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Abstract

Interbacterial competition is known to shape the microbial communities found in the host,
however the interplay between this competition and host defense are less clear. Here, we
use the zebrafish hindbrain ventricle (HBV) as an in vivo platform to investigate host
responses to defined bacterial communities with distinct forms of interbacterial competition.
We found that antibacterial activity of the type VI secretion system (T6SS) from both Vibrio
cholerae and Acinetobacter baylyi can induce host inflammation and sensitize the host to
infection independent of any individual effector. Chemical suppression of inflammation
could resolve T6SS-dependent differences in host survival, but the mechanism by which
this occurred differed between the two bacterial species. By contrast, colicin-mediated
antagonism elicited by an avirulent strain of Shigella sonneiinduced a negligible host
response despite being a more potent bacterial killer, resulting in no impact on A. baylyior
V. cholerae virulence. Altogether, these results provide insight into how different modes of
interbacterial competition in vivo affect the host in distinct ways.

Author summary

Interbacterial competition plays an important role in the dynamics of microbial commu-
nities, however the impact of such competition on host defenses is less clear. In this work,
we use a zebrafish model to reductively investigate the host response to distinct forms of
bacterial antagonism in well-defined bacterial communities. We looked at bacterial killing
mediated by the type VI secretion system (T6SS) and observed that this form of bacterial
antagonism resulted in prolonged inflammatory responses and an increase in host death,
independent of any specific effector or bacterial species. By contrast, bacterial killing
mediated by colicins, despite being significantly more efficient in eliminating sensitive
bacteria, induced minimal host responses, resulting in a substantially better host outcome.
Altogether, these results provide insight into the roles of different antibacterial systems
that pathogens and commensals use inside their host.
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Introduction

Multispecies bacterial communities play critical roles in industry, agriculture, and human
health. One of the factors contributing to the composition and dynamics of these communities
are the interbacterial interactions that exist within them [1]. These interactions can include
cooperation (e.g., adherence and nutrient mutualism) [2] and antagonism (e.g., contact-
dependent delivery of toxic effectors and contact-independent secretion of antimicrobial tox-
ins) [3]. Although modelling the contribution of bacterial interactions in silico is becoming
increasingly common [4-7], studying a microbial community is often complicated by commu-
nity heterogeneity and the idiosyncratic behaviors of the different species comprising the com-
munity. Microbial interactions in vivo are further complicated by the host serving as the
physical support structure for the community and the source of metabolic, nutritional, and
immune factors, all of which may directly or indirectly influence bacterial cell-cell interactions,
community composition and population organization. As such, fully understanding these bac-
terial interactions requires the use of a robust in vivo model system, where defined bacterial
populations can be introduced, and both host and bacterial dynamics can be precisely manipu-
lated and measured.

To develop such a model, we turned to zebrafish (Danio rerio) larvae, which have been pre-
viously used to study bacterial cell-cell interactions in the hindbrain ventricle (HBV) [8,9]. The
HBYV is an enclosed, naturally sterile compartment, where injected bacterial communities do
not directly interact with the commensal microbiome of the zebrafish, thereby avoiding com-
plications arising from antibacterial activities of the resident microbiota [10,11]. The HBV can,
however, still be accessed by leukocytes (macrophages, neutrophils), allowing the injected bac-
terial community to fully interface with host immune processes. This powerful combination of
properties enables a reductive analysis of how different specific bacterial cell-cell interactions
stimulate a host response and, in turn, how host responses modulate community dynamics of
these bacteria. Moreover, zebrafish larvae develop rapidly, share >80% of human genes associ-
ated with diseases, and until four weeks post fertilization only possess an innate immune sys-
tem [12]. These features allow investigation of host-microbe interactions independent of
potentially complicating factors such as adaptive immunity or passive acquisition of antibodies
from the mother [13], which reflect the history of the individual rather than its inherent
properties.

One important mode of interbacterial interaction responsible for shaping microbial com-
munities is the type VI secretion system (T6SS) [14,15]. The T6SS is a dynamic nanomachine
that uses a contractile mechanism to propel a needle-like apparatus loaded with toxic effector
proteins directly into adjacent ‘prey’ cells. T6SS-delivered effectors span a diverse range of bio-
logical functions [16-18], allowing for T6SS-mediated attacks on both eukaryotic [19,20] and
prokaryotic [21,22] targets. Each antibacterial effector is typically encoded alongside a cognate
immunity protein, which protects the producing bacterium from self and kin-cell intoxication
[23-25].

T6SS-mediated bacterial antagonism can significantly impact the structure and diversity of
bacterial populations in vitro [6,26]. Notably, however, T6SS-mediated killing can be orders of
magnitude less effective in vivo compared to equivalent competitions in vitro [25,27,28] and
can be less effective at eliminating competing bacteria than diffusible antibacterial toxins
[29,30] or toxic metabolites [31,32]. Despite such limitations in killing potential, the T6SS is
still widely conserved and present in isolates of nearly all enteric Gram-negative species [33].
Considering T6SS-mediated interactions in vivo have been shown to stimulate host responses
following bacterial antagonism [34-36], we wondered whether the interface between T6SS-
mediated competition and host responses could drive unique competitive advantages for
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T6SS-carrying species in vivo. To address this question, we mechanistically explored the host
response to different forms of bacterial competition involving different combinations of bacte-
rial species in the zebrafish HBV infection model.

Consistent with previous observations in Drosophila and mouse models [34,35], we found
that T6SS-mediated antagonism of Vibrio cholerae against a sensitive prey species, Escherichia
coli, could induce strong inflammatory responses in our zebrafish larvae HBV infection
model. Additionally, in zebrafish, these responses lead to significantly reduced host survival.
We determined that this host response was not due to a single T6SS effector and that T6SS-
mediated antagonism against E. coli elicited by a completely heterologous bacterial species,
Acinetobacter baylyi, produced a similar inflammatory response that also led to reduced host
survival. In contrast, another form of in vivo bacterial killing, colicin-mediated antagonism,
did not impact host survival, and only induced a minimal inflammatory response, despite
exhibiting a more potent antagonistic effect on E. coli growth and survival. Furthermore, direct
injection of heat-killed E. coli lysate did not enhance V. cholerae pathogenicity in the absence
of T6SS-mediated antagonism. Together, these data indicate that T6SS-mediated bacterial
antagonism, unlike some other modes of interbacterial competition, produces host responses
that result in substantially more negative health outcomes. Due to its limited killing potency,
T6SS-mediated antagonism has the potential to produce continuous and long-lasting innate
immune stimulation that is not possible with more potent forms of interbacterial antagonism
like bacteriocins. These findings provide insight into the mechanisms of host immune activa-
tion and have implications for the development of bacterial antagonism-based antibiotic
alternatives.

Results

V. cholerae T6SS antagonism towards E. coli prolongs the inflammatory
response and reduces host survival

To study the interplay between host response and bacterial interactions, we injected an inocu-
lating dose of bacteria into the zebrafish larvae HBV and tracked host survival, bacterial
growth, and expression of a panel of host pro-inflammatory cytokines over time (Fig 1A). We
began with V. cholerae because it has a well-studied T6SS [25,37] with known host-pathogen
interactions [34-36] and has emerged as a model organism for studying how interbacterial
interactions can drive pathogenesis [38]. To avoid any complications involving host-depen-
dent regulation of the T6SS, we elected to use strain 2740-80, which has a constitutively active
T6SS [39,40] that is functional at 28.5°C (S1A Fig), the optimal growth temperature for zebra-
fish maintenance. The 2740-80 strain also has the benefit of having natural frame-shift muta-
tion in the actin cross-linking domain of VgrG-1, the primary determinant of anti-eukaryotic
T6SS activity [41,42]. To determine the appropriate inoculum size for zebrafish HBV infection,
we injected different doses of V. cholerae and measured bacterial burden and host survival
over 48 hours. Inoculation with at least 2000 CFU was sufficient for stable colonization
through 24 hours post infection (hpi) (S1B Fig), and as with other well-established HBV infec-
tion models [9,43], host survival was dose-dependent (S1C Fig).

To determine whether the T6SS of V. cholerae 2740-80 would directly affect the host, we
infected zebrafish larvae with either wild type (WT) or a T6SS-null mutant (AT6SS) and tracked
bacterial growth (Fig 1B) and larvae survival (Fig 1C). As expected, in the absence of any other
bacterial species, there was no significant differences between WT and the AT6SS mutant.

We next looked to see if antagonism between V. cholerae and another bacterial species
could induce host innate immune responses in the zebrafish model. We used a standard labo-
ratory strain of E. coli K12 as the challenge strain. In addition to being sensitive to the T6SS of
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Fig 1. V. cholerae T6SS antagonism towards E. coli reduces host survival. (A) Illustration of zebrafish larvae indicating the site of bacterial
injection (HBV) and downstream analysis workflow. (B) Enumeration of recovered V. cholerae (Vc) at 0, 6, or 24 hpi from larvae infected with
~2000 CFU of WT or AT6SS V. cholerae. Circles represent individual larvae. Data were pooled from 3 independent experiments, each with 3-4
larvae per time point. Significance was assessed using unpaired t-test on Log,, transformed values. (C) Survival curves of larvae infected with
~2000 CFU of WT or AT6SS V. cholerae. Data were pooled from three independent experiments, each with 12-26 larvae. Significance was
assessed using log-rank Mantel-Cox test. (D) Enumeration of recovered E. coli or V. cholerae at 0, 6, or 24 hpi from zebrafish larvae coinfected
with a 1:1 mixture (~1500 CFU each) of E. coli and WT V. cholerae (Ec x Vc WT) or E. coli and AT6SS V. cholerae (Ec x Vc AT6). Circles
represent individual larvae. Data were pooled from three independent experiments, each with 3-5 larvae per time point. Significance was
assessed using an unpaired t-test on Log;, transformed values. (E) Survival curves of larvae coinfected with a 1:1 mixture (~1500 CFU each) of
either E. coli and WT V. cholerae (Ec x Vc WT) or E. coli and AT6SS V. cholerae (Ec x Ve AT6). Data were pooled from three independent
experiments, each with 13-24 larvae. Significance was assessed by log-rank Mantel-Cox test. For all panels, bars indicate mean + SEM.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, and ns (not significant).

https://doi.org/10.1371/journal.ppat.1012384.g001

V. cholerae (S1A Fig), this strain stably colonized the HBV through 24 hpi when up to 3000
CFU was injected by itself (S2A Fig) but induced only a minor inflammatory response (S2B
Fig) and exhibited no lethality toward the host (52C Fig). As such, host responses observed
after coinfection with V. cholerae are likely attributable to the interactions between V. cholerae
and E. coli rather than to direct interactions between the E. coli and the host.

We mixed E. coli with either WT or AT6SS strains of V. cholerae at a 1:1 ratio and injected
the mixture into the HBV. In accordance with the mouse infection model [34], when the V.
cholerae T6SS was functional, there was a significant reduction in the amount of recoverable E.
coli and an increase in the amount of recoverable V. cholerae at both 6 and 24 hpi (Fig 1D). We
also observed significantly less zebrafish survival following coinfection of E. coli with WT V.
cholerae compared to coinfection of E. coli with the AT6SS mutant (Fig 1E).

