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Growth arrest and a persister state enable resistance
to osmotic shock and facilitate dissemination of

Vibrio cholerae
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Vibrio cholerae is a water-borne bacterial pathogen and causative agent of cholera. Although V.
cholerae is a halophile, it can survive in fresh water, and this has a major role in cholera epidemics
through consumption of contaminated water and subsequent fecal-oral spread. After dissemination
from humans back into fresh water, V. cholerae encounters limited nutrient availability and an abrupt
drop in conductivity but little is known about how V. cholerae adapts to, and survives in this
environment. In this work, by abolishing or altering the expression of V. cholerae genes in a high-
throughput manner, we observed that many osmotic shock tolerant mutants exhibited slowed or
arrested growth, and/or generated a higher proportion of persister cells. In addition, we show that
growth-arrested V. cholerae, including a persister subpopulation, are generated during infection of
the intestinal tract and together allow for the successful dissemination to fresh water. Our results
suggest that growth-arrested and persister subpopulations enable survival of V. cholerae upon

shedding to the aquatic environment.
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Introduction

Diarrheal disease represents the second leading cause
of death in young children worldwide. Among the
pathogens responsible, V. cholerae is a water-borne
bacterium that causes cholera, an acute intestinal
infection that produces profuse secretory diarrhea
(called rice-water stool) and vomiting, which can
quickly lead to severe dehydration and death if
untreated. The V. cholerae life cycle includes envir-
onmental and infection stages. It resides in fresh and
estuarine water in temperate zones by association
with phytoplankton and the chitinous carapaces of
zooplankton (Johnson, 2013) and causes epidemics
through its initial consumption in contaminated
water and subsequent fecal—oral spread. V. cholerae
exits humans in a physiological state or set of states
that prepares it for dissemination and transmission
(Bourassa and Camilli, 2009). The V. cholerae genes
that contribute to dissemination appear to differ from
those needed for transmission (Kamp et al., 2013).
After transfer from rice-water stool to fresh (pond,
lake or river) water, bacteria suffer an osmotic
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downshift and a ~50-fold drop in conductivity, also
encountering limited inorganic nutrients and carbon
sources (Nelson et al., 2008). It has been proposed that
V. cholerae then enters into an active but non-
culturable (ANBC) state (Kell et al., 1998), in which
the bacterial cells maintain their metabolic activities
but lose their culturability on laboratory media
(Colwell, 2000). However, the major contributors to
infection from contaminated water appear to be the
culturable bacteria, not the ANBC population (Nelson
et al., 2008). Therefore, during cholera outbreaks, V.
cholerae must adapt to the aquatic reservoir without
losing its ability to infect the next host and, in the
process, must also resist this harsh environment. So
far, how it accomplishes this is largely unknown.
Here, we used a high-throughput analysis to identify
genes needed by V. cholerae to survive a hypo-
osmotic shock in fresh water. We also show that V.
cholerae shed from the infected host include sta-
tionary phase persister subpopulations. Our results
address the importance of these subpopulations
formed during infection and their impact on the
dissemination of V. cholerae.

Materials and methods

Strains, media and growth conditions
E7946, a wild-type strain of V. cholerae O1 ser-
ogroup El Tor biotype (Levine et al., 1982) and its
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derivatives were grown in LB broth or on LB agar
plates supplemented with 20mm MgSO, and
2mgml™"' sodium pyruvate; these supplements
improve plating efficiency of antibiotic stressed cells
(Wu et al., 2012) at 37 °C. Fresh water was collected
from the Massapoag Lake in MA, USA. Its chemical
composition is similar to pond water obtained from a
cholera endemic area in Bangladesh (Schild et al.,
2007; Nelson et al., 2008; Bourassa and Camilli,
2009; Kamp et al., 2013). Expression from the
outward-facing P.. present at one end of mTn10
used for mutagenesis was induced by the addition of
isopropyl-beta-p-thiogalactopyranoside (IPTG) to a
final concentration of 1mwm. Antibiotics were
added when appropriate at the following concen-
trations: streptomycin 100pgml~", gentamicin
100 pgml~*, ampicillin 50 pgml-", spectinomycin
100 pgml~*, cloramphenicol 2 pgml~" and kanamy-
cin 50 pg ml~". X-Gal was used at a concentration of
80pgml-".

