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Abstract

Vibrio cholerae, because of its role as the causative agent of cholera pandemics, is an
extraordinarily well studied microorganism. Decades of research have uncovered a plethora of
molecular mechanisms and a wealth of genomic information related to the organisms’ lifestyle
as a pathogen. V. cholerae is also easily kept in a laboratory setting and, as a common member
of bacterial communities in brackish waters and coastal areas worldwide, is readily isolated in
large numbers. These two properties make it an ideal organism to study the population
dynamics and evolution of aquatic bacteria. However, decades of pathogenicity-focused
research have left us with little understanding of even the baseline structure of a natural
population of V. cholerae. Importantly, the ecology of numerous non-pathogenic lineages of this
organism is largely unknown. In this thesis, | aim to test the hypothesis that various lineages of
V. cholerae have evolved to occupy a number of different ecological niches, and develop a

baseline understanding of the population structure and dynamics of this species.

By combining multi-locus sequence typing of over 400 Vibrio isolates and whole genome
sequencing of selected strains from a pond ecosystem in the eastern United States, |
discovered a highly clonal population structure dominated by only a few, phylogenetically
distinct lineages. A larger number of non-dominant lineages exist in low abundance and
undergo strong fluctuations in the span of a month. | also classify a particularly divergent
lineage of V. cholerae as a new, phylogenetically and phenotypically distinct species, V.
metoecus. This species represents the closest discovered relative to V. cholerae to date and is
an example of recent ecological niche separation. Among a number of potentially ecologically
relevant genes differentiating lineages of V. cholerae, | discovered an extraordinary diversity of
Type VI secretion system (T6SS) associated effector and immunity genes. Based on evidence
from extant genomes, | describe a mechanism of horizontal gene transfer and illegitimate

recombination that leads to the evolution of complex arrays of effector and immunity genes



unique to each lineage of V. cholerae and V. metoecus at our sampling site. Finally, | develop a
high-throughput sequencing method for a variable region of a gene exclusive to V. cholerae that
allows the culture-independent study of its population structure at unprecedented scale. In
addition to confirming the results of my isolation-based study, | uncover drastic shifts in the
population structure of V. cholerae over the course of two years, including the invasion of a non-
endemic strain after a seasonal depletion of the local Vibrio population. Furthermore, |
demonstrate pervasive mosaic sympatry, with sampling sites 5m apart harbouring different
strains of V. cholerae, perhaps mediated by their unique T6SS effector-immunity gene
combination. Importantly, | also detect the presence of pandemic-related V. cholerae as a minor
contributor to this population, sporadically rising to larger relative abundance. | provide
evidence that this particular lineage is adapted to life on marine particles, while most V.
cholerae lineages are generalists found free-swimming and particle associated. These results,
taken together, imply that a mixture of mosaic sympatry and T6SS mediated interactions
facilitate the coexistence of multiple lineages of V. cholerae in a single location. Some of these
lineages show strong indication of niche-separation, yet a combination of intrinsic and extrinsic
factors likely allows members of the species to diverge significantly while remaining roughly

ecologically equivalent.
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Chapter 1

Introduction

1.1 V. cholerae as a model system to study microbial population dynamics

and evolution

Population thinking lies at the heart of modern evolutionary biology. Populations, not
individuals, dynamically change according to the forces of selection, drift and migration.
Populations geno- and phenotypically deviate from one another in a process of diversification
that can eventually lead to the origin of species. In sexually reproducing organisms such as
animals, species are generally defined as groups of interbreeding populations, and the process
of speciation is invariably linked to the evolution of reproductive barriers between populations
(1). For microbiologists who study prokaryotic organisms where reproduction and sexuality are
separate, even the existence of species is a contentious issue (2). Yet in the last decade, the
notion that bacteria form monophyletic groups of ecologically similar strains has gained
widespread acceptance (3). Two central differences in the biology of pro- and eukaryotes lead
to the assumption that formation of such prokaryotic lineages might proceed fundamentally
differently from eukaryotes: () Prokaryotes reproduce clonally and thus their populations lack
the clear coherence that interbreeding of closely related organisms brings. (lI) Rampant
horizontal gene transfer (HGT), even between distantly related organisms, has the potential to
erase any differences that might evolve between populations (4). Major hurdles in improving our
understanding of prokaryotic evolution are a lack of knowledge on existing species diversity and
population structure, often due to lack of culturability of many organisms, as well as limited
knowledge of the particular organism’s biology and genetics. Vibrio cholerae, a marine Gamma-
Proteobacterium, lacks some of these characteristics that generally obstruct the study of
prokaryotic evolution. It is readily isolated in large quantities from a number of environments (5).
Also, due to the public health threat posed by the organism, its genetics and physiology are
extraordinarily well studied. For the same reason, most research on V. cholerae is focused on a
single clade in this diverse species, which contains all strains capable of causing pandemic

outbreaks of the disease cholera. As a result, there is a dearth of information about the biology



of environmental strains, which represent the vast majority of the species. Thus, the immediate
goal of my research is to form a baseline understanding of the diversity, population structure
and niche adaptations in environmental, non-pathogenic Vibrio cholerae. In the longer term, |
hope to establish and use Vibrio cholerae as a viable model organism to study the emergence

of new bacterial lineages in an environmental setting.

1.2 Patterns of bacterial diversity in nature

The macroscopic world that we inhabit is at first glance neatly delineated. The reality of
groups of similar organisms termed species is apparent (6). The success of numerical taxonomy
in animals and other large creatures, where groups of similar organisms can be statistically
delineated from one another based on their evolutionarily derived characteristics (7), can be
attributed to the vast set of phenotypical traits immediately apparent to even the lay observer.
Clusters of organisms based on such statistical analysis of pheno- and genotypic characteristics
usually (although not always) overlap with that is both commonly and scientifically considered a

species (8).

Conversely, despite the existence of large sets of selective and differential tests, prokaryotes
as a whole lack the phenotypic characteristics that enable us to easily differentiate macrobes
(9). Cell shape and physiological characteristics permit a degree of taxonomic categorization,
yet the sheer diversity of bacterial taxa as well as trait variability within taxa often preclude the
correct identification of bacteria on phenotypic basis alone (10). For example, based on its
unique phenotype, the bioluminescent Vibrio VL426 was described as the species Vibrio
albensis in 1896, but nearly 100 years later confirmed to fall firmly within the species V.
cholerae (11). Similar fates have befallen numerous other Vibrios such as V. gindha (12) or V.

paracholerae (13), all various strains of V. cholerae.

Studies by Woese and Fox revolutionized microbial systematics and opened the door for
studying the ecology and evolution of natural bacterial populations: Phylogenies based on
sequences of the 16S rRNA gene not only divided prokaryotes into two clearly separate
‘kingdoms” of bacteria and archaea (14), but nucleotide sequence based phylogenies of
organisms within those two “kingdoms” formed clear clusters, similar to those observed in
eukaryotes (15). Despite the more frequent occurrence of horizontal gene in protein coding
genes, this clustered structure of bacterial diversity proved to be universal for others genes as

well, especially when multiple independent molecular markers are concatenated (16). The



amplification of 16S rRNA sequences directly from DNA extracted from environmental samples,
avoiding the cultivation of microorganisms altogether, ultimately demonstrated that natural
bacterial communities are composed of clearly delineated groups, themselves composed of
closely related sequences (17), corresponding to more or less closely related organisms rather

than the continuum of forms dreaded by early taxonomists (18) .

While nowadays the existence of phylogenetic clusters of bacterial diversity is beyond
debate, the categorization of these clusters is not. In typical patterns of nested diversity, clusters
exist within clusters (19) , and without a concept to group them into sensible biological units, the
logical conclusion would be to treat each individual strain as its own unit (4). This approach is
obviously impractical, and therefore multiple attempts at making sense of bacterial diversity

have been made.

Variation within a cluster of organisms considered to belong to a single species is generally
accounted for by grouping similar individuals into populations (20). The term population can be
defined through two main approaches: Statistical, where a population is simply defined as
consisting of statistically indistinguishable individuals, and generative, which takes into account
the forces responsible for the emergence of this variation (20). Traditionally, a biological
population is recognized as comprising all individuals of a single species engaged in genetic
exchange through mating (21). Through study of changes in allele frequencies over successive
generations, a population is considered the main unit in which evolution can be observed (22).

Thus, the study of evolution is invariably linked with the study of populations and their dynamics.

In eukaryotes, adaptive alleles tend to spread through populations relatively unlinked from
their genetic background, as sexual reproduction is coupled with recombination between the
parental genomes. Gene flow within a population leads to ecological and genomic coherence,
while the prevention of gene flow between members of a population through reproductive or
physical barriers of varying type leads to divergence. Thus, recombinatorial spread of alleles
serves as a cohesive force that makes all individuals within a population more similar to each
other. At the same time, reproductive barriers serve as a separating force differentiating

members of a population from other individuals (6).

While these concepts may appear universally applicable, their translation into the study of
microbial evolution is problematic. Even disregarding the problems in definition and delineation
of microbial species (to be discussed later in this thesis), discerning populations within a
bacterial “species” is difficult (19). In macroscopic organisms that are clearly incapable of

traversing geographic barriers such as oceans or mountain ranges, populations are often visibly



separated and thus easy to discern. In bacteria, an oft repeated mantra is “everything is
everywhere, and the environment selects” (23). Under the assumption that the ability to
disperse is limitless in bacteria, the term population would be close to synonymous with species.
On the other hand, biogeographic patterns in the distribution of bacterial diversity are observed

at global (24) to microscopic scale (25).

1.3 What is a bacterial population, what is a bacterial species?

Perhaps due to the lack of agreed upon species definition and clear geographic boundaries,
the term population in microbiology has been given wildly differing meanings by various
researchers, ranging from a synonym for species to denoting specific phylogenetic clades or
strains. Often, the term population is not defined at all despite its prominent use. Other times,
populations are correctly defined as comprising only members of the same species, but
spanning vast geographic areas. Accordingly, the “population structure” of V. cholerae and other
Vibrio have been studied under various definitions of the word. Octavia et al. considered an
international collection of strains the global V. cholerae population, synonymous with species.
They divided this population into 4 subpopulations, corresponding to different clades of the
species (26). In this case, the V. cholerae population is implicitly defined as a group that can be
statistically differentiated from others (27). On the other end of the spectrum of population
definitions, occasionally monoclonal groups of (Alii)Vibrio fischeri inhabiting a single crypt of the
light organ of the bobtail squid Euprymna scolopes are considered a population (28). Between
these two extremes ranges a variety of population definitions encompassing geographic regions
of various size, such as the V. parahaemolyticus population of the Pacific Northwest of the
United States (comprising strains isolated from clinical, water, sediment, mollusc and other
samples(29)). The common factor in these population definitions is simply the shared species
membership of the isolates, with neither of the terms properly defined. However, disregarding
both geographic and temporal factors as well as the synonymous use of population and species
can be problematic, as this thesis will later show. In the following paragraphs, | will therefore
attempt to summarize current knowledge on the mechanisms of bacterial cluster formation in an
attempt to come to an operational definition of both population and species that will be used

throughout this thesis.



1.4 Phenetic species concept

Avoiding most theoretical considerations on how species form in the first place, microbial
taxonomy currently uses a polyphasic approach to describe species (10). While this so-called
phenetic species concept has been in use for several decades, the methods employed have
been continuously updated according to recent advances in technology scientific knowledge. As
such, the concept is likely to stay in use for the foreseeable future. The phenetic species
concept is based on three connected tenets: (I) monophly (Il) genomic coherence and (lll)

phenotypic coherence (30).

For demonstrations of monophyly (i.e. membership in a phylogenetic clade composed
exclusively of conspecifics), initial single gene approaches (usually using the 16S rRNA gene)
are being phased out in favour of multi-locus sequence analysis or whole genome phylogenies
(31).

The long-standing primary method of inferring genomic coherence (indicating that on a
nucleic acid basis, all members of a proposed species are more similar to each other than to
other species), is DNA-DNA-Hybridization (DDH) (32). Generally, two genomes are considered
to belong to the same species if reciprocal re-association values of their DNA after denaturation
under controlled condition equal or exceed 70% (32). For Vibrio, DDH values of 80%
corresponds more closely with observed phenotypic clusters and might thus be a more valid
cutoff for that genus (33). Since DDH is exceedingly difficult and time-consuming to perform
(34), multiple alternatives have been developed. Sequence identity of the 16S rRNA genes of
two microbes below 97% ( or even 98.7% (35)) has been shown to correlate with DDH values of
70% or below and are thus accepted as an alternative indication of genomic coherence (36).
The opposite is not necessarily true: in Vibrio and many other genera, 16S rRNA identity above
97% or even identical 16S rRNA sequences have been observed to be shared between
otherwise distinct species (33). Similarly, whole genome based average nucleotide identities
(ANIs) of 95-96% correspond to DDH values of 70% and are also considered viable alternatives
to DDH (36). DDH itself can be performed in-silico (37), and a variety of other methods such as
tetranucleotide-identity, genomic-distance-matrices and conservation of core genes exist to

provide taxonomists with a large number of alternatives to delimit species (38).

The requirement for phenotypic coherence states that the collection of strains belonging to a
new species should differ from closely related species in at least one characteristic that is
shared by all members of the species (30). As the first toolset available to bacterial taxonomists,

a vast variety of different phenotypic tests has been conceived. Growth characteristics under



different conditions are easily performed, and biochemical tests that investigate the metabolic
pathways used by bacteria are commercially available and commonly used (39). However,
given the propensity for horizontal gene transfer of metabolic genes (40), finding exceptions to
phenotypic peculiarities of a species should not come as a surprise. The extensive variation in
biochemical properties found in the Vibrio genus does not allow for a clear differentiation of
species, and interpretations based on carbon utilization are unreliable (33). The analysis of
fatty-acid-methyl-ester content, thought to be species specific, is another popular technique
much less susceptible to horizontal gene transfer between species. However, the lipid content
of Vibrio cells does not allow for optimal differentiation of species, and additionally might be
subject to change depending on culture condition of analysed strains (41). A high-throughput
and efficient method demonstrating phenotypic coherence is Matrix-assisted laser-desorption
time-of-flight mass spectrometry (MALDI-TOF), which generates species-specific peptide
profiles mostly based on conserved ribosomal proteins. In the case of Vibrio, MALDI-TOF has

been shown to largely correlate with DNA-based analyses in 97% of all tested species (42).

Despite its long and successful use in describing microbial biodiversity, polyphasic taxonomy
and the phenetic species concept are increasingly seen as out-dated or at least impractical (34).
The current arbitrary cutoffs for species delineation believed to be too broad. As a result, the
diversity threshold of 96% ANI or 97% 16s rRNA identity groups bacteria into taxonomic units
equivalent to orders in animals or plants (43). Therefore, the accurate comparison of diversity
over large taxonomic distances is impossible (44). On the other hand, tightening the cutoffs
would inflate the number of existing species and split long-standing “good” species into many

different groups, causing potentially dangerous confusion in the medical field.

Another severe challenge to the phenetic species concept comes from advances in
metagenomics. As more genomes of uncultured organisms are assembled from DNA extracted
directly from water or soil, the number of clearly distinct “species” that are unable to be
described due to the lack of cultured isolates is rising to problematic levels (45). A recent
version of the vaunted universal tree of life showed that around half of all known bacterial
diversity corresponds to organisms that have never and might never be grown in culture and
thus can not be formally described as a species (46). Therefore, the phenetic species concept
leaves prokaryotic taxonomy in the awkward situation where a large amount of life’s diversity
can not be formally recognized. Thus, there exists the necessity to formalize a species concept
that is based on a clear theoretical understanding of how species form based on the

evolutionary record left in each organism’s genome (34).



1.5 Ecotype theory

According to ecotype theory, bacterial evolution proceeds by alternating periods of
diversification from an initially clonal lineage through the acquisition of selectively neutral
mutations, and periods of reduction to single clones by selective sweeps initiated by the
acquisition of adaptive mutations (47). The resulting clusters of closely related organisms with
shared ecology and ancestry are termed ecotypes. Multiple ecotypes can exist in groups that
are generally accepted as bacterial species, which are considered more akin to genera of
animals (4). The occurrence of niche-specific adaptive mutations (or horizontal gene transfer
events) within these ecotypes regularly reduces within-ecotype diversity since clones carrying
the mutant allele quickly outcompete all other members of the group. At the same time,
successive genome-wide selective sweeps increase between-ecotype diversity, eventually
diversifying and specializing these groups enough to be considered distinct species. Thus, the
cohesive force forming bacteria into clusters would be provided by selective purges of diversity
(47). Periodic selection resulting in clonal sweeps is easily observed in laboratory growth
experiments (48, 49), but the occurrence of microdiverse sequence clusters in multi-locus
sequence typing efforts of environmental bacteria is generally seen as the hallmark evidence for
the theory (50). In culture-independent studies of Vibrio (among many other taxa), single-locus
marker genes sequences similarly fall into discrete clusters differing by only few nucleotides,

initially assumed to be caused by regular selective sweeps (17, 51).

Critics of the ecotype model have challenged the notion of such genome-wide selective
sweeps since it largely disregards the occurrence of horizontal gene transfer as a disruptive
factor in the cohesion of ecotypes, as well as classical factors in speciation: the roles of
geography, migration and neutral evolution (52). In response, multiple variations on the basic
theme of genome-wide selective sweeps have been proposed. The ‘Adapt Globally, act locally’
model of ecotype theory takes into account the horizontal gene transfer of universally adaptive
alleles from one ecotype to others, causing selective sweeps by the recipient genomes in
multiple ecotypes (53). The Geotype-plus-Boeing model posits that geographic isolation can
lead to the formation of endemic sequence clusters with the same ecology in different locations
(geotypes (54)), which are spread across the world through human transport. As a result,
multiple separate sympatric lineages can belong to the same ecotype, at least until a selective
sweep eliminates all but one lineage (50). The genetic drift model of ecotype theory takes into
account the effect of drift in bacteria with small effective population sizes (for example human

pathogens (55) ), which, like the Geotype-plus-Boeing model, should result in multiple sequence



clusters in a single ecotype (50). The opposite outcome is provided by the Speedy Speciation
model, which posits that a fast rate of ecotype formation (as opposed to the slow rate posited by
the stable ecotype model) can lead to multiple ecotypes within a single sequence cluster. This
model is thought to apply to adaptive radiation events, where empty niche space is combined
with ecological innovation, allowing bacteria to rapidly speciate to fill a wide variety of niches
(56). In unstable environments marked by rapid emergence and destruction of niches and the
corresponding emergence and extinction of ecotypes, a species-less model is postulated. The
result of this is similar to the speedy speciation model, with a single sequence cluster containing
multiple recently emerged and soon to be extinct ecotypes (49, 50). The Nano-Niche model is
postulated for bacteria in diverse habitats providing opportunity to adapt to minimally different
niches (57). Here, multiple ecotypes differing in only few ecological characteristics occur in
mosaic sympatry, with selective sweeps having the potential to span multiple ecotypes due to

their overlap in niche-space.

1.6 A role for horizontal gene transfer in the emergence of species

The various ecotype models provide convenient theoretical explanations for the existence of
almost any type of bacterial population structure. However, there exist very few actual examples
of periodic sweeps of diversity affecting the whole genome in nature (58). Instead, studies of
environmental populations of bacteria have often violated predictions of the ecotype theory.
Single-cell genomics of bacteria such as the abundant marine cyanobacterium
Procholorococcus have provided evidence for the coexistence of hundreds of genomically
differentiated “subpopulations” existing in the same body of water (59). Similarly, metagenomic
studies have uncovered the existence of so-called metagenomic islands, highly diverse genomic
regions that exist in only a small proportion of a metagenomic “population”, which are
considered to be unique to single cells (or cell lineages) (60). Such observations are at odds
with the expectation of relative homogeneity in closely related cells due to frequent selective
sweeps. Instead, a much larger emphasis is placed on the importance of horizontal gene
transfer. While ecotype theory accepts horizontal gene transfer as a source of adaptive change
leading to a genome-wide selective sweep (61), the rate of these events is considered too low
to interfere with well separated ecotype clusters (62). However, multi-locus sequence typing
based analysis of recombination and mutation rates in natural bacterial populations have
uncovered a wide spectrum in the relative importance of recombination versus mutation (63).

While some bacteria like Salmonella live a mostly clonal lifestyle, genetic diversity in other



species like Neisseria gonorrhoeae or Helicobacter pylori appears to be generated for the most
part through horizontal gene transfer events (63). With horizontal gene transfer as the
predominant driver of diversity in many species, it seems unlikely that the genome-wide
selective sweeps of ecotype theory would be able to occur. However, horizontal gene transfer is
not completely random: the efficiency of homologous recombination decreases logarithmically
with increased divergence between incoming DNA and the genome of recipient bacteria. As a
consequence, gene exchange between closely related organisms is frequent, while genes are
only rarely transferred to more distantly related bacteria (64). This pattern is remarkably similar
to what is observed in eukaryotes, where preferred genetic mingling with closely related
organisms leads to the formation of clusters we term species. For that reason, a species
concept akin to Mayr's classical biological species concept might be applicable to (some)

species of bacteria after all (4).

1.7 Gene sweep theory

Several studies have found that some bacterial populations show evidence of gene- rather
than genome-wide selective sweeps, similar to the spread of adaptive alleles in eukaryotic
populations. The first exemplary study compared the genomes of two sympatric “populations”
(defined as a group of individuals sharing genetic and ecological similarity coexisting in
sympatry) of Vibrio cyclitrophicus, one adapted to life on large marine particles and the other
more often found free-swimming (65, 66). Contrary to the expectation of the ecotype model,
members of different populations did not show evidence of genome wide differentiation. Rather,
the alleles that clearly denoted a genome as belonging to one or another population were
concentrated in only a few genomic regions, while the majority of allelic diversity did not
differentiate the populations. Furthermore, while between-population diversity was maximized

within those few loci, they showed minimal divergence within a population (66).

This pattern can be explained by rampant horizontal gene transfer between most genomic
regions of both populations, with a reduced between-population rate of recombination only
observed in regions that confer adaptive advantages to one population or another. Niche-
specific beneficial alleles therefore spread through a population by horizontal gene transfer
without affecting the rest of the genome. These niche-specific alleles are detrimental to cells
from different populations, thus differentiating populations at such loci while recombination at
other loci also occurs between populations. Interestingly, signs of recent recombination events

were increasingly observed between closely related genomes belonging to the same population,



while older recombination events appear to have occurred across population (66). This is
interpreted as a sign of ongoing ecological separation where members of one population
preferentially exchange genes with one another while mostly abstaining from between-

population exchange — the hallmark of the biological species concept (2).

On a genomic level, diversification and specialization to niches are thought to result from the
emergence of beneficial mutations causing either genome wide selective sweeps or by their
spread through a population by horizontal gene transfer. The former is thought to increase
divergence between ecologically specializing strains equally over the entire genome, the latter
only at niche-adapted loci. With increasing specialization, the size and number of differentiating
loci is thought to increase due to the accumulation of gene-specific sweeps, ultimately reaching

the same endpoint as the genome-wide sweep model (67).

A recent study using a metagenomic time series tracked multiple bacterial “populations”
(defined as consisting of all metagenomic reads falling within 95% nucleotide identity to a
reference genome) over the course of several years and found what is interpreted as evidence
for both competing theories (68). At least in that particular community, gene-specific sweeps
appear to occur more often than genome-specific ones, with the type of sweep depending on
the properties of particular populations. However, this apparent reconciliation is not universally
accepted, since gene-specific selective sweeps can also be explained by the ‘adapt globally, act

locally’ variation of ecotype theory (69).

Whether bacterial populations diverge through genome- or gene-wide specific sweeps is
ultimately thought to be dependent on the relative strength of recombination versus selection.
The emergence of a niche-specific beneficial allele perhaps initiates a genome-wide specific
sweep, but in situations where recombination outweighs the selection, horizontal gene transfer

spreads the allele throughout the entire population before the sweep is completed (58).

Theoretical considerations also allow for the formation of sympatric phylogenetic clusters
even in the absence of natural selection by purely random forces, precluding ecotype theory.
However, in the absence of a force that ensures the genomic coherence of clusters, they are
expected to show only light divergence and to exist transiently, especially when taking into
account the mixing effect of recombination between clusters (70). This prediction has been
confirmed by observations in nature, where previously well separated allopatric “species” of
bacteria merge into one after prolonged sympatry (71) and even form ecologically successful
hybrids (72).
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Thus, a biological species concept for bacteria is problematic, and finding a cohesive force
(or multiple cohesive forces) capable of forming and retaining the observed patterns of bacterial
diversity is one of the main goals in the study of microbial evolution. For sympatric populations
to diverge meaningfully in face of horizontal gene transfer and selection, both forces must be

reigned in to prevent homogenization due to selective sweeps or gene transfer (58).

1.8 Phage as independent drivers of population diversity and dynamics

The aforementioned models of periodic selection through either gene- or genome wide
selective sweeps have been challenged by models of constant diversity in microbial
populations/species. In models of constant diversity, the increasing evidence for genomic
variation between single cells is not considered the result of neutral genetic drift between
episodes of selection (60). Rather, the diversity observed in closely related strains is thought to
be the adaptive result of the enormous selective pressure imposed on them by bacteriophages
(73). Bacteriophages are the numerically strongest biological entities in the biosphere and, as
predators of bacteria, are thought to lyse a fifth of the total marine bacterial biomass each day
(74). The steady exposure of bacteria to viral elements should therefore impose a constant
selective pressure on all members of a microbial population and thus play an important role as a
selective force in its dynamics and evolution. Proponents of this model point to the fact that the
most mutation-rich genomic regions of bacteria tend to be enriched in genes that are involved in
lipopolysaccharide side chains, pili and flagella components — predominantly factors involved in
phage attachment (60). The effect of this variation in genes influencing phage attachment is that
phages are not necessarily generalists that are able to infect all members of a species, but
rather specialists that attach to the lineage-specific binding sites of only a small subset of a
species or population. Similar to Lotka-Volterra predator-prey interactions of classical ecological
theory, the rise in number of one bacterial lineage within a population is closely followed by the
rise in number of lineage-specific phages until phage lysis leads to the collapse of that lineage
(75). The result of this “kill-the-winner” model is the prevention of periodic sweeps of successful
clones, as competitively superior lineages would succumb to phage predation (73). An example
of this has been observed in the bloom and bust cycles of the pathogenic V. cholerae
serogroups O1 and 0139 which are targeted by serogroup-specific phages (76). Through the
killing of competitively superior strains, phage predation is thought to put selective pressure on

suboptimal adaptation of bacterial lineages. The consequence of this would be a constant
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diversity of many different bacterial strains using a non-overlapping set of substrates in an

inefficient way, as generalism or improved substrate use would lead to extinction (77).

1.9 Antimicrobial interactions can lead to coexistence

Aside from frequency-dependent selective processes, microgeographic separation of strains
is another important factor preventing selective sweeps in sympatry (58). Besides the existence
of a finely structured habitat, a large factor in creating these conditions is the frequent
occurrence of antimicrobial interaction between bacterial cells. Competition for limited space
and resources is of course a fundamental fact of both macro- and microbiology (78-80).
However, in asexually reproducing organisms, the lack of obligate recombination at each
generation produces a much great number of closely related yet genetically independent and
thus competing groups. This has led to the evolution of a staggering array of genes mediating
antagonism between bacterial lineages. Such genes encode antimicrobial agents ranging from
classic antibiotics that are released into the environment to inhibit the growth of competitors
(81), bacteriocins that are produced by suicidal cells to the benefit of their clonal kin (82), ‘toxins
on a stick’ contact-dependent-inhibition through autotransported membrane proteins (83) and,
among the most recently discovered additions to the repertoire of bacterial weaponry, the Type
VI secretion system (T6SS) of Vibrio cholerae and numerous other Gram-negative bacteria (84).
All of these factors lead to varying degrees of kin-discrimination, allowing bacteria to
differentiate closely related cells from foreign competitors. Through selective killing of non-kin,
genetically divergent cells are separated from each other, limiting competitive interactions (85).
This bacterial territoriality is extremely common in nature, and not only does this phenomenon
exist on the level of species, but rather at a much finer scale as well (86). For example, in
Bacillus subtilis, a large number of varied proteins create a seemingly unique antimicrobial
profile for sympatrically occurring cells (87, 88). In the genus Vibrio, a vast network of
antimicrobial interaction has been uncovered and mapped to correspond closely to genetic
distances between populations (defined as ecologically and phylogenetically cohesive units)
(89). In addition to observations in nature, modeling and laboratory experiments have shown
that (in conditions that do not allow complete mixing of a population) antimicrobial interactions
promote the coexistence of multiple strains of bacteria producing different toxins and anti-toxin
molecules (90, 91). As such, competition between ecologically identical strains through the use
of antimicrobials could allow for the coexistence of multiple equivalent clusters of organisms in

sympatry.
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1.10 Thesis objectives

For the purpose of this text, | will be using the operational definition of a population as the
sum of all members of a single species in a single geographical location. This definition requires
two points of clarification: What is the geographic range over which the population is spread,
and what is a species. The former will be narrowly defined as the location of sampling, a single
brackish-water pond at the coast of the Eastern United States directly connected to the ocean
by a lagoon. As a species definition, | will be using the phenetic species concept to discriminate
V. cholerae from other species. While my research is not based on proving an explicit
hypothesis, | am working under the implicit hypothesis that a population of V. cholerae is divided
in multiple distinct lineages that have evolved to occupy different niches, thereby allowing their
coexistence. With these points clarified, the main goal of my thesis is to develop a baseline
understanding of the causes and extent of diversity existing in this operationally defined

population of Vibrio cholerae.

This goal can be roughly divided into three main objectives, and the following four chapters

will each contribute a small part in meeting them.

1.) What is the standing diversity of lineages observed at a single point in time in a

population of V. cholerae?
2.) How does the composition of this population change over time?
3.) What are potential genomic factors that allow members of this population to coexist?

In achieving these objectives, | will have laid the groundwork for integrating the study of V.
cholerae and its close relative V. metoecus into the greater framework of studying microbial
evolution and hopefully provided a fruitful groundwork for future studies using these species not
only as a specific topic of research, but rather as a broad model system in understanding the

population dynamics and evolution of aquatic microbes.

As the preceding pages have demonstrated, the study of bacterial populations is a topic of
considerable interest. Our understanding of all aspects of it has progressed dramatically over
the last decade through the use of numerous model organisms. Why then reinvent the wheel by
establishing basic parameters for what seems to be yet another “model” organism? V. cholerae
can be argued to hold a special place in microbiology. The organism has been studied since the
early days of the field, and due to its medical importance, a tremendous amount of effort has
been put into characterizing the species (or rather its pandemic lineage) to minute detail. A vast

body of knowledge exists on the physiology and molecular mechanisms that govern the lifestyle
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of this organism and its interactions with the human host and its aquatic environment. Important
aspects of bacterial lifestyle such as quorum sensing and type VI secretion system mediated
competition have been integrated into detailed knowledge of the regulation and functions of
genes in V. cholerae (92) (93). Furthermore, since the sequencing of the first V. cholerae
genome in 2000 (94), hundreds of additional genomes have become available. While, as
mentioned before, most of the research is focused on a small lineage of medical interest, this
research presents an invaluable source of comparative information that can be much more
directly applied to conspecific organisms than more distantly related Vibrio that have served as
model organisms in other studies. Arguably, this broad body of knowledge is nearly unparalleled
in other species and will facilitate insights that can not be gained from studying less “popular”
organisms. Regardless of this pre-existing knowledge, other characteristics of V. cholerae
greatly facilitate research with this species. Due to its ease of isolation and ubiquitous
occurrence in brackish waters, lagoons and estuaries worldwide, international strain collections
can enable biogeographic studies. Furthermore, through its varied lifestyle that involves both
growth in and on various animal hosts as well as lengthy periods in environmental reservoirs, V.
cholerae is exposed to a large number of different ecological challenges that offer many venues
of evolutionary adaptation (95). The capability to easily take up DNA from a large variety of
sources both facilitates such adaptations in general but also specifically the evolution of
pathogenic strains from harmless environmental bacteria (96). An understanding of the
population dynamics of V. cholerae that is not just narrowly focused on already pathogenic
lineages is therefore interesting on more than on a basic research perspective. A thorough
understanding of the emergence and spread of pandemic strains can only be achieved by
studying the species as a whole, by understanding how its populations are structured and
changing over time, by observing the distribution and migration of strains and their interaction
with each other and the rest of their environment. A holistic understanding of the species V.
cholerae can thus lead to an increased ability to predict and potentially prevent outbreaks of

cholera caused by already known and newly emerging pathogenic lineages.

1.11 Thesis outline

Chapter 2 describes a culture-dependent study of V. cholerae and serves as the foundation
for the following chapters, which expand on the initial insights that we obtained. First, | observed
a clear delineation between classical V. cholerae strains and a closely related group of Vibrio.

The description of that species in Chapter 3 shows that among the diverse assembly of clades
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within V. cholerae, at least one is ecologically and genomically divergent enough to be

considered a new species, V. metoecus.

The observations from Chapter 2 and 3 allow us to clearly delineate the population of V.
cholerae in Oyster Pond from the co-occurring population of V. metoecus using an eco-
evolutionary definition: Groups of individuals sharing genetic and ecological similarities
coexisting in sympatry. Since the observed lineages of V. cholerae occur at both sampling
locations of my study (adjacent pond and lagoon) and the genomes of members of a single
lineage isolated from both locations do not differ considerably, they can be considered to belong
to the same population. Furthermore, comparisons with previously described strains of V.
cholerae show that these lineages, while sharing alleles with V. cholerae from elsewhere on the

globe, differ from them in them in their total set of alleles.

While all major lineages of V. cholerae exhibit a number of potentially ecologically relevant
genes, among the most interesting genomic differences in the major CCs is the variation in the
antibacterial effectors of their type VI secretion systems. This could provide a mechanism for
competitive exclusion that would allow different lineages of V. cholerae to coexist in mosaic
sympatry. Chapter 4 will expand on the diversity of T6SS effector and immunity proteins and
posits a hypothetical mechanism through which horizontal gene transfer of a novel effector-
immunity gene pair can lead to the emergence of new Vibrio lineages and the maintenance of

stable clonal complexes.

Another great point of interest regarding the population structure of V. cholerae concerns
spatial and temporal dynamics of the organism. Only five lineages of V. cholerae could be found
in both sampling months of Chapter 2, and the number of isolates varies considerably between
those months. Furthermore, the lineages appeared to be clustered into groups that either fall
into a Pond or a Lagoon category, with some additional clustering according to particle size.
However, in both cases, the low sample size only provides a snapshot of the structure of both V.
cholerae and V. metoecus. Chapter 5 uses a novel protein coding marker gene sequencing
approach to overcome the limitations of culture-based studies and provides a longer-term
insight into the dynamics of Vibrio populations. | show that not only does the population undergo
strong fluctuations in relative abundance of lineages over the course of a month, but extensive
mosaic sympatry and evidence for the existence of different particle-size niches for various
lineages. Chapter 6 contains additional discussion of topics that have not been fully covered as

well as future experiment
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Chapter 2

A small number of phylogenetically distinct clonal

complexes dominate a coastal Vibrio cholerae population

2.1 Abstract

Vibrio cholerae is a ubiquitous aquatic microbe in temperate and tropical coastal areas. It is a
diverse species, with many isolates harmless to humans, but others highly pathogenic. Most
notable among them are strains belonging to the pandemic O1/0139 serotype lineage, which
contains the causative agents of cholera. The environmental selective regimes that led to this
diversity are key to understanding how pathogens evolve in environmental reservoirs. A local
population of V. cholerae and its close relative Vibrio metoecus from a coastal pond and lagoon
system was deeply sampled during two consecutive months across four size fractions (480
isolates). In stark contrast to previous studies, the observed population was highly clonal, with
60% of V. cholerae isolates falling into one of five clonal complexes, which varied in abundance
in the short temporal scale sampled. V. cholerae clonal complexes had significantly different
distributions across size fractions and the two environments sampled, pond and lagoon.
Sequencing the genomes of 20 isolates representing these five V. cholerae clonal complexes
revealed different evolutionary trajectories, with considerable variations in gene content with
potential ecological significance. Showing genotypic differentiation and differential spatial
distribution, the dominant clonal complexes are likely ecologically divergent. Temporal variation
in the relative abundance of these complexes suggests that transient blooms of specific clones

could dominate local diversity.

2.2 Introduction

While long thought of as being specifically adapted to life as a pathogen in the human gut
(97), numerous strains of Vibrio cholerae with varying degrees of virulence thrive in the brackish
waters of lagoons and estuaries of the world (98) from the coast of Australia (99) to Iceland

(100). The bacterium is believed to form close associations with aquatic invertebrates,



preferentially living a life attached to the chitinous surfaces of those animals (101, 102). It is also
regularly isolated from marine vertebrates, algae, sediment or directly from the water column
(95).

