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Abstract

The gut microbiota is a complex consortium of microorganisms with the ability to influence

important aspects of host health and development. Harnessing this “microbial organ” for

biomedical applications requires clarifying the degree to which host and bacterial factors act

alone or in combination to govern the stability of specific lineages. To address this issue, we

combined bacteriological manipulation and light sheet fluorescence microscopy to monitor

the dynamics of a defined two-species microbiota within a vertebrate gut. We observed that

the interplay between each population and the gut environment produces distinct spatio-

temporal patterns. As a consequence, one species dominates while the other experiences

sudden drops in abundance that are well fit by a stochastic mathematical model. Modeling

revealed that direct bacterial competition could only partially explain the observed phenom-

ena, suggesting that a host factor is also important in shaping the community. We hypothe-

sized the host determinant to be gut motility, and tested this mechanism by measuring

colonization in hosts with enteric nervous system dysfunction due to a mutation in the ret

locus, which in humans is associated with the intestinal motility disorder known as Hirsch-

sprung disease. In mutant hosts we found reduced gut motility and, confirming our hypothe-

sis, robust coexistence of both bacterial species. This study provides evidence that host-

mediated spatial structuring and stochastic perturbation of communities can drive bacterial

population dynamics within the gut, and it reveals a new facet of the intestinal host–microbe

interface by demonstrating the capacity of the enteric nervous system to influence the

microbiota. Ultimately, these findings suggest that therapeutic strategies targeting the intes-

tinal ecosystem should consider the dynamic physical nature of the gut environment.
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Author Summary

Hundreds of microbial species thrive within the gut of humans and other animals, where

they can influence the health of their host in profound ways. The factors that shape the

composition of the resident gut microbiota are not well understood, but identifying them

represents an important step toward developing treatments for diseases associated with

microbial imbalances. Current experimental approaches poorly capture spatial and tem-

poral aspects of microbial interactions within the gut, and yet these features may hold

clues to what determines the composition of the microbiota. To address this issue, we used

state-of-the-art live imaging to track two bacterial species within the intestine of a model

vertebrate host, the zebrafish. We observed strikingly different interplay between the spa-

tial organization of each population and the intestine’s peristaltic activity. As a result, one

species dominates while the other experiences sudden drops in abundance, the dynamics

of which are predicted by a stochastic mathematical model. From this work, we conclude

that the composition of indigenous microbial communities may, in part, be shaped by a

combination of the physical intestinal environment and the spatial structure of bacterial

populations.

Introduction

Trillions of microbial cells representing hundreds of species make up the human intestinal

microbiota. This multispecies symbiont supports activities as diverse as host development,

nutrient acquisition, immune system education, neural function, and defense against patho-

gens [1–5]. Changes in microbiota diversity and functional composition have been linked with

a variety of human disorders, including obesity, colon cancer, opportunistic infection, and

inflammatory bowel disease [6,7]. A major goal of host–microbe systems biology is to clarify

the ecological factors that determine microbiota integrity by meshing experimental techniques

and quantitative modeling. Insights derived from such efforts will inspire the design of novel

therapeutic strategies for microbiota-associated diseases.

An unresolved question is whether the host and microbiota function independently or

together to govern the dynamics and stability of individual bacterial lineages. Addressing this

question requires identifying the interactions that arise within the spatially complex and het-

erogeneous environment of the vertebrate gut. However, progress toward this goal has been

hindered due to the technical limitations associated with directly observing intestinal commu-

nities. Typical interrogation of vertebrate intestinal microbiota involves phylogenetic profiling

of fecal material using high-throughput sequencing of 16S ribosomal RNA (rRNA) genes. This

technique is blind to the spatial structure of microbial communities, which is known in general

to strongly influence interactions [8–10] and has recently been predicted to be important for

microbiota stability [11]. Sequencing-based studies also have low sensitivity to temporal struc-

ture, owing to both experimental and analytic constraints. Experimentally, metagenomic time-

series data remain rare and cannot reach the sampling frequencies necessary to capture interac-

tions occurring at the timescales of microbial division or intestinal flux. Analytically, sequenc-

ing data yield only relative, rather than absolute, taxonomic abundances, which severely

confounds the inference of interaction networks [12,13]. Furthermore, such methods to date

have employed deterministic Lotka-Volterra models [12,14,15] that, even with noise terms rep-

resenting measurement error, neglect the possibility of fundamentally stochastic or discontinu-

ous interactions among constituents.
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Because our knowledge of the factors that shape interactions within host-associated ecosys-

tems is incomplete, contemporary theoretical models have been forced to rely on assumptions

that may not realistically mirror microbe–microbe and host–microbe relationships. For exam-

ple, biochemical and physical inputs from the animal host that likely act on microbial constitu-

ents are often ignored [16]. It is important to unravel the extent to which microbiota integrity

is simply an intrinsic property of the microbes, which could be recapitulated in vitro with co-

culture experiments or in silico with bacterial metabolic network models, or an emergent prop-

erty of the host-microbe system. Developing accurate accounts of the ecological interactions

that manifest within the gut will require model systems that enable manipulation of microbial

colonization and measurement methods that can characterize microbial populations in vivo

with high spatial and temporal resolution [17].

Toward this end, we employ here larval zebrafish as a model vertebrate host coupled with

light sheet fluorescence microscopy (LSFM) [18] as a minimally invasive interrogation method

to examine population dynamics within a defined intestinal microbiota. Zebrafish larvae are

highly amenable to gnotobiotic techniques and can be reared germ-free (GF) in large numbers

[19]. At four days post-fertilization (dpf) larvae possess an open and functional digestive tract

that is permissive to microbial colonization, the timing of which is controlled by adding bacte-

ria to the water column. Importantly, larval zebrafish share many physiological traits with

humans, including aspects of innate immunity, neurological development, and intestinal func-

tion [20]. Therefore, interactions between zebrafish and their microbial symbionts are expected

to reflect analogous interactions that occur in other vertebrates. LSFM, combined with the opti-

cal transparency of larval zebrafish, enables three-dimensional visualization of the entire intes-

tine with single-bacterium resolution, rapid image acquisition to avoid blurring due to

intestinal motility, and extended live imaging with low phototoxicity [21,22]. This experimen-

tal setup provides an unprecedented opportunity to investigate ecological interactions within

the vertebrate intestine at a range of spatial and temporal scales.

With this model system we found that a competitive interaction between two species native

to the zebrafish gut, Aeromonas veronii and Vibrio cholerae, is characterized by large and sud-

den drops in the Aeromonas population, which appear to be driven by mechanical forces

related to the contractile motions of the host intestine. The differential stability of these two

species can be explained by their distinct biogeography and community architecture. Tracking

Aeromonas–Vibrio dynamics motivated a quantitative stochastic model with parameters that

could be independently derived from traditional abundance measurements and image-based

time-series analysis. Ultimately, this model allowed us to predict the consequences of altering

the gut environment through genetic disruption of the enteric nervous system (ENS), achieved

via mutation of ret, a gene locus associated in humans with the intestinal motility disorder

known as Hirschsprung disease (OMIM 164761). ENS disruption stabilized the Aeromonas

population and neutralized its competitive exclusion by Vibrio. This work reveals that interspe-

cies competition and the stability of constituents of the intestinal microbiota can be strongly

influenced by the physical activity of the host environment—a mechanism that is likely mir-

rored in larger and more complex host–microbe systems such as the human gut.

