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Abstract

Are there general biophysical relationships governing the spatial organization of the gut mi-
crobiome? Despite growing realization that spatial structure is important for population
stability, inter-bacterial competition, and host functions, it is unclear in any animal gut
whether such structure is subject to predictive, unifying rules, or if it results from contex-
tual, species-specific behaviors. To explore this, we used light sheet fluorescence microscopy
to conduct a high-resolution comparative study of bacterial distribution patterns throughout
the entire intestinal volume of live, larval zebrafish. Fluorescently tagged strains of seven
bacterial symbionts, representing six different species native to zebrafish, were each sepa-
rately mono-associated with animals that had been raised initially germ-free. The strains
showed large differences in both cohesion—the degree to which they auto-aggregate—and
spatial distribution. We uncovered a striking correlation between each strain’s mean po-
sition and its cohesion, whether quantified as the fraction of cells existing as planktonic
individuals, the average aggregate size, or the total number of aggregates. Moreover, these
correlations held within species as well; aggregates of different sizes localized as predicted
from the pan-species observations. Together, our findings indicate that bacteria within the
zebrafish intestine are subject to generic processes that organize populations by their cohesive
properties. The likely drivers of this relationship, peristaltic fluid flow, tubular anatomy, and
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bacterial growth and aggregation kinetics, are common throughout animals. We therefore
suggest that the framework introduced here, of biophysical links between bacterial cohesion
and spatial organization, should be useful for directing explorations in other host-microbe
systems, formulating detailed models that can quantitatively map onto experimental data,
and developing new tools that manipulate cohesion to engineer microbiome function.

Introduction

Dense and diverse communities of microbes reside in the intestines of humans and other1

animals. Their large impact on processes ranging from digestion to disease progression [1, 2,2

3] motivates a great deal of work aiming to uncover determinants of community composition3

and function. Because of the size and anatomy of the gut, and because of the remarkable4

number of microbial species that coexist within it—hundreds to thousands in humans—it is5

widely believed that spatial organization plays an important role in orchestrating community6

structure [4, 5]. In support of this, for example, recent studies have shown that distinct7

groups of bacteria inhabit the lumenal space of the intestine compared to the dense mucus8

layer lining the epithelium [6] and that distinct taxa are found in different regions along the9

length of the digestive tract [7]. The drivers of spatial organization are most often considered10

to be anatomical, as above, or biochemical, for example caused by variation in pH or the11

concentrations of nutrients, oxygen, or antimicrobial peptides [8].12

Here, we suggest and demonstrate that the biophysical character of the microbes themselves,13

namely the degree to which they are planktonic or aggregated, can be a strong predictor of14

their populations overall position within the intestine. In macroscopic ecological contexts,15

such relationships between morphology and spatial distribution are well known. For example,16

animal body mass is greater in colder regions (Bergmann’s rule), likely due to the scaling17

of surface driven heat loss with size; phytoplankton aggregation is correlated with position18

in the water column, due to buoyancy [9]; and seed mass varies robustly with latitude, for19

reasons that are still unclear [10].20

It remains an open question whether gut microbes are governed by broad, pan-species prin-21

ciples linking cellular behavior and large-scale distribution, or whether spatial structure22

is contingent on context- and species-specific interactions. Investigating this requires high-23

resolution imaging within live animals in a controlled setting, which has only recently become24

possible. Uncovering such principles would demonstrate that despite the biochemical com-25

plexity of the vertebrate microbiota, general biophysical principles governing the architecture26

of gut microbial communities may exist.27

Our study makes use of larval zebrafish (Fig. 1A, 1B), a model organism of particular28

utility to investigations of host-microbe interactions due to its anatomical and physiological29

similarities to other vertebrates, its optical transparency, and its amenability to gnotobiotic30

techniques for the creation of fish colonized only by particular microbial species [11, 12, 13,31