Fresh water challenge and persister isolation

10° colony-forming units (CFU) of E7946 or its
derivatives were washed once with autoclave-
sterilized fresh water and subjected to static
incubation in fresh water for 15 min at 24 °C. For
isolation of bacterial persisters, E7946 cultures
were incubated in LB supplemented with
100 pg ml~" gentamicin for 4 h at 37 °C with shaking.
Survival was assayed by serial dilution and plating
for viable CFU. Survival rate was calculated as
follows: CFU/mlyeatea/ CFU/mMnieaea @and converted
logarithmically.

Transposon sequencing

Random insertion libraries made with mTn10 carry-
ing either a spectinomycin, kanamycin or ampicillin
resistance gene were grown until ODgy of 0.1
(exponential) or for 16 h to stationary phase (input).
10® CFU were washed and subjected to static
incubation in fresh water for 15 min. The survivors
were outgrown in LB broth overnight (output) and
gDNA was extracted for sequencing of the mTn10
junctions using the HTML-PCR method (Lazinski
and Camilli, 2013). Samples were sequenced on an
Mlumina HiSeq 2500 using a mTn10-specific sequen-
cing primer. The relative abundance of each mTn10
insertion in the input and output samples was
determined using the Galaxy platform available at
Tufts University using custom scripts. To identify
fitness changes, the Dval Genome value was used.
Dval genome is calculated as: (number of reads gene
X/total number of reads)/(size of gene X)/(size of the
genome). Mutants were considered to be positively
or negatively selected if each gene had at least three
unique insertions in all input samples, and an
average survival index (Dval genome output/input)
>4.5 or 0.2 was observed, respectively. If a mutant
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is absent from the sample (e.g., mutants in essential
genes) a Dval Genome value of #DIV/0 is shown.

Validation of genes identified as important for osmotic
shock survival

Mutants were generated by splicing by overlap
extension PCR (Horton et al., 1989; Dalia et al.,
2014) and natural transformation. To modulate the
level of expression of a gene of interest, a Iacl-P,.
cassette (base pair 57 to 2517 of pDL1098 as
described in (McDonough et al., 2014)) was intro-
duced either upstream in sense orientation or down-
stream in antisense orientation for inducible
expression or downregulation, respectively.

Single mutants for validation of hits important for
survival at exponential phase were grown in the
presence of 1 mm IPTG until ODgg, of 0.1. Then 10°
CFU were subjected to static incubation in LB or
fresh water, or LB supplemented with gentamicin
incubation with shaking for 15 min. For validation of
stationary phase hits, individual mutants were
grown for 16 h at 37 °C with aeration. The next day,
cultures were mixed in a 1:1 ratio with E7946AlacZ
and 10® CFU were challenged with 2ml of fresh
water or LB broth. Survival of individual mutants
was assayed by serial dilution and plating for viable
CFU on LB agar plates supplemented with X-Gal for
blue/white screening. The competitive index (CI)
was calculated as: CFU of mutant/CFU of AlacZ
wild-type corrected for any deviation from a ratio of
1 in the input.

Infant mice and infant rabbit colonization experiments
5-day-old litters of infant CD1 mice were inoculated
orogastrically with 50 pl containing ~ 10° CFU of the
wild-type or a mutant strain of V. cholerae as
described (Tischler and Camilli, 2005). After 24 h,
mice were euthanized, the small intestine was
removed and homogenized in 1ml of LB broth
supplemented with 20% glycerol. Colonization was
assayed by serial dilution and plating for viable CFU
on LB agar plates supplemented with Sm100
(Camilli et al., 1994; Schild et al., 2007). 2- to 3-
day old infant rabbits were infected as described
(Kamp et al., 2013). V. cholerae was recovered from
the cecal lumenal fluid and colonization levels were
assayed by serial dilution and plating for viable CFU
as described above for infant mice outputs. All
animal procedures were conducted in accordance
with the rules of the Department of Laboratory
Animal Medicine at Tufts Medical Center.

