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Abstract :

Vibrio is a genus of ubiquitous heterotrophic bacteria found in aquatic environments. Although they are a
small percentage of the bacteria in these environments, vibrios can predominate during blooms. Vibrios
also play important roles in the degradation of polymeric substances, such as chitin, and in other
biogeochemical processes. Vibrios can be found as free-living bacteria, attached to particles, or
associated with other organisms in a mutualistic, commensal, or pathogenic relationship. This review
focuses on vibrio ecology and genome plasticity, which confers an ability to adapt to new niches and is
driven, at least in part, by horizontal gene transfer (HGT). The extent of HGT and its role in pathogen
emergence are discussed based on genomic studies of environmental and pathogenic vibrios, mobile
genetically encoded virulence factors, and mechanistic studies on the different modes of HGT.
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1. Introduction
The advent of large-scale sequencing efforts has changed our ability to study marine samples from
around the world. Based on metagenomic data, substantial oceanic microbial diversity has been
discovered (114, 127). For example, it was shown that surface ocean prokaryotic picoplankton
consists of two primary microbial groups: The first group, which includes Pelagibacter (SAR11),
Prochlorococcus, and Synechococcus (~10° cells/ml), are smaller-celled, resulting in a reduced
biomass per individual that serves to shield them from predators, making their genomes streamlined
to correlate with this smaller cell size (138). The second group, while less abundant (~10%/ml), might
be more adaptable to specific environments than their genome-streamlined counterparts. Such
organisms, including members of the genus Vibrio (“vibrios”) that can reach a 100-fold higher
biomass per cell compared to for example Pelagibacter (18), often engage in associations with plants
and animals (Figure 1) in mutualistic, commensal, or pathogenic manners and are strongly affected
by eukaryotic predators and their released products (138). Consequently, these bacteria have a higher
genetic diversity and often carry a plethora of genes that encode important regulatory and metabolic
pathways, provide the ability for cell-to-cell communication (known as quorum sensing), and allow
for organismal interactions (99, 138). Such functions might be crucial for adapting to changing
environmental conditions. Studying the seasonal dynamics of marine microbial communities showed
that vibrios were capable of massive blooms, increasing from a few percent (0-2%) to more than 50%
of detectable microbes (44), that often co-occurred with or succeeded plankton blooms. Therefore,
the use of remote sensing methods has been suggested to predict and monitor the spread of the
causative agent of cholera, Vibrio cholerae, around the Bay of Bengal (69, 71), demonstrating the
importance of studying the dynamics of these bacteria in their local environments.

The awareness of vibrios is often limited to their pathogenic representatives (Box 1), even though
they are common marine bacteria represented by over 110 species (72). Here, we present important

examples of genomic diversity among both the pathogenic and non-pathogenic members of the genus



Vibrio to illustrate how horizontal gene transfer (HGT) contributes to niche adaptation and,

ultimately, to the emergence of pathogens.

All members of the genus Vibrio are Gram-negative y-proteobacteria, often found in salty or brackish
water. The most common human diseases caused by the 11 recognized human pathogenic species of
vibrios are gastroenteritis and wound infections (with the risk of developing septicemia), which can
ultimately lead to death, especially in immunocompromised individuals. Foodborne disease is
predominantly caused by the ingestion of contaminated water or through consuming raw or
undercook seafood and shellfish.

Vibrio cholerae

V. cholerae is the causative agent of the severe diarrheal disease cholera. More than 200 serogroups
are known, but only O1 and O139 have been reported to cause large-scale cholera outbreaks (23).
Upon ingestion, the pathogen colonizes the small intestine of its host. Cholera symptoms appear 12-
72 hours later and frequently result in dehydration due to extensive diarrheal fluid loss (up to 1
liter/hour) (23, 89). The World Health Organization estimates that there are around 4.3 million cases
of cholera resulting in up to 142,000 deaths every year (133). Severe pathogenesis in V. cholerae is
determined by two primary factors: cholera toxin (CT), which initiates the secretion of ions and,
concomitantly, of water from intestinal cells, and an adhesion appendage known as the toxin-
coregulated pilus (TCP). Both of these virulence determinants are encoded on mobile genetic
elements (MGE).

Vibrio parahaemolyticus

V. parahaemolyticus is common in tropical and temperate estuarine habitats, though incidents are
becoming more frequent due to rising sea surface temperatures (128). Among vibrios, V.
parahaemolyticus is the most common bacterial cause of seafood-borne gastroenteritis in the USA,
with more than 34,000 annual cases (72). Its primary virulence factors are pore-forming hemolysins
(thermostable direct hemolysin [TDH] and TDH-related hemolysin [TRH]) and type Il secretion
systems (T3SS), which inject toxins into eukaryotic cells. Both tdh and the T3SS genes are located
on a MGE in pathogenic isolates of V. parahaemolyticus.

Vibrio vulnificus

V. vulnificus is an emergent pathogen of the aquaculture species, as well as a deadly opportunistic
human pathogen (2, 4). It is common in estuarine environments, but the disease incidence is usually
low. The virulence mechanisms are poorly understood. Putative virulence determinants include the
capsular polysaccharide, the multifunctional-autoprocessing repeats-in-toxins protein, hemolysin,
elastase, and siderophores. None of these factors reliably correlate with human disease (91). Several
MGEs were identified in the V. vulnificus genome, an analysis that revealed significant genome
plasticity in this microbe (97).




