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Abstract

Members of the bacterial species Vibrio cholerae are known both as prominent constituents of marine environments and as
the causative agents of cholera, a severe diarrheal disease. While strains responsible for cholera have been extensively studied
over the past century, less is known about their environmental counterparts, despite their contributions to the species’ pan-
genome. This study analyzed the genome compositions of 46 V. cholerae strains, including pandemic and nonpandemic,
toxigenic, and environmental variants, to investigate the diversity of mobile genetic elements (MGEs), embedded bacterial
defense systems, and phage-associated signatures. Our findings include both conserved and novel MGEs across strains,
pointing to shared evolutionary pathways and ecological niches. The defensome analysis revealed a wide array of anti-
phage/antiplasmid mechanisms, extending well beyond the traditional CRISPR-Cas and restriction-modification systems.
This underscores the dynamic arms race between V. cholerae and MGEs and suggests that nonpandemic strains may act
as reservoirs for emerging defense strategies. Moreover, the study showed that MGEs are integrated into genomic hotspots,
which may serve as critical platforms for the exchange of defense systems, thereby enhancing V. cholerae’s adaptive capabil-
ities against phage attacks and other invading MGEs. Overall, this research offers new insights into V. cholerae’s genetic
complexity and potential adaptive strategies, offering a better understanding of the differences between environmental
strains and their pandemic counterparts, as well as the possible evolutionary pathways that led to the emergence of pandemic
strains.
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Significance

Vibrio cholerae, the causative agent of cholera, has been extensively studied in its pandemic form, but nonpandemic
strains remain understudied, creating gaps in understanding their genetic diversity and defense mechanisms. This study
analyzed the genomes of 46 V. cholerae strains, revealing a broad range of mobile genetic elements and known or pre-
dicted defense systems. These findings suggest that nonpandemic strains could be a crucial reservoir for emerging de-
fense strategies, offering new insights into the adaptive capabilities of V. cholerae and potentially informing our
understanding of the evolutionary paths that lead to pandemic strains.
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Introduction

Classifying prokaryotic genomes into specific units, such as
species, is often a complex task due to their inherent gen-
omic fluidity (Frost et al. 2005; Doolittle and Papke 2006;
Toussaint and Chandler 2012; Shapiro and Polz 2014).
Comparative studies have shown that genomic variation
within the same prokaryotic species is less about sequence
variability and more about differences in gene content
(Doolittle and Papke 2006; Innamorati et al. 2020). These
variations in gene content are largely driven by mobile gen-
etic elements (MGEs), including genomic islands, plasmids,
phages, transposons, insertion sequence (IS) elements, in-
tegrative and conjugative elements (ICEs), and integrons,
all of which play a crucial role in bacterial evolution
(Arnold et al. 2022). Indeed, the mobilome, representing
the entire set of MGEs within a genome, is a significant
component of the prokaryotic genome landscape.
Although some MGEs can change their chromosomal pos-
ition within the same cell, they are most commonly trans-
ferred between different organisms’ genomes via
horizontal gene transfer (HGT). This transfer typically occurs
through mechanisms like transformation, conjugation, or
transduction (Ochman et al. 2000; Frost et al. 2005;
Toussaint and Chandler 2012; Arnold et al. 2022).

The general term “genomic island” (Gl) refers to MGEs
that have become established within a genome (Dobrindt
etal. 2004). These regions typically exhibit distinct character-
istics compared with the surrounding genome, such as an
unusual GC content, flanking repeat sequences, and prefer-
ential integration near tRNA genes or other highly conserved
genomic regions. Despite their chromosomal integration,
many Gls retain the ability to mobilize due to the presence
of integrase-, transposase-, or conjugation-related genes
(Dobrindt et al. 2004; Juhas et al. 2009; Arnold et al.
2022). Beyond their mobility, Gls often encode genetic fea-
tures that confer adaptive advantages to their bacterial
hosts. For instance, some Gls carry virulence-related genes
that facilitate the transition of bacteria to a pathogenic life-
style (Frost et al. 2005; Doolittle and Papke 2006; Ahmed
et al. 2008). Others contribute to a range of adaptive traits,
including the degradation of specific compounds, niche
adaptation, symbiosis, interbacterial competition, and de-
fense mechanisms against foreign DNA and phages
(Dobrindt et al. 2004; Frost et al. 2005; Juhas et al. 2009).

Vibrio cholerae serves as an exemplary model to study
the evolutionary impact of MGEs. This gram-negative bac-
terium is the causative agent of cholera, a severe diarrheal
disease. However, most V. cholerae strains, and especially
environmental isolates, are not implicated in the disease
cholera. Notably, out of the more than 200 V. cholerae ser-
ogroups, only two (01 and O139) are associated with his-
torical and ongoing cholera pandemics (Clemens et al.
1991; Faruque et al. 1998; Cottingham et al. 2003).

Horizontally acquired MGEs play a crucial role in enab-
ling V. cholerae to become toxigenic, allowing it to cause
cholera disease. Furthermore, they have also contributed
to the classification of lineages from past and current chol-
era pandemics and allow us to distinguish distinct waves
within the ongoing seventh pandemic (Dziejman et al.
2002; Mutreja et al. 2011; Robins and Mekalanos 2014;
Boyd et al. 2015). Briefly, cholera-causing V. cholerae
strains are characterized by the presence of Vibrio patho-
genicity island 1 (VPI-1, also known as TCP island), which
encodes the toxin-coregulated pilus (TCP). TCP is vital for
intestinal colonization (Taylor et al. 1987; Karaolis et al.
1998) and serves as the receptor for the CTX bacteriophage
(CTX®) (Waldor and Mekalanos 1996). The CTX® pro-
phage harbors genes for the production of cholera toxin
(CTX), the primary virulence factor responsible for the hall-
mark symptom of acute diarrhea (Waldor and Mekalanos
1996). In addition to these primary and virulence-encoding
MGEs, cholera-causing strains also contain VPI-2. This is-
land includes the nan-nag region, which plays a role in sialic
acid metabolism (Jermyn and Boyd 2005). Additionally,
VPI-2 contains a cluster of phage-related genes and oper-
ons that encode established (DdmDE, TgvAB, T1RM) or pre-
dicted phage and DNA defense systems (Jermyn and Boyd
2005; Murphy and Boyd 2008; Boyd et al. 2015;
Jaskolska et al. 2022; Gomez and Waters 2024; Vizzarro
et al. 2024). Moreover, pandemic strains responsible for
the current 7th cholera pandemic, often referred to as
7th pandemic El Tor strains or 7PET, are characterized by
two specific MGEs, known as Vibrio seventh pandemic is-
lands | and Il (VSP-I, VSP-Il) (Dziejman et al. 2002; O'Shea
etal. 2004; Davies etal. 2012; Boyd et al. 2015). These gen-
etic markers are pivotal for differentiating these strains
from those responsible for previous pandemics.

