their experimental model system.

Step 1: observe infection

The key to developing a robust model to is to observe the infection environment 

one is trying to replicate. For polymicrobial infections, microscopic assessments of 

biogeography in human- derived samples show how microorganisms are spatially 

structured relative to each other and the host environment.

Step 2: quantify infection

The next step is to quantify the spatial patterning. BOX 2 summarizes methods to 

quantify properties such as the ratio of planktonic to aggregated cells, the size of 

aggregates, the density of biomass and the relationships between cell types. In addition, 

the function of microorganisms can be measured across the landscape of the infection 

using specialized microscopic and sequencing approaches, and abiotic factors such as the 

nutritional environment, pH, temperature and oxygen can be quantified with chemical 

analytical techniques.

Step 3: quantify model

Using the observation (step 1) and quantification (step 2) of the infection biogeography 

as a benchmark, one can then choose or design a model that seeks to recapitulate the 

spatial patterning in the host. The biogeography of microorganism(s) of interest grown 

in the model can then be quantified, using the same metrics used to study the human 

infection environment.

Step 4: quantitatively compare and refine model

Finally, the biogeography in the model is compared with that in the human infection. 

This process identifies aspects of the model that are accurately captured and, therefore, 

appropriate for future study. In addition, any differences in the spatial patterning between 

the model and the human infection can inspire further refinement of the model system 

in an iterative process in which models are repeatedly altered and compared back with 
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the human infection environment. For instance, in our example, aggregate size is well 

captured by the model, whereas inter-species distance is not. Thus, this model could be 

used to study the role of aggregate size in pathogenesis, and further refinement could 

work to more accurately capture inter-species distance, for example, by altering the 

physical or chemical environment.

Modify and manipulate

Once the model system is established, it can be modified or manipulated to provide 

insights into the role of biogeography in infection. For example, defined bacterial 

mutants can be used to study how specific functions contribute to the establishment 

or maintenance of biogeographic patterns, or the addition of antibiotics can test how 

biogeography influences antibiotic resistance and how biogeography changes in response 

to antibiotics. Again, understanding these manipulations will rely on the ability to 

observe and quantify the spatial arrangement of microorganisms.
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Box 2 |

Quantitative image analyses

To describe microbial biogeographic patterns and their changes over space and time, 

robust methods to quantify micrometre-scale spatial patterning are crucial. This work 

has been inspired by methods in landscape ecology that describe the spatial patterning 

of macroscopic organisms. However, quantification of microbial biogeography requires 

high-resolution microscopic images of the native environment and the models used to 

study it. Only a few image analysis pipelines are currently used to quantify microbial 

density and spatial patterning.

• COMSTAT is one of the first image analysis tools for microorganisms, 

enabling the study of bacterial community development over space and 

time132. COMSTAT is an automated program developed for morphological 

analysis of communities formed in flow chambers. Changes in biofilms 

can be assessed by measuring the number of occupied pixels in a series 

of 3D images acquired by confocal laser scanning microscopy, using a 

MATLAB developed script. COMSTAT provides information on the total 

biomass (biovolume), area occupied by bacterial cells, thickness of biofilms 

(Z1 and Z2), distribution of microcolonies, roughness coefficient, diffusion 

distance and surface to volume ratio over time (see the figure, panel a). 

COMSTAT analyses have been instrumental in studying several aspects 

of biogeography, including spatial and temporal dynamics, with in vitro 

microbial communities across various growth environments, stressors and 

community compositions133–135.

• The digital image analysis in microbial ecology (daime) program is an image 

analysis platform used to quantify spatial patterning136. daime first performs 

segmentation to differentiate bacterial cells from the background, including 

using a watershed segmentation function to differentiate cells in close contact 

in aggregates. daime can also measure fluorescence intensity, biovolume and 

spatial arrangement. The spatial arrangement measurements are especially 

important for studying microbial biogeography, and the method in daime 

determines whether two microbial populations are arranged randomly, or 

show attraction or repulsion. At a distance (r), daime determines the cross-

correlation functions g(r) for the two populations (see the figure, panel b). If 

the distribution of the community is random, the probability of a dipole of 

length r hitting the two populations normalized to the densities of the two 

populations, g(r), is one. However, if the communities are attractive, then g(r) 
will be greater than one, and if the communities are repulsive, then g(r) will 

be less than one. By repeating this approach across a range of distances (for 

example, r1 and r2), daime determines how spatial arrangement varies over 

space.

