1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Cell Host Microbe. Author manuscript; available in PMC 2016 November 11.

-, HHS Public Access
«

Published in final edited form as:
Cell Host Microbe. 2015 November 11; 18(5): 613-620. doi:10.1016/j.chom.2015.10.009.

Individual members of the microbiota disproportionately
modulate host innate immune responses

Annah S Rolig!, Raghuveer Parthasarathy?, Adam R Burns3, Brendan JM Bohannan3, and
Karen Guilleminl”

linstitute of Molecular Biology, 1370 Franklin Blvd, University of Oregon, Eugene, OR, USA
97403

2Department of Physics, 1274 University of Oregon, Eugene, OR, USA 97403
SInstitute of Ecology and Evolution, 5289 University of Oregon, Eugene, OR, USA 97403

Summary

Predicting host health status based on microbial community structure is a major goal of
microbiome research. An implicit assumption of microbiome profiling for diagnostic purposes is
that the proportional representation of different taxa determine host phenotypes. To test this
assumption, we colonized gnotobiotic zebrafish with zebrafish-derived bacterial isolates and
measured bacterial abundance and host neutrophil responses. Surprisingly, combinations of
bacteria elicited immune responses that do not reflect the numerically dominant species. These
data are consistent with a quantitative model in which the host responses to commensal species are
additive, but where various species have different per capita immunostimulatory effects. For
example, one species has a high per capita immunosuppression that is mediated through a potent
secreted factor. We conclude that the proportional representation of bacteria in a community does
not necessarily predict its functional capacities; however, characterizing specific properties of
individual species offers predictive insights into multi-species community function.

Introduction

Animals and their resident microbial communities, or microbiota, are a complex ecosystem.
These microbes derive nutrients from the host environment, and in turn, they influence
normal animal development and health. The gastrointestinal microbiota are critical for
nutrient acquisition and immune system development (Backhed et al., 2005; Hooper et al.,
2012). Metagenomic profiling of gut microbiota has identified deviations from taxonomic
compositions associated with health in diseases such as obesity (Turnbaugh et al., 2009),
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diabetes (Wen et al., 2008), and inflammatory bowel diseases (IBD)(Frank et al., 2007). An
implicit assumption in these compositional analyses is that the relative abundances of
different taxa can predict pathology; however, application of this assumption to clinical data
does not uncover consistent trends. For example, both an increased (Turnbaugh et al., 2009)
and decreased ratio (Jumpertz et al., 2011) of Bacteroidetes to Firmicutes have been
associated with obesity. Additionally, a meta-analysis of human obesity-associated
microbiota concluded that small shifts in many taxa, rather than large differences in a few
taxa, are more likely to predict obesity (Walters et al., 2014). Thus, the extent to which
microbiota composition can be used to predict community function and human health status
remains an open question.

The complexity and variability of vertebrate-associated microbiota presents substantial
challenges to unraveling their functional potential. For example, DNA sequence-based
surveys of microbiota cannot distinguish between active and inactive or resident and
transient members. Another limitation of such surveys is that they only provide information
on the proportional representation of taxa but not their per capita contributions to
community functions, such as the capacity to induce an inflammatory response. These
limitations emphasize the need for simplified, defined model systems to connect the
composition of resident bacterial communities with their emergent properties. We created a
tractable system to study the impact of microbiota composition on the intestinal innate
immune response using the zebrafish, Danio rerio. The zebrafish is an excellent model to
examine microbial community function because hundreds of zebrafish can be easily derived
and maintained in a germ-free (GF) or gnotobiotic state with defined microbial isolates
(Milligan-Myhre et al., 2011). The zebrafish intestinal microbial community is well-
characterized; a large number of intestinal microbes that span the phylogenetic diversity
observed in the zebrafish microbiota can be maintained in culture and have had their
genomes sequenced (Stephens et al., 2015). Furthermore, zebrafish transgenesis and optical
transparency allows for high resolution monitoring of host and microbial cells in vivo
(Jemielita et al., 2014). We exploited these properties to develop an assay in which we
monitor both the composition of the bacterial community and the innate immune response in
an individual fish, using GFP-expressing neutrophils as a metric of the host response.
Neutrophils are a primary component of the initial inflammatory response and critical for
host defense (Harvie and Huttenlocher, 2015). Neutrophil homeostasis is established and
maintained by the microbiota, as GF larvae have reduced intestinal (Bates et al., 2007) and
systemic neutrophils and reduced neutrophil responses to injury (Kanther et al., 2014). Thus
neutrophil dynamics are a sensitive measure of host responses to intestinal microbiota.

