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In this book, we cover some of the novel advances in the diverse field of
Vibrio research. The intention of the selected chapters is to provide a wide
range of topics including some novel areas of research that can capture the
breadth of the multidimensional nature of Vibrio infections: from molecular to
epidemiological. For instance, in Chap. 2, Christopher Waters and his
colleagues review new insights into V. cholerae biofilms ranging from molec-
ular biophysics to microbial ecology. Specifically, they highlight recent
developments into V. cholerae biofilms structure, their ecological role in
environmental survival and infection, the regulatory systems that control
them, and biomechanical insights into the nature of V. cholerae biofilms.

Francis Santoriello and Stefan Pukatzki discuss the Vibrio type VI secre-
tion system (T6SS) in Chap. 3. They describe the structure of the T6SS in
different Vibrio species and outline how the use of different T6SS effector
immunity proteins controls kin selection. They summarize the genetic loci that
encode the structural elements that make up the Vibrio T6SSs and how these
gene clusters are regulated. Finally, they provide insights on T6SS-based
competitive dynamics, the role of T6SS genetic exchange in those competitive
dynamics, and roles for the Vibrio T6SS in virulence.

In Chap. 4, Sandra Sanchez and Wei-Leung Ng discuss motility control as
a possible link between quorum sensing (QS) and surface attachment in Vibrio
species. QS regulates a variety of behaviors that are important for the life cycle
of many bacterial species including virulence factor production, biofilm
formation, or metabolic homeostasis. Therefore, without QS, many species
of bacteria cannot survive in their natural environments. In their chapter, they
summarize several QS systems in different Vibrio species and discuss some
emerging features that suggest that QS is intimately connected to motility
control. They speculate that the connection between motility and QS is critical
for Vibrio species to detect solid surfaces for surface attachment.

In Chap. 5, Karl Klose and Cameron Lloyd discuss the structure and
regulation of the Vibrio flagellum and its role in the virulence of pathogenic
species. They discuss the novel insights into the structure of this nanomachine
that have recently been enabled by cryoelectron tomography. They also
highlight recent genetic studies that have increased our understanding of
flagellar synthesis specifically at the bacterial cell pole, temporal regulation
of flagellar genes, and how it enables directional motility through run—
reverse—flick cycles.
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The ever-expanding list of environmental reservoirs of pathogenic Vibrio
spp. keeps increasing. In Chap. 6, Diane McDougald and her colleagues
discuss the critical role of these reservoirs in disease. As natural inhabitants
of aquatic environments, Vibrio species have complex interactions with the
other dwellers of their native ecosystems that drive the evolution of traits
contributing to their survival. These traits also contribute to their ability to
invade or colonize animal and human hosts. In their chapter, they summarize
relationships of Vibrio spp. with other organisms in the aquatic environment
and discuss how these interactions could potentially impact colonization of
animal and human hosts.

The emergence of choleragenic V. cholerae remains a major mystery as
only one group, the pandemic group, is capable of causing cholera in humans.
In Chap. 7, Salvador Almagro-Moreno and his colleagues examine the emer-
gence of pathogenic V. cholerae and cholera pandemic dynamics. The authors
discuss the diverse molecular mechanisms associated with the evolution of
pandemic V. cholerae, including the well-known mobile genetic elements that
encode the critical virulence factors, and highlight novel discoveries that are
shedding light on the constraints behind the unique distribution of pandemic
clones. Finally, they provide an overview of the cholera pandemics from an
evolutionary perspective.

In Chap. 8, Cecilia Silva-Valenzuela and Andrew Camilli examine the role
of bacteriophages in the evolution of pathogenic Vibrios and discuss lessons
for phage therapy. Bacteriophages were discovered over a century ago and
have played a major role as a model system for the establishment of molecular
biology. Despite their relative simplicity, new aspects of phage biology are
consistently being discovered, including mechanisms for battling defenses put
up by their Vibrio hosts. The authors discuss these mechanisms and contend
that a deeper understanding of the arms race between Vibrio and their phages
will be important for the rational design of phage-based prophylaxis and
therapies to prevent against these bacterial infections.

V. vulnificus continues being an underestimated yet lethal zoonotic patho-
gen. In Chap. 9, Carmen Amaro and Hector Carmona-Salido provide a
comprehensive review of numerous aspects of the biology, epidemiology,
and virulence mechanisms of this poorly understood pathogen. They empha-
size the widespread role of horizontal gene transfer in V. vulnificus, specifi-
cally virulence plasmids, and draw parallels from aquaculture farms to human
health. By placing current findings in the context of climate change, they
contend that fish farms act as evolutionary drivers that accelerate species
evolution and the emergence of new virulent groups. They suggest that
on-farm control measures should be adopted both to protect animals from
vibriosis and as a public health measure to prevent the emergence of new
zoonotic groups.

Over the past few decades, the importance of specific nutrients and
micronutrients in the environmental survival, host colonization, and patho-
genesis of V. cholerae has become increasingly clear. For instance,
V. cholerae has evolved ingenious mechanisms that allow the bacterium to
colonize and establish a niche in the intestine of human hosts, where it
competes with commensals and other pathogenic bacteria for available
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nutrients. In Chap. 10, Fidelma Boyd and her colleagues discuss the carbon
and energy sources utilized by V. cholerae and the current knowledge on the
role of nutrition and intestinal colonization dynamics of the bacterium. They
also examine how nutritional signals affect virulence gene regulation and how
interactions with intestinal commensal species can affect intestinal
colonization.

In Chap. 11, Jyl Matson and Jay Akolkar examine the role of stress
responses in pathogenic Vibrios in host and environmental survival. Patho-
genic Vibrios are regularly exposed to numerous different stress-inducing
agents and conditions in the aquatic environment and when colonizing a
human host. Naturally, they have developed a variety of mechanisms to
survive in the presence of these stressors. The authors discuss what is
known about important stress responses in pathogenic Vibrio species and
their critical role in bacterial survival.

Ronnie Gavilan and Jaime Martinez-Urtaza provide a thorough review in
Chap. 12 on V. parahaemolyticus epidemiology and pathogenesis,
highlighting novel insights of this emergent foodborne pathogen. They
address the microbiological and genetic detection of V. parahaemolyticus,
the main virulence factors, and the epidemiology of genotypes involved in
foodborne outbreaks globally. Interestingly, the epidemiological dynamics of
V. parahaemolyticus infections remain obscure as the disease is characterized
by the abrupt appearance of outbreaks in areas where the bacterium had not
been previously detected. They discuss the recent studies that show the link
between the appearance of epidemic outbreaks of Vibrio and environmental
factors such as oceanic transport of warm waters and how recent genomic
advances allow us to infer possible biogeographical patterns of
V. parahaemolyticus.

During periods that are not conducive for growth or when facing stressful
conditions, Vibrios enter a dormant state called viable but non-culturable
(VBNC). In Chap. 13, Sariqa Hagley analyzes the role of VBNC in Vibrio
survival and pathogenesis and the molecular mechanisms regulating this
complex phenomenon. She emphasizes some of the novel findings that
make “studying the VBNC state now more exciting than ever” and its
significance in the epidemiology of these pathogens and its critical role in
food safety.

One of the best studied aspects of pathogenic Vibrios are the virulence
cascades that lead to the production of virulence factors and, ultimately,
clinical outcomes. In Chap. 14, Jon Kull and Charles Midgett examine the
regulation of Vibrio virulence gene networks from a structural and biochemi-
cal perspective. The authors discuss the recent research into the numerous
proteins that contribute to regulating virulence in Vibrio spp. such as quorum
sensing regulator HapR, the transcription factors AphA and AphB, or the
virulence regulators ToxR and ToxT. The authors highlight how insights
gained from these studies are already illuminating the basic molecular
mechanisms by which the virulence cascade of pathogenic Vibrios unfolds
and contend that understanding how protein interactions contribute to the
host—pathogen communications will enable the development of new
antivirulence compounds that can effectively target these pathogens.
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The critical role of environmental reservoirs in the distribution of patho-
genic Vibrios and how they can potentially drive outbreaks are beginning to
be understood. In Chap. 15, Brandon Ogbunugafor and Andrea Ayala explore
the increasingly appreciated contribution of birds in the spread of pathogenic
Vibrios and its epidemiological consequences. To date, eleven of the twelve
pathogenic Vibrio species have been isolated from aquatic and ground-
foraging bird species. The authors discuss the implications that these findings
have for public health, as well as the One Health paradigm. They contend that
as pathogenic Vibrios become more abundant throughout the world as a result
of warming estuaries and oceans, susceptible avian species should be contin-
ually monitored as potential reservoirs for these pathogens.

