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ABSTRACT Toxigenic Vibrio cholerae serogroup O1 is the etiologic agent of the disease
cholera, and strains of this serogroup are responsible for pandemics. A few other
serogroups have been found to carry cholera toxin genes—most notably, O139, O75,
and O141—and public health surveillance in the United States is focused on these four
serogroups. A toxigenic isolate was recovered from a case of vibriosis from Texas in
2008. This isolate did not agglutinate with any of the four different serogroups’ antisera
(O1, O139, O75, or O141) routinely used in phenotypic testing and did not display a
rough phenotype. We investigated several hypotheses that might explain the recovery
of this potential nonagglutinating (NAG) strain using whole-genome sequencing analysis
and phylogenetic methods. The NAG strain formed a monophyletic cluster with O141
strains in a whole-genome phylogeny. Furthermore, a phylogeny of ctxAB and tcpA
sequences revealed that the sequences from the NAG strain also formed a monophyletic
cluster with toxigenic U.S. Gulf Coast (USGC) strains (O1, O75, and O141) that were
recovered from vibriosis cases associated with exposures to Gulf Coast waters. A com-
parison of the NAG whole-genome sequence showed that the O-antigen-determining
region of the NAG strain was closely related to those of O141 strains, and specific muta-
tions were likely responsible for the inability to agglutinate. This work shows the utility
of whole-genome sequence analysis tools for characterization of an atypical clinical iso-
late of V. cholerae originating from a USGC state.

IMPORTANCE Clinical cases of vibriosis are on the rise due to climate events and ocean
warming (1, 2), and increased surveillance of toxigenic Vibrio cholerae strains is now
more crucial than ever. While traditional phenotyping using antisera against O1 and
O139 is useful for monitoring currently circulating strains with pandemic or epidemic
potential, reagents are limited for non-O1/non-O139 strains. With the increased use of
next-generation sequencing technologies, analysis of less well-characterized strains and
O-antigen regions is possible. The framework for advanced molecular analysis of O-anti-
gen-determining regions presented herein will be useful in the absence of reagents for
serotyping. Furthermore, molecular analyses based on whole-genome sequence data
and using phylogenetic methods will help characterize both historical and novel strains
of clinical importance. Closely monitoring emerging mutations and trends will improve
our understanding of the epidemic potential of Vibrio cholerae to anticipate and rapidly
respond to future public health emergencies.
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V ibrio cholerae is a genetically diverse marine bacterium that is often spread through
contaminated food and water. V. cholerae causes gastrointestinal and extraintestinal

(wound or ear) infections in humans and, in some cases, septicemia (1–3). Over 200
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serogroups of V. cholerae have been described, but O1 and O139 are of considerable con-
cern because of their pandemic and epidemic potential. The current circulating pandemic
strain belongs to serogroup O1 (biotype El Tor) and has been attributed to global out-
breaks since 1961 (4, 5), while epidemics of O139 have arisen from the Bay of Bengal
beginning in 1992 (6). Serogroup O139 was initially discovered based on its inability to
agglutinate with O1 antisera (7) and was subsequently shown to contain differences in
O-antigen biosynthesis regions (8). Furthermore, serogroup O139 was determined to have
emerged from the O1 El Tor biotype as a result of serogroup conversion and genetic
exchange of O-antigen DNA (4, 8–11). Because serogroup O139 is recently descended
from O1 El Tor, it harbors the genetic backbone of seventh pandemic O1 El Tor strains,
including many of the same virulence genes, such as the cholera toxin genes (12).

Pandemic O1 and O139 strains contain major virulence genes on mobile genetic
elements, including cholera toxin genes such as ctxAB carried on the cholera toxin pro-
phage (CTXf ), which is integrated into one or both chromosomes of V. cholerae, and
toxin coregulated pilus (TCP), which serves as the receptor for CTXf and is encoded
by tcp genes located on the Vibrio pathogenicity island (VPI) (13). Therefore, detection
of serogroups O1 and O139 and toxin genes has been the focus of surveillance testing
in laboratories across the world. Phenotypic testing for serogroups O1 and O139 is
widely used due to the accessibility of commercially available antisera, while PCR tests
are used for toxin gene detection (14, 15). Characterization of serogroups O1 and O139
based on conserved genetic marker genes (wbeN and wbfR, respectively) in the O-anti-
gen-determining regions (wbe and wbf gene clusters) have made it possible for surveil-
lance testing to consolidate important serogroup and toxin gene detection into a sin-
gle molecular workflow (11, 14–19).

