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The underlying evolutionary mechanisms driving global expansions of
pathogen strains are poorly understood. Vibrio parahaemolyticus is one of
only two marine pathogens where variants have emerged in distinct climates
globally. The success of a Vibrio parahaemolyticus clone (VpST3) in Latin
America- the first spread identified outside its endemic region of tropical Asia-
provided an invaluable opportunity to investigate mechanisms of VpST3
expansion into a distinct marine climate. A global collection of VpST3 isolates
and novel Latin American isolates were used for evolutionary population
genomics, pangenome analysis and combined with oceanic climate data. We
found a VpST3 population (LatAm-VpST3) introduced in Latin America well
before the emergence of this clone in India, previously considered the onset of
the VpST3 epidemic. LatAm-VpST3 underwent successful adaptation to local
conditions over its evolutionary divergence from Asian VpST3 isolates, to
become dominant in Latin America. Selection signatures were found in genes
providing resilience to the distinct marine climate. Core genome mutations
and accessory gene presences that promoted survival over long dispersals or
increased environmental fitness were associated with environmental condi-
tions. These results provide novel insights into the global expansion of this
successful V. parahaemolyticus clone into regions with different climate
scenarios.

M Check for updates

There is a compelling need to understand mechanisms that drive the
rapid, global expansion of pathogen strains in the environment, to
mitigate future global pandemics. Vibrio, a group of ubiquitous Gram-
negative environmental bacteria that cause gastroenteritis, are a
tangible example of a human pathogen with pandemic potential
inhabiting warm coastal waters. Vibrio bacteria are transmitted to
humans via environmental exposure routes, including recreational
water use and seafood consumption, rather than human-to-human

transmission (with the exception of Vibrio cholerae). Vibrio exhibits
ecological and evolutionary responses when introduced to distinct
climates, displaying optimum tolerance thresholds and responses to
selective pressures. Environmental conditions that are conducive to
Vibrio survival and growth in coastal waters increase the presence of
Vibrio in the environment which subsequently increases the disease
risk for people interacting with these waters. Recent efforts have aimed
to quantify possible environmental drivers of Vibrio prevalence, to
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facilitate sufficient monitoring, forecasting, and mitigation of resulting
gastroenteritis outbreaks' .

Vibrio parahaemolyticus specifically is the leading cause of sea-
food infections globally*, with an estimated half a million cases in
2020°. Before the 1990s, Vibrio infections were considered rare, exotic
outcomes of foreign travel to tropical Asian waters, apart from parti-
cular V. cholerae strains that underwent global expansion through
pandemic waves®. Now, V. parahaemolyticus is globally prevalent, with
rising infection rates, particularly in increasingly higher latitudes. Cli-
mate trends have been suggested as responsible- the warming of 70%
of the world’s coastline’ is increasing the spatial ranges of optimum
suitability for Vibrio bacteria, and extending the ‘Vibrio season’ (char-
acteristically summer months) as warmer temperatures encroach into
cooler months®.

V. parahaemolyticus is genomically diverse, with a background of
numerous genotypes from which effective clonal complexes emerge,
characteristic of a classic epidemic bacterial population structure’.
One of these effective clonal types, Sequence Type 3 (VpST3), was
reported to emerge in India in 1996'° and underwent global expansion
into a breadth of distinct marine climates, supplanting local serotypes
to become one of the most dominant V. parahaemolyticus strains
currently in circulation. This widespread expansion and transoceanic
dispersal had not yet been seen for a V. parahaemolyticus serotype,
leading to VpST3 being referred to as a ‘pandemic clone’. Within
months of its initial detection in Asian countries, VpST3 was reported
for the first time outside of this endemic region, in the vastly distinct
climate of Latin America. This discovery of a VpST3 isolate in February
1996 in Truijillo", a city in coastal north-western Peru, was considered
an epidemic expansion from the emergence in India. This was followed
by a local dispersal of vibriosis outbreaks attributed to VpST3, with
outbreaks reported progressively from north to south coastal regions
in the country- radiation that was notably spatiotemporally correlated
with the movement of El Nifio waters'>", By 1997, the clonal type had
reached Chile, firstly with outbreaks reported in Antofagasta in
Northern Chile from November 1997 to March 1998, and again in
Puerto Montt, Chile in 2004. This provided the first evidence for V.
parahaemolyticus as a second marine pathogen species that is capable
of worldwide expansions into distinct climates- notably the cooler,
more saline and acidic marine environment on Latin America’s west
coast. There are few examples of pandemic expansion of environ-
mental bacteria, with sufficient biological data to explore possible
hypotheses. VpST3, and its dynamics in Latin America, therefore pro-
vides a unique, almost singular, opportunity to investigate this pan-
demic expansion process and settlement of strains into new areas, to
understand the wider dynamics of pandemic expansions.

The mechanisms behind the introduction and establishment of
VpST3 in Latin America are currently unknown. Both ecological and
evolutionary components are involved in the process of the intro-
duction, survival and establishment of environmental bacteria. Vibrio
ecology, and resulting disease dynamics, are intrinsically linked to
environmental factors’. Notably, water temperature and salinity
determine Vibrio survival and trigger rapid population growth in
optimum conditions. It is important to explore distinct climate con-
ditions facilitating the successful expansion and establishment of
pathogen populations in diverse locations. From an evolutionary
perspective, delineating the structure of clonal VpST3 populations
circulating around the same time will elucidate the characteristics of
those that were successfully introduced into Latin America, and able to
establish themselves. These components interact, for example, a clo-
nal type might thrive in a distinct climate because it is better suited to
the new conditions, or because it has a higher plasticity and is able to
adapt to them. This therefore requires an eco-evolutionary approach
to understand the pathogen responses and future global expansions
amidst a changing climate.

This study aimed to uncover the dynamics of the expansion of
VpST3 into Latin America using genomic data from clinical and
environmental samples as a proxy reflecting the dynamics of Vibrio in
the environment, to reconstruct the evolutionary history and dynam-
ics of this clonal type. A global collection of 280 publicly-available
VpST3 genomes, and 32 novel genomic samples from Latin America,
were utilised to reconstruct the population structure of VpST3 globally
and quantify the genetic differentiation between samples found in
Latin America to those dominant in Asia, and within sub-populations
themselves. Among a range of complex interactions, we assessed the
potential role of the distinct Latin American marine environmental
context in this process, contributing to the successful introduction
and establishment of this strain within Latin America’s distinct climate.

Results

Our analysis of a global collection of 312 clinical and environmental
isolates (see Table S1) revealed dynamics of VpST3 expansion (Fig. 1).
The addition of 32 novel strains (Table 1, highlighted in Table S1)
provided a more geographically-balanced outlook to previous studies,
particularly due to the increased representation of Latin American
strains within the collection (22.8%), amidst those from Asia (52.2%)
and North America (25%). A maximum-likelihood phylogeny highlights
Asia as the most diverse geographical region, with Asian samples dis-
tributed throughout and providing the source for many sub-lineages,
while more distinct groups of the samples from North America and
Latin America highlight independent establishment of sub-lineages.

Global dynamics of VpST3

As our genomic collection had a strong temporal association with
root-to-tip divergence (correlation coefficient of 0.68, see Figure S1),
we situated the evolution of VpST3 in space and time by recon-
structing a Bayesian, rooted, time-sensitive phylogeny (Fig. 2a). Our
analysis identified differentiation within the clone itself; within V.
parahaemolyticus as a species, VpST3 is a successful clonal group,
but we found 3 sub-populations existing within the VpST3 clone
itself; defined here as LatAm-VpST3, the Asian-dominant Cluster and
the Modern Cluster. Spatial and temporal inferences of the time and
location of most-recent common ancestors (MRCA) estimated the
origin of VpST3 (where it diverges from existing similar V. para-
haemolyticus populations, represented by the pre-pandemic isolate
from Japan in 1980) around 1943 (confidence interval of 1889-1976),
in Asia (91% confidence). The VpST3 collection then branches off into
two groups, around 1963-4 (95% highest posterior density of
1940-1982), into LatAm-VpST3 (posterior support of 0.837) and the
Asian-dominant Cluster (posterior support of 0.919), and the latter
then diverges again, around 1995, with the Modern Cluster emerging
(posterior support of 1). Geography (the continent or country in
which the isolate was reported) was found to have a small, but sig-
nificant, phylogenetic signal within our collection (K < 0.25, p <0.01)
(see Table S2).