Results

Aeromonas and Vibrio Exhibit a Competitive Interaction within the
Zebrafish Gut

The intestinal microbiota of larval zebrafish is dominated by bacterial lineages belonging to the

Gammaproteobacteria [23,24]. In a prior investigation we found that two representative iso-

lates native to the zebrafish intestinal tract, Aeromonas veronii strain ZOR0001, hereafter
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referred to as Aeromonas, and a Vibrio strain, ZWU0020, similar in 16S rRNA gene sequence

to Vibrio cholerae and hereafter referred to as Vibrio, exhibit a negative interaction in GF larval

zebrafish, with populations of Aeromonas that were several orders of magnitude lower in di-

associations with Vibrio than in mono-associations [25]. Interestingly, only a modest suppres-

sion was observed in in vitro competition experiments [25]. To begin to untangle the impor-

tance of host and bacterial factors in facilitating the in vivo interaction between Aeromonas

and Vibrio, we used a succession assay in which GF larval zebrafish were first colonized by

Aeromonas to high abundance, and then challenged by invading populations of Vibrio (Fig

1A).

We first enumerated total bacterial abundance by gut dissection and standard plating tech-

niques. In mono-associations beginning at 4 dpf and extending 24, 48, or 72 hr Aeromonas

populations consistently reach 104 colony-forming units (CFU) per host (Fig 1B). By contrast,

challenge of established Aeromonas populations with Vibrio over various 24 or 48 hr temporal

windows leads to dramatically lower Aeromonas abundance as well as increased host-to-host

variation and frequent extinction events (Fig 1B). Under these conditions Vibrio exhibits only

modest deviations in abundance compared to mono-association (S1A Fig). Of note, Aeromo-

nas populations are not destabilized upon self-challenge by newly introduced Aeromonas, and

Vibrio does not induce collapses in established Vibrio populations (S1B and S1C Fig). These

results demonstrate that subsequent waves of colonizing bacteria alone do not account for the

observed competitive interaction and that it is interspecific in nature. Moreover, reversing the

order of succession shows that founder populations of Vibrio can resist Aeromonas invasion,

indicating that competition is not merely a consequence of colonization order (S1D and S1E

Fig). We also verified that competition between Aeromonas and Vibrio is dependent on the

intestinal environment, as there was not an appreciable difference between their abundances

during in vitro mono- and co-culture experiments (S1F Fig).

To determine if the abundance of Vibrio correlates with a reduction of Aeromonas popula-

tions in vivo, we performed a time course experiment in which zebrafish colonized with Aero-

monas were assayed every 3 hr for 12 hr after inoculation with Vibrio. We found that Vibrio

rapidly infiltrates Aeromonas-colonized intestines and steadily increases in number over the

12-hr assay period (Fig 1C). Surprisingly, we did not detect a concomitant decline in Aeromo-

nas, implying that Aeromonas populations do not respond proportionally to the abundance of

Vibrio (Fig 1C).

Aeromonas Population Dynamics Are Altered during Vibrio Challenge

To further explore the interactions driving Aeromonas–Vibrio competition, we turned to

LSFM. Imaging fluorescently marked variants of each species during mono-association

revealed that they have noticeably different intestinal biogeographies and behavior (Fig 2).

Populations of Vibrio largely comprise planktonic, highly motile cells that appear capable of

sampling all available regions within the intestine (S1, S2, and S3 Movies). Quantifying the bac-

terial density along the anterior-posterior axis (Methods), we find that Vibrio is most abundant

in the anterior bulb (Fig 2B and 2C), with an overabundance within several micrometers of the

epithelial wall that may be the result of hydrodynamic interactions (S2 Fig) [26]. By contrast,

Aeromonas is most abundant in the midgut and largely takes the form of dense aggregates with

a smaller subpopulation of motile individuals (Fig 2D and 2E; S4 and S5 Movies).

To identify the temporal dynamics of the two-member community, we performed in vivo

live imaging experiments using LSFM starting approximately 2 hr following the challenge of

established Aeromonas populations with Vibrio. Three-dimensional images spanning the intes-

tine were obtained for each species for durations of roughly 12–15 hr at 20-min intervals,
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which is shorter than each species’ approximate 1 hr doubling time (Methods). Fig 3A shows

maximum intensity projections of Aeromonas and Vibrio in a representative larval zebrafish

intestine at three time points spanning a 4 hr interval (S6 Movie). The abundance of each spe-

cies over several hours is plotted in Fig 3B and 3C for 2 fish, representative of 12 fish that we

examined. Similar population abundance plots for all zebrafish are provided in S3 Fig. We

Fig 1. Aeromonas and Vibrio exhibit a competitive interaction within the larval zebrafish intestine. (A)
Graphical overview of succession schemes used to characterize Aeromonas–Vibrio interactions. Aeromonas

is allowed to colonize GF larvae at 4 dpf followed by addition of Vibrio to the water column at 5 or 6 dpf for 24
or 48 hr prior to enumeration of abundances by dissection and serial plating techniques. (B, left) Aeromonas

abundances after different mono-association durations and (B, right) Aeromonas and Vibrio abundances
after different Vibrio challenge periods. Statistical significance of Aeromonas abundances after Vibrio
challenge compared to respective mono-association reference populations (i.e., 5–6 versus 4–6; 6–7 versus
4–7; 5–7 versus 4–7) was determined by an unpaired t test. (C) Time course analysis of Aeromonas and
Vibrio abundances determined by dissection and plating at 3 hr intervals over a 12 hr period starting at 6 dpf.
Additionally plotted are an Aeromonasmono-association reference population and 24 hr Aeromonas and
Vibrio populations previously plotted in 1B (4–6 and 6–7, respectively). Statistical significance of Aeromonas

abundances to the mono-association reference population (ref.) was determined by an unpaired t test.
CFU = colony-forming units; *** = p < 0.0001; ns = not significant; n > 19/condition. Gray and black dashed
lines in panels B and C denote limits of quantification and detection, respectively. Underlying data for B and C
are provided in S1 Data.

doi:10.1371/journal.pbio.1002517.g001
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found that Vibrio populations smoothly expand and exhibit a growth rate of 0.8 ± 0.3 hr -1

(mean ± standard deviation [SD]), similar to that derived from plating data (0.60 ± 0.22 hr -1,

Fig 1C). Strikingly, sharp drops in intestinal abundance, in which the population declines by

orders of magnitude within an hour, sporadically interrupt growth of Aeromonas (Fig 3A–3C).

These local “collapses” appear to be due to Aeromonas populations being purged from the gut

(S6 Movie). The expelled microbes may still be alive, but are no longer residents of the zebra-

fish intestine.