Results

Viability of V. cholerae upon exposure to fresh water is
growth phase dependent

As the ~50-fold drop in conductivity from rice-water
stool is the same as from Luria Bertani (LB) broth
(conductivity: 19.4 mScm™) to fresh (pond) water
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(conductivity: 280 uS cm?) (Nelson et al., 2008), we
determined the survival rate of V. cholerae when
transferred from LB broth to fresh water collected
from the Massapoag Lake in MA, USA. Consistent
with a previous report (Kamp et al, 2013), we
observed a strong correlation between the physiolo-
gical state of growth and survival wherein V.
cholerae grown to stationary phase survived in fresh
water (Figure 1a). In the previous study (Kamp et al.,
2013), long-term survival was examined, whereas
here we examine short-term (15 min) survival to
hypo-osmotic shock. This time point was sufficient
to observe killing by osmotic shock without inducing
the stringent response due to the nutrient-poor
environment. We observed a positive correlation
between survival and progression through the
growth curve as cells approached stationary phase
(Figure 1a). The number of visibly intact bacteria was
greatly reduced when rapidly growing bacteria were
exposed to fresh water (Figure 1b). Hence, lysis
appears to be the dominant mechanism for the loss
in viability. Consistent with fresh water inducing
osmotic shock, a 5-fold dilution of the chemically
defined growth medium M9 was sufficient to achieve
the same level of killing (conductivity: 2.5 mS cm ~?)
(Supplementary Figure 1A). Moreover, the addition
of NaCl or the non-metabolizable osmolyte, poly-
ethylene glycol of molecular weight 3350 (PEG-3350)
to fresh water resulted in full protection
(Supplementary Figure 1B). These data support the
hypothesis that the initial loss of viability observed
upon fresh water challenge is due primarily if not
entirely to osmotic shock and that rapidly growing
bacteria are most susceptible to this shock.

Transposon sequencing screens identify pathways
involved in osmotic shock survival

We examined the genes involved in the suscept-
ibility of rapidly growing cells to osmotic shock.
Three mini-Tn10 (mTn10) insertion libraries were
made, each of ~60000 complexity. The mTn10

derivatives each contain one outwardly transcribing,
IPTG-inducible promoter (P...) and genes conferring
resistance to either Spectinomycin, Kanamycin or
Ampicillin. The libraries were grown in LB broth
supplemented with 1 mMm IPTG to early exponential
phase and challenged with fresh water. The P,
enabled overexpression of downstream genes
oriented in the same direction or inhibition of
expression of genes oriented in the antisense direc-
tion (McDonough et al., 2014).

High-throughput transposon sequencing (Tn-seq)
(van Opijnen et al., 2009), was used to identify
insertion mutants with improved survival. These fell
into several functional classes including; perturbed
extra-cytosolic proteins, decreased DNA repair and
replication functions, decreased sigma factor RpoN
and nitrogen metabolism, or decreased tRNA char-
ging and repair. Among the last category, we found
that the survivor population after osmotic shock was
enriched in mTn10 insertions downstream of almost
all tRNA synthetase genes whereby P,,., was posi-
tioned in the antisense orientation. In contrast, in the
input pool, transposon insertions were not enriched
downstream of tRNA synthetase genes and those that
were present were found equally in either orienta-
tion (Supplementary Tables 1 and 4). We hypothe-
size that antisense expression from P.. lowered
tRNA synthetase activity and this enabled survival
following osmotic shock treatment. Inhibition of
tRNA synthetase activity can cause ribosome stalling
and increased production of the stringent response
alarmone (p)ppGpp. Consistent with this, we also
found enriched mTn10 insertions that are hypothe-
sized to increase (p)ppGpp directly through
increased synthesis or reduced degradation, or
indirectly through increased expression of a hipAB-
like toxin—antitoxin system. These results are con-
sistent with the idea that V. cholerae can survive
osmotic shock by slowing down different metabolic
processes thereby enabling dormancy. Interestingly,
many of the same genetic alterations found here to
enhance resistance to osmotic shock such as those
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Figure 1 Growth-dependent survival of V. cholerae to fresh water challenge. Cultures of V. cholerae E7946 were grown with aeration at
37 °C in LB broth to an ODgq, of 0.1 (exponential phase), 0.5 (exponential phase), 0.8 (early stationary phase) and 1.3 (stationary phase).
1 ml aliquots were washed and incubated for 15 min in fresh water and survival was measured (a). Phase contrast microscopic images of
exponential (log) and stationary phase bacteria before and after fresh water challenge (b).
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related to the stringent response have also been
shown to enhance survival upon exposure to anti-
biotics (Germain ef al., 2013; Kaspy et al., 2013). So-
called persister cells are similarly associated with
the slowing of metabolic processes and partial or
complete dormancy.