14]. Zebrafish naturally associate with a diverse intestinal microbiome containing hundreds32
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Figure 1: Diversity of bacterial population structures within the zebrafish in-
testine. (A) Schematic of a 6-day old larval zebrafish. (B) Schematic of a larval zebrafish
intestine with the three general anatomical regions and their approximate relative sizes high-
lighted. (C) Representative images from across the range of observed population structures.
Each image is a maximum intensity projection of a full 3D image stack, except for the
top right inset, which is a single optical plane. Dashed amber lines trace the approximate
boundaries of the intestine in each image. Examples of single cells (open arrowheads), small
aggregates (closed arrowheads), and large aggregates (tailed arrowheads) are noted within
insets under “sub-region”. See also Supplementary Movies 1-4. Top row: Populations of V.
cholerae ZWU0020 localize to the anterior bulb and are dominated by highly motile plank-
tonic cells (Supplementary Movie 1). Inset shows V. cholerae ZWU0020 cells in a different
fish that was colonized with 1:100 mixture of green and red variants. The dilute channel
(green) is shown. Middle row: Populations of A. caviae ZOR0002 typically contain a range
of bacterial aggregate sizes, as indicated by arrows. Inset shows a zoomed-in view of the
same intestine. Bottom row: Populations of E. cloacae ZOR0014 typically consist of small
numbers of large aggregates. Inset shows a zoomed-in view of the same intestine.
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strain median abundance

Aeromonas veronii ZOR0001 8.4× 102

Aeromonas caviae ZOR0002 1.2× 103

Enterobacter cloacae ZOR0014 3.5× 103

Plesiomonas ZOR0011 4.6× 103

Pseudomonas mendocina ZWU0006 3.5× 102

Vibrio cholerae ZOR0036 1.6× 103

Vibrio cholerae ZWU0020 2.0× 104

Table 1: Bacterial strains and imaging-derived estimates of mono-association
abundances in vivo. Abundances were estimated from 3D image stacks using the compu-
tational pipeline described in Methods and Supplementary Text

of bacterial species [15, 16] that influence a wide range of host processes [17, 18, 19, 20].33

Earlier work on the dynamics of two native zebrafish bacterial symbionts [14] and a human-34

derived pathogen [13] showed associations between cellular growth mode, specifically whether35

the bacteria are planktonic or aggregated, and spatial distribution, specifically the location36

of the population along the length of the intestine, but the robustness and generality of this37

association remains unexplored.38

Experimental Design39

To investigate this putative relationship, we analyzed seven bacterial strains representing40

six different species (Table 1). All were isolated from zebrafish intestines, where they are41

common and abundant [16]. Each species was previously engineered to constitutively ex-42

press fluorescent proteins [21]. To deduce relationships intrinsic to species morphology and43

its interaction with the gut environment, and to reduce variation arising from inter-bacterial44

interactions, we first raised larvae germ-free and then colonized them with individual bacte-45

rial strains by inoculation of the aqueous medium (Methods and Supplemental Text). After46

a 24 hour period of colonization and growth, three-dimensional image stacks were acquired47

using a custom-built light sheet fluorescence microscope described in detail elsewhere [12].48

The images span the entire larval intestine, roughly 200 x 200 x 1000 microns in extent, with49

single-bacterium resolution. Additional details are provided in Methods.50

Results51

Imaging multiple fish per strain revealed a broad spectrum of growth modes and bacterial52

distributions, ranging from the highly planktonic populations of Vibrio cholerae ZWU002053

located within the anterior bulb (Fig. 1C, top; Supplemental Movie 1) to the almost entirely54
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Figure 2: Metrics of cohesion correlate with spatial distribution across bacterial
strains. (A) the fraction of the population of each strain existing as single planktonic cells,
(B) the average number of cells per cluster, and (C) the total number of clusters plotted
against the population center, the center of mass position of each strain normalized by the
length of the intestine. For the plots shown in B and C, individual cells are considered
clusters of size 1. Circles show median values for each strain, bars show 25% and 75% quar-
tiles. Trendlines were generated from the unweighted linear regression of log10-transformed
medians.
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aggregated populations of Enterobacter cloacae ZOR0014 located within the midgut (Fig.55

1C, bottom). Most populations displayed intermediate mixtures of cellular growth modes56

and spatial distributions, similar to that of Aeromonas caviae ZOR0002 (Fig. 1C, middle;57

