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Phenotypic Analysis Reveals that the 2010 Haiti Cholera Epidemic Is

Linked to a Hypervirulent Strain
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Department of Microbiology-Immunology, Northwestern University, Feinberg School of Medicine, Chicago, lllinois, USA%; Department of Microbiology and Environmental
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Vibrio cholerae O1 El Tor strains have been responsible for pandemic cholera since 1961. These strains have evolved over time,
spreading globally in three separate waves. Wave 3 is caused by altered El Tor (AET) variant strains, which include the strain
with the signature ctxB7 allele that was introduced in 2010 into Haiti, where it caused a devastating epidemic. In this study, we
used phenotypic analysis to compare an early isolate from the Haiti epidemic to wave 1 El Tor isolates commonly used for re-
search. It is demonstrated that the Haiti isolate has increased production of cholera toxin (CT) and hemolysin, increased motil-
ity, and a reduced ability to form biofilms. This strain also outcompetes common wave 1 El Tor isolates for colonization of infant
mice, indicating that it has increased virulence. Monitoring of CT production and motility in additional wave 3 isolates revealed
that this phenotypic variation likely evolved over time rather than in a single genetic event. Analysis of available whole-genome
sequences and phylogenetic analyses suggested that increased virulence arose from positive selection for mutations found in
known and putative regulatory genes, including hns and vieA, diguanylate cyclase genes, and genes belonging to the IysR and
gntR regulatory families. Overall, the studies presented here revealed that V. cholerae virulence potential can evolve and that the
currently prevalent wave 3 AET strains are both phenotypically distinct from and more virulent than many El Tor isolates.

he pathogen Vibrio cholerae induces the severe diarrheal dis-

ease cholera. The current seventh global pandemic of cholera
has been ongoing for more than 50 years and is due to El Tor O1
strains that originally emerged in Indonesia in 1961 (1). These
strains have spread globally in three separate waves (2—4). The
wave 1 “typical” El Tor (ET) strains caused disease from the early
1960s through the middle 1990s. Since then, originating from
within the El Tor, several successful strain lineages have arisen.
The wave 2 strains included the O139 variant that acquired novel
O-antigen genes (5) and hybrid variants that acquired a second
prophage (2, 3). Since the late 1990s, a lineage known as the wave
3 altered El Tor (AET) V. cholerae has come to predominate as the
major cause of human cholera disease. These strains are identified
in part by a ctxB gene in which two nucleotide changes converted
the cholera toxin B subunit (CT-B) sequence from that of ET
(ctxB2 allele) to a sequence identical to that of classical strains
(ctxB1 allele) that circulated during pandemics of the 18th and
19th centuries (2). The AET ctxBI allele was acquired in two
stages. A wave 1 ET strain acquired a classical CTX-2 prophage
that then recombined with the El Tor CTX-1 prophage, giving rise
to the unique CTX-3 prophage. It is postulated that CTX-3 then
naturally transduced into a new genetic background that lacked
any CTX prophages, ultimately giving rise to the AET (6).

Although they share some common polymorphisms, the wave
2 hybrid and wave 3 AET strains have diverged, with the AET
acquiring numerous unique genetic changes (3). The AET strains
have a gyrA mutation for nalidixic acid resistance and integrating
conjugative elements (ICE) that confer multiple drug resistance,
including to streptomycin and chloramphenicol (3, 7, 8). The
ICEVchlIn5 present in ~77% of strains has recently been shown to
also encode a repressor of V. cholerae natural competence (9, 10).
Thereby, the AET strains are highly stable in their genome se-
quences, as they are suppressed in their ability to acquire genetic
content by horizontal gene acquisition. Further, spontaneous mu-
tation rates are low in V. cholerae (estimated at only 3.3 to 6.8
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high-quality single nucleotide polymorphisms [hqSNPs]/year [3,
11, 12]), such that the global spread of these strains has been easily
tracked by monitoring synapomorphic hqSNP accumulation in
whole-genome sequences (3, 10, 11, 13-16).