Although the mobilome of pandemic V. cholerae strains
has been extensively characterized, the genetic diversity
within  nonpandemic isolates, whether pathogenic or
environmental, is still not well-understood. Previous
studies primarily used PCR-based methods, focusing on
confirmatory- rather than discovery-driven analyses
(Rivera et al. 2001; Faruque et al. 2003, 2004; Gennari
et al. 2012; Bernardy et al. 2016). In contrast, only a few
studies have utilized whole-genome sequences (WGS) for
a more comprehensive investigation of individual Gls in en-
vironmental V. cholerae isolates (Chun et al. 2009; Rapa
et al. 2015; Labbate et al. 2016).

In this study, we explored the mobilome diversity of
nonpandemic strains and compared it to that of the 7th
pandemic clade of V. cholerae. We analyzed high-quality
genome sequencing data using various methods to identify
Gls within these strains. Additionally, we employed tools to
detect defense systems, which are often found in MGEs
(Benler et al. 2021; LeGault et al. 2021; Rousset et al.
2022; Vassallo et al. 2022; Hochhauser et al. 2023).
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Our findings revealed significant variability in the horizontal
gene pool of these strains, suggesting a dynamic genetic
composition. Our analysis also showed that gene operons
were present in regions of genomic plasticity (RGP), often
in varied combinations. Notably, some of these operons
are also present in Gls associated with pandemic strains,
suggesting a potential reservoir for novel features within
nonpandemic strains of V. cholerae.

Results and Discussion

Strain Selection and Phylogenetic Analysis

For our analysis, we compiled a total of 46 WGS, consisting
of 45 V. cholerae strains and one V. mimicus strain, which
was, as expected, placed as an outgroup of the phylogen-
etic tree, as previously described (Karaolis et al. 1995), using
the minimal ancestral deviation (MAD) method (Tria et al.
2017) (supplementary tables S1 and S2, Supplementary
Material online). This collection encompassed genomes
from eight 7PET strains (supplementary table S1,
Supplementary Material online), which were used as con-
trols. These 7PET strains were isolated at various stages of
the ongoing 7th cholera pandemic: early strains from the
1970s in Bangladesh and Bahrain (N16961, P27459, and
E7946) (Miller et al. 1989; Pearson et al. 1993;
Heidelberg et al. 2000; Matthey et al. 2018; Stutzmann
and Blokesch 2020); two strains from the 1990s Peruvian
cholera outbreak (A1552 and C6706) (Yildiz and
Schoolnik 1998; Stutzmann and Blokesch 2016, 2020;
Matthey et al. 2018); and three recent strains from 2009
to 2012 isolated in the Democratic Republic of the Congo
(DRC193A, DRCO052, and DRCO072) (Lemopoulos et al.
2024). Additionally, the dataset included a prepandemic
strain, MAK757, isolated in 1937 in Indonesia
(Chattopadhyay et al. 1993), considered to be part of the
so-called El Tor progenitor group (Mutreja et al. 2011;
Boucher 2016). The assembled WGS of this strain was de-
posited as part of this work (see Materials and Methods
for details).

Our phylogenetic analysis distinguished the 7PET clade
as a strongly supported monophyletic group (Fig. 1a). As
expected, the prepandemic MAK757 strain was positioned
as progenitor of the El Tor group (Mutreja et al. 2011;
Boucher 2016). In contrast to the distinct lineage of the
pandemic clade, nonpandemic strains did not form a
monophyletic clade. Furthermore, the analysis did not re-
veal any specific branching pattern based on source of iso-
lation, indicating that strains from environmental or clinical
sources did not cluster distinctly. Also, no clear biogeograph-
ic signal was observed in the nonpandemic strains’ group-
ings. However, a highly supported clade comprising strains
originating from California (namely SA7G, E7G, SA10G,
SP6G, DL4211, W7G, W6G, TP, SP7G, L6G, and SL6Y)
was noted, although this did not form a monophyletic

grouping with other Californian isolates such as SL5Y,
SA5Y, and SIO. This phylogenetic resolution aligns with pre-
vious studies on the California strains that used comparative
genome hybridization on microarrays (Keymer et al. 2007;
Miller et al. 2007), confirming the well-supported clades A,
B, and D, and revealing the polyphyletic nature of clade C.

Interestingly, strain RFBOS5, initially identified in NCBl as a
V. cholerae strain (Genbank: GCA_008369625.1), demon-
strated phylogenetic affinity toward the root and V. mimi-
cus. A secondary phylogenetic analysis (genomes used are
depicted in supplementary table S4, Supplementary
Material online) suggested that strain RFBO5 is likely mis-
identified and belongs to the V. tarriae species (Islam
et al. 2022) rather than to V. cholerae (supplementary fig.
S1a, Supplementary Material online).

Determination of Conserved Islands in Pandemic Strains
as Proof of Concept

We next sought to determine the strains’ Gls, as outlined
in the methods section (supplementary table S3,
Supplementary Material online). As a demonstration of
our methodology's effectiveness, we were able to identify
all well-known MGEs associated with pandemic V. cholerae
strains, as shown in Fig. 1b. Notably, the prepandemic
strain MAK757 lacked VSP-I and II, aligning with expecta-
tions (Fig. 1b). Sequence alignments and gene content ana-
lyses confirmed the expected high level of conservation of
these Gls (i.e. VPI-1 and 2, VSP-l and Il) across strains
from various stages of the 7th cholera pandemic
(supplementary figs. ST and S2, Supplementary Material
online). Interestingly, DRC072 and DRCO052 strains carry
an additional VSP-I copy on chromosome 2, near the
uhpC gene (encoding an MFS transporter family glucose-6-
phosphate receptor; supplementary fig. S1e, Supplementary
Material online).