An important consideration for developing a comprehensive surveillance system
for vibriosis is the inclusion of other serogroups that can also carry virulence genes,
such as O75 and O141 (4, 20–22). Antisera for phenotypic testing are not commercially
available for non-O1/non-O139 serogroups and public sequence data, and known
genetic markers are limited for strains like O75 and O141 (18, 19, 22). However, the
increased use of next-generation sequencing (NGS) technologies over the last 2 deca-
des has led to detailed characterizations of non-O1/non-O139 strains, including O141
(22). Therefore, data from NGS can be used to develop analytical frameworks for other
less well-characterized serogroups and where access to antisera for phenotypic classifi-
cations is limited.

The CDC monitors vibriosis through the nationwide Cholera and Other Vibrio Illness
Surveillance (COVIS) system (https://www.cdc.gov/vibrio/surveillance.html), a passive
surveillance system first launched in 1989 by the U.S. Gulf Coast (USGC) states
(Alabama, Florida, Louisiana, and Texas) that includes reporting from all 50 states and
the U.S. Food and Drug Administration. Epidemiological surveillance is complemented
by laboratory analysis at the National Vibrio Reference Laboratory at the CDC, which
includes species identification of V. cholerae isolates sent from states using WGS, toxin
profiling, and phenotype testing of four serogroups (O1, O139, O75, and O141). Over
the years, we have observed patterns in strains endogenous to the USGC, which
include serogroups O1, O75, and O141, that are of public health concern due to shared
virulence characteristics with pandemic strains of V. cholerae (3, 20, 21, 23–25).
Multiple studies have reported V. cholerae cases from O141 and O75 strains that have
caused cholera-like outbreaks in the United States (3, 20–22) and attributed them to
environmental reservoirs where these strains are endemic (23). The emergence of atyp-
ical and nonagglutinating non-O1/non-O139 strains from environmental reservoirs in
South Africa has also been described (26). Therefore, characterization of unusual and
atypical strains that cause sporadic cases of severe clinical illness is useful for elucidat-
ing potential evolutionary changes or factors that have limited the epidemic spread of
non-O1/non-O139 serogroups.

In 2008, an isolate (3528-08) was received at the CDC from Texas that was positive
for cholera toxin upon routine surveillance testing. There was no history of travel or
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consumption of seafood, but the patient reported recreational swimming. The isolate
did not agglutinate in any of the four routinely tested antisera (O1, O139, O75, or
O141) and did not display a rough phenotype (i.e., agglutination was not observed in
sterile water). We investigated several hypotheses that might explain the recovery of
this potential nonagglutinating (NAG) strain. First, the strain might represent one of
the four known toxigenic serogroups previously seen in the USGC that lost the ability
to produce O antigen; second, the strain could represent a resident serogroup that
recently acquired CTXf from one of the resident toxigenic strains; the strain repre-
sents the introduction of a toxigenic serogroup not normally included in CDC surveil-
lance (i.e., the introduction of an emerging or novel toxigenic serogroup). We obtained
whole-genome sequences (WGS) and employed a variety of bioinformatic techniques
to investigate the origin of the potential NAG isolate by examining the phylogenetic
relationship to other cholera toxin-positive USGC strains, compared the nucleotide
sequences of the major virulence genes (ctxAB and tcpA), and compared the genetic
sequence of the O-antigen-determining region in the potential NAG isolate to the
genetic sequences of these regions in other cholera toxin-positive reference strains.
We found that the strain likely represents an emerging O141 strain that has lost the
ability to produce functional O141 O antigen. Taken together, our analysis demon-
strates the utility of WGS and phylogenetic methods for the characterization of impor-
tant toxin- and O-antigen-determining regions of V. cholerae.

RESULTS
Initial characterization of the Vibrio cholerae NAG strain. A clinical isolate (3528-

08) was confirmed as Vibrio cholerae in the National Vibrio Reference Laboratory in the
Enteric Diseases Laboratory Branch at the CDC. The isolate was positive for the cholera
toxin and the toxin coregulated pilus targets by PCR analysis, but the isolate did not
agglutinate with routinely tested antisera for serogroups O1, O139, O75, and O141,
which can result in clinical illness. It was also determined that the strain was not rough
and did not autoagglutinate in sterile saline.