2. The complex architecture of the Vibrio universe

Due to the digestion, excretion, exudation, and lysis of other marine organisms, vibrios have access
to heterogeneous microhabitats that are rich in nutrients but often transient (93, 112). As examples,
phytoplankton exude the products of photosynthesis to form a surrounding phycosphere rich in
dissolved organic matter (109), and the viral infection and lysis of microorganisms can form nutrient
patches (14, 115). Imperishable micro-plastics have been added to this universe, forming the
plastisphere, which represents a new ecological niche (5). Indeed, a study has shown that microbial
diversity in plastic particles is different from the surrounding seawater, with a considerable proportion
of vibrios among the colonizers (40, 140).

Within this heterogeneous landscape, competitors and predators also control bacterial populations
and shape their evolution. Metabolic competitors exert influence by utilizing needed resources.
Among predators, phages constitute the most abundant biological entity in the ocean, and play a
significant role in controlling the abundance and composition of microbial communities. Present at
~10° to 107 particles /ml (101), at least one order of magnitude greater than bacteria, phages are
responsible for up to 40% of bacterial mortality (15).

Living and proliferating in such a landscape requires special abilities for vibrios, such as those
needed to seek nutritional sources and move in a low-Reynolds-number medium (like a human
swimming in molasses) (96). Beyond random encounters, vibrios can use chemotaxis and motility to
actively access nutrients (42, 109, 112). Membrane-spanning chemoreceptors detect attractants (e.g.,
nutrients) and repellents (e.g., waste products) and transduce the signal to the controllers of their
locomotion appendix, the flagellum (24). The rotating flagellum is a complex machine requiring
approximately fifty genes and a high-energy expenditure, necessitating a strict control of its synthesis
and function (73). Remarkably, the sodium-driven flagellum of marine vibrios can spin at up to 1,700
Hz (100,000 r.p.m.; (74)), which is much faster than the ~300 Hz of the proton-driven flagellum of

Salmonella (85).



Most vibrios can sense and chemotact along nutrient gradients, and can specialize in metabolizing
specific nutrient sources. As heterotrophic bacteria, they can use dissolved or particulate organic
matter as a carbon source. Chitin, a homopolymer of B-1,4 linked N-acetyl-D-glucosamine (GIcNACc),
is the most abundant biopolymer in the aquatic environment with more than 10 tons produced
annually by marine zooplankton (Figure 1), and a majority of vibrios can degrade this as carbon and
nitrogen source (45, 60). In contrast to chitin, only a small proportion of vibrios can metabolize algal
and plant polysaccharides, suggesting metabolic peculiarities as sources of adaptation to certain
niches (49, 53, 118). For instance, V. breoganii exploit alginate, a sugar from brown algae cell walls,
but cannot use chitin as carbon source (49).

The phenotypic diversity of vibrios is therefore indicative of adaptive processes resulting from a
genomic evolution required to adjust to various transient microhabitats. Hence, deletions,
duplications, or HGT events led to genetic innovations, which were subsequently selected for by
environmental factors. It is therefore important to study both the chemical makeup of their
environment as well as their potential interaction partners (Figure 1) to better understand the link

between the ecology and evolution of vibrios and their genome plasticity.

3. Vibrio population dynamics genomically linked to ecological functions

The population structure in vibrios was explored in a series of studies that associated differential
genotypes with potential microhabitats (e.g., free-living, particle- or zooplankton-associated) or
animal tissues (e.g., guts, gills) (52, 94, 95, 116). Unlike many other marine microbes, a major
advantage of vibrios is that most of them can be cultured, allowing multilocus or whole genome
sequencing to reveal populations as fine-scale genotypic clusters with differential environmental
distributions (Figure 2). Subsequent work showed that these populations also represented gene flow
(49, 110), social (25, 26), and behavioral units (136).

The genome comparison of two closely related populations of V. cyclitrophicus occurring in the



large (L) or small (S) size fraction of filtered seawater revealed single nucleotide polymorphisms
(SNPs) that clustered in few genomic loci and coincided with the L and S ecology (ecoSNPs). The
variability of these loci within populations seemed lower than the rest of the genome, suggesting they
arrived recently by homologous recombination and spread through the entire population before
accumulating polymorphisms (i.e., gene selective sweep). Recombination events involving both core
genes, shared by both populations, and flexible, population-specific genes, were shown to be higher
within populations than between populations, and HGT largely shaped the flexible genome. The L
and S populations pursued different nutritional-seeking strategies (136). The L population specialized
in interacting with living organisms and colonizing particles by attaching and growing biofilms (for
which exopolysaccharide biosynthetic genes (syp) are important (137)), while the S population
rapidly detected and swam towards short-lived particles patches (136). These results showed that few
genes implicated in behavioral adaptation and host association could trigger ecological population
differentiation and that these two populations, L and S, are on independent evolutionary trajectories,
which may, ultimately, lead to distinct taxonomic Vibrio species.