We next wanted to explore the host response to V. cholerae in the presence and absence of
T6SS-mediated bacterial antagonism. When V. cholerae was injected alone, mRNA levels of
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Fig 2. V. cholerae T6SS-mediated antagonism towards E. coli induces host inflammation. (A) Fold change in the
expression of cxcl8a, tnfa, il1b, mmp9 and cxcl18b in larvae infected with ~2000 CFU of WT or AT6SS V. cholerae
relative to mock infected larvae at 6 hpi or 18 hpi. Data were pooled from three independent experiments, each with
12-15 larvae per time point. Significance was assessed using unpaired t-test on Log, transformed values. (B) Fold
change in the expression of cxcl8a, tnfa, il1b, mmp9 and cxcl18b in larvae coinfected with a 1:1 mixture (~1500 CFU
each) of either E. coli and WT V. cholerae (Ec x Vc WT) or E. coli and AT6SS V. cholerae (Ec x Ve AT6) relative to mock
infected larvae at 6 hpi or 18 hpi. Data were pooled from three independent experiments, each with 10-15 larvae per
time point. Significance was assessed using unpaired t-test Log, on transformed values. For all panels, bars indicate
mean + SEM. *p < 0.05, **p < 0.01, and ns (not significant).

https://doi.org/10.1371/journal.ppat.1012384.9002

tnfa and il1b incrementally increased throughout infection, mmp9 and cxcl18b levels were
highly elevated at 6 hpi before decreasing by 18 hpi, and cxcl8a levels increased by 6 hpi but
remained constant through 18 hpi (Fig 2A). Just as with larvae survival and V. cholerae burden,
there were no significant differences between host innate immune responses to WT and the
AT6SS mutant (Fig 2A).

When V. cholerae was injected along with E. coli, the host cytokine response at 6 hpi for
both the WT and AT6SS competitions (Fig 2B) were very similar to each other and to injection
of V. cholerae alone (Fig 2). However, by 18 hpi, there was a marked difference between the
two competitions as the larvae with WT V. cholerae maintained elevated cytokine expression
while those with the AT6SS mutant returned closer to baseline (Fig 2B). The overall similarity
of the host responses to T6SS-mediated interbacterial competition between zebrafish and mice
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serves as validation of the zebrafish HBV as a model system to further dissect the mechanisms
of microbial community-host interactions.

T6SS-mediated antagonism by A. baylyi also induces host inflammatory
response

V. cholerae has three antibacterial T6SS effectors: TseL is a lipase [25]; VasX contains a colicin-
like domain and has been suggested to act as a pore-forming toxin [44,45]; and VgrG-3 con-
tains a C-terminal hydrolase domain associated with peptidoglycan degradation [46]. Consis-
tent with previous in vitro studies [37], during in vivo competition, no individual effector is
solely responsible for the T6SS-mediated antagonism between V. cholerae and E. coli (S3A
Fig). During coinfection with E. coli in the zebrafish HBV, although the strain lacking the
VasX effector seemed to colonize slightly better at 6 hpi, no individual effector conferred a sig-
nificant growth advantage or produced significant differences in the expression of host inflam-
matory cytokines (S3B Fig) or host survival (S3C Fig). These data suggest that host
inflammatory responses are occurring irrespective of the precise molecular mode of bacterial
cell death and could therefore be a universal consequence of T6SS-mediated competition.

To test this hypothesis, we used the zebrafish larvae HBV model to investigate whether
another bacterial species carrying a functional T6SS could also induce similar host responses.
Acinetobacter baylyi ADP1 is a non-pathogenic, naturally competent soil bacterium encoding
a single, constitutively active antibacterial T6SS which can efficiently kill E. coli [47] (S4A Fig).
Like V. cholerae, the A. baylyi T6SS is active at 28.5°C (S4A Fig); A. baylyi can stably colonize
the zebrafish HBV through 24 hours (S4B Fig); and an infection dose of ~3000 CFU resulted
in ~65% host survival (54C Fig). Additionally, colonization of the HBV, host survival, and host
cytokine response was not dependent on A. baylyi having a functional T6SS (54D, S4E and
S4F Fig).

During coinfection with E. coli, we observed a T6SS-dependent reduction in the number of
recovered E. coli indicating that interbacterial antagonism was occurring (Fig 3A). However,
unlike V. cholerae, having a functional T6SS did not allow WT A. baylyi to colonize the HBV
to a greater extent than the AT6SS mutant (Fig 3A). While this difference between the two spe-
cies could be due to differences in growth rate in vivo, considering that the magnitude of cyto-
kine response to A. baylyi was significantly lower than those of V. cholerae, it is possible that
the innate immune response may be managing the growth of these species differently. Despite
these differences, T6SS-mediated antagonism between A. baylyi and E. coli also caused a pro-
longed activation of inflammatory cytokines that were particularly apparent by 42 hpi (Fig 3B)
and resulted in a substantial reduction in larvae survival by 48 hpi (Fig 3C). Altogether, these
results show that host inflammation is a generalized response to T6SS-mediated antagonism
and is not dependent on a particular toxic effector or specific bacterial species.

Dampening the inflammatory response resolves T6SS-mediated differences
in host survival

To further resolve how T6SS-mediated antagonism was reducing host survival, we looked to
see if dampening the host inflammatory response could eliminate such T6SS-dependent differ-
ences. Dexamethasone (DEX) is a corticosteroid anti-inflammatory drug previously shown to
reduce leukocyte recruitment in zebrafish [48]. It blocks vasodilation and immune cell migra-
tion through suppression of pro-inflammatory cytokines [49]. DEX was administered by
immediately bathing the zebrafish larvae in water containing 50 ug/mL of the drug following
bacterial injection.
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Fig 3. A. baylyi T6SS-medatied antagonism towards E. coli induces host inflammation and reduces host survival. (A)
Enumeration of recovered E. coli or A. baylyi at 0, 6, or 24 hpi from zebrafish larvae coinfected with a 1:1 mixture (~2000
CFU each) of E. coli and WT A. baylyi (Ec x Ab WT) or E. coli and AT6SS A. baylyi (Ec x Ab AT6). Circles represent
individual larvae. Data were pooled from three independent experiments, each with 3-5 larvae per time point. Significance
was assessed using unpaired t-test on Log;, transformed values. (B) Fold change in the expression of cxcl8a, tnfa, il1b,
mmp9 and cxcl18b in larvae coinfected with a 1:1 mixture (~2000 CFU each) of either E. coli and WT A. baylyi (Ec x Ab
WT) or E. coli and AT6SS A. baylyi (Ec x Ab AT6SS) relative to mock infected larvae at 6 hpi, 18 hpi, or 42 hpi. Data were
pooled from three independent experiments, each with 10-15 larvae per time point. Significance was assessed using
unpaired t-test on Log, transformed values. (C) Survival curves of larvae coinfected with a 1:1 mixture (~2000 CFU each) of
either E. coli and WT A. baylyi (Ec x Ab WT) or E. coli and AT6SS A. baylyi (Ec x Ab AT6). Data were pooled from three
independent experiments, each with 10-15 larvae. Significance was assessed by log-rank Mantel-Cox test. For all panels,
bars indicate mean + SEM. *p < 0.05, ****p<0.0001, and ns (not significant).

https://doi.org/10.1371/journal.ppat.1012384.g003

Although DEX treatment did not affect T6SS-dependent antagonism against E. coli by V.
cholerae (Fig 4A) or A. baylyi (Fig 4B), it did eliminate T6SS-dependent differences in host sur-
vival for both species. However, the way these differences resolved was unexpectedly different
for the two species. For V. cholerae, DEX caused coinfection of E. coli and the AT6SS to
become as lethal as the coinfection with WT (Fig 4C). Meanwhile, for A. baylyi, DEX increased
the survival of larvae coinfected with WT to match that of the AT6SS strain (Fig 4D). This
difference in the effect of DEX is indicative of how the host innate immune system responds
differently to each species. For V. cholerae, in the absence of T6SS, DEX treatment resulted in
a significant increase in V. cholerae bacterial burden (Fig 4A), indicating that host inflamma-
tion actively suppresses V. cholerae growth. Indeed, even in the absence of E. coli DEX treat-
ment resulted in a significant increase in bacterial burden and reduction in larvae survival
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Fig 4. Dexamethasone treatment eliminates T6SS-dependent effects on host survival. (A) Enumeration of recovered E. coli or V. cholerae at 0, 6, or
24 hpi from zebrafish larvae coinfected with a 1:1 mixture (~1500 CFU each) of E. coli and WT V. cholerae (Ec x Vc WT) or E. coli and AT6SS V.
cholerae (Ec x Vc AT6), then immersed in 50 pg/mL dexamethasone (DEX) or solvent control (DMSO). Circles represent individual larvae. Data were
pooled from three independent experiments, each with 3 larvae per time point. Significance was assessed by unpaired t-test on Log, transformed
values. (B) Enumeration of recovered E. coli or A. baylyi at 0, 6, or 24 hpi from larvae coinfected with a 1:1 mixture (~2000 CFU each) of E. coli and
WT A. baylyi (Ec x Ab WT) or E. coli and AT6SS A. baylyi (Ec x Ab AT6), then immersed in 50 pg/mL DEX or DMSO. Circles represent individual
larvae. Data were pooled from three independent experiments, each with 3 larvae per time point. Significance was assessed by unpaired t-test on Log;o
transformed values. (C) Survival curves of larvae coinfected with a 1:1 mixture (~1500 CFU each) of E. coli and WT V. cholerae (Ec x V¢ WT) or E. coli
and AT6SS V. cholerae (Ec x Ve AT6), then immersed in 50 pg/mL dexamethasone (DEX) or solvent control (DMSO). Data are pooled from four
independent experiments, each with 13-29 larvae. Significance was assessed by log-rank Mantel-Cox test. (D) Survival curves of larvae coinfected with
a 1:1 mixture (~2000 CFU each) of E. coli and WT A. baylyi (Ec x Ab WT) or E. coli and AT6SS A. baylyi (Ec x Ab AT6), then immersed in 50 ug/mL
dexamethasone (DEX) or solvent control (DMSO). Data are pooled from three independent experiments, each with 10-25 larvae. Significance was
assessed by log-rank Mantel-Cox test. For all panels, bars indicate mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, and ns (not
significant).

https://doi.org/10.1371/journal.ppat.1012384.9004

(S5A and S5B Fig). By contrast, DEX treatment does not noticeably affect A. baylyi growth in
competition with E. coli (Fig 4B) or when injected alone (S5C Fig), and it did not affect larvae
survival in the absence of E. coli (S5D Fig).

Heat-killed E. coli lysate alone does not enhance V. cholerae virulence

Having observed that T6SS-mediated bacterial antagonism was facilitating V. cholerae
growth, we next wondered whether simply adding dead E. coli cells could produce a similar
effect in the absence of T6SS-mediated killing. We mixed WT or AT6SS mutant V. cholerae
with heat-killed E. coli cells and injected the mixture into zebrafish larvae. In this case, we
observed no significant differences in larvae survival (Fig 5A), V. cholerae growth (Fig 5B),
or inflammatory cytokine expression (Fig 5C) between the competition with heat-killed E.
coli (and WT or AT6SS mutant V. cholerae) versus the competition with live E. coli and the
AT6SS mutant.
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https://doi.org/10.1371/journal.ppat.1012384.9005

Colicin-mediated bacterial antagonism does not promote host
inflammation

Having observed that antibacterial activities of both the V. cholerae and A. baylyi T6SS are able
to modulate host cytokine responses, we next tested whether similar host responses could be
induced by an entirely different mode of bacterial antagonism, colicins [50]. Unlike T6SS, coli-
cins are secreted or released into the surrounding environment and do not require direct cell-
cell contact. Colicins are known to be responsible for E. coli killing by Shigella sonnei and have
been shown to be present in the epidemiological successful S. sonnei lineages, highlighting
their importance in interbacterial competition [30].

S. sonnei 53G encoded colicin E1 (ColE1) has been shown to eliminate commensal E. coli in
vivo [51]. Taking advantage of its well-characterized behavior in the zebrafish infection model
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[52] we used an avirulent strain of S. sonnei 53G lacking the pINV virulence plasmid but
retaining colicin production (S6 Fig) as a colicin delivery vehicle to determine the host
response to colicin-mediated bacterial killing. When we coinfected the zebrafish HBV with
this colicin producing strain (col™) along with E. coli, there was a rapid elimination of E. coli
compared to when the colicin gene was disrupted (col”) with a corresponding increase in the
amount of S. sonnei (Fig 6A). Despite the potency of the antibacterial activity, the presence of
colicins did not elicit any difference in inflammatory cytokine expression (Fig 6B) and had no
effect on host survival (Fig 6C).