Our methods also detected MGEs specific to certain pan-
demic strains, like the WASA-1 prophage in South American
strains (A1552 and C6706) integrated into the alanine ami-
nopeptidase gene (pepN) (Mutreja et al. 2011; Garza et al.
2012; Adams et al. 2025) (Fig. 1b and supplementary fig.
S2e, Supplementary Material online), and the STX-like ICE
(ICEVchind5; GQ463142) in DRC strains (Fig. 1b and
supplementary fig. S2f, Supplementary Material online).
SXT-like ICEs are common in recent clinical isolates from
Asia and Africa (Wozniak et al. 2009) and integrate site-
specifically into the prfC gene (Hochhut and Waldor 1999).

In our study, we identified several additional MGEs that
showed a high degree of conservation across all pandemic
V. cholerae strains (Fig. 1b). Notably, the Vc95 Retron,
inserted next to gene V2384, was almost identical in all
examined pandemic strains (supplementary fig. S2g,
Supplementary Material online). This retron plays a role in
antiphage defense, comprising genes for a reverse
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Fig. 1. Identification of MGEs in pandemic V. cholerae strains. a) This phylogenetic tree, based on 1,532 core genes, depicts the evolutionary relationship
among 45 V. cholerae strains while V. mimicus (ATCC33655) was placed as an outgroup by the MAD. Statistical confidence was assessed with 100 bootstraps.
7PET strains (highlighted in red) and the prepandemic strain MAK757 (in blue), are clearly marked, whereas nonpandemic strains, including a pandemic sister
group, are indicated in green and yellow, respectively. Strains isolated from patients are marked with an asterisk. b) A detailed view of the phylogenetic tree
showing only the pandemic strains. Black circles indicate the presence, and white circles the absence, of known pandemic Gls in each strain. The insertion sites

are indicated at the top, with the names of the MGEs displayed in brackets.

transcriptase, an ATPase, and an HNH endonuclease in
addition to the noncoding RNA msr-msd (Millman et al.
2020; Bobonis et al. 2022). Moreover, every pandemic
strain was found to harbor a compact island equipped
with genes encoding a predicted Menshen antiphage de-
fense system near the guaC gene (supplementary fig.
S2h, Supplementary Material online), and another island
populated with numerous hypothetical genes near the
tdh gene (supplementary fig. S2i, Supplementary Material
online), both of them located on chromosome 2. The spe-
cific insertion sites, (2384, guaC and tdh, also contain
MGEs in nonpandemic strains, as discussed below.

Mobilome Diversity in Nonpandemic V. cholerae

Focusing on nonpandemic V. cholerae, our analysis re-
vealed the presence of MGEs across 32 insertion sites on
chromosome 1 and 13 sites on chromosome 2 (Fig. 2a
and b; supplementary tables S5 and S6, Supplementary
Material online). Interestingly, all insertion sites housing
MGEs in pandemic strains were also occupied in nonpan-
demic strains, with the exception of pepN (carrying
the WASA-1 prophage in West African-South American
pandemic strains) (Fig. 2a). This finding suggests that
these genomic locations, and particularly tRNA/tmRNA
sites as previously reported (Boyd et al. 2009), serve as
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Fig. 2. RGP in nonpandemic V. cholerae strains. a, b) Scheme of V. cholerae chromosomes 1 (a) and 2 (b), displaying all insertion sites where MGEs are found
in at least one strain. Insertion sites occupied in pandemic strains are marked in red, with those unique to pandemic strains indicated by an asterisk. The layout
of these sites follows the genomic structure of pandemic strain A1552. For comprehensive details on all insertion sites, see supplementary tables S5 and S6,
Supplementary Material online. ¢, d) Charts showing the presence of MGEs at insertion sites across chromosome 1 (c) and chromosome 2 (d) within the da-
taset of nonpandemic V. cholerae strains. For each site, the charts display the count of genomes with or without an MGE. e) The distribution graph showing
the total count of Gls identified per genome in our nonpandemic strain dataset, highlighting V. tarriae RFBO5 with 19 Gls as an outlier. f) Graph illustrating the
quantity of MGEs located on chromosomes 1 and 2 for each nonpandemic V. cholerae strain examined.
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preferred insertion sites, potentially due to conserved in-
tegration mechanisms.

The most frequently occupied insertion sites in nonpan-
demic strains included the genes rjg, ssrA, (2384, and
tRNA-Ser in chromosome 1, as well as the integron, tdh,
and guaC in chromosome 2 (Fig. 2c and d; supplementary
table S7, Supplementary Material online). Specifically, while
our study did not focus on these genetic elements, our ana-
lysis detected the O-antigen cluster located near the rjg
gene on chromosome 1 (Murase et al. 2022) and a sizable
integron on chromosome 2 (Fig. 2c and d). Additionally, the
tmRNA gene ssrA, a common target for MGE integration
due to independent evolution of many integrases toward
this site (Williams 2003; Boyd et al. 2009), was found to
be occupied by MGEs in all examined nonpandemic strains.
Similarly, tRNA genes, favored by many MGEs for their
conserved sequences (Williams 2002; Boyd et al. 2009),
saw the tRNA-Ser site occupied by MGEs in over half of
our nonpandemic strain dataset (Fig. 2¢).

MGE abundance varied from 8 to 15 Gls per genome,
with most strains containing 10 Gls (taking into account
the specific cutoffs we set out to consider a bona fide Gl)
(Fig. 2e). Most of the islands were found on the larger
chromosome 1 (3 Mbp compared with 1 Mbp of chromo-
some 2), but some strains (L6G, VCSRO207, SP7G) had
more Gls on chromosome 2 (Fig. 2f). This distribution pat-
tern underscores the complex nature of genomic plasticity
within V. cholerae, revealing the potential for diverse gen-
etic configurations across different strains.

Secretion Systems Encoded in V. cholerae’s Mobilome

Our findings highlight a remarkable variability in gene con-
tent among MGEs located across a wide range of insertion
sites within V. cholerae genomes. These MGEs harbor gene
clusters involved in a spectrum of biological processes, from
host-pathogen interactions and defense mechanisms to
strategies for interbacterial competition, metabolism, and
the production of cellular appendages (supplementary
figs. S3t0 S12, Supplementary Material online). Such diver-
sity highlights the crucial role these gene clusters likely play
in the environmental adaptation of V. cholerae, enabling
the bacterium to navigate the diverse selective pressures
encountered in its habitats. Interestingly, the presence of
these gene clusters in nonpandemic strains, some of which
have been isolated from human patients, suggests their po-
tential significance in mediating interactions with the hu-
man host. This observation underscores the complex
ecology of V. cholerae, which bridges both environmental
reservoirs and human populations.