Supplemental Fig. 1, Supplemental Movies 2-4). As with observations of Aeromonas strains58

in earlier work [14], bacterial aggregates were dense, compact, and cohesive. The predomi-59

nant difference in spatial position between species was their location along the longitudinal60

axis of the intestine. We observed no strains, for example, that localized along the radial61

axis, lining the gut epithelium.62

We computationally identified each individual bacterium and aggregate in each three-dimensional63

image stack, and also determined the number of cells in each aggregate [12] (see Methods).64

For each population, we computed the center of mass along the longitudinal axis of the intes-65

tine, normalized by the total intestinal length, to represent its spatial distribution. We also66

enumerated the fraction of the population present as planktonic cells to represent the strains67

growth mode. Plotting each strain’s planktonic fraction versus its population center shows68

a clear and striking correlation (Fig. 2A). Linear regression of log10-transformed planktonic69

fraction (log10 fp) against center of mass position (xc) gives a coefficient of determination of70

R2 = 0.91, and best-fit parameters71

log10 fp = (0.81± 0.32) + (−5.4± 0.8)xc. (1)

Making use of our image segmentation of bacterial aggregates, we examined the relationship72

between mean object size and position. Defining a cluster as any group of bacteria (so that73

an individual bacterium is a cluster of size one), we find a strong correlation between each74

species’ average cluster size (mean cells per cluster, Cc) and its center of mass (Fig. 2B, R2
75

= 0.79);76

log10Cc = (−0.74± 0.47) + (4.9± 1.1)xc. (2)

Because Cc is proportional to the total number of cells and inversely proportional to the77

number of clusters per fish (nc), the relationship in Fig. 2B could be caused by a dependence78

on either or both of these factors. However, the total population of each species, save for79

V. cholerae ZWU0020, is roughly similar (Table 1); in contrast, nc is strongly negatively80

correlated with position (Fig. 2C, R2 = 0.88). Regression gives81

log10 nc = (4.7± 0.5) + (−6.6± 1.1)xc. (3)

The slope, −6.6 ± 1.1, is close to the negative of the slope of the Cc vs xc relationship82

(4.9 ± 1.1), as would be expected if Cc ∼ 1/nc with the overall population being species-83

independent. Together, the Cc vs xc and nc vs xc relationships confirm the lack of a global84

correlation between abundance and location and imply instead that local interactions relate85

the size and positioning of aggregates.86
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Figure 3: Signatures of a cohesion-distribution relationship can be detected within
populations at the strain level. For each strain shown, the size of every cluster with
size 2 cells and greater across all samples is plotted against its normalized position along
the intestine (small circles). Trendlines depict linear regressions of log10-transformed cluster
sizes against position (black dashed lines). To better highlight trends, data were binned by
position and the mean standard deviation of cluster sizes were overlaid on each plot as large
circles and bars.

We next asked if the relationship between aggregation and intestinal distribution we found87

between strains could be detected within individual strain populations, which would fur-88

ther support its biophysical generality. For this, we considered only clusters of two or more89

cells because individual cells dominate each dataset (Fig. 2A). For each strain, excluding90

V. cholerae ZWU0020 because it shows almost no aggregation (Fig. 2A), we combined91

measurements of cluster size and intestinal position from all specimens. We restricted our92

analysis to the anterior half of the intestine because the distal half rarely contained substan-93

tial populations (likely due to frequent intestinal expulsion), limiting our statistical power94

in that region. Regressing log10-transformed sizes of aggregates against their position (Fig.95

3, small circles and dashed trendlines), we found a positive correlation between aggregate96

size and aggregate position for each of the six strains (Table 2). Finding this relationship97

within strains, as well as across strains, suggests a generic mechanism that spatially segre-98

gates bacterial cells based on their cohesive properties, resulting in the localization of small99

aggregates to the anterior of the intestine and larger aggregates to the posterior.100
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strain slope value uncertainty

Aeromonas veronii ZOR0001 1.5 0.6
Aeromonas caviae ZOR0002 0.5 0.2
Enterobacter cloacae ZOR0014 1.5 0.4
Plesiomonas ZOR0011 1.4 1.5
Pseudomonas mendocina ZWU0006 1.1 1.4
Vibrio cholerae ZOR0036 0.8 0.3

Table 2: Results of within-strain regressions in Fig 3. The regression was of log10-
transformed cluster sizes (with size ≥ 2) against normalized cluster positions.