Here we use our gnotobiotic zebrafish model to measure the host neutrophil response to
individual microbiota constituents and small communities assembled from these members.
We show that the per capita immunostimulatory effect of individual species within a
community varies widely, such that minor members can exert dominant effects. A simple
mathematical model based on additive responses to individual species describes the
neutrophil response to these communities by accounting for the per capita effect of each
species. Our approach demonstrates the feasibility of predicting the function of a microbial
community based on its structure, which in the future may be expanded to more complex
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systems to improve our understanding of human disease-associated microbial communities
and our ability to restore them to a healthy state.

Results

Microbial isolates induce unique neutrophil responses

To assay the influence of individual bacterial species on the intestinal innate immune
response, we raised GF zebrafish and inoculated their aguatic environment with single
bacterial isolates (mono-associations) from our collection of zebrafish intestinal bacteria
(Stephens et al., 2015). Bacteria were introduced at 4 days post fertilization (dpf), by which
time their intestine had opened, and at 6 dpf we dissected the intestine and assessed
neutrophil populations (Fig. 1A) and bacterial colony forming units (CFU) per intestine. All
neutrophil responses to the individual strains we tested were within the range observed for
GF and conventionalized (CVZ) fish, yet there was a wide range of responses both between
and within groups (Fig. 1B). For some strains the variation in neutrophil response correlated
with variation in bacterial abundance. For example, for a Vibrio species, the number of
neutrophils increased with bacterial abundance and was fit by a linear relationship between
neutrophil number and log(CFU) (Fig. 1D). The log(CFU) of two species, Shewanella (Fig.
1D) and Acinetobacter (not shown), were negatively correlated with neutrophil number. A
third pattern, characteristic of most isolates, represented by Aeromonas, displayed no clear
relationship between neutrophil and bacterial abundance (Fig. 1D). We used representatives
of each of these three species-specific neutrophil responses to explore whether we could
predict the neutrophil response to more complex communities.

Complex dynamics in microbial di-associations influence microbial abundance and
neutrophil response

To test whether the relationship between bacterial and neutrophil abundance in mono-
association is indicative of their contribution in a complex community to the neutrophil
population, we examined every dual species combination (di-association) between
Aeromonas, Vibrio, and Shewanella. In a di-association, the two species are added together
at the same concentration to the aquatic environment of GF fish at 4 dpf, and the CFU/gut
and intestinal neutrophil influx are assayed at 6 dpf. In di-associations between Vibrio and
either Shewanella or Aeromonas, Vibrio was the numerically dominant member and its
abundance was unchanged or increased, respectively, compared to its abundance in a mono-
association (Fig. 2A). In the di-association with Vibrio, Aeromonas was undetectable in 55%
of fish and when it did co-colonize with Vibrio, it was present at a significantly lower
abundance than in a mono-association (Fig. 2B). Notably, in fish colonized with Aeromonas,
Vibrio abundance increased compared to the fish with no detectable Aeromonas (Fig. 2A).

In terms of relative abundance, Vibrio dominated the di-associations with Aeromonas (98%
+ 1%) and Shewanella (89% + 3%), and Shewanella dominated the di-association with
Aeromonas (97% + 1%) (Fig. 2C, 2D). The abundance of these species in the water did not
change in comparison to mono-associations (Fig. S1A), indicating that the dynamics are
host-associated.
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In di-associations between Aeromonas and either Shewanella or Vibrio, the neutrophil
response reflected the dominant member (Fig. 2D, 2E, S1B, S1C). Notably, in the Vibrio
and Aeromonas di-association, neutrophil influx was higher than predicted given the relative
proportion of members and a simple expectation of a sum of neutrophil responses (Fig. 2E,
grey bars). However, the expectation that the dominant species determines the neutrophil
response failed in the Vibrio and Shewanella di-association. In this case, Vibrio was the
dominant species (Fig. 2D), yet intestinal neutrophil influx was significantly reduced
compared our expectation (Fig. 2E, grey bars). In fact, neutrophil influx was similar to a
Shewanella mono-association (Fig. 2E, S1C), which suggests that the minor species
Shewanella had a disproportionate impact on the neutrophil response.