A Latin American sub-population

Unlike the Asian-dominant Cluster, LatAm-VpST3 predominantly
contained isolates from Latin America (Fig. 2b), initially particularly
from Peru, including the earliest recovered isolates in Latin America.
LatAm-VpST3 contained 43 isolates recovered from 1997 to 2015, 72%
of which were from Latin America, which represents over half of all the
Latin American isolates in the collection. LatAm-VpST3 was estimated
to diverge from the rest of the VpST3 collection around 1963-4 (95%
highest posterior density of 1940-1982), arriving in Latin America,
from a notably long branch, with an MRCA in Latin American estimated
around 1984 (95% highest posterior density of 1978-1994), a posterior
probability of 0.837, and a 0.869 probability the location of this branch
was Latin America.
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Fig. 1| Global collection of VpST3 genomes with the addition of novel Latin
American strains. a Maximum likelihood phylogeny using non-recombining
alignment of VpST3 collection, rooted to pre-pandemic sample (Japan, 1980, see
Table S1), coloured by continent of isolate origin; b Global distribution of VpST3

collection choropleth map displaying number of isolates analysed from each
country; ¢ Regional distribution of novel samples from the National Centre for
Public Health in Peru (excluding two Peruvian samples without regional metadata);
d Temporal distribution of samples in the VpST3 collection per continental origin.
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Fig. 2 | Bayesian phylogenetic reconstruction of VpST3. a VpST3 Maximum
Clade Credibility consensus tree highlighting 3 key clusters within the VpST3 col-
lection, colour coded to isolate origin continent. b Specific focus on LatAm-VpST3

phylogenetic reconstruction. ¢ Geographic distribution pattern of LatAm-VpST3
from Peru, visualised using SpreaD3”’.

LatAm-VpST3 samples were not found in Asia (the continent from
which it is estimated to originate) during the initial global expansion
period of VpST3, while it had a dominant early presence in Latin
America. Migration models suggest that, in the VpST3 collection,

in general, there was greater movement from Asia to South America
than the reverse (see Fig. S2). However, the LatAm-VpST3 group itself
(Fig. 2b) originated from a single ancestor in Peru, from which most
branches bottlenecked with limited long-term establishment success.
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One branch resulted in lineages that became established in Latin
America from 1997-2014 (posterior support of 0.991) and was intro-
duced regionally to Chile in two separate introductions (posterior
support of 0.972), and then trans-continentally to China and the USA
(Fig. 2c) with a posterior support of 0.853 and 0.899 on these branches
respectively.

Bayesian skyline analysis (Fig. 3a) indicated a sharp increase in
effective population size of LatAm-VpST3 from 1985, continuing until
around 1995 and levelling off after. This pattern of effective population
size curve is characteristic of clonal expansion, with large accelerations
of growth, followed by bottlenecks as gene transfer rates slow down.
We found a similar significant increase at this time when considering
the effective population size of the whole VpST3 collection, suggesting
conducive conditions supporting simultaneous population growth.
However, the LatAm-VpST3 expansion was preceded by an increase in
the wider collection around the mid-to-late-1970s, suggesting the
LatAm-VpST3 expansion was separate from an earlier local expansion
in Asia, but contributed to the overall population increases observed
for VpST3 during this second peak.

Exploring the diversity within populations of early LatAm-VpST3
samples (1996-1999) provided an indication of introduction dynam-
ics, in terms of single or multiple introductions. Hedrick’s corrected
coefficient of genetic differentiation (GST) for LatAm-VpST3 sup-
ported a low genetic differentiation (Hedrick’'s GST =0.008, sample
size =18), indicative of an introduction pattern with limited initial
diversity. The genetic diversity of this group increased slightly over
time (0.013 in 2000-2005, 0.016 in 2006-2010), but remained lower
than the other sub-populations (see Table S3), reflective of clonal
population structures. For a comparative baseline, the average diver-
sity for each site across the whole ST3 population was 0.038. Early
samples (1996-1999) belonging to the Asian-dominant group had a
higher genetic diversity than LatAm-VpST3 (Hedrick’'s GST =0.024,
sample size = 34), with the greatest within-population genetic het-
erogeneity found for this group, particularly in the late 2000s
(Hedrick’s GST = 0.055, sample size = 21).

Genetic Differentiation of LatAm-VpST3

Further analysis confirmed LatAm-VpST3 was significantly different
from the Asian-dominant and Modern Clusters. TreeStructure® con-
firmed statistically significant (p <0.0001) support for three distinct
clusters which defined the separation used in Fig. 2 (see Fig. S3). We
calculated genetic variance between the core genome of LatAm-VpST3
and the rest of the collection using two key statistics: AMOVA, an
analysis of molecular variance, and the summary statistic, FST- the
fixation index of population differentiation due to genetic structure.
These statistics found 6.4% and 5.5% significant (p=0.001) genetic
differentiation between the LatAm-VpST3 population and the rest of
the VpST3 collection, respectively.

Discriminatory analysis of principle components (DAPC) was used
to further identify and describe these genetic clusters. Firstly, an
unsupervised approach to infer natural genetic clusters (using a
K-means algorithm to define the optimum number of clusters) found
18 clusters within the global VpST3 collection (see Fig. S4), with 1 of
these 18 clusters containing all but one of the LatAm-VpST3 isolates
(98.2%). This suggests a greater variety within the rest of the collection
compared to a very-closely genetically related LatAm-VpST3, but also a
clear differentiation separating LatAm-VpST3 from the remaining
collection. A secondary supervised approach, providing a parameter of
3 maximum clusters (based on the number pre-defined in TreeS-
tructure) to the DAPC analysis, was consistent with the clustering order
in TreeStructure (98.2-98.8% similarity across all 3 clusters, see
Table S5), but also highlighted a greater genetic distance separating
LatAm-VpST3 from the remaining clusters (Fig. 4a). Similarly, when
identifying the presence of admixed individuals with posterior prob-
abilities for multiple waves within the collection, we found there was

far more admixture occurring between the other two clusters than
with LatAm-VpST3 (see Fig. S5).

We interrogated the DAPC results to reveal key unique single-
nucleotide polymorphism (SNP) mutations in the core genome that
were identified as significant by the analysis in discriminating LatAm-
VpST3 from the rest of the VpST3 collection (Fig. 4b), identifying 3 of
interest. The SNP mutations at position 235 and 1010 respectively were
predicted to have modifier and low functional effects only (synon-
ymous variants), with little evidence of any tangible impact. However,
the SNP mutation at position 957 had a moderate functional impact
(missense variant) on the mnmE gene- a central tRNA-modifying
GTPase.

In terms of evolutionary dynamics driving such differentiation,
LatAm-VpST3 had the lowest mutation rate, compared to the other
lineages (see Table S4, Fig. S6), of 3.44x10™* substitutions per site per
year, which corresponds to 0.8 mutations in a year for the whole
genome. We predicted the functional effect of each SNP (50,030 total)
finding 91.5% of these affected non-coding regions with little impact,
while 4.8% had a high or moderate effect on a protein, affecting
function or effectiveness. LatAm-VpST3 also had a low recombination
rate (r/m ratio of 0.164), with recombination affecting around 0.004%
of the genome per year (see Table S4).

Signatures of selection within LatAm-VpST3

We then explored how selection processes could be driving this
genetic differentiation, leading to LatAm-VpST3’s distinctive success in
Latin America but not in Asia. It is important to concurrently consider
the distinct climate differences between the coastal waters of the
inferred origin (tropical Asian waters) and the introduced region
(western coasts of Peru and Chile), to explore possible selective
pressures the bacteria would have had to overcome to facilitate its
successful establishment, driving the identified genetic differentiation.
Such climate differences can be demonstrated clearly using satellite-
derived sea surface temperature (SST), salinity and oceanic pH data
collected during the expansion period. A comparison of the marine
environments off the coast of Peru and southeast China, the coastlines
indicative of the location where the largest number of isolates were
discovered in Latin America and Asia respectively, revealed distinct
environmental differences (see Figs. S7-S9). Generally, SSTs in coastal
areas of southeast China were higher but had a greater range (max-
imum of 29.22°C, minimum of 13.97°C) than Peru (maximum of
26.32 °C, minimum of 15.36 °C). However, Peru had a greater inter-
annual variation of SST, characteristic of the El Nifio Southern Oscil-
lation (ENSO), where El Nifio events (the warm phase) result in more
tropical conditions. Peru waters had a higher salinity than those off the
coast of China, ranging from 34.9 to 35.4psu compared to China’s
range of 31.9 to 33.5psu. Additionally, Peru’s marine environment had a
lower pH generally, ranging from 8.02 to 8.1 (average of 8.06) com-
pared to China’s pH range of 8.03 to 8.15 (average of 8.08).