Ecological populations also form socially cohesive units (25, 26, 50). The ability of social
interactions to mediate competition effects at the intra- and inter-population level was investigated
by establishing a network of antibiotic-mediated antagonistic interactions among strains (26). The
results were consistent with competition between populations but not within populations. Genetic
analyses showed that within populations, broad-range antibiotics were produced by a few genotypes
(the super-killers), whereas all other strains were resistant, suggesting cooperation. Genome
comparison of closely related strains with contrasting phenotypes (super-Kkillers versus resistant)
showed that a recent HGT event mediated the acquisition of the antimicrobial gene cluster in V.
ordalii. As the resistance factor seems to not be encoded by the same region, it has been suggested
that antimicrobial genes can only transfer in pre-adapted (resistant) individuals within the population

(26).



The idea that “public good” (i.e., secreted molecules that exert their function outside the cell and
benefit the whole population) dynamics drive the evolution of ecological populations is based on
iron-acquisition strategies (25). Within ecological populations of vibrios, only some genotypes were
shown to produce iron-chelating compounds called siderophores, whose production was explored by
comparing the genome sequences of siderophore producers and non-producers (“cheaters”) within
populations. In the producers, siderophore biosynthesis genes and receptors were co-localized in a
single operon, while in non-producers, the biosynthesis genes but not the receptors, had been excised
or replaced. This frequent loss of biosynthesis genes was observed in different species (V. splendidus,
V. crassostreae, V. tasmaniensis, and V. cyclitrophicus), suggesting that producers and cheaters
coexist in a dynamic equilibrium because public good production is stable at the population level.
Moreover, the study found that the frequency of cheaters increases with large-particles association,
suggesting that these environments can harbor communities stable enough for dependents to evolve
(25).

The ability of vibrio populations to degrade the algal glycan alginate led to the study of the
evolutionary history of ecophysiological specialization strategies and resource partitioning (49). The
authors showed that the acquisition of alginate degradation genes by HGT initiated metabolic
pathway diversification followed by recent extensive gene flow events that created several

ecophysiological populations adapted to different forms of alginate (49).

4. Association of vibrios with larger organisms

Living organisms, such as plants, algae, zooplankton, and other animals (99, 117, 121) (Figure 1)
also constitute niches for vibrios, allowing for their proliferation and dispersion, but a formal
demonstration of an intimate host-bacterial relationship is often lacking. The presence of bacteria,
instead, can be the chance result of different feeding modes (41, 94) rather than the specific

colonization of live animals. Among the specific ecological associations suspected, diazotrophy



(fixation of atmospheric nitrogen into ammonia) in vibrios inhabiting in the anaerobic rhizosphere of
marine plants or in coral larvae illustrates the advantage of being a facultative anaerobe (3, 66).
Detailed knowledge about these associations and the underlying molecular mechanisms are, however,

still largely unknown.

The V. fischeri-squid symbiosis

Among well-studied host-Vibrio associations is the interaction of the bioluminescent bacterium V.
fischeri and the bobtail squid Euprymna scolopes (76, 82). In this symbiosis, a specific organ of the
squid, the light organ, is colonized by the symbiont V. fischeri shortly after hatching, and all captured
squid harbor this bacteria (82). This interaction is essential for the squid, as the light produced by the
luminescent bacteria allows the animal to avoid predators through a counterillumination strategy,
mimicking of downwelling moon-/starlight. The host’s acquisition of the specific bacterial partner is
a highly complex process, especially given the abundance of other bacteria in the aquatic environment
and that V. fischeri does not strictly depend on the squid but can also thrive in the open water. In this
context, it was shown that a fish symbiotic V. fischeri strain could not robustly colonize the squid.
This ability was, however, conveyed to this strain through the introduction of the rscS gene from the
squid native isolate ES114. Notably, this squid symbiont-specific gene encodes a biofilm regulator

that was acquired through HGT (77).

Population structures in vibrios associated with coastal marine invertebrates

It is important to address to what extent a host organism mirrors the Vibrio population structure in
the water or if certain populations reproduce more specifically in the host. An initial analysis revealed
zooplankton-associated populations showed a higher degree of host specificity than those found on
larger animals, such as mussels and crabs (94). Within the species V. splendidus, populations that
were adapted to various aqueous environments coexisted in animals without evidence of

specialization (52), therefore suggesting that dispersal-colonization dynamics (especially through



filtering/scavenging) dominate population assembly in these animals. A more recent study showed
that although oyster-colonizing vibrios resembled those from the surrounding seawater, there was a
selective enrichment of some populations, suggesting that oysters represented a permissive habitat
for these specific populations (16). For example, V. crassostreae was found to be particularly
abundant in diseased oysters, reaching up to ~50% of the vibrio colonizers, underlining the

importance of accounting for environmentally dependent physiological responses of the host (65).

Populations as the unit of pathogenesis in oysters

The onset of disease in oysters was shown to be associated with the progressive replacement of
diverse benign vibrio colonizers by members of a phylogenetically coherent virulent population, V.
crassostreae (39, 67). Although the virulent population was genetically diverse, the majority of its
members were disease-causing (16). Comparative genomics across virulent and non-virulent
populations identified population-specific genes clustered in genomic patches and on a large
mobilizable plasmid. Genetic analyses revealed that a cluster of two chromosomal genes encoding an
exported protein of unknown function (R5-7/8) as well as the plasmid pGV were necessary for the
infection of oysters (16, 67).