To determine if sudden collapses in the intestinal Aeromonas abundance occur in the

absence of Vibrio, we examined live imaging data of Aeromonasmono-associations over a sim-

ilar time frame. We detected clear instances of Aeromonas populations sharply declining under

these conditions (Fig 3D and 3E). However, in contrast to Vibrio-associated collapses, Aeromo-

nas was found to consistently recover during mono-association. Additionally, Aeromonas col-

lapse events associated with mono-association were smaller and more uniform. Defining

collapses as events in which the population decreases by at least a factor of ten within 1 hr, and

assigning their magnitude f as the ratio of the population after collapse to that before, we find

Fig 2. Vibrio and Aeromonas have distinct community architectures and biogeographies within the
larval zebrafish intestine. (A) A larval zebrafish at 5 dpf; the intestine is highlighted by phenol red dye via
microgavage [27]. Scale bar: 500 μm. (B) A maximum intensity projection (MIP) of Vibrio in the larval
intestine. Scale bar: 100 μm. (C) The probability density of Vibrio along the intestinal axis. From (B) and (C),
we see that Vibrio is predominantly localized in the anterior bulb. (D) MIP of Aeromonas in the larval intestine.
Scale bar: 100 μm. (E) The probability density of Aeromonas along the intestinal axis. (D) and (E) show that
Aeromonas is predominantly localized in the midgut, with a smaller population in the anterior bulb. Underlying
data for C and E are provided in S1 Data.

doi:10.1371/journal.pbio.1002517.g002

Dynamics and Stability of Gut Microbiota

PLOS Biology | DOI:10.1371/journal.pbio.1002517 July 26, 2016 6 / 24



Fig 3. Aeromonas experiences sharp drops in population size that are intensified during Vibrio

challenge. (A) MIPs of Aeromonas (magenta) and Vibrio (cyan) in a larval zebrafish intestine. Scale bar:
200 μm. The fish was initially colonized at 4 dpf with Aeromonas, challenged 24 hr later by inoculation with
Vibrio, and then imaged every 20 min for 14 hr. The times indicated denote hours post-challenge. In all
images, the region shown spans about 80% of the intestine, with the anterior on the left. Image contrast in
both color channels is enhanced for clarity. Yellow dotted line roughly indicates the lumenal boundary. As
time progresses, the anterior growth of Vibrio as well as abrupt changes in the Aeromonas distribution
(arrows) are evident. (B,C) Total bacterial abundance, derived from image data, for Aeromonas and Vibrio in
two representative fish inoculated and challenged as in panel A, as a function of time following the Vibrio

inoculation. Sharp drops of over an order of magnitude in the Aeromonas population, but not the Vibrio

population, are evident. (D,E) Total abundance for Aeromonas in mono-associations as a function of time
post-inoculation, in two representative fish. Sudden declines are also observed, though in general the
populations recover to approximately pre-collapse levels. (F) The ratio, f, of the abundance immediately after
to that before population drops, for Aeromonas challenged by Vibrio; this ratio spans many orders of
magnitude (horizontal axis). At the same time points, the Vibrio populations are essentially unchanged, with

Dynamics and Stability of Gut Microbiota
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that for Aeromonas challenged by Vibrio, log10(f) = -1.9 ± 1.0 (mean ± SD) (Fig 3F and 3G).

The ratio of the Vibrio population before and after Aeromonas collapse events within the same

fish is approximately 1 (Fig 3F), corroborating observations from imaging and plating data

that Vibrio is resistant to the perturbations that affect Aeromonas. We found that during Aero-

monasmono-associations the magnitude of collapse events was about half of that observed in

the presence of Vibrio, log10(f) = -1.6 ± 0.4 (Fig 3G). We also detected a greater rate of Aeromo-

nas collapses during Vibrio challenge. Estimating the collapse probability per unit time, pc, as

the total number of collapses in all fish divided by the total observation time, we find pc =

0.07 ± 0.02 hr -1 during Vibrio challenge and pc = 0.04 ± 0.02 hr-1 during Aeromonasmono-

associations (Fig 3G), where the uncertainties are estimated by assuming an underlying Pois-

son process.

Aeromonas and Vibrio Are Differentially Resistant to Intestinal Motility

We next inspected the spatial structure and dynamics of each species to uncover clues regard-

ing possible factors driving Aeromonas’ sudden population drops. A conspicuous feature of the

larval zebrafish intestine, like most animal intestines, is that it exhibits periodic motility, with

waves of peristaltic contractions that propagate along its length. We found that Vibrio popula-

tions, being made up of motile, planktonic individuals, are almost completely unaffected by the

mechanics of intestinal motility (Fig 4A). Like a liquid filling its container, populations of Vib-

rio quickly adapt to the contracting and expanding space with surprisingly little change in their

distribution (Fig 4B; S3 Movie). By contrast, the rigid and largely non-motile aggregates of

Aeromonas, localized to the narrow midgut, are strongly affected by intestinal contractions

(Fig 4C and 4D; S7 Movie). These observations support the hypothesis that forces exerted on

this two-member community by intestinal motility give rise to rare and stochastic purging of

Aeromonas while leaving Vibrio largely unperturbed. Corroborating this, we indeed observe

posterior transport of Aeromonas in collapse events during live imaging experiments (Fig 3A;

S6 Movie).

Sudden drops in Aeromonas populations occur with or without the presence of Vibrio, but

these collapses have different significance in the two cases for the overall abundance of Aero-

monas. One can imagine several possible explanations for this. We first asked whether the

intrinsic growth rate of Aeromonas post-collapse is lower if Vibrio is present. The data show

that this is not the case. Mono-associated Aeromonas have a growth rate shortly after collapse

of 0.74 ± 0.1 hr -1 (mean ± SD, n = 5 collapses), whereas Vibrio-challenged Aeromonas have

0.64 ± 0.2 hr -1 (n = 4 collapses). We next asked whether the presence of Vibrio leads to changes

in intestinal mechanics. To test this, we imaged intestinal motility in larval zebrafish using dif-

ferential interference contrast (DIC) microscopy [28] and calculated the dominant period and

amplitude of intestinal contractions. Comparing GF fish with Vibrio or Aeromonasmono-

associated fish, or fish in which Aeromonas is challenged after 24 hr by Vibrio, there is no nota-

ble difference in period or amplitude (S4 Fig). The consequences of intestinal motility on Aero-

monas collapse properties are clearly different in the mono-association and challenge cases,

however, as indicated by changes in collapse magnitudes and rates (f and pc, Fig 3G). We also

note that during challenge experiments, the gross spatial distribution of Vibrio is similar to its

ratios of populations afterward to before being close to one (vertical axis). (G) Characteristics of Aeromonas

population collapses. Circles and bars indicate the mean and standard deviation, respectively, of f and pc, the
magnitude and rate of collapse occurrence, for both mono-associations and Aeromonas challenged by
Vibrio. The dashed line at f = 0.1 indicates the threshold for identification of collapses. Underlying data for B–
G are provided in S1 Data.

doi:10.1371/journal.pbio.1002517.g003
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distribution during mono-association, whereas there is considerable broadening in the spatial

distribution of Aeromonas when challenged (S5 Fig). Finally, a conceptually minimal model of

interaction is that with Vibrio present, the resources available to Aeromonas post-collapse are

less than with Vibrio absent, thereby placing a limit on its potential for recovery. We assess this

possibility quantitatively below by estimating carrying capacities, and also examine the conse-

quence of combined changes to the carrying capacity and collapse properties.