In the core genome, we found evidence for non-neutral selection,
and that the evolution of LatAm-VpST3 was mainly driven by purifying
selection, indicated by a negative Tajima’s D (-2.62, p<0.01). This
negative Tajima’s D is also indicative of population expansions. We
then assessed whether mutations in the core genome were associated
with particular bioclimatic conditions (referred to here as
environmentally-associated SNPs). We used redundancy analysis
(RDA) to identify environmentally-associated SNPs within LatAm-
VpST3, using SST and salinity data (extracted as binary values repre-
senting positive or negative anomalies for the location and date of the
sample discovery). Our RDA model found that 2 constrained axes
captured 0.5% of the SNP variance, with low predictive capacity
expected when most SNP mutations are likely to be neutral. Our sig-
nificant RDA model (p=0.014) found 121 candidate SNPs that were
under selection as a function of the provided environmental pre-
dictors. A total of 88 of these SNPs were detected due to positive
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Fig. 3 | Temporal evolutionary trends in VpST3 collection. a Bayesian Skyline
Plot showing estimated effective population size for LatAm-VpST3, with upper and
lower bounds of the 95% highest posterior density interval. b Prevalence of each
sub-group in Latin America over time shows patterns of shifting dominance. While
LatAm-VpST3 remained dominant in Latin America compare to the Asian-dominant

group, in recent years LatAm-VpST3 is being replaced with the modern group.

c Decline in average mutations per core genome in LatAm-VpST3 over time
(averaged across isolates found in the same year). d Trend in total gene count over
time for isolates within each of the three clusters.
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Fig. 4 | Supervised discriminatory analysis of principle components analysis.
a Scatterplot visually highlighting differentiation and genetic distance of LatAm-
VpST3 from the remaining clusters. b Loading plot highlighting the position of SNP

mutations and the associated allele diversity that were the highest contributors
(over a threshold of 0.1) to the distinct evolution of LatAm-VpST3 that dis-
criminates it from the rest of the VpST3 collection.

associations with SST (notably including the non-synonymous SNP at
position 957 mentioned previously as a mutation specific to LatAm-
VpST3), and 33 with salinity.

We also looked for signatures of selection beyond the core gen-
ome by constructing the pangenome, with a particular focus on ‘shell’
accessory genes- those present in 15-95% of the population. A total of
400 shell genes were found within the whole collection. Using a
pangenome-wide association study tool, we identified accessory genes
whose presence across the VpST3 collection was significantly corre-
lated (p < 0.05) with LatAm-VpST3 (Table 2). A number of these genes
had functional roles within putrescine utilisation pathways or provided
resilience and adaptation to various environmental conditions such as
salinity, nitrogen and pH. LatAm-VpST3 samples have open pangen-
omes, with a higher average total gene count than the rest of the
collection, and a number of ‘shell’ genes from the entire population
were found to be core in LatAm-VpST3 (see Table S6). We then
investigated significant associations between the presence of acces-
sory genes and local environmental conditions, in terms of whether
certain accessory genes were more (or less) present in years with
positive or negative anomalies of both SST and salinity. Notably, we

found all the LatAm-VpST3 samples were found in positive salinity
anomaly years. Therefore, we could only run this specific environment-
association analysis for SST. We identified genes within LatAm-VpST3
that were associated with SST anomalies (see Table S7)- notably 73
genes were present exclusively within positive SST anomaly years
(specificity = 1.0), including type VI secretion system baseplate subunit
TssF, though they were not present in every positive SST anomaly
years. These associations were significant (p < 0.05), providing support
for the presence or absence of these genes being related to SST
anomalies. A large number of the genes detected that were related to
SST did not have any functional annotation (ie hypothetical proteins).

We used dN/dS ratios (comparing the number of nonsynonymous
and synonymous substitutions) to identify sites that were under per-
vasive selection in identified genes of interest within LatAm-VpST3
(Table S8). Three genes contained sites under significant positive
selection (p < 0.01); 14 sites of positive selection were identified in a
bacterial restriction-modification system specific to LatAm-VpST3,
4 sites within a gene found only in positive SST anomalies, and notably,
we found 7 sites under positive selection within mnmkE, the gene
affected by the non-synonymous mutation that was a key

Nature Communications | (2024)15:7828


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52159-y

Table 2 | Accessory gene presence significantly associated with LatAm-VpST3 and functional annotations

Gene function, name (where applicable) and Role
chromosome location

Presence Presence out-
inside side
LatAm-VpST3 LatAm-VpST3

p-value (Bonfer-
roni-corrected)

Genes that are significantly 100% sensitive in LatAm-VpST3 (always present in this group, not necessarily always present outside)

Sodium: proton antiporter Involved in regulation of pH and sodium concentration, 100% 41.18% 3.60E-11
Chromosome 1 connected to bacterial adaptation to high salinity*
Lactoylglutathione lyase A critical enzyme in methylglyoxal detoxification, pre- 100% 43.92% 3.62E-10
Chromosome 1 viously reported to contribute to survival of Salmonella

in nutrient-rich environments”
Glutamine synthetase family protein Controls nitrogen homoeostasis by assimilating 100% 44.31% 9.09E-10
Chromosome 1 ammonium into glutamine.
FAD-binding oxidoreductase Catalysers oxidation. 100% 44.71% 9.66E-10
Chromosome 1
Gamma-glutamyl-gamma-aminobutyrate hydro-  Involved in bacterial putrescine utilisation pathway’” 100% 44.7% 9.66E-10
lase family protein
Chromosome 1
Hypothetical protein N/A 100% 44.711% 9.66E-10
Chromosome 1
puuR- HTH-type transcriptional regulator Recombinant protein, involved in putrescine 100% 44.71% 9.66E-10
Chromosome 1 pathways’
Hypothetical protein N/A 100% 44.71% 9.66E-10
Chromosome 1
FAD-dependent oxidoreductase Catalysers oxidation. 100% 63.14% 0.000279
Chromosome 2
aguB- N-carbamoylputrescine amidase Converts N-carbamoylputrescine to putrescine, 100% 67.45% 0.003067
Chromosome 1 involved in biofilm production’
aguA- agmatine deiminase Involved in putrescine pathway’” 100% 67.84% 0.0034
Chromosome 1
Genes that are significantly specific to LatAm-VpST3 (only seen in this group, absence in the rest of the collection)
Hypothetical protein N/A 14.29% 0% 0.044542
Chromosome 1
N-6 DNA methylase Involved in bacterial restriction-modification systems  14.29% 0% 0.044542
Chromosome 1
Type lll restriction-modification system Restriction-modification system- can reduce genetic 14.29% 0% 0.044542

endonuclease

exchange from other species / clonal complexes and
only allow genetic exchange among close relatives’®

Associations scored using a two-sided Fisher’s exact test in Scoary®®, accounting for population structure using a post-hoc permutation test based on a pairwise comparisons algorithm.

discriminator of LatAm-VpST3 from the rest of the collection. Twenty
genes had sites with significant negative selection, ranging from 1-10
sites (p <0.05 to p <0.01). These included a pH and sodium regulator
gene, and genes involved in putrescine pathways.

Post-establishment specialism

After its introduction around 1984, LatAm-VpST3 underwent strong
population expansion into the late-90s, peaking in 1997 (Fig. 3a),
where isolates were first discovered belonging to this group in Peru.
Based on our sample collection, LatAm-VpST3 remained the dominant
established VpST3 sub-population in Latin America for around 17 years
(Fig. 3b). However, a decline in the effective population size was
observed in recent years representing a bottleneck. Previously, we
found LatAm-VpST3 to have a low mutation rate (3.44 x 10™* sub-
stitutions per site per year). We found a further temporal trend of
declining number of mutations in the core genome per isolate, aver-
aged across those found in the same year, in LatAm-VpST3 over time
(Fig. 3c). The average number of core genome mutations increased
initially (peaking in 1999), before falling, then peaking one more time
(in 2004), before a steady decline into modern years, representing a
decline in the pace of genome evolution, when evidence of a clonal
replacement starts to emerge. Similarly, we found LatAm-VpST3 to
have a low recombination rate (r/m ratio of 0.164), with recombination
affecting around 0.004% of the genome per year (see Table S3). When
exploring total genes present in each isolate, there was no clear tem-
poral signal compared to the other two clusters which have a weak, but

increasing, trend over time from likely gene uptake (Fig. 3d). The
Modern Cluster, which has a higher mutation and recombination rate,
is replacing LatAm-VpST3 in Latin America (Fig. 3b). Of the 17 samples
collected from Latin America post-2015, only 1 belonged to LatAm-
VpST3, but 17 of these (representing 70.6%) were assigned to the
Modern Cluster.