Discussion101

Harnessing the natural variation displayed by native zebrafish symbionts and the spatial102

insights made possible by 3D live imaging, we have uncovered a quantitative relationship103

between bacterial cell behavior and large-scale spatial organization throughout the intestine.104

We found that across species and strains, the degree to which bacterial populations are105

aggregated, a biophysical characteristic we term “cohesion”, correlates strongly with their106

mean position along the intestine. Moreover, looking within strains we were able to detect107

further signatures of the cohesion-distribution correlation: namely, the size and location108

of individual aggregates are also correlated. These findings suggest that the relationship109

between cohesion and spatial structure represents a general principle that manifests across110

both taxonomic and cellular scales. Intriguingly, the diverse species and strains we examined111

each have well-defined characteristics, while together they span the range from almost wholly112

planktonic to almost wholly aggregated, with the corresponding range of intestinal locations.113

This suggests that either through evolution of particular colonization strategies or behavioral114

responses to the gut environment, bacteria have the capacity to influence how the intestine115

shapes their populations.116

We posit that the mechanism underlying the cohesion-distribution relationship emerges from117

the interplay between physical properties of the intestinal environment, especially its shape118

and peristaltic activity, and the cellular lifestyles of resident bacteria. As in all vertebrates,119

the larval zebrafish intestine is roughly tubular with a corrugated surface of villi, and trans-120

ports and mixes contents using coordinated, periodic peristaltic contractions [22]. Earlier121

work looking solely at A. veronii ZOR0001 found aggregated microbes pushed and sporad-122

ically ejected by these contractions [14]; such forces more generally affect all aggregated123

bacteria. Theoretical studies of particle suspensions under low Reynolds number peristaltic124

flow also show spatial segregation of planktonic and aggregated cells [23]. These observa-125

tions suggest that it should be possible to construct models that quantitatively match in126

vivo measurements and that offer predictions relevant for other animals, including humans.127

The development of such models will be challenging, as they must combine fluid dynamics,128

anatomy, and the nucleation, growth, and transport properties of bacterial aggregates. Ag-129

gregation kinetics are quantifiable from in vivo time-series imaging [12], and ongoing work,130
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from both imaging and modeling, suggests that a robust, pan-species characterization of131

cluster dynamics is possible.132

Even in the absence of such detailed models, however, it is reasonable to believe that the133

general relationship uncovered here will occur in larger systems, such as the human gut.134

Peristaltic transport, a tube-like geometry, and bacterial growth are universal features of all135

animal intestines. Given that Reynolds and Stokes numbers are low in both the zebrafish136

intestine and the much larger human intestine, we expect that the flow fields and particle137

transport that result from peristaltic contractions will be similar across scales. This simi-138

larity has already allowed quantitative comparisons of microbial compositions driven by pH139

and flow rates between in vitro fluidic devices and the human microbiome [24]. Therefore,140

the longitudinal segregation of bacterial clusters by size that we observed here may be a141

generic consequence of peristaltic activity. Moreover, the finer-scale structure of crypts and142

folds affords still further possibilities for spatial structuring driven by the associated flow143

fields and bacterial cohesion. Host anatomy, diet, and biochemical heterogeneity will likely144

complicate this picture, but we suggest that a general trend connecting bacterial morphology145

and intestinal position is reasonable to expect and intriguing to search for.146

The relationship between cohesion and spatial distribution described here offers a framework147

for precision microbiome engineering. For example, by manipulating cohesion it may be148

possible to selectively displace bacterial populations from certain regions of the intestine or149

to remove them entirely. Reflecting this point, it was recently shown in a murine Salmonella150

vaccine model that antibody-mediated enchaining of bacterial cells led to aggregation and151

intestinal expulsion [25]. In addition, peristaltic activity can change in response to diet,152

therapeutic drugs, infection, and a range of chronic diseases. Therefore, elaborating the153

link between cohesion, spatial structure, and flow may help explain diseases that result154

from microbial imbalances, and inspire methods for countering such changes in community155

composition through the targeted alteration of bacterial aggregation.156

Methods157

Bacteria: All bacterial strains used in this study are listed in Table 1. Each strain was158

previously engineered via Tn7-mediated insertion to constitutively express either dTomato159

or sfGFP fluorescent reporters from a single chromosomal locus [21]. Archived stocks of160

bacteria were maintained in 25% glycerol at -80C. Prior to experiments, bacteria were directly161

inoculated from frozen stocks into 5ml lysogeny broth (LB) media (10g/L NaCl, 5g/L yeast162

extract, 12g/L tryptone, 1g/L glucose) and grown for 16h (overnight) shaking at 30C.163