Given that neither E. coli nor the pINV-deficient S. sonnei were virulent toward zebrafish
larvae, we wondered if bacterial antagonism-dependent host immune responses required the
presence of a pathogen to manifest. We therefore also performed these competition experi-
ments in the presence of AT6SS mutant V. cholerae or A. baylyi. E. coli and S. sonnei (col” or
col”) were mixed with V. cholerae or A. baylyi at a 2:1:1 (V. cholerae or A. baylyi:E. coli:S. son-
nei) ratio and coinjected into the zebrafish HBV. As before, E. coli was rapidly killed when the
colicin was present (Fig 6D and 6E), and as expected from the narrow target range of colicins
[53], V. cholerae and A. baylyi were unaffected by colicin production (Fig 6D and 6E). When
A. baylyi was present, the col”S. sonnei strain exhibited a slight growth advantage compared to
the colicin producer (Fig 6E), but V. cholerae did not have a similar effect. Neither V. cholerae
(Fig 6F) nor A. baylyi (Fig 6G) exhibited any colicin-dependent differences in host survival.
Collectively, these data show that colicin mediated antagonism does not exacerbate V. cholerae
or A. baylyi infection like T6SS-mediated antagonism.

Discussion

Here, we show that the zebrafish larva HBV can be used as a highly adaptable in vivo platform
to investigate defined microbial communities and their interactions with the host, indepen-
dent of the noise associated with background commensals or adaptive immune responses. We
found that antibacterial activity of the T6SS can stimulate host inflammation, sensitizing the
host to infection. Removal of the host inflammatory response through DEX treatment was suf-
ficient to resolve differences in larvae survival +/- T6SS mediated antagonism. While T6SS-
mediated antagonism elicited by T6SS effector mutants or different bacterial species could all
stimulate an inflammatory response, colicin-mediated antagonism and injection of heat-killed
bacteria did not. Taken together, we conclude that the outcome of different modes of interbac-
terial competition have distinct effects on the host response. These findings provide insights
into how pathogenic bacteria might specifically employ a T6SS to exploit the host inflamma-
tory response to their advantage and the detriment of the host.

Previous studies have demonstrated that release of Microbe-Associated Molecular Patterns
(MAMPs) from T6SS-mediated bacterial cell lysis can induce the host inflammatory response
[34]. Considering that inflammatory mediators have short half-lives [54,55], acute inflamma-
tory responses require constant stimulation. Together with our data demonstrating differences
in host response to bacterial killing due to T6SS versus colicin activity, we propose a model for
how the timing and duration of bacterial lysis can shape the degree of host response (Fig 7A).
Although both T6SS and colicins can lead to the rapid destruction of a targeted cell [56,57],
because colicins are diffusible the efficiency of colicin-mediated killing at a population level
can be significantly higher [29]. This rapid elimination of the target bacteria means that any
MAMP release will necessarily occur over a very short window resulting in an essentially
imperceptible inflammatory response. By contrast, T6SS is relatively inefficient in its killing,
potentially even establishing “killing zones” between killer and killed bacterial populations
[26,58,59]. This effectively perpetual T6SS-mediated killing results in a continuous activation
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Fig 6. Colicin-mediated antagonism does not impact host viability. (A) Enumeration of recovered E. coli or S. sonnei at 0, 6, or 24 hpi from zebrafish larvae
coinfected with a 1:1 mixture (~2000 CFU each) of E. coli (Ec) and S. sonnei (Ss) either producing (col®) or not producing (col) colicin. Circles represent
individual larvae. Data were pooled from three independent experiments, each with 3-4 larvae per time point. Significance was assessed by unpaired t-test on
Log;, transformed values. (B) Fold change in the expression of cxcl8a, tnfa, il1b, mmp9 and cxcl18b in larvae coinfected with a 1:1 mixture (~2000 CFU each) of
E. coli (Ec) and S. sonnei (Ss) either producing (col*) or not producing (col”) colicin relative to mock infected larvae at 6 hpi or 18 hpi. Data were pooled from
three independent experiments, each with 10-15 larvae per time point. Significance was assessed using unpaired t-test on Log, transformed values. (C) Survival
curves of larvae coinfected with a 1:1 mixture (~2000 CFU each) of E. coli (Ec) and S. sonnei (Ss) either producing (col") or not producing (col”) colicin. There
was no larvae death for either condition. Data were pooled from three independent experiments, each with 12-14 larvae. Significance was assessed by log-rank
Mantel-Cox test. (D) Enumeration of recovered E. coli, S. sonnei and V. cholerae at 0, 6, or 24 hpi from larvae coinfected with a 1:1:2 mixture of E. coli (Ec, ~750
CFU), S. sonnei (Ss, ~750 CFU) either producing (col”) or not producing (col") colicin, and T6SS-defective V. cholerae (Vc AT6, ~1500 CFU). Circles represent
individual larvae. Data were pooled from three independent experiments, each with 34 larvae per time point. Significance was assessed by unpaired t-test on
Log;o transformed values. (E) Enumeration of recovered E. coli, S. sonnei and A. baylyi at 0, 6, or 24 hpi from larvae coinfected with a 1:1:2 mixture of E. coli
(Ec, ~1000 CFU), S. sonnei (Ss, ~1000 CFU) either producing (col™) or not producing (col”) colicin, and T6SS-defective A. baylyi (Ab AT6, ~2000 CFU). Circles
represent individual larvae. Data were pooled from three independent experiments, each with 3-4 larvae per time point. Significance was assessed by unpaired
t-test on Log; transformed values. (F) Survival curves of larvae coinfected with a 1:1:2 mixture of E. coli (Ec, ~750 CFU), S. sonnei (Ss, ~750 CFU) either
producing (col™) or not producing (col") colicin, and AT6SS V. cholerae (Ve AT6, ~1500 CFU). Data were pooled from three independent experiments, each
with 18-25 larvae. Significance was assessed by log-rank Mantel-Cox test. (G) Survival curves of larvae coinfected with a 1:1:2 mixture of E. coli (Ec, ~1000
CFU), S. sonnei (Ss, ~1000 CFU) either producing (col®) or not producing (col”) colicin, and AT6SS A. baylyi (Ab AT6, ~2000 CFU). Data were pooled from
three independent experiments, each with 18-25 larvae. Significance was assessed by log-rank Mantel-Cox test. The dashed lines in A, D, and E, indicate the
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limit of detection of the assay. When no bacteria were recovered, the cell count was assigned this value for statistical analysis. For all panels, bars indicate
mean + SEM. *p < 0.05, **p < 0.01, ****p<0.0001, and ns (not significant).
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of host responses, which can either impair its normal function in limiting bacterial growth, as
was observed with V. cholerae, or can induce inflammation-dependent toxicity, as was
observed with A. baylyi.

This ability to modulate the efficacy of host responses also addresses a long-standing ques-
tion of why the T6SS is so prevalent among pathogenic enteric bacteria [33], despite being rela-
tively inefficient at clearing competing bacteria from colonization niches [27,28,60]. In other
words, the inefficiency of the T6SS as an antibacterial weapon might not be a limitation, but
rather an advantage for the pathogen.

Additionally, considering that host responses to T6SS-mediated bacterial killing are not
dependent on a specific effector or bacterial species, T6SS activity in commensal bacteria are
likely subject to similar inflammatory responses. They too must weigh the benefits of suppress-
ing bacterial competitor growth with minimizing adverse host responses. Consistent with this
notion, metagenomic analysis observed more effective T6SS-mediated competition among
Bacteroides fragilis populations in infants compared to those in adults [61] and B. fragilis in the
human gut has been observed to repeatedly acquire inactivating mutations in its T6SS [15]. It
is possible that this selective pressure to reduce or eliminate continuous T6SS activity may
reflect the need for the commensal microbial population to limit its stimulation of host
immune responses.

Pathogens, on the other hand, experience a distinct set of selective pressures. To proliferate,
they need to establish a colonization niche and avoid host defenses. While speculation on the
role of T6SS and other contact-dependent modes of bacterial antagonism during infection
have leaned toward invading and displacing already established bacterial populations
[27,29,34], our results suggest that although T6SS activity induces a strong inflammatory
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Fig 7. Model for interbacterial antagonism induced inflammation and impact on host survival. (A) Colicin-mediated killing is
very effective at eliminating targeted bacteria. Because this killing is so rapid, if there are host inflammatory responses to the killed
bacteria, they are short-lived, enabling the host to fully recover. T6SS is less efficient and therefore results in continuous bacterial
killing and prolonged inflammatory response. (B) Health requires a balanced inflammatory response: too little enables
uncontrolled pathogen growth, but too much results in host cellular damage. T6SS-mediated bacterial killing by different bacterial
species impacts different parts of this scale. On one end, T6SS-induced inflammation sensitizes the host to less inherently
pathogenic bacteria like A. baylyi, while on the other, suppression of inflammation by corticosteroids like dexamethasone allows
pathogens like V. cholerae to grow uncontrolled. T6SS-mediated killing by V. cholerae exist in a unique place where the heightened
inflammatory response it induces counterintuitively also enables it to grow unchecked.

https://doi.org/10.1371/journal.ppat.1012384.9007
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response, for V. cholerae at least, this response is associated with an impairment in the ability
of the host to clear the pathogen allowing for increased bacterial burden. That interbacterial
competition can affect host health and modulate host responses in different ways highlights
the fact that microbial communities are not closed systems. Evolutionary models looking to
explain fitness advantages conferred by interspecies competition must therefore also factor in
the responses of the host in which the microbial communities reside.

Indeed, by using the zebrafish infection model, we could directly modulate these host
responses to uncover mechanistic differences in the effects of T6SS-mediated antagonism of
different species. For A. baylyi, prolonged inflammatory response to T6SS-mediated bacterial
killing is detrimental to the host. Therefore, administration of DEX to ablate host inflamma-
tion improved host survival, analogous to how DEX can be used to treat autoimmune condi-
tions and severe cases of COVID-19 [49] or as part of adjunctive therapies for treating
tuberculosis [62]. By contrast, for V. cholerae, T6SS-mediated bacterial killing interferes with
the host’s ability to clear the pathogen, meaning that self-harming inflammatory effects do not
have a chance to manifest. As such, the effect of DEX is only visible in AT6SS mutants of V.
cholerae or in the absence of bacteria sensitive to being killed by T6SS, where suppression of
host inflammation allows V. cholerae to grow as efficiently as when T6SS-mediated antago-
nism was occurring.

Although it is not known mechanistically how T6SS-mediated antagonism promotes V.
cholerae in vivo growth, previous studies have demonstrated that it can induce changes in the
expression of V. cholerae virulence factors [34]. Meanwhile, another study has demonstrated
that T6SS-mediated antagonism towards commensals by V. cholerae inhibits epithelial repair
in Drosophila [36,63]. Furthermore, although inflammation is typically seen as a key host
response that is central to helping clear infection [64], some pathogens, such as Salmonella
Typhimurium, exploit this response to aid colonization [65]. In this instance, inflammation
creates a niche which is more favourable to colonization. While the results of our DEX experi-
ments suggest that inflammation may be important for managing V. cholerae infection, it also
appears as though V. cholerae may be using host inflammation to enhance its growth. Given
that this is different from what we observe with A. baylyi, we believe that there is likely some-
thing inherent to V. cholerae that is contributing towards its increase in pathogenicity in the
context of host inflammation. It has been recently shown that V. cholerae can establish biofilm
growth on the surface of immune cells as a form of predation [66]. It is possible that V. cholerae
has evolved a strategy of using T6SS-mediated bacterial antagonism to stimulate inflammatory
responses and immune cell recruitment to facilitate this form of growth. Ultimately, future
work determining the spatial localization of T6SS-mediated killing and host immune cell activ-
ity during infection will go a long way toward resolving these unknowns.