The first Vibrio genomes were sequenced 20 years ago revealing a func-
tional and phylogenetic diversity previously unimagined as well as a genome
structure indelibly shaped by horizontal gene transfer. Since then a plethora of
genomes from pathogenic isolates has been added to the databases and an
unprecedented degree of knowledge has been gleaned from them. In Chap. 16,
Martinez-Urtaza and his colleagues highlight some of the major lessons that
we have learned from Vibrio pathogen genomics in the past few decades. The
initial glimpses into these organisms also revealed a genomic plasticity that
allowed these bacteria to thrive in challenging and varied aquatic and marine
environments, but critically also a suite of pathogenicity attributes. The
authors outline how the advent of genomics and advances in bioinformatic
and data analysis techniques provided a more cohesive understanding of how
these pathogens have evolved and emerged from environmental sources, their
evolutionary routes through time and space, and how they interact with other
bacteria and the human host.

Orlando, FL Salvador Almagro-Moreno
New York, NY Stefan Pukatzki
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Abstract

The Vibrionaceae is a highly diverse family of
aquatic bacteria. Some members of this ubiq-
uitous group can cause a variety of diseases in
humans ranging from cholera caused by
Vibrio cholerae, severe septicemia caused by
Vibrio vulnificus, to acute gastroenteritis by
Vibrio parahaemolyticus. Planet Earth is
experiencing unprecedented changes of plane-
tary scale associated with climate change.
These environmental perturbations paired
with overpopulation and pollution are increas-
ing the distribution of pathogenic Vibrios and
exacerbating the risk of causing infections. In
this chapter, we discuss various aspects of
Vibrio infections within the context of the
twenty-first century with a major emphasis on
the aforementioned pathogenic species. Over-
all, we believe that the twenty-first century is
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posed to be both one full of challenges due to
the rise of these pathogens, and also a catalyst
for innovative and groundbreaking discoveries.

Keywords

Vibrio infections - Climate change - Cholera -
Global warming - Vibrio parahaemolyticus -
Vibrio vulnificus

1.1 Vibrio Infections

The Vibrionaceae encompasses a group of ubig-
uitous aquatic bacteria that inhabit freshwater,
estuarine, and marine environments (Reen et al.
2006; Baker-Austin et al. 2018; Austin et al.
2020). Some members of this family can be path-
ogenic to humans and cause the majority of
human infections caused by bacteria of aquatic
origin (Baker-Austin et al. 2018). V. cholerae
represents the best known and most widely stud-
ied pathogenic species within the Vibrionaceae. A
phylogenetically confined group of V. cholerae,
the Pandemic Group (PG), causes the severe
diarrheal disease cholera in humans (Chun et al.
2009; Boucher 2016; Shapiro et al. 2016). Toxi-
genic strains of V. cholerae belong to two
serogroups, O1 and O139, the latter being close
to extinction (Clemens et al. 2017; Kanungo et al.
2022). The O1 group can be further subdivided
into Classical and El Tor strains, with the former
having caused the first six pandemics of cholera,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
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whereas El Tor being the source of the seventh
and current pandemic (Balasubramanian et al.
2021). Other V. cholerae strains can cause spo-
radic disease in humans, known combined as
non-Ol non-O139 strains. Even though
infections by these strains are rare, they can
cause severe gastrointestinal and extraintestinal
infections (Deshayes et al. 2015). Cholera
remains a major scourge in places with limited
access to clean drinking water and poor sanitation
infrastructure cholera outbreaks are increasing in
frequency and intensity (Clemens et al. 2017;
Kanungo et al. 2022). Nonetheless, as we discuss
below, ambitious yet feasible frameworks are
being proposed to eliminate the disease in the
coming decades (Kanungo et al. 2022; Qadri
et al. 2017; Editorial Lancet Gastroenterol-
ogy Hepatology 2017; Francois 2020; Islam
et al. 2022).

Infections by non-cholera Vibrios are com-
monly known as Vibriosis. The two most com-
mon and relevant ones are caused by V. vulnificus
and V. parahaemolyticus. V. vulnificus is an
emergent zoonotic pathogen that can cause a ful-
minant septicemia in susceptible hosts. The bac-
terium is typically contracted either through
(a) the consumption of contaminated seafood, in
particular oysters, resulting in gastroenteritis or
primary septicemia or (b) exposure of wounds to
sea water or products contaminated with the bac-
terium resulting in wound infections and second-
ary septicemia. V. vulnificus is the leading cause
of seafood-associated deaths in the USA and is
endemic to the Gulf and Southeastern coast (Phil-
lips and Satchell 2017; Lépez-Pérez et al. 2021).
However, much uncertainty remains about the
virulence of the organism (Lopez-Pérez et al.
2019; Roig et al. 2018). For instance, recent
genomic surveys determined that the known vir-
ulence factors of V. vulnificus strains are wide-
spread within the species, with every strain
analyzed encoding them (Lépez-Pérez et al.
2019; Roig et al. 2018). Therefore, to date, the
specific factors that allow only certain strains
within the species to cause human disease remain
to be elucidated. Furthermore, reliable markers
that predict a high pathogenic potential of specific
strains are still lacking, rendering this organism a

S. Almagro-Moreno et al.

unique threat to public health (Baker-Austin et al.
2018; Jones and Oliver 2009; Oliver 2012, 2015).
V. vulnificus can also wreak havoc in aquaculture
farms, a setting that allows the bacterium to
quickly proliferate and be transmitted to humans.
Besides the economic losses associated with this
menace, novel hybrid strains can emerge in these
settings as evidenced by a deadly Israeli outbreak
in the 1990s (Paz et al. 2007; Amaro et al. 2015).
Overall, efforts to understand and scrutinize the
evolutionary and ecological trajectories of this
pathogen are critical to prevent this zoonotic
agent from expanding its narrow susceptible
host range and habitat preference.

V. parahaemolyticus infections are associated
with the consumption of raw or undercooked
seafood and are characterized by a severe gastro-
enteritis that is distinct from cholera. Also, unlike
V. cholerae, the bacterium cannot be transmitted
from host to host or via the fecal-oral route.
V. parahaemolyticus had been mostly restricted
to Japan until the late 1960s, since then, infections
associated with the bacterium started being
reported worldwide turning this pathogen into a
global public health concern (Baker-Austin et al.
2018; Letchumanan et al. 2014; Martinez-Urtaza
and Baker-Austin 2020). In most cases, the dis-
ease resolves without the need for treatment,
however, V. parahaemolyticus also can cause
debilitating and dysenteric forms of gastroenteri-
tis, necrotizing fasciitis, and septicemia in immu-
nocompromised patients (Baker-Austin et al.
2018; Letchumanan et al. 2014; Martinez-Urtaza
and Baker-Austin 2020; Zhang and Orth 2013).
Since the date of its identification in 1953,
V. parahaemolyticus infections have been
reported in various parts of the world, causing
outbreaks in Asia, Europe, and America. Patho-
genic strains are mostly restricted to two
serotypes, which are defined by somatic (O) and
capsular (K) antigens (Baker-Austin et al. 2018;
Letchumanan et al. 2014; Martinez-Urtaza and
Baker-Austin 2020; Zhang and Orth 2013). Spe-
cifically, the O3:K6 (sequence type 3) and O4:
K12 (sequence type 36) serotypes have been
responsible  for a large number of
V. parahaemolyticus outbreaks and are associated
with the pandemic expansion events of this
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pathogen  (Baker-Austin et al. 2018;
Letchumanan et al. 2014; Martinez-Urtaza and
Baker-Austin 2020; Zhang and Orth 2013). The
specific set of drivers that ultimately led to the
expansion of these two serogroups remains
unknown; however, molecular, and in vivo data
indicate that these strains possess increased viru-
lence capabilities compared with other
serogroups (Martinez-Urtaza and Baker-Austin
2020; Zhang and Orth 2013). Strategies to reduce
incidence of V. parahaemolyticus involve the
identification and monitoring of the environmen-
tal abiotic conditions that significantly elevate its
risk. Specifically, bivalve mollusks, such as
oysters and mussels, can harbor large
concentrations of this pathogen leading to
increased risk of infection after ingestion
(Martinez-Urtaza and Baker-Austin  2020).
Therefore, monitoring virulent strains of
V. parahaemolyticus in seafood products is a
major health safety concern that must be
prioritized to mitigate future outbreaks of this
pathogen (Martinez-Urtaza and Baker-Austin
2020).