While V. crassostreae is abundant in all diseased oysters, it always co-occurs with diverse
populations across individuals, and it has been shown that the resultant population delineation
correlates with virulence potential ((52) and Bruto et al., in preparation). In accordance with the
hypothesis that co-infections could provide variable sets of virulence traits that may be synergistic,
experimental infections have demonstrated that some strains are moderately virulent when injected
into animals individually and display heightened virulence in mixed infections (43, 67). Hence, oyster
disease may result from microbial interactions within and between populations and should be

evaluated as potentially polymicrobial (Figure 2).



Pathogen transition through HGT

V. nigripulchritudo is an emergent pathogen of farmed shrimp in New Caledonia and other regions
in the Indo-Pacific. Phylogenomic analysis revealed the recent emergence of three pathogen-
containing lineages: two from diseased shrimp in New Caledonia in summer (A) or winter (B), and
one from septicemic shrimp in Madagascar (M) (46). Contemporary lineages are comprised of nearly
identical strains with contrasted virulence. Genetic elements specific to virulent strains and acquired
by HGT were evidenced in comparative genomic analyses (Figure 2). Notably, a large mobilizable
plasmid (pAx) present in all virulent strains encoded a new toxin, the nigritoxin (63). The sequence
comparison of the pAx plasmid (160 to 260 kb) revealed modules that differentiated the plasmids by
geography, clade, and pathogenicity, suggesting that these plasmids are extensively circulating
among the V. nigripulchritudo strains and convey some sort of selective advantage to their hosts.
Within each lineage, other MGEs acquired by virulent strains were also identified. In lineage A, a
small plasmid of 11 kb (100) was shown to contribute to virulence, and interactions between factors
encoded on the two plasmids have been suggested (64). In lineage B, two large genomic islands, a
prophage, and an integrative conjugative element (ICE), were specifically found in virulent strains

(46) (Figure 2).

5. Evolutionary reconstructions based on genomic analyses of human pathogenic vibrios

Genomics of Vibrio cholerae isolates

Numerous bacterial pathogens have emerged from environmental populations through the acquisition
of MGEs that encode, for example, host colonization factors and toxins followed by their clonal
expansion. The species V. cholerae, for instance, contains genetically diverse strains that interact with
a plethora of aquatic inhabitants (Figure 1) as well as with humans (1, 89). The genome sequence of
strain N16961, an O1 El Tor V. cholerae strain and representative of the ongoing seventh pandemic

of cholera, was first reported by Heidelberg and colleagues in 2000 (51). This study confirmed the



presence of two previously suggested chromosomes (122), a large chromosome 1 (2.96 Mbp) and a
smaller chromosome 2 (1.07 Mbp), which might have originated from an ancient megaplasmid (51).
This bipartite genome structure is conserved among all vibrios (Figure 3). Notably, the genome size
of strain N16961 still represents well the average genome size of other V. cholerae isolates for which
closed genomes are available nowadays (Figure 3). The sequencing of the V. cholerae genome then
allowed for the design of N16961-specific microarrays for comparative genomic hybridization
experiments. These experiments, performed by the Mekalanos group, showed the absence of certain
genes and gene clusters in diverse pathogenic or environmental isolates of V. cholerae, thereby
providing evidence for gene acquisition via HGT (32, 33). Some of the acquired gene regions, such
as the Vibrio pathogenicity islands and seventh pandemic islands (see below), were speculated to
encode gain-of-function traits, possibly contributing to the successful displacement of ancestral V.
cholerae strains by the current pandemic O1 El Tor strains (32). These comparative hybridization
studies also confirmed a previous hypothesis that V. cholerae 0139 strains, which are the only
serogroup apart from O1 to have caused large-scale cholera outbreaks, evolved from O1 El Tor strains
through horizontal gene exchange of the O-antigen cluster (32). Microcosm experiments by Blokesch
and Schoolnik demonstrated that such serogroup conversions occur frequently by natural competence
for transformation (Box 2) and clonally expand through O-antigen-specific bacteriophage predation
9).

In 2009, Colwell and collaborators performed a comparative genomics study in which they
compared whole genome sequences of 23 V. cholerae strains isolated over the past 98 years from
clinics or the environment. A genome-based phylogeny of these 23 strains revealed several distinct
lineages, including one lineage (denoted as the phylocore genome clade or as the pandemic group
[PG]) that comprised the pandemic V. cholerae isolates, and a total of 73 horizontally moving
genomic islands among these strains (20). The authors therefore concluded that “genetic diversity of
V. cholerae derives most significantly from lateral gene transfer” and that “O serogroup conversion

occurs frequently in nature” (20), consistent with the experimental data mentioned above (9).
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The presence of several genomic islands among V. cholerae isolates was later also confirmed in a
comparative study of 154 whole genome sequences (87) and two recent follow-up reports that
investigated 252 and 1070 isolates from the Americas and Africa, respectively (31, 131). The purpose
of these studies was to elucidate transmission routes among seventh pandemic strains, meaning that
HGT was not a primary emphasis, though the introduction of genomic islands, including those that
conferred resistance to antimicrobials, into pandemic V. cholerae strains was nonetheless highlighted
(31). Interestingly, these data separate the presence of diverse local V. cholerae linages that trigger
sporadic outbreaks across Latin America from the inter-continental seventh pandemics strains, most
likely transferred through carriers or patients from endemic regions in Asia, responsible for the
historical cholera epidemics in these areas (31).