Perhaps owing to the wide variety of such macro- and microhabitats, V. cholerae displays a
large degree of genetic diversity (26, 103-105). Horizontal gene transfer by transduction (106),
transformation (107) or conjugation (96) is a major factor in the creation of this diversity.
Horizontal gene transfer has not only conferred new phenotypes such as the ability to cause
lethal bouts of diarrhea, commonly termed cholera (108), but also built patterns of geographic
structure due to strains residing in different locations being exposed to genes specific to that
environment (109). Variation in both the core- and accessory-genome of V. cholerae and the
resulting phenotypic diversity has been linked to large-scale environmental factors such as pH,
salinity and temperature as well as changes in turbidity and nutrient concentrations, often in
seasonal patterns (110-112). The most studied lineage of V. cholerae, comprising of the
01/0139 serogroups responsible for pandemic cholera outbreaks, has evolved adaptations to
life in the human gut (103, 113), though some of these adaptations might be exaptations from
this lineage’s association with zooplankton (114). Other (nonpathogenic) strains could prefer
different niches - perhaps free swimming or attached to non-animal particles of various sizes, as
seen in studies of closely related Vibrio species (65, 115, 116). Identification of differential
spatial distribution of various strains within V. cholerae would indicate that such ecological
differentiation might occur at the subspecies level. Ultimately, differentially adapted lineages
within a species might be more meaningful units not only when considering the ecology of

organisms, but also in tracking potentially harmful pathogens (117).

We conducted extensive sampling and multi-locus sequence analysis of V. cholerae and its
closest relative, Vibrio metoecus (118), from a range of particle sizes in two connected water
bodies (pond and lagoon) in a single coastal location in the Northeastern United States
(Falmouth, MA). This revealed that co-occurring V. cholerae were organized into several
abundant clonal complexes, while isolates that were not members of these complexes were
rare. We demonstrate statistically significant differences in spatial distribution between the two
species studied, but also between different clonal complexes within the V. cholerae population.
Comparison of the genome sequences of isolates from the major V. cholerae clonal complexes
unveiled genotypic divergence linked to phenotypes relevant to fitness in the coastal
environment. These differences could provide a means of competitive exclusion by which

diverse strains contesting for a mostly overlapping set of resources could coexist.
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2.3 Material and Methods

2.3.1 Strain isolation, growth and DNA extraction

Environmental strains of V. cholerae and V. metoecus were isolated from Oyster Pond and
Lagoon (Falmouth, MA, USA) on August 24™ and September 14" 2009. Three samples were
collected on each sampling date from the pond and the lagoon at a 0.5 m depth, with a distance
of 5 m between samples. Strains were isolated from different size fractions obtained by
sequential filtration of water. Each initial sample consisted of 100 L of water, which were filtered
through a 63 pm nylon mesh net. Material collected in the net was transferred to a disposable
50 ml tissue-grinder tube using 20 ml of sterile-filtered local water and crushed. Two ml of the
crushed material were diluted 1000-fold (equivalent of 10 ml of pond/lagoon water) and applied
to a 0.22 um filter, which was immediately plated on selective TCBS media (Becton Dickinson,
Sparks, MD, USA). The water passing through the mesh net was collected and 10 ml pushed
through a series of in-line 4.5 cm filters (Millipore Durapore 5 ym, 1 uym, 0.22 pm) in
polypropylene casing using a syringe. All filters were extracted from their casings and
immediately placed on TCBS media, before being incubated overnight at 37°C. The ability to
utilize sucrose is found only in a few species of vibrios, including V. cholerae and V. metoecus,
and produces yellow colonies on TCBS media. Yellow colonies were picked from TCBS plates
and streaked on tryptic soy agar (Becton Dickinson) supplemented with 1% NaCl and incubated
overnight. To ensure pure cultures, single colonies from these plates were re-streaked on TCBS

and then tryptic soy agar once more, incubating overnight between inoculations.

2.3.2 Multi-locus sequence analysis

DNA extraction from each isolated strain and gene amplification for multi-locus sequence
typing (MLST) analysis were performed as previously described (109). All genes were chosen
due to their presence as a single copy in the genomes of both V. cholerae and V. metoecus,
high sequence variation in the amplified product (maximizing phylogenetic resolution) and the
presence of relatively conserved primer binding sites, allowing the amplification of genes from
both species with a single set of primers. All sequences were amplified using Tag-Polymerase
(Promega, following the manufacturer’s instructions for PCR reaction mixture) with the following
PCR conditions: 94°C at 2 min, followed by 35 cycles of 94°C at 30 sec, 50°C at 30 sec and
72°C at 1min with a final step of 72°C at 10 min. Sanger sequencing was performed for the

forwards reads of each PCR product. Geneious 6.1.7 (119) was used for manual inspection of
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reads based on multiple sequence alignments of all products. Low quality ends of sequences
were trimmed and sequences edited to correct erroneous base calls where possible. In case of

ambiguities, amplicons were re-sequenced.

The Geneious plugin seqgpartitioner (http://flossbio.technology/seqgpartitioner.html) was used

to identify unique alleles and convert the dataset into an MLST format (tab-delimited table).
Sequence types (STs) and clonal complexes (CCs) were then identified using eBurst (120). STs
were defined as all isolates sharing seven identical alleles, and CCs as groups of closely related
STs sharing six out of seven alleles. A nucleotide BLAST search against the NCBI nr (non-
redudant) database was performed on each gene of every unique ST to determine if identical

alleles or STs had been found in previous studies.

2.3.3 Diversity statistics

As clonal complexes can vary considerably in their sequence diversity (allele changes due to
point mutation or recombination are treated equally), isolates were not clustered into operational
taxonomic unit (OTUs) based on a simple DNA sequence identity cutoff, but rather assigned to
OTUs based on eBurst group membership (see above paragraph). Two different OTU
definitions were used, taking into consideration that singleton sequence types could expand into
clonal complexes with deeper sampling: 1) Each of 85 unique STs was considered an OTU; 2)
Each of 17 CC and all 13 singleton STs were considered OTUs. Rarefaction curves and Chao1
richness index calculations were then performed using each of these OTU definitions, based on

the concatenated sequences of the seven genes from each isolate using mothur 1.31.1 (121).

2.3.4 Spatial distribution statistics

To investigate differential environmental distribution of the 17 CCs, a Bray-Curtis dissimilarity
matrix of all CCs was calculated based on their relative abundance in different samples using

Primer 6 (http://www.primer-e.com). This matrix was then used to create a UPGMA-clustered

similarity profile in SIMPROF (122) to determine whether isolation of the various CCs from
different fraction sizes of the pond and lagoon differed significantly from each other and from a
purely random distribution. To overcome sampling bias, isolates representing each CC were
randomly subsampled 100 times, limiting the sampling pool to 32 isolates from each of 8 sample
types (four size fractions from both lagoon and pond). The sampling-pool size was determined
by the sample type with the lowest number of isolates (Lagoon 1-5 ym size fraction with 32

isolates).
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2.3.5 Recombination analysis

The ratio of number of recombination to mutation events (rho/theta) and the ratio of
probabilities that a site would be altered by either recombination or mutation (r/m) was
estimated from three independent runs of ClonalFrame (100,000 steps, with the first 50%
discarded as burn-in) (27). Values were assessed independently for V. cholerae and V.
metoecus based on datasets that included only unique sequences. Run convergence was
confirmed using the Gelman-Rubin statistical test implemented in ClonalFrame, with values
below 1.2 considered adequate. Rho/theta was also estimated empirically based on the
following rationale (123, 124). Variation between alleles of the dominant (i.e., most numerous)
and minor STs within a CC was counted as being caused by mutation when varying by one

nucleotide and by recombination when varying by two.

Rho/theta was then calculated by dividing the absolute number of recombination events by
mutation events. Additionally, the r/m value was calculated on the concatenated dataset of
unique V. cholerae sequences using the gene conversion model of LDHat (125) using standard
settings as implemented in RDP4.66 (126)

2.3.6 Multiple alignments and phylogenetics

Nucleotide sequences of the seven partially sequenced genes of all isolates were aligned
with ClustalW using standard settings before being concatenated to create a larger alignment
(127). Assembled genomes were aligned with mugsy using standard settings (128). Short
locally collinear blocks (LCBs) (<500bp) were removed and the alignments converted into
FASTA format using the Galaxy Web server (129). Using Geneious (119) alignments were then
manually inspected for quality and all positions containing gaps removed. For the alignment of
20 sequenced genomes alone, LCBs were ordered according to the closed genome of V.
cholerae N16961, but this step was omitted for the alignment of these genomes with reference
strains. Maximum likelihood phylogenetic trees for both the genome and MLST datasets were
constructed with RAXML 8.0 (130) using the GTR (general time reversible) model with gamma
rate heterogeneity. Statistical support of branches from 100 rapid bootstraps was mapped on
the best scoring tree. Additionally, a 50% majority-rule consensus tree based on the seven
partially sequenced genes of 438 strains of V. cholerae was constructed from three independent
runs of ClonalFrame (100,000 steps, with the first 50% discarded as burn-in) (27).
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2.3.7 Gene content analysis of clonal complexes

Protein coding genes were clustered into families based on a 30% amino-acid sequence
identity (131) using OrthoMCL v 2.0 (132). Unique gene content of different clonal complexes
was analysed in Intella (https://www.vound-software.com), then identified through blastp (133)

and classified into Clusters of Orthologous Groups (COGs) (134).

2.3.8 Carbon metabolism assays

Carbon metabolism profiles of the five persistent clonal complexes were created by growing
the two most prevalent sequence types of each clonal complex on 96-well BIOLOG PM1 and
PM2a plates according to the manufacturers instructions (Biolog, Hayward, CA, USA). This was
replicated with two independent cultures of isolate. Change in colour of the medium from
transparent to purple, indicating positive carbon use, was assayed using a Synergy H1
microplate reader (BioTek). Optical density was measured in comparison to a negative, with a
change of 0.5 and above scored as strong use (++), 0.5-0.2 as weak use (+) and scores below

as no use (). Use had to be consistent between replicates to be scored.

2.3.9 NCBI Accession numbers

NCBI Accession numbers for partial intl, plsX, mutS, recA, pgi, mdh and gppA sequences of
all STs are KX253430 - KX253546, KX253196 - KX253312, KX252845 - KX252961, KX252845
- KX252961, KX253079 - KX253195, KX253313 - KX253429 and KX253547 - KX253663

respectively.

2.4 Results and Discussion

2.41 V. cholerae populations can be locally dominated by a few clonal complexes

We isolated a total of 480 strains of V. cholerae and V. metoecus [438 and 42 respectively,
with 397 strains isolated in August 2009 and 83 isolated in September 2009 (see Table 2.1 for a
list of all isolates)]. For both August and September, we obtained isolates from four size
fractions (>63, 5-63, 1-5 and 0.2-1 ym) of three water samples from each the Oyster Pond and
its connected lagoon in Falmouth (MA, USA). To estimate population structure and diversity, we

performed multi-locus sequence typing (MLST) by partially sequencing seven housekeeping
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genes from all isolates. In MLST, isolates having identical sequences at all seven loci belong to
a single sequence type (ST). When STs differ at only one locus out of seven, they are
considered part of a clonal complex (CC), i.e., a group of closely related strains sharing a recent

common ancestor (120).

The 438 V. cholerae strains isolated formed 17 CCs, composed of 72 unique STs, with an

additional 13 STs found as singletons (not part of a CC) (Figure 2.1 and Figure 2.2).
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Figure 2.1: eBurst diagram of 438 Vibrio cholerae isolates from Oyster Pond (MA, USA)
and connected lagoon. Dots represent sequence types (ST) corresponding to unique allele
sets from seven partially sequenced housekeeping genes. STs differing in only a single allele
are connected by lines and form a clonal complex (CC). Coloured CCs were isolated in both
August and September while others were only found in one of the two months. Numbers of

isolates are indicated in parentheses.
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Figure 2.2: Diversity of V. cholerae in Oyster Pond and Lagoon. a) Number of isolates
assigned to different clonal complexes; b) Number of isolates assigned to different sequence
types; ¢) Number of isolates assigned to different clonal complexes found in August and
September (2009). Isolates from August were subsampled to match sampling depth from
September; d) Rarefaction curves and Chao1 richness estimation of sampling with different
OTU definitions.

Chao1 richness estimation predicts the presence of a minimum of 137 and a maximum of
317 STs, suggesting the existence of a considerably higher number of STs than what was
observed (Figure 2.2D). Using a slightly broader OTU definition corresponding to that of a clonal
complex, which groups together isolates with at least six identical alleles out of seven and
counts all 13 singleton STs as separate OTUs, Chao1 richness estimation predicts the
existence of 30-52 OTUs, of which 30 have been observed (Figure 2.2D). Our dataset therefore
appears to contain most if not all the clonal complexes present in our samples (60-100%) but

only a portion of existing sequence types (30-60%).
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Three V. cholerae CCs dominated our sampling site, containing a total of 263 isolates (CC1:
90, CC2: 103, CC3: 76), representing 60% of our sampling effort. Most CCs were comprised of
a dominant ST, with other variant STs occurring only sporadically (Figure 2.1 and Figure 2.2).
The proportion of V. cholerae STs found in CCs (87%) in our in-depth sampling of a single
geographical location is much larger than what has been found in previous studies of
environmental populations of this species (13-18%) (124, 135). This suggests a much more
clonal structure and lower diversity than previously estimated for natural populations of V.
cholerae. Our study comprises the largest dataset isolated to date, with 438 isolates grouping
into 85 STs, with 72 STs found in 17 CCs. It also targeted a restricted geographical area (two
water bodies, pond and lagoon, within 50 m of each other and connected by a channel) over a
short timeframe (less than one month). The most recent comparable study sampled 109 isolates
from a dozen sites (lagoon, channel, river and sea) in a 20 km long Mediterranean lagoon
system over the course of half a year, discovering 78 STs of V. cholerae, with only 14 STs
found in five CCs (135). Another study isolated V. cholerae from 15 sites (creek, river and
harbor) on a 100 km stretch of the Californian coast near the San Francisco Bay area (124) and
identified 113 STs and 8 CCs (comprised of three STs each at most) from 156 strains over the

span of a year.

This notable difference in the degree of clonality between the populations observed here and
the populations investigated in other studies is accompanied by a difference in the estimated
ratio of recombination to mutation events. This value is usually given as r/m, the ratio of
probabilities by which either recombination or mutation affect a site (which is a measure of the
importance of recombination in the creation of nucleotide diversity), or rho/theta, the ratio of
absolute number of recombination and mutation events. Keymer & Boehm (124), using various
methods of assessing the impact of recombination and mutation, estimated rho/theta from 4:1 to
6.5:1, and r/m of at least 45:1. Similarly, Esteves et al. (135) estimated an r/m of 37:1, and Vos
& Didelot (63) an r/m of 20:1 for various populations of coastal Vibrio. In stark contrast to that,
our r/m estimates ranged from 1.6 (ClonalFrame) to 3.8 (LDHat) (124). Similarly, our rho/theta
estimations ranged from 0.49 (ClonalFrame) to 1.9 (empirical estimate (123)), considerably

below previous estimates for V. cholerae and closely related species.

Our observation of few dominant clonal complexes (low evenness, moderate rate of
recombination) in the V. cholerae population we studied thus stands in contrast with the large
number of highly recombinogenic singletons found in previous reports. It is possible that

sampling depth had so far been insufficient to capture local population structure adequately.
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Previous sampling efforts have been limited to ~10 isolates per water sample, adding over a
dozen sites often separated by 1-10 km to compose a “population” of ~100-150 isolates. If the
variation between strains present at each site is significant, such superficial sampling will yield
artificially high evenness, with numerous STs of low abundance being observed. As we have
sampled most of the diversity present at our two sites at the level of CCs, we obtained a more
accurate measure of evenness in our sample. Furthermore, although sequences of some of the
seven partially sequenced housekeeping genes in our study were often identical to sequences
from previous studies found in the NCBI nr database (especially the commonly sequenced recA
and mdh genes), none of the actual STs (all seven gene sequences from a single isolate
combined) identified in this study have identical matches in public databases. This is consistent
with previous findings that V. cholerae might be a globally panmictic species in which a number
of individual alleles are found over a wide geographic range, with local recombination and
selection creating locally-dominant variants with unique allele combinations (109). We do not
believe that the differences we observed are due to technical errors: Our methods of minimizing
PCR and sequencing errors do not appear to be particularly more or less stringent than in other
studies, and the nature of the observed population structure is rather robust to the introduction
of errors. Since the majority of observed STs belong to CCs and most exist at least in
duplicates, an overestimation of STs due to the faulty identification of single nucleotide
polymorphisms would have only moved our dataset away from an even more unexpectedly

clonal appearance.

Comparison of the results presented here with those of previous studies thus suggests that
while diversity is high on a large spatial scale (kilometers) (124, 135), it might be limited within a
given environment (pond, lagoon, etc.), and as such sampling schemes might have a large
influence on the inference of population structure. Although we can be confident that our
extensive sampling allowed us to describe the local Oyster Pond and Lagoon population
structure adequately, we cannot specifically identify the cause of this highly clonal structure.
Infrequent and/or insufficient mixing with bacterial populations from the ocean could lead to a
high degree of geographical isolation, resulting in the limited diversity observed. Population
structure would then likely be temporally stable, and vary between sites with different degrees of
isolation. On the other hand, if transient blooms of specific CCs forming locally create the clonal
structure observed, we would expect temporal instability. There is some evidence supporting
the latter hypothesis. Among the 17 V. cholerae CCs, only five consist of isolates from both
August and September (CC1, CC2, CC3, CC5, CC13), with the remainder found only in a single

month. For the five CCs found in both months, their relative abundance varies considerably
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between months, indicating that temporal instability is likely, even on a short timescale of weeks
or months (Figure 2.2C). Additionally, strong zooplankton association of specific CCs could

even lead to diurnal fluctuation in observed diversity due to migration of host animals.

2.4.2 V. cholerae clonal complexes have different spatial distributions

V. cholerae as a species does not seem to display particular preferences for the
environmental parameters explored in this study (i.e. filter size and location). However, the
distribution of clonal complexes of strains from this species shows distinct spatial structuring
(Figure 2.3).

26



Sample origin
B Lagoon
B Pond

B >63 ym
M 5-63 um
@ 1-5 um

[ 0.22-1 ym

Clonal complex
B cc1
@cc2
Wccs
Eccs
Wcc13

[ other CCs

Figure 2.3: Phylogeny of V. cholerae isolates from Oyster Pond and Lagoon. Colored
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recombination. Black dots on nodes represent sequences whose assignment to CCs by eBurst




differs with phylogenetic clustering. Branch lengths are adjusted to facilitate visualization and do

not represent true phylogenetic distances.

Because of the poor resolution of phylogenetic trees (a consequence of the close
phylogenetic relationship between isolates in the population studied), standard methods of
inferring statistically significant environmental distribution patterns for clades of bacteria such as
AdaptML (65) or Ecosim (136) could not be used. Instead, we opted for an approach where we
treated each CC as a sample, comparing the similarity of CCs based on the spatial origin of
isolates they contained (filter size and lagoon or pond). SIMPROF (122) was then used to test
whether the calculated Bray-Curtis dissimilarities between UPGMA clustered CCs differed
significantly from each other and from a random distribution. In order to avoid skewing of the
data by the potential sampling of clonal expansions, we counted isolates of identical STs from

the same origin/month as a single isolate.

This approach enabled us to find statistically significant differences in the environmental

distribution of isolates from major V. cholerae clonal complexes (Figure 2.4).
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Figure 2.4: Comparison of the spatial distribution of Vibrio clonal complexes from
Oyster Pond and Lagoon. CCs were clustered by UPGMA of a Bray-Curtis dissimilarity matrix
based on the source of individual isolates. Green branches connect CCs that do not show

statistically significant differences according to SIMPROF analysis (p < 0.05 *, p < 0.01 **).
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Isolates of identical ST from the same origin/month were counted as a single isolate to avoid the
inclusion of clonal expansions. Abundance numbers were derived from 100 random subsamples
of isolates from each CC. Number of isolates subsampled (32) was based on the sample type

with the lowest number of isolates.

CC1 and CC2 are mostly pond-dwelling (90% and 75% of isolates were found in the pond),
with CC1 relatively evenly distributed across size fractions but CC2 mostly found in the smaller
size fractions (98% of strains <63 pym). CC3 also has few isolates found in the largest size
fraction (96% of strains <63 pm) and is relatively evenly distributed between the pond and
lagoon. Isolates from CC5 are predominantly found in the lagoon (95%) with little preference for
a specific size fraction. CC13 only had a modest number of isolates (12), but 10 of them were
found in the >5 pm fractions. The abundance distribution among sample types is significantly
different between CC1 and CC2, and both of them are significantly different from that of CC3,
CC5 and CC13 (Figure 2.4). These data demonstrate that V. cholerae clonal complexes can
display significant differences in their spatial distribution, both in terms of fraction sizes or water
reservoirs. The Oyster Pond and Lagoon share similar chemical parameters, with a slightly
higher dissolved organic carbon in the lagoon (Table 2.1). The lagoon waters also generally
exhibit higher salinities than the pond (5-10 ppt vs. 0-5 ppt). CCs could differ in their growth
rates at different salinities, although V. cholerae displays species-wide tolerances to salinities
far exceeding those found in this lagoon (118, 137). A possible indirect influence of location in
the different prevalence of these CCs is the composition of the prokaryotic microbiota of the
pond and lagoon, as abundances of bacterial taxa have been shown to correlate stronger with
each other than with abiotic factors or eukaryotes in marine environments (138). Another factor
which could influence the spatial distribution of clonal complexes is predation by phages.
Bacteriophages have been found to play a role in the seasonality of cholera, and could be a
major factor influencing the abundance of specific clonal complexes in the Oyster Pond and
Lagoon (139).

2.4.3 Different evolutionary trajectories for various clonal complexes

In order to find the possible genetic determinants of the different spatial distribution found for
some of the V. cholerae CCs, we analyzed 20 genomes from the 5 dominant CCs recovered in
sampling from both August and September (CC1, CC2, CC3, CC5 and CC13) that we

sequenced in a previous study (140). A 3,410,640 bp whole genome alignment of these isolates
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displays 98.6% average pairwise nucleotide identity, with 120,730 phylogenetically informative
sites. Within single CCs, any two genomes show between 17 and 124 SNPs, with the exception
of CC2, in which multiple regions on both chromosomes 1 and 2 display elevated SNP density.
In comparison, every pair of isolates from different clonal complexes differs from each other by
approximately 48,000-61,000 SNPs (Supplementary Table S2.2)

A phylogenetic tree based on a core 2,246,831 bp alignment with multiple reference
strains of V. cholerae and V. metoecus (Figure 2.5) shows an early, well-supported node that
separates clonal complexes more frequently found in the lagoon (CC3, CC5 and CC13) from
CC1 and CC2, which both show stronger association with the pond, similar to the UPGMA
clustering based on sample origin. CC13 is found most closely related to V. cholerae MZ0O-3, an
037 serogroup strain from Bangladesh. CC13 and MZO-3 together form the sister clade to
pandemic V. cholerae O1/0139. CC1 and CC2 are sister clades, and are related most closely to

environmental strains RC385 and VL426 (“biovar albensis”).
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Figure 2.5: Phylogenomic analysis of V. cholerae and V. metoecus from Oyster Pond

and Lagoon. Maximum likelihood phylogenetic tree based on a 2,246,831 bp core genome
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alignment of sequenced Oyster Pond and Lagoon isolates with multiple reference strains.
Numbers on branches indicate bootstrap support values above 75 derived from 100 bootstrap
pseudoreplicates. The branch between V. cholerae and V. metoecus was truncated by 0.04
nucleotide changes (see legend on bottom) to ease viewing. For NCBI Accession numbers see

Supplementary Table S2.3)

Single CCs contained a number of genes not shared with members of other CCs (CC1:
113, CC2: 94, CC3: 218, CC5:103, CC13: 229). A large number of these genes were
hypothetical, yet around a third could be placed into clusters of orthologous genes (COG)
categories and attributed putative functions (Figure 2.6 and Supplementary Tables S2.6 and

S2.7, available online).

31



U
CC2 (N=40)

J Translation, ribosomal structure and biogenesis

K Transcription

L Replication, recombination and repair

D Cell cycle control, cell division, chromosome partitioning

"l‘. O Posttranslational modification, protein turnover, chaperones

‘ '."‘ D M Cell wall/membrane/envelope biogenesis
' ‘ -"' ‘ ‘ N Cell motility
Q /" O P Inorganic ion transport and metabolism

-=A“ &

= g\-.ll T Signal transduction mechanisms
‘v" 'l “;‘N U Intracellular trafficking, secretion, and vesicular transport
“'l‘""‘" M V Defense mec hanisms
".“' C Energy production and conversi ion
“..-"' N G Carbohydrate transport and metabolism

~ ' E Amino acid transport and metabolism
.- H Coenzyme transport and metabolism

| Lipid transport and metabolism

Q Secondary metabolites biosynthesis, transport and catabolism

F Nucleotide transport and metabolism

U
CC3 (N=62)
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Unique sets of type 6 secretion system (T6SS) effector proteins were also identified for each

CC, based on the nomenclature by Unterweger et al. (141) (Figure 2.7).
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Figure 2.7: Phylogenomic analysis of V. cholerae and V. metoecus from Oyster Pond
and Lagoon with T6SS effector types indicated. Maximum likelihood phylogenetic tree based
on a 2,246,831 bp core genome alignment of sequenced oyster pond and lagoon isolates with
multiple reference strains. Letters correspond to T6SS effector types as described Unterweger
et al. (141), with numbers in subscript indicating subtypes differing by one or more amino acid
exchange. Asterisks indicate bootstrap support values above 75 derived from 100 bootstrap
pseudoreplicates. The branch between V. cholerae and V. metoecus was truncated by 0.04
nucleotide changes (see legend on bottom) to ease viewing. For NCBI Accession numbers see

Supplementary Table S2.3.
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For CC1, the most notable among these genetic differences (also displaying an obvious
phenotypic effect) is the presence of the luxCDABG operon responsible for bioluminescence in
vibrios. Isolates in this clonal complex predominantly stem from pond waters and could be
considered specialized to this type of environment. Previous studies in Chesapeake Bay, a
brackish water habitat similar to Oyster Pond, have found the presence of bioluminescence in
around 50% of all isolated strains and, based on clustering by phenotypic traits, hypothesized
the presence of the lux operon to be an ecologically relevant trait of environmental, non-
toxigenic branches in the phylogeny of V. cholerae (112, 142). The bioluminescence trait has
been linked to the colonization of zooplankton, which in an illuminated state makes easy prey
for visually oriented predators, thus enabling bioluminescent bacteria to invade the nutrient rich
gut regions of vertebrates predators (112, 143). CC1 strains also harbor the ability to uptake
choline and convert it to betaine (through the action of the betTIBA operon, shared with sister
taxon CC2, RC385 and VL426). This osmoprotectant would be beneficial in coastal waters with

variable salinity (144).

CC2 shows the unique presence of the uronate isomerase uxaC and uxuA, uxuB and uxuR
involved in the metabolism of D-galacturonate and D-glucuronate. Glucuronic acids are
compounds produced in the liver of animals and often found in microbial lipopolysaccharides,
making it a commonly used carbon source for a number of bacteria (145). The activity of this
gene cluster is confirmed by isolates of this CC being uniquely able to use glucuronic acid and
glucuronamide as a carbon source (Table 2.1). The ability to metabolize these substrates was
previously identified as a trait differentiating V. metoecus from V. cholerae (118). CC2 uronate
utilization genes display nearly 100% identity on the protein level with orthologs from V.
metoecus (in which this gene cluster is part of the core genome), indicating a recent horizontal

gene transfer event from that species.
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Table 2.1: Differential carbon source use in Vibrio cholerae clonal complexes. ++
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CC13, together with its sister clade MZO-3, contains both a set of genes encoding for a pilus
as well as an ADP-ribosyltransferase toxin. These are reminiscent of the two principal virulence
factors of pandemic O1/0139 V. cholerae, the toxin co-regulated pilus and the cholera toxin
(146). The pilus and toxin found in CC13 display strongest similarity to the type IV pilus and the
heat-labile enterotoxin LT-A, both elements of diarrhea-causing enterotoxic Escherichia coli
(ETEC) (147). Because most of their virulence factors are encoded on mobile genetic elements,
any strain of V. cholerae is theoretically able to become a pathogen, yet almost all strains
responsible for epidemic outbreaks of cholera are found in the O1/0139 lineage, with a much
smaller number of outbreaks attributed to other serogroups such as 037 (148). CC13

represents the closest relative to strains of 037 or 01/0139 serotypes in our dataset (Figure

2.5).

Out of the twelve CC13 strains isolated, ten originated from particles >5 ym. An ability to
attach to zooplanktons and other chitinous organisms could increase their potential for
virulence, as a single copepod can contain up to 10* V. cholerae cells (102). CC13, 037 and
01/0139 strains might therefore form a clade of V. cholerae with ancestral adaptations that

predispose them to a pathogenic lifestyle (148).

CC3 and CC5 both contain multiple capsular lipopolysaccharide (LPS) related genes (several
dozens in the case of CC3) of unclear origin in single genomic regions. Horizontal transfer of
LPS gene clusters is a frequent occurrence in V. cholerae (103), and perhaps a way to evade
phage predation, which is dependent on attachment of virions to surface molecules (106). In a
system underlying negative-frequency dependent selection by phages, so-called ‘defense-

strategists’ which rise to high abundance not because of their ability to efficiently use resources

35



but due to their immunity to phage predation are thought to be able to stably coexist with well-

adapted ‘competition-strategists’ (149).

2.4.4 s the type 6 secretion system shaping the population structure of V. cholerae?

V. cholerae prevents eukaryotic predation (84) and kills other bacteria in a contact-dependent
way by type 6 secretion system (T6SS) mediated injection of a combination of toxins into target
cells. (141). In V. cholerae, three different loci encode T6SS toxin/immunity modules, coding for
a toxin that is directly injected into target cells and a corresponding immunity protein that
confers resistance against that particular toxin. Each distinct module has been assigned a one-
letter code, leading to a three letters designation for a specific strain. For example, V. cholerae
strains belonging to the O1/0139 pandemic lineage are all AAA. Difference at a single locus
means that strains are incompatible and will likely kill each other (e.g., CAA vs. AAA), not
possessing an immunity protein against the different toxins they each produce. Even if two
strains possess the same toxin/immunity modules, differences in the sequences of the toxins
and/or immunity proteins could make strains incompatible, a relationship expressed by a
number subscript (e.g. CE1B Vs. CE;B). All strains in major clonal complexes found in Oyster
Pond and Lagoon belong to the same incompatibility groups but none of the clonal complexes
are compatible with each other (CC1: CAG, CC2 CE;B, CC3: CE,B, CC5: CDC and CC13:
CAA). This presents an additional possibility to explain the clonality of the V. cholerae
population and how multiple V. cholerae clades with at least partially overlapping ecological
niches can be sustained in a single environment: A community of V. cholerae of the same clonal
complex could conceivably monopolize the resources around them by killing incompatible
invaders of the same species, even those that might theoretically be better adapted to life in that
particular niche. Uptake of foreign DNA (natural competence is co-regulated with T6SS
expression (93) from killed cells of other clonal complexes could then provide a means of quick
adaptation by horizontal gene transfer (or an additional source of nutrients). The ephemeral
small patches of resources prevalent in the aquatic environment of vibrios (150) would be
particularly suited for such a system, as it could allow a limited number clonal complexes to
grow to high densities, effectively exclude late-comers, use up all present nutrients and then
continue to spread to other resources. This process could lead to a population dominated by a
relatively small number of competing strains, with early colonizer of resources blooming for a

period of time until their number is reduced by external factors such as phage predation.
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2.4.5 Different habitats and evolutionary dynamics for V. cholerae and V. metoecus

While our sampling effort was primarily aimed at V. cholerae, we also gathered 42 isolates of
the closely related V. metoecus, organized in 7 CCs and 32 STs (including 13 singletons). V.
metoecus is rarely isolated (in fact, to date it has only been found in two environmental sites on
the U.S. East Coast and few clinical samples) and could simply be more rare than V. cholerae.
The effect of different isolation regimes on the recovery of V. metoecus is unknown, and thus a
potential bias in isolation cannot be ruled out. The lack of sampling depth also makes it difficult
to directly compare the population structure of V. metoecus with V. cholerae. Nonetheless,

notable differences were observed between these two species.

V. cholerae, as a species, was isolated equally from lagoon and pond. V. metoecus however,
which shares most of its phenotypic characteristics with V. cholerae (118), is found
predominantly in the lagoon water (92% of isolates), suggesting an ecological differentiation at
the species level (Figure 2.3). V. metoecus clades also display notably higher phylogenetic
resolution for both whole genome based phylogenies and MLST (Figure 2.5 and Figure 2.8).
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Figure 2.8: Cladogram of unique sequence types of V. cholerae and V. metoecus.
Cladogram is based on a maximum likelihood phylogenetic tree based on a dataset of seven
concatenated MLST sequences (3,062 bp), with branch lengths adjusted to ease viewing.

Numbers on branches indicate bootstrap support values above 50 derived from 100 bootstrap
pseudoreplicates.

The reason for this could lie in differential homologous recombination dynamics in those two
species. An analysis of recombination/mutation rates using ClonalFrame (27) determined an r/m
ratio of 1.6 for both V. metoecus and V. cholerae, while rho/theta was 0.49 for V. cholerae and

only 0.22 for V. metoecus. This indicates that less than half the number of recombination events
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in V. metoecus than in V. cholerae account for the same amount of introduced nucleotides. We
have previously noted that V. metoecus receives considerably more DNA from V. cholerae than
vice versa, presumably due to their sympatric occurrence where V. cholerae is the most
abundant donor of nucleic acids (140). A situation where large V. cholerae populations co-occur
with smaller V. metoecus populations could lead to a dynamic where the rarer V. metoecus
more often takes up distantly related DNA while V. cholerae predominantly exchanges DNA with

the more abundant members of it own species.

2.5 Conclusions

By performing the first deep sampling of V. cholerae in its natural environment, it was
possible to infer the population structure for this species on a small geographical scale. The
population found within a coastal pond and lagoon system exhibited moderate recombination
rates and a mostly clonal structure with a few dominant clonal complexes. These clonal
complexes exhibited significantly different spatial distributions across size fractions in the water
column, as well as between neighbouring environments of pond and lagoon. Although they
persisted for at least one month, their abundance changed considerably over that period. This
suggests that V. cholerae is likely to form transient clonal complexes blooming locally, which are
genotypically and phenotypically differentiated, displaying divergent spatial distribution patterns
and potentially occupying various ecological niches. It has previously been argued that such
spatial separation is a prerequisite for the differentiation of gene pools into what could

eventually become recognizably different groups of bacteria (117).