There are other Vibrio species that can be
pathogenic to humans, however, their reduced
incidence and severity are overshadowed by the
three aforementioned pathogens. Those include
Vibrio fluvialis, Vibrio mimicus, Vibrio hollisae,
Vibrio metschnikovii, Vibrio cincinnatiensis, Vib-
rio furnissii, or more commonly Vibrio
alginolyticus, which can cause gastroenteritis,
wound, or ear infections (Baker-Austin et al.
2017, 2018). Nonetheless, the number of cases
associated with some of these species such as
V. alginolyticus or V. fluvialis continue increasing
suggesting a potential source of concern over the
coming years. Unfortunately, there are no global
surveillance frameworks that systematically
gather epidemiological data on pathogenic
Vibrios, and very few countries have dedicated
surveillance systems for them (Newton et al.
2012; Janda et al. 2015). Critically, it is impera-
tive in order to prevent the unpredicted appear-
ance of Vibrio outbreaks to prioritize the
development of frameworks to assess the spread

and distribution of these potential pathogens. Fur-
thermore, monitoring is needed to reduce the
impact that emergent strains or novel pathogenic
species within the Vibrio group might have in
human populations and aquaculture settings.

1.2  Vibrios and the Environment
In their natural environment, pathogenic Vibrios
can be frequently found associated with other
aquatic dwellers such as copepods and
crustaceans (Huq et al. 1983; Tamplin et al.
1990; de Magny et al. 2011; Turner et al. 2014),
arthropods and chironomid egg masses (Broza
and Halpern 2001; Purdy and Watnick 2011),
cyanobacteria (Epstein 1993; Greenfield et al.
2017; Reddi et al. 2018), shellfish (Phillips and
Satchell 2017; Twedt et al. 1981; Hood et al.
1981; de Sousa et al. 2004), waterfowl (Halpern
et al. 2008), or fish (Amaro et al. 2015;
Senderovich et al. 2010; Novoslavskij et al.
2015; Messelhdusser et al. 2010). In addition,
Vibrios generally face a wide range of abiotic
and biotic stressors that pose a threat to their
survivability such as nutrient limitation, pH
changes, temperature, and salinity fluctuations,
or protozoal grazing and phage predation
(Almagro-Moreno and Taylor 2013; Lutz et al.
2013; Jayakumar et al. 2020). It appears that some
of the mechanisms that allow these bacteria to
colonize and persist in their natural environment
provide preadaptations for virulence in the human
host (Phillips and Satchell 2017; Zhang and Orth
2013; Broberg et al. 2011; Sakib et al. 2018;
Cabanyero and Amaro 2020).

During adverse environmental conditions
(e.g. antibiotic exposure, nutrient limitation)
Vibrio cells enter a non-sporulating protective
dormant state that enhances their survival and
long-term  persistence called viable but
nonculturable (VBNC) (Almagro-Moreno and
Taylor 2013; Lutz et al. 2013; Jayakumar et al.
2020). When external conditions become
favourable (e.g. nutrient influx, reduction of
antibiotics) dormant cells can recover from the



VBNC state, a phenomenon also known as awak-
ening or resuscitation. VBNC cells pose a major
public health risk, as these pathogens can be
found in this state during interepidemic periods,
furthermore, they are a difficult to detect and
eradicate source of food and water contamination
(Almagro-Moreno and Taylor 2013; Lutz et al.
2013).

The growth and overall distribution of patho-
genic Vibrios is severely affected by external
environmental conditions. Vibrio infections natu-
rally have very marked seasonal distribution as
their abundance is primarily driven by increased
temperature, salinity, and rainfall events (Huq
et al. 1984, 2013; Lobitz et al. 2000). During
warm summer months, Vibrios populations expe-
rience drastic blooms, which increase the likeli-
hood of susceptible individuals to become in
contact with them and contract the diseases
associated with their pathogenic species. Further-
more, extended periods of warm weather, driven
by climate change, have provided suitable
conditions for the proliferation of pathogenic Vib-
rio spp. (Baker-Austin et al. 2018; Austin et al.
2020). As we discuss below, a multidecadal study
recently demonstrated a steady increase in the
abundance of pathogenic Vibrios, including
V. cholerae, over the past half-century (Vezzulli
et al. 2016). Furthermore, some water bodies are
warming up faster than the global average such as
the Baltic Sea, the White Sea, and those along the
US east coast, posing a very high risk of Vibrio
infections (Baker-Austin et al. 2013; Martinez-
Urtaza et al. 2013; Rice and Jastram 2014).
These patterns only exacerbate the problem of
the emergence and reemergence of pathogenic
Vibrios, the spread of virulence genes and their
proliferation (Trinanes and Martinez-Urtaza
2021).

1.3  Life on a Warming Planet:
Climate Change and the Global

Vibrio Expansion

Human activity since the beginning of the indus-
trial age has had an unprecedented impact on
climate and on the future of life on the planet.
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The combustion of coal and other fossil fuels has
generated levels of greenhouse gases that has
caused a deep change on global climate patterns
with impacts being perceptible at all ecological
scales. The effects of climate change have a
strong regional component, with geographical
areas showing a faster rate of warming than
others. In general terms, warming is having a
greater effect on marine ecosystems because
oceans capture more than 90% of all the heat
(Zanna et al. 2019). In coastal areas, the most
relevant impacts of climate change include the
increase of temperatures, frequency of extreme
weather events, and rise of sea level. Some areas
are experiencing faster warming rates than others
(Lima and Wethey 2012). For instance, the Baltic
Sea, the Mediterranean Sea and the Northeastern
USA are three marine regions with warming rate
above the global average (Karmalkar and Horton
2021). Events of extreme weather, such as heat
waves or torrential rains have a strong impact on
coastal areas due to their shallow waters. Extreme
weather rapidly influences temperature and salin-
ity conditions in adjacent areas capturing the heat
or assimilating the rainwater, causing a rise in
temperature or sudden drops in salinity. The
thawing of ice masses at the poles and large
glaciers is mobilizing large masses of fresh
water into the oceans with drastic consequences
for oceanic currents, as well as generating a rise in
sea water level that is causing the flooding of
shorelines globally (Llovel et al. 2019).

Not every living organism is being affected
negatively by climate change. For instance,
some insects, such as mosquitoes, are being
favoured by this new climatic situation with
higher temperatures and higher humidity that
facilitates the expansion towards the poles and
they occupy new ecological niches at high
latitudes that until recently were not suitable for
these organisms. Interestingly, from the many
examples of species benefitting from the
conditions imposed by climate change, Vibrios
have emerged as a barometer of climate change
(Baker-Austin et al. 2017). Vibrio species have
some of the fastest growth rates among bacteria
(Joseph et al. 2008; Aiyar et al. 2002). This key
characteristic shared by all members is critical to
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understand their adaptive ecological success and
pathogenic potential (Baker-Austin et al. 2017).
Under favourable conditions, Vibrios can double
their populations in a matter of minutes. This
facilitates their expansion and rapid occupation
of new niches, which provides the ideal
conditions to trigger infections (Baker-Austin
et al. 2013). The shift in ecological conditions
has two major potential effects on Vibrio
populations: (a) increase the seasonal abundance
(occurrence for longer periods) and (b) an expan-
sion of their distribution range towards the poles.