Discussion

Using a range of approaches and genomic analysis of a global collec-
tion of VpST3 isolates, and specifically the inclusion of the novel strains
from Latin America, has provided insights into the expansion and
establishment of VpST3 in Latin America.

Parallel emergence of VpST3

Previously, the global expansion of VpST3 was linked to the down-
stream transcontinental spread from an initial emergence in India
in 1996'°. However, our results suggest VpST3 was already present in
Latin America at this time, with the temporal origin of LatAm-VpST3 in
Latin America estimated around 1984 (1978-1994). This ancestral var-
iant then underwent a successful adaptation to local conditions over
its evolutionary divergence from both this ancestral stage, and VpST3
isolates found in Asia.

Our analysis specifically rules out a possible lineage connection
between LatAm-VpST3 and those populations emerging in India in
1996 as they were placed in statistically significantly different clusters
within the Bayesian phylogeny. Indeed, the monophyletic nature of
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LatAm-VpST3 and the large genetic differentiation would confirm a
parallel emergence, rather than an introduction, as they suggest that,
either the LatAm-VpST3 population had already existed for long
enough to significantly diverge from the Asian-dominant populations,
or was genetically distinct from the point of initial emergence. Such a
parallel emergence would explain why this group was not detected in
Asia pre-2005. Further support for this parallel emergence can be
found in the patterns of effective population size in the Bayesian
skyline of LatAm-VpST3, with a small bottleneck population seen from
the early 1970s before a rapid expansion in the late-1980s/early-1990.
While the absence of intermediary ancestral states on the long evolu-
tionary branch to LatAm-VpST3 could infer missing data related to
introductions or evolution, the within-population diversity of LatAm-
VpST3 was initially low, confirming no evidence for multiple intro-
ductions, with VpST3 instead functioning as a background population
before the reported emergence in the late 1990s. Vibrio are char-
acteristically able to remain in a dormant state in environmental
reservoirs until optimum conditions trigger rapid population growth'.

The possibility that both groups were able to simultaneously
emerge to cause outbreaks in 1996-97, on different sides of the globe,
is plausible based on the arrival of optimum climate conditions from
the global, tele-connected impacts of the exceptional 1997 El Nifio
event”- both in Asia and Latin America. This historically powerful warm
phase of the EI Nifio-Southern Oscillation warmed large areas of the
tropical Pacific, increasing suitability for V. parahaemolyticus and
providing a mechanism for local dispersal (due to the movement of
warm waters), likely contributing to the emergence of infections
across Peru and north of Chile, concurrently with the epidemic
emergence in India, although the variants involved in both cases were
different and followed distinctive evolutionary trajectories. The
absence of data along the evolutionary branch separating LatAm-
VpST3 from the rest of the population skews our representation
towards evolutionary outcomes that were successful, omitting earlier
prototypes of the evolutionary pathway before the first well-adapted
isolate was detected.

The emergence of LatAm-VpST3 is interestingly coincident with
the intercontinental introduction of the seventh pandemic El Tor V.
cholerae to Latin America, dated around 1985-1989, which contributed
to an epidemic in 1991". Similarly here, this date precedes reported
infections by multiple years. Such temporal lag is expected for Vibrio
populations; firstly due to the population growth required to result in
human transmission to the point of clinical samples being acquired in
medical settings, and secondly due to the specific ability of Vibrio to lie
dormant as viable but nonculturable (VBNC) cells' until optimum
environmental conditions arrive- in the case of LatAm-VpST3, a strong
El Nifio event bringing tropical conditions in 1997.

Signatures of selection to the distinct climate

Our results start to offer suggestions as to why VpST3 was so suc-
cessful specifically in the distinct climate of Latin America, compared
to co-existing Asian populations. Studies have highlighted how geno-
mic evolution may aid pathogenic clone emergence and expansion*”,
related to non-synonymous core genome substitutions or acquisition
of genes. We explore this in the context of Latin America’s distinct
climate, finding evidence for local adaptation to increase environ-
mental fitness, and evolutionary mechanisms for survival during local
dispersal.

Firstly, we found non-synonymous core genome substitutions
associated with the distinct climate in Latin America. A key mutation
that delineated LatAm-VpST3 from the rest of the VpST3 population
was predicted to have a non-synonymous effect on mnmE- a gene
located on chromosome 1 and essential for growth and pathogenicity.
Additionally, this gene has been found to promote survival in more
acidic environments®. The western coast of Latin America (such as off
Peru) is more acidic than those found in tropical Asian waters.

Evidence of positive selection at 7 sites within the gene, and the suc-
cess of LatAm-VpST3 in a high-acidity region is suggestive this muta-
tion providing some survival advantage in acidic environments. Such
an adaptation would not have been necessary for populations emer-
ging in Asia, with this mutation being unique to LatAm-VpST3. This
demonstrates a biological mechanism in which a population was
positively selecting for an adaptive mutation providing increased
environmental fitness in a distinct climate, and differentiating that
population to succeed in a new area. Additionally, SNPs were found to
have associations with SST and salinity anomalies in a significant RDA
model, opening avenues for further investigation of environmentally-
associated SNPs. Mavian et al”. similarly found mutations potentially
involved in adaptation to the aquatic environment, associated with
clonal expansion of Vibrio cholerae in Haiti, in the form of mutations
affecting genes with roles in virulence, survival in different niches and
environmental stress responses. Specifically, the SNPs associated with
positive SST anomalies highlight the potential role of El Nifio events in
the evolutionary pathway of LatAm-VpST3- with innovation resulting
from the increased SSTs and more tropical conditions present during
these events, an environmental variation not experienced to the same
extent by populations evolving in Asia.

Secondly, during its parallel emergence, LatAm-VpST3 gene
acquisition would have been mediated by a distinct climate from the
Asian population. Within the pangenome, we found a significant dif-
ference between the presence of a sodium-proton antiporter acces-
sory gene (located on chromosome 1) in LatAm-VpST3, where it was
always present, and the rest of the collection where it was only present
in 41.2% isolates. This gene is involved in regulating pH and sodium
content?, which similarly suggests LatAm-VpST3 emerged in Latin
America because it was well-adapted to its new acidic and saline
environment. V. parahaemolyticus usually prefers salinities below
34psu, but the functional role of this gene enhancing environmental
fitness would facilitate VpST3 survival in the highly saline waters found
off the coast of Latin America, particularly during high salinity
anomalies. When exploring environmental associations between
accessory gene presence and positive or negative climate anomalies, it
became apparent that every LatAm-VpST3 isolate was found in years
with positive sea salinity anomalies, providing support for a possible
high-salinity survival mechanism. Salinity has been identified as a key
driving force of Vibrio-related epidemiology’ but this represents a new
indication of possible gene-level adaptation to salinity in the environ-
ment. Higher spatiotemporal resolution of genomic metadata will
enhance our ability to retrospectively reconstruct Vibrio population
dynamics in the environment and the variables driving these. This
includes the future inclusion of further environmental variables asso-
ciated with evolutionary mechanisms that have more local biochem-
ical dynamics, such as chitin availability from planktonic organisms
which can increase environmental DNA uptake®, or dissolved oxygen
which is associated with the presence of virulence factors*. While our
analysis found particular associations with SST and salinity, such
variables could be providing proxy information on other components
of the dynamic and interconnected marine ecosystem, from which
higher-resolution analysis is required to isolate specific environmental
associations. In the future, live strains should be collected to facilitate
gene function experiments which are necessary to confirm the asso-
ciations identified here in real-time.

Alongside these environmental tolerances, we found evidence of
features that may have facilitated local dispersal of VpST3 in Latin
America, related to putrescine pathways and biofilm formation. Four
genes located in chromosome 1 and involved in bacterial putrescine
pathways (aguA, aguB, puuR and an unnamed gamma-glutamyl-
gamma-aminobutyrate hydrolase family protein) were found to be
significantly more present in LatAm-VpST3 (100% presence) than the
rest of the collection (44.7-67.8% presence). Putrescine has a role in
modulating biofilm formation in environmental Gram-negative
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bacterium such as Shewanella oneidensis™, which offers biofilm-
mobilisation mechanisms, in which bacteria are able to ‘hitchhike’ on
a range of organic and inorganic matter in ocean currents®, similarly
found within environmental isolates during the successful clonal
expansion of V. cholerae into Haiti*'. Additionally, living within a bio-
film can actually offer a range of further benefits to Vibrio bacteria,
including increased metabolic responses and functional diversity”.
These genes were not specific to LatAm-VpST3, as they were present in
other groups that would have similarly required dispersal mechanisms,
however their ubiquitousness in LatAm-VpST3 samples highlights a
likely contribution to LatAm-VpST3’s emergence. Though evidence of
purifying selection was found within these genes, we would expect
them to be under purifying pressure after fulfilling their function of
facilitating introduction. Our overall Tajima’s D of 2.6 is consistent
with that found for clinical V. cholerae samples from the clonal
expansion into Haiti (-2.3%,). This post-emergence purifying signal is
likely following intensive adaptation of early emergers®. Studies have
identified environmental isolates, as opposed to clinical isolates, to be
more likely driven by diversifying selection” however the majority of
the LatAm-VpST3 samples were from a clinical origin making it difficult
to ascertain whether a similar pattern would be exhibited in Latin
America.