A notable finding was the widespread presence of secre-
tion systems encoded within these Gls. Secretion systems,
ranging from Type | to Type XI (T1SS to T11SS), are fre-
quently found in elements that can be horizontally trans-
ferred between organisms (Dobrindt et al. 2004). These

systems are composed of multiprotein complexes that
transport a variety of substrates, including proteins and
DNA, out of the cell. Such substrates are crucial for bacterial
interactions with their surroundings, playing key roles in en-
vironmental adaptation and response (Costa et al. 2015).
Our data revealed a significant number of strains equipped
with auxiliary T6SS and/or T3SS gene clusters.

The T6SS functions as a sophisticated antibacterial and
antieukaryotic arsenal, with its architecture in V. cholerae
encoded by at least three gene clusters (Pukatzki et al.
2006; Boyer et al. 2009). The primary large cluster codes
for the structural framework of the system, whereas the
two auxiliary clusters, Aux1 and Aux2, equip the system
with Hcp and VgrG proteins that form the spear-like appar-
atus, complemented by adaptor proteins and effector/im-
munity (E/l) pairs for precise target engagement and
protection against self-intoxication (Crisan and Hammer
2020). Pandemic V. cholerae strains possess an additional
auxiliary cluster, Aux3, enhancing their competitive edge
with an extra set of E/l genes (Altindis et al. 2015; Hersch
et al. 2020; Santoriello et al. 2020). Our analysis effectively
pinpointed the presence of the Aux3 cluster across all ex-
amined pandemic strains, located at the gcvT insertion
site, notable for its relatively small size under 10 kb. Their
shorter size would exclude these islands from our analysis,
but we kept them nonetheless for comparative reasons
due to the identification of the larger (37-kb in length)
version of this island, exhibiting mobile and prophage-
like characteristics in nonpandemic strains 2012Env-9,
2012Env-390, and Strain 20000 (Fig. 3 and supplementary
fig. S3, Supplementary Material online). This finding aligns
with a previous report on Aux3 (Santoriello et al. 2020).
Moreover, a significant portion of our dataset included
strains containing the T6SS Aux4 and 5 clusters (Labbate
et al. 2016; Crisan et al. 2019), reinforcing previous work
(Otto et al. 2024). Aux4 clusters were found in islands in-
serted at ssrA (supplementary fig. S4, Supplementary
Material online) and tRNA-Ser (Fig. 4a). Aux5 clusters, on
the other hand, were found in MGEs inserted near the tdh
or pntB genes on chromosome 2 (supplementary figs. S5
and S6, Supplementary Material online).

While the T6SS is primarily used for interbacterial war-
fare, the T3SS serves as a conduit between the bacterial
cell and its host, enabling the transfer of effector proteins
that can modulate host cellular responses (for review, see
[BUttner 2012; Galan and Waksman 2018 ; Wagner et al.
2018]). We found that roughly one-third (13 out of the to-
tal number) of strains in our collection of nonpandemic
V. cholerae harbored a T3SS within a Gl located at the
tRNA-Ser locus, a site typically associated with VPI-2 in pan-
demic strains. Interestingly, 11 of these 13 strains also in-
corporated the nan-nag region, a key component of
VPI-2, within the same Gl (Fig. 4a), confirming previous
work (Murphy and Boyd 2008; Carpenter et al. 2017).
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Fig. 3. Distribution of Gls and defense mechanisms in V. cholerae. This figure maps out the locations of MGEs across V. cholerae strains, both pandemic
and nonpandemic. The x axis indicates the specific insertion sites where MGEs have been identified. Strain alignment on the left follows the order pre-
sented in the phylogenetic tree from Fig. 1. Each circle represents a Gl, with pandemic-specific islands marked by squares. Color-coding identifies islands

without antiphage/antiplasmid defense systems (yellow) and those with
natures are highlighted with a bold outline.

These findings highlight the significance of T3SS islands in
the genetic landscape of V. cholerae, particularly given their
notable prevalence in our dataset, where over half of the
strains with an island at the tRNA-Ser site possess a T3SS.
Indeed, the T3SS, which shares a high degree of similarity
with the T3552a of V. parahaemolyticus, has been extensive-
ly studied in the nonpandemic clinical CTX-minus isolate
AM-19226 (Dziejman et al. 2005). This system translocates
at least 13 effector proteins that interfere with various host
pathways, inducing effects such as actin rearrangement
and contributing to severe diarrhea in infant rabbits (Miller
et al. 2019). The distribution of these islands appears to be
widespread, with strains isolated from various global loca-
tions over different time periods and from a range of sources
(supplementary table S2, Supplementary Material online).
Notably, one such strain, NCTC 30, was isolated from a pa-
tient in Egypt in 1916 (Dorman et al. 2019), making it the
oldest strain in our dataset and illustrating the long-standing
presence of T3SS within the V. cholerae species.

one or more defense systems (in red and gray). MGEs with phage-related sig-

Circulation of Pandemic-Like Islands in Nonpandemic
Strains

Our analysis revealed the presence of nearly identical VPI-1 is-
lands in nonpandemic strains 2012Env-9 and 2012Env-390,
isolated from Haiti in 2012 (Fig. 3 and supplementary fig.
S4; supplementary table S2, Supplementary Material online)
(Azarian et al. 2016, 2014). The islands in these nontoxigenic
01 environmental isolates, previously considered as part of a
pandemic sister group (Fig. 1a) (Boucher 2016), showed re-
markable similarity to the bona fide VPI-1 found in pandemic
strains but additionally carried genes encoding a Dnd anti-
phage defense system alongside the TCP and Acf clusters
(supplementary fig. S4, Supplementary Material online).
Interestingly, the Dnd gene cluster, but not the TCP/Acf clus-
ters, was frequently identified within Gls located at the ssrA
site in other environmental V. cholerae strains (L6G, TP,
W10G, W7G, W6G; supplementary fig. S4, Supplementary
Material online).
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Fig. 4. Circulation of pandemic-like islands and gene clusters in nonpandemic V. cholerae MGEs. Comparative gene content within Gls located at the
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A similar instance was observed for a VPI-2-like island in
strain VCSRO51, an O51 serogroup strain from India (iso-
lated in 1973) (Murase et al. 2022). This strain lacks the
phage-related genes found in the bona fide VPI-2 (Figs. 3
and 4a). Additionally, the VPI-2-like island in VCSRO51
shows significant disruptions in genes associated with de-
fense systems. Notably, the ddmD gene, a component of
the DAmDE DNA defense module that targets plasmids
for degradation (Jaskolska et al. 2022), is disrupted by
two short transposase-related genes. Furthermore, within

the predicted Zorya antiphage system gene cluster,
zorABCD, there are gene insertions that encode for
transposase-related proteins or proteins of unknown func-
tion (Fig. 4a). We also noticed a distribution of the sialic
acid metabolism-related nan-nag region, an integral part
of VPI-2 (Jermyn and Boyd 2005), in other nonpandemic
strains, pointing to the spread of critical pandemic genetic
components across different genomic backgrounds (Fig. 4a).