Animal care and gnotobiology : All experiments with zebrafish were done in accordance with164

protocols approved by the University of Oregon Institutional Animal Care and Use Commit-165

tee and following standard operating procedures [26]. Wild-type (AB x TU strain) zebrafish166

were derived germ-free and colonized with bacterial strains as previously described [27] with167

slight modification (Supplemental Text).168
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Live imaging : Live imaging of larval zebrafish was conducted using a home-built light sheet169

fluorescence microscope previously described in detail [12]. The full volume of the intestine170

(approximately 1200x300x150 microns) is captured in four sub-regions that are registered in171

software following imaging. An entire intestine sampled with 1-micron steps between planes172

is imaged in less than 1 minute. All images were taken with an exposure time of 30ms and173

an excitation laser power of 5mW at 488 nm and 561 nm wavelengths.174

Image analysis : Three-dimensional image stacks were analyzed using a pipeline described175

in detail in [12], with minor changes (Supplemental Text). The goal of the analysis is to176

identify the location and size of all bacterial clusters, ranging from individual, planktonic177

cells to large multicellular aggregates. Small objects are identified using a spot detection178

algorithm calibrated to over count spots, which are then filtered using a trained classifier179

(Supplemental Text). Large objects are segmented using a graph-cut algorithm [28], typically180

seeded with a mask obtained by intensity thresholding. The number of cells per multicellular181

aggregate is estimated by dividing the total fluorescence intensity of the aggregate by the182

average intensity of single cells in the same fish host. In cases where single cells are sparse183

or absent, the average is taken across all single cells for that strain.184

Data: To maximize statistical power, we combined newly acquired data with a recently pub-185

lished image dataset obtained under identical conditions [21]. The recently published data186

had been subjected to prior analysis to estimate overall bacterial abundances, but was rean-187

alyzed here from scratch using the methods described above and in the Supplemental Text.188

The combined dataset consisted of N=6 fish per strain, except for Plesiomonas ZOR0011,189

which had N=3 fish. The output of our computational pipeline, a text file containing the190

size and location of every bacterial cluster, with identifiers for strain, fish, and dataset, is191

included in Supplemental Data File 1, with details on its format in the Supplemental Text.192

In addition, a spreadsheet with the cohesion and distribution metrics plotted in Figure 2 is193

included in Supplemental Data File 2.194
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Supplemental Text204

Zebrafish gnotobiology details205

Wild-type (AB x TU strain) zebrafish were derived germ-free and colonized with bacterial206

strains as previously described [27] with slight modification. Briefly, fertilized eggs from207

adult mating pairs were collected and incubated in filter-sterilized embryo media (EM) con-208

taining ampicillin (100 µg/ml), gentamicin (10 µg/ml), amphotericin B (250 ng/ml), tetra-209

cycline (1 µg/ml), and chloramphenicol (1 µg/ml) for ∼6h. Embryos were next washed in210

EM containing 0.1% polyvinylpyrrolidone-iodine followed by EM containing 0.003% sodium211

hypochlorite. Surface-sterilized embryos were distributed into T25 tissue culture flasks con-212

taining 15 ml sterile EM at a density of one embryo per ml and incubated at 28-30◦ C213

prior to bacterial colonization. Embryos were sustained on yolk-derived nutrients and not214

fed during experiments. For bacterial mono-association, bacteria were grown overnight in215