While exploring the specific evolutionary role of each chromo-
some was outside the scope of this study, most of the accessory genes
that emerged as specific to the LatAm-VpST3 population, or associated
with environmental variables, were located on the first chromosome,
with the exception of a FAD-dependent oxidoreductase gene. This
chromosome is the largest of the two, and impacts of mutation and
recombination have previously been found to be higher in this chro-
mosome for V. parahaemolyticus ST36', however recent genomic
insights suggest the second, smaller chromosome may be involved in
adaptation to different ecological niches*°. While this was not iden-
tified here, specific analysis for each of the two chromosomes (with
specific parameters set for each chromosome) would provide further
insights into its role in facilitating the expansion of VpST3 in distinct
marine environments.

Establishment and Isolation

Our results provide evidence for the successful establishment of
LatAm-VpST3, having been recorded in Latin America for almost two
decades, which is unique for a strain of a dynamic bacterium like V.
parahaemolyticus. During this time, LatAm-VpST3 became specialised
with limited innovation, evidencing a well-adapted population that has
reached the peak of environmental fitness in the adaptive landscape,
compared to heterogeneous recently-introduced populations under-
going diversification and requiring innovation. Our analyses found
LatAm-VpST3 had no trend of gene uptake compared to the rest of the
collection and a far lower rate of recombination (r/m = 0.164, affecting
0.004% of the genome). This is lower than recent estimates of
recombination in V. parahaemolyticus populations, with studies esti-
mating recombination affects 0.017% of Vibrio genomes per year®,
however is similar to the clonally evolving V. cholerae 7th pandemic
lineage (r/m=0.1"%), and characteristic of clonal evolution®.
Restriction-modification system genes, which limit exchange of
genetic material, were found in 14.3% of the LatAm-VpST3 samples,
and nowhere else. This cements the isolation of LatAm-VpST3 from
other Vibrio populations, exacerbated by genetic differentiation, due
to no genetic interaction with other populations. Additionally, we
observed a decline in the number of mutations in the core genome.
While the whole VpST3 collection fell in the lower end of mutation
ranges previously reported for other Vibrio clonal groups****, LatAm-
VpST3 had a particularly low mutation rate. Temporally, core genome
mutations increased during the initial expansion of LatAm-VpST3,
likely as conditions returned to normal after the 1997 El Nifio event,
resulting in negative SST anomalies and positive salinity anomalies,

requiring adaptive environmentally-driven mutations. Subsequent
environmental conditions were more uniform, reducing the need for
further adaptation or innovation, explaining the decline in mutations
thereafter, leading to a bottleneck.

This high level of specialisation in the Latin American marine
environment may explain the lack of success of LatAm-VpST3 samples
outside of Latin America. Additionally, after decades without compe-
tition or need for innovation, this may put LatAm-VpST3 at a dis-
advantage against the modern cluster, leading to its decline. The
modern cluster replacing LatAm-VpST3 is generally successful in all
continents, across vastly distinct environmental conditions, suggest-
ing it is more of a generalist. With much higher mutation and recom-
bination rates, it is likely capable of adapting to a range of changing
environments, which is distinct from the current evolutionary
mechanisms of LatAm-VpST3. We propose that LatAm-VpST3 was
favoured within the particular ecological niche in Latin America but
has likely become ecologically isolated due to a lack of gene exchange
and diversification. Such isolation has been observed within Vibrio
populations relating to host niches”, but the consequence here is likely
to result in clonal replacement.

In conclusion, the emergence of VpST3 in Latin America was
therefore not a transcontinental spread of the epidemic strain
emerged in Calcutta in 1996, but was instead the result of an ancestral
VpST3 variant introduced into Latin America before this, where it
underwent a successful adaptation to the distinct, local environmental
conditions over its evolutionary divergence from this ancestral stage,
differentiating these populations from VpST3 isolates found in Asia.
The arrival of the exceptional warming conditions in 1996-97 globally
associated with the strong El Nifio event drove the emergence of
infections across Peru and north of Chile, concurrently with the epi-
demic emergence in India, with distinct variants involved in both
regions, following differentiated evolutionary trajectories. Ultimately,
the addition of novel Latin American samples helped to uncover this
new angle to the global expansion of VpST3, highlighting the impor-
tance of surveillance data for a classically underreported bacterium. To
fully understand environmentally-driven selection, future genome
submissions should be accompanied with high-resolution spatio-
temporal data®, alongside in-situ experiments testing adaptive
responses to environmental stimuli, on a much finer resolution than
coarse satellite data, which will facilitate characterisation of pathogen
eco-evolutionary responses to environmental changes. We have
taken the unique opportunity to combine environmental and evolu-
tionary approaches to explore the complex dynamics surrounding the
pandemic expansion of a bacteria strain into new and distinct climates,
to gain a greater understanding into clonal expansion and global
spread of pathogens. Continuing to endeavour to understand the
dynamics of pandemic expansion is critical to pre-empting and miti-
gating future pandemic health threats.

Methods

Sequencing of novel isolates

A total of 32 novel VpST3 strains from the National Centre for Public
Health in Peru, collected between 1997-2007 from regions spanning
Iquitos in Northern Peru, to Puerto Montt in southern Chile, were
sequenced using MiSeq Illumina (denoted in Supplementary Table 1).
Strains were submitted from regional laboratories to the reference
center at the Instituto Nacional de Salud (Lima, Peru), with only
information about the location and date of isolation provided. This
study was conducted within the framework of the National Surveil-
lance for Acute Enteric Diarrhoea approved by the Instituto Nacional
de Salud of Peru and the Committee of Research and Ethics approval
was waived in accordance with the national legislation and the insti-
tutional requirements for Public Health Surveillance (Ministry Reso-
lution N °© 730-2022-MINSA). The strains were retrieved from a— 80 °C
storage freezer, transferred to Luria-Bertani (LB) medium (with 3%
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NaCl), and incubated at 37 °C with shaking at 250 rpm. The genomic
DNA was extracted with the DNeasy Blood and Tissue kit (Qiagen,
Valencia, CA) from overnight cultures. The DNA concentration was
determined using a Qubit double-stranded DNA BR assay kit and a
Qubit fluorometer (ThermoFisher Scientific, Waltham, MA), according
to manufacturer’s instructions. Sequencing libraries were prepared
with the Nextera XT DNA sample preparation kit (Illumina) and sub-
sequently sequenced using an Illumina MiSeq. The assembled
sequences were submitted under BioProject PRINA1062747. All sam-
ples had a quality (QC) above Q30 (Table 1).

Genomic data and processing

The new isolates were added to an initial global collection of 434
publicly-available VpST3 genomes (see Supplementary Table 1) for
genomic analyses. Strains were selected from global databases based
on two criteria; the samples were accompanied with sufficient meta-
data (with a sample collection date at a minimum annual resolution,
and a location attribute with a minimum country resolution). The
sequence type of each genome was obtained using multi-locus
sequence typing (MLST) based on seven housekeeping gene loci
across both chromosomes (dnak, gyrB, recA, dtdS, pntA, pyrC and tnaA)
from the V. parahaemolyticus scheme in the PubMLST database® using
default settings in MLST v2.11 (available at https://github.com/
tseemann/milst)*. This included 16 genomes recently made publicly
available®®*’, and not yet utilised. We downloaded the raw sequence
data (in fastQ format) for each VpST3 sequence, which were then run
through the same analysis pipeline to ensure consistency. The raw
sequence data was processed, validated, quality-filtered, and anno-
tated using the Bactopia v2.0.2 pipeline with default parameters*.
Reads that failed to pass length or quality requirements in the quality
check module of the Bactopia v2.0.2 pipeline were filtered out and
excluded from downstream analyses. This pipeline then assembled the
sequences with default parameters in Shovill v1.1.0 (https://github.
com/tseemann/shovill), a standard de novo genome assembler for
lllumina paired-end reads, with assembly quality statistics generated
using QUAST v4.6.0*. The trimmed VpST3 collection contained 312
isolates in total from 19 countries within 3 continents (163 from Asia, 71
from South America and 78 from North America), including a ‘pre-
pandemic’ strain*?, isolated in Japan in 1980, to explore relatedness to
the pandemic clone ST3. Parsnp v1.5.6** was used to identify core SNPs
(single nucleotide polymorphisms) across all sequences, and create a
core genome alignment using the reference genome Vibrio para-
haemolyticus RIMD 2210633. Recombining regions were identified and
removed using Gubbins v3.1.6*, alongside any sequences that were
too similar, to provide the final nonrecombining core genome align-
ment. SNP calling was performed using snp-sites v2.5.1*, based on the
same reference genome, which were subsequently annotated using
SnpEff v5.1*¢ to predict functional effects on genes. We constructed a
maximum-likelihood phylogenetic tree from the non-recombining
SNPs in IQ-TREE v2.2.3*, with 1000 normal bootstrap replicates and a
TVMe+ASC substitution model (a transversion model with equal base
frequencies and ascertainment bias correction, identified as the best-
fit model according to a Bayesian Information Criterion analysis),
rooted to the pre-pandemic strain, in which 818 sites of 2334 were
found to be parsimony-informative.

