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Abstract

Microbial communities are spatially organized in both the environment and the human body.
Although patterns exhibited by these communities are described by microbial biogeography this
discipline has previously only considered large-scale, global patterns. By contrast, the fine-scale
positioning of a pathogen within an infection site can greatly alter its virulence potential. In this
Review, we highlight the importance of considering spatial positioning in the study of
polymicrobial infections and discuss targeting biogeography as a therapeutic strategy.

Rather than being ‘bags of enzymes’, microorganisms are social creatures that build
complex communities such as biofilms. Similar to most cities, biofilms are multicultural and
well engineered, or — in the parlance of microbiologists — polymicrobial and spatially
organized. Traditionally, biofilms are thought of as hundreds of thousands of cells encased in
a matrix and attached to a surface!, but they can also contain as few as tens of cells simply
arranged as a small cluster or aggregate. Relevant to human health, polymicrobial biofilms
are prevalent throughout the human body, both during health and disease. Although
historically infections have been attributed to individual pathogens2, poly-microbial
interactions within biofilms also hugely affect disease’. For example, some infections
require colonization with multiple interacting microorganisms (for example, Porphyromonas
gingivalis and commensal oral microorganisms in periodontal disease)*, whereas other
infections are modulated in severity by the presence of co-infecting species (for example,
Pseudomonas aeruginosa and Staphylococcus aureus in chronic wound infections)>. The
timing of these interactions can also vary. As in the above examples, co-pathogens can
appear in the host concurrently, or they can appear stepwise as a successional series of
pathogen acquisitions (for example, bacterial pneumonia following viral infection).

Moreover, in some instances a well-known ‘pathogen’ may only be a minor player in disease
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progression, with commensal strains having a more prominent role (for example,
Streptococcus mutans in dental caries)®.

‘Synergy’ is a positive interaction term often used to describe the interactions between
microbial strains or species that result in an outcome that is greater than the sum of the
individual parts. In the context of infection, the primary outcome generally assessed is
damage to the host. Polymicrobial infections are therefore classified as synergistic if they are
more severe than infections with individual microorganisms’. Important clinical
repercussions of synergy during polymicrobial infections include heightened antimicrobial
resistance and a prolonged time necessary for host recovery. Although the mechanisms of
synergy are often ill defined, it is not necessary that all infecting species benefit from the
polymicrobial interaction for the interaction to be synergistic. In fact, one species can benefit
at the expense of another as long as this results in an advantage during any of the major
phases of infection: attachment, growth, host immune evasion and host damage?.
Furthermore, synergistic interactions should not be thought of as randomly occurring events,
as simply combining any two pathogens in an infection does not always result in synergy3-°.
However, synergy is not always positively selected for over time and can instead seem
‘accidental’. For instance, P, aeruginosa (an environmental bacterium that usually resides in
soil and water) and \S. aureus (a bacterium that usually resides in the respiratory tract and on
the skin) competitively interact in wounds>, leading to chronic infections that are resistant to
antimicrobial therapy!?. However, the response of these bacteria to each other is unlikely to
have evolved in the context of wounds and has probably evolved owing to interactions with
other microorganisms that are present in their natural habitats!!. By contrast, the oral cavity
exemplifies a polymicrobial environment where interactions are highly evolved, as oral
microorganisms usually exist only in that environment and in the presence of each other.
Unfortunately, a thorough, mechanistic understanding of polymicrobial interactions in
relation to disease is still lacking, an alarming fact when considering that polymicrobial
infections pose a considerable burden on society!2.

Biogeography is the study of the distribution of species through space and time.
Traditionally, this discipline examines the global distribution of plants and animals, a classic
example being the Wallace Line, the boundary that separates Asian and Australian species!3.
The ecological and evolutionary forces that govern biogeographic patterns have been
differentiated as selection, drift, diversification and dispersal'*!> (BOX 1). Microbial spatial
patterns have also inspired significant interest and research, not only in spatial patterns
occurring over continents and oceans!© but also over the landscape of a single human!7-19 to
the scale of a single infection site. The most basic evidence for this ‘biogeography of
infection’ is the existence of endemic species, such as Helicobacter pylori, which is found
only in the stomach. Further evidence, provided by the Human Microbiome Project, is that
the same body sites in different individuals are often more similar in community
composition than different sites in the same individuall”, which indicates that
microorganisms are not randomly distributed throughout the body. The processes that
generate these and other spatial patterns of microbial distribution can be understood using

the same framework as the one developed in traditional biogeography (BOX 1).
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Our understanding of polymicrobial infections has benefited not only from asking the
questions ‘who is there?” (which can be addressed using metagenomics) and ‘what are they
doing?’ (which can be addressed using metatranscriptomics) but also ‘who is next to
whom?’ (that is, ‘what is the biogeography?’). Because of their spatial arrangement, two
species found in the same infection site may not directly interact. Therefore, it is beneficial
to preserve native spatial organization when studying infectious communities. Although this
may be a difficult task, efforts to do so are worthwhile as gaining insight from a disturbed or
homogenized ecosystem is considered “similar to asking a plant ecologist to make sense out
of a giant heap of plants harvested from an entire landscape” (REF. 20).

The characterization and manipulation of microbial spatial arrangements have provided
insight not only into pathogenesis but also, more broadly, into bio diversity?!, community
stability22 and evolution23-24, further highlighting the importance of understanding the
biogeography of microbial communities. In this Review, we focus on individual infection
sites and examine, at the cellular level, how these communities are spatially organized and
how this organization affects virulence. Although biogeography is traditionally discussed at
the macroscale, we feel that, from the perspective of a microorganism, even an isolated
infection site is a landscape, with microscopic features equally as diverse as those
throughout the human body. These microenvironments encompass attachment sites, the
physicochemical environment, nutrients and the host immune system, and these factors can
vary in how well they support or suppress microbial growth, ultimately leading to complex
microbial spatial patterns, or what we describe as microbiogeography. In addition to
reviewing the importance of these factors during infection, we discuss the specific role of
polymicrobial interactions in determining spatial organization, and highlight potential
therapeutic interventions that can be derived from studying microbiogeography. Our goal is
to highlight the impact of spatial organization on virulence and disease progression (FIG. 1).

Factors that influence microbiogeography

Attachment

Multiple factors influence the spatial patterns of microbial communities during infection,
including the ability of microorganisms to attach and aggregate, the physicochemical
environment and nutrient levels surrounding the communities, and the host immune

response.

The first requirement for successful colonization of the host is attachment. Although
microorganisms can attach nonspecifically to abiotic surfaces — a behaviour that is
important in the context of implanted medical devices (for example, catheters or stents)2> —
in the context of host tissue, attachment often occurs through highly specific interactions
between microbial cell surface structures (adhesins) and host receptors. The spatial
distribution of such receptors may therefore have an important role in determining the initial
organization of microbial communities on host surfaces.