On the other hand, for bacteria like A. baylyi, where inflammation does not significantly
impact bacterial growth, DEX treatment can protect the host by preventing damage from pro-
longed activation of the inflammatory response (Fig 7B). Over a decade of work has shown
that susceptibility to Mycobacterium marinum (during zebrafish infection) and Mycobacterium
tuberculosis (during human infection) can result from either inadequate or excessive inflam-
mation [67,68]. These studies using mycobacteria highlight how, depending on the context,
inflammation can be beneficial or detrimental to the host. Our results suggest that these princi-
ples can be broadly applied to other bacterial pathogens or microbial communities, and have
important implications for potential therapeutic applications of microbial communities, such
as engineered microbiomes [69,70] or bacterial antagonism-based antibiotic alternatives
[71,72]. Properly characterizing the behavior of such communities in vivo will therefore be
necessary to balance controlling bacterial growth and preventing harmful inflammatory
overstimulation.
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Methods
Ethics statement

Animal experiments were performed according to the Animals (Scientific Procedures) Act
1986 and approved by the Home Office (Project licenses: PPL P4E664E3C and PP5900632).
Each project license was reviewed and approved by the Animal Welfare and Ethical Review
Body (AWERB) at the London School of Hygiene and Tropical Medicine (LSHTM). All exper-
iments were conducted up to 5 dpf.

Bacterial strains and growth conditions

A detailed strain list used in this study can be found in S1 Table. V. cholerae was cultured in
Lennox formulation of Luria-Bertani (LB) broth or agar. A. baylyi strains were cultured in Ter-
rific Broth (TB). S. sonnei and E. coli strains were grown in Tryptic Soy Broth (TSB) or Tryptic
Soy Agar (TSA). Antibiotic concentrations used were: kanamycin (50ug/ml), streptomycin
(50pug/ml), carbenicillin (100ug/ml), chloramphenicol (15ug/mL).

Zebrafish husbandry

Embryos were obtained from naturally spawning zebrafish and maintained at 28.5°C in 0.5%
E2 medium supplemented with 0.3 ug/mL methylene blue. Wild type AB strain zebrafish were
used. Larvae were injected 3 days post fertilization (dpf) were anaesthetized with 200 pug/ml tri-
caine in 0.5x E2 medium. After checking for full recovery from the anesthetic, larvae were kept
in E2 medium for 48hr at 28.5°C.

Bacterial strain construction

Single effector knockouts of 2740-80 were constructed as previously described [73] using the
suicide vectors pWM91-AvgrG3 [25], pDS132-AvasX and pDS132-AtseL [37]. Successful dele-
tion of target genes was confirmed using primers detailed in S2 Table. Detailed list of plasmid
constructs is included in S3 Table.

Virulence plasmid pINV was removed from colicin-producing strain S. sonnei 53G as
based on previous studies of natural pINV loss [74,75]. Bacteria (pINV™) were grown on TSA
plates supplemented with 0.01% Congo red. Isolated white colonies were picked and tested by
colony PCR using primers detailed in S2 Table for the absence of pINV encoded genes (mxiG,
ipaH1.4 and icsB) and presence of the colicin plasmid.

The colicin gene (cea) in S. sonnei was disrupted using lambda red recombineering using
previously described protocols [76]. The kanR-parE cassette was amplified from pKD267
using COL_DEL_F and COL_DEL_R and inserted into the colicin operon. Successful integra-
tion was confirmed by PCR using external cea primers COL_EXT_F and COL_EXT_R.

Antibiotic resistance markers were added to bacterial strains for selection after competition.
Since plasmid-based resistance in V. cholerae was lost at a high frequency, Kanamycin resis-
tance was introduced into 2740-80 WT and AT6SS strains through transposon insertion using
mariner transposon TnFGL3 as previously described [77]. Transposon insertion locations
were determined by amplifying the insertion junctions using two-round semi-arbitrary PCR
and sequencing using primers detailed in S2 Table. Independent transposon disruptions of
VC1520 were obtained for both WT and AT6SS strains. VC1520 encodes an ABC-F family
ATPase and was neutral for colonization in previous studies [78]. A. baylyi WT and S. sonnei
strains were transformed with pMMB67EH [79] and prpsM-GFP [80], respectively, to confer
carbenicillin resistance. E. coli was transformed with pPBAD33-mNeonGreen to confer chlor-
amphenicol resistance.
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In vitro bacterial competition assays

T6SS killing assays were performed as previously described [21,25]. Overnight cultures were
diluted 100-fold in fresh media and grown to mid-log phase. Cells were pelleted, washed in
fresh media, and resuspend to ODggo = 10. Killer and prey cells were mixed at a 1:1 ratio (A.
baylyi vs E. coli) or 5:1 ratio (V. cholerae vs E. coli) and 5 pL of the competition mix was spotted
onto LB agar plates and incubated for 3 hrs at the specified temperature. Competitions were
then collected, serially diluted, and spotted on agar selecting for each strain to count surviving
CFU. Experiments were performed in triplicate.

Colicin killing assays were performed as described [30] using E. coli NEB 10-beta as the prey
and S. sonnei 53G pINVas the predator. Overnight cultures were diluted 100-fold in fresh
media and grown to mid-log phase. 10 ul of competition mixture containing a 1:10 ratio of E.
coli to S. sonnei was spotted onto a pre-warmed TSA plate. Plates were incubated overnight at
28.5°C. The competition mixture was then resuspended, serially diluted, and plated on selective
media for CFU enumeration. Each experiment comprised three biological replicates.

Zebrafish injections

Infection methods were adapted from previous protocols [43,52]. For infection inoculum
preparation, overnight cultures were sub-cultured 50-fold in fresh media supplemented with
appropriate antibiotics and grown to mid-log phase. Bacteria were then harvested by centrifu-
gation, washed in phosphate buffered saline (PBS) and resuspended to the required CFU/mL
in 4% polyvinylpyrrolidone (PVP) and 0.5% phenol red. For coinfections, bacterial suspen-
sions were mixed immediately before injection at a 1:1 ratio (1500 CFU, 1500 CFU for V. cho-
lerae and E. coli, 2000 CFU: 2000 CFU for A. baylyi and E. coli and S. sonnei and E. coli) or a
1:1:2 ratio (1000 CFU,1000 CFU:2000 CFU for S. sonnei, E. coli, and A. baylyi), as indicated in
figure legends. For preparation of heat-killed E. coli, the E. coli inoculum was heated at 95°C
for 10 minutes prior to injection. Plating at 0 hpi confirmed that no living E. coli were injected.
5uL of bacterial suspension (or PBS control buffer for mock infections) was loaded into a glass
capillary needle, which was manually opened to inject 0.8-1 nL into the hindbrain ventricle
(HBV) of anesthetized zebrafish larvae. Injected embryos were then transferred into individual
wells of a plate containing E2 medium and incubated at 28.5°C.

Quantification of bacterial burden and survival analysis

To determine injection inoculum or bacterial burden at each timepoint, larvae at different
points post injection were mechanically homogenized in 200 pL of 0.4% Triton X-100, serially
diluted, and plated onto selective plates and incubated at 37°C. Only larvae having survived
the infection were included in the analyses. For survival assays, larvae were imaged using a
light stereomicroscope at 24 and 48 hpi. Larvae failing to produce a heartbeat or in which bac-
teria had compromised the HBV were considered nonviable. Each experiment comprised
three or four biological replicates as detailed in the figure legends. Raw data values for larvae
survival can be found in S1 File.

Zebrafish chemical treatments

For suppression of the inflammatory response, immediately after infection, larvae were placed
in E2 medium supplemented with 50 pg/mL dexamethasone (DEX). Control larvae were kept
in E2 with 0.2% dimethyl sulfoxide (DMSO). Larvae mock infected with PBS only were also
immersed in E2+ 50pg/mL DEX to ensure no adverse effects of DEX treatment on larvae
survival.
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RNA extraction, cDNA synthesis and QRT-PCR

RNA was extracted from 10-15 snap-frozen larvae with the RNeasy Mini kit and reverse-tran-
scribed using QuantiTect Reverse Transcription kit according to manufacturer’s instructions.
Quantitative PCR (qQPCR) was performed using 7500 Fast Real-Time PCR System machine
and 7500 Fast Real-Time PCR software v2.3 and SYBR green master mix. Template cDNA was
subjected to PCR using primers previously described [81] and detailed in S2 Table. Each
experiment comprised three biological replicates.

Statistical analysis

Statistical tests were performed using GraphPad Prism v9.5.1 software. Data are represented as
the mean * standard errors of the mean (SEM). For larvae survival, results are plotted as
Kaplan-Meier survival curves and significance determined using the log-rank (Mantel-Cox)
test. Data from bacterial burden and gene expression levels were log;o- or log,-transformed,
respectively. Pairwise comparisons were determined using unpaired t-test on log;o- or log,-
transformed values as indicated in the figure legend. For multiple comparisons, one-way anal-
ysis of variance (ANOVA) test with Tukey’s multiple comparisons test was used, as indicated
in the figure legend. For purposes of statistical analyses, when no colonies were recovered,
CFU counts were assigned as 1.

Supporting information

S1 Fig. Dose-dependent colonization of the zebrafish HBV by V. cholerae. (A) E. coli recov-
ery after in vitro competition with WT or AT6SS V. cholerae at 28.5°C and 37°C. Three biolog-
ical replicates were performed. Significance was assessed by unpaired t-test performed on
Log,o transformed values Bars represent mean + SEM. *p<0.05 and ns (not significant). (B)
Enumeration of recovered V. cholerae at 0, 6, or 24 hpi from zebrafish larvae infected with
~750 CFU, ~2000 CFU, or ~3000 CFU of WT V. cholerae. Circles represent individual larvae.
Data were pooled from three independent experiments, each with 3-5 larvae per time point.
Bars represent mean + SEM. (C) Survival curves of zebrafish larvae infected with ~750 CFU,
~2000 CFU, or ~3000 CFU of WT V. cholerae. Data were pooled from three independent
experiments, each with 10-16 larvae.

(TIF)

S2 Fig. Zebrafish larvae HBV infection with E. coli alone induces minimal inflammatory
response. (A) Enumeration of recovered E. coli at 0, 6, or 24 hpi from zebrafish larvae infected
with ~3000 CFU E. coli. Circles represent individual larvae. Data were pooled from three inde-
pendent experiments, each with 4 larvae per time point. (B) Fold change in the expression of
cxcl8a, tnfa, il1b, mmp9 and cxcl18b in larvae infected with ~3000 CFU E. coli relative to mock
infected larvae at 6 hpi or 18 hpi. Data were pooled from three independent experiments, each
with 10-14 larvae per time point. Significance was assessed by unpaired t-test performed on
Log, transformed values. (C) Survival curve of zebrafish larvae infected with ~3000 CFU E.
coli. Data were pooled from three independent experiments, each with 12 larvae. For all panels,
bars indicate mean + SEM. *p < 0.05, **p < 0.001, and ns (not significant).