• An additional open-source pipeline for calculating spatial arrangement relies 

on proportional occupancy in 3D structures, which determines the proportion 
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of the volume occupied by one bacterial population relative to a focal cell 

of a second bacterial population across discreet distance intervals65. Thus, 

proportional occupancy demonstrates how the microbial community around 

a focal object changes as one moves away from the focal object. This 

pipeline has been used to determine the dynamics of spatial arrangements 

in human dental caries and a preclinical model that uses two streptococci 

(Streptococcus oralis and Streptococcus mutans) that form rotund structures 

on the tooth surface over time65 (see the figure, panel c). The proportional 

occupancy calculations showed that the bacteria were initially intermixed, as 

the proportional occupancy of each Streptococcus sp. relative to the other 

did not vary across space. By contrast, at later time points, the community 

is segregated; using the centre of the corona-like structure as the focal point, 

the proportional occupancy calculation demonstrated that S. mutans occupies 

~75% of the volume up to 30 μm away from the centre, whereas S. oralis 
is not detected at the centre of the structure but its proportional occupancy 

increases slightly at 30 μm.

Inspired by existing approaches, BiofilmQ is newly developed automated image analysis 

software that provides a platform to quantify internal architecture of microbial biofilms, 

alongside phenotypic heterogeneity137.

Although these approaches have been instrumental in quantifying bacterial biogeography 

during infection, there are exciting opportunities to quantify other aspects of micrometre-

scale spatial patterning in the future. For example, open questions include how aggregate 

shape affects virulence; how patchy microorganisms are in an infection and how 

connected are the patches; and how we can better capture changes in these metrics over 

time and space, or across conditions. Part c proportional occupancy adapted from REF.65, 

CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Fig. 1 |. Polymicrobial biogeography can determine the severity of disease and treatment 
outcomes.
Spatial patterning of bacterial pathogens in relation to other microorganisms can alter the 

environment, microbial fitness and host immune responses. a | Colonization and aggregate 

formation by a pathogen (purple), along with the native microbial community (green and 

blue cells) in the subgingival pocket of the tooth. b | Expansion of the pathogen population 

can alter the environment by either limiting available nutrients or releasing exoproducts. 

Inter-species competitive (blue and purple cells) or cooperative (green and purple cells) 

dynamics determine infection biogeography. In addition, phenotypically and genetically 

diverse subpopulations can emerge (red cells); this heterogeneity can further alter the nature 

of intra-species interactions. c | Differential spatial patterning results in changes in virulence. 

Left side of tooth: localized expansion of pathogen leads to increased virulence, damaging 

the enamel (red enamel, root and gums) and resulting in periodontitis. This activity amplifies 

inflammatory signals and recruits immune cells such as neutrophils. In addition, increased 

pathogen abundance reduces available nutrients, decreasing fitness of the original microbial 

community. Right side of tooth: dispersed aggregates of the pathogen allow for increased 

fitness of the original microbial community, preventing both pathogen expansion and heavy 

damage to the subgingival pocket. d | Antimicrobial treatment is one of the most common 

disturbances for polymicrobial infections. Outcome of antimicrobial treatment is impacted 

by biogeography. On left side of tooth, spatial patterning protects the community from 

antimicrobial treatment. Further, the antibiotic increases fitness of an antibiotic-resistant 

pathogen (red cells), leading to niche expansion and increased damage. On right side 

of tooth, spatial patterning allows the pathogen to be susceptible to antibiotic treatment, 

eliminating the pathogen and reducing abundance of the original microbial community 
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(green cells). This reduces virulence of the community and results in less damage to the 

tooth.
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Fig. 2 |. Microbiogeography of human-associated microbial communities is the benchmark for in 
vitro preclinical models.
a | Spatial arrangement of Pseudomonas aeruginosa (magenta) and streptococci (green) 

within a cystic fibrosis sputum sample visualized using MiPACT (microbial identification 

after passive clarity technique) and hybridization chain reaction46. Structural context of 

the environment is visible using DAPI labelling of host DNA (blue) and wheat germ 

agglutinin (WGA) labelling of mucin (orange). Evaluation of cystic fibrosis sputum 

chemical composition and structure enable development of synthetic cystic fibrosis sputum 

medium (SCFM2), a medium that recapitulates the physical and chemical properties of 

cystic fibrosis sputum, where surface-detached aggregates of P. aeruginosa strain PAO1 in 