A model of additive responses to bacterial species can explain intestinal neutrophil
responses in di-associations

Because neutrophil responses to Vibrio di-associations with Aeromonas and Shewanella
differed from a simple expectation (Fig. 2E), we explored whether we could construct a
mathematical model of the neutrophil response to two-member communities, based on
knowledge of the responses to individual species (Fig. 1D) and their abundances in di-
associations (Fig. 2A-C). To avoid over fitting the data, we constructed a minimal model
that parameterizes key aspects of bacterial growth and interactions between bacterial species
and neutrophils. We modeled bacterial growth and competition with Lotka-Volterra
equations (eq. 1), which apply to a variety of ecological systems including host-associated
microbial communities (Fisher and Mehta, 2014; Marino et al., 2013; Stein et al., 2013):

d —1
Epi:'ripi(l — (PP —biN)K; ") (1)
where Pj, rj, and K; denote the population, growth rate, and carrying capacity, respectively,
of species i, yjj characterizes the effect of species j on the dynamics of species i, and b;
defines the effect of the neutrophil population on species i. We modeled the neutrophil
population (N) with linear influx and exit terms and, importantly, an additive contribution
from each bacterial species (eq. 2):

d

ENZQN -k, N+Z05(P;) (2

where ay and ky are the influx and exit rate of neutrophils, respectively, and q; is the effect
of species i on neutrophil influx. Inspired by the observed form of the mono-association data
(Fig. 1D), we modeled a; as being linearly dependent on the logarithm of bacterial
abundances (eq. 3):

P
a;(P;)=M;logy, <_> ®
T;
where M; characterizes the slope of the bacteria-neutrophil interaction and Tj is the effective
threshold for a positive effect. For Vibrio, we constrain a > 0 to specify that no population

levels suppress neutrophil numbers. We also considered a sigmoidal model of bacteria-
neutrophil interactions, which yields similar behaviors (Supplemental methods).
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Experiments suppressing the immune response (Fig. 3) and simulations (Supplemental
methods) imply that the data can be modeled without incorporating potential influences of
neutrophils on bacterial abundance; i.e. b; can be set to zero, and Equation 1 is independent
of N. This and other omitted interactions may exist in more complex communities; however,
we aimed to determine whether a minimal model could describe our observed di-association
data.

Most parameters (rj, K, an/kn; vij, Mvibrio, and Tyviprio) are well constrained by
experimental data. If the slope and threshold parameters for the influence of Shewanella and
Aeromonas mono-associations on neutrophil influx were precisely known, all model
parameters would be fixed. The scatter in the data (Fig. 1D) prevent this, but we can
examine the M;/T; parameter space for regions that are consistent with both the mono-
association data and the observed neutrophil number in di-associations of each of these
species with Vibrio. For both di-associations with Vibrio, we find such overlapping regions
in parameter space (Supplemental methods). Thus, our additive model of bacterial/
neutrophil interactions is sufficient to describe the observed data. This indicates that
relatively few Shewanella are required to dominate the immune response; their large per
capita effect is parameterized by a combination of large slope M and low threshold T. The
success of a simple additive model in predicting the host neutrophil response to a two-
member bacterial community suggests that 1) neutrophil feedback on bacterial populations
is negligible in the context of normal neutrophil responses to commensals and 2) certain
disproportionately impactful species, like Shewanella, may use interesting mechanisms to
influence neutrophil dynamics in complex, multi-species communities.