(TIF)

S3 Fig. T6SS-dependent induction of inflammation does not require any single effector.
(A) Enumeration of recovered E. coli or V. cholerae at 0, 6, or 24 hpi from zebrafish larvae
coinfected with a 1:1 mixture (~1500 CFU each) of E. coli and WT, AvgrG3, AtseL, or AvasX V.
cholerae (Vc¢) mutants. Circles represent individual larva. Data were pooled from three inde-
pendent experiments each with 3-4 larvae per time point. Significance was assessed by
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unpaired t-test on Log;o transformed values. (B) Fold change in the expression of cxcl8a, tnfa,
il1b, mmp9 and cxcl18b in larvae coinfected with a 1:1 mixture (~1500 CFU each) of E. coli and
WT, AvgrG3, AtseL, or AvasX V. cholerae (Vc) mutants at 6 hpi or 18 hpi. Data were pooled
from three independent experiments. Significance was assessed by one-way ANOVA with
Tukey’s multiple comparisons test on Log, transformed values. (C) Survival curves of larvae
coinfected with a 1:1 mixture (~1500 CFU each) of E. coli and WT, AvgrG3, AtseL, or AvasX V.
cholerae (Vc) mutants. Data were pooled from three independent experiments, each with 15—
23 larvae. Significance was assessed by log-rank Mantel-Cox test. For all panels, bars indicate
mean + SEM. *p<0.05 and ns (not significant).

(TIF)

S4 Fig. Dose-dependent colonization of the zebrafish HBV by A. baylyi does not require a
functional T6SS. (A) E. coli recovery after in vitro competition with WT or AT6SS A. baylyi at
28.5°C and 37°C. Three biological replicates were performed. Significance was assessed by
unpaired t-test performed on Log;, transformed values. (B) Enumeration of recovered A. bay-
lyi at 0, 6, or 24 hpi from zebrafish larvae infected with ~750 CFU, ~3000 CFU, or ~5000 CFU
of WT A. baylyi. Circles represent individual larvae. Data were pooled from three independent
experiments, each with 3-5 larvae per time point. (C) Survival curves of zebrafish larvae
infected with ~750 CFU, ~3000 CFU, or ~5000 CFU of WT A. baylyi. Data were pooled from
three independent experiments, each with 10-19 larvae. (D) Enumeration of recovered A. bay-
lyi (Ab) at 0, 6, or 24 hpi from larvae infected with ~2000 CFU of WT or AT6SS A. baylyi. Cir-
cles represent individual larvae. Data were pooled from 3 independent experiments, each with
3-4 larvae per time point. Significance was assessed using unpaired t-test on Log;,-trans-
formed values. (E) Survival curves of larvae infected with ~2000 CFU of WT or AT6SS A. bay-
lyi. Data were pooled from three independent experiments, each with 15-21 larvae.
Significance was assessed using log-rank Mantel-Cox test. (F) Fold change in the expression of
cxcl8a, tnfa, il1b, mmp9 and cxcl18b in larvae infected with ~3000 CFU of WT or AT6SS A.
baylyi relative to mock infected larvae at 6 hpi, 18 hpi, or 42 hpi. Data were pooled from three
independent experiments, each with 10-15 larvae per time point. Significance was assessed
using unpaired t-test. For all panels, bars indicate mean + SEM. **p < 0.01, and ns (not signifi-
cant).

(TIF)

S5 Fig. Dampening the host immune response causes V. cholerae, but not A. baylyi, to
become more virulent. (A) Enumeration of recovered V. cholerae at 0, 6, or 24 hpi from zeb-
rafish larvae infected with a medium dose (2000 CFU) of WT V. cholerae or AT6SS V. cholerae
(Vc AT6), then immersed in 50 pg/mL dexamethasone (DEX) or solvent control (DMSO). Cir-
cles represent individual larvae. Data were pooled from three independent experiments, each
with 3-5 larvae per time point. Significance was assessed by unpaired t-test on Log;, trans-
formed values. (B) Survival curves of larvae infected with a medium dose (2000 CFU) of WT
V. cholerae or AT6SS V. cholerae (V¢ AT6), then immersed in 50 pg/mL DEX or DMSO. Data
are pooled from three independent experiments, each with 12-18 larvae. Significance was
assessed by log-rank Mantel-Cox test. (C) Enumeration of recovered A. baylyi at 0, 6, or 24 hpi
from larvae infected with a medium dose (2000 CFU) of WT A. baylyi (Ab WT) or AT6SS A.
baylyi (Ab AT6), then immersed in 50 ug/mL DEX or DMSO. Circles represent individual lar-
vae. Data were pooled from three independent experiments, each with 3-4 larvae per time
point. Significance was assessed by unpaired t-test on Log, o transformed values. (D) Survival
curves of larvae coinfected with a medium dose (2000 CFU) of WT A. baylyi (Ab WT) or
AT6SS A. baylyi (Ab AT6), then immersed in 50 ug/mL DEX or DMSO. Data are pooled from
three independent experiments, each with 10-16 larvae. Significance was assessed by log-rank

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 17/23


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s005
https://doi.org/10.1371/journal.ppat.1012384

PLOS PATHOGENS Interbacterial competition elicits distinct host responses and health outcomes

Mantel-Cox test. For all panels, bars indicate mean + SEM. *p < 0.05, **p < 0.01,
*¥p < 0.001, ****p<0.0001, and ns (not significant).
(TIF)

S6 Fig. S. sonnei shows colicin mediated antagonism towards E. coli in vitro. E. coli recov-
ery after in vitro competition at 28.5°C with S. sonnei producing (col”) or not producing (col)
colicin. Three biological replicates were performed. Significance was assessed by unpaired t-
test performed on Log;, transformed values. Bars represent mean = SEM. **p<0.001.

(TIF)

S1 File. Raw survival curve data showing the percentage survival at each time point for
each experiment is shown.
(DOCX)

S1 Table. Strains used in this work.
(DOCX)

S2 Table. Primers used in this work.
(DOCX)

S$3 Table. Plasmids used in this work.
(DOCX)

Acknowledgments

We thank Ho and Mostowy lab members for helpful discussions. We thank the LSHTM Bio-
logical Services Facility for their work and care of zebrafish stocks.

Author Contributions

Conceptualization: Mollie Virgo, Serge Mostowy, Brian T. Ho.
Formal analysis: Mollie Virgo, Serge Mostowy, Brian T. Ho.
Funding acquisition: Serge Mostowy, Brian T. Ho.

Investigation: Mollie Virgo.

Methodology: Mollie Virgo, Serge Mostowy, Brian T. Ho.

Project administration: Mollie Virgo, Serge Mostowy, Brian T. Ho.
Resources: Serge Mostowy, Brian T. Ho.

Software: Mollie Virgo, Serge Mostowy, Brian T. Ho.

Supervision: Serge Mostowy, Brian T. Ho.

Validation: Mollie Virgo, Serge Mostowy, Brian T. Ho.
Visualization: Mollie Virgo, Serge Mostowy, Brian T. Ho.

Writing - original draft: Mollie Virgo, Serge Mostowy, Brian T. Ho.
Writing - review & editing: Mollie Virgo, Serge Mostowy, Brian T. Ho.

References

1. Nadell CD, Drescher K, Foster KR. Spatial structure, cooperation and competition in biofiims. Nat Rev
Microbiol. 2016; 14(9):589-600. Epub 20160725. https://doi.org/10.1038/nrmicro.2016.84 PMID:
27452230.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 18/23


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012384.s010
https://doi.org/10.1038/nrmicro.2016.84
http://www.ncbi.nlm.nih.gov/pubmed/27452230
https://doi.org/10.1371/journal.ppat.1012384

PLOS PATHOGENS

Interbacterial competition elicits distinct host responses and health outcomes

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Pauli B, Ajmera S, Kost C. Determinants of synergistic cell-cell interactions in bacteria. Biol Chem.
2023; 404(5):521-34. Epub 20230302. https://doi.org/10.1515/hsz-2022-0303 PMID: 36859766.

Peterson SB, Bertolli SK, Mougous JD. The Central Role of Interbacterial Antagonism in Bacterial Life.
Curr Biol. 2020; 30(19):R1203—-R14. https://doi.org/10.1016/j.cub.2020.06.103 PMID: 33022265;
PubMed Central PMCID: PMC7595158.

Coyte KZ, Rao C, Rakoff-Nahoum S, Foster KR. Ecological rules for the assembly of microbiome com-
munities. PLoS Biol. 2021; 19(2):e3001116. Epub 20210219. https://doi.org/10.1371/journal.pbio.
3001116 PMID: 33606675; PubMed Central PMCID: PMC7946185.

Granato ET, Smith WPJ, Foster KR. Collective protection against the type VI secretion system in bacte-
ria. ISME J. 2023; 17(7):1052—62. Epub 20230424. https://doi.org/10.1038/s41396-023-01401-4 PMID:
37095301; PubMed Central PMCID: PMC10284849.

McNally L, Bernardy E, Thomas J, Kalziqi A, Pentz J, Brown SP, et al. Killing by Type VI secretion drives
genetic phase separation and correlates with increased cooperation. Nat Commun. 2017; 8:14371.
Epub 20170206. https://doi.org/10.1038/ncomms14371 PMID: 28165005; PubMed Central PMCID:
PMC5303878.

Yang Y, Foster KR, Coyte KZ, Li A. Time delays modulate the stability of complex ecosystems. Nat
Ecol Evol. 2023; 7(10):1610-9. Epub 20230817. https://doi.org/10.1038/s41559-023-02158-x PMID:
37592022; PubMed Central PMCID: PMC10555844.

Willis AR, Moore C, Mazon-Moya M, Krokowski S, Lambert C, Till R, et al. Injections of Predatory Bacte-
ria Work Alongside Host Immune Cells to Treat Shigella Infection in Zebrafish Larvae. Curr Biol. 2016;
26(24):3343-51. Epub 20161123. https://doi.org/10.1016/j.cub.2016.09.067 PMID: 27889262;
PubMed Central PMCID: PMC5196024.

Ulhug FR, Gomes MC, Duggan GM, Guo M, Mendonca C, Buchanan G, et al. A membrane-depolariz-

ing toxin substrate of the Staphylococcus aureus type VIl secretion system mediates intraspecies com-
petition. Proc Natl Acad Sci U S A. 2020; 117(34):20836—47. Epub 20200807 . https://doi.org/10.1073/

pnas.2006110117 PMID: 32769205; PubMed Central PMCID: PMC7456083.

Serapio-Palacios A, Woodward SE, Vogt SL, Deng W, Creus-Cuadros A, Huus KE, et al. Type VI secre-
tion systems of pathogenic and commensal bacteria mediate niche occupancy in the gut. Cell Rep.
2022; 39(4):110731. https://doi.org/10.1016/j.celrep.2022.110731 PMID: 35476983.

Litvak Y, Mon KKZ, Nguyen H, Chanthavixay G, Liou M, Velazquez EM, et al. Commensal Enterobac-
teriaceae Protect against Salmonella Colonization through Oxygen Competition. Cell Host Microbe.
2019; 25(1):128-39 e5. https://doi.org/10.1016/j.chom.2018.12.003 PMID: 30629913.

Gomes MC, Mostowy S. The Case for Modeling Human Infection in Zebrafish. Trends Microbiol. 2020;
28(1):10-8. Epub 20191008. https://doi.org/10.1016/}.tim.2019.08.005 PMID: 31604611.

Zheng W, Zhao W, Wu M, Song X, Caro F, Sun X, et al. Microbiota-targeted maternal antibodies protect
neonates from enteric infection. Nature. 2020; 577(7791):543-8. Epub 20200108. https://doi.org/10.
1038/s41586-019-1898-4 PMID: 31915378; PubMed Central PMCID: PMC7362890.

Ho BT, Dong TG, Mekalanos JJ. A view to a kill: the bacterial type VI secretion system. Cell Host
Microbe. 2014; 15(1):9-21. Epub 20131211. https://doi.org/10.1016/j.chom.2013.11.008 PMID:
24332978; PubMed Central PMCID: PMC3936019.

Robitaille S, Simmons EL, Verster AJ, McClure EA, Royce DB, Trus E, et al. Community composition
and the environment modulate the population dynamics of type VI secretion in human gut bacteria. Nat
Ecol Evol. 2023; 7(12):2092—107. Epub 20231026. https://doi.org/10.1038/s41559-023-02230-6 PMID:
37884689.