Based on these and previous data that showed the Asian origin of all pandemic isolates, the
importance of eliminating the pathogen’s natural reservoirs in this part of the world was underscored
(62). It was also suggested that “the ecology there is almost certainly different from elsewhere”,
emphasizing our need for a better understanding of the pathoecology of V. cholerae in this part of the
world. However, this also raises the question as to why a limited number of pathogenic clones have
emerged from environmental populations of V. cholerae in modern history. Trying to answer this,
Shapiro and colleagues recently showed that, prior to the emergence of the PG clones, specific
genomic features named “virulence adaptive polymorphisms” (VAP) conferring beneficial properties
for virulence had to be present in the environmental population (111). Only strains with the "right
combination™ of VAPs were therefore able to cause pandemic disease after the horizontal acquisition
of the major virulence factors.

Bacteriophage blooms can also control the abundance of V. cholerae strains (35-37, 55, 89). As
phage expansion occurs in the intestines of patients, stools are a major source of phage delivery back
into the environment, thus causing cholera epidemics to be self-limiting in nature. Phage-resistant V.
cholerae strains have emerged by exchanging, mutating, or altering the expression of bacterial-

surface phage-receptor appendages, such as the O antigen (9, 103, 139). Such adaptations, however,
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can interfere with the bacterium’s virulence potential and do not sustain ongoing epidemics (103,
105, 139). To defend against frequent phage attacks, several V. cholerae strains have horizontally
acquired a phage-defense system known as phage-inducible chromosomal island-like elements (90).
However, certain phages carry their own CRISPR/Cas system that counteracts these islands (104),
highlighting the constant evolutionary arms race between phages and their vibrio hosts, which is

frequently accomplished by HGT.

Genomic analyses of V. parahaemolyticus

While the most recent and still ongoing V. cholerae pandemic started more than 50 years ago, V.
parahaemolyticus emergence and transcontinental spread is a recent phenomenon that provides an
opportunity to study the evolutionary process of these pathogens. Classified by its somatic/O-antigen
(O) and capsular antigen (K), the most prominent clone, serovar O3:K6, emerged in India in 1996
and spread worldwide over the last two decades (17, 72). The evolutionary history of pandemic and
pre-pandemic isolates has suggested that the founder clone was an O3:K6 non-pathogenic strain that
initially horizontally acquired membrane-bound virulence regulators through the toxRS operon
followed by at least seven novel genomic islands (12, 28, 34), the origin of which remain elusive.
This horizontal movement also included the 80-kb pathogenicity island Vp-PAl, carrying tdh and
T3SS-encoding genes (75). Other genomic islands differentially distributed among isolates encode
colonization factors, chemotaxis proteins, surface structures, and putative colicins (17). Serogroup-
converted derivatives of the pandemic O3:K®6 strains emerged through altered O and K antigens (such
as serovariant O4:K68) with their biosynthetic genes carried on a variable gene cluster (54). Based
on comparative genomic studies, it was therefore concluded that the acquisition of novel genetic

material by HGT played a pivotal role in shaping the pathogen’s genome (17).
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6. Molecular characterization of HGT mechanisms and MGEs in V. cholerae

The molecular mechanisms driving the high genome plasticity, revealed through next generation
sequencing and comparative genomics in several Vibrio species (Figure 3), are often poorly
understood. Over the last two decades, it has been demonstrated that all three primary modes of HGT
do occur in vibrios (Box 2), and ongoing research aims to elucidate these molecular mechanisms and
their impact on the ecology and evolvability of vibrios. Today, V. cholerae serves as a model
organism for HGT not least due to important studies on its lysogenic conversion by a cholera toxin-
carrying phage (129), its self-transmissible ICE (130), the discovery of superintegrons (22, 81), and

its chitin-inducible competence state (83).

BOX 2: Primary modes of HGT]

While recent research has highlighted the ability of few bacteria to move DNA horizontally through
non-canonical mechanisms, the three most abundant and best-studied modes of HGT are natural
competence for transformation, conjugation, and transduction.

Natural competence for transformation

Natural competence describes the ability of a microbe to take up free DNA from its surroundings. If
sufficiently homologous, this incoming DNA can recombine into the competent bacterium’s genome,
thereby transforming it. Natural transformation can contribute to genome repair and to the acquisition
of new genetic information. The uptake of genetic material is accomplished by dedicated DNA-
uptake nanomachines, which are only synthesized in the competence state (78).

Conjugation
Conjugation or mating describes the transfer of genetic material from a donor bacterium to a recipient.

Transferred genetic material is based on the replication of circularized DNA that originates from
plasmids or excised ICEs. Conjugation requires direct cell-to-cell contact and the synthesis of a multi-
protein “mating pilus” between the two cells. Conjugation is the primary mode of HGT for plasmid-
borne antibiotic resistance genes.

Transduction

Transduction leads to the transfer of genetic material through the aid of bacteriophages as shuffling
agents. Generalized transduction occurs due to the low fidelity of DNA packing by phages so that
pieces of host DNA can end up in a new viral particle and be transferred from one cell to another. No
direct contact between the cells is required for transduction to occur.