Further analysis identified nonpandemic strains
with VSP-I-like islands, such as strain 20000, an O1
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environmental isolate from Russia (2016), and the V. tarriae
strain RFBO5 from a lake in the USA (2017), both showcas-
ing slight variations in their genomic makeup compared
with VSP-1 of pandemic strains (Figs. 3 and 4b), with the lat-
ter strain lacking the antiphage cytidine deaminase gene
avcD (Hsueh et al. 2022). Lastly, strain SL5Y, isolated
from the Californian coast in 2004 (Keymer et al. 2007),
contains anisland at the gor locus, similar to VSP-I and char-
acterized by shared integrases. However, the gene content
of thisisland is unique compared with other strains, notably
including a gene cluster encoding a predicted QatABCD
antiphage defense system among other distinctive features
(Fig. 4b). These are the only occurrences of islands inserted
at the gor site in our dataset.

We identified a VSP-II Gl in strain VCSRO17, an O17 ser-
ogroup isolate from a 1968 patient in India, that is 99.7%
identical to VSP-Il from pandemic strains of the 1970s, such
as N16961 (Figs. 3 and 4c). This observation underscores
that MGEs can be shared between pandemic and nonpan-
demic strains of V. cholerae. Furthermore, in ten other non-
pandemic strains, including V. tarriae RFBO5, we identified
islands located next to the tRNA-Met gene, the site in which
VSP-Il is integrated in 7PET strains (note that the annotation
for this tRNA gene was retained as tRNA-Met, as initially
proposed for the reference genome of strain N16961
(Heidelberg et al. 2000), despite predictions by the
Prokaryotic Genome  Annotation Pipeline  (PGAP)
(Tatusova et al. 2016) and tRNAscan-SE (Chan and Lowe
2019) software tools identifying the locus as tRNA-Ile).
Some of these islands contain gene blocks similar to those
found in pandemic VSP-II, including integrase and specific
phage-like and hypothetical genes, as observed in strains
DRC187 and RFBO5 (Fig. 4c). However, the overall compos-
ition of these islands shows significant diversity.

Furthermore, islands found to be well-conserved among
pandemic strains, though not recognized as “pandemic is-
lands,” were detected in nonpandemic strains. For in-
stance, the Vc95 Retron found inserted next to V(2384
in pandemic strains (Fig. 1b and supplementary fig. S2g,
Supplementary Material online) was also detected in strains
2012Env-9 and 2012Env-390 (Fig. 3 and supplementary
fig. S7, Supplementary Material online). Moreover, the ex-
act island found next to tdh in chromosome 2 of pandemic
strains (composed of hypothetical genes) was also found in
nonpandemic strains W10G and VCSRO51, and a variation
of this island was encountered in strain SO5Y
(supplementary fig. S5, Supplementary Material online).

Remarkably, we did not find primary pandemic islands
located outside their known positions (ssrA, tRNA-Ser,
gor, and tRNA-Met), with the exception of an extra VSP-I
copy found on chromosome 2 in two strains from the
DRC, as previously noted (supplementary fig. Ste,
Supplementary Material online). However, within our data-
set, we identified four strains that possess TCP-like gene

clusters in islands adjacent to tRNA-Ser, a location different
from ssrA where the VPI-1 (or TCP) island is typically found
in pandemic strains (Fig. 4a). Specifically, strain VCSRO77,
isolated from a patient in India in 1976 (Murase et al.
2022), harbors a 135 kb-long island near tRNA-Ser that in-
cludes both a TCP-like cluster (as in VPI-1) and a nan-nag re-
gion (as in VPI-2) (Fig. 4a). This type of data was not
captured in earlier PCR-based genetic screenings of V. cho-
lerae samples collected worldwide, which had identified
environmental strains carrying key genes like tcpA (encod-
ing the major TCP pilin) and/or toxT (encoding the virulence
regulator ToxT) (Rivera et al. 2001; Faruque et al. 2003,
2004). This finding within our relatively limited dataset
highlights a scenario in which pandemic-like gene clusters
coexist within the same GlI, emphasizing (i) the potential
role of nonpandemic strains as reservoirs for both
virulence-associated and virulence-unrelated gene clusters
and (ii) the possible emergence of hazardous combinations
of disease-related gene clusters within MGEs.

Antiphage/Antiplasmid Defense Systems in MGEs

Bacteriophages are notably prevalent in marine environ-
ments, where they are estimated to cause 20% to 40%
of bacterial mortality (Suttle 2007). The significant impact
of phages on bacterial populations has been increasingly
recognized, due to advances in computational biology
and genome analysis (Roux et al. 2015). These develop-
ments have revealed the broad distribution of phages and
highlighted the variety of antiphage defense mechanisms
that bacteria possess (Hampton et al. 2020). Contrary to
earlier beliefs that such defenses were limited mainly to
CRISPR-Cas and restriction-modification (RM) systems, re-
cent research has significantly broadened this view
(Makarova et al. 2011; van Houte et al. 2016; Koonin
et al. 2017; Doron et al. 2018; Bernheim and Sorek 2020;
Hampton et al. 2020; Gao et al. 2020; Vassallo et al.
2022; Georjon and Bernheim 2023). It has revealed a vast
array of antiphage defense strategies within bacterial gen-
omes, now including hundreds of confirmed or predicted
distinct mechanisms (DeWeirdt et al. 2025; Mordret et al.
2025). This broadening of known antiphage systems likely
reflects the dynamic evolutionary arms race between bac-
teriophages and their bacterial hosts.