Bayesian phylogenetic analysis

Temporal signal and conformation to a molecular clock was confirmed
in TempEst v1.5.3*. VpST3 dynamics were reconstructed using a
Bayesian phylogeographic approach in BEAST v2*, a package that
facilitates the statistical inference of historic population dynamics and
evolutionary parameters from molecular sequence data using a Mar-
kov chain Monte Carlo (MCMC) algorithm sampling from a posterior
distribution. A structured coalescent was applied to the non-
recombining core SNP alignment, using tip dates and discrete traits (as

part of the MultiTypeTree template) to append temporal and spatial
information (continent-level) respectively. A relaxed log normal
molecular clock model was selected based on previous path sampling
and stepping-stone sampling analysis that identified this molecular
clock model as the best fit for V. parahaemolyticus*. The model used a
GTR (general time reversible) substitution model with a substitution
rate prior (ucld.mean) set to a normal distribution, as used previously
for V. parahaemolyticus® and identified here as having the strongest
Bayesian posterior probability support using the BModelTest model
comparison implementation®®. Population sizes and migration rates
were both estimated within the model, with an exponential prior set,
and sensitivity analyses for convergence was conducted to set
remaining parameters and priors. The model was run for
250,000,000 states in total. Tracer v1.7.1° was used to confirm the
convergence of the MCMC outputs (ESS >200) and provide summary
statistics. TreeAnnotator, a BEAST2 tool, was used to generate a final
Maximum Clade Credibility (MCC) tree, annotated with estimated
divergence dates and likely geographic origin of the most recent
common ancestor. We measured the phylogenetic signal (K statistic)
of geographic traits (both country of origin and continent), using
picante v1.8.2%, to test for a geographic signal of phylogenetic clus-
tering within our tree. This stage of the analysis led to the identification
of the LatAm-VpST3 sub-group, providing the focus of subsequent
analyses.

Population genomics

We tested for structure within the population using the non-para-
metric, statistical approach in TreeStructure v0.1.0", performing
100,000 tree simulations, set to a significance threshold of p < 0.001.
Discriminant Analysis of Principle Component (DAPC) was applied to
identify genetic clusters and differentiation using the adegenet pack-
age v2.1.10%, in R*. Firstly, natural clusters were identified using no
prior information, with a k-means clustering algorithm identifying the
optimum number of clusters as 18, giving the lowest Bayesian Infor-
mation Criterion value. We then ran DAPC using the 3 pre-defined
populations found in TreeStructure; with 100,000 simulations set at a
significance threshold of p <0.001. The results were interrogated for
evidence of admixture, and identification of key SNPs used to dis-
criminate the clusters. Further statistics of genetic differentiation of
LatAm-VpST3 from the rest of the collection included calculating the
Analysis of Molecular Variance (AMOVA) using the poppr package
v2.6.1”, and calculating the pairwise fixation index (FST) between
populations using the dartR package v2.9.7°, both in R. Effective
population size dynamics of LatAm-VpST3 were estimated using a
Coalescent Bayesian Skyline in BEAST2, utilising a MCMC sampling
procedure (ran for 50,000,000 states to reach convergence) to group
coalescent events into time intervals and reveal demographic sig-
natures over time. Hedrick’s GST (coefficient of genetic differentia-
tion), a standardised version of Nei’s Genetic Diversity Index®, was
used as a descriptive statistic to represent within-population genetic
diversity. It was implemented using vcfR v1.15% in R. Hedrick’s GST
infers the distribution of allele frequencies for each site, in each of the
subpopulations identified, which was averaged across to give an indi-
cation of diversity across the whole core genome within each sub-
population, and compared across temporal 5-year bins.

Oceanic climate data

Historic oceanic climate data was acquired for temporal periods
aligning the estimated introduction and divergence of VpST3. SST data
were acquired from ERAS reanalysis which uses the HadISST2 dataset
pre-2007°° for 1982-2010. Salinity data were acquired from Met Office
Hadley Centre EN4.2.2 quality-controlled ocean data®® for 1995-2010.
Seawater pH data were acquired from the OceanSODA global gridded
dataset®® for 1982-2010. The data were processed using xarray®* in
Python to clip to areas of interest (Peru coast and southeast China
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coast to represent the LatAm-VpST3 group and co-existing dominant
Asian population respectively), and extracted to form monthly time
series and seasonal signals. Data were also aggregated to seasonal
averages for each year and appended to each sample based on the
isolate collection date and origin country, for climate association
analyses.

Identifying signatures of adaptation

Redundancy analysis (RDA) was used to test for multilocus adaptation
in the core genome using the R packages adegenet v2.1.10°* and vegan
v2.6.4%. This multivariate technique allowed us to analyse genotype-
environment associations to detect loci under selection®. Candidate
SNPs and their loading values were identified on each RDA axis and
then the correlation between these and various environmental pre-
dictors (average, maximum and minimum SST and salinity for each
season) were calculated.

We also explored signatures of adaptation outside the core gen-
ome. Roary v3.13.0 was used to construct the pangenome and
annotate the presence of accessory genes present within the whole
collection. Particularly, we were interested in shell accessory genes
(present in 15-95% of the population) that might be indicative of
selective adaption. Scoary v1.6.16°® was used to identify accessory
genes whose presence was statistically associated with the LatAm-
VpST3 group specifically, compared to the rest of the collection. Sco-
ary was then used again to identify any accessory genes within the
LatAm-VpST3 pangenome that were associated with climate anomalies.

To test for selection signatures, we calculated Tajima’s D statistic®
for LatAm-VpST3, which provides a measure of deviation from neutral
evolution, indicating if there is significant evidence of purifying or
diversifying selection. To reveal site-specific selection pressures in
genes of interest (those where previously environmental associations
had been established), we estimated dN/dS ratios using Single-
Likelihood Ancestor Counting (SLAC) within HyPhy v2.5.487°, to
detect sites under diversifying or purifying selection. SLAC uses a
combination of maximum-likelihood (ML) and an adjusted Suzuki-
Gojobori counting method to estimate the nonsynonymous (dN) and
synonymous (dS) substitution rates on a per-site basis. Significance
was calculated for each site using an extended binomial distribution-
we set this at p<0.05 or below to consider a site under pervasive
selection.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequence data generated during the study is available under BioProject
number PRJNA1062747 [https://www.ncbi.nlm.nih.gov/bioproject/
1062747]. Previously published sequence data used in this study can
be found at the following BioProjects at https://ncbi.nlm.nih.gov/:

PRJEB39490, PRJNA176634, PRJNA176652, PRJNA188204,
PRJNA215961, PRJNA222557, PRJNA231221, PRJNA233509,
PRJNA245882, PRJNA266293, PRJNA273159, PRJNA275536,
PRJNA304021, PRJNA306401, PRJNA324079, PRJNA324080,
PRJNA324095, PRJNA324096, PRJNA324105, PRJNA325137,
PRJNA325139, PRJNA33625, PRJNA345099, PRJNA347505,
PRJNA350230, PRJNA357947, PRJNA357986, PRJNA360,
PRJNA393608, PRJNA437553, PRJNA437554, PRJNA437555,
PRJNA437557, PRJNA437561, PRJNA437563, PRJNA437564,
PRJNA438219, PRJNA483379, PRJNA487159, PRJNA531481,
PRJNA556706, PRJNA602337, PRJNA613630, PRJNA633360,
PRJNA639932, PRJNA643807, PRJNA664306, PRJNA677930,
PRJNA706389, PRJNA747744, PRJNA754786, PRJNA754787,

PRJNA754788, PRJNA754789. Specific accession codes and
metadata can be found in Supplementary Table 1.