Recent studies demonstrate the impacts of cli-
mate change on Vibrio populations showing the
steady expansion of these species across coastal
areas worldwide during the last 30 years (Baker-
Austin et al. 2018). Around 71% of the world's
coastal areas are warming at different rates. In the
waters of enclosed or nearly enclosed seas
(e.g. Mediterranean Sea or Gulf of Mexico), the
rate of warming is even greater than the one in the
oceans (Dutheil et al. 2022). As a result of these
changes, the number of days with suitable
conditions for the presence of Vibrio in shorelines
across the planet has increased since the 1980s by
about 10%. Vibrios have been identified in areas
located at high latitudes as suitable ecological
conditions have been amplified toward the poles
reaching areas near the Arctic Circle (Baker-
Austin et al. 2013, 2016). Recent progress in our
understanding of the ecology of Vibrio has been a
key element in the development of new
frameworks for the construction of models to
generate epidemiological and predictive tools
(Semenza et al. 2017). For instance, these tools
aid at remotely identifying areas with favourable
ecological conditions for Vibrio growth and dis-
persal based on environmental data obtained from
satellites and other remote sensing technologies
(Semenza et al. 2017). The use of environmental
data that dates back to the pre-industrial period
together with the application of advanced climate
models, has been combined to build a new gener-
ation of monitoring systems that enable to recon-
struct the past, understand the present and predict
the future of the environmental conditions for
Vibrio on the planet (Trinanes and Martinez-
Urtaza 2021). These studies show that the extent

of coastal zones favourable for Vibrio remained
relatively stable until 1980. Since then, the expan-
sion of Vibrios has been increasing rapidly and in
parallel to the rate of global warming, with an
expansion towards the poles. Suitable periods for
the occurrence of Vibrio have been amplifying at
arate of 1 month every 30 years. Furthermore, the
distribution of these bacteria is reaching new
areas that were considered adverse for the pres-
ence of Vibrio only a few years ago (Fig. 1.1). In
fact, at the current rate of warming, their distribu-
tion is expected to extend about 38,000 km by the
year 2100 (Fig. 1.1) (Trinanes and Martinez-
Urtaza 2021).

Global human populations living in coastal
regions with suitable conditions for Vibrio grew
over the past century and reached an estimated
value of 610 million people by 1980 (Trinanes
and Martinez-Urtaza 2021). The projection for
2020 duplicated the estimate for 1980, ranging
from 1107 to 1133 million according to different
scenarios (Trinanes and Martinez-Urtaza 2021).
This trend is expected to continue to increase until
2050 and after this point simulations show a
stabilization in the projections or even a slight
decline (Trinanes and Martinez-Urtaza 2021).
Population at risk for Vibrio infections in suitable
regions almost doubled from 1980 to 2020 (from
610 million to 1100 million), although the incre-
ment will be more moderate in the future, and it is
expected to reach stable conditions after 2050 at
1300 million (Trinanes and Martinez-Urtaza
2021). According to these estimates, the global
estimate for non-cholera Vibrio infections would
be around half a million of cases worldwide in
2020. Geographical areas with the largest popula-
tion at risk are in coastal areas of the north of
Europe, southeast Asia, the Gulf of Guinea, the
Atlantic northeast, the Pacific northwest, and
some specific hot spots in the Gulf of Venice,
the south coast of the Black Sea, and coastal
areas of Egypt (Trinanes and Martinez-Urtaza
2021). New regions for populations at risk
identified in high latitudes in the northern hemi-
sphere (Russia and Canada) are a clear indication
of the poleward expansion of Vibrio infections
(Fig. 1.1). However, projections indicate that the
growth trend in the number of cases will be
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Fig. 1.1 Suitable Vibrio habitats over time. Changes in
the extent (in thousands of km) of coastal areas with
suitable ecological conditions for Vibrio in the planet
since the pre-industrial period (1840), and distribution of

weakened for the next decades primarily due to
(a) the stabilization of the world population in
regions with Vibrio risk and (b) the low popula-
tion in new areas at high latitudes reaching
favourable conditions for Vibrio.

1.4  The Future of Cholera

Cholera is an ancient disease that remains a major
scourge in places with limited access to clean
drinking water, poor sanitation practices or social
unrest (Kanungo et al. 2022; Lancet 2017; Grant
et al. 2021). Estimates indicate that the disease
continues to infect over 3 million people and kill
over 100,000 per year (Kanungo et al. 2022;
Islam et al. 2022). Nonetheless, the real disease
burden is difficult to calculate due to the large
number of cases that remain unreported. Cur-
rently, cholera remains endemic and continues
to be reported from several countries in Asia
(Bangladesh, India, Philippines, and Myanmar),
Africa (Cameroon, Democratic Republic of
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Congo, Kenya, Somalia, Sudan, and
Mozambique), the Caribbean (Haiti) and the Mid-
dle East (Yemen and Syria) (Kanungo et al. 2022;
Islam et al. 2022). Recent outbreaks of epidemic
cholera due to war and/or natural disasters have
been reported in refugee camps in Bangladesh,
Syria, Yemen, and Lebanon (Kanungo et al.
2022; Islam et al. 2022; Connolly et al. 2004).
For instance, human displacement due to a civil
war in Yemen led to the largest cholera outbreak
recorded in human history (Qadri et al. 2017,
Lancet 2017).

The Global Roadmap to 2030 proposes to
end the disease within this decade and suggests
a comprehensive approach based on (a) early
detection of cholera cases and prompt responses
to contain outbreaks, (b) a targeted multisectoral
approach to prevent disease recurrence, and (c) an
effective and coordinated mechanism for techni-
cal support, mobilization of resources and
partnerships at local and global levels (Kanungo
et al. 2022; Islam et al. 2022). This approach must
be cheap and must require limited expertise to be
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widely implemented. Furthermore, it must be
delivered and maintained on the ground by com-
munity health workers and should include rapid
diagnostics, real-time reporting, and proper treat-
ment for mild and severe cases (Islam et al. 2022).

There are two complementary approaches for
the prevention and control of cholera: (1) Short
term, Oral Cholera Vaccines (OCVs), as they
provide faster but temporary protection, rapid
diagnostics and real-time reporting, and
(2) Long term, the WASH framework, which
stands for improving water, sanitation, and
hygiene. The latter lacks immediacy but can
lead to sustained reductions in transmission of
V. cholerae O1.

1. Short term

(@) OCYVs. Three types of OCVs are avail-
able:  killed  whole-cell  vaccines
(Shanchol and  Euvichol), killed
whole-cell vaccines with a recombinant
B subunit (Dukoral), and a live attenuated
vaccine (Vaxchora) (Clemens et al. 2017,
Bhattacharya et al. 2013; Clemens et al.
1988; Sur et al. 2009, 2011; Baik et al.
2015; Bi et al. 2017). The latter two are
primarily used by people travelling to
cholera-endemic areas, whereas
Shanchol and Euvichol are the OCVs
used during cholera outbreaks. OCVs
stockpiles were created after the cholera
outbreaks in Zimbabwe and Haiti to facil-
itate and ease the supply of vaccines dur-
ing emergencies. The number of doses
has increased from 2 million per year
(2013), to 25 million (2021); however,
given the large demand of OCVs, vaccine
supply must increase over the coming
years to lead to a lasting effect on the
disease.

(b) Rapid diagnostics and real-time
reporting. Rapid diagnostic tests should
be used in the home of patients with
suspected cases of cholera using some
of the tests that are currently available,
such as Cholkit (Incepta
Pharmaceuticals) and Crystal VC
(Arkray Healthcare) (Chowdhury et al.
2021). Even though these tests do not

always provide 100% accuracy, they are
inexpensive and widely accessible. The
WHO’s global task force has developed
a cell phone-based app for cholera
reporting: GTFCC cholera (Islam et al.
2022). The app acts as a real-time
reporting method after a case is identified
in the field and notifies health authorities
helping map disease transmission and
evaluate control strategies.