In this gain of function screen, 53% of the mTn10
insertions that led to improved osmotic resistance
functioned in an orientation dependent manner by
virtue of their outwardly transcribing P,,. (Figure 2a).
Via both sense and antisense mechanisms, the
expression of adjacent genes was modulated. This
enabled the detection of effects conferred by essen-
tial genes that, by definition, could not be observed
through insertional inactivation.

To validate the results from our screen, we
introduced a P, with an associated lacI repressor
by site-specific integration into the same location in
the genome as was observed for particular mTn10
mutants (Supplementary Table 2). As homologs of
many of the genes identified here as important for
osmotic shock survival have also been linked to
persistence to antibiotic stress in other bacteria, we
compared the rate of survival of these mutants when
challenged with either fresh water or gentamicin. A
deletion of the mechanosensitive channel gene
mscL, believed to be important in maintaining
osmotic balance (Nakamaru et al., 1999; Booth and
Blount, 2012; Rowe et al., 2013), reduced the
survival of V. cholerae to osmotic shock
(Figure 2b). In contrast, both an increased resistance
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to osmotic shock and to gentamicin challenge was
observed upon antisense depletion of a seryl-tRNA
synthetase, SerRS, and a (p)ppGpp hydrolase, spoT,
and with the overexpression of the hipAB toxin—
antitoxin system. Similarly, antisense depletion of a
nitrogen regulation protein (VC2749), and overex-
pression of the sigma factor RpoE operon enhanced
survival to challenge with both fresh water and
gentamicin. In general, each of the mutants tested
showed a similar degree of increased survival with
each of the two very different challenges (Figures 2b
and c). All mutants capable of increasing resistance
upon IPTG induction showed an accompanying
decrease in their growth rates. Thus, we hypothesize
that in a rapidly growing population of wild-type V.
cholerae, the slow or non-growing persister subpo-
pulation is resistant to both fresh water and
gentamicin challenges while the remaining cells are
sensitive to each challenge.

To search for mutants that exhibit decreased
survival after osmotic shock in fresh water, we
screened mTn10 insertion libraries after growth to
stationary phase in which the survival of V. cholerae
decreases by only ~50%. In contrast to the previous
screen, here we almost exclusively identified
mutants that interrupted genes independent of
transposon orientation (Figure 3a). Mutants with
increased sensitivity to fresh water mapped primar-
ily to genes involved in the maintenance of the
redox-state (TCA cycle, oxidative stress response) or
to membrane transporters. Previous studies observed
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Figure 2 Mutants with increased resistance to hypo-osmotic shock following rapid aerobic growth. Classification of directionality of
mTn10 insertions found in the survivors to osmotic shock population (a). Cultures of V. cholerae E7946 and the derivatives shown below
the x-axis were grown with aeration at 37 °C in LB broth with or without IPTG to an ODgg, of 0.1. 1 ml aliquots were washed and incubated
for 15 min in fresh water (b, upper panel) or LB broth plus gentamicin (¢, down panel). Bars represent the average of at least four
independent assays. Error bars show standard error. Significance was calculated using Student’s two-tailed t-test (* <0.05, ** <0.01).
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Figure 3 Mutants grown to stationary phase with reduced resistance to hypo-osmotic shock. Classification of directionality of mTn10
insertions found in the mutants with decreased survival to osmotic shock by fresh water (a). V. cholerae E7946AlacZ was subjected to
competition assays in a 1:1 ratio with its derivative mutants. Approximately 10° CFU were washed and incubated for 15 min in fresh
water. Graph represent the average of at least six independent assays (b). Graphs represent the average of at least six independent assays.
Error bars show standard error. Significance was calculated using Student’s two-tailed t-test (* <0.05, ** <0.01, *** <0.001).

that disruption of efflux pumps and respiration-
related genes showed a decreased level of persister
cells in E. coli (Orman and Brynildsen, 2015; Pu et al.,
2016). Hence, again we observed an at least partial
overlap between the genes involved in osmotic stress
in V. cholerae and those involved in antibiotic
persistence in other species. As expected, we also
found genes not involved in persistence but rather
involved in the production of osmoprotectants like
glycogen, 1-methionine and i1-glutamate (Bougouffa
et al., 2014; Supplementary Tables 3 and 5).