-13 -



Horizontally acquired genomic regions in V. cholerae

A plethora of horizontally acquired regions have been identified in V. cholerae through comparative
genomics and a recent study even identified HGT events within patients, despite the short duration
of acute cholera in humans (68). The most prominent example of HGT is the cholera toxin-encoding
filamentous phage CTX¢ that resides as a prophage in pathogenic/pandemic V. cholerae genomes
(129). This phage can excise itself and infect new strains that carry and express the genes for TCP, a
major intestinal colonization factor (119) that also serves as a CTX¢ receptor (129). This vastly limits
the number of potential phage recipients, as most environmental isolates of V. cholerae are TCP-
minus. However, it was recently shown that alternative HGT mechanisms, such as generalized
transduction and natural competence for transformation, can lead to prophage spread, even to strains
lacking TCP (13, 123).

In addition to the CTX prophage and the O-antigen cluster mentioned above, the two Vibrio
pathogenicity islands, VPI-1 (41 kbp) and VVPI-2 (57.3 kbp), as well as the Vibrio seventh pandemic
islands, VSP-I1 (16 kbp) and VSP-II (27 kbp), bear hallmarks of recent acquisition by HGT (11, 32,
56, 58, 86). Research over the last 20 years on VPI-1, which encodes several virulence regulators and
TCP (58), and on the other islands has been reviewed by Boyd and colleagues (11). However, a recent
genomic characterization study on VSP-I showed that one of its encoded proteins was a new
dinucleotide cyclase (DncV). DncV synthesizes cyclic AMP-GMP and down-regulates chemotaxis
genes, making it necessary for efficient intestinal colonization (30). Hence, it was concluded that this
island classifies as a bona fide pathogenicity island, which is still questionable for VSP-I1I. Recent
West African—South American (WASA) V. cholerae isolates contained a different version of the
VSP-I1 genomic island in which a part of the genes were replaced through homologues recombination
(31). These isolates also contained an additional genomic island named WASA-1 (87), though the
function of this horizontally acquired genetic material hasn’t yet been experimentally tested. It is
important to mention that a previous study claimed to identify VPI-1 as the genome of another

filamentous phage (59). However, it is now widely accepted that VPI-1 does not support the
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production of phage particles that might transmit the pathogenicity island to other bacteria (38), and
the mechanistic aspects of how this and the other genomic islands are transferred to new strains is
therefore still unknown. Interestingly, most of these islands can excise and form circular
intermediates, which was suggested as a first step in their horizontal transfer (86, 98).

ICE share features of prophages and of conjugative plasmids, as they reside in bacterial
chromosomes but maintain the ability to excise themselves and spread to neighboring cells through
their encoded conjugation machinery (135). The first ICE to be described in the y-proteobacteria was
SXT of the V. cholerae serogroup 0139 strain MO10 (130), which was later, together with other
members of the SXT/R391 family (134), also detected in several O1 El Tor pandemic isolates (87).
SXT (~100 kbp) carries, apart from the conjugal system, several antibiotic resistance genes (130).

Many vibrios also contain superintegron (SI) islands (Figure 3). Integrons are gene-capturing
platforms that can incorporate exogenous genetic material by site-specific recombination. They share
three specific features: an integrase-encoding gene, a primary recombination site, and a single
promoter that drives expression of the captured open reading frames or cassettes that reside
downstream of this promoter (80). The first SI was described in V. cholerae (22, 81) and distinguishes
itself from well-characterized antibiotic-resistance integrons mainly by its enormous size, almost 130
kbp or 3% of the genome, and by its chromosomal location that by itself doesn’t seem to be mobile.
The Sl of V. cholerae strain N16961 has acquired 175 cassettes mostly encoding proteins of unknown
function, which can be rearranged or deleted. To date, it is clear that Sls represent evolutionary
hotspots in vibrios (20) (Figure 3) and that they can reach very high fluxes of incoming and outgoing
gene cassettes, which ultimately contributes to environmental adaptation (61).

Apart from these larger genomic islands, smaller horizontally moving DNA regions have also been
identified, including those related to the type V1 secretion system (T6SS) of V. cholerae (124). T6SSs
are macromolecular complexes that transport effector proteins into adjacent cells through the T6SS-
puncturing device (21). Hence, the production of T6SS results in the intoxication of neighboring cells,

except for clonal siblings that are protected through the production of suitable immunity proteins.
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The effector- and immunity-encoding genes are frequently clustered in effector/immunity (E/I)
cassettes and show clear signatures of HGT (124). Such horizontal movement of E/I cassettes was
also suggested based on the genomic comparison of non-cholera vibrios, such as V.
parahaemolyticus, V. alginolyticus, and V. campbellii (102). When transferred into V.
parahaemolyticus, an E/l cluster from V. alginolyticus could be shown to be functional,
demonstrating high compatibility between these E/I cassettes in different vibrios (102). Functionality
of exchanged E/I cassettes among two different V. cholerae isolates was also confirmed (120).
Salomon et al. therefore concluded that T6SS E/I cassettes might be shared among vibrios in their

environmental reservoirs (102).

Chitin-induced natural competence for transformation

Many bacterial species are naturally competent for transformation (Box 2), including V. cholerae,
which was shown to enter competence upon growth on chitin (83) (Figure 4). Within the last decade,
studies on the regulatory circuit of competence induction in V. cholerae established the contribution
of three environmental cues (recently reviewed by (84)): chitin/chitinous oligosaccharides, high cell
density, and the absence of catabolite-repressing sugars (7, 70, 113) (Figure 4). When all these signals
merge, the bacterium enters competence and produces a sophisticated DNA-uptake complex, which
includes a type IV pilus structure (106) and a periplasmic DNA-binding protein (107, 108), that pulls
DNA into the cells for homologous recombination (78).