Allsopp LP, Bernal P. Killing in the name of: T6SS structure and effector diversity. Microbiology (Read-
ing). 2023; 169(7). https://doi.org/10.1099/mic.0.001367 PMID: 37490402; PubMed Central PMCID:
PMC10433429.

Monjaras Feria J, Valvano MA. An Overview of Anti-Eukaryotic T6SS Effectors. Front Cell Infect Micro-
biol. 2020; 10:584751. Epub 20201019. https://doi.org/10.3389/fcimb.2020.584751 PMID: 33194822;
PubMed Central PMCID: PMC7641602.

Alcoforado Diniz J, Liu YC, Coulthurst SJ. Molecular weaponry: diverse effectors delivered by the Type
VI secretion system. Cell Microbiol. 2015; 17(12):1742-51. Epub 20151103. https://doi.org/10.1111/
cmi.12532 PMID: 26432982; PubMed Central PMCID: PMC4832377.

Ma AT, McAuley S, Pukatzki S, Mekalanos JJ. Translocation of a Vibrio cholerae type VI secretion
effector requires bacterial endocytosis by host cells. Cell Host Microbe. 2009; 5(3):234—43. https://doi.
org/10.1016/j.chom.2009.02.005 PMID: 19286133; PubMed Central PMCID: PMC3142922.

Pukatzki S, Ma AT, Sturtevant D, Krastins B, Sarracino D, Nelson WC, et al. Identification of a con-
served bacterial protein secretion system in Vibrio cholerae using the Dictyostelium host model system.
Proc Natl Acad Sci U S A. 2006; 103(5):1528—33. Epub 20060123. https://doi.org/10.1073/pnas.
0510322103 PMID: 16432199; PubMed Central PMCID: PMC1345711.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 19/23


https://doi.org/10.1515/hsz-2022-0303
http://www.ncbi.nlm.nih.gov/pubmed/36859766
https://doi.org/10.1016/j.cub.2020.06.103
http://www.ncbi.nlm.nih.gov/pubmed/33022265
https://doi.org/10.1371/journal.pbio.3001116
https://doi.org/10.1371/journal.pbio.3001116
http://www.ncbi.nlm.nih.gov/pubmed/33606675
https://doi.org/10.1038/s41396-023-01401-4
http://www.ncbi.nlm.nih.gov/pubmed/37095301
https://doi.org/10.1038/ncomms14371
http://www.ncbi.nlm.nih.gov/pubmed/28165005
https://doi.org/10.1038/s41559-023-02158-x
http://www.ncbi.nlm.nih.gov/pubmed/37592022
https://doi.org/10.1016/j.cub.2016.09.067
http://www.ncbi.nlm.nih.gov/pubmed/27889262
https://doi.org/10.1073/pnas.2006110117
https://doi.org/10.1073/pnas.2006110117
http://www.ncbi.nlm.nih.gov/pubmed/32769205
https://doi.org/10.1016/j.celrep.2022.110731
http://www.ncbi.nlm.nih.gov/pubmed/35476983
https://doi.org/10.1016/j.chom.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30629913
https://doi.org/10.1016/j.tim.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31604611
https://doi.org/10.1038/s41586-019-1898-4
https://doi.org/10.1038/s41586-019-1898-4
http://www.ncbi.nlm.nih.gov/pubmed/31915378
https://doi.org/10.1016/j.chom.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24332978
https://doi.org/10.1038/s41559-023-02230-6
http://www.ncbi.nlm.nih.gov/pubmed/37884689
https://doi.org/10.1099/mic.0.001367
http://www.ncbi.nlm.nih.gov/pubmed/37490402
https://doi.org/10.3389/fcimb.2020.584751
http://www.ncbi.nlm.nih.gov/pubmed/33194822
https://doi.org/10.1111/cmi.12532
https://doi.org/10.1111/cmi.12532
http://www.ncbi.nlm.nih.gov/pubmed/26432982
https://doi.org/10.1016/j.chom.2009.02.005
https://doi.org/10.1016/j.chom.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19286133
https://doi.org/10.1073/pnas.0510322103
https://doi.org/10.1073/pnas.0510322103
http://www.ncbi.nlm.nih.gov/pubmed/16432199
https://doi.org/10.1371/journal.ppat.1012384

PLOS PATHOGENS

Interbacterial competition elicits distinct host responses and health outcomes

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Maclntyre DL, Miyata ST, Kitaoka M, Pukatzki S. The Vibrio cholerae type VI secretion system displays
antimicrobial properties. Proc Natl Acad Sci U S A. 2010; 107(45):19520—4. Epub 20101025. https:/
doi.org/10.1073/pnas.1012931107 PMID: 20974937; PubMed Central PMCID: PMC2984155.

Radkov A, Sapiro AL, Flores S, Henderson C, Saunders H, Kim R, et al. Antibacterial potency of type VI
amidase effector toxins is dependent on substrate topology and cellular context. Elife. 2022; 11. Epub
20220628. https://doi.org/10.7554/eLife.79796 PMID: 35762582; PubMed Central PMCID:
PMC9270033.

Hood RD, Singh P, Hsu F, Guvener T, Carl MA, Trinidad RR, et al. A type VI secretion system of Pseu-
domonas aeruginosa targets a toxin to bacteria. Cell Host Microbe. 2010; 7(1):25-37. https://doi.org/10.
1016/j.chom.2009.12.007 PMID: 20114026; PubMed Central PMCID: PMC2831478.

English G, Trunk K, Rao VA, Srikannathasan V, Hunter WN, Coulthurst SJ. New secreted toxins and
immunity proteins encoded within the Type VI secretion system gene cluster of Serratia marcescens.
Mol Microbiol. 2012; 86(4):921-36. Epub 20120927. https://doi.org/10.1111/mmi.12028 PMID:
22957938; PubMed Central PMCID: PMC3533786.

Dong TG, Ho BT, Yoder-Himes DR, Mekalanos JJ. Identification of T6SS-dependent effector and
immunity proteins by Tn-seq in Vibrio cholerae. Proc Natl Acad Sci U S A. 2013; 110(7):2623-8. Epub
20130129. https://doi.org/10.1073/pnas. 1222783110 PMID: 23362380; PubMed Central PMCID:
PMC3574944.

Wong M, Liang X, Smart M, Tang L, Moore R, Ingalls B, et al. Microbial herd protection mediated by
antagonistic interaction in polymicrobial communities. Appl Environ Microbiol. 2016; 82(23):6881-8.
Epub 20160916. https://doi.org/10.1128/AEM.02210-16 PMID: 27637882; PubMed Central PMCID:
PMC5103087.

FuY, Ho BT, Mekalanos JJ. Tracking Vibrio cholerae Cell-Cell Interactions during Infection Reveals
Bacterial Population Dynamics within Intestinal Microenvironments. Cell Host Microbe. 2018; 23
(2):274-81 e2. Epub 20180202. https://doi.org/10.1016/j.chom.2017.12.006 PMID: 29398650; PubMed
Central PMCID: PMC6031135.

Chatzidaki-Livanis M, Geva-Zatorsky N, Comstock LE. Bacteroides fragilis type VI secretion systems
use novel effector and immunity proteins to antagonize human gut Bacteroidales species. Proc Natl
Acad Sci U S A. 2016; 113(13):3627-32. Epub 20160307. https://doi.org/10.1073/pnas.1522510113
PMID: 26951680; PubMed Central PMCID: PMC4822612.

Booth SC, Smith WPJ, Foster KR. The evolution of short- and long-range weapons for bacterial compe-
tition. Nat Ecol Evol. 2023; 7(12):2080-91. Epub 20231130. https://doi.org/10.1038/s41559-023-
02234-2 PMID: 38036633; PubMed Central PMCID: PMC10697841.

De Silva PM, Bennett RJ, Kuhn L, Ngondo P, Debande L, Njamkepo E, et al. Escherichia coli killing by
epidemiologically successful sublineages of Shigella sonnei is mediated by colicins. EBioMedicine.
2023; 97:104822. Epub 20231006. https://doi.org/10.1016/j.ebiom.2023.104822 PMID: 37806286;
PubMed Central PMCID: PMC10579285.

Zhang L, Tian X, Kuang S, Liu G, Zhang C, Sun C. Antagonistic Activity and Mode of Action of Phena-
zine-1-Carboxylic Acid, Produced by Marine Bacterium Pseudomonas aeruginosa PA31x, Against Vib-
rio anguillarum In vitro and in a Zebrafish In vivo Model. Front Microbiol. 2017; 8:289. Epub 20170227.
https://doi.org/10.3389/fmicb.2017.00289 PMID: 28289406; PubMed Central PMCID: PMC5326748.

Muangpat P, Meesil W, Ngoenkam J, Teethaisong Y, Thummeepak R, Sitthisak S, et al. Genome anal-
ysis of secondary metabolite-biosynthetic gene clusters of Photorhabdus akhurstii subsp. akhurstii and
its antibacterial activity against antibiotic-resistant bacteria. PLoS One. 2022; 17(9):e0274956. Epub
20220921. https://doi.org/10.1371/journal.pone.0274956 PMID: 36129957; PubMed Central PMCID:
PMC9491552.

Boyer F, Fichant G, Berthod J, Vandenbrouck Y, Attree |. Dissecting the bacterial type VI secretion sys-
tem by a genome wide in silico analysis: what can be learned from available microbial genomic
resources? BMC Genomics. 2009; 10:104. Epub 20090312. https://doi.org/10.1186/1471-2164-10-104
PMID: 192846083; PubMed Central PMCID: PMC2660368.

Zhao W, Caro F, Robins W, Mekalanos JJ. Antagonism toward the intestinal microbiota and its effect on
Vibrio cholerae virulence. Science. 2018; 359(6372):210-3. https://doi.org/10.1126/science.aap8775
PMID: 29326272; PubMed Central PMCID: PMC8010019.

Fast D, Kostiuk B, Foley E, Pukatzki S. Commensal pathogen competition impacts host viability. Proc
Natl Acad Sci U S A. 2018; 115(27):7099—104. Epub 20180618. https://doi.org/10.1073/pnas.
1802165115 PMID: 29915049; PubMed Central PMCID: PMC6142279.

Fast D, Petkau K, Ferguson M, Shin M, Galenza A, Kostiuk B, et al. Vibrio cholerae-Symbiont Interac-
tions Inhibit Intestinal Repair in Drosophila. Cell Rep. 2020; 30(4):1088—100 e5. https://doi.org/10.1016/
j.celrep.2019.12.094 PMID: 31995751; PubMed Central PMCID: PMC9684019.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 20/23


https://doi.org/10.1073/pnas.1012931107
https://doi.org/10.1073/pnas.1012931107
http://www.ncbi.nlm.nih.gov/pubmed/20974937
https://doi.org/10.7554/eLife.79796
http://www.ncbi.nlm.nih.gov/pubmed/35762582
https://doi.org/10.1016/j.chom.2009.12.007
https://doi.org/10.1016/j.chom.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20114026
https://doi.org/10.1111/mmi.12028
http://www.ncbi.nlm.nih.gov/pubmed/22957938
https://doi.org/10.1073/pnas.1222783110
http://www.ncbi.nlm.nih.gov/pubmed/23362380
https://doi.org/10.1128/AEM.02210-16
http://www.ncbi.nlm.nih.gov/pubmed/27637882
https://doi.org/10.1016/j.chom.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29398650
https://doi.org/10.1073/pnas.1522510113
http://www.ncbi.nlm.nih.gov/pubmed/26951680
https://doi.org/10.1038/s41559-023-02234-2
https://doi.org/10.1038/s41559-023-02234-2
http://www.ncbi.nlm.nih.gov/pubmed/38036633
https://doi.org/10.1016/j.ebiom.2023.104822
http://www.ncbi.nlm.nih.gov/pubmed/37806286
https://doi.org/10.3389/fmicb.2017.00289
http://www.ncbi.nlm.nih.gov/pubmed/28289406
https://doi.org/10.1371/journal.pone.0274956
http://www.ncbi.nlm.nih.gov/pubmed/36129957
https://doi.org/10.1186/1471-2164-10-104
http://www.ncbi.nlm.nih.gov/pubmed/19284603
https://doi.org/10.1126/science.aap8775
http://www.ncbi.nlm.nih.gov/pubmed/29326272
https://doi.org/10.1073/pnas.1802165115
https://doi.org/10.1073/pnas.1802165115
http://www.ncbi.nlm.nih.gov/pubmed/29915049
https://doi.org/10.1016/j.celrep.2019.12.094
https://doi.org/10.1016/j.celrep.2019.12.094
http://www.ncbi.nlm.nih.gov/pubmed/31995751
https://doi.org/10.1371/journal.ppat.1012384

PLOS PATHOGENS

Interbacterial competition elicits distinct host responses and health outcomes

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Zheng J, Ho B, Mekalanos JJ. Genetic analysis of anti-amoebae and anti-bacterial activities of the type
VI secretion system in Vibrio cholerae. PLoS One. 2011; 6(8):e23876. Epub 20110831. https://doi.org/
10.1371/journal.pone.0023876 PMID: 21909372; PubMed Central PMCID: PMC3166118.