Over the course of the spread of the AET, signature point mu-
tations in known virulence genes have been acquired. The tcpA
gene for the major colonization factor toxin-coregulated pilus
(TCP) gained the polymorphism N89S, although the functional
consequence of this change is unknown (7, 17). The rtxA gene for
the multifunctional, autoprocessing repeats-in-toxin (MARTX)
toxin acquired a stop codon (r£txA°) and the toxin became non-
functional (18). Within the tcpAN®*® r£xA° strain, the CTX-6b pro-
phage polymorphisms arose, including a 3-nucleotide (nt) dele-
tion in the gene rstB and an H20N mutation in ctxB (the ctxB7
allele) (7, 18). The functional consequence of the CtxB H20N
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change is unknown, but its proximity to the leader peptidase pro-
cessing site suggests that it could affect toxin maturation. This
clonal variant of V. cholerae with tcpANSQS, rtxA°, and ctxB7 alleles
was first detected in Kolkata, India, in 2004 (7). It was also iden-
tified as the cause of outbreaks in Orissa, India, in 2007 (19), in
Cameroon, Zimbabwe, and South Africa in 2009, and in Nepal in
2010 (8, 13, 14, 18). The strain has been the predominant cause of
cholera in India and Bangladesh at least to 2012 (7, 20, 21). This is
also the strain that was introduced into Haiti in 2010 (10, 14-16).

Clinical reports have revealed that the AET strains induce a
more dehydrating diarrhea (22), and isolation of AET strains has
been specifically associated with patients with severe diarrheal
symptoms (17). Human studies have revealed a proinflammatory
phase of cholera disease (23), a deviation from the traditional
definition of ET cholera as “noninflammatory,” although no com-
parative studies have been conducted. During epidemics, clinical
observation of increased diarrheal severity and the apparent ex-
plosive spread of these strains when introduced has led to the AET
being referred to as “hypervirulent” (17, 24).

Despite extensive genomic research tracking the global spread
of V. cholerae strains, very little research has examined if and how
these strains have changed. We have undertaken a phenotypic
analysis of an AET strain isolated during the Haiti epidemic in
comparison to well-studied laboratory wave 1 isolates to under-
stand whether AET strains are distinct, accounting for the rapid
onset of the epidemic. The selected AET strain 2010EL-1786 was
isolated in 2010 at the start of the Haiti cholera epidemic and is
advantageous to characterize, as the entire genome sequence has
been determined (13). We found that the strain has indicators of
hypervirulence, with increased production of cholera toxin and
hemolysin, increased motility, reduced production of cyclic-di-
guanylate (c-di-GMP), and a reduced ability to form biofilms.
This increased pathogenic potential was directly demonstrated as
the strain outcompeted other strains in cocolonization studies.
Analysis of strains representing the accumulation of mutations
during the spread of the AET revealed that increased toxin and
motility phenotypes likely arose over time, suggesting positive se-
lection for increased virulence.

MATERIALS AND METHODS

Bacterial strains. 2010EL-1786 (Haiti, 2010) was obtained from the
ATCC (BAA-2163). ET strains N16961 (Bangladesh, 1971), P27459 (Ban-
gladesh, 1976), E7946 (Bahrain, 1978), C6709 (Peru, 1991), and MO10
(India, 1992) and classical strain O395 (India, 1965) are clinical isolates
modified to have spontaneous streptomycin resistance and are part of the
Satchell strain collection originally obtained from J. Mekalanos (Harvard
Medical School, Boston, MA). A1552 (Peru, 1992) is a clinical isolate
modified to have rifampin resistance from the Yildiz strain collection
originally obtained from G. Schoolnik (Stanford University, Palo Alto,
CA). AET isolates CP1041, CP1042, CP1038, and CP10438, sequenced by
Hasan et al. (11), were acquired from the BEI Resources repository (Ma-
nassas, VA). All AET strains were confirmed to be streptomycin and na-
lidixic acid resistant, and strains CP1038 and CP1048 were confirmed to
lack the HeLa cell rounding indicative of inactivation of rtxA. Unless
otherwise noted, bacteria were grown in Luria-Bertani (LB) broth and
agar supplemented with streptomycin (100 pg/ml) or rifampin (100 g/
ml). Deletion of hlyA and lacZ was done as previously described (25, 26).

Phenotypic assays. Hemolysis was determined from bacteria washed
with 190 pl of phosphate-buffered saline (PBS) at 5 X 10® CFU per ml
mixed in a microtiter dish with 10 .l of PBS-washed sheep red blood cells
(RBCs) (7249007; Lampire Biological Products, Pipersville, PA). Plates
were incubated (30°C for 5 h with shaking) and then centrifuged (4,100
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rpm for 10 min at 4°C). One hundred microliters of supernatant fluid was
transferred to a new microtiter dish, and absorbance at 540 nm was read.
Percent hemolysis was corrected for background lysis based on a PBS-only
control and 100% lysis of RBCs suspended in distilled water.