DNA-uptake gene conservation was shown from a comparison of diverse Vibrio genomes (106),
which was consistent with the experimental validation of chitin-induced competence in several
vibrios (e.g., V. fischeri, V. parahaemolyticus, and V. vulnificus) (19, 88, 92). As most quorum
sensing-proficient V. cholerae strains maintain their natural transformability (Blokesch, personal
observation), except for those strains that carry transformation counter-acting MGEs (8, 27, 29), this
mode of HGT could explain the dispensable genome diversification of vibrios, especially for those

regions that do not bear hallmarks of other modes of HGT (such as prophages or ICE).
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Enhancement of HGT by environmental cues

In addition to inducing natural competence for transformation, chitin also serves as an environmental
signal to induce the T6SS of V. cholerae (10). The Blokesch group showed that the chitin-induced
T6SS killing of neighboring non-kin cells led to the release of their genetic content followed by the
immediate absorption of this DNA by the attacking bacterium, concluding that the T6SS enhances
HGT in V. cholerae (10) (Figure 4). It will be interesting to see whether such neighbor predation
followed by DNA incorporation can contribute to the spread of large DNA regions, including
genomic islands, and, potentially, whole chromosomes. Indeed, based on the population study
mentioned above, Shapiro and colleagues suggested that the small chromosome of V. cyclitrophicus
might spread horizontally, leading to the question: “how often and by what mechanism are entire
chromosomes mobilized” (110).

Apart from chitin, other cues that enhance HGT have been identified. This includes environmental
factors and antibiotics that trigger the SOS response in V. cholerae. This response alleviates the
repression of the conjugal transfer genes of ICEs, such as SXT, therefore fostering their spread (6).
Similarly, the integrase gene of the V. cholerae SI was shown to be highly activated by SOS-inducing
compounds, leading to integron cassette recombination and the transfer a previously silenced cassette
to the first position, which is the primary integrase-mediated integration site (48). Hence, SOS/stress-
induced induction of the integrase gene occurs when innovation is needed and leads to integron

recombination and HGT (48).

7. Perspective

Recent advances in next generation sequencing provided “big data”, allowing researchers to propose

interesting scenarios of bacterial population structures and the role that HGT plays in the ecology and
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evolution of prokaryotes. Future studies should, however, move from the descriptive nature of some
of these big data studies towards the testing of these novel hypotheses in experimental settings.
Indeed, while evidence for the enormous amount of HGT that occurs among most bacteria is
overwhelming, the questions on ‘why’ and ‘how’ should be a priority in the upcoming years. These
days, mechanistic aspects of the ‘how’ can be tackled through better-suited cultivation strategies,
improved genetic tools, and advanced microscopy techniques. Moreover, downsizing biological
complexity through the establishment of nature-inspired microcosm settings, which include vibrios
together with predatory cells or well-studied model organisms (79, 126), will allow us to test
important hypothesis such as the role that virulence factors might play, if any, in environmental
settings (57, 125, 132). This knowledge will be important for understanding why horizontally moving

genes and genomic islands are maintained and selected for by environmental pressures.
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TERMS AND DEFINITIONS LIST

e Horizontal gene transfer (HGT): the transfer of DNA between microbes that does not follow
vertical transmission.

e Mobile genetic element (MGE): Gene or gene clusters that can move within an organism’s
genome or horizontally to other organisms.

e Genomic island: Genome region that is part of the dispensable genome and differs in GC-content
compared to the rest of the genome.

e Pathogenicity island (PAI): Genomic island that encodes virulence factors. Mostly present in
pathogenic bacteria and absent in non-pathogenic members of same species.

e Integrative and conjugative elements (ICE): MGEs that reside in bacterial chromosomes but
maintain their ability to excise and transfer to a new host by conjugation.

e Superintegron (SI): Gene-capturing system for novel gene cassettes that leads to their storage on
a large chromosomal island.

e Type VI secretion system (T6SS): A molecular killing device used by bacteria to translocate
effector proteins into neighboring cells.
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FIGURE LEGENDS

Figure 1: The Vibrio universe. (a) In the aquatic environment, vibrios engage in organismal
interactions, which can include phages, phyto- and zooplankton, mollusks, algae, squid, and fish
(from left to right). (b) Different Vibrio species imaged by light microscopy. V.c., V. cholerae; V .h.,
Vibrio harveyi; V.t., Vibrio fischeri; V.ca., Vibrio campbellii; V .n., Vibrio natriegens; V.cy., Vibrio
cyclitrophicus; Scale bar = 2 um. (c) Biofilm formation by V. cholerae on chitinous surfaces.

Scanning electron micrograph. Scale bar = 1 um.

Figure 2: Vibrio population structures provide a framework to explore the functional unit of
virulence. Despite genetic diversity, vibrios are divided into phylogenetic clades (symbolized by
different colors; middle) with habitat preferences (left). Habitats: free-living/planktonic (blue),
associated with particles (yellow/green) or with larger organisms (red). For most human pathogens,
virulence is caused by strains that emerged after HGT and clonal expansion. In the case of oysters,

populations can be the functional unit of virulence.