To validate specific candidates identified in this
screen, we tested deletion mutants belonging to the
categories identified and subjected them to osmotic
shock in a 1:1 ratio in competition with the wild-type
strain. Mutants involved in respiration, glycogen
metabolism, L-glutamate generation and oligopeptide
transport showed decreased survival to osmotic
shock by 2-3-fold. Also, the ArelA, ArpoS and AglpD
mutants which have been previously linked to
persistence (Spoering et al., 2006; Amato et al,
2013; Radzikowski et al., 2016) showed a decreased
survival to osmotic shock (Figure 3b). It is likely that,
due to the redundancy of survival mechanisms that
oppose osmotic stress during stationary phase, we
were only able to find mild phenotypes when single
mutants were tested.

To further evaluate the role of (p)ppGpp and the
stringent response in the survival to hypo-osmotic
shock, we generated a ArelA ArelV AspoT (p)ppGpp°
strain as previously described (Das et al., 2009). An
exponentially growing culture of the (p)ppGpp®
strain had no discernable defect in surviving osmotic
shock or gentamicin treatment. However, a station-
ary culture of the same strain had an ~ 8-fold defect
for both conditions (Supplementary Figure 2A). We
next tested the effect of increasing (p)ppGpp level in
rapidly growing cells on survival following osmotic
shock. Addition of a serine analog (DL-serine
hydroxamate or SHX) is commonly used to increase
both (p)ppGpp level and to induce the persister
state in other bacteria (Tosa and Pizer, 1971).
In V. cholerae, SHX treatment stimulated fresh water
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survival by nearly 100-fold and stimulated gentami-
cin persistence by roughly 1000-fold (Figure 4a). In
summary, (p)ppGpp has a significant role in the
survival of stationary phase cells following osmotic
shock but is not required for the survival of
exponential phase cells. However, when (p)ppGpp
level is artificially increased in exponential phase
cells, survival is greatly enhanced.

We next examined the mechanism(s) that enable
stationary phase V. cholerae to survive exposure to
fresh water. Quorum sensing molecules are pro-
duced and accumulate to high extracellular concen-
trations as cells enter stationary phase and cause
profound changes in gene expression (Goo et al.,
2012). We therefore tested whether these molecules
could induce a genetic program capable of protecting
cells from osmotic shock. V. cholerae was grown to
exponential phase in spent medium from an over-
night culture that was supplemented with fresh
nutrients. We observed that bacteria grown either
in the presence or absence of spent medium were
equally susceptible to fresh water (Supplementary
Figure 2B). This suggests that the high resistance to
osmotic shock seen with stationary phase bacteria is
not due to the action of quorum sensing molecules.
Rather, it likely results from either a reduction in cell
division and metabolic activities and/or from the
induction of unknown mechanisms. However, we
cannot completely rule out a possible role of quorum
sensing in this process: (i) there is a possibility that
QS-regulated genes are not induced in this physio-
logical state, even when autoinducers were added
and (ii) autoinducers could be unstable and could
have been degraded in the spent medium. Further
experiments would be needed to fully understand
the implications of quorum sensing in osmotic shock
resistance.

To test whether stopping cell division and meta-
bolic activities alone is sufficient to protect from
osmotic shock, we added chloramphenicol to expo-
nentially growing V. cholerae cultures for 30 min
prior to the fresh water challenge. This treatment
both prevents de novo protein synthesis and causes a
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Figure 4 Induction of the stringent response or inhibition of respiration protects rapidly growing cultures from hypo-osmotic shock via a
mechanism that requires de novo protein synthesis. Survival of exponential V. cholerae E7946 cultures in the presence of 1 mg ml-" of
SHX (a) or Cm 10 pgml~" (b) before challenge by osmotic shock or gentamicin. Alternatively, cultures were treated with Oxyrase or
sodium azide (NaN;) before osmotic shock challenge (c). Effect on the order of addition between chloramphenicol and NaN; evaluated in
fresh water challenge (d). Graphs represent the average of at least three independent assays. Error bars show standard error. Significance
was calculated using Student’s two-tailed t-test (** <0.01, ***<0.001, **** <0.0001).

complete but reversible arrest of growth (Wisseman
et al., 1954). Although cells survived chlorampheni-
col treatment in the absence of fresh water challenge,
chloramphenicol treatment did not increase resis-
tance to osmotic shock (Figure 3b). We conclude that
cessation of growth and metabolic activity is insuffi-
cient to protect against osmotic shock. Furthermore,
our results suggest that the protection observed upon
transition to stationary phase requires de novo
protein synthesis.