V. cholerae treatment of THP-1 monocytic cells and quantification of
interleukin 1B (IL-1B) secreted to supernatant fluids were conducted by
enzyme-linked immunosorbent assay (ELISA) as previously described
(26).

The production of cholera toxin (CT) was determined by CT-gangli-
oside assay as previously described (27) from cultures inoculated with 10
pl of an overnight culture of V. cholerae into 10 ml of AKI+NaHCO,
medium, incubated statically for 4 h, and then shaken overnight at 37°C
(28). Assay plates were prepared using GM 1-ganglioside sodium salt (AG-
CN2-9000-M005; Adipogen Life Sciences, San Diego, CA) and rabbit
polyclonal anti-CT antibody (3062; Sigma). Due to unexpected large vari-
ability between assays, particularly among AET strains, all assays were
normalized to fold increase compared to the value for the least active
strain in the assay.

To monitor motility, V. cholerae cells were inoculated to 20 ml of 0.3%
LB agar in a 100-mm dish. Plates were incubated (37°C for 24 h) and then
digitally imaged. The area of the colony was calculated using Caliper Liv-
ing Image software.

Flow cell biofilms were generated as previously described (29). Con-
focal images were obtained with a 40X dry objective on a Zeiss LSM 5
PASCAL laser scanning confocal microscope and were processed using
Imaris (Bitplane, Zurich, Switzerland). Quantitative analyses were per-
formed using the COMSTAT software package (http://www.comstat.dk).

For surface attachment, 100 pl of V. cholerae grown to an optical
density at 600 nm (ODg,) of 0.05 in 2% LB was applied to polyvinyl
chloride microtiter dishes and then incubated at 25°C for 6 h. Plates were
washed by immersion in water, and adherent biomass was stained with
1% crystal violet for 15 min, followed by washing in water. The remaining
crystal violet was solubilized in 100 wl of 95% ethanol for 15 min and
transferred to a fresh microtiter plate, and absorbance was determined at
595 nm.

c-di-GMP extraction and quantification were performed with strains
grown in LB as described previously (30). The c-di-GMP concentration
was calculated based on a standard curve from 50 nM to 10 uM generated
from pure c-di-GMP suspended in 184 mM NaCl (Biolog Life Science
Institute, Bremen, Germany). The assay is linear from 50 nM to 10 uM,
with an R* 0f 0.999. c-di-GMP levels were normalized to total protein per
milliliter of culture. Protein concentration was determined using a bicin-
choninic acid (BCA) assay (Pierce, Rockford, IL) from cells lysed in 2%
sodium dodecyl sulfate.

Infection studies. Animal protocols were approved by the Northwest-
ern University JACUC. Infant mouse colonization studies were con-
ducted with log-phase bacterial cultures mixed 1:1 inoculated into 5- to
6-day-old ICR mice as previously described (25). The colonization index
at 22 h postinfection was calculated from homogenized intestine diluted
and plated to LB with antibiotics and 5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside (X-Gal) to distinguish inoculated strains.

Statistical analysis. Statistical methods as noted in figure legends were
conducting using GraphPad Prism 6.0 for MacIntosh software (San Di-
ego, CA).

RESULTS

Overproduction of secreted toxins by an AET isolate from Haiti.
CT is the primary virulence factor of V. cholerae and is responsible
for the massive diarrhea linked to this disease (1). To examine if
the strain introduced into Haiti produces CT, CT secretion into
AKI+NaHCO; medium was monitored. ET strains are known to
produce less CT than classical strains, and consistent with this, the
ET strain P27459 produced less CT than classical strain 0395,
with both showing detectable CT compared to isogenic ActxAB
negative-control strains (Fig. 1A). We found that the Haiti isolate
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FIG 1 Toxin production and motility by a variety of V. cholerae isolates. (A and B) Cholera toxin production in AKI+NaHCO,; medium determined by ELISA.
Individual data points for two assays performed in duplicate are shown to demonstrate range. To account for differences in raw values across two assays, merged
data were normalized to the mean CT production (nanograms per milliliter per OD unit) observed for P27459, the lowest value in each assay. Lines indicate the
means. (C) Hemolysis of sheep RBCs normalized to 100% lysis by 1% Triton X-100. (D) Secretion of IL-1p to medium from THP-1 monocytic-like cells or
NLRP3-deficient THP-1 cells. Hemolysis and IL-1(3 assay results are shown as means * standard deviations (SDs) of merged data from biological triplicates for
at least two independent experiments. (E and F) Soft-agar motility of V. cholerae inoculated in the center of the plate and (E) photographed or (F) quantified as
area using the Caliper Lumina LTE IVIS imager, shown as means = SDs from biological triplicates. Symbols represent statistically significant difference by
one-way analysis of variance (ANOVA) followed by Dunnett’s multiple-comparison test compared to 2010EL-1786 in the same panel (#, P < 0.05; §, P < 0.01;
t, P < 0.001) or the same sample between THP-1 or NLRP3-deficient THP-1 panels (}, P < 0.001). Asterisks indicate statistically significant difference of
indicated samples by Student’s two-tailed ¢ test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). ns, not significant.