The population structure of V. cholerae and other bacteria is affected by the geographic
scale, timeframe and the depth of sampling (19, 63). Whether the bacteria in a single body of
water like the Oyster Pond and Lagoon system is considered a population or merely represents
a subpopulation in a larger coastal ecosystem can drastically alter the overall impression of its
structure. The time span over which sampling occurs can also significantly affect attempts at
determining population structure in bacteria. Our results suggest that a more in-depth
understanding of the ecology of specific clonal complexes will require extensive sampling of

several sites from specific geographical areas, as well as sampling over a temporal range.
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Table S2.1: List of all isolates

V. cholerae isolate  CC ST | V.choleraeisolate CC ST V. cholerae isolate CC ST
PW0.2-OYP6-A01 1 52 PW1-OYP7-D12 1 59 PW63-OYP8-B04 1 71
LWO0.2-OYP5-A06 1 57 PW1-OYP7-E07 1 59 PW1-OYP7-F09 1 73
LWO0.2-OYP5-H04 1 57 PW1-OYP7-FO7 1 59 PW63-OYP8-B02 1 74
LWO0.2-OYP9-E11 1 57 PW1-OYP7-G02 1 59 PW1-OYP7-B0O7 1 75
LW1-OYP3-C11 1 57 PW1-OYP7-G03 1 59 LWO0.2-OYP4-F05 2 8
PW0.2-OYP6-C09 1 57 PW1-OYP7-G05 1 59 LWO0.2-OYP4-G04 2 8
PW0.2-OYP6-C10 1 57 PW1-OYP7-G06 1 59 LWO0.2-OYP4-H09 2 8
PWO0.2-OYP6-D11 1 57 PW1-OYP7-G08 1 59 LWO0.2-OYP5-C02 2 8
PWO0.2-OYP6-E02 1 57 PW1-OYP7-H04 1 59 LWO0.2-OYP5-C09 2 8
PW0.2-OYP6-E03 1 57 PW5-OYP1-H03 1 59 LWO0.2-OYP5-C11 2 8
PW0.2-OYP6-E08 1 57 PW5-OYP1-HO7 1 59 LWO0.2-OYP5-D12 2 8
PW0.2-OYP6-E11 1 57 PW5-OYP1-H08 1 59 LWO0.2-OYP5-EQ07 2 8
PWO0.2-OYP6-F12 1 57 PW5-OYP1-H09 1 59 LWO0.2-OYP5-E10 2 8
PW1-OYP7-A05 1 57 PW5-OYP8-E01 1 59 LWO0.2-OYP5-FO7 2 8
PW1-OYP7-C10 1 57 PW5-OYP8-F10 1 59 LWO0.2-OYP5-F08 2 8
PW1-OYP7-F08 1 57 PW63-OYP1-A01 1 59 LWO0.2-OYP5-F09 2 8
PW5-OYP1-H11 1 57 PW63-OYP1-A12 1 59 LWO0.2-OYP5-F11 2 8
PW63-OYP1-B05 1 57 PW63-OYP1-B08 1 59 LWO0.2-OYP5-H06 2 8
LWO0.2-0YP4-G03 1 59 PW63-OYP1-B12 1 59 LWO0.2-OYP5-H11 2 8
LWO0.2-0YP4-G09 1 59 PW63-OYP1-CO1 1 59 LWO0.2-OYP9-E06 2 8
LWO0.2-0YP4-G10 1 59 PW63-OYP1-C02 1 59 LW1-OYP2-G05 2 8
LWO0.2-OYP5-A05 1 59 PW63-OYP1-C03 1 59 LW1-OYP2-G06 2 8
LWO0.2-OYP5-C04 1 59 PW63-OYP1-C04 1 59 LW1-OYP2-HO1 2 8
LWO0.2-OYP5-C0O7 1 59 PW63-OYP1-C09 1 59 LW1-OYP3-B06 2 8
LWO0.2-OYP5-F04 1 59 PW63-OYP1-C11 1 59 LW1-OYP3-CO1 2 8
LWO0.2-OYP5-HO05 1 59 PW63-OYP1-DO01 1 59 LW1-OYP3-C04 2 8
LW1-OYP3-B02 1 59 PW63-OYP1-D03 1 59 LW1-OYP3-D04 2 8
LW1-OYP3-B08 1 59 PW63-OYP1-D08 1 59 LW1-OYP3-D06 2 8
LW1-OYP3-C05 1 59 PW63-OYP1-D11 1 59 LW1-OYP3-D10 2 8
LW63-OYP4-A03 1 59 PW63-OYP1-D12 1 59 LW1-OYP3-E04 2 8
LW63-OYP4-D07 1 59 PW63-OYP1-E01 1 59 LW1-OYP3-E05 2 8
LW63-OYP4-E01 1 59 PW63-OYP8-B05 1 59 LW1-OYP3-E07 2 8
PW0.2-OYP6-B08 1 59 PW63-OYP8-B0O7 1 59 LW1-OYP3-E08 2 8
PW0.2-OYP6-E04 1 59 PW63-OYP8-B08 1 59 LW1-OYP3-F02 2 8
PW0.2-OYP8-D09 1 59 PW63-OYP8-B09 1 59 LW1-OYP3-G09 2 8
PW1-OYP7-A06 1 59 PW63-OYP8-B11 1 59 LW5-OYP2-A05 2 8
PW1-OYP7-A08 1 59 | PWO0.2-OYP6-GO1 1 62 LW5-OYP2-A08 2 8
PW1-OYP7-A10 1 59 LWO0.2-OYP4-HO7 1 63 LW5-0OYP2-B05 2 8
PW1-OYP7-B10 1 59 PW1-OYP7-D10 1 63 LW5-0OYP2-C03 2 8
PW1-OYP7-B11 1 59 PW0.2-OYP6-F10 1 65 LW5-OYP2-E06 2 8
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PW1-OYP7-C12 1 59 PW1-OYP7-B03 1 66 PW0.2-OYP6-A06 2 8
PW1-OYP7-D04 1 59 PW63-OYP1-E08 1 67 PWO0.2-OYP6-A07 2 8
PW1-OYP7-D09 1 59 PW1-OYP7-C09 1 69 PW0.2-OYP6-A08 2 8
V. choleraeisolate  CC ST | V.choleraeisolate = CC ST V. cholerae isolate CC ST
PW0.2-OYP6-CO1 2 8 PW5-OYP1-H05 2 8 LW1-OYP3-B10 3 9
PW0.2-OYP6-C04 2 8 PW5-OYP1-HO06 2 8 LW1-OYP3-B11 3 9
PW0.2-OYP6-C05 2 8 PW5-OYP8-E02 2 8 LW1-OYP3-B12 3 9
PWO0.2-OYP6-C11 2 8 PW5-OYP8-F11 2 8 LW1-OYP3-C02 3 9
PW0.2-OYP6-C12 2 8 PW63-OYP1-C08 2 8 LW1-OYP3-C08 3 9
PW0.2-OYP6-D04 2 8 PW63-OYP1-E04 2 8 LW1-OYP3-C09 3 9
PW0.2-OYP6-D05 2 8 LWO0.2-OYP4-H11 2 12 LW1-OYP3-C10 3 9
PW0.2-OYP6-D12 2 8 PW0.2-OYP6-A04 2 13 LW1-OYP3-D03 3 9
PW0.2-OYP6-F01 2 8 PW0.2-OYP6-E12 2 13 LW1-OYP3-D12 3 9
PWO0.2-OYP6-F02 2 8 PW0.2-OYP6-F03 2 13 LW1-OYP3-EO1 3 9
PWO0.2-OYP6-F05 2 8 PWO0.2-OYP6-F08 2 13 LW1-OYP3-E09 3 9
PWO0.2-OYP6-F06 2 8 LWO0.2-OYP4-F10 2 14 LW1-OYP3-E10 3 9
PWO0.2-OYP6-F11 2 8 PW0.2-OYP6-B02 2 14 LW1-OYP3-E12 3 9
PW0.2-OYP6-G02 2 8 PW0.2-OYP6-B12 2 14 LW1-OYP3-F03 3 9
PW0.2-OYP6-G03 2 8 PWO0.2-OYP6-E09 2 18 LW1-OYP3-FO7 3 9
PW0.2-OYP6-G05 2 8 LW5-OYP2-E01 2 20 LW1-OYP3-F08 3 9
PW0.2-OYP6-G06 2 8 LW0.2-OYP5-B11 2 23 LW1-OYP3-G05 3 9
PW0.2-OYP8-D05 2 8 LW1-OYP3-D09 2 28 LW1-OYP3-G11 3 9
PWO0.2-OYP8-D11 2 8 LW5-0YP2-C01 2 33 LW1-OYP9-B0O1 3 9
PW1-OYP7-A09 2 8 PW1-OYP7-B05 2 35 LW1-OYP9-BO7 3 9
PW1-OYP7-C02 2 8 PW0.2-OYP6-F04 2 60 LW1-OYP9-CO1 3 9
PW1-OYP7-C07 2 8 LWO0.2-OYP4-G06 3 9 LW1-OYP9-C06 3 9
PW1-OYP7-D05 2 8 LW0.2-OYP4-H03 3 9 LW1-OYP9-C0O7 3 9
PW1-OYP7-D06 2 8 LWO0.2-OYP5-A07 3 9 LW1-OYP9-C08 3 9
PW1-OYP7-D08 2 8 LWO0.2-OYP5-A08 3 9 LW1-OYP9-C09 3 9
PW1-OYP7-E10 2 8 LWO0.2-OYP5-G08 3 9 LW5-OYP2-A06 3 9
PW1-OYP7-G01 2 8 LW0.2-OYP5-G10 3 9 LW5-0OYP2-B02 3 9
PW1-OYP7-G07 2 8 LW0.2-OYP9-C11 3 9 LW5-0OYP2-B03 3 9
PW1-OYP7-G09 2 8 LW0.2-OYP9-D04 3 9 LW5-0OYP2-D04 3 9
PW1-OYP7-G10 2 8 LWO0.2-OYP9-E04 3 9 LW5-OYP2-D10 3 9
PW1-OYP7-G11 2 8 LW1-0YP2-G01 3 9 LW5-OYP2-E04 3 9
PW1-OYP7-HO1 2 8 LW1-OYP2-G03 3 9 LW5-OYP8-H08 3 9
PW1-OYP7-H02 2 8 LW1-0YP2-G04 3 9 LW5-OYP8-H11 3 9
PW1-OYP7-H03 2 8 LW1-OYP2-G10 3 9 LW63-OYP4-B11 3 9
PW1-OYP8-A02 2 8 LW1-OYP2-H02 3 9 LW63-OYP4-C11 3 9
PW1-OYP8-A03 2 8 LW1-OYP3-A01 3 9 PW0.2-OYP8-C08 3 9
PW5-0YP1-G06 2 8 LW1-OYP3-A02 3 9 PW0.2-OYP8-C10 3 9
PW5-0YP1-G08 2 8 LW1-OYP3-A07 3 9 PW0.2-OYP8-C12 3 9
PW5-0YP1-G10 2 8 LW1-OYP3-A09 3 9 PW0.2-OYP8-D01 3 9
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PW5-0YP1-G11 2 8 LW1-OYP3-A11 3 9 PW0.2-OYP8-D07 3 9
PW5-OYP1-HO1 2 8 LW1-OYP3-A12 3 9 PW0.2-OYP8-D08 3 9
PW5-0YP1-H02 2 8 LW1-OYP3-B03 3 9 PW0.2-OYP8-D10 3 9
PW5-0YP1-H04 2 8 LW1-OYP3-B07 3 9 PW1-OYP8-A07 3 9
V. cholerae isolate = CC ST | V.choleraeisolate CC ST V. cholerae isolate CC ST
PW1-OYP8-A08 3 9 LW63-OYP4-A12 4 82 LW1-OYP3-D05 7 49
PW1-OYP8-A10 3 9 LWO0.2-OYP4-F01 4 83 LW1-OYP3-D08 7 49
PW5-0OYP8-G08 3 9 LW63-0OYP4-D09 4 84 LW1-OYP3-F09 7 49
LW1-OYP2-H11 3 10 LWO0.2-OYP4-G05 5 1 LW1-OYP3-G06 7 49
PW0.2-OYP8-C06 3 21 LW0.2-0YP4-G12 5 1 PWO0.2-OYP6-G08 7 49
LWO0.2-OYP5-B09 3 25 LWO0.2-OYP5-A02 5 1 PWO0.2-OYP6-G09 7 49
LWO0.2-OYP4-H02 3 26 LWO0.2-OYP5-B01 5 1 PW63-OYP1-C05 7 49
LW1-OYP3-G04 3 27 LWO0.2-OYP5-B03 5 1 PWO0.2-OYP6-E10 7 53
LWO0.2-OYP9-F05 3 29 LWO0.2-OYP5-C06 5 1 LW1-OYP3-F05 7 85
PW5-OYP8-F12 3 3 LW0.2-OYP5-D06 5 1 LW5-OYP2-A04 8 48
LWO0.2-OYP5-A04 4 76 LW0.2-OYP5-D07 5 1 PW63-OYP1-D09 8 48
LWO0.2-OYP5-CO01 4 76 LWO0.2-OYP5-G05 5 1 PW0.2-OYP6-D09 8 50
LWO0.2-OYP5-E04 4 76 LWO0.2-OYP9-E05 5 1 PW0.2-OYP6-F09 8 51
LWO0.2-OYP5-E05 4 76 LWO0.2-OYP9-EQ7 5 1 PW0.2-OYP6-D03 9 40
LWO0.2-OYP5-E06 4 76 LW1-OYP2-GO7 5 1 LWO0.2-OYP4-H10 9 43
LWO0.2-OYP5-F06 4 76 LW1-OYP2-H05 5 1 PW63-OYP1-A09 9 43
LW1-OYP3-C07 4 76 LW1-OYP3-E06 5 1 LWO0.2-OYP5-A10 9 45
LW5-OYP2-E03 4 76 LW1-OYP3-E11 5 1 LW5-0OYP2-D07 9 45
LW63-OYP4-A04 4 76 LW63-OYP4-B03 5 1 LWO0.2-OYP5-D04 10 37
LW63-OYP4-A05 4 76 LW63-OYP4-B04 5 1 PW0.2-OYP6-C03 10 37
LW63-OYP4-A07 4 76 LW63-OYP4-B05 5 1 LW63-0YP4-B02 10 39
LW63-OYP4-A08 4 76 LW63-0OYP4-C09 5 1 PWO0.2-OYP6-G07 10 39
LW63-OYP4-A09 4 76 LW63-OYP4-B01 5 2 PW1-OYP7-C05 10 39
LW63-OYP4-A10 4 76 LW63-OYP4-A01 5 3 PW63-OYP1-A04 10 39
LW63-OYP4-A11 4 76 LWO0.2-OYP4-H06 5 4 PW63-OYP1-A06 10 39
LW63-OYP4-B07 4 76 PW1-OYP7-D07 5 4 PW63-OYP1-B01 10 39
LW63-OYP4-B10 4 76 LW1-OYP3-E02 5 7 PW63-OYP1-B02 10 39
LW63-OYP4-CO1 4 76 LW0.2-OYP5-G03 6 46 PW63-OYP1-B03 10 39
LW63-OYP4-C03 4 76 LW5-OYP2-D05 6 46 PW63-OYP1-B11 10 39
LW63-OYP4-C06 4 76 PWO0.2-OYP6-A05 6 46 PW63-OYP1-C10 10 39
LW63-OYP4-C08 4 76 PWO0.2-OYP6-A09 6 46 PW63-OYP1-E07 10 39
LW63-OYP4-C10 4 76 PW0.2-OYP6-B04 6 46 PW5-OYP1-G01 10 44
LW63-OYP4-D02 4 76 PW0.2-OYP6-B05 6 46 LWO0.2-OYP4-G08 11 58
LW63-OYP4-D03 4 76 PW1-OYP7-F10 6 46 LWO0.2-OYP4-H04 11 64
LW63-OYP4-D05 4 76 PW5-OYP1-G03 6 46 PW0.2-OYP6-D06 12 41
LW63-OYP4-D06 4 76 PW63-OYP1-C12 6 46 PW0.2-OYP6-D08 12 41
LW63-OYP4-E06 4 76 PW63-OYP1-D02 6 46 LWO0.2-OYP5-B07 12 42
LWO0.2-OYP4-G07 4 79 PW63-OYP1-E05 6 46 LWO0.2-OYP5-D02 12 42
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LWO0.2-OYP5-A03 4 79 PW63-OYP1-E12 6 46 LWO0.2-OYP5-E02 12 42
LWO0.2-OYP5-D05 4 79 PWO0.2-OYP6-E06 6 54 LW1-OYP3-B09 12 42
LWO0.2-OYP5-F12 4 79 PW1-OYP7-G04 6 55 LW63-0OYP4-D04 12 42
LW63-OYP4-D11 4 79 LW1-OYP3-C06 7 49 PW63-OYP1-E10 12 42
LW63-OYP4-B12 4 81 LW1-OYP3-D02 7 49 LW1-OYP3-B05 13 17
V. cholerae isolate  CC ST | V.choleraeisolate = CC ST V. metoecus isolate CC ST
LW63-OYP4-C07 13 17 LW5-OYP2-D09 56 LWO0.2-OYP9-D09 1 32
LW63-OYP4-D08 13 17 LW5-OYP2-A07 68 LWO0.2-OYP9-E01 1 4
LW63-OYP4-E10 13 17 LW5-0OYP2-C04 68 LW63-OYP4-D10 1 26
PW5-0OYP8-E08 13 17 LW5-0OYP2-D02 68 LW63-OYP4-E03 1 24
PW5-0OYP8-E09 13 17 LW63-OYP4-B08 68 LW63-OYP4-E04 1 4
PW5-OYP8-E10 13 17 LW1-OYP3-F12 72 LWO0.2-OYP9-D03 2 30
PW5-OYP8-E11 13 17 LW5-0OYP2-C05 72 LWO0.2-OYP9-E03 2 14
PW5-OYP8-E12 13 17 LW5-OYP2-A12 80 LW0.2-OYP9-E10 2 12
PW5-OYP8-FO1 13 17 LW1-OYP9-A10 2 3
PW5-OYP8-F08 13 17 LW5-OYP8-HO7 2 3
LW63-OYP9-A01 13 36 LW63-OYP9-A06 2 3
LW63-OYP4-E08 14 16 LWO0.2-OYP9-E12 3 8
LWO0.2-OYP5-F10 14 22 LWO0.2-OYP9-FO7 3 8
PW0.2-OYP6-E05 15 15 LW63-OYP4-EQ7 3 29
PW1-OYP7-C03 15 15 LW63-OYP4-E09 3 29
LWO0.2-OYP5-E12 15 19 PW5-OYP8-F09 3 8
LW0.2-OYP5-H10 15 19 PW5-0YP8-G05 3 21
LW1-OYP3-G10 15 19 LWO0.2-OYP4-F04 4 20
PW63-OYP1-C06 15 19 LWO0.2-OYP5-B10 4 19
PW63-OYP1-D0O7 15 19 LW1-OYP9-B09 5) 7
PW0.2-OYP6-A10 16 77 PWO0.2-OYP6-A03 5 18
PW0.2-OYP6-E01 16 77 PW0.2-OYP8-D04 5) 7
PWO0.2-OYP6-E07 16 77 LW1-OYP9-B03 6 13
PWO0.2-OYP6-D07 16 78 LW5-OYP8-H05 6 22
LWO0.2-0YP4-G02 17 61 LWO0.2-OYP5-D09 7 6
LWO0.2-OYP4-H08 17 61 LWO0.2-OYP5-H08 7 1
LW1-OYP3-F04 17 61 LWO0.2-OYP9-E08 7 1
LW63-OYP4-B09 17 61 LW63-OYP4-E05 7 1
LW1-OYP3-F10 17 70 LWO0.2-0YP4-G11 23
LWO0.2-OYP5-F02 5 LWO0.2-OYP5-B04 1
LWO0.2-OYP9-F06 5 LWO0.2-OYP5-B05 15
LW1-OYP2-H04 5 LWO0.2-OYP5-B06 9
PW1-OYP8-A01 6 LWO0.2-OYP9-C12 2
PW1-OYP7-C01 11 LWO0.2-OYP9-D06 17
LW5-0YP2-B04 24 LWO0.2-OYP9-D11 31
LWO0.2-OYP5-F05 30 LW1-OYP9-B08 5
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LW63-OYP4-E02 32 LW1-OYP9-C03 16
LW0.2-OYP5-G01 34 LW5-OYP8-G09 10
LW0.2-OYP5-H09 34 LW5-OYP8-G11 28
LW5-OYP2-E05 38 LW5-OYP8-G12 27
PW5-OYP8-E03 38 LW5-OYP8-H03 23
PWO0.2-OYP6-F07 47 LW63-0YP4-D01 25
LW0.2-OYP5-F01 56

LW = Lagoon water, PW= Pond water. 0.2 = 0.2-1um, 1 = 1-5um, 5 = 5-63um, 63 = >63um filter

size.

Table S2.2: Parwise comparison of genome differences from 5 dominant clonal
complexes

Percentage of identical bases

Clonal Complex
Strain  YB1G06 YB2A05 YB2G05 YB4F05 YB6A06 YB7A09 YB2A06 YB2G01 YB3G04 YB4G06 YB4HO02 YB2GO07 YB4B03 YB4G05 YB3B05 YB4C07 YB8EO8 YB1A01 YB5A06 YB7A06

Number of nucleotide differences

Strain ' YB1G06 YB2A05 YB2GO05 YB4F05 YB6A06 YB7A09 YB2A06 YB2G01 YB3G04 YB4G06 YB4H02 YB2G07 YB4B03 YB4G05 YB3B05 YB4CO7 YB8EO8 YB1A01 YB5A06 YB7A06
2249 2252 2258 2274 2258
21 17 51 39
30 50 36
54 32
52
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Table S2.3: NCBI accession numbers of genomes used in this study.

Strain Accession Number
Vibrio metoecus 06-2478 LCUDO0000000
Vibrio metoecus 07-2435 LCUE00000000
Vibrio metoecus 08-2459 LCUF00000000
Vibrio metoecus 2010V-1005 LCUG00000000
Vibrio metoecus YB4DO01 LBGO00000000
Vibrio metoecus YB5B04 LBGP00000000
Vibrio metoecus YB5B06 LBGQO00000000
Vibrio metoecus YB9DO03 LBGR00000000
Vibrio metoecus OP3H JJMNO0000000
Vibrio metoecus RC341 ACZT00000000
Vibrio cholerae YB1A01 LBCLO0000000
Vibrio cholerae YB1G06 LBF\V00000000
Vibrio cholerae YB2A05 LBFWO00000000
Vibrio cholerae YB2A06 LBFX00000000
Vibrio cholerae YB2G01 LBFY00000000
Vibrio cholerae YB2G05 LBFZ00000000
Vibrio cholerae YB2G07 LBGAQO0000000
Vibrio cholerae YB3B05 LBGB00000000
Vibrio cholerae YB3G04 LBGC00000000
Vibrio cholerae YB4B03 LBGDO00000000
Vibrio cholerae YB4CO07 LBGE00000000
Vibrio cholerae YB4F05 LBGF00000000
Vibrio cholerae YB4G05 LBGG00000000
Vibrio cholerae YB4G06 LBGHO00000000
Vibrio cholerae YB4H02 LBGI00000000
Vibrio cholerae YB5A06 LBGJO0000000
Vibrio cholerae YB6A06 LBGK00000000
Vibrio cholerae YB7A06 LBGL00000000
Vibrio cholerae YB7A09 LBGMO00000000
Vibrio cholerae YB8A08 LBGNO0000000
Vibrio cholerae 12129 ACFQO00000000
Vibrio cholerae 1587 AAURO00000000
Vibrio cholerae 2740-80 AAUTO00000000
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Vibrio cholerae 623-39 AAWG00000000
Vibrio cholerae 877-163 LBNV00000000
Vibrio cholerae AM-19226 AATY00000000
Vibrio cholerae BX 330286 ACIA00000000
Vibrio cholerae MAK757 AAUS00000000
Vibrio cholerae MO-10 AAKF00000000
Vibrio cholerae MZ0O-2 AAWF00000000
Vibrio cholerae MZ0O-3 AAUU00000000

Vibrio cholerae N16961

AE003852; AE003853

Vibrio cholerae 0395

CP001235; CP001236

Vibrio cholerae RC385 AAKH00000000
Vibrio cholerae TMA21 ACHY00000000
Vibrio cholerae V51 AAKIO0000000

Vibrio cholerae V52 AAKJ00000000
Vibrio cholerae V/L426 ACHV00000000
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Chapter 3

Vibrio metoecus sp.nov., a close relative of Vibrio cholerae
isolated from coastal brackish ponds and clinical

specimens

3.1 Abstract

A Gram-negative, curved rod shaped bacterium with close resemblance to Vibrio cholerae,
the etiological agent of cholera, was isolated over the course of several years from coastal
brackish water (17 strains) and from clinical cases (two strains) in the United States. 16S rRNA
gene identity with V. cholerae exceeds 98% yet an average nucleotide identity based on
genome data of around 86% and multi locus sequence analysis of six housekeeping genes
(mdh, adk, gyrB, recA, pgi, rpoB) clearly delineates these isolates as a distinct genotypic cluster
within the V. cholerae-V. mimicus clade. Most standard identification techniques do not
differentiate this cluster of isolates from V. cholerae. Only ampilification of the ompW gene using
V. cholerae-specific primers and a negative Voges-Proskauer test shows a difference between
the two clusters. Additionally, all isolated strains differ phenotypically from V. cholerae in their
ability to utilize N-Acetyl-D-galactosamine and D-glucuronic acid as sole carbon sources.
Furthermore, they are generally unable to infect the slime mold Dictyostelium discoideum, a
widespread ability in V. cholerae. Based on these clear phenotypic differences that are not
necessarily apparent in standard tests and, average nucleotide identity and phylogeny of
protein-coding genes, we propose the existence of a new species, Vibrio metoecus sp. nov. with
the type strain OP3H' (LMG 27764" = CIP 110643"). Due to its close resemblance to V.
cholerae and the increasing number of strains isolated over the past several years, we suggest
that V. metoecus sp. nov. is a relatively common Vibrio species that has been identified as
atypical isolates of V. cholerae in the past. Its isolation from clinical samples also suggests

strains of this species, like V. cholerae, are opportunistic pathogens.
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3.2 Introduction

Bacteria of the genus Vibrio are a group of ubiquitous marine organisms, most notable
among them Vibrio cholerae, the etiological agent of the diarrheal disease cholera. Due to their
clear phylogenetic differentiation, it has been suggested that V. cholerae and its closest known
relative, V. mimicus, should be placed in a different genus than the rest of the more than
hundred described Vibrio species (33) We describe a novel species, Vibrio metoecus sp.nov.,
that is more closely related to V. cholerae than any other described Vibrio, yet can be
differentiated using phenotypic and phylogenetic characteristics. We use multilocus sequence
analysis (MLSA) of 19 strains of V. metoecus sp. nov. (Table 3.1), average nucleotide identity
(ANI) values obtained from whole genome sequences and metabolic profiling of seven strains to
clearly delineate Vibrio metoecus sp. nov. from other vibrios and demonstrate the species’ close

relatedness to V. cholerae.

A single V. cholerae-like bacterium was initially isolated from a water sample at the
Chesapeake Bay estuary (MD, USA) in 1998 (151). While initially classified as V. cholerae
based on its 16S rRNA sequence, a comparative genomic analysis revealed significant
differences between this isolate and its closest relatives, V. cholerae and V. mimicus. The
isolate was provisionally named “Vibrio metecus” (152). A global survey of the mobile gene pool
content of Vibrio cholerae led to the isolation of additional strains from the Oyster Pond
(Falmouth, MA, USA) (109) and since 2006, the bacterium has also been isolated from two

human clinical cases as a seemingly opportunistic pathogen.

3.3 Material and Methods

3.3.1 Isolation of strains

Sixteen environmental V. metoecus sp. nov. and three environmental V. cholerae strains
from Oyster Pond (OP4A, OP4C and OP8A) were cultured and isolated as described by
Choopun and Boucher et al. (109, 151). Aliquots of water samples were filtered through
hydrophilic 0.22um pore size filters (Pall Scientific). The filters were placed on thiosulfate citrate
bile salts sucrose (TCBS) plates (Difco) and incubated for two days at 30°C. Resulting colonies
showing typical yellow Vibrio cholerae appearance were alternatingly re-streaked on tryptic soy

broth agar (TSB, Difco), TCBS and a final time on TSB to obtain pure cultures. One additional
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environmental and two clinical isolates of V. metoecus sp. nov. were obtained from the United

States Centers for Disease Control and Prevention (Atlanta, GA).

3.3.2 Electron microscopy

For scanning electron microscopy, isolate 06-2478 was grown overnight at 37°C in TSB +
10g/lI NaCl. Bacteria were filtered on 0.22um pore size Isopore filters (Millipore) before fixing in
2.5% glutaraldehyde, 2% para-formaldehyde in 0.1M Phosphate Buffer for approximately 2h.
Fixed samples were washed 3x10min in 0.1M phosphate buffer, 1x50% ethanol, 70% ethanol,
90% ethanol, 2x100% ethanol, 1x75:25 ethanol:HMDS (hexamethyldisilazane, Electron
Microscopy Sciences), 50:50 ethanol:HMDS, 25:75 ethanol:HMDS, 100% HMDS, pelleted and
left to dry overnight in a fume hood. Samples were mounted on SEM stub, sputter coated with

Au/Pd and viewed in a Philips/FEI (XL30) Scanning Electron Microscope.

For transmission electron microscopy, a single colony of V. metoecus sp. nov. strain 06-2478
was taken from a TSB +10g/l NaCl agar plate that had been grown over night at 37°C and was
subsequently fixed in 50ul 2.5% glutaraldehyde, 2% para-formaldehyde in 0.1M Phosphate
Buffer for approximately 2h. A droplet of sample was placed on a Formvar coated grid (Electron
Microscopy Sciences), blot-dried with filter paper after 30 seconds and covered with a droplet of
2% phosphotungstic acid (pH 7) for 15 seconds. Sample was viewed in a Philips/FEI (Morgagni)

Transmission Electron Microscope with Gatan Digital Camera.

3.3.3 Phenotypic assays

Phenotypic characterization was performed on seven V. metoecus sp. nov (two clinical: 08-
2459 and 06-2478; five environmental: OP6B, OP5A, OP4B, OP1E and OP3H'), five V.
cholerae strains (two clinical: N16961 and V52; three environmental: OP4A, OP4C and OP8A)
and V. mimicus CAIM 602 This was done using API20NE (Biomerieux) and Biolog GN2 plates
with cultures that had been grown on TSB agar plates over night at 37°C. V. mimicus CAIM
GN2 data was taken from (153). Additional Voges Proskauer assays were performed in BBL
MR-VP Broth (BD), test for lysine decarboxylase and ornithine decarboxylase activity in BBL
Moeller Decarboxylase Broth (BD) with 10g/l L-lysine or L-ornithine respectively, according to
the manufacturers’ instructions. Test for tartrate utilization was performed using the ingredients

and procedure from BBL Jordan’s tartrate agar deeps (BD).
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Permissive growth temperature was determined in LB Medium (Difco) with 1% NaCl added in
a range of 4-45°C while permissive salinity levels were determined in LB Medium at 30°C in a
range of 0-8 % NaCl. The ability to kill Dictyostelium amoebae, an assay designed for the
detection of virulence-associated secretion genes in non-O1/non-0139 V. cholerae, was
performed by co-plating of bacteria (V. metoecus OP1B, OP1D, OP1H, OP6H, OP3H', OP4B,
OP4F, OP5A, OP5D, OP6GA and OP6B as well as the five V. cholerae strains mentioned above)
and Dictyostelium and observing plaque formation as described previously (84). All tests were

performed in triplicate. The results of all phenotypic assays are given in the description section.

3.3.4 Phylogenetic analysis

Genotypic analysis was performed as described in Boucher et al. (109). All 19 V. metoecus
sp. nov. and five V. cholerae isolates were grown in TSB overnight at 37°C. DNA extraction was
performed using Tissue DNA Kit (QIAGEN) or Lyse-and-Go (Pierce). The partial 16S rRNA
gene of OP3H' was amplified using primers 27F and 1492R (154). Sequences were aligned
with ClustalW (155) and Geneious 6.0.3 (Biomatters) was used to assess sequence variation.
V. cholerae-specific internal transcribed spacer region (ITS) was amplified using primers pVC-
F2 and PVCM as described previously (156). V. cholerae-specific PCR amplification of ompW
was performed using primers ompW-F and ompW-R following the protocol by Nandi et al. (157).
For MLSA, fragments of six housekeeping genes (mdh, adk, gyrB, recA, pgi, rpoB) were
amplified and sequenced as described by Boucher et al. (109). This analysis was performed for
seventeen strains of V. metoecus sp. nov., as well as three strains of V. cholerae (OPA4, OP4C
and OP8A). Sequences for reference strains identified by BLAST search of available genomes
using OP3H' sequences as queries and retrieved from GenBank. Also included in the dataset
was a single isolate of the yet to be formally described Vibrio sp. RC586 (152). Partial
sequences of these six genes were concatenated (3593bp in total) and aligned using ClustalW
(155) and a Maximum likelihood phylogenetic tree was constructed using RAXML 7.2.8-ALPHA

with 100 bootstrap replicates and GTR Gamma substitution model with eight categories (130).

3.3.5 Whole genome sequencing and analysis

Whole genome sequencing of strain OP3H' was performed by generating single-end
pyrosequencing (GS FLX-Titanium; Roche Diagnostics, Indianapolis, IN, USA and single-end
lllumina reads (GAlle sequencer; lllumina, San Diego, CA, USA). Pyrosequencing reads were

then assembled de novo by using Newbler version 2.5.3 (Roche Diagnostics). To correct
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potential base-calling errors attributed to homopolymers, Illlumina GAlle reads were mapped to

the Newbler contigs by using CLC Genomics Workbench version 4.5 (CLC bio, Quiagen).

ANI was calculated between the genome of strain OP3H" and the previously sequenced
genomes of strain RC341 (152) as well as V. cholerae N16916 and V. mimicus CAIM 602
(Table 3.1) using the ANIb algorithm implemented in JSpecies with standard parameters (36).

3.4 Results and Discussion

V. metoecus sp. nov. strains resemble V. cholerae in the majority of biochemical and growth
characteristics. Giving their highly similar biochemical profiles, these two sister species are
differentiated from V. mimicus by the same characteristics. Most phenotypic tests normally used
to diagnose the identity of an unknown strain as V. cholerae yield identical results for V.
metoecus sp. nov. However, there are some notable exceptions to this phenotypic similarity
(Table 3.2). All strains of V. metoecus sp. nov. were able to grow using N-Acetyl-D-
galactosamine and D-glucuronic acid as a sole carbon source. No V. cholerae strains have so
far been reported to use either substrate. Five of the seven V. mefoecus sp. nov. strains tested
were able to utilize a-cyclodextrin and two tween-40; both abilities were absent in V. cholerae.
Only one strain of V. metoecus sp. nov. displayed a slight ability to infect the slime mold
Dictyostelium discoideum via virulence associated secretion genes, while strong virulence
towards this slime mold is ubiquitous in V. cholerae. Furthermore, all tested V. metoecus sp.
nov. strains were negative for the Voges Proskauer assay, which tests for the production of
acetoin from the fermentation of dextrose. Incidentally, this is the only biochemical characteristic
test that is shared between V. metoecus and V.mimicus while also differentiating them from
V.cholerae (Table 3.2).

V. metoecus sp. nov. can not be differentiated from V. cholerae through the ampilification and
sequencing of the 16S rRNA gene (similarity of 16S rRNA gene sequences between V.
metoecus sp. nov. type strain OP3H' and V. cholerae strains ranges from 98.4 to 99.8%), or
amplification of the ITS region using V. cholerae specific primers (both species yield strong
products using this standard molecular diagnostic technique for V. cholerae) (158). Although
these results indicated a very close phylogenetic relationship, the PCR amplification of ompW, a
gene encoding an outer membrane protein, allowed the differentiations between strains of the
two species, being positive for all V. cholerae and negative for all V. metoecus sp. nov. Also,

MLSA allowed a clear phylogenetic delineation of V. metoecus sp. nov. from both V. cholerae
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and V. mimicus as well as from the single isolate of the as of yet to be formally described isolate

RC586 (152) (Fig. 3.1).
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Fig. 3.1: Phylogenetic relationships of V. metoecus sp. nov. and its closest relatives

based on a concatenated dataset of six partial gene sequences. The tree is derived from a

3593bp alignment composed of protein-coding housekeeping genes mdh, adk, gyrB, recA, pgi

and rpoB. It was reconstructed by Maximum Likelihood phylogenetic analysis using RAXML

7.2.8 (GTR Gamma substitution model, eight rate categories). The V. metoecus type strain is

bolded. Relevant bootstrap values >50% are shown. Bar represents substitutions per site.

GenkBank Accession numbers of all sequenced genes are KJ638721-KJ638858.
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This further emphasizes the utility of MLSA over the use of the 16S rRNA gene for the
identification of Vibrio (159, 160). Futhermore, ANI between V.metoecus sp. nov strains OP3H'
and RC341 is 98.9%. The ANI between the type strain OP3H' and V. cholerae N16961 is
86.6% while the ANI to V. mimicus CAIM 602 is 86.3%. This is far below the threshold for a

taxonomic species, which is usually considered to be 95% ANI or above (161).

Thus, despite large overlap with V. cholerae in phenotypic characteristics and a 16S rRNA
sequence similarity exceeding 98.4% (a value found both between different strains of a single
species and between closely related species (18), we propose, based on ANI and phylogenetic
analysis, that the isolates described in this study should be assigned to a new species, Vibrio
metoecus sp. nov. We also note that due to their close resemblance in standard diagnostic
characteristics, previous studies might have (mis)identified V. metoecus sp. nov. as atypical
isolates of V. cholerae. The isolation of several strains over a period of more than 10 years from
both environmental and clinical samples suggests that our novel species might represent a

relatively common but overlooked species of Vibrio in North America and perhaps elsewhere.

3.4.1 Description of Vibrio metoecus sp. nov.

Vibrio metoecus (met.oe'cus. N.L. masc. n. metoecus (from Gr. n. metoikos), non-resident,

stranger.

Gram staining negative, oxidase positive, curved-rod shaped bacterium, roughly 1.25-2um in
length and 0.4um in width. It exhibits motility by means of a single polar flagellum (Fig. 3.2).
DNA G+C content of type strain OP3H', based on whole genome sequencing, is 47.73%. The
ability to utilize N-Acetyl-D-galactosamine and D-glucuronic acid as well as the lack of virulence
associated secretion and ompW genes and negative Voges Proskauer reaction differentiates
the V. metoecus sp. nov. type strain from its closest described relative V. cholerae (>98%
identity of 16S rRNA gene). Growth occurs in LB-broth in a temperature range of 20-40°C, and
at 30°C at NaCl concentrations below 8%. V. metoecus sp. nov. is capable of producing indole
and B-glucosidase as well as reducing nitrate to nitrite; it is positive for glucose fermentation,
lysine decarboxylase and ornithine decarboxylase. Produces acid from the fermentation of
mannitol but not arabinose. Arginine dihydrolase, and urease negative. Finally, it forms
V.cholerae-like yellow circular colonies on TCBS agar and flat, smooth, circular colonies of

creamy-white colour on TSB agar.
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Fig. 3.2: Electron micrographs of Vibrio metoecus sp. nov. 06-2478 A) Scanning electron
micrograph of bacteria grown in TSB broth, filtered on 0.22um filters. Scale bar represents 2um.
B) Transmission electron micrograph of bacteria grown on TSB agar plate. Scale bar represents

0.2um.