(c) Treatment. Patients with mild to moder-
ate signs of dehydration can be effec-
tively treated at home with an oral
rehydration solution plus zinc (Davies
et al. 2017; Pietroni 2020; Sousa et al.
2020). If a patient is deemed to have
severe dehydration, they must be referred
to a local hospital and receive immediate
intravenous fluid replacement over three
hours for adults and six hours for children
less than 1 year of age (Davies et al.
2017; Pietroni 2020; Sousa et al. 2020).
Antibiotics should be used only in
patients with severe dehydration, options
including macrolides, fluoroquinolones,
and tetracycline (Davies et al. 2017;
Pietroni 2020; Sousa et al. 2020).
Azithromycin can be used prophylacti-
cally for household contacts after cholera
detection in a home as it is effective both
for the treatment of cholera and in
preventing colonization of V. cholerae
in the gut.

2. Water, sanitation, and hygiene framework
(WASH). Numerous basic characteristics of
cholera outbreaks are shared among settings
(e.g. the pathophysiology of the disease, the
waterborne nature of transmission, etc.).
Nonetheless, recent findings suggest that
transmission within households in endemic
settings may play a larger role in cholera
outbreaks than previously appreciated
(D’Mello-Guyett et al. 2020; Sugimoto et al.
2014; Meszaros et al. 2020). Focused
interventions around the households of medi-
cally attended patients with cholera represent
an efficient way of interrupting transmission
(Ratnayake et al. 2020). Specifically,



approaches that include WASH interventions
have been shown to reduce the duration of
outbreaks at a community scale in Haiti
(Michel et al. 2019). Furthermore, mathemati-
cal models of cholera that incorporate trans-
mission within and between households show
that variation in the magnitude of household
transmission changes multiple features of dis-
ease dynamics, including the severity and
duration of outbreaks (Meszaros et al. 2020).
Importantly, integrating household transmis-
sion into cholera models influences the effec-
tiveness of possible public health interventions
(e.g. water treatment, antibiotics, OCVs)
indicating vaccine interventions are more
effective than water treatment or antibiotic
administration when direct household trans-
mission is present.

Approximately 1.6 billion people in the world
live without safe water at home and 2.8 billion
people without safe sanitation. Major infrastruc-
ture improvements, including piped water and
sewage systems, are needed in order to achieve
potential elimination of cholera as it was previ-
ously achieved in parts of Latin America and
Europe (Balasubramanian et al. 2021). Nonethe-
less, while these are implemented, there are several
smaller-scale WASH interventions that can be
used to reduce cholera risk. For instance, safe
storage of water systems and point-of-use water
treatment, provision of sanitation facilities and
campaigns targeted at increasing handwashing
and other sanitary practices (Kanungo et al. 2022;
Balasubramanian et al. 2021; Islam et al. 2022).
These smaller-scale interventions can lead to sus-
tainable reductions in cholera incidence and will
ease the implementation of longer term ones that
will lead to the control and eventual demise of this
scourge.

1.5 Emergence of Novel
Pathogenic Variants: Vibrio

vulnificus and Aquaculture

Aquaculture is one of the fastest-growing global
food industries, accounting for more than 50% of
the world’s fish supply. Most of this development

S. Almagro-Moreno et al.

has occurred in the past 50 years and is projected
to rise significantly to meet the accelerating
demand for seafood (Ahmad et al. 2021; Botta
et al. 2020). However, the environmental
implications of such a dramatic increase are
far-reaching as the expansion of this industry
has led to reduced land availability, nutrient
over-enrichment, release of toxic chemicals into
the ecosystem, and threats to the food chain
(Ahmad et al. 2021; Botta et al. 2020). Moreover,
the excessive use of antibiotics to control
infections in fish farms has majorly influenced
the occurrence and spread of antimicrobial resis-
tance among many marine bacterial species
(Elmahdi et al. 2016; Ibrahim et al. 2020).
Heavy reliance on antibiotics, over-intensive
exploitation of aquaculture, and unrestricted

industrialized  practices  have  ultimately
contributed to the emergence of several
aquaculture-associated  diseases (Sanches-

Fernandes et al. 2022; Sony et al. 2021; Deng
et al. 2020).

Vibriosis is one of the most prevalent bacterial
diseases affecting a diverse array of marine
organisms (Sony et al. 2021; Chatterjee and
Haldar 2012). The economic losses associated
with diseases in aquaculture were estimated to
have been over $3 billion per year by 1997 and
have nearly tripled in the last two decades to over
$9 billion per year (Sanches-Fernandes et al.
2022; Chatterjee and Haldar 2012; Novriadi

2016). Several members of the family
Vibrionaceae, including V. vulnificus,
V. parahaemolyticus, V. harveyi,

V. alginolyticus, and V. anguillarum, have been
linked to vibriosis in marine species (Deng et al.
2020; Chatterjee and Haldar 2012). For instance,
over two-third of disease cases reported in the
Epinephelus spp. of fish are due to
V. parahaemolyticus and V. anguillarum
infections (Deng et al. 2020). V. alginolyticus
and V. harveyi infections in China, the largest
aquaculture market in the world, exhibit mortality
rates as high as 80% (Deng et al. 2020).
V. vulnificus has been associated with drastic
mortality rates in aquaculture-raised marine spe-
cies including Anguilla spp., tilapia, and shrimp
(Amaro et al. 2015; Rippey 1994; Fouz and
Amaro 2003; Mahmud et al. 2010; Chen et al.
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2006; Longyant et al. 2008). Overall, vibriosis
has led to a significant decline in fish health and
production globally, posing a significant threat to
the aquaculture industry.

V. wvulnificus, one of the most frequently
isolated Vibrio spp. from diseased seafood, is
also the leading cause of non-Cholera, Vibrio-
associated infections in humans (Phillips and
Satchell 2017; Jones and Oliver 2009; Cabanyero
and Amaro 2020). The annual case counts of
V. vulnificus infections in humans have steadily
increased over the past 20 years in the USA
(Phillips and Satchell 2017), over 75% of which
occur during summer (Wright et al. 1996; Givens
et al. 2014). This high incidence rate strongly

coincides with increased prevalence of
V.  vulnificus in estuarine environments
corresponding to the high sea surface

temperatures (>20 °C) and low-to-moderate
salinities (525 ppt) encountered during that sea-
son (Wright et al. 1996; Givens et al. 2014;
Levine et al. 1993; Bisharat et al. 1999; Tilton
and Ryan 1987). Recent reports further demon-
strate an upsurge in the worldwide distribution
and abundance of V. vulnificus in correlation
with increasing sea surface temperature and cli-
mate change (Paz et al. 2007; Baker-Austin et al.
2017; Kaspar and Tamplin 1993). This has led to
disease outbreaks in regions with no prior history
of V. vulnificus infections (Paz et al. 2007; Baker-
Austin et al. 2017; Kaspar and Tamplin 1993).
Furthermore, recent studies underline a strikingly
high diversity and recombination rates in
V. vulnificus populations (Fig. 1.2) (Lépez-Pérez
et al. 2019, 2021). This is particularly worrisome
as practices such as aquaculture can lead to the
emergence of hybrid strains (Fig. 1.2). The most
prominent example of this is the V. vulnificus
outbreak in Israel stemming from a novel hybrid
clade. Between the years 1996-1997, 62 cases of
wound infection and bacteremia were recorded in
Israel, the majority of which occurred during the
summer months of Aug-Oct (Bisharat et al.
1999). Interestingly, all 62 patients reported con-
tact with aquaculture-reared tilapia fish. Molecu-
lar typing and phenotypic characterizations