2010EL-1786 produced 5- to 16-fold more CT than P27459,
matching closely the amount produced by 0395. Isolate 2010EL-
1786 produced 7- to 24-fold-greater amounts of CT than com-
monly studied ET strains (E7946, C6709, and P27459) (Fig. 1B).
Another common ET isolate, N16961, produced more CT than
other ET strains, which was expected, as this strain has previously
been found to produce more CT than other ET strains and, as
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observed in this study for 2010EL-1786 (Fig. 1B), at levels that
overlapped the amount expressed by AET strains (31). These re-
sults confirm results by others that 2010EL-1786 expresses ~2-
fold more CT than N16961 and ~10-fold more than C6706 (a
strain closely related to C6709) (17) and that AET strains in gen-
eral produce more CT and induce secretion of more fluid in rabbit
ileal loops (31).
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FIG 2 c¢-di-GMP and biofilm formation by a variety of V. cholerae isolates. (A) Intracellular concentrations of c-di-GMP from bacteria grown in LB. Data are
pooled from four biological replicates in three independent assays. (B) Initial attachment of V. cholerae to 96-well polyvinyl chloride plates normalized to that of
A1552. Data are pooled from 6 to 14 biological replicates from three independent assays, with outliers eliminated using Grubb’s algorithm. For both assays, bars
indicate means = SDs. Statistical significance is marked as described for Fig. 1. (C) Biofilm of V. cholerae expressing green fluorescent protein in LB after 24 h of
growth in a flow cell. Images show the top view of the biofilm and z-stack series of a lateral slice to show density and channels. Two biological replicates were
performed in triplicate. Images presented are from one representative experiment. Bar, 50 pum.

The Haiti isolate and other AET strains have a null mutation in
the rtxA gene that encodes another V. cholerae toxin known as the
MARTX toxin (18). The existence of this mutation is curious, as
studies of rtxA™ ET strains showed that the MARTX toxin posi-
tively contributes to V. cholerae intestinal colonization (32). How-
ever, its contribution to virulence is redundant with that of an-
other toxin, the hlyA-encoded hemolysin/cytolysin HIyA (32).
Thus, we hypothesized that r£xA° strains hyperproduce not only
CT but also hemolysin, compensating for the loss of rtxA.

The 2010EL-1786 strain induced lysis of RBCs and displayed
significantly greater hemolytic activity than did ET strains E7946,
C6709, and P27459. The hemolytic activity was similar to that
with N16961. Consistent with its natural deletion of hlyA, the
classical strain 0395 was not hemolytic and served as the negative
control (Fig. 1C).

The ability of V. cholerae to produce hemolysin has recently
been linked to rapid induction of the NLRP3 inflammasome, re-
sulting in release of IL-1B from human THP-1 monocytic-like
cells (26). Consistent with an increase in hemolysis, 2010EL-1786
also stimulated a significant increase in IL-13 release from THP-1
cells, and this release was dependent upon NLRP3 and on produc-
tion of hemolysin (Fig. 1D).

Thus, 2010EL-1786 produces more CT and more hemolysin
than most El Tor strains and toxin activity similar to or greater
than that of N16961. These changes can account for the in-
creased severity of disease and inflammation noted for these
strains (22, 23).

An AET isolate from Haiti is more motile than most El Tor
strains. The heightened production of two toxins suggests a global
change in the regulatory control of virulence in the Haiti isolate.
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Regulation of hlyA has been linked to the flagellar regulatory net-
work that controls bacterial motility (33). When tested, 2010EL-
1786 was found to be hypermotile, spreading across a greater area
from the center of a motility agar plate than most of the tested ET
strains (Fig. 1E and F). As seen with toxin assays, N16961 was only
slightly less motile than 2010EL-1786. Surprisingly, P27459 also
showed increased motility and was not different from 2010EL-
1786, suggesting that this strain has a unique mutation(s) linked
to motility independent of CT and hemolysin control. The in-
creased motility of 2010EL-1786 was most striking compared to
that of ET strains isolated in Peru, including C6709 and A1552.