5ml LB liquid media with shaking at 30◦C, and prepared for inoculation by pelleting 1ml216

of dense culture for 2min at 7,000×g, washing once in sterile EM. Each bacterial strain was217

individually inoculated into the water column of single flasks containing 4-day old germ-free218

larval zebrafish at a final density of ∼ 106 bacteria/ml. Live imaging of bacterial colonization219

patterns was assessed 24h later.220

Image analysis details221

Three-dimensional fluorescence images of bacteria in the zebrafish intestine were segmented222

using a computational pipeline described in [12] with minor but relevant changes elaborated223

here. The goal of the pipeline is to identify the size and location of every bacterial cluster224

in the intestine, ranging from single, planktonic cells to large multicellular aggregates. The225

original pipeline was calibrated on images of a single bacterial strain. Applied to the diverse226

set of strains used in this study, we found that its performance varied by strain and deemed227

the overall accuracy inadequate for the cluster size measurements we sought. Therefore, we228

introduced changes that led to greater generality at the expense of a small increase in human229

input. Ongoing efforts are directed at simultaneously maximizing automation and accuracy.230

Single cell detection231

In the pipeline, single cells (small objects) and aggregates (large objects) are identified232

separately and the results are then merged. Putative single cells are identified using a233

spot detection algorithm calibrated to over-count cells and are then filtered using a trained234

classifier. In the original pipeline, a wavelet filtering-based algorithm [29] was used identify235

putative cells. When optimized, this algorithm typically leads to few false positive. For236

certain strains, however, we found that it under counted cells. We therefore replaced it with237
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a less sophisticated and faster Difference of Gaussians (DoG) algorithm that led to more238

false positives but rarely missed true cells.239

Single cell classification240

In past work [12], we further discriminated between bacteria and non-bacteria by training241

Support Vector Machine (SVM) classifiers on subsets of human classified data, with one242

classifier per strain. In the present study, however, training data was sparse for most strains,243

limiting the power of any machine learning algorithm. To compensate for this, we trained a244

single SVM classifier on a pooled data set of all strains, with two fish per strain, containing245

7000 objects in total. With 11 features (various intensity and shape metrics) and a Radial246

Basis Function kernel we reached a maximum out of sample accuracy of 68± 2%, as measured247

by cross validation on 90/10 train-test splits. While this accuracy is quite poor, the pooled248

classifier along with the DoG spot detection algorithm led to improved overall accuracy of249

the single cell detection pipeline compared to the original wavelet filtering-based approach,250

assessed by eye. For comparison, SVM classifiers trained on just a single strain using datasets251

of up to ∼20,000 objects have an average accuracy of ∼75% [30].252

As a final step, coarse human classification was performed on the remaining spots. A recent253

study [30] on the performance of various machine learning algorithms on this task measured254

a maximum possible accuracy as the average agreement between several human experts on255

a single dataset, which was ∼90%. As we followed identical protocols, we estimate the256

accuracy of our spot detection to be ∼90%.257

Multicellular aggregate detection258

In the original pipeline, multicellular aggregates were segmented using a graph-cut approach259

[28] seeded with an intensity threshold mask. We found that this approach performed poorly260

on images of dense collections of small and mid-sized aggregates, and on images with both261

extremely large and small aggregates. Therefore, in such cases we instead seeded the graph-262

cut algorithm with a gradient threshold mask, obtained by thresholding a Sobel-filtered263

image.264

Special handling of Vibrio cholerae ZWU0020265

For Vibrio cholerae ZWU0020, the bulk of the population is contained in a dense swarm266

of motile individuals in the anterior bulb (Fig 1C, top; Supplementary Movie 1), obscuring267

detection by our algorithm designed to identify single cells. To enumerate this population,268

the swarm is identified as a large cluster, normalized by average single cell fluorescence269

intensity, and then counted as a collection of single cells. The location of each of these cells270
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is taken to be the center of mass of the whole swarm. Vibrio cholerae ZWU0020 is the only271

strain for which this approach is required.272

Details of Supplemental Data File 1273

Supplemental Data File 1 is a text file containing the size and normalized location of every274

bacterial cluster identified in this study. Each row of the file corresponds to a cluster.275

The six columns are, from left to right: normalized location along length of the intestine,276

(unrounded) number of cells per cluster, strain identifier, dataset identifier, fish identifier,277

cluster identifier.278

For multicellular aggregates, location corresponds to the center of mass of the aggregate.279

Strain identifier is a number 1-7 denoting the bacterial strain, with numbers corresponding to280

Aeromonas veronii ZOR0001, Aeromonas caviae ZOR0002, Enterobacter cloacae ZOR0014,281