All tested strains are positive for carbon utilization from a-D-glucose, p-galactose, citrate, D-
fructose, D-galactose, D-gluconic acid, D-glucose, D-glucuronic acid, D-maltose, D-mannitol, D-
mannose, D-trehalose, dextrin, gelatin, gluconate, glycogen (except OP1E), malic acid, maltose,
N-acetyl-D-galactosamine, N-acetyl-D-glucosamine sucrose and tartrate. Diversity between
strains exists for utilization of a-cyclodextrin, a-ketoglutaric acid, -methyl-D-glucose, D-psicose,
inosine, L-glutamic acid, succinic acid, thymidine, tween 40 and uridine. Not utilized by any
isolates are 2-aminoethanol, 2,3-butanediol, adipic acid, L-arginine, p-hydroxybutyric acid,
capric acid, cellobiose, cis-aconitic acid, D-alanine, D-galactonic acid lactone, D-glucose-6-
phosphate, D-mellibioise, D-serine, D,L-carnitine, D,L,a-glycerol phosphate, formic acid, g-
aminobutyric acid, g-hydroxybutyric acid, gentiobiose, glucuronamide, glycyl-L-glutamic acid,
hydroxy-L-proline, L-alaninamide, L-alanine, L-arabinose, L-aspartic acid, L-histidine, L-ornithine,
L-phenylalanine, L-serine, L-threionine, lactulose, m-inositol, p-hydroxy-phenylacetic acid,
phenylacetic acid, propionic acid, putrescine, pyruvic acid methyl esther, quinic acid, sebacic
acid, succinamic acid, succinic acid mono-methyl ester, turanose, urea, urocanic acid and

xylitol.
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The OP3HT (type strain, = LMG 27764" = CIP 110643") was isolated from Oyster Pond, a

brackish water coastal pond in Falmouth, Massachusetts, USA, in 2006.

The GenBank accession numbers for 16S rRNA of OP3H' as well as mdh, adk, gyrB, recA,
pgi and rpoB for all sequenced strains are KJ647312 (OP3H' 16S) KJ638721 - KJ638743
(rpoB), KJ638744 - KJ638766 (recA), KJ638767 - KJ638789 (pgi), KJ638790 - KJI638812
(mdh), KJ638813 - KJ638835 (gyrB), KJ638836 - KJ638858 (adk). The GenBank accession
number for the type strain OP3H" genome is JJMNOOOOOOOQO

Table 3.1: Source and year of isolation of Vibrio metoecus sp. nov. and Vibrio cholerae
strains

Sample Isolation source/location ;;?J?:;tgn citation

06-2401 fish tank, OH, USA 2006 this study

06-2478 human stool, M5, USA 2006 this study

08-2459 human blood, NG, USA 2008 this study

5E10 water, Oyster Pond, MA, USA 2006 this study

GEQ08 water, Oyster Pond, MA, USA 2006 this study

BG05 water, Oyster Pond, MA, USA 2006 this study

OP1B water, Oyster Pond, MA, USA 2006 this study

OP1D water, Oyster Pond, MA, USA 20086 this study

OP1E water, Oyster Pond, MA, USA 2007 this study

OP1H water, Oyster Pond, MA, USA 2006 this study

OP2G water, Oyster Pond, MA, USA 20086 this study

oP3HT water, Oyster Pond, MA, USA 2006 this study

QP4B water, Oyster Pond, MA, USA 2006 this study

OP5A water, Oyster Pond, MA, USA 20086 this study

OP5D water, Oyster Pond, MA, USA 2006 this study

QOPBA water, Oyster Pond, MA, USA 2006 this study

OPEB water, Oyster Pond, MA, USA 2006 this study

OP6H water, Oyster Pond, MA, USA 20086 this study

RC341 water, Chesapeake Bay estuary, MD, USA 1998 Haley et al. (2010)(3)
RC586 water, Chesapeake Bay estuary, MD, USA 1998 Haley et al. (2010)(3)
CAIM 802* Human ear, NG, USA 1981 Davis et al. (1981)(18)
V52 human stool, Sudan 1968 :&Eg"l%e}ﬁg‘?
N16961**  human stool, Bangladesh 1971 ;ﬁ'gg"l%e}ﬁ;‘
OP4a™* water, Oyster Pond, MA, USA 2006 this study

opP4Cc™™™ water, Oyster Pond, MA, USA 2006 this study

OP8A™*" water, Oyster Pond, MA, USA 2008 this study

* This isolate represents a the type strain of V. mimicus
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** These isolates represent clinical isolates of V. cholerae

*** These isolates represent environmental isolates of V. cholerae

Table 3.2: Differentiating characteristics of Vibrio metoecus sp. nov. from its closest
relatives Vibrio cholerae and Vibrio mimicus

V. maloscus sp. nov, (1-T)

V. cholerae (9-13) V.mimicus (14)

Test 2 3 4 5 B T 8 o 11 12 13 | 14
MN-Acetyl-o-galaciosamine” + + * * + +
c-glucuronic acid® + + , . - +
Acatoin production ] 1] 4] + + * * *
Amplfication of ompky + i " + "
Dichyastalium virulence** i 0 * * * f
a-cyclodextrin® + + * * *
Tweaen 40° + * ¥ ¥
p-methyl-o-glucoside® + ¥ (#y v ¥ ¥ ¥
o-psicose” + - [#) 60 I - B o T N
a-ketoglutanc acid® * - (*)} (*] (*} | (=}
Succinle acid* [+1 [+ (*) s | [+ (#) . . . +
L-glutamic acid® {(#) =) (*}  (*)} (=} (#} | (%) ¥
Imosing” + [t} (+}  [*)} (=} (#} + (+)
Uriding* LA S0 TR .0 TR B o N . T O I R
Thymidine® " v
Glycogen® + " * » H + & + + +
D=fruchogae® [ [} " " a i {+} {+) [ [+)
o-galactose™ + + * ® * + + v " W +
c-mannitol® * * * . 4 * " {+) v [+
o-mannose” + + * . . . # ‘ {+) + +
Sucrose” * ® ® ® a i i {+) * [+
Suctinie acid mono-mothyl ester *
o-gluconic acid® + * * * * * * [+ ¥ + +
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o,L,a-glyeral phosphate* +
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Strains 1-8 are Vibrio metoecus sp. nov. 1. 08-2459, 2: 06-2478, 3: OP6B, 4: OP5A, 5:
OP4B, 6: OP1E, 7: OP3H". 9-12 Vibrio cholerae 9: N16961, 10: V52, 11: OP8A, 12: OP4C and
13: OP4A. 14 Vibrio mimicus CAIM 602, results from Nishiguchi and Nair (2003). +

Growth/positive test result, (+) weak growth/weakly positive, - no growth/negative test result, v

variable results between triplicates, n not determined. * Refers to positive result on Biolog GN2
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plate on specific substrate. ** of 11 tested V. metoecus sp. nov strains, only OP6H showed

signs of low-level virulence towards Dictyostelium discoideum

Chapter 4
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Sequential displacement of Type VI Secretion System
effector genes leads to evolution of diverse immunity gene

arrays in Vibrio cholerae

4.1 Abstract

Type VI secretion systems (T6SS) enable bacteria to engage neighboring cells in a contact-
dependent competition. In Vibrio cholerae, three chromosomal clusters each encode a pair of
effector and immunity genes downstream of those encoding the T6SS structural machinery for
effector delivery. Different combinations of effector-immunity proteins lead to competition
between strains of V. cholerae, which are thought to be protected only from the toxicity of their
own effectors. Screening of all publically available V. cholerae genomes showed that numerous
strains possess long arrays of orphan immunity genes encoded in the 3’ region of their T6SS
clusters. Phylogenetic analysis reveals that these genes are highly similar to those found in the
effector-immunity pairs of other strains, indicating acquisition by horizontal gene transfer.
Extensive genomic comparisons also suggest that successive addition of effector-immunity
gene pairs replaces ancestral effectors, yet retains the cognate immunity genes. The retention
of old immunity genes perhaps provides protection against nearby kin bacteria in which the old
effector was not replaced. This mechanism, combined with frequent homologous recombination,
is likely responsible for the high diversity of T6SS effector-immunity gene profiles observed for

V. cholerae and closely related species.

4.2 Introduction

The family Vibrionaceae consists of over 100 related species of highly motile, heterotrophic
bacteria that enzymatically convert inaccessible organic matter found in aquatic environments
into carbon sources available to higher trophic levels of the ecosystem they inhabit (33).
Numerous mostly harmless lineages of Vibrio coexist within niches, competing for largely similar
resources(162). Among them are a few human pathogens of relevance, including Vibrio
cholerae, the causative agent of the sometimes dramatic and lethal cholera diarrhea. More
specifically, a single lineage of the V. cholerae species, comprised primarily of O1 and 0139

serogroup strains (163), has adapted to effectively colonize the human gastrointestinal tract and
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is responsible for all known cholera pandemics (103). Pandemic V. cholerae strains harbor the
horizontally acquired genetic elements VPI-I and CTX-® encoding the toxin co-regulated pilus
and cholera toxin respectively. These virulence factors enable pandemic strains to colonize the
crypts of villi in the small intestine, causing watery purges of diarrhea and releasing billions of
pathogenic bacteria into the environment (164) Thus, pathogenic V. cholerae lead a dual
lifestyle: One that requires the ability to pursue, attach and colonize biotic surfaces in a relatively
oligotrophic aquatic environment of low osmolarity, and another that requires the successful
colonization of a eutrophic, biochemically challenging human intestine populated by a highly
diverse commensal host flora (114).

In both of these competitive environments, V. cholerae is believed to actively employ their Type
VI secretion system (T6SS), which is induced by chitin in the environment (93) and by bile salts
in the gut (165). The T6SS is a membrane-spanning nanomachine capable of injecting toxin-
tipped protein spears into adjacent eukaryotic and bacterial target cells (166, 167). The T6SS
spear consists of Hcp multimers tipped by a VgrG (hetero)trimer and effector proteins with
varying cytotoxic effects (168). For example, the VgrG-1 protein of some V. cholerae strains
harbors a C-terminal domain that mediates crosslinking of cytoskeletal actin fibers in eukaryotic
cells (such as predatory amoebae or macrophages), leading to cell rounding and death (169,
170). VgrG-3, on the other hand, displays antibacterial properties by degrading prokaryotic
peptidoglycan, and is also an important factor in the colonization of the human intestine (171,
172). Additionally, so-called cargo effectors can be loaded onto the Hcp-VgrG spear, further
expanding the toxic capabilities of the T6SS (173).

Unterweger et al. (141) found that a multitude of diverse T6SS effector-immunity (El) gene
modules are encoded in different V. cholerae genomes. Effector proteins are placed as cargo
onto the T6SS-spear by an adaptor protein, while immunity proteins remain inside the cell and
prevent intoxication by incoming cognate effectors (174). The resulting “poisoned” spear proves
lethal to target cells that do not possess an El module of the same type (141). Through this
system, strains of V. cholerae are not only able to attack eukaryotes and bacteria belonging to
different species, but also their perhaps strongest competitors, non-kin strains of the same
species (175). Unterweger et al. (141) established a three-letter system for typing V. cholerae
T6SS variants based on their EI modules. Different letters designate unique El gene families (as
defined by a 30% amino acid identity of immunity proteins) encoded in three genomic clusters:
aux-1 (A and C), aux-2 (A-E) and the large cluster (A-G). In the case of the large cluster, the

effector is a domain at the 3’ end of vgrG-3, not a separate gene (Figure 4.1).
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Figure 4.1: Schematic organization of V. cholerae T6SS clusters. Striped arrows denote
genes encoding VgrG effectors; non-striped coloured arrows denote variable effector (large
arrows) or immunity genes (small arrows); grey arrows indicate conserved genes based on
cluster tags from the reference genome of V. cholerae N16961. Not pictured: VCA0122, the
coding region of which is frequently interrupted by deletions. Boxed region denotes the EI
module. Extended 3’-region is of variable length and gene content, and all coloured genes vary
in length. Large cluster extends further upstream than shown in figure.

Strains with identical El module composition belong to the same compatibility groups, whereas
those that possess different El modules are T6SS incompatible. For example, most V. cholerae
from the lineage containing pandemic strains belong to the AAA type (note that the same letter
for different clusters does not denote the same gene family) and can co-exist among each other
(they are “compatible”). In contrast, strains of the AAA-type engage in T6SS-mediated
competitive interactions with strains of different groups such as CAG or AAC, and are thus
‘incompatible” with them (141). The AAA genotype appears to be the most effective for
intraspecies competition under laboratory conditions, as suggested by the ability of V. cholerae
V52 (an O37 serogroup strain from the same lineage as O1 serogroup pandemic strains) to

outcompete any strain with a different EI module combination (141). In addition to each V.
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cholerae strain possessing three El modules at conserved genomic clusters, recent studies
have found further EI modules encoded on horizontally transferred genomic islands that
potentially expand the T6SS mediated competitive abilities of V. cholerae even further (176,
177).

The large number of distinct EI modules may indicate an ongoing evolutionary arms race to
succeed in intra- and interspecies competition and to overcome eukaryotic host defenses. Such
intense selective pressure could facilitate not only rapid mutational divergence of effectors and
immunity proteins of different lineages, but also horizontal gene transfer, either as a whole or in
parts, giving rise to new variants.

To elucidate the evolutionary dynamics of the V. cholerae T6SS, we performed a systematic
survey of the T6SS-harboring genomic regions in V. cholerae and its closest relatives among
the Vibrionaceae. This led to the discovery of additional putative effector and immunity genes in
the 3’-region of several Vibrio T6SS clusters. Additionally, we find evidence that insertion of
distinct EI modules replaces old effectors, yet often retains the immunity genes, leading to an
array of multiple different orphan immunity genes and the establishment of new types of mosaic
T6SS regions. We also provide evidence that such modular insertion may have given rise to the

unique combination of effector and immunity genes found in pandemic V. cholerae strains.

4.3 Material & Methods

4.3.1 Identification and annotation of T6SS clusters in Vibrio species

Initial screening for T6SS clusters in Vibrio cholerae and the closely related Vibrio metoecus,
Vibrio mimicus, Vibrio fluvialis, and Vibrio furnissii was conducted by performing megaBLAST
searches against all genomes of these species (V. cholerae: 548, V. metoecus: 10, V. mimicus:
10, V. fluvialis: 8, V. furnissii: 4) available on NCBI. Genes VC1421, VCA0022 and VCA0125 of
V. cholerae strain N16961, each located downstream of one of the three T6SS clusters, were
used as conserved, single copy query sequences to identify contigs containing aux-1, aux-2 and
large T6SS region genes, respectively. T6SS regions were then located on the extracted
contigs by mapping them against N16961 vgrG-1, vgrG-2 and vgrG-3 (VC1416, VCA0018 and
VCAO0123) in Geneious 8 (119). Homologous genes within those regions were then identified by
extracting all ORFs >300 bp and conducting all-vs-all local BLASTP searches on translated
sequences. Hits with a minimum of 30% protein sequence identity were considered homologous

and annotated accordingly. To ensure completeness of our initial genomic survey, all identified
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putative effector and immunity genes found in our first round of searches were then used as
query for a second round of megaBLAST searches, and additional T6SS regions found by these
searches were added to the dataset. This dataset was then trimmed to 95 genomes
(Supplementary Table S4.1) by eliminating all genomes that did not show any nucleotide
divergence in the identified T6SS clusters. Additional megaBLAST searches for the mobile
antibacterial tseH-tsel EI module (176) and T6SS cluster identified by Labatte et al. (177)

revealed their presence in various V. cholerae strains.

4.3.2 Phylogenetic analysis

From the finalized selection of genomes, a pangenome k-mer SNP dataset was extracted
using kSNP3.0 with an inferred optimal k-mer size of 19 (178). This dataset contained a set of
1,085,207 19-mers found in at least one genome (with absences in other genomes denoted as

missing data).

A maximum-likelihood phylogenetic tree was then calculated using RAxML 8.0 using the
GTRGAMMA substitution model, and statistical support was estimated based on 100 bootstrap
replicates (130). This whole-genome rather than core-genome approach provides increased
phylogenetic resolution when comparing a large number of closely related genomes (belonging
to a single species) while also including more distantly related genomes in the dataset. In a
core-genome approach, the inclusion of more distantly related genomes or incomplete draft
genomes (only a small number of Vibrio genomes are complete) leads to a loss of resolution
since phylogenetically informative characters needed for the differentiation of closely related
genomes are removed due to their absence in some genomes. The whole genome approach
becomes more problematic over longer evolutionary timeframes where the cumulative effect of
horizontal gene transfer might trump the higher incidence of vertical descent in closely related
genomes(179). To avoid potentially false inference of relationships in more ancestral branches

of the tree, we collapsed bipartitions with bootstrap support lower than 70.

Alignments of single genes or gene regions were performed using the CLUSTALW (127)
plugin in Geneious 8 using standard settings and then manually edited in Geneious 8.

Phylogenetic trees were generated from these alignments using RAXML as described above.
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4.3.3 Recombination analysis

In order to infer putative regions within T6SS clusters that have undergone horizontal gene
transfer, recombination analysis was performed using RDP4 (126). Four different algorithms
implemented in RDP4 were used: GENECONV, RDP, MAXCHI and CHIMAERA. Briefly,
GENECONYV (180) identifies regions of sequence pairs in an alignment with significantly
lowered amount of nucleotide polymorphisms compared to the whole region. The RDP
algorithm (126) performs a sliding window analysis along triplet sequences in an alignment and
identifies regions of high sequence similarity incongruent with an UPGMA dendrogram created
from the entire alignment. MAXCHI (181) and (in a modified form) CHIMAERA (182) identify
putative recombination breakpoints by moving a bi-partitioned sliding-window along a sequence
pair and detecting significant differences in sequence similarity between the two sides of the

window.

Since different algorithms do not always identify the same recombination events, only events
detected by at least three out of four algorithms were counted as valid. Detection of regions
affected by homologous recombination and identification of recombination breakpoints was
conducted on alignments of each cluster type separately (i.e. an alignment of A-type aux-1
clusters), as the presence of large non-homologous alignment regions impairs correct
identification. For the same reason, regions of the same type that contained additional genes,
such as multiple copies of immunity proteins that are not present in the majority of sequences,

were also left out.

4.3.4 Whole genome sequencing and assembly

Isolation and DNA extraction of V. cholerae strains DL4211 and DL4215 from the Rio Grande
estuary was described in a previous study (175). Whole genome sequencing was performed by
Ambry Genetics (CA, USA) using 100bp paired-end lllumina HiSeq 2000 technology after
following the TruSeq DNA sample preparation guidelines. De-novo assembly of reads into
contiguous sequences was then conducted using CLC Genomics Workbench 5.0 (CLC Bio,
Aarhus, Denmark). The two draft genomes were submitted to NCBI GenBank and given the
accession numbers MOLL00000000.1 (DL4211) and MOLMO00O0OOO000.1 (DL4215).
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4.4 Results and Discussion

4.4.1 T6SS cluster structure is conserved in V. cholerae and its closest relatives

We identified and annotated T6SS clusters in the publically available genomes of V.
cholerae, and its four closest relatives V. metoecus (118), V. mimicus (183), V. furnissii and V.
fluvialis (33). All investigated strains possess the same three clusters structure as previously
described for V. cholerae (169) (Figures 4.1 and 4.2): one large cluster and two auxiliary
clusters (here termed aux-1 and aux-2). The large cluster includes 17 (or 18, depending on the
presence of the regulator protein VCA0122 (167)) structural genes that encode proteins forming
the membrane-spanning machinery of the T6SS, which also contains the vgrG-3 gene and an
immunity gene encoding a protein protecting against the antibacterial activity of the VgrG-3 C-
terminus (172, 184). The aux-1 and aux-2 clusters share a common structure: an allele
encoding the secreted Hcp protein, a VgrG protein (VgrG-1 and VgrG-2 in aux-1 and aux-2,
respectively) followed by an adaptor protein, an additional effector and a cognate immunity
protein (141) (Figure 4.1). VgrG-2 proteins, previously described as differing from VgrG-1 and
VgrG-3 due to their lack of variable C-terminus (185), were found to also encode a variable
region of around 60 amino acids in length. Although no known functional domain was identified
in this region, the sequence of this variable C-terminus varies considerably between strains
carrying different El module types at the aux-2 cluster (with the exception of A and B-types,
which carry similar C-termini) (Fig. 4.3a). Each specific combination of VgrG-2 C-terminus and
effector-immunity protein pair is also accompanied by a specific putative adaptor protein (Fig.
4.4). In light of the functional link of the 3’-end of the aux-1 Tap-1 protein with cargo effectors
(174) as well as the aux-2 A-type adaptor gene vasW with the A-type effector vasX (186), it is
possible that both the VgrG-2 variable C-terminus and effector-specific adaptor proteins
encoded in aux-2 are involved in the loading of effector proteins onto VgrG-2. For this reason,

we include them in our definition of an EI module (Figure 4.1).
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Figure 4.2: Whole-genome phylogeny and T6SS El module composition of Vibrio

cholerae and closely related species. Large arrows next to strain names indicate effector,
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small arrows immunity genes. Auxiliary cluster 1, 2 and the large cluster are separated by
slashes. Asterisks indicate transposons. The phylogenetic tree was calculated using the
GTR+Gamma Maximum likelihood model implemented in RAXML based on a 1,085,207
pangenome 19-mer alignment (including not just characters shared by all, but by at least two
genomes) created using kSNP3. V. cholerae/V. metoecus are visualized separately for better
visibility of short internal branches. Statistical branch support was obtained from 100 bootstrap
repeats. Bootstrap support for relevant bipartitions is indicated, and branches with support <70
were collapsed. Scale bar indicates substitutions/site. Accession numbers of genomes are listed
in Supplementary Table S4.1.

Identity [%] |

Vch V52 VgrG-2A | LR TSR]

Vch TMA 21 VgrG-2 B " T
Vch TM11079-80  VgrG-2C -
Vch 1587 VgrG-2 D I SRS
Vch MZO-3 VgrG2 E 1 s
—
— — = —_—
630 640 650 660 670 680 690 700 703
Ho o _ _ - I
Identlty [A)] | = | L L . _ __ = Bl
B | [ e
Veh V52 VgrG-2AlSGSGYGGKMAELPQGWDKA KTPQEIELAAMTPTQQSHS - - ABKGPAPVCEVCEEAKGN
Vch TMA 21 VgrG-2B SGEGYGGKMAELPQGWDKA KTPQEIELAAMTPTQQSMS - - PLEXKARQEEABKGPAP VCEVICEEAK SHEH
Vch TM11079-80  VgrG-2 C|SGSGYGGKVMAELPFGEEAN SAPDEIDFIEP TASEIQQVIADVKIEMP ITOVCOKRS DGSCPHSDCPCENNK
Veh 1587 VgrG-2 D SGSCGYGCKMAELPHOMKATPAAP NPHP LOESAP THATHAMANY PLAKMCQRQS DGSCPRGDCPCERGAS
a) Vech MZO-3 VgrG2 E|SGSGYGGKMAELPFGEBAN AVPNEIELAPSSP THT SEEPABATEDE?VITEECQKRA DGSCPKANCHEHCA
600 700 800 900 000 1100 1242
cny ) | IO i 1
Veh V52 VgrG-3A [ TR (VR TT
Vch MZO-2 VgrG-3 B I 0 OO 1000 DR
Vch DL4215 VgrG-3 C LR I T
Vch HE-45 VgrG-3 D R T TE ]
Vch DL4211 VgrG-3 E - BT — L
Vch TMA21 VgrG-3 F (TR TR T A
Vch TM11079-80  VgrG-3 G (LTI TR T
Vch 2012Env-32  VgrG-3 H NS0 R D
Vch 2012EL-1759  VgrG-3 | I WM A
Vech ZWU0020 VgrG-3J | [ T T T ]
Vch A325 VgrG-3 K I Il I TR R ITI T T R
Veh PS15 VgrG-3L I I (B = W =
e

1220 1240,
Identity [%]
Veh V52 VgrG-3A PR QU B
Veh MZO-2 VgrG-3B I SR B

S SIS - O
b A 0 - SO A e
i mmsl SR IMG I s Hoh MikRRY

Vch DL4215 VgrG-3 C
Vch HE-45 VgrG-3D

Vch DL4211 VgrG-3 E

Vch TMA21 VgrG-3 F HHURGH T T L )RR T TS S e 10

Vch TM11079-80  VgrG-3 G i) HQrisie " 0SBl if i EE‘"IE\HH
Vch 2012Env-32  VgrG-3 H frstssiorsfuiecetst RS AI.IAI}S"PIHHH ARSI
Vch 2012EL-1759  VgrG-3 | ﬁtn llmcm&‘l,llcmgrmﬂlzmnmnﬂmm SCrDR OISR IS rg1sr AR IR ALISTSHG {00 T )8

mx;nmsunm\ommm 0

Vch ZWU0020  VgrG-3J R0 S BT BRI st e e
Vch A325 VgrG-3K Ilu!'.pl-mlc‘itls:------~-!Slmmnjrsmmnmbs;mwlx.l[mlmmmwmm..L(s--xscxzugm ks pls
Qoagseec Stnii--- i b 3 DGR oo mm«m

b) Vch PS15 VgrG-3 L

Figure 4.3: Amino acid alignment of VgrG-2 and VgrG-3. a) Alignment of VgrG-2 proteins
found in aux-2 cluster encoding different types of cargo effectors b) Alignment of VgrG-3
proteins in large cluster encoding different variable C-terminal regions. Conserved sites are
depicted as grey, while colour indicates amino acid change compared to the consensus.
Variable C-terminal regions of VgrG-2 and VgrG-3 are enlarged. Vch = Vibrio cholerae.
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Figure 4.4: Amino acid identity of variable region of VgrG-2 and aux-2 adaptor proteins.
Heat maps indicate percent identity of aligned protein sequences found in investigated strains.
Colouring of strain names indicates type of El module present in the aux-2 cluster of the
respective strain. Pseudogenes with interrupted reading frames were not included in the
comparison. Vch = Vibrio cholerae, Vmet = V. metoecus, Vmim = V. mimicus, Vfur = V. furnissii,
Vflu = V. fluvialis, Vpar = V. sp. RC586.
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We also discovered five novel variable 3’-ends of vgrG-3 encoding putative effector domains
associated with the large T6SS cluster, along with their corresponding immunity protein coding
genes (Fig 4.5a, Fig 4.3b and Fig 4.6). In accordance with Unterweger et. al's nomenclature
(141), these were named H-L, following the previously described A-G types. Only two of the
novel effector domains corresponded to known proteins or could be assigned a putative
function. The I-type effector contains a DUF3380/pfam11860 domain, which is annotated as a
phage-derived peptidoglycan binding/muraminidase protein. The K-type effector contains a
lambda phage derived lysozyme (cd00736/COG4678).

4.4.2 Multiple additional immunity genes can be present downstream of effector-

immunity modules

The regions between the canonical EI modules and the conserved genes VC1421, VCA0022
and VCAO0125 (downstream of aux-1, aux-2 and the large cluster, respectively) vary
considerably in number and type of genes between closely related strains (Figure 4.2). Parts of
these extended 3’-regions are homologous to previously described immunity genes, but not
necessarily to those corresponding to the strain’s cognate effector protein (Fig 4.5a). In other
words, the regions downstream of the El module in each T6SS cluster in many cases appear to
consist of arrays of alternate immunity genes that could cumulatively confer not only resistance

to a strain’s own, but also to a number of different additional effectors.

The aux-1 cluster of V. cholerae may harbor one of two types of El modules, either the A or
C. In our analysis, the El module previously identified as a B-type in strain LMA3894-4 (141)
appears to be a divergent C-type resulting from a fusion of the vgrG-1 and C-immunity gene
lacking an effector. While some strains contain up to three C-type immunity genes (Figure 4.2),
their presence is independent of whether the strain contains an A or C-type effector gene. C-
type immunity genes are in fact universal at the aux-1 cluster, either as part of the strains El
module or their extended 3’ region. V. metoecus, thus far isolated exclusively from North
American coastal environments and a small number of blood and stool samples from the United
States(118), harbors multiple C-type and up to three A-type immunity genes. In some V.
metoecus genomes, the total number of A- and C-type immunity genes in the aux-1 cluster can

be as high as seven (Figure 4.2).
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Figure 4.5: Organization and evolution of the Vibrio cholerae large T6SS cluster El
modules. a) Large cluster El module organization and variability. Conserved 5'- region of vgrG-
3 can be tipped with different effector encoding 3’-regions and cognate immunity genes. b)
Recombinatorial reshuffling of vgrG-3. Cluster evolution proceeds by insertion of El module and
variable length of conserved vgrG-3 region into ancestral vgrG-3 gene. New El module often
(but not always) replaces original effector and shifts immunity gene(s) downstream. Integration
of more complex El clusters can result in larger clusters containing multiple EI components.
Arrows indicate coding sequences, lines noncoding regions. Striped arrows denote genes
encoding VgrG-3 effectors, non-striped arrows depict variable effector (large arrows) or
immunity genes (small arrows). Colours indicate homology between either effector or immunity
genes. Identically coloured effector and immunity genes are part of the same El module. Grey
arrows indicate conserved genes. Exact genomic locations can be found in Supplementary
Table S4.2.
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Pseudogenes with interrupted reading frames were not included in the comparison. Vch = Vibrio
cholerae, Vmet = V. metoecus, Vmim = V. mimicus, Vfur = V. furnissii, Vflu = V. fluvialis, Vpar =
V. sp. RC586.
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In the aux-2 cluster of V. cholerae, for which five El pairs have been described (A-E), the
number of immunity genes varies only for the D-type immunity protein. Similar to the aux-1
cluster, most genomes contain just a single aux-2 immunity gene (matching the effector found
upstream), but several strains contain up to three. Additionally, V. mimicus strain CAIM602
possesses two A-type immunity proteins and V. mimicus VM223 harbours three. The most
complex arrays are again observed in V. metoecus. The aux-2 region in two strains (YB5B04
and 06-2478, also containing seven immunity genes in the aux-1 cluster) appears to be
disrupted by a transposon insertion: the extended 3’-region containing A- and C-type immunity
genes and further genes typically found downstream of their E-type EI module are located in the

vicinity of a transposase in a different region of their genomes (Figure 4.2).

The T6SS large cluster, like the auxiliary clusters, can contain additional immunity genes of a
different type than the one found in the canonical El module. In a few instances, effectors
matching these additional immunity genes are also found in the extended 3’-region (Figure
4.5a). For example, the closely related V. cholerae isolates 87395 and 490-93 harbor an L-type
El module, followed by an extended 3’-region containing an I-type immunity gene, a short
conserved region usually found downstream of normal effectors, a partial E-type VgrG-3 effector
protein, the cognate E-type immunity gene, a C-type immunity gene, a G-type immunity gene

and finally an A-type immunity gene (Figures 4.2 and 4.5).

4.4.3 Horizontal gene transfer of effector-immunity modules

Like in Proteobacteria in general (187), effector and immunity gene distribution mapped on
the phylogeny of Vibrio shows both patterns of vertical inheritance as well as horizontal gene
transfer (HGT) (Figure 4.2). The vast majority of aux-1 El-modules in non-pandemic strains of V.
cholerae are of the previously described C-type (141). Despite being rare in V. cholerae overall,
aux-1 A-type El modules are ubiquitous in the V. cholerae clade containing pandemic strains as
well as a divergent clade containing strains 490-93 and 877-163, indicating independent
acquisitions in the ancestors of these two clades and subsequent vertical inheritance (Figure
4.2). A few strains outside of these clades, as well as strains of V. metoecus and V. mimicus,
also possess this type of module. The VgrG-1 protein containing an actin-crosslinking domain
also displays a distribution pattern indicative of horizontal gene transfer: It is only found in few
divergent lineages of V. cholerae (including the lineage containing pandemic strains) while

virtually absent in V. metoecus, V. mimicus, V. furnissii and V. fluvialis (Figure 4.2). Instead, a
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truncated version of VgrG-1 is present in most investigated strains. The truncated protein is fully
functional in its antibiotic activity (174), yet lacks the C-terminal actin-crosslinking domain that is
involved in cytotoxicity against human macrophages and predatory Dictyostelium slime molds
(169). This disparate distribution of the A-type El module as well as the VgrG-1 actin-
crosslinking domain suggests that they were, like the major V. cholerae virulence factors tcp or

ctx (108, 188), independently introduced into various lineages by horizontal gene transfer.

Aux-2 El modules C and E as well as large cluster modules C, D, F and G show similar
phylogenetically disparate distributions. For example, the aux-2 C-type and the large cluster D-
type El modules are predominantly found in a single, well-supported clade of V. cholerae
(containing among others the atypical O1 serogroup strain TM11079-80) as well as occasionally
in distantly related genomes (Figure 4.2). HGT is also apparent in single gene phylogenies of
effector and immunity genes (Fig 4.7-4.10): alleles from closely related strains often fall into

different gene clusters.

Disparate distributions are also found for additional recently discovered El modules located
outside of the three known Vibrio T6SS clusters. The tseH-tsel EI module previously described
by Altindis et al. (176) rarely appears outside the V. cholerae pandemic group (Figure 4.2). This
El module is located 3.5kb upstream of the chromosomal integron region of V. cholerae and
possesses antibacterial activity (176). An additional auxiliary cluster containing hcp, a vgrG-
allele and what appears to be a novel El module, was recently found encoded on a genomic
island termed GIVchS12 (177). El modules of the GIVchS12-type are irregularly distributed as
well (Figure 4.2).
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Figure 4.7: Incongruence between whole genome phylogeny and single gene phylogeny
of aux-1 C-type effector. Whole genome tree corresponds to Figure 4.2. Related strains are
colored similarly to ease comparison between tree topologies but do not necessarily correspond
to monophyletic groups. Aux-1 C-type effector phylogeny was calculated using the
GTR+Gamma Maximum Likelihood model implemented in RAXML based a 2,315bp alignment.
Black dots indicate orphan immunity genes (i.e. genes not directly downstream of an effector).
Statistical branch support was obtained from 100 bootstrap repeats. Branches with support <70
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were collapsed, as such every branch has a bootstrap support of >70. Scale bar indicates
substitutions/site. Double dashes through branches indicates cut by length of 4.0
substitutions/site. Vch = Vibrio cholerae, Vmet = V. metoecus, Vmim = V. mimicus, Vfur = V.
furnissii, Vflu = V. fluvialis.
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Branches with support <70 were collapsed, as such every branch has a bootstrap support of
>70. Scale bar indicates substitutions/site. Vch = Vibrio cholerae, Vmet = V. metoecus, Vmim =

V. mimicus, Vfur = V. furnissii, Vflu = V. fluvialis.
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Figure 4.9: Single gene phylogenies of aux-2 effector and immunity genes. a) A-type
effector b) A-type immunity c) B-type effector d) B-type immunity e) D-type effector f) D-type
immunity g) C-type effector h) E-type effector i) C-type immunity j) E-type immunity. Colouring of
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strains corresponds to whole genome tree of figure 4.7. Phylogenetic trees were calculated
using the GTR+Gamma Maximum Likelihood model implemented in RAXML based on single
gene alignments (aux-2 A-type effector: 3,268 bp; aux-2 B-type effector: 3,261 bp; aux-2 C-type
effector: 3,531 bp; aux-2 D-type effector: 3,726 bp; aux-2 E-type effector: 3,594 bp; aux-2 A-
type immunity: 741 bp; aux-2 B-type immunity: 1,119 bp; aux-2 C-type immunity: 951bp; aux-2
D-type immunity: 1,162 bp; aux-2 E-type immunity: 1,018 bp. Black dots indicate orphan
immunity genes (i.e. genes not directly downstream of an effector). Statistical branch support
was obtained from 100 bootstrap repeats. Branches with support <70 were collapsed, as such
every branch has a bootstrap support of >70. Scale bar indicates substitutions/site. Vch = Vibrio
cholerae, Vmet = V. metoecus, Vmim = V. mimicus, Vfur = V. furnissii, Vflu = V. fluvialis.
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(i.e. genes not directly downstream of an effector). Statistical branch support was obtained from
100 bootstrap repeats. Branches with support <70 were collapsed, as such every branch has a
bootstrap support of >70. Scale bar indicates substitutions/site. Vch = Vibrio cholerae, Vmet =
V. metoecus, Vmim = V. mimicus, Vfur = V. furnissii, Vflu = V. fluvialis.

4.4.4 Homologous recombination without specific integration sites leads to the mosaic

structure of T6SS clusters

Distribution patterns of EI modules and phylogenies of effector and immunity genes suggest
that genes within T6SS clusters are frequently transferred between Vibrio. These transfer could
occur at random sites, or at specific recombination sites like the integration of the Vibrio
pathogenicity island VPI-1 (189). In the latter scenario, the size of recombined regions as well
as the location of recombination breakpoints should not vary greatly between events, as each
recombinant region would be integrated at a specific location. Such recombination hotspots
have been predicted to exist in the adaptor protein encoding gene tap-1 and vgrG-1 of the aux-1
cluster (174). We performed a scan for recombinant regions in T6SS clusters based on
phylogenetic discordance and patterns of single nucleotide polymorphisms (126). Contrary to
expectations of recombination being more frequent at a specific site, the size of recombined
regions and the associated positions of recombination breakpoints varied greatly in all three
T6SS clusters (Figure 4.11). We could detect a number of recombination breakpoints located
around the hypothesized recombination hotspots. However, we also found numerous
recombination breakpoints inside effector and immunity genes, structural genes and noncoding
regions. Interestingly, we detected very few recombination events within the actin-crosslinking
domain at the 3’-end of vgrG-1, but found a relatively large number of breakpoints at the 5’-end
of this gene. As hypothesized for bacteriocin genes, this difference in the number of detected
recombination events could simply be a result of the availability of specific genes or gene
regions as substrate for recombination(190). The actin crosslinking domain, present in only a
small subset of Vibrio, could thus only rarely recombine compared to the ubiquitous 5’-end of

vgrG-1 or the highly conserved central region of tap-1.
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Figure 4.11: Location of recombination tracts and breakpoint on T6SS clusters. X-axis
indicates region in the alignment starting at hcp-1 and 2 for aux-1 and aux-2 cluster and vaskK
for large cluster. Grey areas indicate presence of a recombined region detected by >3
algorithms implemented in RDP4, vertical hash marks indicate presence of corresponding
recombination breakpoints in that region of the alignment. Multiple recombination
regions/breakpoints are stacked on top of each other. Horizontal block arrows indicate coding
sequences, horizontal lines noncoding regions. Striped arrows denote genes encoding VgrG
effectors, non-striped arrows variable effector (large arrows) or immunity genes (small arrows).
Colours indicate homology between either effector or immunity genes. Identically coloured
effector and immunity genes are part of the same EI module. Grey arrows indicate conserved
genes.