The Combination of Stochastic Collapse Events and Competition with
Vibrio Accounts for Aeromonas Population Dynamics

Thus far our data suggest that Aeromonas is susceptible to stochastic disturbances mediated by

host intestinal motility, and that its recovery from these disturbances is altered in the presence

of Vibrio. If this is the case, we should be able to build a quantitative model that reflects these

data, explains the high variance observed in plating assays (Fig 1), and offers insights into the

differential outcomes between mono-association and challenge experiments. The model we

construct is illustrated schematically in Fig 5. Consider a bacterial species exhibiting logistic

growth, with intrinsic growth rate r and carrying capacity K (Fig 5A and 5B); in other words,

the population N grows with time t according to:

dNðtÞ

dt
¼ rN tð Þ 1�

NðtÞ

K

� �

:

Superimposed on this logistic growth are rare collapses, during which the population drops

to f times its pre-collapse value, where f is between 0 and 1, and after which it resumes logistic

growth (Fig 5C). The collapses are stochastic and modeled as Poisson processes; i.e., they occur

at random with some probability per unit time pc (Fig 5D). This model arises in many ecologi-

cal contexts, and some of its mathematical properties have been explored in various studies

[29]. Of course, this model incorporates stochastic population drops by construction, and so

Fig 4. Populations of Vibrio and Aeromonas exhibit different dynamics within the zebrafish intestine.
(A) An optical section of the intestinal bulb from a larval zebrafish mono-associated with Vibrio (the cyan
box in the diagram below outlines the region imaged). The population consists of discrete, highly motile
individuals (inset: single Vibrio cells). (B) A montage of images taken from the time-series in S3 Movie shows
that the highly motile and planktonic Vibrio cells maintain their overall distribution despite repeated intestinal
contractions. Time between frames: 1 second. (C) An optical section of the intestinal midgut from a larval
zebrafish mono-associated with Aeromonas (the magenta box in the diagram below outlines the region
imaged). Cells are largely non-motile and densely aggregated. (D) A montage of images taken from the time-
series in S7 Movie shows an aggregate of Aeromonas in the midgut that is spatially dynamic, entering and
exiting the field of view multiple times. Time between frames: 1 second. (A–D) Scale bars: 50 μm.

doi:10.1371/journal.pbio.1002517.g004
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does not predict them from first principles. However, the parameter values that emerge from

fitting such a model to the data can, as shown below, yield quantitative insights into the mecha-

nisms underlying the observed dynamics that are not evident from mere visual inspection of

the raw data.

Simulating ensembles of populations that exhibit the above dynamics, we examine the mean

and, importantly, the standard deviation of the population at discrete terminal time points, as

these are statistics that allow direct comparison to results from plating assays. As shown in

detail in S1 Text, the apparent dependence of the model on the parameters, r, K, pc, and f,

reduces to two effective parameters. The growth rate, r, is both independently known and irrel-

evant for the conditions considered, and the dynamics depend on the combination z = -pc
log10(f) rather than on pc and f independently. Values of the two remaining relevant parame-

ters, K and z, which characterize the carrying capacity and the collapse dynamics, respectively,

determine the model predictions for the mean and variance of populations. A grid search

through the (K, z) space for the values that minimize the distance between the predicted and

observed Aeromonas population statistics gives the best-fit model parameters. Additional

details and discussion are provided in S1 Text. It is important to note that because our imaging

data revealed that Aeromonas is often in a state of experiencing or recovering from purge

events, the observed population is likely never close to K, and thus we cannot simply use the

mean of the bacterial abundance to estimate K. Rather, we must use a model to infer the carry-

ing capacity that would yield the observed populations.

Using Aeromonas abundance data obtained by gut dissection and plating 24 hr post Vibrio

challenge (Figs 1B, 6-7), we find best-fit parameters log10(K) = 3.2 ± 0.5 and z = 0.13 ± 0.05 hr -1,

the latter providing a constraint on pc and f together. We can independently estimate pc and f

from imaging-derived data (Fig 3). As noted previously, for Aeromonas challenged by Vibrio,

we find pc = 0.07 ± 0.02 hr -1 and log10(f) = -1.9 ± 0.3 (mean ± standard error), yielding

Fig 5. Schematic of a model of growth punctuated by collapses. (A) The model is based on simple
logistic growth, which is characterized by two parameters, the growth rate, r, and carrying capacity, K. (B) We
also include a parameter characterizing variability in the carrying capacity. Stochastic collapses are governed
by two parameters: (C) the fraction of the population remaining after a collapse, f, and (D) the probability per
unit time of a collapse, pc.

doi:10.1371/journal.pbio.1002517.g005
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z = 0.13 ± 0.05 hr -1, which is consistent with the plating-derived value. The agreement between

the separately determinedmeasures of z is remarkable, as it indicates that the statistical properties

inferred from an ensemble of populations at a discrete time point are consistent with the proper-

ties inferred from the temporal dynamics within individual hosts. As expected, log10(K) is greater

than the observed mean Aeromonas abundance at 24 hr, since the model-derived K represents an

upper bound for the population in the absence of any stochastic collapses or Vibrio competition.

As another test of consistency, we note that simulating our stochastic model for 48 hr post-chal-

lenge using the best-fit parameters determined from plating experiments 24 hr post-challenge

predicts a mean and standard deviation of log10(population+1) of 1.3 ± 0.3 and 1.5 ± 0.2, respec-

tively, in agreement with the observed plating values of 1.7 ± 0.3 and 1.6 ± 0.3 (Fig 1B). All of

these assessments support the conclusion that the observed population dynamics are governed

by a mechanism of stochastic collapse.

We can also apply this model to Aeromonasmono-association data. Here, the variance of

the plating-derived populations is small (Fig 1B), likely due to comparatively rare and/or weak

collapses, as discussed earlier. For reasons described in detail in the S1 Text, this hinders robust

determination of z, though K remains well fit. We find that z = 0.01 ± 0.01 hr -1 and log10(K) =

4.2 ± 0.1. From live imaging data, pc = 0.04 ± 0.02 hr -1 and log10(f) = -1.6 ± 0.2, from which

z = 0.07 ± 0.03 hr -1 (S1 Text). Our identification of thresholds is, by construction, only sensi-

tive to collapses of a factor of ten or more in magnitude (i.e., log10(f)� -1), so our estimate of f,

and therefore z, is biased toward larger values.

The above analysis yields insights into the nature of the competition between Aeromonas

and Vibrio that are not obvious from simple visual inspection of the data. The carrying capacity

(K) experienced by Aeromonas, as estimated by our model, is only one order of magnitude

lower in the presence of Vibrio (log10(K) = 3.2 ± 0.5) than when Vibrio is absent (log10(K) =

4.2 ± 0.1). However, the observed abundance of Aeromonas is suppressed by more than two

orders of magnitude: mean(log10(population+1)) = 1.7 ± 0.3 and 4.1 ± 0.1 when challenged by

Vibrio and mono-associated, respectively (Fig 1B). These results suggest that the combined

effect of stochastic collapses, which are likely driven by the intestinal environment, and a

reduced carrying capacity, which is a likely result of direct competition for resources with Vib-

rio, has a much greater influence on population dynamics than either mechanism would pro-

vide alone.

During Vibrio Challenge, Aeromonas Populations Are Stabilized in
Mutant Hosts Lacking Enteric Nervous System Function

Our data thus far indicate that host-mediated stochastic disturbances are central to the compet-

itive exclusion of Aeromonas by Vibrio within the larval zebrafish intestine. Therefore, we pre-

dicted that if intestinal motility were reduced, Aeromonas populations would be stabilized in

the face of Vibrio challenge. To test this hypothesis, we carried out succession assays in mutant

zebrafish hosts essentially lacking a functional ENS due to disruption of the gene encoding the

Ret tyrosine kinase, which is critical for ENS development [30]. For these studies, we utilized

the ret1hu2846 mutant allele, which is recessive. Using DIC microscopy to assess intestinal motil-

ity, we found that retmutant larvae (ret -/-) exhibit rhythmic contractions, but with different

characteristics than wild-type (ret+/+) and heterozygous siblings (ret+/-) (S8 and S9 Movies).