The oral cavity is an environment that illustrates how attachment can influence colonization.
Early colonizers of dental plaque, such as oral streptococci, can adhere to many of the
receptors displayed on the acquired enamel pellicle that coats the surface of teeth. Despite
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this capability, spatial mapping of pioneer species on human teeth has shown that these
initial communities are strikingly sparse, observed mostly as solitary cells and dense
microcolonies2® (FIG. 1a). This suggests that the receptors that oral streptococci bind to are
themselves sparse, implicating a direct role for the biogeography of host receptors in
structuring surface-attached communities. Alternatively, these receptors could be abundant
on the surface of teeth, and the observed biogeographic pattern could in fact arise by the
gradual transfer of streptococci from neighbouring sites. Further insight into the factors that
regulate the microbiogeography at these sites may be gained from spatially mapping the
receptors themselves, similarly to what has been done for the distribution of host receptors

in gut mucus?’.

An important advantage of attachment in both the oral cavity as well as other infection sites
is that it affords protection from flow and washout. For example, uropathogenic strains of
Escherichia coli (UPEC) can successfully colonize the kidney, despite the presence of high
flow rates. To achieve this, UPEC expresses multiple types of highly adhesive fimbriae;
these surface appendages enable UPEC to firmly adhere to the walls of filtration tubules as
well as to other UPEC cells, causing these populations to span and obstruct the lumen of the
tubules. Ultimately, this spatial organization blocks urine flow, heightening the severity of
kidney infection. As kidney tubules are narrow (their width is <50 um), bacterial attachment
patterns at even very small spatial scales can easily block them, triggering the onset of

symptomatic infectionZ8.

Once attached to the host, microorganisms generally grow and organize themselves into
small (5-200 um wide) clusters (FIG. 1b). These structures, also known as aggregates, have
been termed 7n1 vivo biofilms2?, and they directly contrast to the large (sub-millimetre to
centimetre scale), mushroom-shaped structures often observed in biofilm studies in vitro.
Many, if not most, infections are colonized with aggregates, including wounds30-31,
abscesses>Z and the cystic fibrosis lung33, although exceptions have been noted, such as the
thick biofilms often associated with middle ear infections>4. Similarly to in vitro biofilms3>,
the formation of 7n vivo biofilms is tightly regulated, with the genetic determinants for many
species beginning to be examined3%-38. An important insight from these studies has been
that the determinants for 7n vivo biofilm formation are not always the same as those
identified in vitro, and vice versa. Biofilm studies in P, aeruginosa demonstrate this
principle. P, aeruginosa requires quorum sensing to form mushroom-like structures in flow
chambers3? but not in murine burn wounds>. Similarly, P aeruginosa requires a type III
secretion system to form aggregates in murine lung infections but not on abiotic surfaces>°

(FIG. 1b).

Aggregates can also be formed from single-cell founding events followed by clonal
growth?®, rather than through a collective microbial behaviour. In these events, a single cell
replicates until it forms a multicellular aggregate; this contrasts with the active recruitment
of microorganisms into an aggregate, which can occur independently of cell division (FIG.
1b). Computer simulations that model clonal growth from single cells have shown that
spatial structure is an emergent property of basic cell division and crowding. Although these
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models have not yet perfectly reproduced the shape and size of aggregates found in vivo,
they have given insight into the fundamental parameters that govern cellular organization in
structured communities. For example, simulation studies have revealed that nutrient
limitation fosters the spatial segregation of cell lineages*! (see nutrients section below).

As with in vitro biofilms, pathogenic microorganisms that are in aggregates have enhanced

virulencerelated phenotypes, including accelerated growth*2, increased stress resistance®3:44,

38.4547 and transmission37*8. Therefore, it is important for the host to

immune evasion
physically disperse these populations to successfully eliminate them. Host factors that can
disrupt this microbiogeography include two major components of mucus, lactoferrin® and
mucin®®. These molecules promote motility in P aeruginosa and thereby prevent it from
aggregating. However, in immunocompromised patients with cystic fibrosis, P aeruginosa
thrives as aggregates embedded in mucus layers lining the lung. Furthermore, in these
patients, P aeruginosa aggregates are thought to release toxic molecules that stave off
immune cells. One such toxin, rhamnolipid, forms a protective shield around P aeruginosa
aggregates, evidenced as a sharp, impenetrable interface against host neutrophils>!.
Although neutrophils cannot invade these populations, aggregate growth rates in the lungs of
patients with cystic fibrosis negatively correlate with the density of the surrounding
neutrophils because these host cells restrict the amount of oxygen available to the pathogen.
As aresult, in the respiratory tract, P aeruginosa grows at higher rates in the respiratory
zone (which is high in oxygen) than in the conducting zone (which is low in oxygen)*.
Therefore, local interactions between aggregates and neutrophils affect the macroscale
biogeography in the lungs of patients with cystic fibrosis.

The physicochemical environment

Gradients, such as pH gradients and oxygen gradients, provide landmarks for microbial
spatial organization. For example, in the stomach, H. pylori penetrates deep into the mucus
layer, where it precisely localizes to a region that is 25 um above the epithelial surface>2.
Rather than relying on absolute pH or other cues of location within the mucus, such as urea
or ammonia, H. pylori achieves its specific orientation in the stomach by sensing a pH
gradient that guides it away from the lumen (approximately pH 3) and towards the
epithelium (approximately pH 5.5)72. This mechanism enables H. pylorito colonize a
precise region where it achieves high local cell densities that probably contribute to the very
high rates of recombination among H. pylori strains>3 and promote chronic bacterial
persistence in one of most extreme, acidic environments in the human body.

Oxygen gradients also impart spatial organization to microbial communities. For example, in
the gut, oxygen that diffuses out from the epithelium creates an adjacent oxic zone in which
strict anaerobes are depleted but facultative anaerobes are enriched>*. Oxygen therefore
provides a useful cue for proximity to the epithelial layer, and this information can be
utilized by pathogens such as Shigella flexneri. This intracellular pathogen secretes effectors
for epithelial invasion when it senses precise oxygen levels in vivo (within 70 pm of the
epithelial surface)>>. At a smaller scale, gradients of oxygen can develop even within
individual bacterial aggregates, owing to the consumption of oxygen by bacteria at the
surface of the aggregate©. This raises the possibility of multispecies organizations in which
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strict anaerobes can persist in the centre of aggregates, away from the source of oxygen>’,
similar in concept to that which has been described in the gut>*.

Despite being exposed to air, skin wounds are also highly heterogeneous in oxygen levels. In
chronic, surgical wounds, this results from poor vasculature, which creates a low-oxygen
environment that enables the persistence of many strict anaerobes8. However, oxygen is not
completely absent, as aerobes such as P, aeruginosa also commonly thrive in these
infections. P, aeruginosais a motile bacterium that can move to the periphery of the
wound3!, a spatial niche where it can potentially gain greater access to oxygen. P, aeruginosa
is also highly migratory in acute, burn wounds. In these infections, P, aeruginosa forms
dense aggregates around arteries and veins, a spatial organization known as perivascular
cuffing3? (FIG. 1c). A potential regulator of this organization is the oxygen that may leak
into the infection site from the oxygen-rich blood in the vasculature. This oxygen may
accumulate locally around arteries and veins, providing a chemoattractant for P aeruginosa
motility. Supporting this notion, aerotaxis and motility are required for full fitness of P,
aeruginosa in burn wounds>?, although many other blood-derived cues could also act as
chemo-attractants in these infections. Furthermore, cuffing immediately precedes the transit
of P, aeruginosa from the wound bed into the bloodstream, leading to sepsis and potentially
death, highlighting the importance of these structures in pathogenesis. However,
visualization of P, aeruginosain human wounds is still needed to extend the importance of
these spatial organizations to P, aeruginosa infections in humans. Nonetheless, the described
murine-based studies demonstrate that microbial responses to physicochemical cues during
infections can result in a spatial organization that ultimately promotes virulence.