References

1. Archer, E. J. et al. Climate warming and increasing Vibrio vulnificus
infections in North America. Sci. Rep. 13, 3893 (2023).

2. Gavilan, R. G., Caro-Castro, J. & Trinanes, J. A new generation
of real-time environmental monitoring systems to study the
impact of El Nifio on disease dynamics. Curr. Opin. Biotechnol.
81, 102924 (2023).

3. Campbell, A. M., Racault, M.-F., Goult, S. & Laurenson, A. Cholera
risk: A machine learning approach applied to essential climate
variables. Int. J. Environ. Res. Public Health 17, 9378 (2020).

4. Martinez-Urtaza, J. et al. Genomic variation and Evolution of Vibrio
parahaemolyticus ST36 over the course of a transcontinental epi-
demic expansion. Mbio. 8, 10.1128/mBio0.01425-17 (2017).

5. Trinanes, J. & Martinez-Urtaza, J. Future scenarios of risk of Vibrio
infections in a warming planet: a global mapping study. Lancet
Planet. Health 5, e426-e435 (2021).

6. Mutreja, A. et al. Evidence for several waves of global transmission
in the seventh cholera pandemic. Nature 477, 462-465 (2011).

7. Lima, F. P. & Wethey, D. S. Three decades of high-resolution coastal
sea surface temperatures reveal more than warming. Nat. Commun.
3, 1-13 (2012).

8. Froelich, B. A. & Daines, D. A. In hot water: effects of climate
change onVibrio-human interactions. Environ. Microbiol. 22,
4101-4111 (2020).

9. Smith, J. M., Feil, E. J. & Smith, N. H. Population structure and
evolutionary dynamics of pathogenic bacteria. BioEssays 22,
1115-1122 (2000).

10. Nair, G. B. et al. Global dissemination of Vibrio parahaemolyticus
serotype O3:K6 and its serovariants. Clin. Microbiol Rev. 20,
39-48 (2007).

1. Gil, A. I. et al. O3: K6 serotype of Vibrio parahaemolyticus identical
to the global pandemic clone associated with diarrhea in Peru. Int. J.
Infect. Dis. 11, 324-328 (2007).

12. Martinez-Urtaza J., et al. Emergence of asiatic Vibrio diseases
in South America in phase with El Nifo. Epidemiology. 19,
829-837(2008).

13. Martinez-Urtaza, J., Trinanes, J., Gonzalez-Escalona, N. & Baker-
Austin, C. Is El Nifio a long-distance corridor for waterborne dis-
ease? Nat. Microbiol. 1, 16018 (2016).

14. Gonzalez-Escalona, N. et al. Vibrio parahaemolyticus diarrhea,
Chile, 1998 and 2004. Emerg. Infect. Dis. 11, 129-131 (2005).

15. Volz, E. M. et al. Identification of hidden population structure in
time-scaled phylogenies. Syst. Biol. 69, 884-896 (2020).

16. Kopprio, G. A. et al. Vibrio and bacterial communities across a
pollution gradient in the bay of bengal: unraveling their biogeo-
chemical drivers. Front. Microbiol. 11, 594 (2020).

17. Domman, D. et al. Integrated view of Vibrio cholerae in the Amer-
icas. Science 358, 789-793 (2017).

18. Wu, B., Liang, W. & Kan, B. Growth phase, oxygen, temperature, and
starvation affect the development of viable but non-culturable state
of Vibrio cholerae. Front. Microbiol. 7, 404 (2016).

19. Mesnil, A. et al. Emergence and clonal expansion of Vibrio aes-
tuarianus lineages pathogenic for oysters in Europe. Mol. Ecol.
10.1111/mec.16910 (2023).

20. Gao, T. et al. MnmeE, a central tRNA-modifying GTPase, is essential
for the growth, pathogenicity, and arginine metabolism of
Streptococcus suis serotype 2. Front. Cell. Infect. Microbiol. 9,

173 (2019).

21. Mavian, C. et al. Toxigenic Vibrio cholerae evolution and estab-
lishment of reservoirs in aquatic ecosystems. Proc. Natl Acad. Sci.
USA 117, 7897-7904 (2020).

22. Padan, E. Functional and structural dynamics of NhaA, a prototype
for Na+ and H+ antiporters, which are responsible for Na+ and H+
homeostasis in cells. Biochimica et. Biophysica Acta (BBA)-Bioenerg.
1837, 1047-1062 (2014).

Nature Communications | (2024)15:7828

13


https://www.ncbi.nlm.nih.gov/bioproject/1062747
https://www.ncbi.nlm.nih.gov/bioproject/1062747
https://ncbi.nlm.nih.gov/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52159-y

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Meibom, K. L., Blokesch, M., Dolganov, N. A., Wu, C.-Y. & Schoolnik,
G. K. Chitin induces natural competence in Vibrio cholerae. Science
310, 1824-1827 (2005).

Brumfield, K. D. et al. Environmental factors influencing occurrence
of Vibrio parahaemolyticus and Vibrio vulnificus. Appl. Environ.
Microbiol. 89, e00307-23 (2023).

Ding, Y., Peng, N., Du, Y., Ji, L. & Cao, B. Disruption of putrescine
biosynthesis in Shewanella oneidensis enhances biofilm cohesive-
ness and performance in Cr (VI) immobilization. Appl. Environ.
Microbiol. 80, 1498-1506 (2014).

Bowley, J., Baker-Austin, C., Michell, S. & Lewis, C. Pathogens
transported by plastic debris: does this vector pose a risk to aquatic
organisms? Emerg. Top Life Sci. 6, 349-358 (2022).

Lyons, M. et al. Theory of island biogeography on a microscopic
scale: organic aggregates as islands for aquatic pathogens. Aquat.
Microb. Ecol. 60, 1-13 (2010).

Hildebrand, F. et al. Dispersal strategies shape persistence and
evolution of human gut bacteria. Cell host microbe 29, 1167-76.
€9 (2021).

Almalki, F., Choudhary, M. & Azad, R. K. Analysis of multipartite
bacterial genomes using alignment free and alignment-based
pipelines. Arch. Microbiol. 205, 25 (2023).

Baby, B. et al. Complete genome sequence of Vibrio gazogenes
PB1: an estuarine bacterium capable of producing prodigiosin from
starch or cellulose. Front. Mar. Sci. 10, 1028319 (2023).

Yang, C. et al. Recent mixing of Vibrio parahaemolyticus popula-
tions. Isme j. 13, 2578-2588 (2019).

Didelot, X. et al. The role of China in the global spread of the current
cholera pandemic. PLoS Genet. 11, 1005072 (2015).

Milgroom, M. G. Population biology of plant pathogens: genetics,
ecology, and evolution: APS Press, The American Phytopathologi-
cal Society St. Paul, MN, USA; (2015).

Azarian, T. et al. Non-toxigenic environmental Vibrio cholerae

O1 strain from Haiti provides evidence of pre-pandemic cholera in
Hispaniola. Sci. Rep. 6, 36115 (2016).

Mironova, L. V. et al. Comparative genomics of Vibrio cholerae El
Tor strains isolated at epidemic complications in Siberia and at the
Far East. Infect., Genet. Evolution 60, 80-88 (2018).

Campbell, A. M., Hauton, C., Baker-Austin, C., van Aerle, R. & Mar-
tinez-Urtaza, J. An integrated eco-evolutionary framework to pre-
dict population-level responses of climate-sensitive pathogens.
Curr. Opin. Biotechnol. 80, 102898 (2023).

Jolley, K. A. & Maiden, M. C. BIGSdb: scalable analysis of bacterial
genome variation at the population level. BMC Bioinforma. 11,

1-11 (2010).

Baker-Austin, C. et al. Genomic epidemiology of domestic and
travel-associated Vibrio parahaemolyticus infections in the UK,
2008-2018. Food Control 115, 107244 (2020).

Pérez-Duque, A. et al. Comparative genomics of clinical and
environmental isolates of vibrio spp. of Colombia: implications of
traits associated with virulence and resistance. Pathogens 10,
1605 (2021).

Petit, R. A., Read, T. D. & Segata, N. Bactopia: a flexible pipeline
for complete analysis of bacterial genomes. mSystems 5,
e00190-20 (2020).

Gurevich, A., Saveliev, V., Vyahhi, N. & Tesler, G. QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29,
1072-1075 (2013).