An interaction between Vibrio and Aeromonas drives Vibrio growth and neutrophil influx

The model predicted that the higher than expected neutrophil influx in the di-association
between Vibrio and Aeromonas was independent of neutrophil feedback, and likely
dependent on an increase in Vibrio abundance conferred by the presence of Aeromonas. An
alternative explanation, inconsistent with our model, would be that increased Vibrio
abundance occurs as a result of positive feedback from the neutrophil influx elicited by
Aeromonas, with Vibrio behaving like a pathobiont that thrives in an inflamed environment
(Mazmanian et al., 2008). To distinguish between these two possibilities we implemented
two independent means of immune suppression, prednisolone (Oehlers et al., 2011; a steroid
immunosuppressant) and a tumor necrosis factor receptor (tnfr) morpholino (Bates et al.,
2007; which blocks pro-inflammatory TNFa signaling; Fig. 3A). We found that under
conditions of low neutrophil influx, Vibrio abundance still increased in the di-association
with Aeromonas in comparison to the Vibrio mono-association (Fig. 3B). Prednisolone did
not affect the growth of Vibrio or Aeromonas in vitro (Fig. S2) or in mono-association (Fig.
3C). These data support our model’s prediction that neutrophils do not feedback on bacterial
abundance and suggest an interaction between Vibrio and Aeromonas. The slope of the
relationship between the logarithm of Vibrio abundance and neutrophil influx was
unchanged in the di-association compared to the Vibrio mono-association (Fig. 3D),
however the intercept is higher, suggesting that either Aeromonas contributes to the
neutrophil influx or Vibrio has an increased per capita effect in the presence of Aeromonas.
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We further explored the interaction between Aeromonas and Vibrio by asking whether they
influence each other’s populations when grown in direct contact or in close vicinity in vitro.
Compared to a co-culture with differentially marked isogenic strains cross species co-culture
promoted the growth of Vibrio and inhibited growth of Aeromonas in a contact dependent
manner (Fig. 3E). These experiments establish that we can recapitulate in vitro an inter-
species interaction that occurs in vivo and alters the potential of the community to induce
intestinal neutrophil influx.

Shewanella controls the neutrophil response via a secreted anti-inflammatory factor

As a minor member of the di-association with Vibrio, Shewanella directed a lower than
expected neutrophil response (Fig. 2E) and abolished the relationship between Vibrio
abundance and neutrophil influx (Fig. 4A). Our model posited that Shewanella exerted a
large per capita effect on the neutrophil response, which we reasoned could be mediated
through a potent secreted product. When we treated Vibrio mono-associated fish with 500-
ng/ml concentrated Shewanella cell-free supernatant (CFS), we observed that a secreted
factor (or factors) from Shewanella was sufficient to induce a low neutrophil response to
Vibrio (Fig. 4B), while Vibrio abundance remained unaltered (Fig. S3A). Heat killing of
Shewanella, which inactivates secretion and denatured proteins, eliminated Shewanella’s
effect (Fig. 4B). Interestingly, Shewanella CFS did not alter neutrophil influx (Fig. 4C) or
abundance (Fig. S3B) in an Aeromonas mono-association, which suggests either that
Shewanella’s anti-inflammatory factor specifically inhibits a pro-inflammatory activity of
Vibrio or that Aeromonas inactivates the anti-inflammatory factor.

Finally, we examined the host-microbiota system with the three-member community. The
intestines of fish inoculated with equal parts Aeromonas, Vibrio, and Shewanella were
dominated by Vibrio (71% + 7%), with Shewanella contributing 28% + 7%, and Aeromonas
contributing 1% + 0.3% (Fig. 4D). Despite the numerical dominance of Vibrio, intestinal
neutrophil influx was significantly lower than observed in the Vibrio and Aeromonas di-
association (Fig. 4E). Furthermore, Shewanella CFS was sufficient to elicit this phenotype
when added to a Vibrio and Aeromonas di-association (Fig. 4E). Thus, in a three-member
microbial community, a numerically minor member can determine the neutrophil response
to the community through the activity of a potent secreted anti-inflammatory factor (Fig.
4F).

Discussion

Two major challenges of microbiome research are to use compositional data to predict the
functions of a complex microbial community, such as its inflammatory potential, and to
manipulate community membership to promote a specific function. Here, we describe a
simple mathematical model that accounts for both competition between microbes and the
immunomodulatory effect of each member on the host and predicts the collective immune
response elicited by the composite community as the sum of the effects of each individual
member, scaled to its particular per capita effect. Our model demonstrates the feasibility of
predicting the function of a microbiota based on its composition when specific properties of
the individual species are known. Our modeling approach could be expanded to more
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complex systems, such as the mouse or human gastrointestinal tract, where the mono-
association data in our model could be replaced with data based on other individual traits,
such as pro- or anti-inflammatory properties measured in a cell based assay (Mastropietro et
al., 2015). It will be interesting to see whether other functions of complex microbial
communities, such as carbohydrate metabolism in mice (Sonnenburg et al., 2006) and
nutrient acquisition in flies (Newell and Douglas, 2014) are consistent with additive
contributions from species with different per capita effects or whether a quantitative
description of these systems will require evoking non-additive interactions. Finally, our
model predicts non-monotonic changes in the neutrophil population over time
(Supplemental methods), which may be observable with live imaging of host-bacterial
dynamics in real time (Jemielita et al., 2014).