Consistent with the recessive nature of this allele, we observed that ret+/+ and ret+/- animals are

phenotypically similar with regard to intestinal motility; thus, we refer to both ret+/+ and ret+/-

individuals as wild type. Computational analysis of time-series DIC images allows quantifica-

tion of the displacement of intestinal tissue during contractile waves (Methods). We found that

in general the median peak amplitude of longitudinal contractions is greater in wild-type than
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in retmutant larvae (Fig 6A). At 5 and 6 dpf specifically, the days on which Vibrio is intro-

duced during succession assays, a considerable fraction of retmutant larvae show low ampli-

tudes of motility, whereas wild-type animals exhibit a broader range of amplitudes (Fig 6A).

Though the amplitude of intestinal contractions might not be directly related to the magni-

tude or rate of Aeromonas collapse events, it is reasonable to expect some monotonic relation-

ship between the two, as they both reflect physical activity of the intestine. Therefore, we would

expect to observe some degree of stabilization of Vibrio-challenged Aeromonas populations in

retmutant hosts. Indeed, Aeromonas populations were able to persist despite Vibrio challenge

in retmutant hosts from 6 to 7 dpf, and in fact were statistically indistinguishable from a refer-

ence Aeromonasmono-association (Fig 6B, right). Vibrio challenge of established Aeromonas

populations between 5 and 6 dpf yielded the same decrease in Aeromonas abundance in both

retmutant hosts and wild types (Fig 6B, left). The difference in competition within ret hosts

between these two challenge periods may be due to the small increase in the fraction of mutants

exhibiting low amplitudes at 6 dpf compared to 5 dpf (Fig 6A). However, in the absence of a

Fig 6. Intestinal motility and bacterial competition are altered in retmutant zebrafish hosts. (A)
Amplitudes of periodic contraction along the intestine for wild-type (wt) and retmutant zebrafish at 5 and 6
dpf. Shown are histograms with the percent of individual larvae within different amplitude ranges. Vertical
dashed lines indicate median amplitudes for respective curves. n = 28 (5 dpf, wt); n = 22 (5 dpf, ret); n = 29 (6
dpf, wt); n = 21 (6 dpf, ret). (B) GF wild-type and ret heterozygous hosts (wt) were raised together with ret

homozygous mutant hosts (ret) and colonized at 4 dpf with Aeromonas. At 5 (left) or 6 (right) dpf Vibriowas
added to the water column for 24 hr prior to whole gut dissection and serial plating to enumerate bacterial
abundances. Additionally plotted are respective Aeromonasmono-association reference (ref.) populations
from Fig 1B (left, 4–6; right, 4–7). The difference between Aeromonas abundance during challenge and
mono-association was determined by an unpaired t test. CFU = colony-forming units; *** = p < 0.0001;
ns = not significant; n > 18/condition. Gray and black dashed lines denote limits of quantification and
detection, respectively. Underlying data for A and B are provided in S1 Data.

doi:10.1371/journal.pbio.1002517.g006
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specific model that connects contractile mechanics to transport of bacterial aggregates (i.e., the

relationship between peristaltic amplitude and bacterial abundance), a quantitative mapping

between these two observations is not possible. Transport of Aeromonas, for example, may

depend non-linearly on contractile amplitude, or may depend on spatial or temporal features

of complex intestinal motility patterns that are not captured by measurements of amplitude

alone. Qualitatively, the difference in gut dynamics between wild-type and retmutant hosts is

clear (Fig 6A; S8 and S9 Movies), and our results ultimately provide evidence that ENS-driven

intestinal motility contributes to the shaping of this model two-member community.

Discussion

Summary and Impact

A better understanding of the factors that influence the dynamics and stability of host-associ-

ated microbial communities would allow insights into their assembly [31–33], fluctuations dur-

ing periods of normal health [12,14,15,34,35], and responses to perturbation [36,37], as well as

aid the development of diagnostic and treatment strategies for human diseases [17]. Building a

working knowledge of these processes has been impeded by the technical difficulties associated

with examining bacterial populations within their native host environments. In humans, the

approach generally taken has been to infer interspecies interactions from coarsely sampled

sequencing-based metagenomic time-series experiments performed on fecal samples [12–

14,35,38]. However, such procedures largely disregard spatial information and generally

assume particular functional forms for interactions (e.g., deterministic Lotka-Volterra dynam-

ics [12,14,15]). Moreover, measurement noise and missing information about absolute abun-

dances in metagenomic data place severe limits on the quantitative determination of

interaction strengths, even if the models are accurate descriptors of the microbial systems [12].

Therefore, basic questions regarding interspecies competition in the intestine, particularly the

extent to which it is determined by the microbes themselves, properties of the gut environment,

or a combination of the two, remain largely unanswered.

For these reasons, we set out to investigate bacterial population dynamics within the verte-

brate intestine using a combination of absolute abundance measurements, time-series imaging,

and quantitative modeling. Though our system is minimal, consisting of two bacterial species

and a larval zebrafish host, it has revealed factors we expect to be of broad relevance to other ani-

mal-associated microbiota. Most notably, in this model system the competitive exclusion that is

evident between Aeromonas and Vibrio is driven in large part by the physical activity of the host,

namely the motility of the intestine. When introduced separately to zebrafish, each bacterial spe-

cies is capable of robust intestinal colonization to high abundance, indicating an ability to make

use of the resources present within the gut. When together, Aeromonas is largely excluded, as its

enhanced sensitivity to physical disturbances renders it less capable of persisting within the gut

environment. In mutant zebrafish that have reduced intestinal motility due to mutation of the

gene ret, which impairs ENS development and function, competition between these bacterial spe-

cies can be neutralized (Fig 6). Peristaltic motility andmass transport are, of course, key attributes

of animal intestinal tracts. Importantly, the finding that the mechanical nature of the intestine

has a major role in shaping bacterial communities suggests that models of microbiota based on

in vitro competition assays or modeling of metabolic networks [16,39] will, by themselves, be

insufficient for predicting and accurately describing community structure and dynamics. Consis-

tent with this, a previous study has shown that dietary alteration of intestinal transit in a murine

model led to compositional shifts in the gut microbiota [40].

Our study demonstrates a powerful mechanism by which host enteric neural activity can

influence community composition. Interestingly, several recent investigations have

Dynamics and Stability of Gut Microbiota

PLOS Biology | DOI:10.1371/journal.pbio.1002517 July 26, 2016 13 / 24



demonstrated the converse, that gut microbiota can alter intestinal motility through modula-

tion of serotonin signaling [41], stimulation of macrophage-ENS crosstalk [42], and metabo-

lism of bile salts [43]. These observations, together with the work presented here, suggest the

possibility of an intricate feedback loop between the host and its microbiota based on intestinal

motility. Corroborating this notion, human patients with Hirschsprung disease have been

found to harbor dysbiotic microbial communities [44,45].

We were able to gain further insight into how intestinal motility contributes to stability and

competition by constructing a quantitative model based on the observed Aeromonas dynamics,

which consists of growth punctuated by stochastic collapses. Data derived from gut dissection,

in which many fish are sampled at a single time point, can be fit to the model to determine its

two relevant parameters, the bacterial carrying capacity, K, and a factor that characterizes the

collapses, z. In itself, this is trivial. However, we can also determine z from independent, and

quite different, data, namely image-based time-series of individual fish. The two measures

agree, which provides strong support for the proposed stochastic-collapse-driven model of

interspecies competition. Furthermore, the fit of the model to the data reveals that the impact

of Vibrio on Aeromonas populations is twofold: reducing the overall carrying capacity and

increasing sensitivity to physical perturbations, the combined effect of the two being much

greater than that expected for either alone. More generally, our analysis provides evidence that

quantitative, data-based models of interactions among species within the gut are possible, and

that stochastic, rather than purely deterministic, dynamics can play a major role in shaping the

composition and strength of competitive exclusion within intestinal communities. It is interest-

ing to note that recent metagenomic analyses of human intestinal microbiota have uncovered

signatures of sudden shifts in species composition, the origins of which remain unknown

[15,46], perhaps indicating stochastic dynamics are widespread in natural intestinal systems.