Overall, recombination appears to not be confined to specific regions within the T6SS
clusters (Figure 4.11). Horizontally transferred DNA integrates in any sufficiently homologous
site and thus essentially everywhere along the T6SS region, potentially incorporating non-
homologous regions between the integration sites and making each individual region a mosaic
composed of DNA from multiple different origins. This mosaic structure is also apparent in
phylogenies of individual T6SS genes, with sequences of genes from distantly related strains
clustering together, and weak overall bootstrap support due to the existence of genes

composed of DNA from multiple distantly related bacteria (Figures 4.7-4.10). This is particularly
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apparent in widespread genes such as those encoding C-type effector and immunity proteins
(Figures 4.7 and 4.8).

445 A model for the establishment of immunity gene arrays through displacement of

effector genes by El modules

Homologous recombination exclusively cannot explain the existence of numerous arrays of
multiple immunity genes, as their formation involves the addition of novel genes with no
homology to sequences present in the recipient strain. We propose an event where a
horizontally transferred ElI module is inserted into a T6SS cluster, displacing the ancestral
effector gene or effector gene domain but conserving the ancestral immunity gene, which is

shifted downstream of the new El module.

A putative mechanism to account for these observations could be akin to previously
described homology-facilitated illegitimate recombination: a conserved stretch of an incoming
DNA element, in this case represented by the upstream region of the El module, serves as an
“anchor” by forming a heteroduplex with a homologous sequence in the target region, thereby
facilitating the integration of the non-homologous end through illegitimate recombination (191,
192). Multiple successive El insertions could then give rise to longer arrays of a single effector
with multiple immunity genes as those reported here for numerous strains. The mechanism can
be illustrated most accurately by examining the structure of the large cluster (L-type) found in V.
cholerae strains 87395 and 490-93 (Figure 4.5b). This particular gene assembly evolved by
successive transitions through various simpler intermediate forms, whose structure is present in
other strains included in this study. (l) First, an ancestral A-type El module is replaced by a G-
type El module, replacing the stretch of DNA encoding the A-type vgrG-3 effector region with a
G-type effector and immunity gene while shifting the A-type immunity gene to the back of the
array; (I) This G-type EI module is then replaced by a C-type El module, shifting the G and A
immunity genes further back; (lll) The new C-type El module is then replaced by an E-type El
module, giving rise to an E-type El module followed by C, G and A immunity genes; (IV) A final
insertion event of an L-type El module (containing an I-type immunity gene as a remnant of an
earlier replacement of an I|-type El module) occurs, shifting back the 3’-end of the E-type

effector and creating an array containing six different immunity genes.

Two theoretical alternatives to the successive replacement of an effector gene by a novel El
module could also explain the presence of immunity gene arrays. The first is the complete

replacement of an El-module by a DNA fragment encoding a different module containing a 3’-
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extended region with additional immunity genes. Although we found several examples of this
type of event, they do not explain how the more complex immunity arrays initially formed, only
how they were introduced in a new strain. Another alternative explanation for the existence of
immunity gene arrays is that they are created by successive gene duplications. If duplication of
immunity genes occurred, multiple homologous genes found in one strain would be more
closely related to each other than to those found in other strains. However, as the phylogenies
of immunity genes in Figure 4.7-4.10 show, multiple alleles found in the a single genome do not
cluster together and thus likely originate from different Vibrio strains rather than from duplication
events. Furthermore, duplication events cannot explain heterogeneous arrays consisting of

different immunity type genes.

Integration of DNA elements into chromosomal T6SS clusters of Vibrio thus likely occurs
through at least two different mechanisms: 1) normal homologous recombination leading to the
replacement of a region in the T6SS cluster (as shown in-vivo by Koskiniemi et al. (193) in
Salmonella, where an orphan El module replaces the variable 3’ region and immunity protein of
a contact dependent toxin) ; and Il) replacement of an effector by a novel El module (perhaps)
through homology-facilitated illegitimate recombination with conservation of the ancestral
immunity gene. The latter was also hypothesized for the diversification of recombination hot
spot (RHS) protein coding loci (which includes T6SS regions) with constant 5° and variable 3’

regions to explain the frequent observation of strings of “orphaned” 3’ regions (194-196).

It appears likely that the first mechanism would occur more often, as closely related strains
with different EI modules mostly do not contain orphan immunity genes indicative of illegitimate
displacement events. For example, strains V52 and 2012EL-1759 are closely related and
contain complete A- and I-type El modules in the main cluster, respectively, with no orphan
immunity genes in either of them (Figure 4.2). Furthermore, experimental evidence in other
organisms shows that homology-facilitated illegitimate recombination is quite rare (several
orders of magnitude less frequent than regular homologous recombination in Pseudomonas
(192), Streptococcus(191) and Acinetobacter(197)). While no comparisons of these two
processes have been done for Vibrio, high rates of homologous recombination are commonly
observed in multi-locus sequence typing or whole genome studies of this genus(63, 124, 135,
140, 198). The insertion of T6SS EI pairs is reminiscent of site-specific recombination in the
Vibrio chromosomal integron region(109, 199). In integrons, gene cassettes are added at an
insertion site downstream of an integrase gene, whose gene product facilitates this process.

Addition of a new gene cassette leads to the displacement of old gene cassettes to the back of
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the array(200), which parallels our observation of immunity gene displacement. However, so far
there exists no evidence that El insertion is facilitated by an integrase in a similar manner. The
relative uniformity of the O1/0139 T6SS arrays also stands in contrast with the variability in
integron cassette content of that clade(201), indicating that El change, especially through

illegitimate recombination, proceeds much less rapidly.

44.6 The T6SS effector-immunity gene combination of pandemic V. cholerae strains

evolved and spread through a series of horizontal gene transfer events

Pandemic V. cholerae strains not only possess the ability to cause lethal disease in humans,
but also a unique composition of T6SS modules that gives them (at least in-vivo) unmatched
competitive abilities in interactions with conspecific strains (141). All sequenced genomes of
strains from the lineage containing pandemic V. cholerae (with the single known exception
being the aforementioned 2012EL-1759) harbour the same T6SS A-type aux-1 module
accompanied by an actin-crosslinking VgrG-1 and an extended 3’-region with a C-type immunity
protein; A-type El modules in aux-2 and the large cluster; and a TseH/TsiH module encoded
close to the chromosomal integron region (Fig. 4.2). The specific combination of EI modules
found at the three T6SS clusters of pandemic V. cholerae strains appears to have assembled
progressively through a combination of both previously proposed integration mechanisms of
horizontally transferred T6SS elements (Fig. 4.12a). (I) The CAA module combination, which is
found in strains basal to the lineage that gave rise to pandemic V. cholerae, was likely the
starting point for the evolution of the modern pandemic T6SS structure. (II) The antibacterial
TseH-Tsel module was likely acquired by the CAA common ancestor of the lineage containing
pandemic strains and its sister group (exemplified by 2012-Env9), potentially providing a
competitive advantage over strains lacking this genetic element (176). (lll) The A-type EI
module subsequently replaced the ancestral C-type effector while displacing the C-type
immunity gene into the extended 3’-region in the ancestor of the lineage that gave rise to
modern pandemic strains (Figure 4.12b). A single gene phylogeny of the C-type immunity gene
provides some evidence for this hypothesis, as the alleles found in the pandemic strains lineage
and its sister group strains remain comparatively similar, in congruence with the common
ancestry of these groups (Figure 4.7). Acquisition of a new, rare A-type El module while
retaining the C-type immunity gene (whose expression is up-regulated nearly 2 folds during
infection of the host (171)) likely enhanced the competitive advantage of strains in the pandemic

lineage. Whether the VgrG-1 actin crosslinking domain shared by all V. cholerae in the lineage
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containing pandemic strains was included in that recombination event or inserted at a separate

point before or after remains unclear, although parsimony would imply integration in a single

event.
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Figure 4.12: Evolution of the Vibrio cholerae aux-1 cluster. a) Evolutionary events along
the phylogeny of the lineage containing modern pandemic group V. cholerae. b) Schematic
representation of HGT events in the aux-1 cluster. (I) CAA module combination forms through
homologous replacement of other El modules in the ancestor of pandemic group V. cholerae
and related strains. (Il) TseH-Tsel module is inserted close to the chromosomal integron region
of the strain ancestral to the pandemic and pandemic sister group (represented by 2012-Env9).
(1) Original C-type El module is replaced by an A-type El module in the ancestor of lineage
containing pandemic V. cholerae, retaining the C-type immunity gene. Parts of the modern aux-
1 cluster of pandemic V. cholerae are subsequently inserted into 877-163 (IVa) and MZO-2
(IVb) (see also Fig. 4.13). Arrows indicate coding sequences, lines noncoding regions. Striped
arrows denote VgrG effectors, non-striped arrows variable effector (large arrows) or immunity
genes (small arrows). Colours indicate homology between either effector or immunity genes.
Identically coloured effector and immunity genes are part of the same El module. Grey arrows
indicate conserved genes. Regions of recombination are indicated by striped boxes.
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Figure 4.13: Nucleotide alignment of aux-1 clusters of the lineage containing pandemic
V. cholerae and putative recombinant regions. Grey regions indicated conserved sites while
black lines indicate divergence from the consensus sequence. Red bars highlight regions in
MZO-2 and 877-163 with high identity to the pandemic group aux-1 cluster, indicating putative
horizontal gene transfer.

Interestingly, parts of the lethal T6SS structure have proceeded to spread from the lineage
containing pandemic strains into distantly related, non-pandemic strains. Both strains MZO-2
and 877-163 possess aux-1 clusters containing effector and immunity genes nearly identical to
their homologs in pandemic strains (Figures 4.7 and 4.8), making it likely that the latter was the
donor. In accordance to our finding that integration of recombinant DNA into T6SS clusters does
not occur at specific sites, the size of recombined regions differs for both strains (Fig 4.12b and
4.13). (IVa) The size of the region received by 877-163 is around 3.5 Kbp and includes the 3’-
end of tap-1 upstream of the El module and a small part of the C-type immunity gene
downstream. (IVb) In contrast, the region received by MZO-2 extends beyond the adaptor tap-1
gene and the actin-crosslinking domain of vgrG-1 upstream of the El module and beyond the C-
type immunity gene downstream (more than 6 Kbp). We interpret this as evidence that, similar
to rhs elements in other Gram negative bacteria (202), complex E-I arrays created by
successive displacements of effector genes by E-I modules could form a pool of structurally
stable elements that can be transferred between diverse strains through frequent homologous

recombination.
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4.5 Conclusions

Our observation of mosaic arrays of immunity genes in the T6SS clusters of V. cholerae and
closely related species suggests a selective advantage for the presence of multiple immunity
genes. The retention of immunity genes by shifting them into the extended 3’-regions of the
Vibrio T6SS clusters provides a single cell within an otherwise homogeneous population a
mechanism to successfully acquire a El module without being killed by surrounding kin bacteria.
V. cholerae becomes naturally competent when reaching high cell densities on chitinous
surfaces (107), conditions that also lead to up-regulation of T6SS gene expression
(93).Therefore, any cell acquiring a new El module is probably surrounded by now incompatible
sister cells. Since even more effective El module combinations succumb to less effective ones
when greatly outnumbered (141), a newly acquired El module combination would likely be
rapidly overwhelmed by sister cells. Our observation that the extended 3’-region of T6SS
clusters retains ORFs coding for additional immunity proteins provides an explanation for the El
diversity reported previously and validated here. El modules could be successfully acquired in a
numerically superior population of incompatible cells by only replacing the effector but retaining
the immunity gene. Due to the aforementioned simultaneous upregulation of T6SS activity and
natural competence, incoming non-compatible cells killed by the T6SS of resident Vibrios would
represent an easily available source of DNA encoding new El modules and other potentially
beneficial genetic elements (93). Larger amounts of DNA freed from subsequently killed former

sister cells could then provide a readily available additional food source (203).

After acquisition of a novel El module by a lineage of bacteria, expression of additional
immunity proteins (such as the C-type immunity protein VC1420 in pandemic strains(171)) could
also confer protection against more distantly related strains with different effectors. Additional
immunity proteins encoded in the 3’-extended region belonging to the same type as the main
immunity protein present in the El module but displaying some sequence divergence could
protect strains against similarly divergent effectors that cannot be effectively bound by the main
immunity protein (187). This would be particularly beneficial in competition involving widespread

and diverse El modules such as the aux-1 C-type.

Relaxed selective pressure on a redundant immunity gene could furthermore give cells a
significant edge in a T6SS mediated arms race. In colicin E-I modules, mutations in an immunity
gene conferring additional resistance to foreign effector types are thought to be followed by
mutations in effector genes that enable it to avoid immunity of other strains, leading to the

emergence of a competitively superior strain(190). A second copy of an immunity gene would
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allow one of the genes to diverge without having to retain the immunity function against the
cell’'s own effector and could considerably speed up the evolution of novel functionalities (195).
Furthermore, it would appear mechanistically easier for a single effector to mutate to overcome
binding by immunity proteins of other strains than for a single immunity protein being able to
bind all potential effector variants. A larger repertoire of immunity proteins, even of the same

type, could thus confer an advantage in an effector-rich environment.

Thus, understanding compatibility of various Vibrio strains might require taking into account
not only the effectors and immunity proteins encoded in El modules, but also those found in the
extended 3’-regions of T6SS clusters, as well as sequence divergence within effector and

immunity proteins of the same type.

In summary, we provide a comprehensive overview of the V. cholerae T6SS El module
diversity in a phylogenetic context, expand the repertoire of the Vibrio T6SS by multiple novel
putative effectors, extend T6SS clusters to include an additional 3’ region and put forth a
hypothetical model for the evolution of mosaic immunity gene arrays in this 3’ extended region.
Furthermore, our analysis makes it possible to trace the genesis of possibly the most effective
module combination, found in the V. cholerae lineage containing pandemic strains, through
stepwise acquisition of singular elements along their pathway from harmless environmental

bacteria to deadly human pathogens.

Table S4.1: NCBI Accession number of all genomes.

Species Strain Accession Accession 2

V. cholerae MS6 AP014524 1 AP014525.1
V. cholerae 1-1471 CM003111.1 CM003112.1
V. cholerae 2740-80 AAUT00000000.1

V. cholerae N16961 AE003852.1 AE003853.1
V. cholerae MO10 AAKF00000000.3

V. cholerae M66-2 CP001233.1 CP001234.1
V. cholerae RC27 ADAIO0000000.1

V. cholerae 0395 CP001235.1 CP001236.1
V. cholerae V52 AAKJ00000000.2

V. cholerae 2012EL-1759 JNEWO00000000.1

V. cholerae 2012Env-9 JSTH00000000.1

V. cholerae CP1037(10) ALDB00000000.1

V. cholerae YB3B05 LBGB00000000.1

V. cholerae MZO-3 AAUU00000000.1

V. cholerae LMA3984-4 CP002555.1 CP002556.1
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Chapter 5

High-throughput sequencing of a protein-coding gene
allows detailed tracking of Vibrio cholerae population
dynamics and confirms the presence of pandemic-related

O1 strains in a cholera-free region

5.1 Abstract

Vibrio cholerae is a common but low abundance member of coastal microbial communities
worldwide. Currently, a single lineage of this highly diverse bacterium is capable of causing
pandemics of the lethal diarrheal disease cholera. However, horizontal gene transfer events of
virulence factors have the potential of enabling other strains to cause local epidemics as well.
As such, studying the population dynamics of V. cholerae could play a key role in the discovery
of novel pathogenic variants as well as provide insights into the biology of the organism.
However, current culture- or culture-independent techniques are either too laborious or do not
offer a high enough resolution to accurately assess the population structure of this species. In
this study, we develop an amplicon sequencing strategy based on a highly-diverse V. cholerae
core-genome protein-coding gene. With the use of clustering-free approaches to variant-calling,
this provides strain-level resolution of the dynamics of a V. cholerae population in the coastal
eastern United States. Considerable variation is observed in the relative abundance of various
strains as well as extensive mosaic sympatry over the course of two years. This method allowed
the detection of pandemic-related O1 serogroup V. cholerae in this cholera-free region of the
world. This suggests that the phylogenetic group which gave rise to pandemic V. cholerae is

much more diverse and widespread than previously believed.

5.2 Introduction

Throughout the course of history, seven pandemics of the deadly diarrheal disease cholera
have been recorded (204). The first six pandemics were caused by a lineage of the bacterium

Vibrio cholerae belonging to the O1 serogroup, one of the species’ over 200 serogroups, as
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defined by antigenic properties of their lipopolysaccharide layer (205). The 7" and currently
ongoing pandemic is caused by a different, closely related group of strains that have undergone
a number of horizontal gene transfer events that lead to a switch in biotype (of different
biochemical properties and phage sensitivity) from “classical” to “El Tor” (103). Recent genomic
analyses have revealed extensive additional diversity within this so-called pandemic group (PG)
of V. cholerae, with several waves of divergent El Tor lineages spreading across continents
from the Bay of Bengal, where the PG is endemic (206). Despite the constant presence of El
Tor V. cholerae in this region, cholera outbreaks only occur seasonally due to changes in
abundance of that lineage in the local waters (76). Similar bloom and bust dynamics occur in
regions free of cholera (for example (207)), where numerous non PG-V. cholerae lineages exist
as innocuous members of bacterial communities in coastal and brackish waters (95). However,
some non-PG lineages have independently acquired virulence factors enabling them to cause
enteric infections when present in large enough abundances (99). As such, tracking the
population structure of V. cholerae is important both in regions where cholera is endemic as well
as in regions currently free of cholera, especially with the expected increase in range of the

cholera and general Vibrio-associated diseases due to global warming (208).

Currently, an abundance of tools and methods are available to track the population structure
of bacteria in general and V. cholerae specifically (209). Isolation of pure cultures and their
analysis using phenotypic assays, marker genes, multi-locus sequence typing or whole genome
sequencing is the most informative. It is also exceedingly labour-intensive and expensive,
making it unfeasible for long-term monitoring, as a large number of isolates is needed to
adequately represent the population structure of even a single location (162). Another popular
technique to measure the abundance of V. cholerae, both specifically for toxigenic V. cholerae
or for the species overall, is qPCR (210). However, qPCR can not provide any information on
population structure and might be susceptible to false positives in the detection of specific

strains, as no sequence information is obtained.

The gold standard in the investigation of bacterial population structure is the amplification of
various regions of the bacterial 16S rRNA gene and sequencing using high-throughput methods
such as lllumina-Miseq or lonTorrent. Early limits in sequencing technology have led to the
standardized method of clustering sequence reads into operational taxonomic units of 97%
sequence identity (211). Using this method, it is possible to easily track a large number of Vibrio
(and other) associated OTUs (212); however, the process of clustering severely limits the

resolution of this technique, as clusters of 97% identity often represent multiple species of Vibrio
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(for example (118, 213). Improvements in sequencing technology (lowering of error rates) and
novel clustering-free methods of differentiating sequence reads have in recent years
accelerated the obsolescence of this practice, as the differentiation of reads differing by as little
as a single base pair has moved into the realm of possibility (214-216). Thus, the only limiting
factor is the diversity of the 16s rRNA gene itself, which in the case of V. cholerae provides

insufficient resolution for high-throughput sequencing methods (156).

In this study we develop a primer pair based on the highly variable region of the viuB gene
specific to V. cholerae to drastically improve the resolution of amplicon-based high-throughput
sequencing in monitoring V. cholerae at the subspecies level. | then demonstrate the efficacy of
this method by observing the structure of a Vibrio population in a cholera-free location in the
eastern United States over the course of two consecutive summers. | successfully replicate the
results of previous multi-locus sequence typing based studies (162) but also discovered a
considerable isolation bias for specific strains. Most importantly, | detected the presence of PG
V. cholerae in this cholera-free region. Fractionated sampling allowed us to furthermore define
potential niches for different strains of V. cholerae, lending support to the hypothesis that PG V.
cholerae differs in its environmental niche from harmless environmental strains. Additionally, we
observe extensive variation in strain diversity between samples located only several meters
apart from each other, as well as between different particle fraction sizes and points in time.
This mosaic sympatry could play a key role in the divergence of V. cholerae strains into a

number of different ecological niches.

5.3 Methods

5.3.1 Finding marker genes suitable for differentiation of Vibrio cholerae clonal

complexes

In order to find a primer set suitable for the amplification of products capable of differentiating
V. cholerae strains, protein coding genes from a dataset of 68 Vibrio were analysed. This
included 20 V. cholerae genomes from 5 clonal complexes found in the Oyster Pond (US east
coast) sequenced in chapter 2 (162) , 22 additional V. cholerae genomes from public
databases, 10 genomes of its closest relative V. metoecus and 16 other Vibrio species. Their
genes were clustered based on 30% amino acid sequence identity of their protein products
(131) using OrthoMCL 2.0 (132). From the 946 gene families found only in V. cholerae, multi-
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copy genes were removed. Alignments of alleles from single-copy gene families present in all V.
cholerae were created using ClustalW 2.0 (155) and maximum likelihood phylogenetic trees
constructed using the GTR+GAMMA substitution model implemented in RAxML 8.0 (130). All
single gene trees were then inspected for the ability to differentiate the 5 major clonal
complexes described in Chapter 2 (162). The alignments producing these trees were then
manually inspected for variable regions of less than 300bp that differentiated clonal complexes
from each other and from other V. cholerae by at least 2bp and were also flanked by conserved
sites of around 20bp. Candidate primer sets were synthesized by Integrated DNA Technologies
(lowa, USA), and tested for optimal amplification results. Optimal results were ultimately
obtained using a primer set derived from viuB (involved in iron acquisition via vibriobactin
utilization (217)).

5.3.2 Sampling and DNA extraction

We collected two different types of water samples in consecutive years. In the first year
(2008), samples were collected from three different sites at Oyster Pond, MA, USA - the pond
itself, and adjacent lagoon that connects the to the ocean, and the ocean outflow. Three
samples were taken from the aforementioned locations at 0.5m depth at a distance of 5m each
month from June to September. 50ml of water was pushed through a 4.5cm Millipore Durapore
filter (size 0.22um) using a polypropylene syringe. A second sample collection was conducted in
2009 in parallel with isolation described in (162), from June to October. 100 liters of water were
first filtered through a 63um nylon mesh net to capture large particles such as zooplankton.
Large particles were crushed in a 50ml tissue grinder after transfer using 20ml of sterile filtered
local water. 2ml of the crushed material was diluted 200-fold (to an equivalent of 50ml of water)
and pushed through a 4.5cm Millipore Durapore filters ( size 0.22 um) using a polypropylene
syringe. Similarly, 50ml of water passed through the mesh net was pushed through a series of
in-line 4.5cm Millipore Durapore filters (sizes 5um, 1uym and 0.22um) using a polypropylene
syringe. DNA extraction from the filters using a Qiagen DNEasy Blood and Tissue Kit was
performed as follows: 0.25 g of sterile zirconium beads were added to cut-up filter pieces in a
1.5ml screw cap tube and 360ul Cell Lysis Buffer ATL and bead beating performed for 30
seconds at maximum speed. 40ul Proteinase K was added and tubes vortexed for several

seconds. Further steps followed the instructions of the manufacturer.

To assess bias in amplification, a mock community containing known concentrations of DNA

from 13 V. cholerae strains containing different viuB-alleles was created. Strains were grown
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separately over night in LB medium at 37°C and extracted identically to the filters as mentioned
above. Genomic DNA concentrations were measured using a Qubit Fluorometer
(ThermoFisher) with a Qubit dsDNA HS Assay Kit (ThermoFisher). Equal concentrations of
extracted genomic DNA from 12 strains, and double concentration for the 13™ strain were then

pipetted together. This mock community was then treated as a normal sample, described below.

5.3.3 PCR and sequencing

To amplify viuB-alleles from extracted DNA from fractionated water samples and the mock
community, a touchdown PCR was performed using 0.5ul each of 10pmol forward and reverse
primer (for viuB: viuB2f CCGTTAGACAATACCGAGCAC and viuB5r
TTAGGATCGCGCACTAACCAC)

0.4ul 10mM dNTP-Mix (ThermoFisher), 0.4 pl Phire Hot Start I1I DNA Polymerase
(ThermoFisher), 0.5ul of Molecular Biology Grade Bovine Serum Albumin (20mg/ml, New
England Biolabs), 5ul of 5x Phire Buffer and 2 pl of template DNA. The PCR reaction was
performed as follows: Initial denaturation 98°C for 4 min, followed by 10 cycles of denaturation
98°C for 10 sec, annealing 60°C for 6 sec (reduced by 1°C per cycle) and extension 72°C for 1
sec, followed by 23 cycles of denaturation 98°C for 10 sec, annealing 50°C for 6 sec (reduced

by 1°C per cycle) and extension 72°C for 1 sec and a final extension of 72°C for 1 min.

In preparation for sequencing, dual-indexed sequences using indices developed by Kozich et
al. (218) were created as follows: 2yl of preceding viuB-PCR reaction were used as template for
a second PCR reaction of just 2 cycles with the same reagents as mentioned above. Forward
and reverse primers used in this reaction consisted of appropriate lllumina-adapters, a sample-
specific 8 nucleotide index sequence, a 10 nucleotide pad, 2 nucleotide linker and the gene
specific sequence described above. (see (218)). This tagging PCR reaction was performed as
follows: Initial denaturation 98°C for 30 sec, followed by 2 cycles of denaturation 98°C for 10
sec, annealing 55°C for 6 sec and extension 72°C for 1 sec and final extension 72°C for 1 min.
This strategy of amplification using gene-specific primers and subsequent tagging to create
dual-indexed PCR products was performed both to improve yield of PCR reactions (as direct
amplification using indexed primers often did not succeed or resulted in only very faint bands)
and to prevent biased amplification due to unexpected interaction of non-primer sequences with

template.
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In order to obtain a sufficient concentration of amplicons for subsequent sequencing, 8
tagging reactions were performed for each sample. These reactions were pooled and run on a
2% agarose gel in 1x Tris-Acetate-EDTA Buffer. This reaction created a product consisting of
two bands of very similar size, a smaller band representing only half-tagged PCR products, and
a slightly bigger band of fully tagged product. The larger bands were cut out of the gel. PCR
products were then purified using Wizard SV Gel and PCR Clean-Up System (Promega)
according to the instructions by the manufacturer. Concentration of cleaned up PCR products
was then measured using a Qubit Fluorometer (ThermoFisher) with a Qubit dsDNA HS Assay
Kit (ThermoFisher) and pooled together in equal concentrations (>10ng/ul). The pooled samples
were then concentrated using a Wizard SV Gel and PCR Clean-Up System (Promega)
according to the instructions by the manufacturer. Quality control of the pooled and
concentrated sample was performed using an Agilent 2100 Bioanalyzer. Sequencing was

performed using Illlumina Miseq technology with a V3 600cycle reagent kit.

5.3.4 Sequence analysis

De-multiplexed raw reads were processed in R using the DADAZ2 pipeline, as described in
(214). DADA2 uses an error rate model calculated from the both the abundance of reads as well
as their quality scores to achieve single base pair resolution of amplicons. Forward and reverse
reads were trimmed due to a drop-off in read quality in the first 10 bp as well as after 240bp and
160 bp for forward and reverse read respectively. Furthermore, reads with a maximum expected
error rate > 1 were discarded. After this procedure, 4938 unique sequences remained in the
dataset. Chimera detection implemented in DADA2 was then performed on pooled samples,
leaving a total of 2278 unique sequences. To account for the possibility of real chimeras of
protein coding genes in closely related organisms (due to recombination or homoplasic
mutations), chimeras were compared with a reference dataset of viuB-alleles found in 782
sequenced V. cholerae genomes. 6 “real” chimeras were then included back into the dataset.
Among the remaining unique sequences, 129 of these proved to be alleles of viuB. Only 43
viuB-alleles were composed of more than 1000 reads (with an average of 100,000 reads per
sample) and considered for further analysis. 24 unique allleles were found both in multiple
samples and also corresponded to a viuB allele found in a dataset of 782 V. cholerae genomes
(obtained from NCBI) and could thus be considered unambiguously “real”. The remaining alleles
fell into three categories: (l) present in multiple samples but differing in only 1 bp from “real”

alleles, (ll) present in multiple samples and differing in more than 1bp from other alleles, and (lIl)
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present in only a single sample. Since our mock community containing only known viuB-alleles
showed that occasional alleles 1bp away from real sequences remained after error correction,
we remapped alleles of category | onto the confirmed real alleles. 2 unique alleles fell in
category Il and were considered unambiguously novel viuB-alleles. 16 alleles of category llI
were discarded for a conservative estimate of 26 viuB-alleles present in our dataset. Further
analysis of population structure was performed using the PRIMER-E Software Suite (Quest
Research Ltd).

5.2.4 Whole genome sequencing and analysis

73 genomes corresponding to 17 different V. cholerae clonal complexes and 7 singletons
isolated from the Oyster Pond and lagoon, as previously identified by multi-locus sequence
typing (162) were chosen for whole genome sequencing by Fabini Orata as described in (140).
De-novo assembly of reads into contiguous sequences was conducted using CLC Genomics
Workbench 5.0 (CLC Bio, Aarhus, Denmark). Assembled genomes were aligned using mugsy,
standard settings (128). Short locally collinear blocks (LCBs) smaller than 500bp were removed
and alignments converted into FASTA format using the Galaxy Web Server (129). Geneious
6.1.7 was then used to visually check the quality of alignments and to remove all positions
containing one or more gaps (219). This was performed for all members of each CC separately
to assess the variation within a CC, and with representative members of each CC and ST to
assess the variation between them. A maximum likelihood phylogenetic trees constructed using
the GTR+GAMMA substitution model implemented in RAXML 8.0 (130).

Additionally, a dataset of all available V. cholerae was downloaded from NCBI and a core-
genome phylogenetic tree constructed using Parsnp (220). The phylogenetic tree was then
visualized and annotated in iTOL (221) according to viuB types found using local blastn
searches against all genomes. Typing of type VI secretion system genes was performed as

described previously (222).

53.5 qPCR

Real-time quantitative PCR was performed by Tania Nasreen for the enumeration of all V.
cholerae using a viuB-based primer set, and for PG V. cholerae using a primer set amplifying

the rfbO1 region characteristic for this group (Nasreen et al., in preparation). The viuB-probe
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was 5-/56- FAM/TCATTTGGC/ZEN/CAGAGCATAAACCGGT/3IABKFQ/-3’, fw-primer 5'-
TCGGTATTGTCTAACGGTAT- 3’ and rev-primer rev: 5- CGATTCGTGAGGGTGATA-3'. The
rfbO1 probe was 5-/5SHEX/AGAAGTGTG/ZEN/TGGGCCAGGTAAAGT/3IABKFQ/-3’, fw-primer
5-GTAAAGCAGGATGGAAACATATTC-3 and rev-primer 5-TGGGCTTACAAACTCAAGTAAG-
3’. Reaction conditions in an Illlumina Eco Real-Time PCR system were as follows: Activation at
95°C for 2 min followed by 40 cycles of 95°C for 15 s, 60°C for 1 min. The volume of the
reaction was 10pl, including 5 pl of master mix*, 1 yl of primer-probe, 2 pl of molecular grade
water and 2 pul of template. The assay included standards of known copy number and no
template control for each master mix to assure the reaction is contamination free. The limit of
detection determined as 3 copies per reaction. The 2X QPCR Mastermix (*Dynamite*) used in
this study is a proprietary mix developed, and distributed by the Molecular Biology Service Unit
(MBSU), in the department of Biological Science at the University of Alberta, Edmonton, Alberta,
Canada. It contains Tris (pH 8.3), KCI, MgCl 2 , Glycerol, Tween 20, DMSO, dNTPs, ROX as a

normalizing dye, and an antibody inhibited Taq polymerase.

5.4 Results and Discussion

5.4.1 A small region of viuB offers base-pair exact differentiation of V. cholerae strains

In a previous study, we categorized V. cholerae isolates gathered from Oyster Pond, MA,
USA, through a multi-locus sequence typing strategy using 7 partially sequenced housekeeping
genes (162). Here, we initially aimed to find a single gene region smaller than 300bp in the
genome of V. cholerae, allowing us to differentiate five clonal complexes (CCs) dominating the
population in our isolate-based study. The size restriction of 300bp was imposed to allow for the
amplification of this gene region using 300bp overlapping reads in a lllumina Miseq V3
technology kit. Screening a dataset of single-copy genes found in V. cholerae but not in closely
related species, we identified a hypervariable stretch of 292bp flanked by conserved regions in
the viuB gene and developed a strategy to successfully amplify this gene from DNA extracted
from environmental samples. Using a high-resolution sample inference algorithm (214) and
careful curation of the resulting reads to differentiate real viuB-alleles from PCR-artifacts (see
methods), we were able to differentiate the majority of CCs previously identified using 7 partially
sequenced housekeeping genes (162) using a stretch of 272bp of viuB (20bp shorter than the
variable region of 292bp to account for reduced read quality in the last 10bp of lllumina reads).

In three instances (CC2+15, CC6+8 and CC9+12), an identical viuB sequence can be attributed
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to the close phylogenetic relationship between those strains (Figures 5.2, 5.7). This method was
then applied on time-series data of DNA extracted from water samples taken over the course of

multiple months, overlapping with our previous isolation-based approach.

To benchmark the ability of this technique to detect viuB-alleles corresponding to specific V.
cholerae strains in a semi-quantitative way, we compared the proportion of isolates of specific
CCs isolated in a single sampling effort in the Oyster Pond and adjacent lagoon (162) with the

proportion of reads of corresponding to viuB-alleles obtained from the same samples (Fig. 5.1a).
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Figure 5.1: Comparison of viuB-amplicon sequencing with isolation in the detection of
V. cholerae strains. a) Relative abundance of isolates sampled from Oyster Pond and adjacent
lagoon from four different size fractions (162) is compared to relative abundance of viuB reads
corresponding to these isolates in the same month. Transparent bars represent isolates, solid
bars represent reads. To account for different read depths, subsampling to the sample with the
lowest read number was performed. b) Performance of viuB-sequencing on a mock community
of 12 genomes with different viuB-alleles in equal concentration, and one genome in double
concentration. Other reads due to PCR errors or undetected chimeras correspond to <0.25% of
the total mock community.

Additionally, to assess potential bias of our technique in the amplification of specific viuB-

alleles, we performed viuB-amplification on a mock communities consisting of 13 different viuB-
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alleles in equal concentration (one allele in double concentration, Fig. 5.1b). Fig. 5.1a shows
that the relative abundance of many viuB-alleles (CC1, CC2+15, CC3, CC5, CC6+8 and
CC9+12) corresponds rather closely with the previously assessed relative abundance of
isolates. In some cases (CC4, CC7, CC10, CC11 and CC17), a larger number of isolates was
obtained than corresponding viuB-reads would indicate. Furthermore, multiple CCs (CC13, C14
and CC16) were found in much lower relative abundance than corresponding viuB-reads.
However, as the mock community in Fig. 5.1b indicates, biases in amplification are rather
minimal, with the viuB-reads that are overrepresented compared to isolates CC14 and 17
actually amplified at a slightly lower rate than others. Thus, it seems reasonable to assume that
the differences in culture and culture-independent methods are not necessarily due to biased
amplification. Overrepresentation of isolates compared to reads can be attributed to variation
due to the relatively low number of strains obtained (385 in a single month). On the other hand,
overrepresentation of reads compared to isolates can have multiple reasons. One is the
possibility that the same viuB-allele is found in multiple strains. The other is the reduced
culturability of some V. cholerae strains compared to others. Under conditions of stress, V.
cholerae and other bacteria are known to enter a viable but non culturable state that still allows
growth, yet prevents isolation using standard methods (223). Indication for this is found in the

prevalence of viuB-73, completely lacking in Oyster Pond isolates possessing this allele.

5.4.2 Most viuB-alleles are specific to closely related strains of V. cholerae

To assess the capability of viuB in differentiating not just strains corresponding to Oyster
Pond isolates, but V. cholerae strains in general, we assembled a dataset of all 782 V. cholerae
genomes available to date, including genomes of all CCs found in our sampling site that were
sequenced after the development of our primer set (Fig. 5.3). This dataset contained a total of
70 unique viuB-alleles of 272bp. In pairwise comparisons between unique viuB regions, the
majority of allele pairs (>99%) differed by at least 2bp from each other (Fig. 5.3), largely
eliminating the possibility of misidentifying alleles due to single base pair errors resulting from

PCR errors or false base-calling.