As mentioned above, computer models have revealed that nutrient limitation fosters the
spatial segregation of cell lineages*!. For example, agent-based modelling of microbial
growth in biofilms has shown that, although different strains of bacteria often intermix
during growth when nutrients are plentiful, in nutrient-depleted conditions strains segregate
along the growing front. This segregation occurs because as nutrient availability is reduced,
the number of dividing cells is also reduced, increasing the potential for stochastic
separation of lineages into distinct sectors. This formation of separate genotypic sectors has
important consequences for social interactions in microorganisms (BOX 2) as it enables
strains that produce secretions to avoid exploitation by non-producing cheat strains*!.
Therefore, as microorganisms in infection sites are often starved for nutrients, nutrient-
derived spatial segregation may be a powerful source of genotype patterning in vivo.

Furthermore, nutrients in the host are highly heterogeneous, as seen in the gut where host
secretions can be produced in patches, forming ‘hotspots’ along the gut epithelium®, and
gradients, which decrease in richness as distance from the epithelium increases®!. Because
of this nutrient richness closer to the epithelium, this location is the preferred niche for many
enteric pathogens; when present at this location, these pathogens upregulate virulence
factors that damage the host and release nutrients, ultimately enhancing bacterial
growth®2-64_ This nutrient heterogeneity can give rise to spatial organization, which can be
driven by motility*° and chemotaxis®. For example, motility is required for Salmonella
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enterica subsp. enterica serovar Typhimurium to infect the inflamed gut. In this environment,
the host epithelium generates alternative electron acceptors that enable .S. Typhimurium to
outgrow the native gut microbiota®-%0. Respiration using these electron acceptors acts as a
signal for motility in .S. Typhimurium, a behaviour known as energy taxis. As a result, .
Typhimurium undergoes chemotaxis towards, and closely associates with, the gut epithelial
surface, which is the source of the electron acceptors64. Therefore, host-derived nutrients
give rise to a spatial organization that underlies inflammatory pathogenesis®*.

Spatial structure can also occur through local growth enrichment®’, independent of motility,
as non-motile bacteria can acquire specific biogeographies that are linked to nutrition. For
example, in the colon, Bacteroides fragilis localizes to the intestinal crypt spaces between
villi (FIG. 1d). The colonization of this spatial niche requires the expression of a specific
polysaccharide utilization locus®8. This locus, termed ccf (for commensal colonization
factors), shows homology to the starch utilization system (Sus) family of proteins,
suggesting that the uptake, and use of, glycans may regulate the ability of B. fragilis to
colonize this niche. Interestingly, Vibrio cholerae also localizes to intestinal crypt spaces, but
despite being motile, it does not require motility or chemotaxis for this spatial organization.
This suggests that a motility-independent mechanism, perhaps similar to that used by B.
fragilis to colonize this region, also regulates the ability of V. cholerae to penetrate intestinal

crypt spaces(’z.

The immune system

The immune system also contributes to microbiogeography, most notably at epithelial
surfaces where the host is at greater risk of direct contact with the microbiota. Therefore,
physical separation at epithelial surfaces is crucial for the host to avoid persistent
inflammation. In the intestine, the immune system establishes a narrow microorganism-free
layer directly above the epithelium that is only 50 um wide®®-70 (FIG. le). To maintain this
barrier, the small and large intestine use mechanisms that are distinct and well suited to the
physiological roles of these organs’!. The mucus layer in the small intestine is highly
permeable to promote nutrient absorption, rendering it susceptible to the overlying
microbiota. To limit the growth of this microbial population, epithelial cells in the small
intestine secrete many antimicrobial factors into the lumen, but remarkably, a single
antimicrobial, the lectin RegllIlvy, is responsible for local exclusion of bacteria from the
epithelial cell surface®®. By contrast, a physical rather than a chemical barrier is established
at the mucosal surface in the large intestine. The mucus lining of the large intestine is
organized into two layers. The outer layer is loosely attached, whereas the inner layer is
highly stratified and dense, containing a much higher concentration of mucin 2 (MUC2), a
major component of mucus. As a result, the inner layer is normally impenetrable to the
microbiota in the large intestine, whereas pathogens that infect the colon can penetrate this
layer by expressing MUC2-degrading enzymes’2. However, some commensal bacteria, such
as B. fragilis, can closely associate with the epithelial surface without triggering an overt
immune response. To achieve this spatial localization, B. fragilis signals to the host through
Toll-like receptor 2 (TLR2), a receptor that is normally associated with microbial clearance
but is probably manipulated by many commensals (as well as some pathogens, such as §.
aureus)’? to promote immune tolerance. TLR2 signalling by B. fragilis depends on poly
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saccharide A (PSA), as a B. fragilis mutant that lacks the ability to produce this
polysaccharide de-localizes entirely to the lumen and is not found in tight association with
the epithelial surface’4.

The importance of the mucus layer in the large intestine to host health is emphasized by the
fact that genetically deficient hosts (such as mice that lack MUC2) are more susceptible to
infection by enteric pathogens. One such pathogen, Citrobacter rodentium, can penetrate the
mucosal barrier even in MUC2-expressing mice, after which it forms largely clonal
aggregates at the epithelial surface. However, in MUC2-deficient mice, this spatial
organization is altered, which leads to C. rodentium forming mixed-species aggregates with
the commensal flora, leading to increased epithelial invasion and reduced host survival’>.
MUC?2-deficient mice also show increased incidence of microorganism-induced colitis and
colon cancer’%70, In humans, most cancers of the ascending colon are associated with
biofilms’’. These cancer-linked biofilms are both highly invasive, with bacteria penetrating
into intestinal crypts, and polymicrobial. Interestingly, when comparing the composition of
paired communities from cancerous mucosa with normal mucosa in the same patient, it was
found that they are highly overlapping, indicating that it is not the enrichment of particular
pathogenic species but rather the spatial organization of the community into a biofilm that
can intimately associ ate with the epithelium that may be responsible for carcinogenesis’’.
However, it is important to note that so far these studies are correlative. It is also possible
that changes that occur, independently of the microbiota, in environments in which tumours
develop are conducive to both tumorigenesis and the re-organization of the microbiota into
biofilms. Future studies in animal models, in which the spatial organization of the colon
microbiota can be directly manipulated, may establish biofilms as aetiological agents of
colon cancer.