From an ecological perspective, it is unsurprising that the physical environment and stochastic

perturbations influence species abundance; these concepts are mainstays of our understanding of

macroscopic multispecies communities [47]. A rich literature describes various stochastic popu-

lation models and the characteristics, such as extinction probabilities, that emerge from them

[48–51]. As shown here, it is likely that such models will in general be useful for providing a con-

ceptual and predictive framework for understanding interspecies bacterial competition. Again

mirroring well-established ecological concepts, we can frame our understanding of Vibrio and

Aeromonas dynamics in the intestine as a study of these species’ differential resistance and resil-

ience to environmental perturbations. Aeromonas during mono-association is not resistant to

disturbances related to intestinal motility, but it is resilient, able to grow to high abundances

despite sporadic collapses. Vibrio, in contrast, is highly resistant to perturbations; it shows

smooth growth unfazed by the environmental perturbations that affect Aeromonas (Fig 3). In the

presence of Vibrio, both the resistance and resilience of Aeromonas are compromised, as the

magnitude of collapses is greater and the carrying capacity to which to recover is diminished.

While ecological concepts can help us characterize microbial dynamics, data on microbial

systems can, conversely, enhance our understanding of ecological theory. The fast generation

time and high degree of reproducibility of microbial systems have allowed a variety of tests of

ecological models in recent years, illuminating issues such as game-theoretic aspects of cheat-

ing [52], early warning indicators of population collapses [53], and the statistical structure of

number fluctuations [54]. Although theoretical treatments of population collapses and extinc-

tion events are abundant in the ecological literature, real data with which to test them remain

sparse [55], in part due to the challenges of performing high-precision field studies. We expect,

therefore, that data of the sort presented here, which yield collapse statistics as well as fits to

stochastic models, will have utility in contexts far removed from microbiota research.
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The Relationship between Bacterial Traits and Population Stability

There is considerable medical interest in using specific bacterial strains (e.g., probiotics) or

entire consortia (e.g., fecal microbiota transplants) to prevent or treat human disease. Central

to these approaches will be to identify the fundamental traits of bacteria that influence popula-

tion stability. We found that the differential susceptibility of our two model bacterial species to

intestinal motility could be explained by their distinct community architectures. Highly motile

single cells of Vibrio are relatively unaffected by intestinal contractions, which is in contrast to

the large, non-motile aggregates of Aeromonas (Fig 4). Earlier observations of a related A. vero-

nii strain showed higher growth rates for aggregated bacteria compared to planktonic bacteria

[21], suggesting a tradeoff may exist in this lineage between enhanced growth and resistance to

population-level disturbances. Curiously, in a murine microbiota model, antibodies able to rec-

ognize and bind to flagella were found to inhibit bacterial motility within the gut [56]. Together

with our findings, this observation is provocative because it suggests that the host immune sys-

tem and ENS might have the potential to work in tandem to tune the stability and persistence

of a range of microbial lineages by acting on specific physiological traits. Food also has the

potential to differentially interact with microbes within the confines of the intestinal environ-

ment. In preliminary work on conventionally raised larvae we find that, as expected, food

increases the amplitude of intestinal motility, which might, all other things being equal,

increase the likelihood of non-motile and aggregated bacteria like Aeromonas to be expelled.

Alternatively, food that is broken down may supply additional surfaces for bacterial aggrega-

tion and growth, thereby lowering the chances of catastrophic population losses as lumenal

contents are purged by peristalsis. Examining the consequences of feeding will likely reveal

additional complexities of intestinal population dynamics. Going forward, we anticipate that to

understand community dynamics within the intestine, the spatial structure and expression of

bacterial traits, such as motility or aggregation, will be crucial.

Aeromonas population collapses are well described by stochastic dynamics, but the underly-

ing mechanism by which Vibrio compromises resistance and resilience of Aeromonas remains

to be elucidated. Several possibilities exist, and are the focus of ongoing investigation. Vibrio

may disrupt the adhesive properties of sessile bacterial communities by secreting mucinases

[57], or alter the rheological properties of the intestinal environment [58]. More directly, Vibrio

may kill Aeromonas via secreted factors acting as bacteriocins or contact-mediated killing

through the Type VI secretion system [59–61]. Intriguingly, it is unclear whether, in the con-

text of a larger metacommunity composed of many fish in a shared aqueous environment, the

aggregative tendencies of Aeromonas would actually put it at a competitive disadvantage com-

pared to Vibrio. Expulsion of multicellular clusters could serve as a dispersal strategy by which

new hosts are efficiently colonized by high-density founder populations of Aeromonas. This

may explain the observation that species of Vibrio and Aeromonas are both highly represented

among conventionally raised zebrafish [32]. If this is the case, then it implies that Aeromonas

might have the capacity to respond to Vibrio invasion by altering its physiology and behavior

to promote dispersal. The ways in which microbes interact and respond to each other in the

complex intestinal milieu remains largely ill defined, but tractable gnotobiotic systems such as

the one employed here will be instrumental in their exploration.

Outlook

The amenability of the larval zebrafish to gnotobiotic manipulation and imaging-based studies

make it an ideal system for investigating host–microbe interactions across a range of complexi-

ties. For example, it will be possible to increase the diversity of interacting microbial species

and examine emergent features of their competition, monitor the dynamics of immune
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responses, observe and manipulate transmission between hosts, and introduce factors such as

food or antibiotics to the intestinal environment. We expect that such studies will yield deeper

insights into the dynamics of host-associated microbiota.

Methods

Ethics Statement

All experiments with zebrafish were done in accordance with protocols approved by the Uni-

versity of Oregon Institutional Animal Care and Use Committee and following standard proto-

cols [62].

Gnotobiotic Techniques

Wild-type AB or retmutant (ret1hu2846, ZFIN ID: ZDB-ALT-070315-12) zebrafish were

derived GF and colonized with bacterial strains as previously described [19]. Briefly, fertilized

eggs from adult mating pairs were harvested and incubated in sterile embryo media (EM) con-

taining 100 μg/ml ampicillin, 5 μg/ml kanamycin, and 250 μg/ml amphotericin B for ~6 hr.

Embryos were then washed in EM containing 0.003% sodium hypochlorite followed by EM

containing 0.1% polyvinylpyrrolidone–iodine. Sterilized embryos were distributed into T25 tis-

sue culture flasks containing 15 ml sterile EM at a density of one embryo per ml and incubated

at 28–30°C prior to bacterial colonization. Embryos were sustained on yolk-derived nutrients

and not fed during experiments.