Plesiomonas ZOR0011, Pseudomonas mendocina ZWU0006, Vibrio cholerae ZWU0020, and282

Vibrio cholerae ZOR0036 respectively. The dataset identifier is equal to 1 if the cluster came283

from the previously published dataset [21], and is equal to 2 if it came from the dataset284

generated specifically for this study. The fish identifier labels the fish host the cluster belongs285

to. The cluster identifier is a unique number assigned to each cluster within a fish.286

References287

[1] Laura M. Cox, Shingo Yamanishi, Jiho Sohn, Alexander V. Alekseyenko, Jacqueline M.288

Leung, Ilseung Cho, Sungheon G. Kim, Huilin Li, Zhan Gao, Douglas Mahana, Jorge G.289
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Figure S1: Represetative examples of additional bacterial strains. (A) Schematic of a
6-day old larval zebrafish. (B) Schematic of a larval zebrafish intestine with the three general
anatomical regions and their approximate relative sizes highlighted. (C) Representative
images from four additional bacterial strains not pictured in the main text. Each image
is a maximum intensity projection of a full 3D image stack. Dashed amber lines trace
the approximate boundaries of the intestine in each image. Examples of single cells (open
arrowheads), small aggregates (closed arrowheads), and large aggregates (tailed arrowheads)
are noted within insets under “sub-region”. Each inset is a zoomed in view of the same
intestine. First row: Populations of A. veronii ZOR0001 localize predominantly to the
midgut and feature a mix of planktonic cells and clumps. Second row: Populations of
Plesiomonas ZOR0011 typically contain a mix of planktonic cells localized in the anterior
bulb and aggregates in the midgut. Third row: Populations of P. mendocina ZWU0006
typically are dominated by a small number of large aggregates, but planktonic cells are also
observed. Fourth row: populations of V. cholerae ZOR0036 often contain large numbers of
planktonic cells present the anterior bulb, along with more moderately sized aggregates in
the midgut.

17

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 15, 2018. ; https://doi.org/10.1101/392316doi: bioRxiv preprint 

https://doi.org/10.1101/392316
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplemental Movies384

Supplemental Movie 1385

Real time movies of two differently tagged variants of V. cholerae ZWU0020, inoculated at386

a 1:100 ratio (GFP:dTomato), in a live, 6-day old zebrafish intestine. Left panel shows a387

dense swarm of the abundant and highly motile dTomato population. Right panel shows the388

minor GFP subpopulation, where single cells are more discernible. Movies were captured389

sequentially, and are from a single optical plane positioned in the anterior bulb. Scale bar390

= 25 microns.391

Supplemental Movie 2392

Animated slices of a z-stack depicting V. cholerae ZOR0036 in the anterior bulb and midgut393

of a 5-day old zebrafish. Beginning at 30 microns in depth, the structure of the intestinal394

folds and the intestine boundary become visible. Bright puncta within this boundary are395

bacterial cells. The motion of single cells reflects swimming motility during 3D image acqui-396

sition. Vertical stripes in the lumen are the result of shadows cast by pigmented cells on the397

skin. At 85 microns in depth, strong autofluorescence from the yolk appears in the lower-398

right corner of the movie. At 125 microns in depth, a large, multicellular aggregate appears399

in the upper-right corner of the movie, corresponding to the beginning of the midgut. Scale400

bar = 25 microns.401

Supplemental Movie 3402

Animated slices of a z-stack depicting A. caviae ZOR0002 in the anterior bulb and midgut403

of a 5-day old zebrafish. Planktonic cells, small aggregates, and large aggregates are present.404

In contrast to V. cholerae ZOR0036 (Supplemental Movie 2), planktonic cells are not motile405

in vivo. Vertical stripes in the lumen are the result of shadows cast by pigmented cells on406

the skin. Scale bar = 25 microns.407

Supplemental Movie 4408

3D rendering of P. mendocina ZWU0006 in the midgut of a 5-day old zebrafish. A single,409

large aggregate dominates the field of view. The bacterial aggregate is shown in bright410

white, whereas autofluorescent intestinal mucus marks the lumenal space. Finer structure is411

visible, with distinct regions resembling smaller aggregates that appear to have been packed412

together. Scale bar = 25 microns.413
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