Figure 3: Genome architecture and plasticity in vibrios. (a) Medium genome size of the indicated
Vibrio species: V. cholerae [29], V. anguillarum [11], V. vulnificus [12], V. parahaemolyticus [17],
V. alginolyticus [11], V. alginolyticus [11], V. natriegens [4], V. coralliliticus [4], V. campbellii [6].
Numbers in parenthesis indicate the number of closed genomes analyzed for each species. (b)
Representation of the two chromosomes of V. aestuarianus strain 02_041. The outmost circle shows
genes that are unique to this species (yellow bars; flexible genome) or common with other vibrios
(n= 229; dark blue). The 2™ circle corresponds to the location of mobility-mediating genes (e.g.,
transposases and integrases). The inner circle shows the GC skews. The location of the integrase gene
and therefore the beginning of the superintegron on the small chromosome is indicated by the red
arrow (adapted from (47)).
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Figure 4: Chitin-induced neighbor predation fosters HGT. Chitin, derived from the exoskeletons
of zooplankton, is the most abundant polysaccharide in marine environments and a preferred carbon
source of most vibrios. The bacteria chemotact towards these surfaces following a gradient of chitin
degradation products [(GICNAC).]. After attachment and microcolony formation, vibrios form
biofilms in which the bacteria are in close proximity to each other. Under such conditions, V. cholerae
produces its type VI secretion system (T6SS) killing device (middle), which allows predation of non-
kin neighboring cells. As the natural competence-induced DNA-uptake complex is concomitantly
produced (right), the prey released genetic material is absorbed by V. cholerae, which can lead to its
transformation. Images above the scheme show the different stages: Scanning electron micrographs
of motile (left image) or biofilm-forming bacteria (second image from left). Green fluorescently
labeled T6SS inside chitin-induced V. cholerae cells (imaged by light microscopy; second image
from right). Fluorescent micrograph of T6SS-attacked prey cells (green) that round up and lyse. Lysed
cells release their genetic material, which serves as transformation material for the attacking V.

cholerae (red; right image).
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Figure 1: The Vibrio universe. (a) In the aquatic environment, vibrios engage in organismal
interactions, which can include phages, phyto- and zooplankton, mollusks, algae, squid, and fish
(from left to right). (b) Different Vibrio species imaged by light microscopy. V.c., V. cholerae; V.h.,
Vibrio harveyi; V.t., Vibrio fischeri; V.ca., Vibrio campbellii; V n., Vibrio natriegens; V.cy., Vibrio
cyclitrophicus; Scale bar = 2 um. (c) Biofilm formation by V. cholerae on chitinous surfaces.
Scanning electron micrograph. Scale bar =1 pm.
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Figure 2: Vibrio population structures provide a framework to explore the functional
unit of virulence. Despite genetic diversity, vibrios are divided into phylogenetic clades
(symbolized by different colors; middle) with habitat preferences (left). Habitats: free-
living/planktonic (blue), associated with particles (yellow/green) or with larger organisms
(red). For most human pathogens, virulence is caused by strains that emerged after HGT and
clonal expansion. In the case of oysters, populations can be the functional unit of virulence.
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Figure 3: Genome architecture and plasticity in vibrios. (a) Medium genome size of the
indicated Vibrio species: V. cholerae [29], V. anguillarum [11], V. vulnificus [12], V.
parahaemolyticus [17], V. alginolyticus [11], V. alginolyticus [11], V. natriegens [4], V.
coralliliticus [4], V. campbellii [6]. Numbers in parenthesis indicate the number of closed genomes
analyzed for each species. (b) Representation of the two chromosomes of V. aestuarianus strain
02_041. The outmost circle shows genes that are unique to this species (yellow bars; flexible
genome) or common with other vibrios (n= 229; dark blue). The 2™ circle corresponds to the
location of mobility-mediating genes (e.g., transposases and integrases). The inner circle shows the
GC skews. The location of the integrase gene and therefore the beginning of the superintegron on
the small chromosome is indicated by the red arrow (adapted from (47)).
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Figure 4: Chitin-induced neighbor predation fosters HGT. Chitin, derived from the
exoskeletons of zooplankton, is the most abundant polysaccharide in marine environments and a
preferred carbon source of most vibrios. The bacteria chemotact towards these surfaces following a
gradient of chitin degradation products [(GIcNAc),]. After attachment and microcolony formation,
vibrios form biofilms in which the bacteria are in close proximity to each other. Under such
conditions, V. cholerae produces its type VI secretion system (T6SS) killing device (middle), which
allows predation of non-kin neighboring cells. As the natural competence-induced DNA-uptake
complex is concomitantly produced (right), the prey released genetic material is absorbed by V.
cholerae, which can lead to its transformation. Images above the scheme show the different stages:
Scanning electron micrographs of motile (left image) or biofilm-forming bacteria (second image
from left). Green fluorescently labeled T6SS inside chitin-induced V. cholerae cells (imaged by
light microscopy; second image from right). Fluorescent micrograph of T6SS-attacked prey cells
(green) that round up and lyse. Lysed cells release their genetic material, which serves as
transformation material for the attacking V. cholerae (red; right image).