Phylogenetic analysis of the NAG strain. To investigate whether this potential non-
agglutinating (NAG) strain (3528-08) might represent a known toxigenic serogroup, a core
genome single nucleotide polymorphism (SNP) phylogeny was inferred (Fig. 1), along with
18 representative whole-genome sequences from relevant V. cholerae serogroups with
publicly available data (Table 1; see Table S1 in the supplemental material). The potential
NAG strain formed a well-defined monophyletic cluster with the toxigenic (ctx1) O141
strains V51, 2016V-1085, and 3566-08 (which was used as the reference for the phylogeny)
(Fig. 1). The potential NAG strain clustered next to the O141 strain 2016V-1085, which was
isolated in New Mexico in 2016 (Fig. 1). O1 and O139 strains with epidemic or pandemic
potential formed a distinct cluster. Nontoxigenic V. cholerae strains formed separate phylo-
genetic groups, except the V. cholerae O1 USGC strain 2740-80, which formed a monophy-
letic cluster with toxigenic USGC O1 strains. Toxigenic O75 strains formed two clusters,
denoted cluster I (3541-04) and cluster II (2011V-1043), basal to toxigenic O141 strains.
Based on this core genome SNP phylogeny, the potential NAG strain was most closely
related to O141 reference strains.

Characterization of the NAG virulence genes. To infer the evolutionary history of
the ctxAB locus of the potential NAG strain, a neighbor-joining phylogeny with a total of 15
ctx1 strains was generated (Fig. 2). The potential NAG strain had a ctxAB sequence similar
to those of USGC serogroups representing O1, O75, and O141 strains, and it had the same
ctxAB allele, as confirmed by SNP distances (Fig. 2). The ctxAB sequence of the potential
NAG and USGC serogroups (O1, O75, and O141) was distinct from those of other ctxAB al-
leles, as evidenced by a separate monophyletic cluster in the ctxAB phylogeny. Additional
clusters of different ctxAB alleles from toxigenic O1, O27, and O37 strains were between 0
and 9 SNPs apart from those of the potential NAG strain and USGC strains. The ctxAB
sequence for O139 strain F9993 was not included in the phylogeny, as the ctxAB allele is
identical to that of O1 El Tor strain N16961.

To further characterize the ctxAB allele of the potential NAG strain, individual
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nucleotide sequences of the ctxA and ctxB subunits were analyzed. An alignment of
the potential NAG ctxAB sequence compared to other V. cholerae ctxAB sequences
showed that the representative USGC serogroup strains (O1, O75, and O141) and the
potential NAG strain share a ctxA allele with O37 strains (Fig. S1). This was also corrobo-
rated by a BLAST search of the ctxA sequence of the potential NAG against the
National Center for Biotechnology Information (NCBI) nucleotide databases, which
revealed that the USGC ctxA allele was shared with O37 strains, in addition to another
species of Vibrio, Vibrio mimicus (Fig. S1). However, distinct SNPs observed downstream
in the ctxB gene distinguish the potential NAG and USGC serogroups from O37 strains,
as well as pandemic serogroup O1 strains (Fig. S1). In addition, the ctxB of USGC
serogroups and the potential NAG strain were unrelated to the ctxB of V. mimicus.
Furthermore, ctxB genotyping of conserved SNPs revealed that the potential NAG
strain contained the ctxB1 allele (Fig. S1; Fig. 2), which is also found in toxigenic USGC
strains and pandemic strains of O1 (4, 12). Consistent with the previous report of
sequence similarity of ctxAB among O141 strains (22), this phylogeny and nucleotide
alignment show that the potential NAG strain ctxAB sequence is closely related to
those of other toxigenic V. cholerae strains from the USGC, despite the diversity in
times of collection and differences in O-antigen serogroups.