From our model we also gained mechanistic insights into bacterial-bacterial and bacterial-
host interactions within the system, which is a step toward manipulating a community to
secure a desired function. Our modeling and experimental analysis suggested that in our
system, bacterial-bacterial interactions play the dominant role in determining community
membership, with no evidence for neutrophil feedback on the bacterial populations. We
speculate that this would not be true in a pathologically inflamed intestine, where certain
members would likely experience growth inhibition and other inflammation-adapted species
would thrive (Winter et al., 2010). We observed a strong bacterial-bacterial interaction
between Vibrio and Aeromonas both when co-colonizing the zebrafish intestine and growing
in contact in vitro. In the intestine, Vibrio’s impairment of Aeromonas growth correlated
with an increase in Vibrio abundance, and thus a corresponding increase in the neutrophil
recruiting capacity of the community. Given the contact dependent nature of the in vitro
interaction between Vibrio and Aeromonas, it is possible that this interaction involves a type
VI secretion system (Maclntyre et al., 2010; Stephens et al., 2015). Our ability to replicate
the in vivo dynamic between Aeromonas and Vibrio in vitro highlights a strength of our
system and allows us to further interrogate the mechanism of interaction between these
species.

The microbiota and the host must maintain a homeostatic relationship both to activate
neutrophils for responding to injury and infection (Kanther et al., 2014) and to allow the
resident microbes to persist. The range of neutrophils required to establish this relationship
is represented in CVZ fish, and all examined mono-associations were within this range.
Notably, the average neutrophil response to each bacterial isolate was proportional to that
species’ average abundance (Fig. S3C), consistent with the observation that generic bacterial
immunostimulatory molecules, such as lipopolysaccharide, contribute to the regulation of
neutrophil influx (Bates et al., 2007). However, different isolates exhibited different
relationships between neutrophil number and bacterial load across individual mono-
associated fish, suggesting that individual bacteria have specialized mechanisms by which
they influence the host neutrophil response.

In both two- and three-member communities Shewanella acts as a keystone species (Power

et al., 1996) by exerting a disproportionately large effect on the neutrophil population given
its low abundance. Shewanella strains are used as probiotics in aquaculture (Tapia-Paniagua
et al., 2014), suggesting that they retain immunodominance in complex, natural

Cell Host Microbe. Author manuscript; available in PMC 2016 November 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rolig et al.

Page 8

communities. The human intestinal microbiota contains many low abundance species
(Arumugam et al., 2011), and some have a disproportionately large impact on inducing
dysbiosis and disease (Hajishengallis et al., 2012) or on promoting health (Sokol et al.,
2008). For example, Faecalibacterium prausnitzii, whose absence correlates with IBD (Cao
et al., 2014; Sokol et al., 2008, 2009), comprises only 4 — 6% of the mucosa-associated
microbiota, yet it reduces pro-inflammatory cytokine signaling and colitis severity through a
secreted anti-inflammatory factor (Sokol et al., 2008). Similarly, in our system Shewanella
generates a low neutrophil response via a secreted anti-inflammatory factor. We do not
know whether this anti-inflammatory factor acts on the host or on Vibrio; however, the
abundance of Vibrio is slightly, although not significantly, reduced in the presence of
Shewanella and its CFS. This slight reduction in Vibrio may contribute to a reduced
neutrophil response, or alternatively it may be the result of a low inflammatory environment
elicited by Shewanella. Such an environmental alteration is a characteristic of a keystone
species. Given the central role keystone species play in ecosystem function, identifying them
will be critical for our ability to engineer microbial communities to promote a required
function. Here we have identified one such species and identified two measurable properties
—a high per capita effect and a negative relationship between abundance and neutrophil
response—that may be used to screen for other such species. Identifying critical players with
large per capita effects, like Shewanella, will advance our ability both to predict community
functions and to manage community membership.