Low production of c-di-GMP in the Haiti AET isolate. Flagel-
lar motility phenotypes of V. cholerae are in part linked to the
intracellular concentrations of the secondary messenger molecule
cyclic-di-guanylate (c-di-GMP), with low ¢-di-GMP promoting a
virulence state with high motility and increased toxin production
and high c-di-GMP promoting the environmental state, including
formation of biofilms (34).

Indeed, 2010EL-1786 produced less c-di-GMP than other ET
strains, particularly C6709 (Fig. 2A). Strain A1552 was added as a
comparison strain, as it is commonly studied for environmental
persistence and known to form robust biofilms (29, 30). It also
showed much greater production of c-di-GMP than 2010EL-1786
(Fig. 2A). N16961 was not tested, as its naturally occurring hapR
null mutation is expected to alter c-di-GMP production through
its control of multiple diguanylate cyclase and phosphodiesterase
genes and N16961 was not considered a relevant comparison
strain (35).

When assessed for the ability to adhere and form structured
biofilms in LB (Fig. 2B and C), strains A1552 and C6709 engi-
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neered to express gfp adhered well to the surface and produced
dense structured biofilms in the flow cell assay. ET strains P27459
and E7946 formed biofilms that were less dense but retained chan-
nels indicative of a well-formed three-dimensional biofilms. By
comparison, 2010EL-1786 showed weak initial adherence of bac-
teria to the surface but did not ultimately form a structured bio-
film, and bacteria remained predominantly as a single layer (Fig.
2C). This suggests that this strain is severely hampered in biofilm
formation.

2010EL-1786 has greater fitness for infant mouse coloniza-
tion. Overall, the AET Haiti isolate has an altered phenotypic pro-
file typified by loss of MARTX toxin activity and competence (9,
10, 18) but also increased toxin production, increased motility,
reduced biofilm production, and reduced c-di-GMP, all pheno-
types associated with increased virulence (36). Therefore, we spec-
ulated that this isolate might have greater fitness for infant mouse
colonization.

In a competitive colonization assay, 2010EL-1786 outcom-
peted typical ET strains (Fig. 3A), ranging from a minimum of a
3.3-fold-increased colonization (lowest value for N16961) to a
maximum of 1,260 (highest value for C6709). ET strains N16961,
P27459, and E7946 actually showed a slightly higher growth rate
in rich broth, indicating that the competitive fitness of 2010EL-
1786 is not due to its faster growth (Fig. 3B). In fact, when the
competitive indices are corrected for the lower growth rate of
2010EL-1786, the increased fitness of the strain becomes even
more evident (Fig. 3C).

Isolates C6709 and A1552 from the 1990s outbreak in Peru
were even less competitive in the experiment, with a 10- to 1,000-
fold competitive index favoring colonization by 2010EL-1786.
This reduced fitness is in part due to in vitro growth defects of a
factor of 5 to 10. However, growth rate differences do not account
for all the competitive advantages of 2010EL-1786, because the
strain still shows a significant increase in competitive fitness when
corrected for the difference in growth rate (Fig. 3C). These data
show that 2010EL-1786 has increased fitness for colonization
compared to all isolates selected from those commonly used for
laboratory research.

Increased cholera toxin production and motility arise inde-
pendently. To further investigate the emergence of hyperviru-
lence, the SNP data set published by Hasan et al. (11) was analyzed
for synapomorphic, nonsynonymous SNPs (nSNPs). Additional
data sets of Mutreja et al. (3), Hendriksen et al. (14), Lazinski and
Camilli (37), and the Genome Bioinformatics Group of Univer-
sity of California at Santa Cruz (http://archaea.ucsc.edu/genomes
/bacteria) were compared, and the sequential acquisition of these
nSNPs was confirmed against the whole-genome phylogenetic
tree published by Eppinger et al. (15). From these analyses, 68
nSNPs that arose within the wave 2 strains (28 mutations) and
wave 3 AET strains (32 mutations) or that were found solely in at
least 10 sequenced Haiti isolates (8 mutations) were identified (see
Table S1 in the supplemental material). Of these, 17 were identi-
fied as potentially significant, as they occur in known or putative
regulatory, virulence, or missense repair genes (Table 1).