Polymicrobial infections

Similarly to living in a city, where an inhabitant of an infection chooses to live depends not
only on the real estate (the host) but also the neighbours (polymicrobial interactions). As a
result of such interactions between neighbouring microorganisms, multispecies communities
can develop highly intricate spatial organizations, such as layers’8, interdigitations26-79-80
and even ‘corn cobs’ (REF. 81). Moreover, the spatial structure that develops from these
interactions can in turn affect the interactions that generate it, namely by tuning the spatial
proximity of the interacting microorganisms as lineages expand. Mutualistic microbial
lineages that grow towards each other will therefore enhance their metabolic interactions and
preserve their mutualistic relationship, whereas competitive lineages that grow apart will
segregate in space and attenuate their interaction. In broad terms, community organization
can be classified as either spatially segregated or mixed (FIG. 2). In terms of infection, both
classes of spatial structure and their associated interactions can influence virulence. Below,
we describe four prominent examples of polymicrobial interactions that lead to emergent
spatial structure. We categorize these interactions as ‘physical’ and ‘chemical’ (FIG. 2).
Physical interactions are mediated by cell—cell contact or components of the biofilm matrix.
Chemical interactions are mediated by diffusible molecules such as excreted metabolic by-

products.
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Co-aggregation

Intercellular binding between distinct bacterial taxa, known as co-aggregation, is especially
prevalent in the oral cavity. Most, if not all, oral bacterial species have at least one co-
aggregation partner32, and these interactions are highly predictive of ‘nearest neighbours’ in
human dental plaque®3 (FIG. 2a). For example, streptococci co-aggregate with Veillonella
spp. and Actinomyces spp. in vitro, and these species also form mixed, interdigitated
aggregates on the surface of teeth20:7%, As a result of these close associations, metabolic
benefits are gained. Veillonella atypica cannot grow alone in saliva but can grow if co-
aggregated with streptococci’?-%4, and Streptococcus gordonii cannot grow alone in low-
arginine media but can grow if co-aggregated with Actinomyces naeslundif>. Importantly,
co-aggregation is not always indicative of mutualism. For example, an extremely small
(200-300 nm) TM7 phylotype (TM7x) only grows when attached to Actinomyces
odontolyticus, from which it derives amino acids, but TM7x kills A. odontolyticus when
starved. However, this interaction is not strictly parasitic, as TM7x strongly suppresses host
immune signalling, which may benefit the growth of A. odontolyticus8®. As enrichment of
the TM7 group is associated with oral infections, the obligate co-aggregation between TM7x
and A. odontolyticus suggests that, in addition to promoting metabolite exchange, co-

aggregation can have immunosuppressive functions that affect virulenceS°.

Biofilm remodelling

Another physical structuring interaction that regulates microbiogeography is biofilm
remodelling. Biofilms are held together by extracellular matrix components such as
polysaccharides, and therefore biofilm remodelling refers to the production or breakdown of
these components. In contrast to coaggregation, biofilm remodelling often acts to increase
the separation between community members (FIG. 2b). For example, when growing on an
agar surface, Pseudomonas fluorescens regularly mutates de novo into mucoid variants that
overproduce exopolysaccharide. These variants push themselves to the top of the biofilm,
where they gain greater access to oxygen, and this repositioning occurs at the expense of
‘smothered’ competitor587. Furthermore, direct disturbance to the structure of biofilms
during competition experiments showed that remodelling of the biofilm structure to alter its
position and reach the growing edge is key to the success of the P, fluorescens mucoid
variant. Analysis of the genetic basis of this phenotype in 565 independently evolved mucoid
variants showed that all variants had mutations in a single locus. This notable consistency in
both phenotypic and genotypic parallel evolution highlights how traits involved in biofilm
remodelling may be under very strong selection and show rapid evolution in short
timescales.

Similarly, P aeruginosa variants that overproduce the polysaccharide alginate can be
observed in the lungs of patients with cystic fibrosis, in which the infecting community is
also highly spatially organized, both at the macroscale as regionally isolated populations38
and at the microscale as aggregates>3. Many evolutionary pressures are likely to select for
mucoid variants of P aeruginosa in the lungs of these patients, including interspecies
competition. Supporting this idea, mucoidy confers a fitness advantage to P aeruginosa
when in competition with S. aureus®®. Furthermore, the other major P aeruginosa

polysaccharides, Pel and Psl, have distinct structural roles in organizing multispecies
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biofilms with .S. aureus. In these biofilms, a juxtaposed structure, in which P aeruginosa and
S. aureus are in close proximity, requires Pel, whereas a layered structure, in which P,
aeruginosa forms ‘caps’ on top of S. aureus, requires Ps1°0. These ‘caps’ are reminiscent of
the smothering phenotype exhibited by P, fluorescens mucoid variants (described above)
and, incidentally, the polysaccharide mediating this organization, Psl, is strongly selected for
in the lungs of patients with cystic fibrosis®!.

Furthermore, polymicrobial interactions that modulate the architecture of P aeruginosa
biofilms are not limited to competition with S. aureus. Burkholderia cenocepaciais a soil
bacterium that, like .S. aureus, is often co-isolated with P aeruginosa from the lungs of
patients with cystic fibrosis®2, in which B. cenocepacia and P, aeruginosa are thought to
compete?. In mixed-species biofilms, P aeruginosa responds to a fatty acid secreted by B.
ceno-cepacia by spatially reorganizing as filaments®*9, Similar structural changes may
occur in the lungs of patients with cystic fibrosis, potentially dictating the interactions
between these two species. In a murine lung co-infection model, P aeruginosa was able to
outcompete B. cenocepa-cia, with a major consequence being greater inflammation in the
host?3. However, in-depth spatial analyses are still required to attribute biofilm remodelling
to competitive interactions in these communities. Nonetheless, it is becoming evident that
the re-positioning of community members in polymicrobial biofilms can influence both

community interactions and disease progression.

Local growth inhibition

‘Chemical’ interactions through interspecies signals or metabolites also affect spatial
structure. Interspecies signals such as autoinducer 2 (REF. 96) can spatially regulate biofilm
formation?’ and dispersion®®, and can also stimulate other virulence properties, such as
antibiotic resistance®*?? and per-sistence”®. As these signals are often restricted to very
short-range (<10 um) effects!%0, they have the potential to generate fine-scale spatial
structure. However, signalling is restricted to only those species with an appropriate
receptor, suggesting that non-discriminatory metabolic interactions may be a more
widespread force that generates spatial structure. For example, metabolic waste products can
act as broad-spectrum toxins, affecting bacterial growth near the producer (FIG. 2d). Many
streptococci exemplify this behaviour as they generate abundant lactate and hydrogen
peroxide as waste products, molecules that cause acid stress and oxidative stress,
respectively. As these by-products are most concentrated in the immediate vicinity of the
producer, they are most effective at eliminating local competitors, which has the potential to
regulate fine-scale segregation patterns. For example, hydrogen peroxide produced by S.
gordonii reaches only micromolar concentrations in bulk solution, but can reach millimolar
concentrations when measured only 100 um above a S. gordonii biofilm!?!. Similarly, S.
mutans, a bacterial species that frequently contributes to the formation of tooth cavities®,
forms isolated ‘pockets’ of strong acid along the substratum of a mixed-species biofilm,
corresponding to a loss in community diversity. Ironically, creation of these pockets is
stimulated by the surrounding oral bacterial species, at their own demise!?2. As this acid
stress occurs only locally (in these ‘pockets’), S. mutans does not fully displace the
community. Rather, a relatively diverse microbiota is associated with cavities, suggesting a
polymicrobial origin of disease®. Furthermore, ex vivo human dental biofilms rapidly
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develop steep pH gradients (in which the pH varies from 7.1 to 4.4) when exposed to sucrose
(a carbon source that .S, mutans preferentially converts to acid)!02-103  further highlighting
that inhibitory chemical gradients mediate polymicrobial interactions in the human

microbiome.