showed that the causative agent was a new
bio-group of V. wvulnificus, Biotype 3 (BT3)
(Bisharat et al. 1999; Zaidenstein et al. 2008).
All cases reported in this period were caused by
BT3 strains associated entirely with tilapia or carp
aquaculture. Typing and molecular evolutionary
analyses show that members of the new BT3 are
hybrid organisms evolved through the acquisition
of genes from two distinct and independent
populations, BT1 and BT2 (Bisharat et al.
2005). Although BT3 strains exhibit a high
degree of genetic homogeneity, they are distinct
from BT1 and BT2. For the first time, it was
evidenced that close contact between two distinct
populations led to the emergence of an infectious
outbreak caused by a new pathogenic variant.
Prior to the 1996 outbreak, no cases of
V. vulnificus human infections were reported in
Israel. However, a single strain of halophilic bac-
teria that caused wound infection in a male patient
after handling fish was reported in 1981, which
proved to be genetically identical to the BT3
strains isolated after the 1996 outbreak (Paz
et al. 2007). This suggested that the pathogen
has been circulating within these water reservoirs
long before the disease outbreak in 1996.
Investigations assessing changing trends of
V. vulnificus infections in Israel have reported
patterns of increasing disease severity with rising
sea surface temperatures, with more than 55% of
cases occurring in patients with no known under-
lying diseases (Zaidenstein et al. 2008). Rising
water temperatures fueled by climate change in
the area could have increased prevalence of
V. vulnificus populations over time, ultimately
leading to the emergence of the disease outbreak
in 1996 (Paz et al. 2007). Overall, given the
distinctively high genome plasticity of this patho-
gen paired with the unexpected outcomes
associated with manmade environmental changes
and practices such as aquaculture, makes
V. vulnificus a major threat to human health for
which no effective therapeutic or surveillance
strategies are available. The emergence of highly
pathogenic hybrid variants of other Vibrio spp.
could be a clamoring hazard in the coming
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decades that, as highlighted below, can only be
exacerbated by the effects of climate change.

1.6  Vibrio Population Dynamics
and Climate Change: The Vibrio

parahaemolyticus Paradigm

To date, our understanding of the actual impacts
that climate change has on Vibrios at the
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population and evolutionary level is still limited.
For example it remains to be determined whether
the colonization of new geographical areas is
introducing any change on the effective popula-
tion size of Vibrio populations. It is also possible
that this expansion is the result of the dispersal of
certain genetic variants that are adaptively suc-
cessful in colonizing new areas, increasing the
population census but with no effects on the
effective population size. It remains to be
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addressed whether any recent event in the planet
linked to human activity or initiated by natural
causes facilitated the restructuring of Vibrio
populations with the consequent effects on the
demography and evolution of these populations.
A major limiting factor to address these questions
is our inadequate knowledge on the demographic
oscillations and evolutionary histories of Vibrio
populations. Vibrio species are characterized by a
high genetic diversity, a highly variable genome
rich in accessory genes, one of the highest recom-
bination rates among all bacteria, and poorly
structured populations as a consequence of their
unique evolutionary dynamics (Roux and
Blokesch 2018; Yang et al. 2019a). The high
genetic diversity and large pangenomes (the
entire set of genes from all strains) are partly
defined by their complex lifestyle. Their presence
in habitats with very different conditions
(e.g. seawater, plankton microbiome, human
gut) requires a very large and diverse genetic
repertoire to adapt effectively to these diverse
environments and survive under highly variable
conditions (Vazquez-Rosas-Landa et al. 2020).
Similar to other free-living organisms, Vibrios
are characterized by their large pangenomes and
effective population size, which typically
correlates with the efficacy of natural selection.
In particular, V. parahaemolyticus has an effec-
tive population size greater than 10®, which ranks
it among the largest among all bacteria. This
species also exhibits high recombination rates
which  progressively  erase = non-random
associations between markers (linkage disequilib-
rium) and result in a less structured population in
anear state of panmixia (in opposition to clonality
characterized by very little or no genetic diversity
among isolates) (Smith et al. 1993; Shapiro 2016;
Yang et al. 2019b; Cui et al. 2020). The large
availability = of complete  genomes  of
V. parahaemolyticus from global populations
has enabled us to identify signals of the potential
impacts of human activity on changes in demog-
raphy or population structure of pathogenic
Vibrios. The analysis of 1103 genomes revealed
that the diversity patterns of V. parahaemolyticus
populations are consistent with having arisen by
progressive divergence through genetic drift

1

during geographic isolation over most of its evo-
lutionary history (Yang et al. 2019a). However,
these analyses show that the genetic barriers
keeping these populations isolated have been
recently eroded by human-related activities or
natural events that have enabled long-distance
dispersals of local variants (Yang et al. 2019a).
This dispersion has contributed to the introduc-
tion of new genetic variants in remote areas and
the genetic exchange and overlap between differ-
ent populations, consolidating a change in the
biogeographical distribution of
V. parahaemolyticus. Analyses based on time-
calibrated divergence trees estimate that the pro-
cesses of genetic mixing between the different
populations occurred as recent as the past decades
(Yang et al. 2019a).

Taken together these results indicate that
human activity and/or recent profound ecological
changes are responsible for the shift in the global
distribution pattern of V. parahaemolyticus
populations. Clearly certain human activities
such as shipping, the global market of aquaculture
products, or the increased migratory flows
between continents may have contributed total
or partially to the observed changes in these
populations. All these activities have been
intensified during the last decades and have
originated a flow of water masses and living
organisms from one continent to another. But
natural causes, such as changes in plankton distri-
bution patterns or ocean currents may also con-
tribute to intensify long-distance migrations
(Frémont et al. 2022). Climate change is
restructuring the biogeography of plankton
communities in the oceans at all scales, from
viruses to mesozooplankton, and ocean currents
are accelerating in response to warming (Richter
et al. 2022). These complex and globally
interconnected processes may be influencing a
shift in the distribution of Vibrio populations
given their planktonic nature and their connection
to migratory process of other marine organisms.
In the future, it is essential to introduce
improvements into population analyses with the
use of a more comprehensive collection of
genomes and community structures
(e.g. metagenomes) covering understudied areas
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of the world in the existing repositories. Further-
more, the development of novel sets of tools to
analyze bacterial populations is essential to have a
more robust inference of the basic parameters of
these population genetics. Another key area of
research will be the study of the biological
dynamics of Vibrio in offshore waters, including
oceans, to explore the possible existence of cross-
oceanic migrations. Oceanic biological corridors,
similar to those that exist for other species of
plankton or fish, would break the genetic isolation
and contribute to the dispersal of Vibrio
populations, including those with pathogenic
potential, with major consequences towards the
global burden of Vibrio diseases.
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Abstract

With the discovery that 48% of cholera
infections in rural Bangladesh villages could
be prevented by simple filtration of unpurified
waters and the detection of Vibrio cholerae
aggregates in stools from cholera patients it
was realized V. cholerae biofilms had a central
function in cholera pathogenesis. We are cur-
rently in the seventh cholera pandemic, caused
by Ol1 serotypes of the El Tor biotypes strains,
which initiated in 1961. It is estimated that
V. cholerae annually causes millions of
infections and over 100,000 deaths. Given
the continued emergence of cholera in areas
that lack access to clean water, such as Haiti
after the 2010 earthquake or the ongoing
Yemen civil war, increasing our understanding
of cholera disease remains a worldwide public
health priority. The surveillance and treatment
of cholera is also affected as the world is
impacted by the COVID-19 pandemic, raising
significant concerns in Africa. In addition to
the importance of biofilm formation in its life
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cycle, V. cholerae has become a key model
system for understanding bacterial signal
transduction networks that regulate biofilm
formation and discovering fundamental
principles about bacterial surface attachment
and biofilm maturation. This chapter will high-
light recent insights into V. cholerae biofilms
including their structure, ecological role in
environmental survival and infection, regu-
latory systems that control them, and bio-
mechanical insights into the nature of
V. cholerae biofilms.