To characterize additional important virulence factors associated with V. cholerae,
the tcpA gene sequence of the potential NAG strain was compared with those of other
toxigenic V. cholerae strains (serogroups O1, O27, and O37), USGC strains (O1, O75, and
O141), and V. mimicus (Fig. 3). A maximum likelihood phylogeny showed that the NAG
strain tcpA is most similar to the those of the O141 strain 2016V-1085 and V. mimicus
strains M1567, 2011V-1073, and 06-2455; these five strains cluster basal to O141 strains
(3566-08 and V51) and the O75 cluster I strain 3541-04 (Fig. 3). The remaining USGC
strains cluster further away in the tcpA phylogeny: the O1 USGC strain 3569-08 clusters
with the pandemic O1 El Tor strain 2010EL-1786, while the O75 cluster II USGC strain
2011V-1043 groups with the classic O1 strain O395 and O37 strains ATCC 25872 and

FIG 1 Core genome SNP phylogeny of toxigenic ctx (1) Vibrio cholerae serogroup O1, O139, O37, O75, and
O141 strains and the NAG strain, generated using Parsnp version 1.5.2. 3566-08 served as the reference
genome to build this phylogeny. Nontoxigenic ctx (2) variants of O141 and O1 were also included for
comparison.
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V52 (Fig. 3). Taken together, these findings indicate that two important virulence
genes, ctxAB and tcpA, carried by the potential NAG strain are highly related to those
of other toxigenic USGC V. cholerae strains (serogroups O1, O75, and O141).

Characterization of the O-antigen-determining region. To evaluate if the poten-
tial NAG strain shared any antigenic sequence homology with serogroups commonly
found in the USGC, the O-antigen region (rfb) was compared to reference O-antigen
regions, including those of serotype O1, O139, O75, and O141 strains. The O-antigen
region lengths for the representative reference strains 2010EL-1786 (O1), 3569-08 (O1
USGC), F9993 (O139), 3541-04 (O75 cluster I), 2011V-1043 (O75 cluster II), and 3566-08
(O141) and the NAG strain 3528-08 ranged between 24 and 40 kb (24,020, 24,032,
38,075, 39,757, 39,602, 38,526, and 36,564 bp, respectively) (Fig. 4). The O-antigen
regions of the NAG strain, the O75 cluster I and II strains (3541-04 and 2011V-1043),
and the O141 strain (3566-08) were genetically similar based on alignments of these
regions. The 36,564-bp O-antigen region of the NAG strain showed the highest similar-
ity to the O-antigen region of O141 reference strain 3566-08, with 99.98% average nu-
cleotide identity (ANI) and 94.9% aligned bases, followed by the O75 strains 3541-04
(ANI, 99.37%; 73.43% aligned bases) and 2011V-1043 (ANI, 98.3%; 68% aligned bases)
and the O139 strain F9993 (ANI, 98.2%; 42.37% aligned bases). The NAG O-antigen
region shared a 305-bp region with O1 strains 2010EL-1786 and 3569-08, with 97.38%
ANI and 1.27% aligned bases.

Genome alignments of the O antigens of the potential NAG strain, O75 cluster I and II
strains (3541-04 and 2011V-1043), and the O141 strain (3566-08) also indicated genetic
similarity, as depicted in a Mauve alignment with annotations (Fig. S2). While considerable
homology across the O-antigen-determining region exists between the potential NAG
strain and the O141 strain 3566-08, two notable regions of homology were identified
across all four strains, including O75 cluster I strain 3541-04 and O75 cluster II strain 2011V-

TABLE 1 List of strains and sequences included in the study

Species Strain Serogroup GenBank assembly accession no.a

Strain included in phylogeny?

Core genome SNP ctxAB tcpA
Vibrio cholerae 2010EL-1786 O1 GCA_000166455.2 Yes Yes Yes

2016V-1085 O141 GCA_021308775.1 Yes Yes Yes
3528-08 NAG GCA_009762895.1 Yes Yes Yes
3566-08 O141 GCA_009763105.1 Yes Yes Yes
3569-08 O1 GCA_009762985.1 Yes Yes Yes
BX 330286 O1 GCA_000174335.1 Yes Yes No
2011V-1043 O75 GCA_009764135.1 Yes Yes Yes
MJ1236 O1 GCA_000022585.1 Yes No No
N16961 O1 GCA_900205735.1 Yes Yes No
O395 O1 GCA_000021625.1 Yes Yes Yes
V51 O141 GCA_000152465.2 Yes Yes Yes
V52 O37 GCA_001857545.1 Yes Yes Yes
3541-04 O75 GCA_009763045.1 Yes Yes Yes
E506 O1 GCA_001887475.1 Yes Yes No
F9993 O139 GCA_009763825.1 Yes No No
IEC224 O1 GCA_000250855.1 Yes No No
MS6 O1 GCA_000829215.1 Yes No No
K2802 O141 GCA_009763985.1 Yes No No
2470-80 O1 GCA_001683415.1 Yes No No
365-96b,c O27 NA No Yes Yes
ATCC 25872 (280 NAG) O37 GCA_018336415.1 No No Yes
CIRS101 O1 GCA_000175695.1 No Yes No