A highly segregated spatial arrangement also manifests itself in human chronic wound
infections, in which P, aeruginosa inhabits much greater depths (50-60 pm from the wound
surface) than S. aureus (only 20-30 um from the wound surface)!%4. In murine wound
infection models, these species also rarely intermix, instead inhabiting discrete, largely
clonal aggregates (M.W., unpublished observations). A probable source of this spatial
segregation is the growth inhibition of \S. aureus by P, aeruginosa as, even at low cell
densities, the doubling time of S. aureus cells positioned near P, aeruginosa (<6 pm apart) is
shorter than the doubling time of \S. aureus cells positioned further away (>30 um apart) on
glass surfaces'9. A specific toxin that potentially mediates the spatial segregation between
these species is pyocyanin. P, aeruginosa increases the production of pyocyanin when it
senses cell wall fragments shed by S. aureus®, suggesting that P aeruginosakills S. aureus
when these species are in close proximity. Despite this, .S. aureus persists in wounds that
contain P, aeruginosa, possibly because the wound environment is highly viscous and
restrictive of cell migration. After spatial segregation is established, this viscosity may act to
prevent mixing and therefore any further interspecies killing. Supporting this notion, P
aeruginosa quickly eliminated .S. aureus in well-shaken laboratory media but not in a
gelatinous in vitro wound model'%°. Many other experimental systems also sustain higher

biodiversity when viscosity is imposed?!-22:107,

Local growth promotion

Whereas growth suppression causes spatial segregation, growth promotion causes spatial
mixing. This can occur either by metabolic cross-feeding, whereby one species consumes
the by-products of another, or it can occur by antimicrobial cross-protection, whereby one
species shields another from a stress. Often, these interactions result in the clustering of the
benefit receiver around the benefit giver!98-110 (FIG. 2c¢), although this spatial interaction
can also be reversed, when the giver surrounds and thereby shields the receiver instead!!!.
Single-cell studies have shown that these interactions can generally occur across only very
short distances. For example, an aggregate of S. aureus can be protected from the antibiotic
ampicillin when closely surrounded by a shell of ampicillin-resistant P aeruginosa but not
when the same P, aeruginosa population is present at low density!!!. Importantly, the level
of mixing that results from these interactions depends on the strength of the interactions
themselves; species that are strongly interdependent mix more than species that are weakly
interdependent, and even more so than species that conflict’3:80, This concept is exemplified
by the ‘food for detoxification’ interaction between the oral bacteria Aggregatibacter
actinomycetem comitans and S. gordonii. S. gordonii produces lactate, which A.
actinomycetemcomitans cross-feeds on, and in exchange A. actinomycetemcomitans
detoxifies peroxide, one of the major by-products of .S. gordonii metabolism. This metabolic
synergy results in a mutualistic relationship between both species during an abscess co-
infection in which both bacteria reach higher burdens when they are together than when they
are apart. In these abscesses, A. actinomycetemcomitans strongly colocalizes around S.

Nat Rev Microbiol. Author manuscript; available in PMC 2016 November 21.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Stacy et al.

Page 12

gordonii, promoting cross-feeding while also maintaining a >4 um gap from S. gordonii to
avoid growth inhibition by peroxide. A. actinomycetemcomitans acquires this spacing by
sensing peroxide, immediately after which it activates an enzyme, known as dispersin B,
which dissolves its biofilm matrix. Inactivation of this enzyme disrupts the spacing, placing
A. actinomycetemcomitans directly next to S. gordonii, disturbing co-infection synergy>2.
Similar fine-scale spatial patterns are also seen for other synergistic oral pathogens, such as
Fusobacterium nucleatum and Tannerella forsythia''2113. These studies firmly link
microbial positioning to community virulence and also demonstrate the basic role of growth
promotion by secreted metabolic products in generating community spatial structure.

Targeting biogeography as a therapeutic strategy

So far in this Review we have highlighted the importance of biogeography in microbial
virulence, raising the possibility of manipulating the spatial organization of bacterial
pathogens as a viable therapeutic strategy (FIG. 3). Below we present four, independent
strategies focused on manipulating biogeography to dampen pathogenesis: dispersing
pathogen biofilms; strengthening host epithelial barriers; depleting commensal microbiota
that enhance pathogen virulence; and altering factors that guide pathogens to spatial patterns
linked to virulence. An additional therapeutic approach is to analyse the structure of
complex communities to discern (or ‘reverse-engineer’) the poly-microbial interactions
within, such as whether they are mutual or competitive, as a diagnostic for disease severity
or potential (BOX 3).

Dispersing pathogen biofilms

The biofilm lifestyle confers resistance to components of the host immune system.
Therefore, probiotics that perturb this spatial organization may be therapeutically
beneficiall 14, This was found to be the case for strains of Staphylococcus epidermidis that
destroy S. aureus biofilms!1# (FIG. 3a). In an epidemiological study, a negative correlation
was discerned between the presence of S. aureus in the nasal cavity and strains of S.
epidermidis that destroy S. aureus biofilms. The biofilm-destroying factor, identified as the
serine protease Esp, disrupts even pre-formed S. aureus biofilms, including those formed by
methicillin-resistant S. aureus (MRSA) and vancomycin-intermediate resistant S. aureus
(VISA). Furthermore, Esp enhances the susceptibility of these strains to human p-defensin 2
(HBD2; also known as DEFB4A), an antimicrobial peptide released during inflammation of
the nasal cavity. Although HBD?2 has low bactericidal activity against Gram-positive
bacteria such as .S. aureus, in combination with Esp it shows enhanced killing of S. aureus
biofilms. S. epidermidis may therefore act in concert with the innate immune system to
perturb S. aureus biogeography and subsequently eliminate S. aureus from the nasal

cavity!14,

Strengthening host epithelial barriers

Disease often results when pathogens cross host barriers, indicating that inhibiting this
process could act as another biogeography-oriented therapeutic strategy. The gut epithelium
is a host barrier that, when crossed by Shiga toxin (Stx) produced by enterohaemorrhagic E.
coli (EHEC) O157:H7, causes potentially fatal infections. Certain species of commensal
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bifidobacteria in the gut protect against fatal EHEC infection in mice. Compared with non-
protective species, probiotic bifidobacteria reduce serum levels of Stx without affecting
EHEC viability or virulence gene expression. These species encode ATP binding cassette
(ABC)-type transporters, which are not present in non-protective bifidobacteria, that enable
fructose utilization and conversion to acetate. Acetate induces an anti-inflammatory response
in colonic epithelial cells, reducing their susceptibility to Stx (FIG. 3b). Mice that were fed
acetylated starch were also protected from fatal EHEC infection, further supporting the role
of a probiotic metabolite — acetate — in reducing pathogen virulence!!3. Therefore,
probiotics can assist the host in defending against pathogens by simply increasing barrier

function and confining pathogens to an avirulent biogeography.