SCFM2 have similar spatial patterning as in cystic fibrosis sputum samples. b | P. aeruginosa 
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(red) and Staphylococcus aureus (green) in two chronic wound biopsies visualized by 

peptide nucleic acid fluorescence in situ hybridization (PNA-FISH)54. Images show the 

spatial patterning of these two pathogens in wounds is not random. P. aeruginosa aggregates 

are localized deeper in wounds (50–60 μm from the surface) in comparison with S. 
aureus aggregates localized close to the wound surface (within 20–30 μm of the wound 

surface). Arrows show edge of wounds. Lubbock chronic wound biofilm model (LCWBM) 

provides a chemical environment similar to chronic wounds. However, spatial structure is 

dependent on microbial activities. Spatial arrangement of P. aeruginosa (white arrow) and 

S. aureus (black arrow) in this model is dependent on coagulase activity of S. aureus to 

turn soluble fibrinogen in plasma into insoluble fibrin, forming a fibrin network that gives 

gel-like properties to the media. In this model, S. aureus and P. aeruginosa can coexist 

in adjacent aggregates93. c | Combinatorial labelling and spectral imaging FISH (CLASI-

FISH) image of microbial communities from human supragingival plaque sampled from the 

human oral cavity showing a spatially patterned consortia of microorganisms in complex 

corncob structures60. Investigations using a murine abscess model of infection demonstrated 

that precise spatial arrangement between Aggregatibacter actinomycetemcomitans and 

Streptococcus gordonii promotes virulence11. Panel a cystic fibrosis sputum adapted from 

REF.46, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Panel b chronic wound 

adapted with permission from REF.54, ASM. Panel b LCWBM adapted with permission 

from REF.93, ASM. Panel c oral cavity adapted with permission from REF.60, PNAS. Panel 

c murine abscess adapted with permission from REF.11, PNAS.
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Fig. 3 |. Preclinical in vitro model SCFM2 provides a platform to study biological implications of 
microbiogeography.
Synthetic cystic fibrosis sputum medium (SCFM2) preclinical model of cystic fibrosis 

sputum has been a leader in linking biogeography with microbial interactions and fitness. a 
| Assessment of phage treatment efficacy showed that in SCFM2, planktonic migrant cells 

are sensitive to phage killing, whereas cells in aggregates and encased in exopolysaccharide 

matrix limit phage attachment and lysis88. b | SCFM2 provides a structured environment 

to determine that a Pseudomonas aeruginosa aggregate of ~5,000 cells can signal to 
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neighbouring aggregates up to 176 μm away, although the response to quorum sensing 

signalling can be heterogeneous85,131. In this experiment, only the aggregate in the bottom 

centre, confined in a micro-3D-printed trap, can produce the quorum sensing signal. When 

surrounding aggregates sense the quorum sensing signal, they express a fluorescent reporter 

gene (red in microscopy image, orange in schematic view). The quorum sensing signal is 

not detected in surrounding aggregates shown in green. c | Spatially structured environment 

of SCFM2 enables P. aeruginosa and Staphylococcus aureus aggregates to coexist, unlike in 

well-mixed environments. In this model, S. aureus aggregates are enriched at a distance of 

3.5 μm from P. aeruginosa aggregates. S. aureus fitness did not change when co-cultured 

with the P. aeruginosa ΔpqsL mutant, which does not produce an anti-staphylococcal 

molecule. However, the average distance between S. aureus and P. aeruginosa ΔpqsL 
aggregates increased to 7.6 μm and antibiotic susceptibility of S. aureus increased, showing 

how changes in inter-species interactions and biogeography can impact S. aureus survival 

during infection89. d | Loss of O-antigen is a common adaptation of P. aeruginosa to cystic 

fibrosis airways. This adaptation leads to changes in cell surface hydrophobicity, altering 

spatial patterning of cells in SCFM2. Cells with O-antigen are stacked, whereas those 

lacking O-antigen assemble into clumped aggregates91, indicating that genetic variants of P. 
aeruginosa in cystic fibrosis airways can alter the biogeography of infection. Panel a adapted 

from REF.88, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Panel b reprinted 

from REF.85, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Panel c adapted 

from REF.89, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Panel d reprinted 

from REF.91, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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