Vibrio mimicus M1567 (523-80)d NA NA No No Yes
06-2455 NA GCA_009764005.1 No No Yes
2011V-1073 NA GCA_009665195.1 No No Yes

aNA, not available.
bThe GenBank accession number for the 365-96 ctxAB sequence is AF390572.1.
cThe GenBank accession number for the 365-96 tcpA sequence is AF390571.1.
dThe GenBank accession number for the M1567 (523-80) tcpA sequence is FJ209007.1.
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1043 (Fig. 4; Fig. S2). Specifically, an unknown gene predicted to be a hypothetical protein
and the pglJ gene within the O-antigen rfb region share sequence homology across all
four strains (Fig. 4; Fig. S2). These genes were located on chromosome 1 of the potential
NAG strain at positions 444027 to 445544 and 421452 to 420355, respectively (GenBank
accession number CP046736.1; Fig. S2). Furthermore, mutations were discovered within
these two genes based on alignments between the NAG strain O-antigen DNA sequence
and the O141 reference strain (3566-08) O-antigen DNA sequence (Fig. S3, Fig. S4).
Specifically, a nucleotide insertion at position 964 in the unknown gene resulted in a pro-
line amino acid substitution (Fig. S3). Furthermore, a 483-bp insertion at the 39 end of the
gene was confirmed to have homology with the wbfA domain, previously described as an
O139 O-antigen gene with an unknown function (11, 16, 17). To further investigate the

FIG 3 Maximum likelihood phylogeny of tcpA sequences (675 bp) from the Vibrio cholerae NAG strain
and strains from O1, O75, O141, and other representative serogroups. The phylogenetic tree was
generated using MEGA7 with the general time-reversible model and 500 bootstrap replications. Vibrio
mimicus was also included for comparison. Bootstrap values greater than 50 are shown.

FIG 2 Neighbor-joining phylogeny of ctxAB sequences (1,148 bp) from toxigenic (ctx1) strains of Vibrio cholerae: the NAG strain
and strains from O1, O75, O141, and other toxigenic serogroups. The phylogeny was generated using MEGA7 with the Kimura 2-
parameter method and 500 replications of the interior branch test. Vibrio cholerae O139 strain F9993 was not included (its ctxAB
sequence is identical to that of Vibrio cholerae O1 strain N16961). ctxB alleles and SNP ranges are displayed (e.g., number of
differences). Bootstrap values greater than 50 are shown.
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potential function of the insertion, the NAG hypothetical protein was subjected to a BLAST
search with a full-length annotated wbfA coding sequence from O139 strain MO45 at NCBI
(AB012956.1). These two sequences were 99.47% identical and had the same length
(1,518 bp), suggesting that this gene may be a homolog of wbfA that was inserted into the
NAG strain. Two mutations (nucleotide substitutions) were also observed in pglJ, which en-
codes a glycosyltransferase responsible for linking sugars to the O chain (27; Fig. S4). These
mutations were T to C nonsynonymous transition mutations at positions 1031 (leucine
amino acid replaced with to serine) and 1085 (isoleucine amino acid replaced with to thre-
onine). Taken together, this series of mutations in the O-antigen-determining region of this
NAG strain might be responsible for the loss of agglutination.