Bacterial Strains

Aeromonas (ZOR0001, PRJNA205571) and Vibrio (ZWU0020, PRJNA205585) were isolated

from the zebrafish intestinal tract as described previously [24]. Fluorescently marked deriva-

tives used in imaging experiments were engineered with an established Tn7 transposon-based

approach [63]. Briefly, a cassette containing the constitutively active synthetic promoter Ptac

cloned upstream of genes encoding dTomato or superfolder GFP was chromosomally inserted

at the attTn7 locus to generate Aeromonas attTn7::Ptac-dTomato and Vibrio attTn7::Ptac-

sfGFP. Strains expressing fluorescent proteins did not exhibit overt fitness defects in vitro or in

vivo. Prior to colonization at designated time points, bacterial strains were grown overnight in

Luria Broth (LB) shaking at 30°C. Bacterial cultures were prepared for inoculation by pelleting

for 2 min at 7,000 x g and washing once in sterile embryo medium (EM). An inoculum of 106

CFU/ml was used across experiments for each bacterial strain and added directly to the water

column.

Culture-Based Quantification of Bacterial Populations

Dissection of larval guts was done as described previously [19]. Dissected guts were harvested

and placed in a 1.6 ml tube containing 500 μl sterile 0.7% saline and ~100 μl 0.5 mm zirconium

oxide beads (Next Advance, Averill Park, NY). Guts were then homogenized using a bullet

blender tissue homogenizer (Next Advance, Averill Park, NY) for ~25 seconds on power 4.

Lysates were serially plated on tryptic soy agar (TSA) and incubated overnight at 30°C prior to

enumeration of CFU and determination of bacterial load. Plots depicting culture-based quanti-

fication of bacterial populations show the estimated limit of detection (5 bacteria/gut) as well

as limit of quantification (100 bacteria/gut) and represent pooled data from a minimum of two

independent experiments. Samples with zero countable colonies on the lowest dilution were set

to the limit of detection prior to plotting and statistical analysis.
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Light Sheet Microscopy

Imaging was performed using a home-built light sheet fluorescence microscope, based on the

design of Keller et al. [18] and described in detail elsewhere [21,22]. Briefly, a laser beam is rap-

idly scanned with a galvanometer mirror and demagnified to provide a thin sheet of excitation

light. An objective lens mounted perpendicular to the sheet captures fluorescence emission

from the optical section, and the sample is scanned along the detection coordinate to yield a

three-dimensional image. To image the entire extent of the intestine (approximately

1200x300x150 microns) we sequentially image four sub-regions and computationally register

the images after acquisition. The entire volume of the intestine is imaged in less than 2 min in

two colors, with a 1-micron spacing between planes. Unless otherwise indicated in the text, all

exposure times are 30 ms with an excitation laser power of 5 mW, as measured between the

theta-lens and the excitation objective.

Imaging-Based Quantification of Bacterial Populations

The analysis pipeline used to estimate bacterial abundances from light sheet imaging is

described in [21]. In brief, we computationally identify both individual bacteria and clusters of

bacteria, and estimate the population of each cluster by dividing the total fluorescence intensity

by the average intensity of individual bacteria. As necessary, objects that are falsely identified as

bacterial clusters are manually removed. For example, in Fig 3A an autofluorescent signal in

the intestinal midgut in the Vibrio channel was excluded from subsequent quantitative analysis.

Additionally, individual time points during time-series are removed if, determined by manual

inspection, sample drift or motion of bacterial clusters driven by intestinal motility makes it

infeasible to robustly estimate bacterial abundance.

Identification of Population Collapse Events

Collapses in bacteria populations are objectively identified from time-series of total bacterial

abundance, such as those in Fig 3, by defining a collapse as a decrease in population by at least

a factor of 10 within 1 hr. Collapse events with pre-collapse populations of less than 100 bacte-

ria are discarded. These criteria were manually validated by associating each identified collapse

with a corresponding ejection of bacteria from the gut observed in series of images.

Imaging Experiments

Sample mounting is done as previously described [21]. Larval zebrafish were removed from

culture flasks and anaesthetized using 120 μg/ml tricaine methanesulfonate (Western Chemi-

cal, Ferndale, WA). Individual specimens were then briefly immersed in 0.5% agar (maximum

temperature: 42°C) and drawn into a glass capillary, which was then mounted onto a sample

holder. The agar-embedded specimens were partially extruded from the capillary so that the

excitation and emission optical paths did not pass through glass interfaces. The specimen

holder can hold up to six samples, all of which are immersed EMmaintained at 28°C, with tri-

caine present as an anaesthetic. All long-term imaging experiments were done overnight,

beginning in the late afternoon.

Measuring Bacterial Distance to Epithelial Wall

Individual bacteria were identified using the same algorithms used for quantification of bacte-

rial abundance in the intestine. As we do not have a fluorescent marker for the epithelial wall

of the intestine, we use the extent of the autofluorescent mucus in images as an estimate of the

location of the epithelial wall. This extent is determined by active contour segmentation using
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the Chan-Vese algorithm [64], using the implementation provided in MATLAB. A user-

defined region is used as the seed for the segmentation of the first frame in the time-series,

after which the segmentation of the previous frame is used as the seed for the segmentation of

the subsequent frame. We then define the distance of each identified bacterium to the epithelial

wall as the minimum distance between the location of the bacterium and the segmented extent

of the intestine. Distributions of distances to the epithelial wall are constructed from all video

frames and confidence intervals are obtained using bootstrap resampling. A null model of a

uniform prediction is obtained by randomly distributing 1,000 points for each time point in

the region defined by our intestinal segmentation. Confidence intervals are again obtained

through bootstrap resampling.

Measuring Intestinal Motility

Larval intestinal motility was assessed from images captured using DIC microscopy, performed

as previously described [28]. The displacement field from frame to frame in time-series was

determined using particle image velocimetry (PIV) algorithms [65], which calculate the

motions necessary for regions in one frame to be mapped onto regions in another. We focused

our analysis on the frequency and amplitude of these motions, restricting our analysis to com-

ponents of displacement along the intestinal axis. Fourier spectra of the displacements, aver-

aged over location in the intestine, yielded in all cases a clear peak whose frequency and

magnitude are indicative of the characteristic frequency and amplitude of intestinal motility,

respectively. This method is described in greater detail in a forthcoming paper.

Supporting Information

S1 Data. Excel spreadsheet containing data values plotted in all main and supporting fig-

ures.

(XLSX)

S1 Fig. Aeromonas and Vibrio exhibit a competitive interaction within the larval zebrafish

intestine. (A) Comparison of Vibrio abundances during mono-association and challenge of

Aeromonas populations (see Fig 1A for succession scheme). (A, left) Vibrio abundances

after different mono-association durations and (A, right) Aeromonas and Vibrio abundances

after different Vibrio challenge periods. Statistical significance of Vibrio abundances after

Vibrio challenge compared to respective mono-association reference populations (i.e., 5–6

versus 5–6; 6–7 versus 6–7; 5–7 versus 5–7) was determined by an unpaired t test. � = p <

0.05; ��� = p < 0.0001; ns = not significant; n > 10/condition. Founder populations “F” of

(B) Aeromonas and (C) Vibrio were mono-associated with GF larvae on day 4 post-fertiliza-

tion and challenged by fluorescently marked self populations “C” at 5 dpf for 24 hr (5–6) or

48 hr (5–7). Dissection and serial plating was done to enumerate founder and challenger

populations. Counting of bacterial colonies was done on a fluorescent stereomicroscope. (D)

Graphical overview of the reverse order succession schemes used in panel E. Vibrio was

allowed to colonize GF larvae at 4 dpf followed by addition of Aeromonas to the water col-

umn at 5 dpf for 24 or 48 hr prior to enumeration of abundances by dissection and serial

plating. (E, left) Vibrio and Aeromonas abundances after different mono-association dura-

tions. (E, right) Aeromonas and Vibrio abundances after different Aeromonas challenge peri-

ods. Statistical significance of abundances compared to respective mono-association

reference populations (i.e., Vibrio: 4–6 versus 5–6, 4–7 versus 5–7; Aeromonas: 5–6 versus

5–6, 5–7 versus 5–7) was determined by an unpaired t test. � = p < 0.05; �� = p < 0.01. (F)

Aeromonas and Vibrio were inoculated into LB broth either individually or 1:1 and grown
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overnight with shaking at 30°C prior to enumeration by serial plating. CFU = colony-form-

ing units. Gray and black dashed lines in panels A, B, C, and F denote limit of quantification

and detection, respectively. Underlying data for A–C, E, and F are provided in S1 Data.