Experimental procedures

For additional details, see supplemental materials and methods.

Gnotobiotic zebrafish husbandry

All zebrafish experiments were performed following protocols approved by the University
of Oregon Institutional Animal Care and Use Committee. Conventionally-raised wild-type
(AB x Tu strain) and Tg(BACmpx:GFP)i114 (referred to as mpx:GFP) (Renshaw et al.,
2006) were maintained as described (Westerfield, 1993). Zebrafish embryos were derived
GF and associated with bacterial isolates as previously described (Bates et al., 2006). At 6
dpf the mpx:GFP zebrafish were anesthetized in Tricaine (Western Chemical, Inc., Ferndale,
WA), mounted in 4% methylcellulose (Fisher, Fair Lawn, NJ), and their intestines were
dissected using sterile technique. The number of GFP-positive cells was quantified visually
for each fish using a fluorescent microscope (SteREO Discovery.V8, Zeiss).

Microbiology

Bacteria used for inoculations were zebrafish isolates ZOR0001 (Aeromonas), ZWU0020
(Vibrio), ZOR0012 (Shewanella), ZNC0006 (Variovorax), ZNC0008 (Delftia), ZOR0008
(Acinetobacter), ZOR0002 (Aeromonas sp. 2), ZWU0006 (Pseudomonas), ZOR0011
(Pleisomonas), and ZOR0014 (Enterobacter) (Stephens et al., 2015). To determine the CFU/
intestine, dissected zebrafish intestines were placed in 100-pl sterile EM, homogenized,
diluted, and cultured on tryptic soy agar plates (TSA; BD, Sparks MD). For di- and tri-
associations, bacterial species were distinguished by colony morphology.
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Morpholino injections

Splice-blocking MOs (Gene Tools, Corvallis, OR) were injected into the embryos at the one
cell stage. The TR1v1/TR1v2 (1.2 moles and 6 moles, respectively) were used as previously
described (Bates et al., 2007).

Prednisolone treatments

The prednisolone solution was prepared and administered as described (Oehlers et al.,
2011).

Concentration of CFS

Shewanella was grown over night shaking in TSB. 1 ml of overnight culture was used to
inoculate 50-ml TSB, which was kept shaking at 30° C for 2 h. The supernatant was filtered
(Corning Inc., Corning NY) and concentrated with a centrifugal device with a 10-kda weight
cut off (Pall Life Sciences, Ann Arbor, MI).

In vitro co-culture assay

Vibrio and Aeromonas were grown overnight shaking in TSB (BD, Sparks, MD). 5 x 108
bacterial cells of each strain were mixed together and spotted onto filter paper on brain heart
infusion media agar plate (BHI, BD, Sparks, MD). A co-culture of an isogenic fluorescently
tagged strain with the wild-type counterpart served as controls. To determine contact
dependency, the filter paper was placed between the strains (Maclntyre et al., 2010).

Statistics and modeling

Statistical analysis was performed using Prism (Graphpad Software). Statistical significance
was defined as p < 0.05. Modeling details can be found in Supplemental experimental
methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Resident microbial isolates induce unique neutrophil responses
A. Dissected mpx:GFP zebrafish intestine. B. Intestinal neutrophil recruitment in