Antiphage defense systems in bacteria are primarily en-
coded within MGEs (Makarova et al. 2011; Benler et al.
2021; Hussain et al. 2021; LeGault et al. 2021; Piel et al.
2022; Rousset et al. 2022; Vassallo et al. 2022;
Hochhauser et al. 2023; Patel and Maxwell 2023). This stra-
tegic positioning allows for the rapid exchange of defense
mechanisms, essential in the bacterial-phage evolutionary
arms race (Koonin et al. 2017; Bernheim and Sorek 2020;
Hussain et al. 2021; Piel et al. 2022). In our investigation
of nonpandemic V. cholerae, we explored the diversity
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and abundance of defense systems, including both anti-
phage and antiplasmid mechanisms—collectively referred
to as the “defensome” (Beavogui et al. 2024).

Defensome Diversity

In our analysis of nonpandemic V. cholerae strains, we quan-
tified the prevalence of various antiphage defense systems, as
depicted in Fig. 5a. Consistent with previous research (Tesson
et al. 2022), RM systems emerged as the most prevalent de-
fense mechanism, with 30 of the genomes (representing
83.3% of our dataset) containing at least one of these sys-
tems. Following closely, CRISPR-Cas systems were identified
in 16 genomes, accounting for 47.2% of the strains we

studied, despite their consistent absence from 7PET strains
(Boxetal. 2016). CRISPR-Cas Type I-F were particularly preva-
lent, found in islands inserted in ssrA and ffs, for example
(supplementary figs. S4 and S8, Supplementary Material on-
line). This prevalence aligns with the observations of
McDonald and colleagues, who reported that Type I-F is
the dominant CRISPR-Cas system within the Vibrionaceae
family (McDonald et al. 2019), indicating a significant trend
across a broad spectrum of species.

Other notable defense mechanisms identified include
PD-A-1, found in 10 genomes (27.7%), while Gabija and
SoFic were detected in 9 genomes (25% of our dataset).
Several defense systems were detected in nearly one fifth
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Fig. 5. Diversity and richness of defense systems in V. cholerae. a) Proportion of defense systems identified across genomes of nonpandemic V. cholerae in the
current dataset. b) This figure represents defense systems found in the prepandemic strain MAK757 (left), pandemic strains isolated in the 1970s/1990s (cen-
ter) and in 2009 to 2012 (right). Each square represents a defense system, following the color code depicted in the legend. Squares are included in rectangles
representing the MGE in which they are found, which are indicated on the right of the figure. Specific strains of each isolation period are referenced at the
bottom of each block, indicated by *, ** or ***, **** The second VSP-I copy inserted next to uhpCis only found in strains DRCO52 and DRCO72. ¢) Overview
of the number of antiphage defense systems across nonpandemic V. cholerae strains, including the notable case of V. tarriae RFBO5. d) Detailed comparison of
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of the strains (7 genomes or 19.4%): AbiEi/Eii, CBASS,
CapRel, Lamassu, DRT, Dnd, Retron and Mokosh. letAS,
Septu, and RloC were identified in 6 genomes (16.6%).
Additionally, we detected 36 distinct defense systems scat-
tered across the genomes, though each was present in five
or less strains (Fig. 5a). Importantly, using the newest version
of PADLOC we detected a myriad of “phage defence candi-
dates” (PDCs) and “Hma (for Helicase-Methylase-ATPase
system)-embedded candidates” (Payne et al. 2024). These
candidates were not considered as bona fide defense sys-
tems in our analyses, but their presence was incorporated
in all figures throughout the manuscript. This varied distribu-
tion underscores the extensive diversity and specificity of
antiphage/antiplasmid defense mechanisms within nonpan-
demic V. cholerae, highlighting the species’ complex evolu-
tionary adaptations to threats by phages and other MGEs.

Comparative Analysis of Defense Systems in Pandemic
and Nonpandemic V. cholerae Strains

In pandemic V. cholerae strains, there is a noticeable con-
servation of defense systems across strains sharing identical
Gls. For example, the prepandemic strain MAK757, dating
back to 1937 and lacking VSP islands, contains seven pre-
dicted antiphage/antiplasmid systems (Fig. 5b). In contrast,
strains from the 1970s and 1990s, such as N16961, E7946,
P27459, A1552, and C6706, are equipped with nine iden-
tified defense systems (Fig. 5b). Note that the three recently
reported defense systems of the West African-South
American (WASA) lineage (Adams et al. 2025), which in-
cludes the Peruvian outbreak strains A1552 and C6706,
are not included in this count, as neither DefenseFinder
nor PADLOC was capable of detecting them at the time
the programs were run. The most recently isolated strains
from the DRC contain eleven (DRC193A) or thirteen
(DRC052 and DRCO72) systems (Fig. 5b). The latter group’s
additional defense systems are incorporated within their
ICE (ICEVchInd5) located at the prfClocus, as previously de-
monstrated for such elements of Bangladeshi V. cholerae
isolates (LeGault etal. 2021). DRC052 and DRC072 contain
an additional VSP-l encoded next to uhpC, as previously
mentioned (supplementary fig. Sle, Supplementary
Material online, Fig. 5b). This pattern highlights the evolu-
tionary conservation of antiphage/antiplasmid defenses in
pandemic lineages and the introduction of novel defense
systems through the incorporation of MGEs in the flexible
genome.

In contrast, in our examination of nonpandemic V. cho-
lerae strains, we discovered a broad spectrum of defense
system counts per genome, ranging from 4 to 13 (with
the exception of V. tarriae RFBO5 strain, which possesses
19 systems) (Fig. 5¢). The majority of strains in our study
hosted approximately 5 antiphage/antiplasmid systems
each, which is in line with previous surveys reporting an

average of 5 defense systems per organism based on a
vast dataset of 21,738 prokaryotic genomes (Tesson et al.
2022). We also observed a significant variation in the distri-
bution of these defense systems across chromosomes
(Fig. 5d). While certain strains localized all their defense me-
chanisms to either chromosome 1 or 2 (as seen in strains
SP6G, W10G, and VCSRO45), others exhibited a more scat-
tered arrangement, incorporating defense systems across
both chromosomes without a clear pattern. There are sev-
eral hypotheses that could lead to the disparity of defense
system localization. While it is beyond the scope of this
study to explore the defense system localization evolution,
such variability could suggest a complex evolutionary land-
scape for the acquisition and distribution of antiphage/anti-
plasmid defense mechanisms in nonpandemic V. cholerae
strains. In addition, it might reflect the adaptive strategies
used against diverse phage challenges in the environments
where these strains are found, but also chromosome-
specific dynamics in defense systems acquisition.