DISCUSSION

Here, we characterize an emerging, nonagglutinating (NAG) isolate (3528-08), which is
likely related to the known toxigenic V. cholerae serogroup O141 from the USGC. Due to
mutations in the O-antigen-determining region, this strain does not produce O141 O anti-
gen. Multiple lines of evidence support this hypothesis. First, the NAG strain formed a
monophyletic cluster with toxigenic O141 strains in a core genome SNP phylogeny and
was most similar to an O141 strain from 2016 (2016V-1085). Second, the NAG strain formed
a monophyletic cluster with USGC serogroups O1, O75, and O141 in a phylogeny gener-
ated from ctxAB gene sequences. Furthermore, the NAG strain contained the USGC ctxAB
allele, which was distinct from other ctxAB alleles of pandemic O1, O37, and O27 strains.
The NAG strain also shared the same ctxA and ctxB alleles as the USGC strains. Third, the
NAG strain clustered with a single O141 strain (2016V-1085) in a phylogeny of tcpA, as in
the core genome SNP phylogeny. It should be noted that while the NAG strain and 2016V-
1085 were closely related, the genomes were not identical (ANI, 99.90%; 96.06% aligned
bases and 55 SNPs different). The tcpA sequences of the NAG strain and a single O141
strain (2016V-1085) were similar to the tcpA of V. mimicus, suggesting that recombination
and horizontal gene transfer with another Vibrio strain might have occurred. Fourth, the
NAG strain’s O-antigen sequence was determined to be structurally and genetically similar
to the reference O-antigen sequence of the toxigenic O141 strain 3566-08 based on gene
structure or synteny, as well as nucleotide composition. Multiple mutations were found
that could affect the ability of the NAG strain to agglutinate with O141 antisera, including
mutations in the pglJ gene (a glycosyltransferase) (27), which might affect glycosylation
and thus its ability to react with antisera, and a 483-bp insertion, which was identified as
the wbfA domain from V. cholerae O139.

Potential limitations of this analysis include the limited lots or manufacturers of antisera:
agglutination was only evaluated using O1, O139, O75, and O141 antisera, leaving the
potential that this atypical strain was one of the other V. cholerae serogroups. Additionally,
long-read sequencing data were not available for a closely related strain of the NAG, which
could have also served as a reference for the O-antigen region (O141 strain 2016V-1085).

FIG 4 Evidence of mutations in the NAG strain O antigen. The illustration shows the approximate
locations of genes with mutations in the NAG strain 3528-08 O-antigen region—an unknown gene
that is wbfA-like and the pglJ gene—as well as those in O141 reference strain 3566-08 and O75
cluster I and II reference strains 3541-04 and 2011V-1043. The location of the O-antigen junction
genes gmhD and rjg are labeled in red and blue, respectively. The O-antigen region lengths are
shown on the right. While the O75 sequences for these genes were not examined in detail, the wbfA-
like gene and pglJ gene are also present in O75, as shown.
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Because of this, the O-antigen region assembly was not complete in 2016V-1085; however,
O-antigen regions were identified by performing a command line nucleotide BLAST search
against the complete reference O-antigen region in O141 strain 3566-08. The O-antigen
segments identified in O141 strain 2016V-1085 (37,546 bp total) were less related to the
NAG than the O141 reference O-antigen region from 3566-08 (87.04% aligned bases and
99.99% identical, compared to 94.90% aligned bases and 99.98% identical, respectively),
supporting the use of the O141 3566-08 genome as a reference for comparing the O-anti-
gen region in the NAG strain.

Multiple lines of evidence support the placement of this strain in serogroup O141,
based on sequence-based phylogenies, characterization of virulence genes, and char-
acterization of the O-antigen regions; in each of these analyses, the NAG strain closely
resembled O141. Serogroup conversion due to the recombination of DNA in the O-
antigen region has been reported in V. cholerae (10, 11). Therefore, here, we hypothe-
size that mutations and recombination events might be responsible for the emergence
of this nonagglutinating (NAG) isolate (3528-08), which most likely represents the toxi-
genic O141 lineage of V. cholerae from the U.S. Gulf Coast. While the evolutionary
changes in pandemic and epidemic potential V. cholerae strains have been well docu-
mented in areas where cholera is endemic, continued surveillance of strains—espe-
cially in regions such as the USGC—remains important for monitoring the potential
emergence of novel pathogenic strains. Further characterization of both toxigenic and
nontoxigenic serogroups of V. cholerae is also of public health importance, as some
clinical opportunistic cases are attributed to nontoxigenic V. cholerae and other Vibrio
species—especially in those who are immunocompromised or have underlying risk fac-
tors, such as liver disease, cancer, diabetes, HIV, or thalassemia.

MATERIALS ANDMETHODS
Genome acquisition. The genome sequence for the V. cholerae NAG strain 3528-08 and representa-

tive whole-genome sequences (WGS) for the relevant V. cholerae serogroups (namely, O1, O139, O75,
and O141) were downloaded from GenBank or sequenced and assembled in-house as described below
(Table 1).