conventionalized fish (CVZ), germ free fish (GF), or fish inoculated with ten individual
mono-associations. Middle line, median; boxes, quartiles; whiskers, 10th-90th percentile.
Aer, Aeromonas; Vib, Vibrio; Ple, Plesiomonas; Shw, Shewanella; Aer2, Aeromonas sp. 2;
Ent, Enterobacter; Pse, Pseudomonas; Del, Delftia; Var, Variovorax; Acn, Acinetobacter. *
Significantly different from GF; # significantly different from CVZ (ANOVA). C.
Correlation between neutrophil influx and logarithm of bacterial abundance per intestine for
Aeromonas (left), Vibrio (middle), and Shewanella (right). Linear regression analysis. For
all conditions, N = 20 fish, derived from at least three independent experiments.
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A. Vibrio abundance in mono- or di-association with either Aeromonas or Shewanella. The
Aeromonas di-association is split into two categories, Aeromonas detected (DT) or not
detected (NDT) in the fish. B. Aeromonas abundance in mono- or di-association with either
Vibrio or Shewanella. C. Shewanella abundance in mono- or di-association with Vibrio or
Aeromonas. Dashed line indicates limit of quantification. For A, B, C *p < 0.05, **p < 0.01,
ANOVA. D. Relative proportion of the total number of bacteria in di-associations (avg +
SEM). Total bacterial load is listed above bar graph. E. Intestinal neutrophil influx for each
mono- or di- association. Conditions that share a letter are not statistically different,
ANOVA. Grey dots and dashed lines represent the expectation for the di-associations given
the relative proportion of species. **p < 0.01, **** p < 0.0001, one sample t test with
theoretical mean; N.S., not significant. For all conditions, N = 20 fish, derived from at least
three independent experiments. See also Figure S1.

Cell Host Microbe. Author manuscript; available in PMC 2016 November 11.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Rolig et al. Page 14

A 2 % HEEE B 10 x> C 104+ sk Sk
-’ *k ®
S 204 10 e 5
57 E =ImiE
%) o 104 5
= 151 ) [T
[ . 10° * O 107
O 10- ¢ O 5
2
5 2 1% o < 401
O 54 > 1
§ e
0-—¢ T — T : 1001l — T o T T T 100 A T T T T T
GF Vi i er— - =
Aer Aer Aer vib Aer Aer Aer Vib Vib Vib
+Pred  +TNFr MO +Pred +TNFr MO +Pred +TNFr MO
D 25- E 100 100
- ® Vib % § E Fedkekk
= B @ Vib + Ae ] ]
kS 20 i r g g
8 £ 10 £ !
= = o) ——
[=X Q = 10
9 104 < >3
E T , T ] —
=] o o
Q 5 [ L
=2 o)) (o]
o o
0 : T r = -~
2 3 4 5 6 0.1 filter separated 1 T T
Log Vib CFU/gut +GFP Aer +Vib +Vib +GFP Vib +Aer

Fig. 3. An interaction between Vibrio and Aeromonas promotes Vibrio abundance
A. Immunosuppression via prednisolone (Pred) or the tnfr morpholino (TNFr MO)

maintains neutrophil influx at GF levels in the presence of Vibrio mono- and di-associations.
B. In the absence of a neutrophil response, Vibrio abundance increases in the presence of
Aeromonas. C. Aeromonas abundance is reduced in the presence of Vibrio and is unaffected
by prednisolone or tnfr morpholino treatment. D. The linear relationships between log(CFU)
Vibrio abundance and neutrophil influx in mono- (orange circles) or in di-association with
Aeromonas (blue and orange squares). E. Growth of Aeromonas and Vibrio in vitro either in
co-culture with a GFP-tagged isogenic strain or mixed together on filter paper. Vibrio
reduced Aeromonas growth (left), and Aeromonas increased Vibrio growth (right).
Separating the species with filter paper prevented the reduction of Aeromonas. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, T-test. See also Figure S2.
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Fig. 4. Shewanella controls the neutrophil response via a secreted anti-inflammatory factor
A. The presence of Shewanella (green and orange triangles) abolishes the linear relationship

between log(CFU) Vibrio (orange circles) abundance and neutrophil influx. Four
independent experiments are displayed. B. Intestinal neutrophil influx in response to Vibrio
with live Shewanella, Shewanella cell free supernatant (CFS), or heat-killed Shewanella
(HK). Conditions that do not share a letter are significantly different (ANOVA, Tukey’s
range test). C. Intestinal neutrophil influx in response to a di-association of Aeromonas with
either live Shewanella or Shewanella CFS. D. Abundance and percentages (avg + SEM) of
Vibrio, Aeromonas, and Shewanella in the tri-association. E. Neutrophil influx in response
to the Vibrio and Aeromonas di-association, the tri-association, or the Vibrio and Aeromonas
di-association with Shewanella CFS. *p < 0.05, T-test. F. Model of the inter-bacterial
interactions occurring in the intestine that influence bacterial abundance and intestinal
neutrophil influx. Arrow thickness denotes interaction strength; oval sizes reflect relative
abundance in the tri-association. See also Figure S3.
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