Depleting commensal microbiota

Another potential biogeography-focused therapeutic strategy is to specifically deplete
commensal microbiota that, although not directly harming the hosts themselves, exacerbate
an ongoing infection by promoting pathogen virulence. Synthetic antimicrobial peptides
make this approach feasible as they can be designed to target specific bacteria. One such
peptide, C16G2 (REF. 116), selectively kills S. mutans (FIG. 3c). Despite its very narrow-
spectrum activity, C16G2 was found to have a very large community-wide impact on a
saliva-derived oral bacterial community, in which many of the species that were no longer
detected in the C16G2-treated community were metabolically or physically dependent on S.
mutans. Therefore, C16G2 acts as a proof of concept that the targeting of an individual
species can have an effect that spreads to the entire community and, in the case of targeting

S. mutans, reduces the community to an avirulent state!1°.

Targeting factors that regulate community assembly

Finally, it may be of therapeutic value to manipulate factors that modulate microbial spatial
patterning. These unique therapeutic opportunities could include masking microbial
attachment sites, or reversing or eliminating the molecular gradients that give rise to
virulence-associated spatial organizations (FIG. 3d). For example, a vaccine designed
against the FimH adhesin produced by uropathogenic strains of E. coli is highly effective at
limiting attachment and colonization of this pathogen in murine bladder models!!7.
Although not yet applied therapeutically, altering molecular gradients has been demonstrated
experimentally to disrupt the biogeography of pathogens, notably of H. pylori in mammalian
stomach models, whereby eliminating the pH gradient across the mucus layer abolishes its
normal spatial orientation 2.

All of these examples highlight the more general role of biogeographic thinking in
discovering new targets for therapeutic interventions. The spatial distributions of pathogens
and commensals at disease sites contain vast amounts of information on the progression of
infection. Studying these patterns to understand not only where pathogens are located and
what other species they are associated with, but also how these patterns develop, offers the
prospect of identifying the key biogeographic events during infections that can be targeted

for therapeutic intervention.
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Conclusions and future directions

As described in this Review, microbial communities can be highly spatially organized
throughout the human body and within sites of infection. This ‘biogeography’ arises owing
to both host-microorganism and microorganism—microorganism interactions, many of which
have been shown to directly or indirectly affect virulence. Although the infections discussed
here cover a wide range of organisms and niches within the host, one message is clear, and
that is that spatial structure is key to virulence. In future work, studies of polymicrobial
infections should continue to focus on manipulating the structure of microbial communities

118 Technologies available for creating and visualizing

to explore its effects on virulence
small bacterial aggregates will enable us to understand both mono-culture and co-culture
interactions at relevant scales in the host. These studies would blend well with the consistent
advancement in high-throughput genomic techniques, enabling transcriptomics and spatial
organization of infections to be observed in parallel, opening many new avenues of research.
Overall, there is a lot to be gained from studying the biogeography of infection, whether that
is from a molecular, evolutionary, or clinical viewpoint. To stop the progression of — or
eradicate — an infection, we must first understand how and why microorganisms assemble
and persist within microbial communities. Therefore, studying the spatial organization of
any community both 7n vivo and in natural environments will contribute to halting and

eliminating infections.
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Biofilms

Surface-attached microbial communities that are encased in a matrix (for example, of
polysaccharides, proteins, and/or DNA) and are often polymicrobial as well as highly
resistant to antibiotic therapy and the host immune system.

Polymicrobial
Diverse in species and/or strain content.

Aggregate
A population of very few to several cells arranged in a cluster (otherwise known as a
microcolony or in vivo biofilm) with many of the same properties that are observed in much

larger, traditional biofilms studied in vitro.

Synergy

A positive interaction term meaning ‘greater than the sum of parts’. Here we use synergy to
refer to microbial interactions that shape host health (disease synergy: two or more species
in combination cause more severe infection than either could when acting alone) or
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microbial growth (growth synergy: each species grows better in combination than when
alone). Note that growth synergy often, but not always, implies disease synergy.

M etagenomics
Sequence-based analysis of the DNA recovered from microbial communities. These studies
describe the genetic repertoire of a microbial community.

M etatr anscriptomics
Sequence-based analysis of the mRNA recovered from microbial communities. These
studies provide information regarding gene expression in a microbial community.

Microbiogeography

Although ‘biogeography’. refers to the distribution of species through space and time,
‘microbiogeography,’. as defined in this Review, is the spatial organization of pathogen and
commensal microbial populations at the scale of single infections.

Pellicle
The permanent layer of proteins that coat oral surfaces and provide binding sites for early
colonizers of dental plaque.

Pioneer species
The first species to colonize previously disrupted ecosystems.

Fimbriae
Hair-like bacterial appendages (also known as pili) that mediate surface attachment.

Cysticfibrosis
A human genetic disorder in which a defect in a transmembrane ion channel causes the
accumulation of mucus in the lungs, acting as a rich substrate for microbial growth.

Quorum sensing
Density-dependent cell-cell communication where a constitutively produced signal, once it
accumulates to a threshold concentration, can trigger microbial group behaviours.

Typelll secretion system
A needle-like bacterial apparatus that delivers effector proteins into host cells.

Lactoferrin
A bactericidal host protein that sequesters iron.

Mucin
A class of gel-forming proteins that give mucus its viscous property.

Neutrophils
Host immune cells that unleash a mixture of redox-active molecules, in a process known as

respiratory burst, to kill microorganisms.

Aerotaxis
Chemotaxis in response to an oxygen gradient.
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Cheat
In social evolution, community members that exploit, but do not contribute to, the
production of ‘public goods’.

Respiration
A metabolic growth process characterized by the reduction of an electron acceptor (such as
oxygen or nitrate).

Intestinal crypts

The narrow spaces that lie between villi (multicellular host structures that assist in nutrient
absorption) in the small and large intestine that, in a non-diseased state, are very low in
microbial presence.

Regllly
A host antimicrobial lectin (polysaccharide-binding protein) that targets Gram-positive

bacteria.

Mucin 2
(MUC2). A primary mucin (gel-forming glycoprotein) in the mucus layers of the small and

large intestine.

Co-aggregation
Intercellular binding between genetically distinct cells, often mediated by the recognition of
a polysaccharide on the target cell by a cognate surface protein on the partner cell.

Mucoid
A phenotypic variant that overproduces exopolysaccharide (for example, alginate produced

by Pseudomonas aeruginosa).

Autoinducer 2
A signalling molecule that is synthesized and sensed by many bacterial species.

Pyocyanin

A broad-spectrum toxin produced by Pseudomonas aeruginosa that is upregulated in
response to cell-wall fragments shed by Staphylococcus aureus, underlying synergistic
virulence of these species in wound infections.

Cross-feeding
The consumption of a waste product of one microorganism by another microorganism that

can utilize the waste product as a nutrient source.

Cross-protection
The shielding of one microorganism by another microorganism from an external stress.

Probiotics
Microorganisms that promote host health.
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Box 1 | Forces regulating biogeography

In traditional biogeography, four forces are described that primarily give rise to spatial
patterns!4. These forces also function in the context of human infections (see the figure).