Overall, V. cholerae showcases a wide array of defense
mechanisms, positioning it among species with “many di-
verse systems,” similar to Pseudomonas aeruginosa as
noted by Tesson and colleagues (Tesson et al. 2022). Our
research therefore highlights V. cholerae’s genomic diver-
sity, particularly in its genes encoding antiphage/antiplas-
mid defense mechanisms. The observed diversity also
underscores the importance of HGT in disseminating these
defense systems.

Defensome Hotspots

In our subsequent analysis, we aimed to pinpoint potential
genomic hotspots for the insertion of defense systems. To
achieve this, we mapped the occurrence of Gls either pos-
sessing or lacking a defense system, across the insertion
sites on chromosomes 1 and 2 (as illustrated in Fig. 6a
and b). We identified several insertion sites that were fre-
guently occupied across multiple strains but did not consist-
ently contain islands with known defense systems. These
include the O-antigen biosynthesis cluster and the sites
next to rtxA, pyrf, and katG on chromosome 1 (Fig. 6a). It
is important to note that the precision of our detection of
defense systems heavily relied on the capabilities of the
tools we used, namely DefenseFinder and PADLOC (Abby
et al. 2014; Payne et al. 2021, 2022, 2024; Tesson et al.
2022). This reliance suggests the possibility that additional,
yet unidentified, defense systems may be encoded within
these islands, awaiting discovery with more targeted ana-
lytical tools and the incorporation of new defense systems
into DefenseFinder and PADLOC (Abby et al. 2014, Payne
et al. 2021, 2022, 2024; Tesson et al. 2022). Indeed, as
mentioned above, we identified several candidate defense
systems in our dataset using the most recent version of
PADLOC (Payne et al. 2024), but did not include these in
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Fig. 6. Identifying genomic regions primed for defense system insertion and the presence of defense islands in nonpandemic V. cholerae. a, b) Visualization of
MGE occupancy on chromosomes 1 (a) and 2 (b), distinguishing sites without defense systems (yellow) from those with one or more defense systems (red).
¢, d) Distribution of MGEs with defense systems across chromosomes 1 (c) and 2 (d). Each insertion site is plotted on the x axis, indicating the number of MGEs

containing either a single (red) or multiple (gray) defense systems.

our analyses due to their provisional status. Importantly, the
number of predicted defense systems would further in-
crease with the use of Al-assisted defense prediction tools
(DeWeirdt et al. 2025; Mordret et al. 2025).

We identified specific insertion sites that function as hot-
spots for defense systems, as illustrated in Fig. 6. Notable
examples include ssrA  (supplementary fig. 54,
Supplementary Material online), V(2384 (supplementary
fig. S7, Supplementary Material online), ffs, yjbQ
(supplementary fig. S8, Supplementary Material online),
rph, and mnmE (supplementary fig. S9, Supplementary
Material online) on chromosome 1, along with tdh and
guaC on chromosome 2 (supplementary figs. S5 and S10,
Supplementary Material online). Among these, the guaCin-
sertion site was particularly prominent, with a majority of
strains harboring short MGEs equipped with defense

systems (supplementary fig. S10, Supplementary Material
online). Similarly, short islands inserted next to V(2384
where the Vc95 Retron is located in 7PET, are frequently oc-
cupied by defense systems in nonpandemic strains
(supplementary fig. S7, Supplementary Material online).
In many cases, however, we detected genes coding for pro-
teins of unknown functions or those bearing domains com-
monly linked to defense mechanisms, including ATPases
and DNA-binding proteins (supplementary fig. S7,
Supplementary Material online). Several of these genes
were predicted to encode PDC by PADLOC
(supplementary fig. S7, Supplementary Material online).
Furthermore, our analysis revealed “hotspot regions” with-
in Gls, consistently occupied by defense systems. For in-
stance, the 3 ends of islands next to tdh (supplementary
fig. S5, Supplementary Material online) and near
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VCAO0735 (supplementary fig. S11, Supplementary Material
online) on chromosome 2 showcased such patterns. Within
these regions, we also detected genes similar to those
found in islands next to V2384, such as helicases and
ATPases. This leads us to hypothesize that these genes or
gene clusters might represent defense systems that current
detection tools, such as PADLOC and DefenseFinder, failed
to recognize, as they might represent novel systems not yet
characterized. A recent study on sedentary chromosomal
integrons, including those in 7PET strain N16961, supports
this idea (Darracq et al. 2024). Despite the absence of de-
tected antiviral defense systems in these integron islands
using DefenseFinder, experimental validation revealed
that an astonishing 10% of integron cassettes exhibited
antiphage activity when artificially expressed in V. cholerae
or E. coli. This suggests that chromosomal integrons may
serve as reservoirs for bacterial antiphage defense systems,
a finding that has also been demonstrated for mobile inte-
grons and the chromosomal integron of V. parahaemolyti-
cus (Darracq et al. 2024; Kieffer et al. 2024; Getz et al.
2025).

Defense Islands

Defense systems in V. cholerae often cluster together, con-
sistent with the concept of “defense islands” (Makarova
etal. 2011; Doron et al. 2018; Hussain et al. 2021). Our inter-
est was piqued by two main questions: (i) the prevalence of
these defense islands within our dataset, and (i) their fre-
guency of occurrence at specific genomic sites. To explore
these aspects, we cataloged all insertion sites that hosted at
least one island equipped with a defense system and analyzed
the occurrence of MGEs with one or more defense systems at
each site. Our findings revealed that, across most insertion
sites, islands with a singular predicted defense system predo-
minated over those with multiple systems (Fig. 6¢ and d), al-
though this observation is made within the limitations of our
detection capabilities, as outlined above. However, certain lo-
cations, such as ssrA (supplementary fig. S4, Supplementary
Material online), ffs, ybQ (supplementary fig. S8,
Supplementary Material online), rph, (supplementary fig.
S9a, Supplementary Material online), yijD and folD
(supplementary fig. S12a and b, Supplementary Material on-
line), on chromosome 1, stood out as exceptions, where de-
fense islands were more commonly found.