As an initial step to understanding hypervirulence, we sought
to distinguish if CT production and motility increased slowly over
time or if the increases possibly occurred as a single genetic event.
Strains A1552, M010, CP1041, CP1042, CP1038, and CP1048 are
known to represent sequential stages in the evolution of the Haiti
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FIG 3 Increased fitness of 2010EL-1786 during intestinal infection. Strains as
indicated were each competed with 2010EL-1786 AlacZ for identification as
white colonies on plates containing X-Gal. Shown are infant mouse intestinal
colonization (A) and in vitro growth (B) in LB, with competitive index calcu-
lated as the ratio of CFU of 2010EL-1786 AlacZ/strain indicated recovered
(output) divided by the ratio that was inoculated (input). Values above 1
indicate greater fitness of 2010EL-1786, with the horizontal lines indicating
observed variation. (C) Values obtained in panel A were divided by the mean in
vitro competitive colonization index from panel B to correct for differences in
growth rates of some competed strains. Asterisks indicate statistically signifi-
cant difference of indicated samples by Student’s two-tailed ¢ test for each
competition compared to 2010EL-1786 competed against itself (*, P < 0.05;
**, P < 0.01). ns, not significant.
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TABLE 1 Selected synapomorphic hqgSNPs in sequenced V. cholerae strains®

SNP in V. cholerae strain

Wave 1 Wave 2 Wave 3 (AET)
2010EL- Amino acid Key characteristic of

NCBInt VCno. Gene N16961 E7946 A1552 MOI10 B33 CP1041 CP1042 CP1038 CP1048 1786 change mutation
299198 0289  gntR family C © © T T T T T T T A189T Ligand binding domain
716085 0668 mutH T T T C C C C C C C Q147R Surface exposed
1469439 1376  cdgM A A A T T T T T T T H507fs Changes last 5 aa
2441036 2285 cdgL © © € A A A A A A A A77stop Null
1567151 1456  ctxB A A A A A G G G G G Y39H ctxBI allele
1567239 1456  ctxB A A A A A G G G G G 168T ctxBI allele
1330466 1258  gyrA G G G G G T T T T T S831 Nal resistance
1198274 1130  hns © C © © cC T T T T T G107S DNA binding domain
2547726 2383  lysR family C @ © C cC T T T T T A37V HTH domain
890726 0828  tcpA A A A A A A G G G G N89S Surface exposed
1730242 1617  lysR family T T T T T T G G G G E210A Substrate binding

domain
1563760 1451 rtxA G G G G G G G A A A W4534stop Null
1782513 1652  vieA G G G G G G G A A A L79F Receiver domain
903580 0841 acfC A A A A A A A — — — M70fs Null
368131 0345  mutL T T T T T T T C C C C350R Undefined domain
1567296 1456  ctxB G G G G G G G G T T H20N ctxB7 allele
1050707 A1095 cheA-3 G G G G G G G G — — L579fs CheW-like domain

removed

@ Data drawn primarily from supplemental information published by Hasan et al. (11). E7946 and A1552 SNP data are from comparisons to N16961 published by Lazinski and
Camilli (37) and online at http://archaea.ucsc.edu/, respectively. The gene designation number from the V. cholerae N16961 complete genome (VC no.) is indicated. fs, frameshift;
aa, amino acids; HTH, helix-turn-helix; Nal, nalidixic acid. Gray shading in SNP columns indicates that the nucleotide is the same as that found in N16961, while white indicates

polymorphism. A dash indicates that the residue is deleted.

isolate (15) and thus were selected as strains to initially assess CT
and motility (Fig. 4).

CT production was low for A1552 (ranging from 82 to 158
ng/ml/OD unit) (Fig. 4A). The production of CT then shows step-
wise increases first in the wave 2 strain MO10 (Fig. 4A), which
shares point mutations with other wave 2 strains, including hybrid
strains B33 and MJ-1236, and the later wave 3 AET strains (Table
1; see also Table S1 in the supplemental material). These include
frameshift mutations in two diguanylate cyclase genes, cdgM
(vc1376) and cdgL (vc2285), and an A189T point mutation in the
ligand binding domain of a putative gluconate utilization system
gnt-I transcriptional regulator linked to intestinal colonization by
genome-wide transposon sequencing (Tn-Seq) analysis (38). The
increased production of CT compared to that of A1552 suggests
that the root of hypervirulence may reach into the wave 2 strains
prior to the emergence of the AET wave 3 strains.