Selection

As microorganisms vary markedly in the stresses that they can tolerate, one of the
strongest forces governing microbial spatial patterns is environmental selection. In the
host, different environments exert selective pressures that influence biogeography, as
seen, for example, in the fact that the gut and oral microbiomes are more similar between
different people than they are within the same person!’. This suggests that these habitats
exert unique but conserved selective pressures on the local microbial communities. As all
microorganisms within the host must acquire nutrients to sustain growth, a major
selective force determining the biogeography of host-associated microorganisms is
nutrient availability. One example of this can be seen in staphylococci that differentially
colonize human surfaces. This bacterial genus is prevalent on human skin!!, but in
contrast to many other staphylococci, Staphylococcus aureus also persistently colonizes
one-third of human nasal cavities'20. Supporting a nutritional basis for this pattern, S.
aureus, but not skin-restricted staphylococci, can sustain growth in a synthetic nasal
medium!?2!, These experiments have revealed that the acquisition of a specific nutrient,
methionine, is a key trait required for S. aureus to colonize the nose (see the figure).

Drift

Ecological drift describes changes in strain and species abundance that are due to chance.
Currently, it is unknown to what extent drift, independent of selection, affects microbial
community composition!22123, The enormous variability in the human microbiome!24
provides strong evidence that drift, with selection, affects within-host biogeography.
However, rather than drift or natural selection being the predominant force, it is more
likely that their relative influence depends on the body site and time of sampling (see the
figure). For example, spatial variation in drift occurs across skin regions. The forearm, an
open site, is transiently colonized, whereas the inside of the ear, an occluded site, is stable
over time!23. Temporal variation is exemplified by the microbiomes of newborns. Babies
delivered by caesarean-section have skin-like microbiomes, whereas vaginally delivered
babies have vagina-like microbiomes!2®, but over time both microbiomes converge.
Diversification

Diversification is the divergence in phenotype among organisms that occurs through the
addition, loss, or modification of traits by genetic adaptation (for example, due to
horizontal gene transfer (HGT)). A notorious site of within-host diversification is the
airway of patients with cystic fibrosis, where the sinuses and lungs within the same
patient can harbour distinct sub-lineages of Pseudomonas aeruginosa®® (see the figure).
Key to these and other diversification events is spatial structure, as it creates
heterogeneity in resources and selective pressures. For example, the specific nutrients
present in a specific infection site can preferentially direct evolution towards virulence.
This is seen for .S. aureus, which can infect many tissues, including magnesium-rich
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bones and kidneys, where during infection this nutrient accelerates the evolution of
bacteraemia and drug resistance!2’. Furthermore, diversification though HGT can lead to
an expansion in the biogeography of a pathogen. For example, S. aureus primarily
colonizes the nose, but after acquiring a single gene from Staphylococcus epidermidis, a
skin commensal, .S. aureus became able to withstand the harsh conditions associated with

residing on skin!28,

Dispersal

Perhaps the strongest evidence for a ‘biogeography of infection’ is that many infections
stem from microorganisms that migrate between host compartments. Globally,
microorganisms are dispersed by water, wind, and other long-range forces, and a
common debate in traditional biogeography is the scale over which this actually takes
place. Dispersal has been argued as both completely unlimited (summarized in the
statement “Everything is everywhere, but, the environment selects”)12%-130 and severely
limited'23-131_ Tt has also been proposed that microorganisms exhibit a range of dispersal
capacities!32. This is probably the scenario in host environments, in which dispersal is
dynamic and regulated by the status of host barriers, such as the skin, gut or blood-brain
barrier. These barriers maintain body sites that are sterile (representing limited dispersal),
but when compromised, can no longer prevent microorganisms from entering infection
sites (representing unlimited dispersal). An example of unlimited dispersal-mediated
infection, in which microorganisms of many varieties can passively enter a breached
infection site, is represented by open wounds, such as following a traumatic skin injury
that compromises barrier function. These infections accumulate microorganisms from the
skin, gut, oral cavity and environmental reservoirs (see the figure)!33, leading to
‘unusual’ polymicrobial interactions that probably occur in few other places in nature,
such as interactions between . aureus (a bacterium that usually resides in the respiratory
tract and on the skin) and P, aeruginosa (a bacterium that usually resides in soil and

water).
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Box 2 | Spatial structure and social evolution

Microorganisms secrete an array of costly molecules that can confer benefits to any
neighbouring cells that are suitably equipped to profit. Because secreted molecules
impose costs on producer cells and potentially return benefits to neighbouring cells, they
have become models for the study of bacterial cooperation and the fate of producers
versus non-producers. When producers and non-producers are sufficiently well mixed
(for example, in a shaken flask), the cost of secreted factor investment is paid only by the
producer lineage, whereas rewards are shared among both lineages, leading to an
enrichment of non-producers!34:135. However, if the population is structured, the benefits
of cooperation will fall preferentially on producer cells, enabling them to outcompete
non-producers!34:135 More recent attention has focused on the physical, behavioural and
demographic forces that drive bacterial population structuring, and ultimately enable the
maintenance of cooperative ‘public goods’ traits. Important factors that have been

identified as drivers of lineage segregation and cooperation include nutrient levels23:41,

137

clustered dispersal!39, horizontal gene transfer!37, adhesion!3® and mechanisms of

heterologous lineage repulsion or ‘policing’ (REF. 139).

Although many of the factors affecting bacterial population structure and the evolution of
cooperation are under bacterial control (that is, they are driven by bacterial traits), others
will be affected by intrinsic elements at the infection site. For example, Bacillus
thuringiensis kills its insect host by transiting the midgut, a behaviour that is dependent
on secreted toxins but cannot be exploited by cheats in vivo because well-separated
aggregates are prevalent during early infection and restrict the sharing of virulence
factors2*. By contrast, mouse burn wounds infected with Pseudomonas aeruginosa are
socially exploitable!40, perhaps because these infections require motility>?, which may
homogenize the bacterial population. It has also been suggested that hosts could adjust
the levels of particular nutrients to modify the composition and structure of the
microbiota at certain sites®!. How this variation in both disease site characteristics and
bacterial traits combines to determine spatial structuring and the balance of cooperation
and conflict across infections remains to be explored.
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Box 3 | Reverse-engineering polymicrobial interactions from spatial
structure

The spatial structure of infections caused by mixed bacterial species is an emergent
consequence of the nature of the metabolic interactions among the infecting
microorganisms. In model microbial systems, the effects of different metabolic
interactions on spatial structure can be elucidated using experimental manipulations to
directly observe their effects on spatial structure and the ultimate consequences for
disease outcomes. However, for most polymicrobial infections the nature of the
interactions among species and their consequences for spatial structure are not known.
For example, it is still unclear whether the spatial structure of natural infections is a
consequence of competition or mutualism among constitutive species. Similarly, how the
spatial structure varies among different infections is also largely unknown. We suggest
that methods that are typically applied to analyse the biogeography of macroorganisms
can also be applied to elucidate the nature of interactions in natural polymicrobial

infections.

One of the most common ways to study the distribution of macroorganisms is using the
‘species-area curve’ 141142 (see the figure). This curve describes the accumulation of
species as larger areas within a habitat are sampled, typically modelled as a log-log
regression of the number of species present in a sample on the size of the area from
which that sample was taken. The slope of this species-area curve indicates the nature of
microbial spatial organization. Strong competition among species is expected to lead to
species segregating in space, whereas mutualism and inter-reliance are expected to lead to
the spatial mixing of species?. If species show strong segregation owing to competition,
then sampling larger areas during an infection will lead to the accumulation of more
species (see the figure, blue slope). Conversely, if species show intermixing owing to
mutualism, then there will be little accumulation of species as larger areas of an infection
site are sampled (see the figure, red slope).