To identify viuB-alleles shared between strains, we constructed a phylogenetic tree of all V.
cholerae genomes using the core-genome algorithm implemented by Parsnp (220) and mapped
the viuB-alleles of all CCs onto the resulting cladogram depicted in Figure 5.3 (as indicated by
coloured squares denoting CC identity and numbered viuB allele). We furthermore mapped all

additional viuB-alleles (a total of 26, including CC alleles) that we unambiguously identified as
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representing “real” environmental sequences rather than PCR artifacts (see methods) onto this

cladogram (Fig. 5.3, colored squares of numbered viuB-alleles without CC indication).
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Figure 5.2: Highly variable viuB alleles offer strain level differentiation of V. cholerae
sequences. a) Unique viuB alleles from this study mapped on core-genome phylogeny of 782
V. cholerae genomes. Phylogeny was created using Parsnp (220) based on a reference
genome of N16961. Branch lengths are ignored for ease of viewing. Leaves of the tree are
coloured according to the viuB-allele found in that particular genome, indicated by coloured
rectangles. Alleles corresponding to previously described V. cholerae clonal complexes from the
Oyster Pond sampling site are denoted with CC and a number, other viuB-alleles just as viuB
and a number. Unmarked bars coloured in witch haze yellow correspond to viuB-53, an allele
found in multiple phylogenetically distant genomes.
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Figure 5.3: Pairwise distance comparisons between all viuB alleles amplified from
water samples and between viuB alleles from sequenced genomes. X-axis denoted the
pairwise distance in basepairs, Y-axis the proportion of pairwise comparisons with a specific
difference in basepairs.

As Figure 5.2 shows, viuB-alleles are generally identical between closely related strains, and
only a minority of CCs share their viuB allele with other genomes: viuB-53 of CC14 is
widespread in a number of distantly related V. cholerae genomes and can thus not be relied on
to identify a single strain of the species. The presence of multiple strains possessing viuB-53
could be the explanation for the strong overrepresentation of this allele compared to
corresponding isolates of CC14. viuB-36 of CC13 is also found in two closely related groups of
strains from Bangladesh and might not necessarily represent a single CC. The viuB-43 allele of
CC4 is furthermore found in a single strain from India, 1157-74. In addition to these overlaps, a
few rare viuB-alleles, viuB-45 and viuB-25 are found in multiple, distantly related lineages.
Overall however, we observe close correspondence of viuB-alleles with phylogeny, allowing the

use of this gene as an approximate marker for strain specific detection of V. cholerae.
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5.4.3 Detection of viuB-alleles unique to the pandemic-group V. cholerae in a cholerae-

free region

Most notably in Figure 5.2, almost all 441 V. cholerae isolates belonging to the so-called
pandemic group (including all strains of the 6™ and 7" cholera pandemic and non-pandemic
relatives (163)) possess a single viuB allele that is not found in any strains outside of this clade
— viuB-73. The only exceptions are the non-pandemic Russian strain 1-1471 that shares the
allele viuB-32 with a group of non-pandemic isolates, and several non-pandemic members of
the so-called El Tor sister group (163) (not coloured in Figure 5.2). As Figure 5.1a. shows,
around 5% of all viuB-reads amplified from water samples of the Oyster Pond and lagoon in
August 2009 were viuB-73 and potentially represent V. cholerae of the pandemic group. As we
performed viuB-amplification from fractionated water samples over the course of five months
(June-October 2009) at three locations (pond, lagoon and ocean), we were able to identify viuB-
73 sporadically in all three locations (Fig. 5.4). To discount the possibility of PCR-contamination
with PG-type viuB amplicons, we performed viuB-probe based qPCR enumerating the total
abundance of V. cholerae, and specific enumeration of the rfBO1 gene exclusive to O1

serogroup strains on all eight viuB-73 positive samples. (Table 5.1.).
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Lagoon Pond

viuB-alleles
WviuB-73 (PG) viuB-41 (CC5)
MEviuB-64 (CC2/15) M viuB-49 (CC11)
EviuB-30 (CC3) OviuB-29 (CC10)
BviuB-39 (CC1) mviuB-56
OviuB-53 (CC14*)  @OviuB-45
OviuB-36 (CC16)  MviuB-4 (CC17)
OviuB-61 (CC6/8)  OviuB-37
DviuB-60 (CC7) mviuB-75
WviuB-34 (CC13)  OviuB-3
OviuB-62 (CC9/12) OviuB-16
OviuB-43 (CC4) OviuB-70
W viuB-76 OviuB-25
EviuB-32 OviuB-20

Figure 5.4: Relative abundance of viuB-reads in a time-series of fractionated water
samples. Read numbers were subsampled to the sample with lowest reads. Full grey bars
indicate missing data due to lack of amplification. Asterisk in viuB-53/CC14 indicates strong
polyphyletic signal for this allele, which should not be considered strain specific.
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Table 5.1: Enumeration of total V. cholerae and PG V. cholerae through qPCR

Sample viuB/ml rfb/ml fBO1/viuB viuB-73/viuB
Lagoon Jul >63 pm 468 188 40.19 42.81
Lagoon Aug5-63 uym 5 2 37.17 2.73
Lagoon Oct1-5 ym 54 12 23.36 50.46
Pond Jul >63 pm 810 265 32.72 42.41
Pond Aug >63 um 209 82 39.29 29.2
Pond Sep 5-63 um 8 0 0.00 10.69
Pond Aug 1-5 pm n/d n/d n/d 11.96
Ocean Aug 63 um 121 85 70.37 2.95

One sample had degraded to the point where qPCR could no longer be performed, but
gPCR succeeded in the seven other samples. In six of these samples, we could successfully
enumerate rfbO1, indicating the presence of DNA from O1 serogroup strains and discounting
the possibility of amplicon-contamination. While we can not expect 1:1 correlation of a
quantitative method to our amplicon-based approach, the proportion of total V. cholerae to PG
V. cholerae assessed via qPCR more often than not corresponded rather closely to the
proportion of total viuB to viub-73. In two cases (Lagoon August 1-5um and Ocean August
>63um), the proportion of PG V. cholerae assessed by qPCR considerably exceeded that of
total viuB to viuB-73. A possible explanation for this could be the sporadic presence of rfBO1 in
non PG-strains (103). However, all other viuB-alleles detected in these particular samples
correspond to known strains that do not contain rfbO1, so the cause of this discrepancy is
unclear. Another sample fell very close to the reliable detection limit of gPCR, potentially giving
unreliable results for one of the two methods. Another sample (Pond September 1-5um) was
positive for viuB-73 yet did not show any rfBO1 amplification, again potentially because of the
very low cell number in that sample. Additional samples that did not contain viuB-73 were also

found to be rfBO1-negative.

Nonetheless, the combination of amplicon sequencing of viuB and gPCR provides
substantial evidence that PG V. cholerae strains are part of local populations on the of the

United States east coast.

5.4.4 Bloom and bust cycles and specific habitats for different strains of V. cholerae

In a previous culture-based study, we noted that the V. cholerae population in Oyster Pond is
dominated by a small number of phylogenetically distinct CCs, with substantial fluctuations over

the course of a month (162). In this study, we covered a larger timeframe consisting of an entire
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summer/fall season of the months of June-October with DNA extracted from fractionated water
(filtered through 63-,5-,1- and 0.22um filters). As Fig. 5.4 shows, similar to our previous culture-
based effort, few viuB-alleles (viuB-64, viuB-30 and viuB-39, corresponding to the most
numerously isolated CC2+15, CC3 and CC1) are present in the majority of most samples, yet
their relative abundance changes considerably from June to October in all locations and size
fractions. A much larger number of alleles are detected only sporadically, occasionally
increasing in relative abundance but generally not stably persisting in any particular location or
fraction size. This again confirms our previous culture-based results that showed just a small

number of CCs persisting between two consecutive samplings (162).

As previously noted, filter sizes serve as proxies for different bacterial habitats, from pelagic
bacteria in the smallest size fraction to smaller particles and ultimately zoo- and phytoplankton
(65). Based on the genomic divergence of sympatric isolates, we previously hypothesized that
various strains of V. cholerae might be in the process of evolutionary divergence from each
other and not necessarily inhabit the same niche. However, due to the relatively low number of
isolates from each potential particle-size niche, we were only able to differentiate between a
lagoon and pond location, with most strains showing slight tendencies towards one or the other
habitat (162).

However, our amplicon-based method offers much greater statistical power. To infer potential
habitats of different V. cholerae strains we performed similarity profile analysis (122) of the
occurrence of specific alleles in the size fractions of the three locations. Figure 5.5 shows
statistically significant clustering both based on the combination of location and size fraction as
well as on size fraction alone. 7 different statistical clusters exist on the level of location-size
fraction: (la) Mostly confined to pond and lagoon and either pelagic or confined to small particles
<5um, (lla) mostly found pond and lagoon but absent from the largest particles, (llla+1Va) found
in all habitats and size fractions, (Va) found mostly in lagoon and ocean, (Vla)found mostly in
pond and lagoon with no pelagic cells, and (Vlla) mostly lagoon and ocean, with a large number
of zooplankton/phytoplankton associated. Similarly, clustering based on fraction size alone
shows multiple potential habitats: (Ib) Mostly pelagic and small particles, (llb) absent on
zooplankton, (Illb) present on all size fractions, (IVb) found on particles but not pelagic and (Vb)
mostly found on zooplankton. Clustering based on location alone only significantly differentiates
allleles predominantly found in the ocean versus more generalist or pond/lagoon associated

alleles (Figure 5.3c).
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Figure 5.5: Putative habitats of V. cholerae strains based on similarity profile analysis. a)
Statistically significant clustering of viuB-alleles based on their occurrence in samples from
various different fraction sizes and locations. b) Statistically significant clustering of viuB-alleles
based on their occurrence in samples from various size fractions only. c) Statistically significant
clustering of viuB-alleles based on their occurrence in ocean, pond or lagoon sampling sites. All
graphs were created by UPGMA clustering of viuB-alleles based on Bray-Curtis similarity as
calculated by the relative contribution of samples to the total number of reads for each allele.
Subsampling was performed to the lowest sample size. Similarity profile analysis (122) to
differentiate statistically significant differences in inferred bacterial habitats from random.
Greyed out clusters represent cluster whose members do not differ from each other in their
distribution, but from those of other clusters. *** p < 0.001, ** p < 0.01, * p<0.05).

It should be noted that many strains are found only in a small number of samples (see Fig.
5.4), and thus their absence in certain sample types might not necessarily be biologically
meaningful. V. cholerae strains present in most samples (represented by alleles viuB-
64/CC2+15, viuB-30/CC3 and viuB-39/CC1) can be considered generalists in regard to size
fractions, although displaying some differences in locational preference. A few strains found
both in a large number of samples and display a distribution significantly different from others
can also be identified. For example, the viuB-76 allele, not corresponding to any sequenced
Vibrio genome, appears to be mostly excluded from the pond-lagoon ecosystem and is
predominantly found in the ocean. Similarly, alleles viuB-61 and viuB-49 (corresponding to
isolates CC6/8 and CC1 respectively) are predominantly found in the ocean and lagoon
samples, perhaps indicating a higher salinity tolerance in these lineages. Conversely, viuB-56,

corresponding to a singleton sequence type which we previously isolated, and viuB-73,
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corresponding to PG V. cholerae, are rarely found in ocean samples. Allele viuB-73 is
furthermore absent from the pelagic size fraction. Considering the large number of different
other viuB-alleles found in the pelagic size fraction, the complete absence of this allele is
indicative of a more particle/host associated niche for strains harbouring that particular allele.
Zooplankton and other particles have in fact long been suggested as the primary niche of the V.
cholerae species (101, 102). In areas where cholera is endemic, filtering of drinking water
through folded cloth removes zooplankton and significantly reduces the incidence of cholera
(224). Paradoxically, considerable numbers of V. cholerae are found in pelagic forms. A specific
niche for V. cholerae of the pandemic group could reconcile these two conflicting findings.
Divergence of ecological niches on the level of particle association is not an unprecedented
phenomenon in Vibrio. The marine bacterium V. cyclitrophicus is separated in two lineages:
One steadily attached to particles by biofilm formation, and one only loosely associated with
particles and capable of rapid exploitation of newly emerging nutrient hotspots (225). Curiously,
this divergence in ecology is mediated by a few ‘ecological islands’, horizontally transferred
regions that have swept through a diverse population and homogenize strains of similar ecology
only at certain genomic regions. In contrast, extensive diversity is still observed in regions of the
genome that are not relevant for the adaptation to the two specific niches (66). A similar
situation could be occurring in V. cholerae populations, and further genomic analysis might shed

light on the potential genomic basis of ecological niches in that species.

5.4.5 Spatially proximal samples harbour different strains of V. cholerae

It is important to note the samples from the dataset depicted in Figure 5.4 do not represent a
single location, but rather the pooled DNA from three replicate samples taken 5 meters apart.
Therefore, these samples present an “average” of three slightly separate samplings. While this
is not necessarily a disadvantage in the inference of general habitats, potential differences
between locations in close proximity to each other are not considered. A second dataset
consisted of DNA extracted from unfractionated water samples collected in the previous year in
the months of June-September with 2-3 samples taken 5 meters apart from each other.
Importantly, these samples were not pooled but sequenced separately, serving as biological
replicates. In 16S amplicon-based studies employing OTU-clustering methods to group similar
sequences into species-level groups, it is common that replicate samples taken at the same
location are highly similar to each other (212). However, the low resolution of 16S rRNA

obscures the picture of within-species diversity. In contrast, this might not necessarily be the
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case in this instance, when a more diverse marker gene and methods offering base-pair-level
resolution are used. As Figure 5.6a shows, at the subspecies level these biological replicates
vary considerably between each other. In the most drastic example, three samples taken 5
meters apart at the Lagoon site in August 2008 do not share any viuB-alleles with each other
(Fig 5.6b). Thus, it appears that quite often, different strains of V. cholerae do not coexist in true
sympatry, but rather in what is termed mosaic sympatry (226). In mosaic sympatry, species (or
in this case strains) are distributed seemingly at random, co-occuring in some spots or niches
and existing separately in others. Conditions of mosaic sympatry are readily provided by an
aquatic environment consisting of numerous small patches of resources (organic particles) that
undergo frequent turnover, mixing and separating organisms stochastically (227). Mosaic
sympatry has been implicated to play an important role in the divergence of bacteria with largely
overlapping niches (58). Strains of V. cholerae might evolutionarily diverge in exactly this kind of
environment. As the whole-genome phylogeny in Figure 5.7 shows, all CCs and additional
singleton sequence types previously isolated from the Oyster Pond show a considerable degree
of divergence. We calculated that in most cases, members of a single CC differ from each other
in only a few hundred bp at most, but members of different CCs generally show distances of 40-
60 kbp from each others. As we have previously shown, different lineages of V. cholerae (CC1,
CC2, CC3, CC5 and CC13) show very similar, but not completely overlapping carbon use
profiles (162). Thus, despite using a mostly similar set of resources and sharing a generalist
niche that allows both a pelagic and particle associated existence, a considerable amount of
genetic divergence has accumulated between CCs. In a fully sympatric environment, niche
exclusion would likely lead to the extinction of all but the most well adapted lineage and not
allow for this level of genetic divergence between CCs (although phage-mediated kill-the-winner

dynamics might prevent purging of diversity (77)).
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Figure 5.6: No clustering of locations based on proximity of unfractionated samples or
month/location. a) MDS graph based on Bray-Curtis similarity of different unfractionated
samples. b) Relative abundance of viuB-alleles in different samples. c) Relative abundance of
viuB-alleles, duplicate samples pooled after subsampling to the lowest sample size. Asterisk in
viuB-53/CC14 indicates strong polyphyletic signal for this allele, which should not be considered
strain specific. X in front of alleles indicate absence from 2008 sampling.
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Figure 5.7: Type VI secretion system effector and immunity genes from Oyster Pond
isolates. Phylogeny built using the GTR+Gamma substitution model implemented in RAXML on
a 2,948,969 bp whole-genome alignment of sequenced Oyster Pond genomes. Large arrows
next to strain names indicate effector, small arrows immunity genes, colour of arrows indicate
different effector/immunity gene families. Auxiliary cluster 1, 2 and the large cluster are
separated by slashes. Statistical branch support was obtained from 100 bootstrap repeats, and
bootstrap support for relevant bipartitions is indicated. Scale bar indicates substitutions/site.

Conditions of mosaic sympatry might be provided by V. cholerae itself: each V. cholerae
genome encodes three loci of bactericidal effectors that are injected into other cells by their
Type VI secretion system (141). The presence of cognate immunity proteins prevents self-
intoxication and killing of kin-bacteria (141), but as we have recently shown, even closely related
strains of Vibrios encode different combinations of effector-immunity pairs in each genomic
locus, potentially serving as an effective system for discriminating close relatives and competing
foreign strains (222). As Figure 5.7 shows, almost every single CC and ST from Oyster Pond

encodes a unique combination of effector and immunity proteins. An active Type VI secretion
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system could thus play an important role in monopolizing a patch of resources for a single strain
of Vibrio (228). It could also play an important role in structuring the population: As long as an
environment remains stable, the first colonizers will achieve numerical superiority and prevent
other strains from successfully gaining a foothold, effectively ensuring the dominance of one or
few lineages with different effector-immunity combinations. This could explain the population
structure we observe in our sampling: strains that are present in large numbers in one month
generally retain their dominance to the next, while many other strains occur sporadically but fail
to become established. Thus, initial conditions of a population could have far reaching

consequences in the future.

5.4.6 Change in population structure of V. cholerae in the span of a year

Comparing Figure 5.4 and 5.6, it is notable that samples from 2009 display a noticeably
higher number of viuB-alleles than most samples from 2008. Pooling of data from separately
amplified replicate samples does not considerably change that picture (Fig. 5.6¢). Of course,
care must be taken in interpreting this discrepancy - due to separation of different size fractions
and the pooling of extracted DNA from replicate samples before PCR in the second, but not in
the first year of sampling, the datasets are not directly comparable. By separating a water
sample into size fractions, it seems reasonable to assume that rarer alleles that would normally
be dwarfed by more numerous alleles found in other size fractions can be detected in size
fractions with lower cell number. Nonetheless, some general trends remain obvious: eight viuB-
alleles that are found in 2009 are not present in any of the locations in the preceding year. This
comes to no great surprise for alleles and corresponding strains like viuB-4/CC17, which are
both rarely found in culture and culture independent methods in the following year. In contrast,
viuB-30/CC3 is one of the most commonly found alleles and strains from 2009, and completely
absent from the preceding year. This could represent a prime example of “first-come-first-serve”
dynamics (88), or “survival of the common (229)”, where competitive interactions prevent the
establishment of new strains. Only after a strong disturbance in population structure (such as
lowered temperatures in the winter months leading to a reduction in Vibrio numbers) can new
strains become stable members of a population. This appears to have been the case with viuB-
30/CC3 and potentially other strains carrying different alleles. It is interesting to note that with
the exception of viuB-30/CC3 and viuB-34/CC13, the habitat of most newcomers seems to be
mostly limited to the ocean and lagoon location, which might represent more transient habitats,

with oceanic currents or human transport serving as vectors for novel strains(230). A further,
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perhaps coincidental observation pertains the phylogenetic placement of these newcomer
strains: As Figure 5.1 and 5.6 show, the Oyster Pond isolates from 2009 fall into two broad
clades: One comprising almost exclusively of strains isolated in the Oyster Pond, with the few
other isolates mostly found in the American Gulf Coast (coloured in green tones in all figures),
and a second clade consisting of a wide range of international isolates, including all newcomers
(coloured in blue tones). One might consider this indication of certain biogeographical factors

influencing the diversity of V. cholerae.

5.5 Conclusions

As with 16S rRNA OTUs or oligotypes, care must be taken to not overinterpret data gained
from sequencing of protein coding genes. A viuB-allele does not necessarily correspond to a
specific group of V. cholerae strains, and strains of V. cholerae do not necessarily correspond to
ecologically meaningful groups. Horizontal gene transfer or convergent evolution can and does
erase uniqueness of alleles. Furthermore, horizontal gene transfer can create natural chimeras
that are detected by chimera removal algorithms, and PCR errors can appear as real alleles,
confounding the true population structure. Only with comparison to available genomic data from
sympatric isolates, confirmation of findings through qPCR and careful curation of data can we
begin to deduce information from this novel method. This approach severely under-uses the
potential power of this method, as frequently occurring one-off alleles are removed even though
corresponding reads occasionally reach numbers comparable to dominant alleles in the
population — the population structure could thus be much more dynamic than what we assess in
our conservative approach. Furthermore, the diversity of the population itself is probably vastly
underestimated — rare alleles can not be considered real until independently verified, and single
alleles obviously offer lower resolution than MLST or genomic data. With these caveats in mind,
our method nonetheless offers considerable insights into the population structure and dynamics
of V. cholerae. The dynamics observed over the course of months and between two years make
it clear that populations of V. cholerae undergo frequent, drastic changes in strain composition.
Thus, given the large genetic variability both of potentially ecologically and clinically relevant
genes observed in members of this species (103), simply enumerating the total amount of V.
cholerae cells does not necessarily suffice in giving an accurate insight into V. cholerae ecology

or disease risk.

While V. cholerae is a globally spread species, the distribution of strains might be mosaic

both on the meter scale to larger geographic regions. Specific communities of strains appear to
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dominate certain locations and prevent the invasion of strains that might be more prevalent in
other regions of the world. Only after significant disturbances by outside forces might new
strains be able to fill the niches left open by perhaps ecologically equivalent, yet
phylogenetically differentiated strains. The invasion of viuB-30/CC3 into the Oyster Pond
population after a decrease in Vibrio numbers in the winter is one example. A more famous
example could perhaps be seen with the invasion of earthquake-stricken Haiti by PG V.
cholerae from Nepal (231). The ecological disturbance caused by climatic factors and the
earthquake itself could have, as some scientists have suggested (208), provided the necessary
conditions for a change in Vibrio population structure, enabling the establishment of foreign
strains. In addition, our results show that local PG-V.cholerae strains can already reside in
cholera-free regions as a non-dominant member of the population and perhaps rise to

potentially dangerous dominance after changes in population structure (232).
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Chapter 6

General discussion, future experiments and random

thoughts

6.1 A tale of two vibrios

The working hypothesis throughout the course of my thesis was that the species of V.
cholerae is divided into many ecologically differentiated lineages. The discovery and description
of V. metoecus as in independent species at least partially validates this hypothesis. It also
demonstrates a weakness in the previously described phenetic species concept — while V.
metoecus is clearly delineated genomically and phylogenetically (albeit not using the 16S rRNA
marker gene), the differentiation by phenotypic characteristic is problematic. Very few
biochemical properties differentiate the species, and singular groups within V. cholerae possess
traits that were considered characteristic for V. metoecus only — in at least one case due to a
direct horizontal gene transfer event mentioned in chapter 2. Furthermore, closer investigation
of the different anti-protozoan activity of the T6SS of the two species in light of genomic data

from chapter 4 might also erode another major phenotypic difference between the species.

In chapter 4 we observe that not only numerous strains of V. cholerae (174), but also all
closely related species harbour a truncated version of the VgrG-1 protein. This protein still
contains the domains homologous to the phage base plate and tail spike, yet lacks the C-
terminal actin-crosslinking domain that is thought to be involved in cytotoxicity against human
cells and predatory Dictyostelium slime molds (169). The inability of V. metoecus to Kkill
Dictyostelium has previously been described as a distinguishing characteristic of V. metoecus
from V. cholerae (where conserved RTX-toxins enable actin-crosslinking independent of VgrG-1
(233) ). A truncated VgrG-1 as well as a lack of rtx homologs (140) could explain this difference.
However, T6SS regulation is complex (234), and details about the environmental conditions of
expression remain largely unknown. Furthermore, as chapters 4 and 5 show, there is a large
within-species variability in the T6SS-mediated predator defence repertoire of V. cholerae and
V. metoecus. Some strains of V. cholerae contain a full repertoire consisting of a VgrG-1 actin-
crosslinking domain, RTX and the anti-eukaryotic lipase VasX (effector A in the aux-2 locus)

(235). Others do not contain any, and many strains contain different combinations of these
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effectors, not to mention the possibility of additional T6SS dependent and independent factors.
One would therefore expect a certain hierarchy in the efficacy of killing — at the top strains
containing all three or more anti-predatory effectors, and at the bottom V. metoecus containing
none. However, given the large number of strain in-between these extremes, one would also
expect to see no clear separation in the ability of V. cholerae and V. metoecus to kill eukaryotic
predators. A more systematic investigation of this topic using strains described in this thesis is

currently underway and | expect it to erase this phenotypic difference between the two species.

Regardless of the lack of clear phenotypic differentiation, comparative genomic studies of
these two species have proven to be a valuable source of information in investigating the
evolution of recently diverged bacterial lineages. Before its formal description, V. metoecus was
subject to several studies under the provisional name V. metecus. Haley et al. noted that the
first sequenced genome of V. met(o)ecus, RC341, contained a complete pathway responsible
for the chitin-mediated initiation of natural competence known from V. cholerae (152). This
pathway presumably facilitates levels of horizontal gene transfer similar to V. cholerae. Haley et
al. noted the presence of multiple horizontally transferred virulence factors associated with
pathogenic V. cholerae — the virulence regulators foxR/toxS, hemolysins, lipases as well as
incomplete Vibrio Seventh Pandemic (VSP) islands | and Il. Interestingly, Haley et al. also noted
that while the cholera toxin genes ctxAB and fcp-island genes are missing in V. metoecus, the
genomic prerequisites for infection by CTX-Phage are presence (152). As V. meteocus thus
possesses the theoretical potential to acquire additional virulence genes from V. cholerae or the
same environmental sources as V. cholerae, the degree of horizontal gene transfer between
those two species has been the main topic of further publications. Boucher et al. showed that
sympatrically occurring V. metoecus and V. cholerae resemble each other more closely based
on the content of their chromosomal integron than V. cholerae from two different continents
(109). In a later whole-genome based analysis of the two Vibrio species from Oyster Pond, we
showed that the integron regions of those two species are virtually indistinguishable ((140), see
appendix). We also observed highly directional horizontal transfer of core genes from V.
cholerae to V. metoecus. We hypothesized this to be due to the unequal numbers of the two
species present in Oyster Pond — since V. cholerae appears much more abundant than V.
metoecus, more DNA of that species should be available for horizontal gene transfer. This
hypothesis however is based only on the number of isolated bacteria, which might differ from
the actual number present in the environment. Such a situation could severely skew the
enumeration of V. cholerae by qPCR methods that do not differentiate the two species. The

development of a high-throughput sequencing method to directly target V. cholerae but exclude
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V. metoecus described in chapter 4 has led to an interesting spin-off by my colleague T.
Nasreen: The development of a new gPCR primer set based on the V. cholerae-specific viuB
gene to allow for a more accurate enumeration of the abundance of this species in the

environment (Nasreen et al., in preparation).

It is interesting to note that not just in the case of the Oyster Pond sampling, V. metoecus is
isolated in much rarer occasions than the relatively ubiquitous V. cholerae. Our own sampling
efforts in Bangladesh have to this day not resulted in the isolation of V. metoecus, and V.
metoecus-specific QPCR has failed to detect this species in water samples from this country. To
date, only two strains have been isolated from locations outside of the United States East Coast
—one in Germany (26) and one in Italy (210), although the lack of mention in the literature could
be due to the decreased pathogenic and thus publication potential compared to its sister
species. Another factor could be the aforementioned possibility of a severe isolation bias
towards V. cholerae. Nevertheless, the rarity of isolation of V. mefoecus warrants discussion,
especially in light of the near complete overlap of these two species in major niche dimensions

that differentiate V. cholerae from congeneric species (137).

We can speculate that biotic factors might be the cause of our observation. A likely influence
in the different prevalence of these species is the composition of the prokaryotic microbiota of
the Oyster Pond and lagoon, where V. metoecus is predominantly found in the lagoon). As
abundances of bacterial OTUs correlate more strongly with each other than with abiotic factors
or eukaryotes in marine environments (138). However, protozoan feeding has also been shown
to be a significant element in control of V. cholerae numbers (236), and V. cholerae employs its
type 6 secretion system (T6SS) to prevent eukaryotic predation (84). The lack of effective
defences against protozoans perhaps prevents V. metoecus from gaining a foothold in the

pond, where predatory protists might preferentially feed on them (237).

6.2 Population structure through time and space

The population structure of V. cholerae in Oyster Pond proved to be considerably more
clonal than expected. As mentioned before, these expectations were influenced by dozens of
previous studies assembling historically and spatially separate isolates into “populations”,
perhaps misrepresenting the actual structure. However, it is also possible that our study is
simply an outlier. A recent survey of V. cholerae diversity based on MLST of 472 isolates from

the Austrian saline lake Neusiedlersee represents the only comparable study sampling a large
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number of V.cholerae from a single location (207). The authors claim that the population
structure of this lake varies considerably from the one in Oyster Pond. They isolated V. cholerae
from 3 habitats: The vast reed habitat on the shore of the lake, “open” waters (the maximum
depth of the lake is less than 2m) and an intermediate region between the two. While they did
not cluster their isolates into clonal complexes, their concatenated phylogenies of 4 partially
sequenced housekeeping genes found 95 sequence types falling within 41 major clades. 18/19
sequence types were found in the open water and intermediate habitat, while the reed habitat
contained 84 sequence types, 71 of those exclusively found there. This was interpreted as
evidence for a considerably higher diversity and rate of recombination for V. cholerae in the
Neusiedlersee reed habitat compared to Oyster Pond. However, as far as the datasets are
comparable, these differences become less striking upon closer inspection. Nearly 40% of their
isolates stem from the highly diverse reed habitat that was sampled at a low depth on 38
different occasions between 2011 and 2012, while the rest of their isolates stems from 3
simultaneous samplings at all three habitats. These co-temporal samplings all display Vibrio
population structure similar to the Oyster Pond, while multiple shallow samplings in the reed
habitat over a long time period resemble those found in collections of geographically and
temporally widespread isolates. Since the reed habitat serves as the nesting grounds numerous
migratory bird species, which have been hypothesized to act as carriers of V. cholerae (238),
their population might thus not only resemble, but actually represent an international strain
collection. This at first glance contradictory study can thus be considered as actually confirming
some of the main findings of chapters 2 and 5: The dominance of few V. cholerae clonal

complexes over a short time period, with strong fluctuations over longer time.

6.3 Clonal complex ecology

It is interesting to ponder the emergence of Vibrio clonal complexes in light of the models of
ecotype theory and other explanatory frameworks for microbial diversity. Are all clonal
complexes likely to represent ecotypes with specific niche adaptations? Both the genomic
divergence and the presence of genes unique to each clonal complex might point into that
direction, yet it should be noted that much of this variation might be neutral (239). As chapter 5
shows, the most dominant members of our V. cholerae population occur in both the same
location and size fractions, indicating a lack of habitat preference. Similar carbon use profile
(see chapter 2) also shed doubt on the assumption that different clonal complexes would

represent considerably ecologically divergent lineages. On the other hand, the nucleotide
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differences between members of a single clonal complex fall well within the low variation
expected within a single ecotype. Furthermore, most clonal complexes isolated from the Oyster
Pond are phylogenetically approximately equidistant, their genomes differing in approximately
40-60k bp from each other. As mentioned in chapter 2, this distance appears too wide to be
accounted for purely by drift within a single ecotype between periods of selection. Specific
lineages are likely to have truly evolved to conquer new niches such as the human gut in the
case of PG V.cholerae. PG V. cholerae has accumulated a considerable number of virulence
factors over the course of its evolution (103), including a highly specific T6SS (240) and appears
to be more particle-associated than conspecifics. Other lineages such as the bioluminescent
CC1 strains described in chapter 2 are also strong candidates for possessing ecologically
distinct survival strategies. However, many differences observed between Vibrio lineages could
have evolved neutrally in allopatry, and given the opportunity, an ecologically equivalent strain
can readily migrate into a new environment, as observed with CC3 in chapter 5 — corresponding
to the geotype plus Boeing model of ecotype theory (241). The population sizes of V. cholerae
could also simply be too small and their structures too mosaic to allow for purging of diversity
upon the emergence of a superior genotype. Given prolonged existence at relatively low cell
numbers in a diverse community of microorganisms, different lineages of V. cholerae could
remain effectively isolated from one another and potentially diverge to the observed level of

nucleotide differences without necessarily having to change their fundamental niche.

6.4 T6SS as a barrier to gene flow

T6SS mediated interactions and the extensive horizontal gene transfer of El modules
described in chapter 4 could have a significant influence on the population and evolutionary
dynamics of V. cholerae. This could be especially true in the initial emergence of diversity
among V. cholerae and other species with similar systems. The uptake of a novel El module
with the retention of the old immunity gene could initiate a genome-wide selective sweep, as the
recipient strain would enjoy a clear advantage over its ancestral lineage and actively eradicate
its progenitors. However, the advantage of protection from an intermediate neighbour could be
short lived, as ancestral and derived strains would soon become separated and perhaps not
come into contact with each other too often. If, as shown in Myxococcus (242), contact
dependent competition serves as a barrier to horizontal gene transfer, transfer of an El module
could therefore serve as a starting point of diversification or enhance already existing

diversification.
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The phylogenetic tree in Figure 5.7 could provide an insight into the occurrence of coupled
genomic and T6SS diversification. The most closely related Oyster Pond isolates, belonging to
CC14 and ST85, already vary in the large cluster El modules (albeit not in a pattern indicative of
direct acquisition of an El with retention of the ancestral immunity gene). Conversely, CC6
shows an El module combination that appears directly derived from its relative CC8, with a C-
type EI module in the large cluster replacing the G-type effector yet retaining the G and A-type
immunity genes. More distantly related isolates belonging to CC9 based on the MLST scheme
from chapter 2 as well as relatively closely related ST72 and ST30 retain the same El module
combinations. However, ST30 possesses a GIVchS12-type pathogenicity island (177)
containing an additional T6SS locus (see appendix) that could prevent the peaceful coexistence

and horizontal gene transfer between these two strains.

If T6SS serve as a barrier to recombination, levels of horizontal gene transfer should be
consistently higher between strains possessing the same EI module combinations than between
strains with different combinations. The prerequisite for testing this hypothesis this would be a
large enough dataset of sympatrically occurring Vibrio lineages isolated at the same time. The
Oyster Pond dataset assembled during this thesis is unfortunately not ideal for this type of
analysis, since all major clonal complexes differ in their module composition. Only CC17, ST34
and ST38 (with module combination CAB) would be suitable candidates, hardly enough to
answer this question conclusively. Furthermore, given the rapid change of EI module
composition between strains, periods of El compatibility could be too short to allow for
measureable periods of increased horizontal gene transfer between momentarily compatible

strains.

6.5 On the diversity of T6SS

With the currently known repertoire of T6SS effectors in V. cholerae and close relatives, the
species can harbour a theoretical 130 different module combinations (not taking into account
immunity genes). 46 out of 130 EI module combinations are observed in the dataset from
chapter 4 (consisting of all unique El combination found in GenBank at the time of publication)
and additional Oyster Pond genomes. Since only a relatively small number of Vibrio strains has
been sequenced, it is likely that more combinations will be observed as more data becomes
available. However, it should be noted that some combinations could result in suboptimal
loading of the T6SS spear and strong selection against this particular combination due to

physical incompatibility of some effector proteins.
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While it seems obvious that any one El module combination would be beneficial due to its
bactericidal effect, is there a benefit in possessing a specific combination? Different effectors
could show different efficacies against various target organisms (243), but it appears unlikely
that different lineages of V. cholerae would encounter such radically different bacterial
adversaries as to warrant fine-scale selection for specific EI module combinations. It seems
therefore more likely that the diversity is an effect of intraspecific competition. Hypothetically,
there could be a clear hierarchy of El module combinations, starting with the (at least in-vitro)
competitively superior AAA combination of PG V. cholerae and ending in a single most feeble El
combination. Alternatively “rock-paper-scissors”-type interactions could lead to situations any
single strain can outcompete some other strains, but is in turn outcompeted by others. These
competitions could also underlie similar dynamics as those exhibited by different species of
Streptomyces (229): In a series of pairwise competitions in-vitro, neither a clear hierarchical nor
a rock-paper-scissors interaction was observed. Rather, it was found that species fell into
different tiers of competitive ability, where species of higher tier would generally outcompete
strains of lower tiers, yet be equally matched with those belonging to the same tier. However,
numerous instances of lower tier competitors outcompeting specific higher tier strains were also
observed. Importantly, in pairwise competitions where unequal numbers of both species were
pitted against each other, only very few species were able to establish dominance when

outnumbered.

As mentioned in the preceding chapters, a similar positive frequency dependent selection
could be at play in Vibrio strains: What matters in competition between strains could be less the
specific combination of El modules (which might vary in 1:1 competitive ability) but rather the
initial number of bacteria possessing any one combination. Our own efforts to find a hierarchy in
T6SS mediated competitive ability of Oyster Pond Vibrio isolates have shown that competitions
of equal number of non-compatible strains end in stalemates. Only when outnumbering a strain
1:10 or more is a considerable reduction in the cell number of the minority strain observable. As
such, simply having any El module combination could be beneficial, as long as it differs from
those of competitors and thus prevents them from invading the space occupied by a specific

Vibrio strain.