Within the AET wave 3 strains (marked by the presence of
nalidixic acid resistance and the ctxBI allele), CT production
shows a trend of increased production as the strains evolve (Fig.
4A). Although raw values for the five AET wave 3 strains tested
were all higher than that of A1552 (ranging from 700 to 5,000
ng/ml/OD unit), the values also became more variable across rep-
licates, which could not be resolved through repeated assays or
attributed to technical issues but rather seems to represent a nat-
ural heterogeneity. Notable mutations across the sequential
strains first include a G107S mutation in the histone-like protein
H-NS, which is in the DNA binding domain of this repressor that
controls transcription of genes that encode hemolysin, MARTX,
and CT (39). A recent study showed that deletion of hns uncouples
virulence gene expression from its normal control by ToxR, which
could account in part for the increased toxin production (40).
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Also accumulating over time are synapomorphic mutations in
two IysR family transcriptional regulatory genes, vc2383 and
vc1617; notably, deletion of vc1617 resulted in increased coloniza-
tion fitness in infant mice for strain C6706 (41).

Another notable mutation is found in vieA, a regulatory gene
that is normally repressed by H-NS and is part of a signal system
controlling c-di-GMP levels and virulence (39, 42). The L79F mu-
tation in the receiver domain could dysregulate the EAL phos-
phodiesterase domain of this protein to reduce c-di-GMP levels in
the bacterium and thereby variably increase CT production as
observed.

The aggregate accumulation of mutants affecting CT produc-
tion is starkly contrasted with results for motility (Fig. 4B). Com-
pared to A1552, one of the least motile strains in the initial screen
(Fig. 1E), MO10, CP1041, and CP1042 do not show a hypermotile
phenotype. However, CP1038 and CP1048 showed hypermotility
that was not significantly different from that of 2010EL-1786 (Fig.
4B). This indicates that hypermotility arose as a single discrete step
in evolution. It is notable that this step includes a large bottleneck
of 17 nSNPs (see Table S1 in the supplemental material) that in-
cludes the mutation in vieA and null mutations in rtxA and acfC, a
gene linked to intestinal colonization (43) (Table 1). The impact
of these 17 mutations could be at least split in half by analysis of
the sequenced strain CIRS201 (see Table S1), but a source of this
strain could not be identified. CP1048 is very similar to CP1038,
differing only by three additional nSNP point mutations. These
include the appearance of the ctxB7 allele, which identifies the
Haiti-like strains worldwide and shows that the czxB H20N muta-
tion apparently arose in an already hyper-CT-producing, hyper-
motile background. This strain also has a truncation in che-
motaxis gene cheA-3 that removes the C-terminal CheW-like
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FIG 4 Cholera toxin and motility during evolution of AET. Cholera toxin
production in AKI+NaHCO; medium was determined by ELISA. Individual
data points for two assays performed in duplicate are shown to demonstrate
range. To account for differences in raw values across two assays, merged data
were normalized to the mean CT production (nanograms per milliliter per OD
unit) observed for A1552. Lines indicate the means. Asterisks indicate statisti-
cally significant difference of indicated samples by Student’s two-tailed t test
comparing each successive evoultionary step; *, P < 0.05. (B) Soft-agar motil-
ity of V. cholerae inoculated in the center of the plate quantified as area using
the Caliper Lumina LTE IVIS imager. Lines indicate the means of biological
triplicates. One-way ANOVA followed by Turkey’s multiple-comparison test
of all pairwise samples showed that indicated strains are statistically different
from all other samples (f, P < 0.001).

regulatory domain, but this mutation did not affect motility, con-
sistent with complete deletion of cheA-3 having minimal effect on
motility compared to the result with cheA-2 (44).

Overall, based thus far on assessment of only CT production
and motility, it seems that hypervirulence accumulated in sequen-
tial stages for CT production compared to a possible bottleneck
selection for hypermotility alongside other selected phenotypes.
These results suggest that since the AET first emerged in the late
1990s, ongoing positive selection for increased pathogenetic traits
led to emergence of a hypervirulent clone that was ultimately in-
troduced into Haiti.