Keywords

Biofilm - Vibrio cholerae - Biofilm structure -
Biofilm regulation

The Structure
and Developmental Process
of V. cholerae Biofilms

2.1

The bacterial pathogen Vibrio cholerae is a
worldwide pandemic that is responsible for
millions of infections and 100,000 deaths (Hu et al.
2016; Ganesan et al. 2020). Disruptions to infra-
structure or public health exacerbate cholera
infections (Enserink 2010; Kuna and Gajewski
2017; Owoicho et al. 2021; Hassan and Nellums
2021). Here we review the role biofilm formation
plays in the persistence and spread of
V. cholerae. The developmental cycle of biofilms
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is initiated by planktonic cells approaching and
subsequently attaching to a solid surface (Hall-
Stoodley et al. 2004). In the process, many factors
including temperature, surface chemistry,
nutrients, and environmental fluid flow can affect
the mechanism and strength of bacterial adhesion
to surfaces (Bos et al. 1999). The initial attach-
ment of V. cholerae cells to a surface is mediated
by the type IV mannose-sensitive hemagglutinin
(MSHA) pilus and flagellum (Floyd et al. 2020;
Utada et al. 2014). MSHA pilus is a dynamic
extendable and retractable filamentous append-
age, whose activity is controlled by cyclic
di-GMP (c-di-GMP), a widespread second mes-
senger in bacteria that is a linchpin cue for induc-
ing a biofilm lifestyle (discussed more in detail in
Sect. 2.3). MSHA pilus and flagellum synergisti-
cally modulate V. cholerae swimming motility
near a surface and the eventual attachment. Fric-
tional forces between MSHA pili and the surface
result in two distinct surface-specific motility
modes: “roaming,” characterized by meandering
trajectories due to low friction interactions, and
“orbiting,” characterized by repetitive high-
curvature orbits and longer loiter time due to
high friction interactions. Only orbiting cells
eventually transition to irreversible attachment
and develop into microcolonies (Floyd et al.
2020; Utada et al. 2014).

A key surface that V. cholerae interacts with in
the environment 1is chitin, and several
mechanisms are implicated in attachment to chitin
surfaces. The Type IV ChiRP pilus, which is
necessary for bacterial competence, contributes
to attachment to chitin surfaces (Meibom et al.
2004; Adams et al. 2019). Another important
colonization factor is GbpA, which mediates
attachment to chitinous and epithelial cell
surfaces by binding to the GIcNAc residues
(monomer of chitin) and V. cholerae cell surface
through separate domains. GbpA thus plays a
significant role in colonization of chitin in the
natural habitat and host intestine (Kirn et al.
2005; Wong et al. 2012). The toxin co-regulated
pilus (TCP), another Type IV pilus encoded by
V. cholerae, is most often associated with coloni-
zation of the small intestine as null mutations in
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TCP have a severe colonization defect (Thelin
and Taylor 1996). However, TCP also mediates
adherence of V. cholerae to chitin surfaces,
although it does not appear to do so directly but
perhaps by mediating cell-to-cell attachment
(Reguera and Kolter 2005). Such an environmen-
tal role for TCP, which also functions as the
receptor for the CTX phage that encodes cholera
toxin (CT), suggests that this dual function is an
evolutionary driver of V. cholerae pathogenesis
(Reguera and Kolter 2005).

V. cholerae Biofilm Matrix

Upon initial attachment, V. cholerae cells adhere
robustly to both biotic and abiotic surfaces
(Watnick et al. 1999; Fong and Yildiz 2007;
Shikuma and Hadfield 2010) and the surface-
attached cells begin to construct a three-
dimensional (3D) structure through proliferation
and production of extracellular polymeric
substances (EPS), which form a highly hydrated
polymer matrix in which cells are embedded. The
structural integrity of V. cholerae biofilms is crit-
ically dependent on the production of the biofilm
matrix (Flemming and Wingender 2010; Teschler
et al. 2015). Multiple components in V. cholerae
biofilm matrix have been identified, including the
key polysaccharide, Vibrio polysaccharide
(VPS), and three accessory matrix proteins,
RbmA, Bapl, and RbmC (Fig. 2.1) (Teschler
et al. 2015). When biofilm cells face environmen-
tal challenges such as nutrient limitation, they
undergo dispersal such that the biofilm develop-
ment cycle is reinitiated on a new favorable sur-
face (Rumbaugh and Sauer 2020).

Among the matrix components of V. cholerae
biofilm, VPS plays the dominant role in defining
the biofilm structure of V. cholerae and the func-
tioning of all accessary proteins is dependent on
VPS (Fig. 2.1) (Fong et al. 2010). In response to
environmental stresses, V. cholerae cells can
develop phenotypically different colonies
on agar: rugose and smooth colonial variants
(Morris et al. 1996; Wai et al. 1998; Yildiz and
Schoolnik 1999). Many studies suggest that the
rugose phenotypes are associated with an ele-
vated level of VPS production. The synthesis
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RbmC, Bap1l, VPS
cluster envelope

RbmA

Fig. 2.1 V. cholerae biofilm structure and matrix
components. (a) 3D architecture of a V. cholerae biofilm
obtained through high-resolution scanning confocal laser
microscopy. Images are pseudo-colored in blue (cells),
gray (RbmA), red (RbmC), and green (Bapl). RbmA
localizes around and within the cell cluster, whereas

and secretion of VPS are carried out by the
products of vps-1 and vps-II gene clusters (Fong
et al. 2010). The chemical nature of VPS contains
glucose, galactose, N-acetylglucosamine, and
guluronic acid, and VPS is made of repeating
units of an acetylated tetrasaccharide which is
unique to V. cholerae (Yildiz et al. 2014;
Reichhardt et al. 2015).

Among the other matrix components, RbmA is
a well-characterized accessory protein, which was
first discovered as a secreted protein that
modulates the morphology of V. cholerae
colonies on agar plates (Fong et al. 2006).

Bapl and RbmC encase the cell clusters. The Bapl signal
is also concentrated at the biofilm-substratum interface. (b)
Zoomed-in view of the box region in (a). The red arrow
indicates one cell cluster. (¢) Proposed model of biofilm
development in V. cholerae. This figure is adapted with
permission from Berk et al. (2012)

RbmA was subsequently shown by in situ
immunostaining and high-resolution microscopy
to adhere biofilm cells to each other (Fig. 2.1)
(Absalon et al. 2011; Berk et al. 2012). Structural
and genetic work further demonstrated that
RbmA binds VPS directly and uses a binary
structural switch with its fibronectin type III
(FnIIl) domains to modulate its function (Giglio
et al. 2013; Maestre-Reyna et al. 2013; Fong et al.
2017). During the late stages of biofilm forma-
tion, in situ proteolysis of RbmA promotes attach-
ment of planktonic cells to existing biofilms
(Smith et al. 2015). These foundational studies



20

have revealed the important role of RbmA in
maintaining  the  structural integrity  of
V. cholerae biofilms.

Two proteins, biofilm-associated protein

1 (Bapl) and rugosity and biofilm structure

modulator C (RbmC), have been found to con-
tribute to cell-to-surface adhesion in V. cholerae
biofilms as well as to biofilm strength (Fong and
Yildiz 2007; Teschler et al. 2015; Yan et al.
2018). While single mutants possess similar col-
ony morphology and adhesion capabilities to WT,
double deletion of rbmC and bap1 results in float-
ing biofilm clusters and different colony morphol-
ogy (Absalon et al. 2011). This observation
suggests that RbmC and Bapl1 are partially redun-
dant in conferring adhesion to V. cholerae bio-
film. High-resolution microscopy showed that the
spatial distributions of Bapl and RbmC are nota-
bly different at the interface between cell clusters
and the glass substratum (Fig. 2.1) (Berk et al.
2012). Bapl appears to act as an anchor between
the biofilm and the solid surface as it is highly
localized at the biofilm-substratum interface,
whereas the signal from RbmC at the interface
was much weaker (Fig. 2.1) (Berk et al. 2012;
Yan et al. 2016). Together with VPS, both Bapl
and RbmC contribute to the formation of dynamic
envelopes surrounding cell clusters (Berk et al.
2012).