As mentioned earlier, respiration has also been
linked to the generation of persister cells (Orman and
Brynildsen, 2015). We tested the effect of oxygen
availability on osmotic shock survival by incubating
the cultures statically in the presence of Oxyrase
(Oxyrase, Inc) to produce a microaerobic condition.
Strikingly, exponential cultures grown in this con-
dition showed >100-fold improved survival
(Figure 4c). In contrast, stationary phase cultures
grown in this condition exhibited no change in
viability upon treatment with fresh water
(Supplementary Figure 3A).

To further test the role of respiration in osmotic
shock survival, exponential and stationary phase
cultures were exposed to the respiration inhibitor
sodium azide (NaNs). Addition of NaNj to stationary
phase cultures had no effect on viability upon
exposure to fresh water (Supplementary Figure 3B).
In contrast, addition of NaNj; to exponential cultures
resulted in a 1000-fold increase in survival

(Figure 4c). Importantly, the growth rate of cells
both in the microaerobic culture and when treated
with NaN; was greatly diminished. NaNj is not only
an inhibitor of the electron transport chain but has
also been observed to the inhibit DNA synthesis and
cell division (Donachie, 1969; Ciesla et al., 1974;
Fortin et al., 1990). These data show that slowing or
stopping growth of V. cholerae by inhibiting respira-
tion greatly increases resistance to osmotic shock.

It is possible that upon transitioning from rapid
aerobic growth to that in the presence of NaNj, a
response is triggered that includes the synthesis of
new proteins that directly or indirectly protect
against osmotic shock. To test this possibility, we
did an order of addition experiment that used both
chloramphenicol and NaN; In one case, exponen-
tially growing cultures were treated with chloram-
phenicol for 30 min followed by treatment with NaN,
for 90 min prior to the fresh water challenge. If NaN,
treatment rescues cells from osmotic shock by
inducing the synthesis of protective proteins then,
a prior chloramphenicol treatment should block
rescue. As a control for this experiment, the order
of addition was reversed. In this case, there is a 90-
min window where NaN, can still induce new
protein synthesis prior to the addition of chloram-
phenicol. Treatment with chloramphenicol before
but not after NaN, treatment blocked rescue from
osmotic lysis (Figure 4d). Thus, we conclude that
treatment with NaN, induces a response that triggers
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Figure 5 Persister-like subpopulations of V. cholerae exist during infection of the infant rabbit model and a V. cholerae mutant with a
higher proportion of persisters outcompetes the wild-type strain in animal models of infection. 10° CFU of planktonic (a) or disrupted
aggregates (b) of V. cholerae from cecal fluid were incubated in LB (circles), Fresh water (squares) or LB supplemented with 100 pg ml~" of
gentamicin (15X MIC, circles dashed lines). Aliquots were taken at 15, 90 or 240 min and viability was measured by serial dilution and
plating on Sm100 plates. CD1 mice were inoculated with a 1:1 mixture of an induced or non-induced expression of the toxin—antitoxin
system hipAB-like and the wild-type strain for competition assays and assessment of colonization abilities of small intestine in the infant
mouse (c) or cecal fluid in the infant rabbit model (d). Significance was calculated using Student’s two-tailed t-test (* <0.05, ** <0.01).

the production of new proteins which protect against
osmotic shock.