DISCUSSION

In recent decades, cholera incidence has increased worldwide,
with an emerging profile of epidemics arising after founding
events. Data from Mutreja et al. (3) support the idea that all chol-
era disease is currently due to a single clonal lineage that has
spread globally since 1961 in three distinct waves. With the wave 3
AET V. cholerae, a particularly successful clone emerged around
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2004 that is defined by signature gene alleles tcpA™®, rtxA°, and
ctxB7 (7). This lineage has been a dominant cause of disease in
recent years. Indeed, at least through 2012, this strain has ac-
counted for nearly all cholera monitored in India and Bangladesh
(7,20, 21). The strain has spread across all major continents since
its first detection in 2004 (7), including isolation in Asia and Africa
and accounting for recent outbreaks in the Caribbean (7) and
Mexico (45).

This study reveals that this successful lineage is unique in pa-
rameters that indicate that it is hypervirulent. The strain produces
excess hemolysin and CT and is more motile than commonly
studied wave 1 El Tor strains. A previous study found that
2010EL-1786 (also known as BAA-2613) showed increased lethal-
ity compared to El Tor strains during single-strain infection, with
100% of infant mice inoculated with 2010EL-1786 succumbing to
infection, while 50% of mice inoculated with C6706 and 30% of
mice inoculated with N16961 survived (17). In our study, we
found that 2010EL-1786 outcompeted all tested wave 1 strains
during competitive intestinal colonization, even after adjusting
for growth rate. This finding suggests that the successful AET
could have emerged as the predominant global clone due to pos-
itive selection of increased virulence, ultimately outcompeting
other strains through repeated cycles of human transmission.
Such a selection could be enhanced by an ability to significantly
increase and to more successfully defend against V. cholerae-stim-
ulated inflammation in the mouse intestine (26, 46—48).

On the positive side, this strain was also found to have low
¢-di-GMP production and to form poor biofilms, which can be
associated with poor environmental persistence (34). Notably,
during the Haiti epidemic, this strain isolated from patients was
not sampled from the environment during the early stages of the
epidemic (11). However, environmental sampling conducted
more recently suggests that this strain has accumulated new pos-
itively selected mutations since its introduction into Haiti. It is
now sampled from the environment in Haiti and may be endemic
(12). These data suggest that this clone has a high capacity to
evolve, transitioning rapidly from a hypervirulent to an environ-
mental persistence state. Poor environmental survival may also
explain why this strain may be abating in Bangladesh since 2012
(20). The ability of this strain to evolve is possibly accelerated due
to uncharacterized point mutations in DNA mismatch repair pro-
teins MutH and MutL (Table 1), which may compensate for the
loss of genetic variation due to horizontal gene transfer when
competence is inhibited by the presence of ICEVchIn5 (9, 10).

Extensive hqSNP analyses have been done tracking synapo-
morphic point mutations that arose over time as part of studies to
track the source of the Haiti epidemic (3, 10, 11, 13-16). 2010EL-
1786 has 68 point mutations resulting in protein mutations that
differentiate it from wave 1 El Tor strains. The sequential acquisi-
tion and estimated timing of appearance of these mutations have
been analyzed by whole-genome sequence phylogeny (15).
Through examination of CT and motility of strains representative
of the sequential accumulation of mutations (see Table S1 in the
supplemental material), it seems that changes over time account
for the increased toxicity of these strains, possibly due to point
mutations and null mutations found in several regulatory genes,
including the diguanylate cyclase genes cdgL and cdgM, the gntR-
like gene vc0289, the hns gene vc1130, the lysR-like genes vc2383
and vc1617, and the vieA gene vc1652. The mutation in vieA might
also be linked to hypermotility, as three different strains with this
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mutation showed the hypermotile phenotype. Additional changes
in regulation might also occur due to nucleotide variations in
intergenic regions that could include changes in promoters or
changes in small RNAs (sRNAs), although these were not specifi-
cally analyzed for this study.

Future studies should look beyond phenotypic assays to
changes in global transcriptional profiles, particularly using
paired genetically modified strains different by a single nucleotide.
Further parsing of the contribution of each mutation would also
require detailed quantitative assessment of virulence in mice or by
a global Tn-Seq-type analysis of colonization in an AET wave 3
strain.

Yet until these extensive studies are conducted, evidence pre-
sented here that wave 3 AET clones are phenotypically distinct
from strains previously studied in laboratory settings highlights
the importance for pathogenesis researchers to consider a wider
range of strains in their investigations. In addition, investigation
of outbreaks could be modified to include not only identification
of surface O antigen but also at least some sequencing analysis to
search for the signature markers of this strain. If it is established
that an outbreak is due to a hypervirulent clone, containment and
treatment measures should be modified to account for the poten-
tially dramatic differences in likelihood of human-to-human
spread, disease severity, and environmental survival.
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