Evidence for the hypothesis that the uniqueness of the El module combination rather than
any specific combination is biologically important comes from a simple summation of all
observed effector combinations found in chapter 4 and the additional Oyster Pond strains

described in chapter 5. Half of all EI combinations are only found in a single strain or group of
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closely related strains, and more than 75% in just one or two. If specific El modules were
universally beneficial, one would expect that the combination of frequent horizontal gene
transfer and strong selection would spread them throughout a population. Rather, the prevalent
situation seems to be that of extreme diversity. A few combinations such as CAA do appear
multiple times in distantly related strains. As mentioned before, AAA strains enjoy a
considerable competitive advantage over other strains in-vitro (141) , and CAA might also be
competitively favoured (albeit to a lesser degree). Why would AAA then not be more
widespread? Aux-1 C-type as well as aux-2 and large cluster A-type EI modules are “common”,
and a fortuitous CAA combination could become independently fixed in multiple strains, while
other combinations are subject to frequent turnover. The comparative lack of “superior” AAA
strains could simply be explained by the relative rarity of the aux-1 A-type El module in the
environmental gene pool, perhaps due to a relatively recent introduction (the origin of pandemic-
group V. cholerae has been estimated to have occurred 10,000 to 500 years ago (244)). The

same could apply to the many other El module combinations containing rare El modules.

A recent study highlighting the recycling of T6SS toxins expands the potential value of
orphan immunity genes and could be the reason for their retention in some strains (245). As
T6SS activity in V. cholerae is unspecific, i.e. targeting of cells is random (246), many T6SS
attacks would affect neighbouring cells with the same El module set. Binding of effectors by
cognate immunity proteins then makes them available for reattachment to the T6SS spear. A
cell expressing multiple orphan immunity proteins could thus effectively steal effectors from
foreign strains and use them against other bacteria. Furthermore, under the assumption that El
incompatibility leads to a reduction in horizontal gene transfer between different lineages of
Vibrio, a strain expressing a variety of immunity proteins could kill foreign strains and take up
their DNA with impunity, rapidly changing its genetic makeup. A recent study by Shapiro et al.
showed that pandemic group V. cholerae possess a unique combination of alleles of different
genes thought to increase virulence, assembled through horizontal gene transfers from
environmental strains, which possess only some of these alleles (247). The acquisition of a
novel aux-1 A-type El module while retaining the immunity gene corresponding to the common
C-type effector could have accelerated this process. Despite the frequent occurrence of
horizontal gene transfer of EI modules and the obvious benefit of such an event, the described
dynamics could ultimately prevent gene-specific selective sweeps of superior EI-modules, as

their utility would decrease with increased frequency in a population.
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Any putative influence of T6SS on the evolution of V. cholerae ultimately depends on the
population structure and dynamics of this species. T6SS incompatibility could ensure that
different lineages of V. cholerae are physically separated in situations when they are capable of
DNA uptake. If single particles are colonized by just a single bacterial cell before others can
settle as well, then genetic exchange is limited to mostly clones and the occasional invaders,
effectively homogenizing strains possessing the same EI module combination. If multiple
different strains colonize a single particle, the situation would be different. It has been shown
both through modelling and also experimentally that a mix of strains displaying contact-
dependent incompatibility through T6SS segregates by killing of surrounding bacteria until only
well defined assemblages of compatible bacteria remain (228). In such situations, characterized
by rampant initial killing between well mixed groups of strains, and continuous killing at the
bacterial “frontlines” after segregation of strains, large amount of DNA from other lineages would
be available for uptake. It is unclear which scenario predominates under natural conditions. As
this work has shown, considerable proportions of the total V. cholerae population can be found
both on particles and free swimming. Depending on the density of uncolonized particles and
free swimming bacteria ready to colonize them, Vibrios either could readily recombine their DNA
during co-colonization, blurring established lineages, or remain separated long enough to evolve
the differences we observe. Another factor to take into account would be the presence of
bacteria other than Vibrios, making it unlikely that any single Vibrio strain would be a first

colonizer or that two strains would meet on the same particle.

6.6 In the future: Fine-scale and global-scale sampling and experimental

microcosms to study the population dynamics of V. cholerae

The major drawback of the sampling effort in the Oyster Pond ecosystem is the lack of
metadata. Without metadata, the causes for the changes in population structure remain
unknown. More recent time-series sampling efforts in Bangladesh have incorporated the
measurement of a large amount of environmental parameters from pH to phytoplankton
concentrations that can be connected to changes in population structure, perhaps even giving
insight into the ecology of certain strains. The question of scale in the abundance of specific
strains (often dramatic at a distance of few meters) will have to be addressed by fine-scale
sampling of transects in a single location and comparison of populations from distant

geographic locales. Amplifying viuB-alleles from different volumes of water or perhaps
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specifically from single particles could furthermore provide great insights into the micro-scale

variation within a bacterial population.

Advances in synthetic microcosms have also made it possible to experimentally answer
many questions brought up in this thesis. Datta et al. recently devised a chitin bead incubator
that allows the observation of bacterial population dynamics in a naturalized experimental
environment (248). Future experiments planned in our lab will use this system in conjunction
with the viuB marker gene to track the dynamics of V. cholerae and the influence of T6SS
mediated competition. Multiple different strains can be competed in pairs or groups, both in the
presence of chitin beads, enabling contact dependent killing, or in their absence, and outcomes
compared. The role of stochasticity or determinism in Vibrio populations can easily be tested by
running multiple experiments in parallel or by disturbing established populations and seeing if
their structure remains similar after recovery. Strains can also be introduced into already

established populations and their rise or demise tracked using the viuB marker.

6.7 Concluding remarks

Questions about the extent, causes and consequences of bacterial diversity pervade the
fields of microbial ecology and evolution on all taxonomic levels. The study of Vibrio cholerae,
perhaps the most infamous member of a large genus of aquatic heterotrophic bacteria, has
mostly remained at the periphery of this endeavour. While hundreds of studies have dealt with
the evolution and diversity of the PG lineage of V. cholerae, the idiosyncrasies of this clade as a
recently emerged human pathogen perhaps make it a special case, and many findings from
studying that particular groups might have minimal cross-applicability. By focusing on the much
more numerous non-clinical lineages of the species, | believe that | have laid valuable
groundwork for moving the study of V. cholerae from a mostly clinical application standpoint to a
more broad perspective that can be incorporated into a greater framework of basic research in
microbial evolution. Environmental, ecologically differentiated non-pathogenic strains of Vibrio
cholerae could play an important role in preventing the spread of pandemic V.cholerae across
the globe. The continued presence of pandemic V. cholerae in the previously cholera-free Haiti
after the introduction by UN peacekeepers (231) indicates that environmental factors alone are
likely not responsible for the patchy distribution of this pathogen. Global ocean currents and
other means of transportation are likely to have spread occasional pandemic V. cholerae
bacteria across the globe, but local V. cholerae (249) might have prevented them from

becoming a permanent part of the local flora. Only when overwhelming numbers of pandemic V.
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cholerae are introduced via a human vector (numbering in the ftrillions released by a cholera
victim), might they be able to gain a foothold against a diverse and locally adapted pre-existing

community of V. cholerae.
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Abstract

Vibrio metoecus is the closest relative of Vibrio cholerae, the causative agent of the potent diarrheal disease cholera. Although the
pathogenic potential of this new species is yet to be studied in depth, it has been co-isolated with V. cholerae in coastal waters and
found in clinical specimens in the United States. We used these two organisms to investigate the genetic interaction between closely
related species in their natural environment. The genomes of 20 V. cholerae and 4 V. metoecus strains isolated from a brackish coastal
pond on the US east coast, as well as 4 clinical V. metoecus strains were sequenced and compared with reference strains. \WWhole
genome comparison shows 86—-87% average nucleotide identity (ANI) in their core genes between the two species. On the other
hand, the chromosomal integron, which occupies approximately 3% of their genomes, shows higher conservation in ANI between
species than any other region of their genomes. The ANI of 93-94% observed in this region is not significantly greater within than
between species, meaning that it does not follow species boundaries. Vibrio metoecus does not encode toxigenic V. cholerae major
virulence factors, the cholera toxin and toxin-coregulated pilus. However, some of the pathogenicity islands found in pandemic
V. cholerae were either present in the common ancestor it shares with V. metoecus, or acquired by clinical and environmental
V. metoecus in partial fragments. The virulence factors of V. cholerae are therefore both more ancient and more widespread than
previously believed. There is high interspecies recombination in the core genome, which has been detected in 24% of the single-copy
core genes, including genes involved in pathogenicity. Vibrio metoecus was six times more often the recipient of DNA from V. cholerae
as it was the donor, indicating a strong bias in the direction of gene transfer in the environment.

Key words: Vibrio metoecus, Vibrio cholerae, horizontal gene transfer, genomic islands, integron, comparative genomics.

Introduction cholerae, the causative agent of the potent diarrheal disease

The genus Vibrio constitutes a diverse group of gammapro-
teobacteria ubiquitous in marine, brackish, and fresh waters.
There are currently over 100 species of vibrios that have been
described (Gomez-Gil et al. 2014). This includes clinically sig-
nificant pathogens such as Vibrio cholerae, Vibrio parahaemo-
Iyticus, and Vibrio vulnificus among many others. Vibrio

cholera, is the most notorious of these human pathogens.
Cholera remains a major public health concern, with an esti-
mated 1.2-4.3 million cases and 28,000-142,000 deaths
every year worldwide (Ali et al. 2012).

Anovel Vibrio isolate, initially identified as a nonpathogenic
environmental variant of V. cholerae (Choopun 2004), was
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recently revealed to be a distinct species based on comparative
genomic analysis (Haley et al. 2010). Additional environmental
strains of this species have been isolated since then (Boucher
etal. 2011). Also, since 2006, several clinical strains have been
recovered from a range of specimen types (blood, stool, ear,
and leg wound) and characterized by the Centers for Disease
Control and Prevention (CDC, Atlanta, GA). This recently
described species, now officially called V. metoecus
(Kirchberger et al. 2014), is even more closely related to
V. cholerae than any other known Vibrio species based on
biochemical and genotypic tests (Boucher et al. 2011;
Kirchberger et al. 2014). Previously, the closest known relative
of V. cholerae was Vibrio mimicus, which was first described
as a biochemically atypical strain of V. cholerae and named
after the fact that it “mimicked V. cholerae” phenotypically
(Davis et al. 1981).

The discovery of a closely related but distinct species which
co-occurs with V. cholerae in the environment (Boucher et al.
2011) presents a unigque opportunity to investigate the
dynamics of interspecies interactions at the genetic level. In
their environmental reservoir, bacteria can acquire genetic
material from other organisms as a result of horizontal gene
transfer (HGT; De la Cruz and Davies 2000). HGT plays an
important role in the evolution, adaptation, maintenance,
and transmission of virulence in bacteria. It can launch non-
pathogenic environmental strains into new pathogenic life-
styles if they obtain the right virulence factors. The two
major virulence factors that have led to the evolution from
nonpathogenic to toxigenic V. cholerae are the cholera toxin
(CTX), which is responsible for the cholera symptoms (Waldor
and Mekalanos 1996), and the toxin-coregulated pilus (TCP),
which is necessary for the colonization of the small intestine in
the human host (Taylor et al. 1987). These elements are
encoded in genomic islands, specifically called pathogenicity
islands, and have been acquired horizontally by phage infec-
tions (Waldor and Mekalanos 1996; Karaolis et al. 1999).
Another genomic island, the integron, is used to capture
and disseminate gene cassettes, such as antibiotic resistance
genes (Stokes and Hall 1989). Integrons have been identified
in a diverse range of bacterial taxa, and are known to play a
major role in genome evolution (Mazel 2006; Boucher et al.
2007). As evidenced by multiple HGT events across a wide
range of phylogenetic distances, integrons themselves, not
only the cassettes they carry, may have been mobilized
within and between species throughout their evolutionary his-
tory (Boucher et al. 2007). Integrons are ubiquitous among
vibrios, but in some species, such as V. cholerae, it can occupy
up to 3% of the genome and can contain over a hundred
gene cassettes with a wide range of biochemical functions
(Mazel et al. 1998; Heidelberg et al. 2000).

Here, we investigate the extent of genetic interaction
between V. metoecus and V. cholerae through comparative
genomic analysis, with the focus on the genomic islands,
known hotspots for HGT (Dobrindt et al. 2004). The co-isolation

of both species in the same environment (Boucher et al. 2011)
indicates that V. metoecus is likely in constant interaction with
V. cholerae. Our results show that there is a high rate of gene
exchange between species, so rapid in the chromosomal inte-
gron that this region is indistinguishable between species.
Multiple HGT events were also inferred in the core genome,
including genes implicated in pathogenicity, with the majority
with V. metoecus as a recipient of V. cholerae genes, suggesting
a directional bias in interspecies gene transfer.

Materials and Methods

Bacterial Strains Used

The V. metoecus and V. cholerae isolates sequenced in this
study as well as genome sequences of additional isolates for
comparison are listed in supplementary table ST,
Supplementary Material online. Environmental strains of
V. metoecus and V. cholerae were isolated from Oyster
Pond (Falmouth, MA) on August and September 2009 using
previously described methods (Boucher et al. 2011). Isolates
were grown overnight at 37°C in tryptic soy broth (Becton
Dickinson, Sparks, MD) with 1% NaCl (BDH, Toronto, ON,
Canada). The sequences of the clinical V. metoecus strains
were determined by the CDC. Additional sequences were ob-
tained from the National Center for Biotechnology
Information (Bethesda, MD) GenBank database.

Genomic DNA Extraction and Quantitation

Genomic DNA was extracted from overnight bacterial cultures
with the DNeasy Blood and Tissue Kit (QIAGEN, Hilden,
Germany). The concentration for each extract was determined
using the Quant-iT PicoGreen double-stranded DNA Assay Kit
(Molecular Probes, Eugene, OR) and the Synergy H1 micro-
plate reader (BioTek, Winooski, VT).

Genome Sequencing and Assembly

The genomic DNA extracts were sent to the McGill University
and Génome Québec Innovation Centre (Montréal, QC,
Canada) for sequencing, which was performed using the
TrueSeq library preparation kit and the HiSeq PE100 sequenc-
ing technology (lllumina, San Diego, CA). The contiguous
sequences were assembled de novo with the CLC Genomics
Workbench (CLC Bio, Aarhus, Denmark). Functional annota-
tions of the draft genomes were done in RAST v2.0 (Rapid
Annotation using Subsystem Technology; Aziz et al. 2008).

Whole Genome Alignment

A circular BLAST (Basic Local Alignment Search Tool) atlas was
constructed to visually compare whole genomes. The anno-
tated genome sequences of V. metoecus and V. cholerae were
aligned by BLASTN (Altschul et al. 1990) against a reference,
V. cholerae N16961 (Heidelberg et al. 2000), using the
CGView Comparison Tool (Grant et al. 2012).
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Determination of Orthologous Gene Families and Pan-
Genome Analysis

Orthologous groups of open-reading frames (ORFs) from all
strains of V. metoecus and V. cholerae were determined by
pairwise bidirectional BLASTP using the OrthoMCL pipeline
v2.0 (Li et al. 2003) with 30% match cutoff, as proteins shar-
ing at least 30% identity are predicted to fold similarly
(Rost 1999). The gene families were assigned into functional
categories based on the Clusters of Orthologous Groups of
proteins (COG) database (Tatusov et al. 2000). The pan- and
core genome profiles for each species were determined with
PanGP v1.0.1 (Zhao et al. 2014) using the distance guide
algorithm, repeated 100 times. Sample size and amplification
coefficient were set to 1,000 and 100, respectively.

Determination of Genomic Islands

The major genomic islands of V. cholerae N16961 were iden-
tified using IslandViewer (Langille and Brinkman 2009) and
confirmed with previously published data (Heidelberg et al.
2000; Chun et al. 2009). To determine whether a putative
homolog is present, ORFs in these genomic islands were com-
pared against the ORFs of V. metoecus and V. cholerae by
calculating the BLAST score ratio (BSR) between reference and
query ORF (Rasko et al. 2005) using a custom-developed Perl
script (National Microbiology Laboratory, Winnipeg, MB,
Canada). Only BSR values of at least 0.3 (for 30% amino
acid identity) were considered (Rost 1999).

Determination of the Integron Regions

The chromosomal integron regions of V. metoecus and
V. cholerae were recovered by finding the locations of the
integron integrase gene intl4 and the att!/ and attC recombi-
nation sites, identified with the ISAAC software (Improved
Structural Annotation of attC; Szamosi 2012). The inti4 and
gene cassette sequences were used to calculate the ANI
(Konstantinidis and Tiedje 2005; Goris et al. 2007) between
strains (intra- and interspecies) in JSpecies v1.2.1 (Richter and
Rossello-Mora 2009), using the bidirectional best BLAST hits
between nucleotides. The ANI of the integron region was
compared with the ANI of 1,560 single-copy core ORFs
(~1.42 Mb).

Phylogenetic Analyses

Using the PhyloPhlAn pipeline v0.99 (Segata et al. 2013),
3,978 amino acid positions based on 400 universally con-
served bacterial and archaeal proteins were determined. The
concatenated alignment was used to construct a core
genome maximum-likelihood (ML) phylogenetic tree, with a
BLOSUMA45 similarity matrix using the Jones-Taylor-Thorton
(JTT) + category (CAT) amino acid evolution model optimized
for topology/length/rate using the nearest neighbor

interchange (NNI) topology search. Robustness of branching
was estimated with Shimodaira-Hasegawa-like (SH-like) sup-
port values from 1,000 replicates.

Nucleotide sequences within a gene family were aligned
with ClustalW v2.1 (Larkin et al. 2007), and an ML tree was
constructed using RAXML v8.1.17 (Stamatakis 2014) using the
general time reversible (GTR) nucleotide substitution model
and gamma distribution pattern. Robustness of branching
was estimated with 100 bootstrap replicates. Interspecies
gene transfer events were determined and quantified by com-
parison of tree topologies using the Phangorn package v1.99-
11 (Schliep 2011) in R v3.1.2 (R Development Core Team
2014). A tree was partitioned into clades and determined
whether the clades were perfect or not. Following the defini-
tion by Schliep et al. (2011), we defined a perfect clade as a
partition that is both complete and homogeneous for a given
taxonomic category (e.g., a clade with all V. metoecus, and
only V. metoecus). At least one gene transfer event was
hypothesized if a tree did not show perfect clades for neither
V. metoecus nor V. cholerae (j.e., in a rooted tree, V. metoecus
and V. cholerae are both polyphyletics).

Resulting alignments of the 1,184 single-copy core gene
families not exhibiting HGT were concatenated, and align-
ment columns with at least one gap were removed using
Geneious (Kearse et al. 2012). A final alignment with a total
length of 771,455 bp was obtained and used to construct a
core genome ML phylogenetic tree with RAXML v8.1.17
(Stamatakis 2014), as described above.

Results and Discussion

Vibrio cholerae is widely studied, and the genomes of globally
diverse clinical and environmental isolates are available
(supplementary table S1, Supplementary Material online).
On the other hand, there are currently only two V. metoecus
genomes available. Strain RC341 was isolated from
Chesapeake Bay (MD) in 1998. It was presumptively identified
as a variant V. cholerae based on 16S ribosomal RNA gene
similarity to V. cholerae (Choopun 2004), but was later reclas-
sified into its current species (Haley et al. 2010; Kirchberger
et al. 2014). Strain OP3H was isolated in 2006 from Oyster
Pond, a brackish pond in Cape Cod, MA. OP3H is considered
the type strain of V. metoecus, which was recently officially
described as a species (Kirchberger et al. 2014). A screen was
performed for atypical V. cholerae isolates from a historical
collection of clinical isolates at the CDC and identified that
several of them were, in fact, V. metoecus (Boucher et al.
2011). Additional environmental V. metoecus strains were iso-
lated in 2009 from Oyster Pond. While examining the popu-
lation structure and surveying the mobile gene pool of
environmental V. cholerae in Oyster Pond, Boucher et al.
(2011) discovered that both V. metoecus and V. cholerae
co-occur in this location. To gain a better understanding of
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the V. metoecus species, we sequenced the genomes of four
clinical V. metoecus strains originating from patients in the
United States and an additional four from Oyster Pond. To
be able to evaluate genetic interactions between strains of
two different species from the same environment, we se-
quenced an additional 20 genomes of V. cholerae isolates
from the same Oyster Pond samples (fig. 1).

Vibrio metoecus: The Closest Relative of V. cholerae

To obtain a visual comparison of the genomes, provide an
overall impression of genome architecture and identify
highly conserved and divergent regions, a circular BLAST
atlas was constructed (Grant et al. 2012). Vibrio metoecus
and representative V. cholerae genomes were compared
by BLASTN alignment of coding sequences (Altschul et al.
1990) against the reference V. cholerae N16961, a pandemic
strain from Bangladesh isolated in 1971 whose entire genome
was sequenced to completion and carefully annotated
(Heidelberg et al. 2000). The BLAST atlas shows a clear dis-
tinction between species, as sequence identity is higher within
a species than between different species for most genes
(fig. 2).

On average, V. metoecus shares 84% of its ORFs with
V. cholerae, whereas 89-91% ORFs are shared between
strains of the same species (supplementary table S2,
Supplementary Material online). In contrast, V. mimicus, pre-
viously the closest known relative of V. cholerae, shares only
64-69% of ORFs with V. cholerae (Hasan et al. 2010). It was
determined previously that the recommended cutoff point for
prokaryotic species delineation by DNA-DNA hybridization
(DDH) is 70%, which corresponds to 85% of conserved pro-
tein-coding genes for a pair of strains (Goris et al. 2007).
These results show clear distinction between the three
closely related species based on conserved genes, and
V. metoecus is a much closer relative to V. cholerae than
V. mimicus.

Another fundamental measure of relatedness between
bacterial strains is ANI. This measure was proposed as a
modern replacement to the traditional DDH method to deter-
mine relatedness of organisms, but still provide equivalent
information (i.e., DNA-DNA similarity; Konstantinidis and
Tiedje 2005; Goris et al. 2007). The ANI of the core genome
is 86-87% between species and 98-100% within species
(fig. 3a), showing a clear distinction between V. metoecus
and V. cholerae. Two organisms belonging to the same spe-
cies will have an ANI of at least 95%, corresponding to 70%
DDH (Goris et al. 2007), although earlier studies have pro-
posed a 94% cutoff (Konstantinidis and Tiedje 2005).
For this reason, we have currently classified the clinical strain
07-2435 as V. metoecus as it shows 94% ANI with other
V. metoecus strains but only 87% ANl with V. cholerae
(fig. 3a).
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Fic. 1.—The phylogenetic relationship of the V. metoecus and
V. cholerae strains. The ML phylogenetic tree was constructed from the
concatenated sequence alignment of single-copy core gene families
(771,455 bp). All reliable bootstrap support values are indicated with *
and are at least 97% for this tree. The scale bar represents nucleotide
substitutions per site. Shortened branch lengths, approximately 3.5x the
scale bar (0.175), are indicated. Strains with their genomes sequenced in
this study are indicated by dots. Multiple V. cholerae strains from Oyster
Pond (MA) belong to the same clonal complex.

A Portion of the Genome Escapes the Species Boundary
between V. metoecus and V. cholerae

The BLAST atlas allows for the clear distinction between strains
belonging to the V. cholerae species and those belonging to
the V. metoecus species. However, there is a clear and visible
exception in one genomic region: The integron. Sequence
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Strains:

1) Ve N16961

2) Vc BX 330286
3) Ve MO10

4) Ve 0385

5) Vc V52

6) Vc 2740-80
7) Ve 12129(1)
8) VcYB3B05
9) VcYB2G01
10) Ve AM-19226
11) Vc YB4B03
12) Ve TMA21
13) Ve TM 11079-80
14) Ve 623-39
15) Ve MZ0O-2
16) Ve 1587

17) Vc YB4F05
18) Vc YB7ADB
19) Ve MZO-3
20) Vc VL426

21) Vc RC385
22) Vc 877-163
23) Ve V51

24) Vm 07-2435
25) Vm YB5B04
26) Vm 06-2478
27) Vm 2010V-1005
28) Vm YB5BO06
29) Vm YB9D03
30) Vm 08-2458
31) Vm OP3H
32) Vm YB4D01
33) Vm RC341

Ref.: V. cholerae N16961
Chr. | - 2.96 mbp

Chr. Il - 1.07 mbp

BLAST Hit:
B = 100% identical
M = 98% identical
B = 96% identical
B = 94% identical
W = 92% identical
. 2 90% identical
B = 88% identical
I = 86% identical
2 84% identical
2 82% identical
> 0% identical

Fic. 2—The V. metoecus (Vm) and V. cholerae (Vc) BLAST atlas. The map compares sequenced genomes against the reference (ref.), V. cholerae
N16961. The two outermost rings show the forward and reverse strand sequence features of the reference. The next 33 rings show regions of sequence
similarity detected by BLASTN comparisons between genes of the reference and query genomes. White regions indicate the absence of genes. Outermost
black bars indicate the location of the major genomic islands. VSP, Vibrio seventh pandemic island; VPI, Vibrio pathogenicity island; CTX/TLC, cholera toxin/

toxin-linked cryptic; chr., chromosome.

identity of genes found in the integron region does not seem
to differ within and between species (fig. 2).

The integron is a region of the genome capable of gene
capture and excision (Stokes and Hall 1989) and can occupy
up to 3% of the genome in V. cholerae (Heidelberg et al.
2000). Although the size of the chromosomal integron
region varies between isolates, there is no significant differ-
ence in length and number of ORFs between species and
between clinical and environmental isolates (supplementary
table S3, Supplementary Material online). The ANI of the inte-
gron region was determined between pairs of strains and
compared with the ANI of the core genome (fig. 3).
Although ANI is 86-87% between species and 98-100%
within species for the core genome (fig. 3a), the integron
region displays an average pairwise ANl of 93-94%, both
within and between species (fig. 3b). Gene cassettes from
the 10V. metoecus and 11V. cholerae integron regions
were grouped into orthologous gene families, and the occur-
rence of HGT was quantified for gene families with at least
two V. metoecus and V. cholerae members by the construc-
tion of phylogenetic trees. Of the 116 gene families

considered, 109 or 94% do not show distinct separation
between the two species in a phylogenetic tree. The high
number of genes shared between species and their high
nucleotide identity are likely the result of frequent
interspecies HGT (figs. 2 and 3b). A previous study by
Boucher et al. (2011) showed that there is indeed a high
frequency of gene exchange in the integron region between
V. cholerae and V. metoecus, specifically from the same
geographic location (i.e., V. cholerae and V. metoecus in
Oyster Pond) as compared with the same species in different
locations (i.e., V. cholerae from Bangladesh and the United
States). Here, we show that not only is the frequency of
interspecies HGT high in the integron, but that its level is
such that this region becomes indistinguishable between
species.

Although the functions of the majority of integron gene
cassettes are unknown (Boucher et al. 2007), many of the
known genes are antibiotic resistance genes and are impli-
cated in the evolution of bacteria highly resistant to antibiotics
(Collis and Hall 1995; Rowe-Magnus and Mazel 2002).
Looking into the predicted functions of the 116 gene families
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Fic. 3.—ANI of the core genome versus chromosomal integron region of V. metoecus and V. cholerae. (a) Intra- and interspecies pairwise comparison of
the 1,560 single-copy core genes (~ 1.42 Mb). (b) Intra- and interspecies pairwise comparison of the integron gene cassettes.

comprising 1,452 gene cassettes, the majority of which are
shared between V. metoecus and V. cholerae, reveals genes
that encode proteins involved in transport and metabolism of
various molecules (supplementary fig. S1, Supplementary
Material online), suggesting a major contributing function of
the integron for host acquisition and distribution of important
resources in the environment by bacteria (Koenig et al. 2008).
Gene cassettes encoding nicotinamidase-related amidases are
present in multiple copies. Nicotinamidase catalyzes the de-
amination of nicotinamide to produce ammonia and nicotinic
acid (Petrack et al. 1965). A key enzyme in many organisms,
nicotinamidase has been shown to be important in the
proliferation of bacteria pathogenic to mammalian hosts in-
cluding humans (Purser et al. 2003; Kim et al. 2004). Other
genes present are involved in basic cellular functions such as
acetyltransferases, involved in posttranslational modifications
of ribosomal proteins, the functional significance of which
remains unclear but may have regulatory roles (Nesterchuk
et al. 2011). Some genes are part of the plasmid stabilization
systems, which include the toxin—antitoxin (TA) systems. TA
systems are frequently found in gene cassette arrays for the
stabilization and prevention of loss of gene cassettes. They
also play additional roles in stress response, bacterial persis-
tence, and phage defense (Igbal et al. 2015).

A Lack of Reciprocity: Directional Gene Flow from
V. cholerae to V. metoecus

To get a quantitative estimate of the amount of HGT between
V. cholerae and V. metoecus, we investigated the amount of
interspecies recombination taking place in their core genomes.
An ML tree was constructed for each of the 1,947 gene fam-
ilies comprising the V. metoecus-V. cholerae core genome
(fig. 4). The trees were then analyzed for gene transfer
events by partitioning them into clades (Schliep 2011). In
our analysis, following the definition by Schliep et al. (2011),
a gene transfer is hypothesized if a member of one species
clusters with members of the other species in a clade, and the
tree cannot be partitioned into perfect clades, which must
consist of all members from the same species and only of
that species. Considering only the single-copy core genes,
we have inferred interspecies HGT in 376 of 1,560 genes
(24%; supplementary table S4, Supplementary Material
online). Our analysis excluded 387 core genes that have
duplicates in at least one of the genomes, as it is difficult to
reliably assess HGT in genes from large paralogous families
(Ge et al. 2005). Using this method, it was possible to deter-
mine directionality of HGT, whether from V. cholerae to
V. metoecus or vice versa. HGT was qualified by examining
the individual gene trees, and only reliable clustering with at
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least 70% bootstrap support was considered (Hillis and Bull
1993). A total of 655 interspecies gene transfer events were
detected, with the majority (489 or 75%; P=0.0053) with
V. metoecus as the recipient (i.e., V. metoecus members clus-
tering within the V. cholerae clade). On the other hand, we
detected 166 (25%) of gene transfer events with V. cholerae
as the recipient (supplementary table S5, Supplementary
Material online).

To investigate whether this bias in directionality of HGT was
due to differences in the origin or ecology of strains from one
species or the other, we performed the analysis using only
environmental strains from Oyster Pond. To ensure equal
genetic diversity for both species, we compared the same
number of isolates from each species. The 20 V. cholerae iso-
lates we sequenced for this study can be grouped into five
clonal complexes as determined by multilocus sequence
typing of seven housekeeping genes. All the isolates from
the same clonal complex cluster together in a core genome
phylogenetic tree (fig. 1). They also exhibit 100% ANI only
with each other but not with isolates from other clonal com-
plexes (supplementary table S6, Supplementary Material
online). Indeed, members of the same clonal complex
always cluster together in all the individual gene trees exam-
ined (fig. 4). We therefore randomly chose one isolate from
each V. cholerae clonal complex from Oyster Pond, yielding a
final data set of five genomes from each species. A total of
224 interspecies gene transfer events were detected in this
environment-specific data set, where 192 (86%; P=0.0012)
involved V. metoecus as the recipient and only 32 (14%) with
V. cholerae as the recipient (table 1). One possibility to explain
this bias could be that V. cholerae genes are more abundant in
the environment and therefore more accessible to V. metoe-
cus. Indeed, using culture-based methods, V. cholerae was ten
times more abundant than V. metoecus in Oyster Pond.
Another possibility is that V. cholerae is more refractory to
HGT as they contain more barriers to gene uptake, such as
restriction-modification systems, or that V. metoecus is more
permissive, containing more DNA uptake systems (conjugative
plasmids, natural competence machinery or phages).
However, no significant difference could be found in the num-
ber or nature of proteins involved in restriction-modification or
DNA uptake systems between V. metoecus and V. cholerae in
our study, although poorly transformable V. cholerae, despite
having an intact and perfectly functioning DNA uptake
system, have been reported (Katz et al. 2013). Additionally,
nuclease activity by Dns, Xds, and other DNases can inhibit
natural transformation (Blokesch and Schoolnik 2008;
Gaasbeek et al. 2009). We also surveyed our V. metoecus
and V. cholerae genomes for predicted DNases and found
no significant difference between species.

Despite the directional gene transfer from V. cholerae to
V. metoecus, it seems that the latter might have contributed
to the virulence of its more famous relative by HGT.
Interspecies recombination was detected in four core genes

where at least one clinical V. cholerae grouped in the same
clade with V. metoecus (fig. 4). Interestingly, three of these
genes are implicated, whether directly or indirectly, in V. cho-
lerae pathogenesis. VC2614 encodes a cyclic adenosine
monophosphate regulatory protein, a global regulator of
gene expression in V. cholerae including CTX and TCP
(Skorupski and Taylor 1997). It appears that HGT in this case
occurred in the ancestor of the phylocore genome (PG) group,
which contains all pandemic strains (fig. 1; Chun et al. 2009),
with a clinical V. metoecus strain as the possible donor. The
new version of this cyclic-:AMP regulatory protein was even-
tually lost in the classical O1 strain (0395). VC2545 encodes
an inorganic pyrophosphatase, and its expression in V. cho-
lerae may play an important role during human and mouse
infection (Lombardo et al. 2007). This transfer was only be-
tween clinical V. metoecus and classical O1. VCAQ925 en-
codes a dihydroorotase essential for pyrimidine biosynthesis.
Biosynthesis of nucleotides is the single most critical metabolic
function for growth of pathogenic bacteria in the bloodstream
because of scarcity of nucleotide precursors but not other
nutrients, and the genes involved serve as potential antibiotic
targets for treatments of blood infection (Samant et al. 2008).
Here, gene transfer involved not just the PG group of V.
cholerae but also the environmental strains of clonal complex
5 and 623-39.

Although these interspecies recombination events do not
represent novel gene acquisitions, gaining a new allele of a
gene can often have important consequences in a pathogen,
changing its fitness in the host. This has been demonstrated
for single-point mutations in ompU, vpvC, and ctxB. The
ompU gene encodes for the major outer membrane porin
OmpU, generally for the transport of hydrophilic solutes, but
has been shown to provide V. cholerae resistance to bile acids
and antimicrobial peptides in the host (Provenzano et al. 2000;
Mathur and Waldor 2004). It is suggested that it can also act
as a receptor for phage to infect V. cholerae (Seed et al. 2014).
The vpvC gene encodes for diguanylate cyclase, and the mu-
tation results in a switch from the smooth to rugose pheno-
type in V. cholerae (Beyhan and Yildiz 2007). The single-point
mutations in these genes result in a V. cholerae that is less
susceptible to phage infection, contributing to the evolution-
ary success of the pathogen (Beyhan and Yildiz 2007; Seed
et al. 2014). Vibrio cholerae responsible for cholera outbreaks
in Bangladesh have changing genotypes of ctxB, a subunit of
CTX (Waldor and Mekalanos 1996), also caused by a single-
point mutation (Rashed et al. 2012). The years 2006 and 2007
saw a dominance of V. cholerae with the ctxB genotype 1
(ctxB1). Vibrio cholerae with the ctxB genotype 7 (ctxB7)
outcompeted ctxB1 from 2008 to 2012. However, there
appears to be a shift back to ctxB1 since 2013. The
changing ctxB genotypes were associated with differing
levels of severity of cholera. This also suggests CTX phage-
mediated evolution, survival, and dominance of V. cholerae
(Rashed et al. 2012; Rashid et al. 2015).
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Fic. 4.—Representative HGT between V. metoecus (Vm) and V. cholerae (Vc). The trees are representative ML phylogenetic trees from 1,560
orthologous families of single-copy core genes showing various examples of transfer events. Bottom trees: Transfers involving at least one clinical V. cholerae
clustering with V. metoecus. Relevant bootstrap support (>70%) is indicated with *. The scale bars represent nucleotide substitutions per site.

Components of Major Pathogenicity Islands Are More
Ancient than the V. cholerae Species

A BSR map (Rasko et al. 2005) was constructed to show the
presence or absence of the genes comprising the major path-
ogenicity islands in various V. metoecus and V. cholerae iso-
lates (fig. 5). Using the genes from V. cholerae N16961 as
reference, BLASTP was used to determine the presence of

homologous genes in the other strains (Altschul et al. 1990).
The major V. cholerae virulence factors, CTX and TCP, which
are encoded by pathogenicity islands that have been ac-
quired horizontally by phage infections of the CTX® and
VPI®, respectively (Waldor and Mekalanos 1996; Karaolis
et al. 1999), are absent from all clinical and environmental
V. metoecus (fig. 5a). The absence of CTX and TCP in
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Table 1

HGT Count for Vibrio metoecus and Representative Vibrio cholerae
Strains from Oyster Pond (MA) Based on 376 Single-Copy Core
Genes with Inferred HGT

Species and Strain HGT Count Percent of Total
Vibrio metoecus OP3H 55 25
Vibrio metoecus YB4DO01 43 19
Vibrio metoecus YB5B06 37 17
Vibrio metoecus YB5B04 30 13
Vibrio metoecus YB9DO03 27 12
192 86
Vibrio cholerae YB2GO01 (CC 5) 16 7
Vibrio cholerae YB4F05 (CC 3) 9 4
Vibrio cholerae YB4B03 (CC 2) 4 2
Vibrio cholerae YB7A06 (CC 4) 2 1
Vibrio cholerae YB3BO05 (CC 1) 1 0
Total 32 14

Note.—Only one strain from each clonal complex (CC) was included. An HGT
event was hypothesized when a strain clustered with members of the other spe-
cies in a phylogenetic tree, with reliable bootstrap support (>70%). Unequal var-
iance t-test, P=0.0012.