Persisters are formed during infection thereby
facilitating dissemination of V. cholerae and a

V. cholerae mutant strain with a higher proportion of
persisters is more efficient at colonizing the small
intestine

To evaluate persister formation during infection, the
planktonic and aggregated V. cholerae from infected
infant rabbit cecal fluid samples were separated
by differential centrifugation and exposed to LB
broth, fresh water or gentamicin (Supplementary
Figure 4A). Just before challenge, aggregates of
V. cholerae were disrupted by vigorous mechanical
resuspension (Supplementary Figure 4B) so that
accurate titers could be measured. Consistent with
a previous report (Kamp et al., 2013), V. cholerae
from cecal fluid is highly resistant to osmotic shock
(Figure 5a, squares). To determine the presence of
persisters, ~10® CFU of V. cholerae from either
aggregated or planktonic populations were incubated
in the presence of 15-times the minimal inhibitory
concentration (MIC) of gentamicin for up to 4 h with
aeration at 25 °C. After antibiotic treatment, we were
able to isolate V. cholerae persisters from both
portions of the cecal fluid (Figures 5a and b, circles
with dashed lines).
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Since our data suggests that at least a portion of
V. cholerae shed to the environment are in a
persister state, we sought to study the importance
of V. cholerae persister formation with respect to
infectivity. We hypothesize that environmental
V. cholerae in a persister state could impact
transmission of this pathogen by lowering the dose
needed to cause a successful infection, since they
would be more resilient to stress such as the acidic
pH in the stomach. Then, as soon as the stress is no
longer present, persisters would leave this dormant
state and start replicating, leading to a successful
infection. To evaluate this, we used a hipAB***
strain that induces the production of a toxin—
antitoxin module and therefore a persister-like
state by addition of IPTG, and compared its ability
to colonize infant mice with that of the non-
induced and wild-type parental strains. Groups of
5-day-old mice were inoculated with an induced or
non-induced hipAB*** strain, each mixed 1:1 with
the wild-type strain for competition assays. Only
the induced hipAB*** strain was able to
outcompete the wild-type strain by ~2-fold
(Figure 5c). This difference is highlighted by the
fact that this strain was out-competed by the wild-
type strain by ~2-fold when grown in vitro
(Figure 5c). Thus, even though the hipAB*** strain
grows slightly slower than the wild-type strain, it
was still able to outcompete wild-type V. cholerae
during infection.



We next examined the importance of persister
formation in the infection of infant rabbits, which, in
contrast to infant mice, develop profuse secretory
diarrhea akin to human cholera (Ritchie et al., 2010;
Kamp et al., 2013; Abel and Waldor, 2015). As in
human rice-water stool (Nelson et al., 2007), cecal
fluid obtained from symptomatic infant rabbits show
two distinctive populations, highly-motile (plank-
tonic) and aggregated V. cholerae. We induced the
persister state in the hipAB*** strain and, in
competition with the wild-type strain, assayed its
ability to colonize. As seen in the infant mouse
model, the induced hipAB** out-competed the wild-
type strain by ~2-fold in both the planktonic and
aggregated subpopulations (Figure 5d).

Discussion

Human shed V. cholerae experience a dramatic
change in osmolarity and nutrient availability when
transmitted to fresh water environments, yet its
success as a water-born pathogen requires that it
survives this stressful transition. Several studies
have addressed osmotic challenges to V. cholerae
survival, however, most of these have focused on
transition to high salinity environments (Chakrabarti
et al., 1996; Hidse and Mekalanos, 1999; Pflughoeft
et al., 2003; Kapthammer et al., 2005; Nag et al.,
2005; Shikuma and Yildiz, 2009; Jahid et al., 2013;
Rowe et al., 2013; Shikuma et al., 2013; Moll et al.,
2015). Since, during outbreaks and epidemics,
V. cholerae is consumed in contaminated drinking
water, its ability to withstand low salinity conditions
is critical to this mode of transmission. In this study,
we provide insights into the mechanisms of toler-
ance to a low osmotic aquatic environment and
identified stationary and persistent V. cholerae
subpopulations that show vastly improved rates of
survival under these conditions.

The ability of V. cholerae to form persister
subpopulations has previously been suggested
(Miller et al.,, 1984; Jubair et al., 2012; 2014) but
not rigorously shown, nor have the mechanisms
involved in persister formation been examined in
this organism. Here we formally show persister
formation in V. cholerae and its relevance in both
the pathogenic and environmental stages of its life
cycle. We determined that V. cholerae from both
in vitro cultures and animal infections include a
subpopulation of persister-like bacteria that is more
resistant to  antibiotic treatment and to
osmotic shock.