(EPS)

S2 Fig. Space-filling properties of Vibrio within the zebrafish gut. (A) Single optical plane of

6 dpf larval zebrafish inoculated at 4 dpf with GFP-labeled Vibrio. Scale bar: 50 μm. (B–E) Blue

curves: Spatial distribution of bacteria with respect to the approximate extent of the intestinal

epithelial wall. Gray curves: prediction from a null model of uniform space filling. Each panel

represents an individual fish with panel B being from the same specimen in panel A. Underly-

ing data are provided in S1 Data.

(EPS)

S3 Fig. Collapses of Aeromonas populations within the zebrafish gut. (A) Total bacterial

abundance derived from imaging data for Aeromonas and Vibrio for all imaged fish (n = 13)

initially inoculated for 24 hr with Aeromonas and then challenged by Vibrio. Plots represent

individual larvae and are plotted as a function of time following Vibrio inoculation. (B) Total

bacterial abundance derived from imaging data for fish inoculated for 24 hr with Aeromonas

alone (n = 10). Plots represent individual larvae and are plotted as a function of time following

Aeromonas inoculation. (A and B) Vertical dashed lines indicate sharp drops of over an order

of magnitude within an hour of the Aeromonas population. Underlying data for A and B are

provided in S1 Data.

(EPS)

S4 Fig. Characteristics of zebrafish gut motility at 6 dpf for fish with different bacterial col-

onization histories. GF = germ-free; Aero = mono-association with Aeromonas from 4 dpf;

Vibrio = mono-association with Vibrio from 4 dpf; Aer+Vib = mono-associated with Aeromo-

nas at 4 dpf and challenged with Vibrio at 5 dpf. (A) The characteristic period of gut motility,

identified as the inverse of the frequency of the peak signal in a Fourier spectrum of gut motion

amplitudes, averaged over all positions. All conditions give very similar periodicity of gut

motion. (B) The characteristic amplitude of gut motility, identified as magnitude of the peak

signal in a Fourier spectrum of gut motion amplitudes. There is considerable variability

between fish clutches, and so the amplitudes are normalized by the median of the germ-free

fish in each batch. All conditions show large variance, with no significant difference evident

between the various conditions. In A and B, gray X’s are from individual fish; boxes indicate

the first to third quartiles, and the horizontal bars in boxes indicates the median value. Under-

lying data for A and B are provided in S1 Data.

(TIF)

S5 Fig. Spatial distribution of Aeromonas and Vibrio during mono-association or challenge

experiments. (A) Spatial distribution of Vibrio, quantified as the probability density along the

gut, for 6 dpf fish mono-associated at 5 dpf with GFP-labeled Vibrio (gray) or inoculated at 4

dpf with dTomato-labeled Aeromonas and challenged at 5 dpf with GFP-labeled Vibrio (blue).

(B) Probability density of Aeromonas in 6 dpf fish mono-associated at 5 dpf with dTomato-

labeled Aeromonas (gray) or inoculated at 4 dpf with dTomato-labeled Aeromonas and chal-

lenged at 5 dpf with GFP-labeled Vibrio (magenta). The blue and magenta spatial distributions

are drawn from the same fish. n = 10 for both conditions. Underlying data for A and B are pro-

vided in S1 Data.

(EPS)
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S1 Movie. Example of the motile and planktonic behavior of Vibrio in the zebrafish gut.

Live imaging of a single optical plane in the intestinal midgut of a 6 dpf larval zebrafish inocu-

lated at 4 dpf with GFP-labeled Vibrio. Scale bar: 50 μm.

(AVI)

S2 Movie. Example of Vibrio space filling properties. Three-dimensional scan through the

intestinal bulb of a 5 dpf larval zebrafish inoculated at 4 dpf with GFP-labeled Vibrio. Scale bar:

50 μm.

(AVI)

S3 Movie. Example of Vibrio resistance to intestinal contractions. Time-series is of a single

optical plane in the intestinal bulb of a 6 dpf larval zebrafish inoculated at 4 dpf with GFP-

labeled Vibrio. A subpopulation of Vibrio can be seen aggregating in the anterior bulb despite

repeated intestinal contractions. Scale bar: 50 μm. Movie was recorded at 1 frame per second.

(AVI)

S4 Movie. Example of the non-motile and clustered behavior of Aeromonas in the zebrafish

gut. Live imaging of a single optical plane in the intestinal midgut of a 6 dpf larval zebrafish

inoculated at 4 dpf with dTomato-labeled Aeromonas. Scale bar: 50 μm.

(AVI)

S5 Movie. Spatial distribution of Aeromonas in the zebrafish gut. Three-dimensional scan

through the intestinal bulb and midgut of a 5 dpf larval zebrafish inoculated at 4 dpf with dTo-

mato-labeled Aeromonas. Bacterial clusters, individual bacteria (circled), and autofluorescent

signals from intestinal mucus (gray haze) are indicated. Scale bar: 50 μm.

(AVI)

S6 Movie. Example of an Aeromonas collapse event during Vibrio challenge. Time-series is

of maximum intensity projections of images taken from the same larval zebrafish shown in Fig

3A. The fish was initially colonized at 4 dpf with Aeromonas (magenta), challenged 24 hr later

by inoculation with Vibrio (cyan), and then imaged every 20 min for 14 hr. Times indicate

hours post-challenge. The region shown spans about 80% of the intestine, with the anterior on

the left. Image contrast in both color channels is enhanced for clarity. Yellow dotted line

roughly indicates the lumenal boundary of the intestine; the two bacterial fluorescence chan-

nels are overlaid inside this region. Scale bar: 200 μm.

(AVI)

S7 Movie. Example of Aeromonas sensitivity to intestinal contractions. Time-series is of a

single optical plane in the intestinal midgut of a 6 dpf larval zebrafish inoculated at 4 dpf with

dTomato-labeled Aeromonas. Scale bar: 50 μm. Movie was recorded at 1 frame per second.

(AVI)

S8 Movie. Example of intestinal motility in a wild-type larval zebrafish. DIC microscopy

video of intestinal motility in a conventionally raised 6 dpf wild-type larval zebrafish. Scale bar:

50 μm.

(AVI)

S9 Movie. Example of intestinal motility in a retmutant larval zebrafish. DIC microscopy

video of intestinal motility in a conventionally raised 6 dpf retmutant larval zebrafish. Scale

bar: 50 μm.

(AVI)
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S1 Program. MATLAB code used to simulate logistic growth punctuated by sudden drops

in bacterial abundance.

(M)

S1 Text. PDF file containing description of stochastic collapse model.

(PDF)
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