Gavilan, R. G., Zamudio, M. L. & Martinez-Urtaza, J. Molecular epi-
demiology and genetic variation of pathogenic Vibrio para-
haemolyticus in Peru. PLoS Negl. Trop. Dis. 7, €2210 (2013).
Treangen, T. J., Ondov, B. D., Koren, S. & Phillippy, A. M. The
Harvest suite for rapid core-genome alignment and visualization
of thousands of intraspecific microbial genomes. Genome Biol. 15,
1-15 (2014).

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

Croucher, N. J. et al. Rapid phylogenetic analysis of large samples
of recombinant bacterial whole genome sequences using Gubbins.
Nucleic acids Res. 43, e15-¢e15 (2015).

Page, A. J. et al. SNP-sites: rapid efficient extraction of SNPs from
multi-FASTA alignments. Microbial. genomics. 2,

PMC5320690 (2016).

Cingolani, P. et al. A program for annotating and predicting the
effects of single nucleotide polymorphisms, SnpEff: SNPs in the
genome of Drosophila melanogaster strain w1118; iso-2; iso-3. fly 6,
80-92 (2012).

Minh, B. Q. et al. IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37,
1530-1534 (2020).

Rambaut, A., Lam, T. T., Max Carvalho, L. & Pybus O. G. Exploring
the temporal structure of heterochronous sequences using Tem-
pEst (formerly Path-O-Gen). Virus Evolution. 2, 10.1093/ve/
vew0O07 (2016).

Bouckaert, R. et al. BEAST 2.5: an advanced software platform for
Bayesian evolutionary analysis. PLoS computational Biol. 15,
1006650 (2019).

Bouckaert, R. R. & Drummond, A. J. bModelTest: Bayesian phylo-
genetic site model averaging and model comparison. BMC Evolut.
Biol. 17, 1-11 (2017).

Rambaut, A., Drummond, A. J., Xie, D., Baele, G. & Suchard, M. A.
Posterior summarization in Bayesian phylogenetics using Tracer 1.7.
Syst. Biol. 67, 901-904 (2018).

Kembel, S. W. et al. Picante: R tools for integrating phylogenies and
ecology. Bioinformatics 26, 1463-1464 (2010).

Jombart, T. Adegenet: a R package for the multivariate analysis

of genetic markers. Bioinformatics 24, 1403-1405 (2008).

Team R. RStudio: integrated development for R. (No Title).
(2015).

Kamvar, Z. N., Tabima, J. F. & Griinwald, N. J. Poppr: an R package
for genetic analysis of populations with clonal, partially clonal, and/
or sexual reproduction. Peer) 2, €281 (2014).

Gruber, B., Unmack, P. J., Berry, O. F. & Georges, A. dartr: An r
package to facilitate analysis of SNP data generated from reduced
representation genome sequencing. Mol. Ecol. Resour. 18,
691-699 (2018).

Drummond, A. J., Rambaut, A., Shapiro, B. & Pybus, O. G. Bayesian
coalescent inference of past population dynamics from molecular
sequences. Mol. Biol. Evolution 22, 1185-1192 (2005).

Hedrick, P. W. A standardized genetic differentiation measure.
Evolution 59, 1633-1638 (2005).

Knaus, B. J. & Griinwald, N. J. vcfr: a package to manipulate and
visualize variant call format data in R. Mol. Ecol. Resour. 17,

44-53 (2017).

Hersbach, H. et al. The ERA5 global reanalysis. Q. J. R. Meteor-
ological Soc. 146, 1999-2049 (2020).

Good, S. A., Martin, M. J. & Rayner, N. A. EN4: Quality controlled
ocean temperature and salinity profiles and monthly objective
analyses with uncertainty estimates. J. Geophys. Res.: Oceans 118,
6704-6716 (2013).

Gouretski, V. & Cheng, L. Correction for systematic errors in

the global dataset of temperature profiles from mechanical
bathythermographs. J. Atmos. Ocean. Technol. 37, 841-855
(2020).

Gregor, L. & Gruber, N. OceanSODA-ETHZ: a global gridded
data set of the surface ocean carbonate system for seasonal to
decadal studies of ocean acidification. Earth Syst. Sci. Data 13,
777-808 (2021).

Hoyer, S. & Hamman, J. xarray: ND labeled arrays and datasets in
Python. J. Open Res. Softw. 5, 10 (2017).

Dixon, P. VEGAN, a package of R functions for community ecology.
J. Vegetation Sci. 14, 927-930 (2003).

Nature Communications | (2024)15:7828

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52159-y

66. Forester, B. R., Lasky, J. R., Wagner, H. H. & Urban, D. L.
Comparing methods for detecting multilocus adaptation with
multivariate genotype-environment associations. Mol. Ecol.
27, 2215-2233 (2018).

67. Page, A. J. et al. Roary: rapid large-scale prokaryote pan genome
analysis. Bioinformatics 31, 3691-3693 (2015).

68. Brynildsrud, O., Bohlin, J., Scheffer, L. & Eldholm, V. Rapid scoring
of genes in microbial pan-genome-wide association studies with
Scoary. Genome Biol. 17, 1-9 (2016).

69. Tajima, F. Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123, 585-595
(1989).

70. Kosakovsky Pond, S. L. et al. HyPhy 2.5—a customizable platform for
evolutionary hypothesis testing using phylogenies. Mol. Biol. evo-
lution 37, 295-299 (2020).

71. Bielejec, F. et al. SpreaD3: interactive visualization of spatio-
temporal history and trait evolutionary processes. Mol. Biol. Evol.
33, 2167-2169 (2016).

72. Chakraborty, S., Gogoi, M. & Chakravortty, D. Lactoylglutathione
lyase, a critical enzyme in methylglyoxal detoxification, contributes
to survival of Salmonella in the nutrient rich environment. Virulence
6, 50-65 (2015).

73. Kurihara, S. et al. A novel putrescine utilization pathway involves y-
glutamylated intermediates of Escherichia coli K-12. J. Biol. Chem.
280, 4602-4608 (2005).

74. Nemoto, N. et al. Mechanism for regulation of the putrescine utili-
zation pathway by the transcription factor PuuR in Escherichia coli
K-12. J. Bacteriol. 194, 3437-3447 (2012).

75. Liu, Z., Hossain, S. S., Morales Moreira, Z. & Haney, C. H. Putrescine
and its metabolic precursor arginine promote biofilm and c-di-GMP
synthesis in Pseudomonas aeruginosa. J. Bacteriol. 204, e00297-21
(2022).

76. Del Rio, B. et al. Putrescine production via the agmatine deiminase
pathway increases the growth of Lactococcus lactis and causes the
alkalinization of the culture medium. Appl. Microbiol. Biotechnol.
99, 897-905 (2015).

77. Caugant, D. A. & Maiden, M. C. Meningococcal carriage and
disease—population biology and evolution. Vaccine 27,

B64-B70 (2009).

Acknowledgements

This work was supported by: Natural Environmental Research Council
[Grant number NE/S007210/1] (A.M.C.). Centre for Environment, Fish-
eries and Aquaculture Science (Cefas) internal Seedcorn funding
(A.M.C.). Ministerio de Ciencia e Innovacion (Spain) Grants PID2021-
127107NB-100 (J.M.U.). Generalitat de Catalunya Grant 2021 SGR 00526

(J.M.U.). European Union’s Horizon Europe research and innovation
program under Grant Agreement No.101057554 (IDAlert) (J.M.U.).

Author contributions

A.M.C., JM.U., C.H. and R.vA. designed research; A.M.C. performed
research; J.M.U. and R.G.G. generated data; A.M.C. analysed data;
A.M.C., J.M.U,, C.H.,R.VA., M.A.M. and C.V. interpreted results; and AMC
and JMU wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-52159-y.

Correspondence and requests for materials should be addressed to
Jaime Martinez-Urtaza.

Peer review information Nature Communications thanks Nick Vereecke
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:7828

15


https://doi.org/10.1038/s41467-024-52159-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Evolutionary dynamics of the successful expansion of pandemic Vibrio parahaemolyticus ST3 in Latin America
	Results
	Global dynamics of VpST3
	A Latin American sub-population
	Genetic Differentiation of LatAm-VpST3
	Signatures of selection within LatAm-VpST3
	Post-establishment specialism

	Discussion
	Parallel emergence of VpST3
	Signatures of selection to the distinct climate
	Establishment and Isolation

	Methods
	Sequencing of novel isolates
	Genomic data and processing
	Bayesian phylogenetic analysis
	Population genomics
	Oceanic climate data
	Identifying signatures of adaptation
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