The most common class of mutants with improved
survival identified in our Tn-Seq screen were those
associated with the stringent response and (p)ppGpp
metabolism. (p)ppGpp is produced by the dominant
synthase, RelA, under starvation conditions, where
the ratio of charged/uncharged tRNA is low
(reviewed in Potrykus and Cashel, 2008). Of the 22
annotated tRNA synthestases in the V. cholerae
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genome, 19 were found as over-represented in the
output pool in association with downstream mTn10
insertions that were inserted in the antisense
orientation. As all 19 genes are essential, the down-
stream antisense insertions provided a non-lethal
way to lower synthetase activity thereby increasing
the uncharged tRNA pool and (p)ppGpp production.
Consistent with this, we found that a chemical
inhibitor of a serine tRNA synthestase, SHX, which
is known to induce (p)ppGpp in other organisms,
also similarly induced enhanced resistance to
hypo-osmotic shock in V. cholerae. Finally, other
mutants found in the screen that are expected
to cause increased levels of (p)ppGpp included
antisense insertions downstream of the dominant
(p)ppGpp hydrolase, SpoT, and insertions oriented
to overexpress the the HipAB toxin—antitoxin
system. These findings are in agreement with a
previous report in which a ppGpp-dependent
response to hyperosmotic shock was found in E. coli
(Tarusawa et al., 2016), indicating that (p)ppGpp
would be a conserved mechanism to respond to
osmotic stress.

Essentially all the mutants that we identified to
have increased survival to fresh water challenge,
including those involved in the stringent response,
displayed slower growth rates and/or reduced
metabolism. Experiments with chloramphenicol
suggested that reduced metabolic activity and
growth rate alone are insufficient to promote survival
to low osmotic transitions. Rather, de novo protein
synthesis is required. It is important to note that
chloramphenicol inhibits translation in a manner
that prevents (p)ppGpp formation (Sokawa and
Sokawa, 1978). It is therefore likely that the proteins
produced during the transition to stationary phase
that protect against osmotic shock are at least
partially induced by the stringent response.

We also found that upregulation of RpoE was an
alternate mechanism responsible for improved sur-
vival. Consistent with a role in osmoprotection, this
sigma factor is involved in the expression of genes
that respond to stresses affecting the cell wall,
envelopes and periplasm (Moreau, 2014). Down-
regulation of RpoN, a sigma factor that competes
with RpoE for RNA polymerase (Merrick, 1993), also
conferred better survival to osmotic shock. Such
downregulation is expected to decrease glutamine
and arginine biosynthesis (Kloosterman et al., 2006),
leading to the accumulation of glutamate which can
be used as a compatible solute and osmoprotectant
(Goude et al., 2004; Bougouffa et al., 2014; Shao
et al., 2015). Accumulation of glycogen also proved
to be useful as an osmoprotectant in our assays. This
is of special importance since glycogen might have a
dual role as osmprotectant and carbon source storage
for survival in the aquatic environment as has been
described (Bourassa and Camilli, 2009).

In summary, when exposed to an extreme and
immediate osmotic downshift, rapidly growing
V. cholerae are unable to mount an effective
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response. However, those cells already in the
persister state, in stationary phase, or that had
experienced reduced growth due to oxygen limita-
tion can withstand the initial shock and go on to
disseminate. Since the vast majority of V. cholerae
cells shed in rice-water stool or from animal model
infections are resistant to fresh water challenge, it is
likely that, late in infection, there are very few cells
experiencing rapid growth. This is consistent with a
report that rice-water stool is microaerobic and
unable to support growth of V. cholerae (Freter
et al., 1961).

This is the first study to identify the presence of
V. cholerae persisters during infection. In other
bacteria, persisters enable survival in a host during
treatment with antibiotics and are responsible for
relapses that occur following the cessation of treat-
ment. The excessive use of antibiotics in many of the
regions endemic for V. cholerae is well documented
and is thought to be responsible for the emergence
and dominance of strains resistant to multiple
antibiotics (Beaber et al., 2002). In this context, it is
likely that the ability of V. cholerae to form persisters
during infection aids its survival in humans taking
antibiotics.

In addition to any potential role in survival during
antibiotic treatment, we propose that the generation
of dormant and persister subpopulations during
V. cholerae infections ensures survival following
exit from the host and its subsequent exposure to low
osmotic, nutrient-poor environments. Further
experiments will be needed to determine whe-
ther such subpopulations are also important for
survival in estuarine and salt water environ-
ments and/or in other aspects of the V. cholerae
life cycle.
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