Cho JY, Liu R, Macbeth JC, Hsiao A. The Interface of Vibrio cholerae and the Gut Microbiome. Gut
Microbes. 2021; 13(1):1937015. https://doi.org/10.1080/19490976.2021.1937015 PMID: 34180341;
PubMed Central PMCID: PMC8244777.

Stutzmann S, Blokesch M. Circulation of a Quorum-Sensing-Impaired Variant of Vibrio cholerae Strain
C6706 Masks Important Phenotypes. mSphere. 2016; 1(3). Epub 20160525. https://doi.org/10.1128/
mSphere.00098-16 PMID: 27303743; PubMed Central PMCID: PMC4888887.

Basler M, Pilhofer M, Henderson GP, Jensen GJ, Mekalanos JJ. Type VI secretion requires a dynamic
contractile phage tail-like structure. Nature. 2012; 483(7388):182—6. Epub 20120226. https://doi.org/10.
1038/nature10846 PMID: 22367545; PubMed Central PMCID: PMC3527127.

Ma AT, Mekalanos JJ. In vivo actin cross-linking induced by Vibrio cholerae type VI secretion system is
associated with intestinal inflammation. Proc Natl Acad Sci U S A. 2010; 107(9):4365-70. Epub
20100211. https://doi.org/10.1073/pnas.0915156107 PMID: 20150509; PubMed Central PMCID:
PMC2840160.

Logan SL, Thomas J, Yan J, Baker RP, Shields DS, Xavier JB, et al. The Vibrio cholerae type VI secre-
tion system can modulate host intestinal mechanics to displace gut bacterial symbionts. Proc Natl Acad
SciU S A. 2018; 115(16):E3779—-E87. Epub 20180402. https://doi.org/10.1073/pnas.1720133115
PMID: 29610339; PubMed Central PMCID: PMC5910850.

Mazon-Moya MJ, Willis AR, Torraca V, Boucontet L, Shenoy AR, Colucci-Guyon E, et al. Septins
restrict inflammation and protect zebrafish larvae from Shigella infection. PLoS Pathog. 2017; 13(6):
e€1006467. Epub 20170626. https://doi.org/10.1371/journal.ppat.1006467 PMID: 28650995; PubMed
Central PMCID: PMC5507465.

Miyata ST, Kitaoka M, Brooks TM, McAuley SB, Pukatzki S. Vibrio cholerae requires the type VI secre-
tion system virulence factor VasX to kill Dictyostelium discoideum. Infect Immun. 2011; 79(7):2941-9.
Epub 20110509. https://doi.org/10.1128/IA1.01266-10 PMID: 21555399; PubMed Central PMCID:
PMC3191968.

Miyata ST, Unterweger D, Rudko SP, Pukatzki S. Dual expression profile of type VI secretion system
immunity genes protects pandemic Vibrio cholerae. PLoS Pathog. 2013; 9(12):e1003752. Epub
20131205. https://doi.org/10.1371/journal.ppat.1003752 PMID: 24348240; PubMed Central PMCID:
PMC3857813.

Brooks TM, Unterweger D, Bachmann V, Kostiuk B, Pukatzki S. Lytic activity of the Vibrio cholerae type
VI secretion toxin VgrG-3 is inhibited by the antitoxin TsaB. J Biol Chem. 2013; 288(11):7618-25. Epub
20130122. https://doi.org/10.1074/jbc.M112.436725 PMID: 23341465; PubMed Central PMCID:
PMC3597803.

Ringel PD, Hu D, Basler M. The Role of Type VI Secretion System Effectors in Target Cell Lysis and
Subsequent Horizontal Gene Transfer. Cell Rep. 2017; 21(13):3927—40. https://doi.org/10.1016/j.
celrep.2017.12.020 PMID: 29281838.

Cholan PM, Han A, Woodie BR, Watchon M, Kurz AR, Laird AS, et al. Conserved anti-inflammatory
effects and sensing of butyrate in zebrafish. Gut Microbes. 2020; 12(1):1-11. https://doi.org/10.1080/
19490976.2020.1824563 PMID: 33064972; PubMed Central PMCID: PMC7575005.

Noreen S, Magbool I, Madni A. Dexamethasone: Therapeutic potential, risks, and future projection dur-
ing COVID-19 pandemic. Eur J Pharmacol. 2021; 894:173854. Epub 20210108. https://doi.org/10.
1016/j.ejphar.2021.173854 PMID: 33428898; PubMed Central PMCID: PMC7836247.

Chassaing B, Cascales E. Antibacterial Weapons: Targeted Destruction in the Microbiota. Trends
Microbiol. 2018; 26(4):329-38. Epub 20180213. https://doi.org/10.1016/}.tim.2018.01.006 PMID:
29452951.

Anderson MC, Vonaesch P, Saffarian A, Marteyn BS, Sansonetti PJ. Shigella sonnei Encodes a Func-
tional T6SS Used for Interbacterial Competition and Niche Occupancy. Cell Host Microbe. 2017; 21
(6):769—76 €3. https://doi.org/10.1016/j.chom.2017.05.004 PMID: 28618272.

Torraca V, Kaforou M, Watson J, Duggan GM, Guerrero-Gutierrez H, Krokowski S, et al. Shigella son-
nei infection of zebrafish reveals that O-antigen mediates neutrophil tolerance and dysentery incidence.
PLoS Pathog. 2019; 15(12):e1008006. Epub 20191212. https://doi.org/10.1371/journal.ppat.1008006
PMID: 31830135; PubMed Central PMCID: PMC6980646.

Cascales E, Buchanan SK, Duche D, Kleanthous C, Lloubes R, Postle K, et al. Colicin biology. Microbiol
Mol Biol Rev. 2007; 71(1):158-229. https://doi.org/10.1128/MMBR.00036-06 PMID: 17347522;
PubMed Central PMCID: PMC1847374.

Koj A. Termination of acute-phase response: role of some cytokines and anti-inflammatory drugs. Gen
Pharmacol. 1998; 31(1):9-18. https://doi.org/10.1016/s0306-3623(97)00435-7 PMID: 9595271.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 21/23


https://doi.org/10.1371/journal.pone.0023876
https://doi.org/10.1371/journal.pone.0023876
http://www.ncbi.nlm.nih.gov/pubmed/21909372
https://doi.org/10.1080/19490976.2021.1937015
http://www.ncbi.nlm.nih.gov/pubmed/34180341
https://doi.org/10.1128/mSphere.00098-16
https://doi.org/10.1128/mSphere.00098-16
http://www.ncbi.nlm.nih.gov/pubmed/27303743
https://doi.org/10.1038/nature10846
https://doi.org/10.1038/nature10846
http://www.ncbi.nlm.nih.gov/pubmed/22367545
https://doi.org/10.1073/pnas.0915156107
http://www.ncbi.nlm.nih.gov/pubmed/20150509
https://doi.org/10.1073/pnas.1720133115
http://www.ncbi.nlm.nih.gov/pubmed/29610339
https://doi.org/10.1371/journal.ppat.1006467
http://www.ncbi.nlm.nih.gov/pubmed/28650995
https://doi.org/10.1128/IAI.01266-10
http://www.ncbi.nlm.nih.gov/pubmed/21555399
https://doi.org/10.1371/journal.ppat.1003752
http://www.ncbi.nlm.nih.gov/pubmed/24348240
https://doi.org/10.1074/jbc.M112.436725
http://www.ncbi.nlm.nih.gov/pubmed/23341465
https://doi.org/10.1016/j.celrep.2017.12.020
https://doi.org/10.1016/j.celrep.2017.12.020
http://www.ncbi.nlm.nih.gov/pubmed/29281838
https://doi.org/10.1080/19490976.2020.1824563
https://doi.org/10.1080/19490976.2020.1824563
http://www.ncbi.nlm.nih.gov/pubmed/33064972
https://doi.org/10.1016/j.ejphar.2021.173854
https://doi.org/10.1016/j.ejphar.2021.173854
http://www.ncbi.nlm.nih.gov/pubmed/33428898
https://doi.org/10.1016/j.tim.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29452951
https://doi.org/10.1016/j.chom.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28618272
https://doi.org/10.1371/journal.ppat.1008006
http://www.ncbi.nlm.nih.gov/pubmed/31830135
https://doi.org/10.1128/MMBR.00036-06
http://www.ncbi.nlm.nih.gov/pubmed/17347522
https://doi.org/10.1016/s0306-3623%2897%2900435-7
http://www.ncbi.nlm.nih.gov/pubmed/9595271
https://doi.org/10.1371/journal.ppat.1012384

PLOS PATHOGENS

Interbacterial competition elicits distinct host responses and health outcomes

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Liu C, Chu D, Kalantar-Zadeh K, George J, Young HA, Liu G. Cytokines: From Clinical Significance to
Quantification. Adv Sci (Weinh). 2021; 8(15):€2004433. Epub 20210610. https://doi.org/10.1002/advs.
202004433 PMID: 34114369; PubMed Central PMCID: PMC8336501.

Budiardjo SJ, Stevens JJ, Calkins AL, Ikujuni AP, Wimalasena VK, Firlar E, et al. Colicin E1 opens its
hinge to plug TolC. Elife. 2022; 11. Epub 20220224. https://doi.org/10.7554/eLife.73297 PMID:
35199644; PubMed Central PMCID: PMC9020818.

Basler M, Ho BT, Mekalanos JJ. Tit-for-tat: type VI secretion system counterattack during bacterial cell-
cell interactions. Cell. 2013; 152(4):884—94. https://doi.org/10.1016/j.cell.2013.01.042 PMID:
23415234; PubMed Central PMCID: PMC3616380.

Alteri CJ, Himpsl SD, Pickens SR, Lindner JR, Zora JS, Miller JE, et al. Multicellular bacteria deploy the
type VI secretion system to preemptively strike neighboring cells. PLoS Pathog. 2013; 9(9):e1003608.
Epub 20130905. https://doi.org/10.1371/journal.ppat.1003608 PMID: 24039579; PubMed Central
PMCID: PMC3764213.

Smith WPJ, Vettiger A, Winter J, Ryser T, Comstock LE, Basler M, et al. The evolution of the type VI
secretion system as a disintegration weapon. PLoS Biol. 2020; 18(5):e3000720. Epub 20200526.
https://doi.org/10.1371/journal.pbio.3000720 PMID: 32453732; PubMed Central PMCID:
PMC7274471.