An additional O141 strain (2016V-1085) that agglutinated with O141 antisera was included in this
analysis. Strain 2016V-1085 was grown at 37°C overnight on Trypticase soy agar supplemented with 2%
sheep blood, and genomic DNA was extracted in-house using the Wizard genomic DNA purification kit
(Promega, Madison, WI). Genomic DNA was sheared to a mean size of 600 bp using an LE220 focused
ultrasonicator (Covaris Inc., Woburn, MA). DNA fragments were cleaned using AMPure beads (Beckman
Coulter Inc., Indianapolis, IN) and used to prepare dual-indexed sequencing libraries using NEBNext
Ultra DNA library prep reagents (New England Biolabs Inc., Ipswich, MA) and barcoding indices synthe-
sized in the CDC Biotechnology Core Facility. The libraries were analyzed for size and concentration, nor-
malized, pooled, and denatured for loading onto flow cells for cluster generation. WGS was performed
on the HiSeq platform using 2 � 251-bp chemistry (Illumina, San Diego, CA) (see “Data availability” and
Table 1).

Genome assembly, annotation, and WGS phylogeny. The WGS for 2016V-1085 was assembled
using SPAdes version 3.14.0 with the option –careful; short contigs (,500 bp) were filtered from the ge-
nome using the CG-Pipeline script run_assembly_filterContigs.pl (28, 29). The remaining genomes were
previously downloaded from GenBank (NCBI). Genome sequences were annotated using Prokka version
1.14.5 (30). A core genome SNP phylogeny was constructed from representative genome sequences
using Parsnp version 1.5.2 from the Harvest suite and visualized using MEGA7 (31, 32) (Table 1).

Virulence gene characterization. Representative sequences for cholera toxin genes (ctxAB), as well
as sequences for the A subunit of the toxin coregulated pilus (tcpA) gene, were obtained from GenBank
or from the WGS using Prokka annotations (Table 1). The ctxAB and tcpA sequences were aligned using
MEGA7 and the MUSCLE algorithm; an alignment was exported for ctxAB and visualized using Microsoft
Word (32). A phylogeny of ctxAB was generated using MEGA7 (32); the evolutionary history was inferred
using the neighbor-joining method, and the Kimura 2-parameter method was used for estimating evolu-
tionary distances. The robustness of the tree was tested with 500 replications of the interior branch test.
Single nucleotide polymorphism (SNP) distances were calculated for ctxAB sequences using the number
of differences option in MEGA7 (32). A phylogeny of tcpA was also generated using MEGA7; the evolu-
tionary history was inferred using the maximum likelihood method based on the general time-reversible
model with 500 bootstrap replications (32).

O-antigen characterization. The O-antigen regions for the NAG strain and the four main reference
serogroups (O1, O139, O75, and O141) were extracted from representative genome sequences by first
locating the left junction gene gmhD (GenBank accession number X90547.1) and the right junction gene
rjg (AF090685.1) with BLASTn using NCBI BLAST1 version 2.9.0 (33); the regions were then extracted using
the custom script extractSequence.pl (https://github.com/lskatz/lskScripts). For genome assemblies with
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incomplete O-antigen regions (e.g., 2016V-1085), BLASTn was used to identify the contigs with O-antigen
sequences using a complete reference O-antigen region from O141 strain 3566-08, and the resulting
sequences were extracted using coordinates identified in the BLAST analysis.

The NAG O-antigen region was then compared to the extracted reference O-antigen regions for the
four serogroups using dnadiff from the MUMmer version 3.23 package, and the resulting out.report and
out.snps files were analyzed to interpret the relatedness of the O antigens using the average nucleotide
identity (ANI) and to look for mutations in the O-antigen-determining region (34). Mauve version 2.4.0
was used to align the genome sequences with annotations to visualize the O-antigen regions and fea-
tures (35). Mauve was also used to verify that the O-antigen regions being visualized were flanked by
gmhD and rjg, which are O-antigen junction genes that define the region (18, 19, 35). Select O-antigen
gene sequences with predicted mutations or significant SNPs were aligned using MEGA7 and the
MUSCLE algorithm; the alignments were exported and visualized using Microsoft Word (32).

Data availability. The whole-genome sequence data and relevant gene sequence data used to con-
duct this research are publicly available at NCBI under the accession numbers provided in Table 1. The
2016V-1085 WGS is available under BioProject accession number PRJNA266293.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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