V. metoecus is consistent with the absence of reports on a
toxigenic V. metoecus.

Interestingly, our results show some of the other major
pathogenicity islands to be present in some V. metoecus
and nonpandemic V. cholerae strains in fragments and not
as a complete presence or absence. This is evident in the
Vibrio pathogenicity island 2 (VPI-2), which can be divided
into four subclusters we call “islets,” as indicated in figure 5a.
These four islets match the previous description of
Jermyn and Boyd (2002) for VPI-2: 1) A type-1 restriction-
modification system for protection against viral infection, 2) a
nan-nag cluster for sialic acid metabolism, 3) a Mu phage-like
region, and 4) a number of ORFs of unknown function. We
hypothesize two scenarios as to the fragmentation of these
genomic islands 1) that the islands were obtained as a whole
and sections were eventually lost, or 2) that the islands were
acquired independently in islets and were accreted into the
same region in the genome. Evolution would favor the latter
hypothesis, as it is more parsimonious for fewer environmen-
tal strains to independently acquire certain islets of the islands
rather than a majority of the strains acquiring whole islands
and losing most regions eventually (Freeman and Herron
2007). Phylogenetic trees were constructed for the gene
families that constitute the four putative islets of VPI-2.
Gene trees for islet B, the nan-nag cluster, show distinct clus-
tering of V. metoecus and V. cholerae, suggesting the acqui-
sition of this region by a common ancestor, which diverged
and evolved independently after speciation, with more recent
isolated HGT events between V. metoecus and V. cholerae
(fig. 5b and supplementary fig. S2, Supplementary Material
online). A similar pattern of distinct clustering of V. metoecus
and V. cholerae is also observed in islet A, but the latter is only
present in O1 El Tor V. cholerae and two V. metoecus strains
(fig. 5a), suggesting that it was horizontally transferred

between the two species and likely absent from their
common ancestor. Furthermore, islet C, the putative Mu
phage-like region, is only detected in V. cholerae of the PG
group and TM 11079-80, an O1 El Tor environmental isolate.
This islet is absent in V. metoecus, which suggests a more
recent acquisition of this region only by certain V. cholerae.
Finally, islet D is prevalent in the majority of the isolates,
whether V. metoecus or V. cholerae, which do not cluster
by species in the phylogeny (fig. 5b). This suggests frequent
interspecies HGT of its component genes. Taken together,
these results support that the VPI-2 island emerged by accre-
tion of smaller islets with different evolutionary histories
before reaching the form currently found in V. cholerae O1
El Tor or classical pandemic strains. The nan-nag cluster (islet
B) is likely ancestral, being present before speciation of
V. cholerae and V. metoecus, with islets A and D acquired
later by the ancestor of pandemic V. cholerae through HGT
within or between species and islet C added most recently
through HGT from an unknown source.

The Vibrio seventh pandemic islands 1 and 2 (VSP-1 and
VSP-2, respectively) are genomic islands believed to be present
and unigue only among the seventh pandemic isolates of
V. cholerae (Dziejman et al. 2002; O'Shea et al. 2004).
These VSPs are hypothesized to provide a fitness advantage
to these isolates. However, multiple variants of VSP-2 have
been detected in V. cholerae, including non-01/0139 strains,
by acquisition and loss of genes at specific loci within a con-
served core genomic backbone (Taviani et al. 2010). This core
VSP-2 is also present in two V. metoecus isolates, the clinical
2010V-1005 and environmental RC341 (fig. 5a), and may
have been acquired from V. cholerae, as indicated by the
great similarity of genes in this region to V. cholerae and phy-
logenetic analysis (fig. 5b and supplementary fig. S3,
Supplementary Material online). This variant of VSP-2 is
stable and present in diverse strains isolated from different
times and geographic locations and may be the one circulat-
ing among non-01/0139 isolates (Taviani et al. 2010). VSP-1
is present almost in its entirety in environmental V. cholerae
V0426 and V. metoecus RC341 (fig. 5a); similar strains in the
environment may serve as reservoirs of VSP-1. There is no
correlation between the presence of VSP-1 and VSP-2 in
non-01/0139 V. cholerae, indicating that both islands were
acquired independently in different HGT events by seventh
pandemic V. cholerae (Taviani et al. 2010). The presence of
both of the entire VSP-1 and the core of VSP-2 in V. metoecus
strains indicate interspecies movement of pathogenicity
islands, suggesting that interspecies transfer can contribute
to the evolution of pathogenic variants.

Fundamental Genetic Differences between V. metoecus
and V. cholerae

To determine genetic differences between V. cholerae and
V. metoecus and the unique gene content of each species,
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we first compiled their pan- and core genomes (supplemen-
tary fig. S4, Supplementary Material online). The pan-genome
is the entire gene repertoire of a bacterial species, whereas the
core genome comprises genes shared by all the strains
(Tettelin et al. 2005, Vernikos et al. 2015). ORFs from both
species were assigned to orthologous groups based on
sequence similarity, yielding pan- and core genomes contain-
ing 5,613 and 2,089 gene families, respectively, based on the
42 V. cholerae genomes used in this study (supplementary fig.
S4a, Supplementary Material online). This differs from the
previous estimate of Chun et al. (2009), who determined
the V. cholerae core genome to contain 2,432 gene families
based on 23 strains, a higher core genome size than we
obtained from our data set. The reduced core genome size
is expected as the number of shared genes decreases with the
addition of each new genome (Tettelin et al. 2005). It also
depends on the degree of relatedness of the organisms. A
study on 32 Vibrionaceae genomes, including 18 representa-
tive V. cholerae, established a core genome of only 1,000
gene families (Vesth et al. 2010). The V. metoecus pan- and
core genomes constitute 4,298 and 2,872 gene families,
respectively, based on the ten genomes currently available
(supplementary fig. S4b, Supplementary Material online).
The difference in pan- and core genome sizes of V. cholerae
and V. metoecus can be explained by the significant difference
in the number of genomes used. We expect the pan- and core
genomes of V. metoecus to ultimately reach sizes similar to
that of V. cholerae when genomes of additional strains
become available.

As a newly described species, very little is currently known
about the biology of V. metoecus and what sets it apart
genetically from V. cholerae. From the combined pan-
genome of both species, orthologous gene families present
in various groups of strains were determined: Families unique
to V. metoecus and V. cholerae, or unique to clinical and
environmental strains (supplementary fig. S5, Supplementary
Material online). Function was predicted for each gene family
based on the COG database (supplementary fig. S6,
Supplementary Material online). Vibrio metoecus contains
more unique gene families than V. cholerae that are involved
in carbohydrate transport and metabolism (supplementary fig.
Séa, Supplementary Material online). In the species description
study by Kirchberger et al. (2014), it was determined that al-
though the majority of biochemical and growth characteristics
of V. metoecus resemble V. cholerae, the former was mainly
differentiated from the latter for its ability to utilize the com-
plex sugars p-glucuronic acid and N-acetyl-p-galactosamine.
Indeed, multiple B-galactosidase/B-glucuronidase enzymes
for the breakdown of b-glucuronic acid (Louis and
Doré 2014) were present in our V. metoecus-specific COG
data set, but not in V. cholerae. Multiple hexosaminidases
for the hydrolysis of terminal N-acetyl-o-hexosamine
(Magnelli et al. 2012) were also detected in V. metoecus,
which supports the phenotype observed by Kirchberger

et al. (2014). Additionally, genes unique for clinical V. metoe-
cus and clinical V. cholerae were identified (supplementary fig.
S6b, Supplementary Material online). Clinical V. cholerae have
more genes encoding proteins involved in replication, recom-
bination, and repair (mostly transposases), and signal trans-
duction, such as the GGDEF family protein. Transposases in
pathogenicity islands can contribute to the instability and
mobilization of virulence genes (Schmidt and Hensel 2004).
The GGDEF family protein is critical in biofilm formation
(Garcia et al. 2004) and is highly induced in V. cholerae
during infection in humans and mice (Lombardo et al.
2007). As expected, genes of the CTX and TCP clusters
were not found in our clinical V. cholerae-specific data set
because they are not unique to clinical strains, but are also
present in some environmental ones (fig. 5a). Among the
genes uniquely found in clinical V. metoecus is a putative
mdaB (modulator of drug activity B) gene. The mdaB gene
has been shown to play an important role in oxidative stress
resistance and host colonization in Helicobacter pylori (Wang
and Maier 2004), and may also contribute to the fitness of
clinical V. metoecus in the host.

Conclusion

The discovery of V. metoecus, the closest known relative of
V. cholerae, presents an opportunity to study the HGT events
between species and the role this might play in the evolution
of pathogenesis. In contrast to the core genome, which is
distinctly more similar between members of the same species,
the chromosomal integron region, occupying approximately
3% of V. cholerae and V. metoecus genomes, represents a
pool of genes which is freely exchanged between these two
species. This genomic region displays no greater similarity
within than between species. Genomic islands encoding path-
ogenicity factors, known to play a role in pandemic V. cho-
lerae virulence, are also occasionally found in V. metoecus,
either completely or in part. This includes VPI-2, found in
most pandemic V. cholerae, as well as the VSP islands, previ-
ously believed to be specific to V. cholerae strains from the
seventh pandemic. VPI-2 and VSP-2 seem to have assembled
over time by accretion of smaller units, which we call islets.
Some islets, such as the nan-nag cluster of the VPI-2 (islet B)
for sialic acid metabolism, have been stable over time and
were present in the common ancestor of V. metoecus
and V. cholerae. Other islets, such as islet A (restriction-
modification system) and islet D (unknown function) of VPI-
2, the core of VSP-2, or the entire VSP-1 island seem to move
frequently between V. metoecus and V. cholerae and are not
restricted to pandemic strains.

The most striking finding is that even the core genome of
V. cholerae is susceptible to frequent interspecies recombina-
tion with V. metoecus. Twenty-four percent of the genes
found in all V. cholerae and V. metoecus had experienced
interspecies recombination. There also seems to be a
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directional bias to these recombination events. In Oyster Pond,
in particular, V. metoecus is the recipient of genes six times
more than V. cholerae. The cause of this bias is unclear, but it
does not seem to be restricted to a single environment, as all
V. metoecus are recipients of more interspecies DNA transfers
than any of the V. cholerae strains investigated. One possibility
is that V. cholerae is more abundant in most environments
than V. metoecus and there is, therefore, simply more of its
DNA available for uptake. Indeed, in this study, V. cholerae
was isolated ten times more frequently than V. metoecus from
Oyster Pond, which is consistent with the observed HGT bias.
However, this explanation is very tentative and requires more
evidence, as this study is the first one to isolate V. cholerae and
V. metoecus quantitatively from the same site, and this was
done using a culture-based method. This relative abundance
would not necessarily be obtained with more accurate culture-
free quantitative methods. Also, HGT could be biased because
of differences in phage abundance/susceptibility, presence of
DNA uptake systems, or restriction-modification systems.
Nonetheless, this is, to our knowledge, the first quantitative
report of HGT bias for bacteria in the natural environment and
has fundamental implications for understanding the evolution
of microbial populations.

Supplementary Material

Supplementary figures S1-5S6 and tables S1-S6 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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A genomic island in Vibrio cholerae with VPI-1 site-specific
recombination characteristics contains CRISPR-Cas and

type VI secretion modules.
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- William L. King?, Paul C. Kirchberger?, Chris Allen?, Gulay Mann*, Ankur Mutreja®,
. Nicholas R. Thomson®, Yan Boucher? & lan G. Charles*’

Cholera is a devastating diarrhoeal disease caused by certain strains of serogroup 01/0139 Vibrio
cholerae. Mobile genetic elements such as genomic islands (Gls) have been pivotal in the evolution

of 01/0139 V. cholerae. Perhaps the most important Gl involved in cholera disease is the V. cholerae
pathogenicity island 1 (VPI-1). This Gl contains the toxin-coregulated pilus (TCP) gene cluster that is
necessary for colonization of the human intestine as well as being the receptor for infection by the
cholera-toxin bearing CTX phage. In this study, we report a Gl (designated GIVchS12) from a non-O1/
0139 strain of V. cholerae that is present in the same chromosomal location as VPI-1, contains an
integrase gene with 94% nucleotide and 100% protein identity to the VPI-1 integrase, and attachment
(att) sites 100% identical to those found in VPI-1. However, instead of TCP and the other accessory
genes present in VPI-1, GIVchS12 contains a CRISPR-Cas element and a type VI secretion system
(T6SS). Gls similar to GIVchS12 were identified in other V. cholerae genomes, also containing CRISPR-
Cas elements and/or T6SS's. This study highlights the diversity of Gls circulating in natural V. cholerae
populations and identifies Gls with VPI-1 recombination characteristics as a propagator of CRISPR-Cas
and T6SS modules.

Vibrio cholerae is a species of bacteria commonly found in marine and estuarine waters and the causative agent

of the diarrhoeal disease cholera!. Although more than 200 serogroups of the bacterium are known, only two, O1

and 0139, are responsible for pandemics of the cholera disease?. Historically, there have been seven pandemics of

cholera, with the current seventh pandemic caused by O1 strains of the El Tor biotype and the sixth and presum-
. ably the previous five pandemics caused by O1 strains of the classical biotype'. The evolution of pandemic strains
. has been greatly influenced by lateral gene transfer (LGT), which led to the acquisition of many novel virulence
. factors®.

Integrative mobile genetic elements (MGEs) such as transposons and genomic islands (GIs) are particularly
important in LGT processes, as they help facilitate integration of non-homologous transferred DNA into repli-
cons such as the chromosome or a resident plasmid(s)*. Studies comparing the genomes of V. cholerae strains
consistently find MGEs as one of the sources, if not the major source, of genome variation>®. For example, the
seventh pandemic strains contain two GIs called the Vibrio seventh pandemic islands I and II not present in the
strains isolated from the previous pandemics’. Most important to pathogenicity of the pandemic strains are genes
found on two MGEs, the cholera toxin bacteriophage (CTX¢) and a GI called the V. cholerae pathogenicity island
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Department of Biological Sciences, Edmonton, T6G 2E9, Canada. 3University of Technology Sydney, The ithree
© institute, Sydney, 2007, Australia. “Defence Science and Technology Group, Melbourne, 3207, Australia. *Wellcome
* Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, CB10 1SA, United Kingdom. "Present address:
. Institute of Food Research, Norwich Research Park, Norwich, NR4 7UA, United Kingdom. Correspondence and
requests for materials should be addressed to M.L. (email: maurizio.labbate @uts.edu.au)
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1 (VPI-1)%. Although these MGEs are common in pandemic strains, examples of CTX¢ and VPI-1 in non-O1/
0139 strains have been documented and are indicative of their mobility across natural populations of V. cholerae
and close relatives'®12. The CTX¢ contains genes encoding a potent enterotoxin that, when secreted in the human
intestinal tract, results in significant loss of fluid that can lead to death within 24 hours if left untreated'. VPI-1
contains the genes encoding the toxin-coregulated pilus (TCP; thus, VPI-1 is also known as the TCP pathogenic-
ity island) that is required for adhesion to the intestinal wall as well as genes encoding the accessory colonization
factor and the regulatory genes foxT and tcpPH"-1%. TCP is also the receptor for CTX¢ and thus a prerequisite for
infection and subsequent lysogeny in the emergence of toxigenic V. cholerae®.

Another virulence factor associated with frequent LGT is the type VI secretion system (T6SS) of V. cholerae
and other Gram-negative bacteria. Bacteria that harbor T6SS produce a membrane-spanning protein complex
capable of puncturing eukaryotic or prokaryotic cells and injecting toxic effector proteins into their targets's. In
V. cholerae, the presence of T6SS has previously only been reported as a conserved chromosomal element and dis-
plays toxic activity against macrophages!”. The T6SS is made up of a series of proteins encoded by genes in three
different locations of the V. cholerae genome: a main cluster on chromosome 2 and two smaller auxiliary clusters
on chromosomes 1 and 2'7!8, The characteristic proteins of the T6SS are Hcp and VgrG. Hep is encoded by two
alleles on the V. cholerae chromosome and polymerizes to form the nanotube that protrudes from the bacterial
cell surface!®?. The tip of Hep is decorated with VgrG proteins that form a trimer?. VgrG proteins are conserved
at their N-termini but carry specialist C-termini with enzymatic activity?!. For example, V. cholerae contains three
VgrG alleles with two encoding proteins with actin cross-linking (VgrG-1) and peptidoglycan degrading (VgrG-3)
activity?»?. Additional effector proteins with diverse enzymatic activities can be added to the VgrG spike for
delivery into target cells*.

Acquisition of novel genes through the uptake of MGEs can have obvious beneficial effects for harmless and
pathogenic bacteria alike. However, not all LGT is advantageous, and bacteria have evolved a variety of methods
to prevent the spread of harmful DNA sequences in their genomes?. One recently discovered defense mecha-
nism against unwanted LGT is the CRISPR-Cas system. CRISPR-Cas modules consist of cas genes and an array
of short direct repeats separated by highly variable spacer sequences that correspond to genetic elements such
as bacteriophages or MGEs?. Transcription of the CRISPR array with subsequent slicing of the transcript into
smaller CRISPR RNAs acts in concert with the Cas proteins to specifically recognize foreign DNA and cleave it?.
The system acts as an adaptive immune system for bacteria as it allows for the synthesis and incorporation of new
spacers into the array following invasion of a foreign DNA molecule, thus providing immunity to the host cell.

Non-O1/0139 strains of V. cholerae have been hypothesized to be an important source of new MGEs that
could relocate into pandemic strains. Here, we report a GI with VPI-1 recombination characteristics that harbors
both a CRISPR-Cas module and an auxiliary T6SS locus in a non-O1/0139 strain of V. cholerae from Sydney,
Australia. This GI likely provides recipient cells not only with a defense mechanism against maladaptive LGT, but
also with a potential competitive advantage over bacteria lacking this GI and perhaps a novel virulence factor. We
also show that similar GIs are present in other non-O1/0139 strains from around the globe.

Methods

Bacterial strain, growth conditions, and molecular biology methods. The non-01/0139 V. chol-
erae S12 strain was isolated from the Georges River (Sydney, Australia) in 2009% and routinely cultured on Luria-
Bertani medium at 37 °C. The whole genome of V. cholerae S12 was paired-end sequenced at the Wellcome Trust
Sanger Institute (Hinxton, UK) using Illumina HiSeq 2000 (San Diego, CA, USA) from DNA extracted using
the Wizard Genomic DNA Purification Kit (Promega, Madison, W1, USA). For extraction of GIVchS12 circles,
a plasmid extraction was carried out on S12 using the PureYield Plasmid Miniprep Kit (Promega). PCR was
performed using 2X MangoMix (Bioline, London, UK) that consists of DNA polymerase, dNTPs, Mg?*and an
orange dye with 30 cycles of denaturation at 93 °C for 30 sec, the appropriate annealing temperature for 30 sec and
an extension of 72 °C (1 min/kb). All primers were acquired from Integrated DNA Technologies (Coralville, IA,
USA) (Table 1) and used at a final concentration of 10 pM. PCR amplicons intended for sequencing were excised
from 1% agarose gels and purified using the Wizard SV Gel and PCR Clean-Up Kit (Promega) and sequenced
using the Sanger method at Macrogen (Seoul, South Korea).

Bioinformatic analyses. The Illumina HiSeq whole genome sequencing reads for V. cholerae S12 were fil-
tered to remove low quality reads with average read quality less than Q20 and low quality trailing ends with base
quality less than Q20 using Prinseq-lite v0.20.4?. Reads were then de novo assembled into contiguous sequences
(contigs) using Velvet v1.2.10%° and the assemblies were improved by scaffolding using SSPACE v2.0%, gap filling
using GapFiller v1.10%, reordering of contigs against the V. cholerae N16961 reference genome using Mauve
v2.4.0%2 and removal of contigs shorter than 300 bp. The final improved draft genome assembled into 83 scaffolds
from 4,624,354 read pairs with an average read length of 75bp to give a total genome size of 4,061,577 bp with
average depth of coverage of 171 reads.

The genomic region encoding GIVchS12 was identified on contig 000009 by pairwise comparison of the V.
cholerae S12 draft genome to the complete reference genome of V. cholerae N16961 using the program Mauve
v2.4.0%2. Analysis of GIVchS12 on contig 000009 identified three assembly gaps between ORFs 13 and 15 due
to a putative repeat of ORF14 (annotated as ORF14a and ORF14b). To confirm this repeat, a PCR with prim-
ers Gap_F1 and Gap_R1 that anneal outside of this repeat region (see Fig. 1) resulted in an expected ~2.5kb
product (as opposed to a ~1.3-1.5kb product if only one copy of ORF14 was present). Two of the assembly
gaps were closed through sequencing the ends of the amplicon creating the GIVchS12 sequence in GenBank
file KU722393. GIVchS12 was annotated using Prokka®® and the automated annotation was manually curated
with the aid of BLAST against the non-redundant NCBI protein database (Bethesda, MD, USA) using BLASTP
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ML126 | ACTTCTCGAAAGCGGATCAA attL end of GIVchS12

MLI127 | AAGCCATCACCATCGAAAAG attR end of GIVchS12

MLI130 | GCTACCTTTGGCTTCAATCG attR end of GIVchS12

ML131 | TGGCAACAAGATGACTTTATCG | attL end of GIVchS12

ML134 | TCCCTAGCTTCCGCTTGTAA Between VC0848 and attR of GIVchS12
MLI135 | TCAGTGATGCAGGTTGTTCA Within VC0816

ML136 | GGGAATTTTGCAGTCTGAGG Between VC0848 and attR of GIVchS12
MLI137 | ATAGGGAGTGGGGCGTTAAT Within VC0816

Gap_F1 | GCGTTTTTATCAATGGCAAACC Within ORF 13 of GIVchS12

Gap_R1 | ACACAGGGCTACCTCTAGATGG | Within and just past ORF 15 of GIVchS12

Table 1. Primers used in this study.

CRISPR-Cas module Type VI secretion system region ORF16-25 region
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identity to identity to
N16961 N16961
B. Protein identification and other relevant information Protein identification and other relevant inf
VC0848 | SmpB; SsrA-binding protein. 99% nucleotide identity to VC0848 in N16961. | ORF 14a | Uncharacterised protein. Contains a signal peptide.
ORF 1 [Phage family integrase. ORF 14b | Uncharacterised protein. Contains a signal peptide.
ORF 2 [ CRISPR-associated protein Cas6/Csy4. ORF 15 | Zn-binding Pro-Ala-Ala-Arg (PAAR) domain protein.
ORF 3 [ Hypothetical protein. ORF 16 [ Hypothetical protein. Contains transmembrane regions.
ORF 4 | Hypothetical protein. ORF 17 | Hypothetical protein. Contains transmembrane regions.
ORF 5 [ CRISPR-associated protein Cas3/Cas2. ORF 18 [Transcriptional regulatory protein, MerR superfamily.
ORF 6 |CRISPR-associated protein Casl. ORF 19 [ Uncharacterised protein with RadC domain.
ORF 7 |Transcriptional regulatory protein. ORF 20 |[Uncharacterised protein with DUF2787 domain.
ORF 8 |Type VI secretion system protein, Hcpl family. ORF 21 | Uncharacterised protein with DUF2787 domain.
ORF 9 |Type VI secretion system protein, Vgr family. ORF 22 | GTPase protein.
ORF 10 | Uncharacterised protein with a DUF4123 domain. ORF 23 [ Uncharacterised protein with DUF3296 domain.
ORF 11 | Hypothetical protein. ORF 24 | Hypothetical protein.
ORF 12 Unc'haractenset.i protein. Contains a signal peptide and a glycosyl-hydrolase ORF 25 | Transcriptional regulatory protein, MerR superfamily.
family 26 domain.
ORF 13 | Zn-binding Pro-Ala-Ala-Arg (PAAR) domain protein. VC0816 |Uncharacterised protein. 96% nucleotide identity to VC0816 in N16961.

Figure 1. The ~28-kb genomic island, GIVchS12, from Vibrio cholerae S12 containing a CRISPR-Cas
module and type VI secretion auxiliary locus. Schematic representation of GIVchS12 is shown in (A) with
the VPI-1 att sites given as hatched boxes and the VPI-1 integrase as a black block arrow. Regions of nucleotide
identity to VPI-1 and surrounding regions in V. cholerae N16961 are shown. All ORFs and their orientation
are shown as block arrows. Numbers shown in, above, or below the block arrows correlate to the putative
identification shown in (B). Primer binding sites are shown by black triangles with their direction of extension
indicated by the direction of the triangle.

providing putative identification®. The CRISPR-Cas module in GIVchS12 was identified using the online tool
CRISPRFinder (http://crispr.i2bc.paris-saclay.fr)®.

In order to determine if GIVchS12 or similar islands were present in other V. cholerae, additional V. cholerae
genomes were obtained from GenBank. The list of genomes used is provided in Supplementary Material. The
genomes were annotated with RAST v2.0 (Rapid Annotation Using Subsystem Technology)*. The GIVchS12
ORFs were compared against the ORFs of the V. cholerae genomes to determine presence/absence by calculating
the BLAST score ratio (BSR)™. Significant hits were considered as putative homologues if the BSR values were at
least 0.3 (for 30% amino acid identity)*. Furthermore, the whole genomes were aligned using Mugsy v1.2.3%, and
the core alignment (2,539,853 bp in total length) was extracted from the Mugsy output using Galaxy v16.04" and
Geneious v8.1.8*". From this alignment, a maximum likelihood phylogenetic tree was constructed using RAxXML
v8.1.17* using the general time reversible (GTR) nucleotide substitution model and gamma distribution pattern.
Robustness of branching was estimated with 100 bootstrap replicates. Vibrio metoecus, the closest relative of V.
cholerae, was used as an outgroup®.

GenBank accession numbers.  The full sequence of the GIVchS12 including flanking sequences and the
sequenced attP and attB sites are available in GenBank/ENA/DDB] and have the accession numbers KU722393,
KU722394, and KU722395, respectively. The raw Illumina HiSeq sequencing reads are available under acces-
sion number ERR063652 and the improved draft genome assembly of V. cholerae S12 can be accessed at
MDST00000000.
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Results and Discussion

A novel variant of the Vibrio pathogenicity island. In order to identify regions of interest in the
genome of V. cholerae S12, contigs were compared to the closed genome of V. cholerae N16961. A novel GI in the
same respective location as VPI-1 (between VC0816 and VC0848 on chromosome 1) was identified on contig
000009. This GI of ~28-kb has been given the designation GIVchS12 and contains an integrase with 94% nucleo-
tide and 100% amino acid identity to the VPI-1 integrase gene and protein, respectively, and characteristic VPI-1
attL and attR sites abutting the GI*%. Given GIVchS12’s location, with identical integrase protein and att sites,
this GI is likely to have recombination functions identical to VPI-1. Previous studies have observed variations in
VPI-1 through PCR analysis of V. cholerae strains or BLASTN analysis of V. cholerae genomes for VPI-1 genes.
For the most part, the variations identified represent minor gene gain/loss events or sequence changes to known
ORFs in VPI-11-12. GIVchS12 is different in that it shares practically no gene content with VPI-1.

A CRISPR-Cas module for self-preservation. Bioinformatic analysis of GIVchS12 identified a
CRISPR-Cas module and a T6SS auxiliary locus at the attR and attL ends, respectively (Fig. 1). The CRISPR-Cas
module in GIVchS12 contains genes encoding homologues of Casl, Cas3, and Cas6. Based on the protein
sequences and their organization, this CRISPR-Cas system is most likely similar to those of type 1-F?. Several
spacers displayed 100% identity to various bacteriophage genomes consistent with the module having a role in
acting against invading foreign DNA. The association of a CRISPR-Cas module within a GI is intriguing for two
reasons. From an ecological perspective, the mobilization of a CRISPR-Cas system benefits the host not only with
an adaptive immune system but also by the instant addition of the immunity that comes with the various spacer
sequences it already carries. Thus, a host would immediately gain protection from various bacteriophages and
other invading foreign DNA within that ecosystem. Secondly, an intriguing study identified a CRISPR-Cas system
within a bacteriophage genome that was able to counteract an inhibitory GI present in the bacterial host genome,
thus improving the bacteriophages’ capacity to successfully infect the bacterial host**. As a result, this raises the
possibility that the CRISPR-Cas system within GIVchS12 might improve integration efficiency in recipient cells
that contain other genetic elements interfering with the GI's integrity and/or integration. Furthermore, once inte-
grated into the host, the CRISPR-Cas system could prevent the replacement of GIVchS12 by VPI-1 or other GIs
competing for the same integration sites. The CRISPR-Cas system found on GIVchS12 could therefore promote
direct self-preservation or self-preservation by protecting its host.

A novel T6SS auxiliary locus.  Also present on GIVchS12 are genes normally associated with three T6SS
loci found in all V. cholerae genomes, known as the main locus and auxiliary loci 1 and 2. The GIVchS12 locus
structurally resembles the two T6SS auxiliary loci, with the presence of an hcp gene, a copy of vgrG, a gene encod-
ing a protein with a DUF4123 domain, and putative cargo effectors and immunity proteins further downstream.
The lack of proteins making up the T6SS machinery indicates that the proteins on this additional auxiliary locus
are dependent on the structural proteins encoded on the main chromosomal T6SS locus for effective transloca-
tion into target cells that in S12 is present on contig 00022. The auxiliary loci 1 and 2 are present on contigs 00011
and 00021, respectively, although in contig 00021 the sequence breaks before hcp, presumably due to the difficulty
of assembling repeat regions. At the end of contig 00011, the first 392-bp of hcp from auxiliary locus 1 is present
before the sequence breaks. In the small contigs of 00079 and 00082 are the first 275-bp and last 108-bp of an hcp
homologue, respectively, with hcp from contig 00079 presumably from auxiliary locus 2. The auxiliary 1 and 2 hcp
genes in S12 share 99% nucleotide identity with those in V. cholerae N16961 and V52. The hcp from GIVchS12 is
clearly different to both the auxiliary 1 and 2 hcp loci sharing 88% nucleotide identity.

The VgrG protein encoded in GIVchS12 is dissimilar to the chromosomal VgrG proteins but, like VgrG-2,
lacks a C-terminal effector domain?®. The DUF4123 domain found in the protein encoded downstream of the
vgrG gene indicates a function as an accessory loading proteins like tap-1 (VC1417 in the auxiliary 1 locus of
V. cholerae V52), which is responsible for the loading of cargo effectors with antibacterial activity onto VgrG
proteins*”*. Due to the structural similarity of this locus with chromosomal auxiliary loci, it is likely that the
hypothetical protein encoded by ORF 11 (Fig. 1) represents such a cargo effector. Antibacterial T6SS effectors are
always accompanied by immunity proteins that provide protection against self-intoxication, making it likely that
the homologous proteins encoded by ORFs 12, 14a and 14b act as such. ORF 12 is 61% and 62% identical at the
nucleotide level to ORFs 14a and 14b, respectively. ORFs 14a and 14b share 89% nucleotide identity. Expression
of effectors from the GIVchS12 T6SS locus is likely to increase the range of T6SS-mediated microbial toxicity as
evidenced by the divergent VgrG protein and one or more putative other effectors encoded on GIVchS12. It is
therefore likely that this increase in effector repertoire gives cells harboring GIVchS12 an advantage over other
cells in T6SS-mediated competition. A series of other genes encoding hypothetical proteins are in close proximity
and may have a role in either forming the T6SS apparatus or act as effector proteins. For example, ORFs 13 and
15 (also homologues of each other) encode Zn-binding Pro-Ala-Ala-Arg (PAAR) proteins. Zn-binding PAAR
proteins form a conical extension on the VgrG tip and also function to attach effector proteins to the spike?*. More
research is required to gain insight on how V. cholerae S12 regulates expression of the different Hep and effector
proteins and to determine the enzymatic activity of such effector proteins.

A successful and globally distributed genomic island. In order to determine whether GIs similar
to GIVchS12 were present in the VPI-1 site of other V. cholerae genomes, we compared GIVchS12 to 28 other V.
cholerae strains for which genome sequences are available in public databases. The non-O1/0139 strain from
Haiti (2012Env-2) contained a complete GIVchS12-like island with similar CRISPR-Cas and T6SS modules and a
complete set of ORFs 16-25 (Fig. 2). RC385 has an almost complete GIVchS12 but lacks ORF14b. A further three
GIVchS12-like islands had minor variations. The non-01/0139 strain 2012Env-32 from Haiti lacks ORF24 and
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Figure 2. Presence/absence of the GIVchS12 ORFs in various Vibrio cholerae strains. The heat map shows
the BLAST score ratio (BSR) against the GIVchS12 reference (each column is an ORF). The gradient bar shows
the BSR values and their corresponding colours; white indicates the absence of the ORFE. Only BSR values of at
least 0.3 were included. Strains with similar or complete GIVchS12 are indicated in bold. Striped boxes indicate
the presence of a CRISPR-Cas module different from GIVchS12; dotted boxes indicate the presence of other
ORFs in those regions different from GIVchS12. Strains with the VPI-1 similar to N16961 are indicated with *.
The phylogenetic relationship of the V. cholerae strains is shown on the left of the heat map with Vibrio metoecus
OP3H as outgroup. The maximum likelihood phylogenetic tree was constructed from the core alignment

of whole genomes (~2.5 mb) and using the GTR gamma substitution model with 100 bootstrap replicates
(indicated on the tree nodes). The scale bar represents nucleotide substitutions per site. Shortened branch
lengths, approximately three times the scale bar (0.12), are indicated.

three other ORFs in the CRISPR-Cas module and the non-O1/0139 strain 8-76 and O1 strain A325 from India
and Argentina vary in their CRISPR-Cas modules. A325 also lacks ORF14b. Fifteen other GIs were identified
containing a CRISPR-Cas module and/or a T6SS, although for many (in the upper most clade; see Fig. 2), we were
unable to locate a contig containing VC0816 so it is unclear if the GI continues beyond ORF14a. One GI (in strain
VCC19) harboured a T6SS but contained other genes instead of the CRISPR-Cas module and ORFs 16-25. Two
other GIs in strains 490-93 and HE-48 contained a divergent CRISPR-Cas modules and other genes instead of
ORFs16-25. Given that all these strains have been isolated from different geographic locations (Supplementary
Material) including Europe, South America, North America, and Asia, this data indicates that GIs with VPI-1
recombination characteristics are active in disseminating CRISPR-Cas and T6SS modules across the globe.

GIVchS12 and associated islands can be divided into sub-clusters or islets, as has been previously done for V.
cholerae pathogenicity island 2 (VPI-2)'2, consisting of the CRISPR-Cas cluster, the T6SS cluster, and the ORFs
16-25 cluster. Given that multiple GIs (Fig. 2) contain different genes in the ORF 16-25 region and in the case of
VCCI19, in the CRISPR-Cas region, other islets have clearly been acquired by relatives of GIVchS12. We hypoth-
esize that evolution of GIVchS12 and its relatives proceeded through acquisition of these sub-clusters through
homologous recombination processes as supported by the observation that the first 293 bp of the GIVchS12 inte-
grase shares 100% identity to the VPI-1 integrase before dropping to 90% for the remainder of the gene.

A genomic island that readily excises as a circle. To confirm that the GI could excise as a circle, a
nested PCR strategy was employed using primers annealing within the GI and facing outward toward the attL
and attR ends. First, primers ML130 and ML131 were used in a PCR reaction with template derived from a plas-
mid preparation of V. cholerae S12. Next, 1 pl from the ML130/ML131 PCR was used as template for a fresh PCR
reaction employing primers ML126 and ML127 (relative primer binding sites are shown in Fig. 1A) giving an
expected fragment of ~580-bp (Fig. 3). As expected, sequence of the PCR product showed that excision occurs
at the att sites abutting the GI producing an attP site identical to what is observed when VPI-1 excises from the
genome*,

PCR of the empty chromosomal site was also conducted using a nested PCR strategy with primers annealing
outside the GI and facing in toward the atfL and a#fR ends. Primers ML134 and ML135 were used in a PCR reac-
tion with template derived from a PCR reaction with ML136 and ML137 using genomic DNA as template. The
resulting product (Fig. 3) was sequenced and showed precise excision of GIVchS12 leaving an identical attB site as
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Figure 3. Cropped DNA agarose gel showing the amplicon of a two-stage nested inverse PCR of the excised
GIVchS12 circle (lane 1) and the amplicon of a two-stage PCR of the “empty” chromosomal GIVchS12 site
(lane 4). Controls for each PCR are given in the adjacent lanes that include nested PCR of the negative control
from the first-stage PCR and dH,O negative control (lanes 2 and 3 for GIVchS12 circle PCR and lanes 5 and 6
for “empty” chromosomal GIVchS12 site PCR) respectively. Lane M is the DNA marker with relevant band sizes
shown on the left of the gel.

previously seen with excision of VPI-1%, VPI-1 uses both a phage-like integrase and a transposase protein called
VpiT to facilitate excision of the GI**. Genes encoding these proteins are present within VPI-1.

However, in some V. cholerae pandemic strains, vpiT is in a different location**. VpiT or a homologue of VpiT
was not found in GIVchS12 or in the S12 genome.

In conclusion, we report an interesting GI with VPI-1 recombination characteristics housing a CRISPR-Cas
element and a T6SS auxiliary locus. This Gl is likely to provide its host with a competitive advantage by protecting
from bacteriophages as well as adding T6SS-associated bactericidal effectors proteins. Furthermore, this study
shows that GIs with VPI-1 recombination characteristics carrying CRISPR-Cas and T6SS modules are circulating
in natural V. cholerae populations globally.
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