Fu Y, Waldor MK, Mekalanos JJ. Tn-Seq analysis of Vibrio cholerae intestinal colonization reveals a
role for T6SS-mediated antibacterial activity in the host. Cell Host Microbe. 2013; 14(6):652—63. https://
doi.org/10.1016/j.chom.2013.11.001 PMID: 24331463; PubMed Central PMCID: PMC3951154.

Verster AJ, Ross BD, Radey MC, Bao Y, Goodman AL, Mougous JD, et al. The Landscape of Type VI
Secretion across Human Gut Microbiomes Reveals Its Role in Community Composition. Cell Host
Microbe. 2017; 22(3):411-9 e4. https://doi.org/10.1016/j.chom.2017.08.010 PMID: 28910638; PubMed
Central PMCID: PMC5679258.

Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-directed therapies for bacterial and
viral infections. Nat Rev Drug Discov. 2018; 17(1):35-56. Epub 20170922. https://doi.org/10.1038/nrd.
2017.162 PMID: 28935918; PubMed Central PMCID: PMC7097079.

Xu X, Foley E. Vibrio cholerae arrests intestinal epithelial proliferation through T6SS-dependent activa-
tion of the bone morphogenetic protein pathway. Cell Rep. 2024; 43(2):113750. Epub 20240209.
https://doi.org/10.1016/j.celrep.2024.113750 PMID: 38340318.

Medzhitov R. Inflammation 2010: new adventures of an old flame. Cell. 2010; 140(6):771-6. https://doi.
org/10.1016/j.cell.2010.03.006 PMID: 20303867

Galan JE. Salmonella Typhimurium and inflammation: a pathogen-centric affair. Nat Rev Microbiol.
2021; 19(11):716-25. Epub 20210519. https://doi.org/10.1038/s41579-021-00561-4 PMID: 34012042;
PubMed Central PMCID: PMC9350856.

Vidakovic L, Mikhaleva S, Jeckel H, Nisnevich V, Strenger K, Neuhaus K, et al. Biofilm formation on
human immune cells is a multicellular predation strategy of Vibrio cholerae. Cell. 2023; 186(12):2690—
704 e20. Epub 20230608. https://doi.org/10.1016/j.cell.2023.05.008 PMID: 37295405; PubMed Central
PMCID: PMC10256282.

Tobin DM, Vary JC Jr., Ray JP, Walsh GS, Dunstan SJ, Bang ND, et al. The Ita4h locus modulates sus-
ceptibility to mycobacterial infection in zebrafish and humans. Cell. 2010; 140(5):717-30. https://doi.
org/10.1016/j.cell.2010.02.013 PMID: 20211140; PubMed Central PMCID: PMC2907082.

Tobin DM, Roca FJ, Oh SF, McFarland R, Vickery TW, Ray JP, et al. Host genotype-specific therapies
can optimize the inflammatory response to mycobacterial infections. Cell. 2012; 148(3):434—46. hitps://
doi.org/10.1016/j.cell.2011.12.023 PMID: 22304914; PubMed Central PMCID: PMC3433720.

Albright MBN, Louca S, Winkler DE, Feeser KL, Haig SJ, Whiteson KL, et al. Solutions in microbiome
engineering: prioritizing barriers to organism establishment. ISME J. 2022; 16(2):331-8. Epub
20210821. https://doi.org/10.1038/s41396-021-01088-5 PMID: 34420034; PubMed Central PMCID:
PMC8776856.

Aranda-Diaz A, Ng KM, Thomsen T, Real-Ramirez |, Dahan D, Dittmar S, et al. Establishment and char-
acterization of stable, diverse, fecal-derived in vitro microbial communities that model the intestinal
microbiota. Cell Host Microbe. 2022; 30(2):260—-72 e5. Epub 20220119. https://doi.org/10.1016/j.chom.
2021.12.008 PMID: 35051349; PubMed Central PMCID: PMC9082339.

Ting SY, Martinez-Garcia E, Huang S, Bertolli SK, Kelly KA, Cutler KJ, et al. Targeted Depletion of Bac-
teria from Mixed Populations by Programmable Adhesion with Antagonistic Competitor Cells. Cell Host
Microbe. 2020; 28(2):313-21 e6. Epub 20200528. https://doi.org/10.1016/j.chom.2020.05.006 PMID:
32470328; PubMed Central PMCID: PMC7725374.

Sana TG, Lugo KA, Monack DM. T6SS: The bacterial "fight club” in the host gut. PLoS Pathog. 2017;
13(6):€1006325. Epub 20170608. https://doi.org/10.1371/journal.ppat. 1006325 PMID: 28594921;
PubMed Central PMCID: PMC5464660.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 22/23


https://doi.org/10.1002/advs.202004433
https://doi.org/10.1002/advs.202004433
http://www.ncbi.nlm.nih.gov/pubmed/34114369
https://doi.org/10.7554/eLife.73297
http://www.ncbi.nlm.nih.gov/pubmed/35199644
https://doi.org/10.1016/j.cell.2013.01.042
http://www.ncbi.nlm.nih.gov/pubmed/23415234
https://doi.org/10.1371/journal.ppat.1003608
http://www.ncbi.nlm.nih.gov/pubmed/24039579
https://doi.org/10.1371/journal.pbio.3000720
http://www.ncbi.nlm.nih.gov/pubmed/32453732
https://doi.org/10.1016/j.chom.2013.11.001
https://doi.org/10.1016/j.chom.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24331463
https://doi.org/10.1016/j.chom.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28910638
https://doi.org/10.1038/nrd.2017.162
https://doi.org/10.1038/nrd.2017.162
http://www.ncbi.nlm.nih.gov/pubmed/28935918
https://doi.org/10.1016/j.celrep.2024.113750
http://www.ncbi.nlm.nih.gov/pubmed/38340318
https://doi.org/10.1016/j.cell.2010.03.006
https://doi.org/10.1016/j.cell.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20303867
https://doi.org/10.1038/s41579-021-00561-4
http://www.ncbi.nlm.nih.gov/pubmed/34012042
https://doi.org/10.1016/j.cell.2023.05.008
http://www.ncbi.nlm.nih.gov/pubmed/37295405
https://doi.org/10.1016/j.cell.2010.02.013
https://doi.org/10.1016/j.cell.2010.02.013
http://www.ncbi.nlm.nih.gov/pubmed/20211140
https://doi.org/10.1016/j.cell.2011.12.023
https://doi.org/10.1016/j.cell.2011.12.023
http://www.ncbi.nlm.nih.gov/pubmed/22304914
https://doi.org/10.1038/s41396-021-01088-5
http://www.ncbi.nlm.nih.gov/pubmed/34420034
https://doi.org/10.1016/j.chom.2021.12.008
https://doi.org/10.1016/j.chom.2021.12.008
http://www.ncbi.nlm.nih.gov/pubmed/35051349
https://doi.org/10.1016/j.chom.2020.05.006
http://www.ncbi.nlm.nih.gov/pubmed/32470328
https://doi.org/10.1371/journal.ppat.1006325
http://www.ncbi.nlm.nih.gov/pubmed/28594921
https://doi.org/10.1371/journal.ppat.1012384

PLOS PATHOGENS

Interbacterial competition elicits distinct host responses and health outcomes

73.

74.

75.

76.

77.

78.

79.

80.

81.

Miller VL, Mekalanos JJ. A novel suicide vector and its use in construction of insertion mutations: osmo-
regulation of outer membrane proteins and virulence determinants in Vibrio cholerae requires toxR. J
Bacteriol. 1988; 170(6):2575-83. https://doi.org/10.1128/jb.170.6.2575-2583.1988 PMID: 2836362;
PubMed Central PMCID: PMC211174.

McVicker G, Tang CM. Deletion of toxin-antitoxin systems in the evolution of Shigella sonnei as a host-
adapted pathogen. Nat Microbiol. 2016; 2:16204. Epub 20161107. https://doi.org/10.1038/nmicrobiol.
2016.204 PMID: 27819667.

Miles SL, Torraca V, Dyson ZA, Lopez-Jimenez AT, Foster-Nyarko E, Lobato-Marquez D, et al. Acquisi-
tion of a large virulence plasmid (pINV) promoted temperature-dependent virulence and global dispersal
of 096:H19 enteroinvasive Escherichia coli. mBio. 2023; 14(4):e0088223. Epub 20230531. https://doi.
org/10.1128/mbio.00882-23 PMID: 37255304; PubMed Central PMCID: PMC10470518.

Marquez DL, Garcia LM. Evaluation of Plasmid Stability by Negative Selection in Gram-negative Bacte-
ria. Bio Protoc. 2017; 7(9):e2261. Epub 20170505. https://doi.org/10.21769/BioProtoc.2261 PMID:
34541248; PubMed Central PMCID: PMC8410245.

Cameron DE, Urbach JM, Mekalanos JJ. A defined transposon mutant library and its use in identifying
motility genes in Vibrio cholerae. Proc Natl Acad Sci U S A. 2008; 105(25):8736—41. Epub 20080623.
https://doi.org/10.1073/pnas.0803281105 PMID: 18574146; PubMed Central PMCID: PMC2438431.

Chao MC, Pritchard JR, Zhang YJ, Rubin EJ, Livny J, Davis BM, et al. High-resolution definition of the
Vibrio cholerae essential gene set with hidden Markov model-based analyses of transposon-insertion
sequencing data. Nucleic Acids Res. 2013; 41(19):9033-48. Epub 20130730. https://doi.org/10.1093/
nar/gkt654 PMID: 23901011; PubMed Central PMCID: PMC3799429.

Furste JP, Pansegrau W, Frank R, Blocker H, Scholz P, Bagdasarian M, et al. Molecular cloning of the
plasmid RP4 primase region in a multi-host-range tacP expression vector. Gene. 1986; 48(1):119-31.
https://doi.org/10.1016/0378-1119(86)90358-6 PMID: 3549457.

Valdivia RH, Falkow S. Bacterial genetics by flow cytometry: rapid isolation of Salmonella typhimurium
acid-inducible promoters by differential fluorescence induction. Mol Microbiol. 1996; 22(2):367-78.
https://doi.org/10.1046/j.1365-2958.1996.00120.x PMID: 8930920.

Gomes MC, Brokatzky D, Bielecka MK, Wardle FC, Mostowy S. Shigella induces epigenetic reprogram-
ming of zebrafish neutrophils. Sci Adv. 2023; 9(36):eadf9706. Epub 20230906. https://doi.org/10.1126/
sciadv.adf9706 PMID: 37672585; PubMed Central PMCID: PMC10482349.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012384  July 18, 2024 23/23


https://doi.org/10.1128/jb.170.6.2575-2583.1988
http://www.ncbi.nlm.nih.gov/pubmed/2836362
https://doi.org/10.1038/nmicrobiol.2016.204
https://doi.org/10.1038/nmicrobiol.2016.204
http://www.ncbi.nlm.nih.gov/pubmed/27819667
https://doi.org/10.1128/mbio.00882-23
https://doi.org/10.1128/mbio.00882-23
http://www.ncbi.nlm.nih.gov/pubmed/37255304
https://doi.org/10.21769/BioProtoc.2261
http://www.ncbi.nlm.nih.gov/pubmed/34541248
https://doi.org/10.1073/pnas.0803281105
http://www.ncbi.nlm.nih.gov/pubmed/18574146
https://doi.org/10.1093/nar/gkt654
https://doi.org/10.1093/nar/gkt654
http://www.ncbi.nlm.nih.gov/pubmed/23901011
https://doi.org/10.1016/0378-1119%2886%2990358-6
http://www.ncbi.nlm.nih.gov/pubmed/3549457
https://doi.org/10.1046/j.1365-2958.1996.00120.x
http://www.ncbi.nlm.nih.gov/pubmed/8930920
https://doi.org/10.1126/sciadv.adf9706
https://doi.org/10.1126/sciadv.adf9706
http://www.ncbi.nlm.nih.gov/pubmed/37672585
https://doi.org/10.1371/journal.ppat.1012384