Prevalence of Prophage-Derived MGEs

We identified prophage signatures within our genomic da-
taset, encompassing both pandemic and nonpandemic
strains, and determined whether these signatures coin-
cided with the detected MGEs. We found that certain inser-
tion sites frequently hosted MGEs bearing phage
signatures. Notably, the rtxA site on chromosome 1, where
the CTX prophage integrates in pandemic & toxigenic

strains, was one such location (Fig. 3). Other sites, including
tRNA-Leu, tRNA-Pro, rimA, pepN, and sbcB on chromo-
some 1, and ugd on chromosome 2, were exclusively asso-
ciated with prophage-related MGEs, although these sites
were generally not frequently occupied (Fig. 3).
Additionally, we identified specific strains where MGEs of
prophage origin were present at particular sites, such as
tRNA-Ser, tRNA-Met, and tRNA-Arg on chromosome 1
(Fig. 4a and ¢, and supplementary fig. S12b,
Supplementary Material online), and gcvT, tdh, pntB, and
guaC on chromosome 2 (supplementary figs. S3 and S5
and S6, and S10, Supplementary Material online).
Interestingly, prophage signatures at the tRNA-Ser site
were predominantly observed in VPI-2 from pandemic
strains. However, ultimately, no clear correlation was found
between the presence of prophage signatures and the ex-
istence of defense systems (Fig. 3).

Conclusion

To our knowledge, this study represents the first compre-
hensive examination of the mobilome and defensome di-
versity within the V. cholerae species, extending beyond
the 7PET pandemic clade. This work establishes a founda-
tional database cataloging MGEs and antiphage defense
systems identified in these strains, highlighting their distri-
bution, frequency, and variability. Although this study in-
cludes a limited number of nonpandemic strains, our
findings point toward potentially new defense systems
and unexplored molecular mechanisms. These discoveries
offer rich opportunities for future scientific exploration
and a deeper understanding of V. cholerae as a species.

Materials and Methods
Bacterial Strains and WGS

High-quality, well-assembled WGS of nonpandemic envir-
onmental or clinical V. cholerae strains were identified
from existing literature. Details of the strains used are listed
in supplementary tables S1and S2, Supplementary Material
online. Unannotated V. cholerae genomes were annotated
using the PGAP (PGAP, 2022 to 2010-03. build6384)
(Tatusova et al. 2016).

Strain MAK757 was genome sequenced using PacBio
technology and de novo-assembled as described
(Stutzmann and Blokesch 2020). The sequencing data
have been deposited in NCBI (see data availability section).

Pangenome and Phylogenetic Reconstructions

The pangenome of all V. cholerae strains and V. mimicus
was reconstructed using the PPanGGOLIN (v. 1.2.74) pipe-
line (all options, default parameters, sequences and anno-
tation provided) (Gautreau et al. 2020). Identified core
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genes were used for the subsequent phylogenetic recon-
struction. To find the optimal model for each of the 1,532
core genes, ModelFinder (Kalyaanamoorthy et al. 2017)
was used. The phylogeny of the 45 V. cholerae strains,
with V. mimicus as an outgroup, was reconstructed using ig-
tree2 software (v2.2.0) (Minh et al. 2020). The model for
each individual gene was implemented from ModelFinder,
and 100 bootstraps were computed in igtree2.

Detection of MGEs and Defense Systems
Gl Identification

To detect MGEs, general patterns of genomic plasticity
were analyzed using PanGGolLiN (Gautreau et al. 2020)
based on the 45 genomes included in this study. RGPs
(panRGP function, with default options) (Bazin et al.
2020) were thereby identified based on comparative gen-
omics. Individual RGPs (i.e. Gls identified in each genome),
were then validated using dedicated tools that predict Gls
based on their sequence composition (see supplementary
table S3, Supplementary Material online). All programs
were run with default parameters. For each genome, five
different Gl searches were performed with different as-
sumptions underlying each individual search (for more de-
tails see [da Silva Filho et al. 2018]). The results were
subsequently visualized in Geneious Prime (v. 2022, 2023,
and 2024; https:/www.geneious.com) and manually cu-
rated. To be considered as a bona fide Gl in the context of
this study, the island had to fulfill several criteria: (i) to be de-
tected by panRGP and (i) confirmed by at least two among
the other software tools used in this study (see
supplementary table S3, Supplementary Material online);
and (ji) to be at least 10 kb in length, as previously suggested
(Juhas et al. 2009; Arnold et al. 2022). To have a broader
overview of the defensome (Beavogui et al. 2024) diversity,
an exception to this rule was made for islands encoding pre-
dicted antiphage/antiplasmid defense systems.

PGAP annotations were used as a first indication of the
identity of gene clusters found in the islands. Additional
BLAST searches (either for whole gene clusters or individual
predicted proteins, using the online web service with default
settings against the Reference proteins (refseq_protein)
database) were used to identify gene clusters found in
each GI, and extensive literature searches using PubMed
were performed to characterize the identified clusters. To
confirm the conservation (and therefore identity) of gene
clusters among islands from different strains, we used clinker
(v0.0.25, default options) (Gilchrist and Chooi 2021). Details
about this method are given below (Alignment of GIs).

Defense Systems Identification

To identify defense systems in the genomes that were in-
cluded in our dataset, we used the tools DefenseFinder (ac-
cessed in April 2024) (Abby et al. 2014; Tesson et al. 2022)

and PADLOC (v2.0.0) (Payne et al. 2021, 2022, 2024).
Identified defense systems were visualized using Geneious
Prime (v. 2024; https:/www.geneious.com).

Prophage Identification

The online web tool PHASTER (Arndt et al. 2016) was used to
identify putative prophage sequences within the genomes.

Alignment of Gls

For each insertion site in which Gls were detected, nucleo-
tide sequences of the islands and neighboring genes were
extracted. The comparison of the islands’ gene content
and organization was visualized using clinker (v 0.0.25, de-
fault options) (Gilchrist and Chooi 2021). Nucleotide se-
quences of islands from pandemic strains were extracted
from the genomes and aligned using MAFFT (auto option,
v.7508) (Katoh and Standley 2013). Each alignment was
subsequently imported into Geneious Prime (v. 2022 and
2023; https:/www.geneious.com) and distance matrices
were calculated. Heatmaps of these matrices were gener-
ated in GraphPad Prism version 8.0.0 for MacOS
(GraphPad Software, USA, www.graphpad.com).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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Data Availability

The whole-genome sequencing data of strain MAK757
have been deposited in NCBI under BioProject accession
number PRJNA1028811. The genome sequence is available
in GenBank under accession numbers CP159790 and
CP159791 for chromosome 1 and chromosome 2, respect-
ively. The raw reads are available from the Sequence Read
Archive under submission numbers SRS21856092.
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