Although the species-area curve is obviously a great simplification of the complex
distributions of biodiversity, it has become a cornerstone of biogeographic studies,
playing an important part in current debates regarding the roles of both local processes
(such as competition, predation and population dynamics) and regional processes (such
as speciation, extinction and colonization) in driving the spatial distributions of
biodiversity!43-145_ Species-area curves have also begun to be applied to microbial
biogeography, giving insights into the drivers of spatial patterns of microbial diversity in
the environment!46-148 although they have not been applied at the fine spatial scales over
which bacteria typically interact. Of note, when applied to this scale, this tool would need
to be adapted for the three-dimensional structures that microorganisms are often found in
(for example, biofilms) as species-area curves were originally developed for two-
dimensional biodiversity studies (for example, the positioning of plant species across a
field).

Nat Rev Microbiol. Author manuscript; available in PMC 2016 November 21.




1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Stacy et al.

Log (number of species)

Intermixing

Segregation

Page 29

Intermixing|

Segregation
O
AR

¢=9¢=3=|

%-

Z~

Log (area)

Nat Rev Microbiol. Author manuscript; available in PMC 2016 November 21.




1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Stacy et al.

Page 30

a Attachment

Streptococci
Q Host Wi W
? Y receptor Y? 2 TT

10um
——

b Aggregation

=

st
Y ¢ Replication

=

10um

¢ Physicochemical environment

o, Mcbc::)f‘/

Ip qeru ginosa
A ! —

_Blood vessel

d Nutrients
B. fragilis

Mucus

Pav;

FEEERY

/SE

Nutrient
source

10 um.

e Immune system

o= D=
EFo mT e

e E | ~50 um
GEN I

Figure 1. Factorsthat influence microbiogeogr aphy
a | Attachment. Binding to specific host receptors can enable microorganisms to attach to

surfaces. Therefore, the spatial distribution of such receptors may have an important role in
determining the initial organization of microbial communities. For example, the insert shows
streptococci (labelled in red; nonspecific nucleic acid stain labelled in green), which are
initially sparse in human dental plaque communities, suggesting that the host receptors that
streptococci adhere to are also sparseZ0. b | Aggregation. Following attachment,
microorganisms usually grow and organize into aggregates. Aggregation can involve
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collective behaviours (left panel) or can arise from single-cell founding events followed by
clonal growth (right panel, in which the cyan shaded cell is the founding cell). For example,
the insert shows Pseudomonas aeruginosa (1abelled in red) forming microcolonies on the
surface of epithelial cells (labelled in blue), in a process that is regulated by collective
behaviour and depends on the expression of a type III secretion system (T3SS)36. The
aggregate exhibits biofilm-like characteristics, such as staining positive for the matrix
exopolysaccharide Psl (labelled in green). ¢ | The physicochemical environment. Gradients,
such as pH gradients and oxygen gradients, can influence the distribution of bacteria within
communities. For example, the insert shows P aeruginosa (labelled in red) concentrated
around a vein (host cells are labelled in pink and blue) in a cross-section of a murine burn
wound, in a process that may be regulated by oxygen availability3?. Scale bar not included.
d | Nutrients. The ability to access and utilize certain nutrients in specific locations can also
influence microbiogeography. For example, the insert shows Bacteroides fragilis (1abelled in
red), which carries a specific polysaccharide utilization locus that mediates its localization
deep within an intestinal crypt (labelled in green)©8. e| The immune system. Immune
molecules, such as the lectin Regllly, influence the distribution of microbial communities.
For example, the insert shows how secretion of the lectin Regllly by epithelial cells in the
small intestine (labelled in blue) leads to the establishment of a 50-um-wide gap between the
intestinal surface and the microbiota (labelled in green)®®. The insert in panel a is adapted
from J. Bacteriol., 2003, 185, 3400-3409, doi:10.1128/JB.185.11.3400-3409.2003 and
amended with permission from American Society for Microbiology. The insert in panel b is
adapted from REF. 36. The insert in panel C is adapted from Infect. Immun., 2007, 75, 3715-
3721, doi: 10.1128/IAL.00586-07 and amended with permission from American Society for
Microbiology. The insert in panel d is adapted from REF. 68, Nature Publishing Group. The
insert in panel e is adapted from Vaishnava, S. et al The antibacterial lectin ReglIly
promotes the spatial segregation of microbiota and host in the intestine. Science 334, 255—
258 (2011). Reprinted with permission from AAAS.
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Figure 2. Polymicrobial interacions contribute to microbiogeography
Chemical and physical polymicrobial interactions generate spatially mixed and segregated

community patterns during infections. a | Co-aggregation, or intercellular binding, can cause
spatial mixing. b | Excess production of biofilm polysaccharide (green and orange halos) can
cause spatial segregation. €| Production of a beneficial metabolite (purple halo) can cause
spatial mixing. d | Production of a harmful metabolite (purple halo) can cause spatial
segregation.
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Figure 3. Targeting biogeogr aphy as a ther apeutic strategy
a | Dispersing pathogen biofilms. Spatially organizing into biofilms can make
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microorganisms resistant to challenges, such as host immune responses, so dispersing
biofilms can provide a potential therapy against infections. For example, Staphylococcus
epidermidis can destroy biofilms of Staphylococcus aureus through the production of the
serine protease Esp. Furthermore, Esp enhances the susceptibility of . aureus to human -
defensin 2 (HBD2), an antimicrobial peptide released during inflammation of the nasal
cavity!14. b | Strengthening host epithelial barriers. Manipulating biogeography can also be
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used to prevent pathogens from crossing host barriers. For example, Shiga toxin (Stx)
produced by enterohaemorrhagic Escherichia coli (EHEC) can cross the gut epithelium, but
the introduction of commensal bifidobacteria can protect against fatal EHEC infection.
Protective bifidobacteria can consume fructose and produce acetate, which induces an anti-
inflammatory response in epithelial cells in the colon that lowers their susceptibility to
Stx!15, ¢ | Depleting commensal microbiota. Some commensal microorganisms can
exacerbate infection by promoting pathogen virulence. Therefore, in situations in which
targeting the pathogen directly has proven ineffective, depleting these commensals could
represent an alternative therapeutic strategy. The feasibility of this approach is demonstrated
by the synthetic antimicrobial peptide C16G2, which selectively kills Streptococcus mutans
(in red), a commensal known to be involved in the progression of dental caries. Treating oral
biofilms with C16G2 not only depletes communities of .S. mutans (red cocci) but also other
community members that directly interact with S. mutans'16. d | Altering factors that
regulate community assembly. Masking microbial attachment sites, or reversing or
eliminating the molecular gradients that give rise to virulence-associated spatial
organizations, can eliminate microbiogeography. For example, a vaccine designed against
the FimH adhesin, used by uropathogenic strains of E. coli (UPEC) to adhere to the bladder
epithelium, is highly effective at limiting attachment and colonization of this pathogen in

bladder infection models!17.
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