Besides the key matrix components mentioned
above, additional matrix proteins also contribute
to V. cholerae biofilm architecture and develop-
ment. Many of those factors are encoded in the
vps intergenic region, downstream of rbmA (Fong
and Yildiz 2007). Fong et al. demonstrated that in
addition to rbmA and rbmC, rbmB, rbmD, rbmkE,
and rbmF all encode proteins that modulate
V. cholerae rugose colony development and bio-
film formation (Fong and Yildiz 2007). Among
these genes, RbmB is suggested to function as a
polysaccharide lyase since the ArbmB mutant
developed into more wrinkled colony biofilm
with higher VPS accumulation, and the ArbmB
biofilm was defective in dispersal (Yan et al.
2017a; Singh et al. 2017). Recently, RbmD is
suggested to contribute to biofilm formation by
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glycosylating  other  periplasmic  proteins
(Vorkapic et al. 2019; Jiang et al. 2021), but the
mechanism is still unclear. Furthermore, extracel-
lular DNA and extracellular nucleases are also
suggested to contribute to biofilm architecture
and other developmental processes (Seper et al.
2011). A more comprehensive understanding of
the molecular mechanism underlying these matrix
components and their functions in V. cholerae
biofilm architecture and development is clearly
needed.

VPS-Independent Biofilms

V. cholerae can also form biofilms independent of
VPS. Formation of VPS-independent biofilms
was found in sea water conditions and depends
on calcium cations (Kierek and Watnick 2003).
The development of Ca**-dependent biofilms is
promoted by the V. cholerae O-antigen and cap-
sule, where Ca* is an integral part of the extra-
cellular matrix and hypothesized to form salt
bridges between O-antigen moieties.
VPS-independent biofilms have also been
reported under hydrodynamic conditions in a
flow cell (Muller et al. 2007). Still, relatively little
is known about the cellular structure and the
developmental process of such VPS-independent
biofilms or other aggregated multicellular forms
of V. cholerae (Jemielita et al. 2018, 2021).

2.2 The Ecological Function

of V. cholerae Biofilms

Toxigenic V. cholerae lives in two distinct
environments. In between disease outbreaks,
V. cholerae resides in aquatic reservoirs where it
persists primarily in a biofilm or in a dormant
state known as conditionally viable environmen-
tal cells (CVECs). Once inside a human host,
V. cholerae transforms into an acute pathogen,
undergoing rapid growth in the small intestine
before dissemination back into the environment
via cholerae toxin (CT) induced diarrhea
(Faruque et al. 2006; Alam et al. 2007). Biofilms
provide adaptive benefits for V. cholerae in both
phases of its life cycle.
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Biofilms Shield V. cholerae from Predation

A primary role of V. cholerae biofilms in the
environment is protection from predation by
protozoa, predatory bacteria, or phage infection
(Fig. 2.2). V. cholerae can form two distinct col-
ony types, a smooth colony which is associated
with low biofilm formation and a rugose colony
that is caused by high biofilm formation (Yildiz
and Schoolnik 1999). Rugose colony formation is
often caused by a null mutation in the quorum
sensing (QS) master regulator, hapR (Hammer
and Bassler 2003; Yildiz et al. 2004). QS regula-
tion of biofilms is discussed in detail in Sect. 2.3.
Planktonic cells of both smooth and rugose
variants were effectively grazed by protozoa, but
formation of biofilms by both morphologies
completely inhibited grazing (Matz et al. 2005).
This defense was mediated not only in part by the
physical nature of the biofilm, but also by a
HapR-dependent secreted factor that inhibited
feeding activity of protozoa. Coculture of
protozoa with smooth V. cholerae also selected
for rugose variants. Such resistance was seen with
both toxigenic and non-toxigenic V. cholerae,
demonstrating that biofilm formation in Vibrios
is a fundamental mechanism of environmental
persistence not specifically associated with
disease-causing strains (Matz et al. 2005). Resis-
tance to protozoal grazing has been linked to
formation of toxic ammonium by secreted
chitinases for V. cholerae forming biofilms on
chitin flakes (Sun et al. 2015), pyomelanin pro-
duction (Noorian et al. 2017), and the actin cross-
linking domain of the Type VI secretion system
(Drebes Dorr and Blokesch 2020). Thus, defense
against protozoal grazing is multifactorial,
illustrating the importance of these traits for envi-
ronmental survival. In addition to eukaryotic
predators, V. cholerae biofilms also protect
against the bacterial predator Bdellovibrio
bacteriovorus, but only once a mature biofilm
has developed (Wucher et al. 2021). Interestingly,
predation by B. bacteriovorus alters the three-
dimension  architecture of the  biofilm,
demonstrating how environmental factors can
shape the structure of V. cholerae biofilms
(Wucher et al. 2021).

Another major predator of V. cholerae is bac-
teriophage. Like a wolf/rabbit predator/prey
cycle, blooms of V. cholerae are often followed
by subsequent phage outgrowth (Zahid et al.
2008). Three predominant lytic phage, known as
ICP-1, ICP-2, and ICP-3, have been isolated both
in the environment and stool samples from chol-
era patients (Seed et al. 2011), while other phage
such as JA-1 (an O139-specific phage) (Faruque
et al. 2000), JSF7 (Naser et al. 2017), and K139
(Molina-Quiroz et al. 2020) have also been
observed. In general, bacterial biofilm formation
and phage have intricate ecological interactions
depending on the species and phage (Pires et al.
2021). Although the importance of phage for
cholera outbreaks and V. cholerae ecology is
well established, there has been surprisingly little
research to elucidate how biofilms impact these
interactions. Rugose variants of V. cholerae resist
infection by the K139 phage, and coculture of
smooth V. cholerae strains with this phage
catalyzed the emergence of rugose variants
(Nesper et al. 2001). It was speculated but never
directly shown that the physical nature of biofilms
prevented phage access to the bacterial cells
(Nesper et al. 2001). This finding is consistent
with a more recent study that showed biofilm
formation inhibited infection by JSF3 (a JA-1
variant) and JSF4 (an ICP-1 variant) vibriophage
isolated from patient stool samples (Naser et al.
2017). However, a novel phage designated JSF7
was able to disperse the biofilms of both 0139
and O1 V. cholerae isotypes (Naser et al. 2017).
As JSF7 can only infect Ol strains, this result
indicates that dispersal did not rely on phage
infection, but rather might be due to matrix
degrading enzymes on the phage head (Naser
et al. 2017). Another recent study found that
WT biofilms were resistant to phage infection,
but addition of antibiotics altered the architecture
of the biofilm matrix such that phage could then
infect biofilm-grown cells (Diaz-Pascual et al.
2019).

V. cholerae Biofilms Increase Stress Resistance
In addition to protection from predation, bacterial
biofilm formation increases the resistance of
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Fig. 2.2 Environmental biofilms of V. cholerae protect the bacteria from predation, stresses, competitors, and promote

colonization of animal hosts

bacteria to various stresses and antibiotics, and
V. cholerae is no exception (Fig. 2.2) (Hall and
Mah 2017). V. cholerae biofilms increased resis-
tance to low pH up to 1000-fold, a trait which is
proposed to be important for the hyper-infectious
state of V. cholerae discussed further below (Zhu
et al. 2002). Rugose colonies increased resistance
to chlorine and oxidative stress (Morris et al.
1996; Wai et al. 1998). Null mutations in the
methyl-directed mismatch repair system gene
mutS were resistant to reactive oxygen species
(ROS) during infection of infant mice (Wang
et al. 2018). These mutS mutants evolved higher
levels of rugose variants during colonization of
the mice, and the biofilms formed by these rugose
variants were 30-fold more resistant to ROS treat-
ment (Wang et al. 2018). This result is consistent
with c-di-GMP increasing resistance to ROS by
activating the catalase gene katB (Fernandez and
Waters 2019). Furthermore, c-di-GMP induces
alkylation DNA repair pathways in V. cholerae,
suggesting that elevated c-di-GMP in biofilms

activates multiple stress response pathways
(Fernandez et al. 2018). Consistent with other
bacteria, biofilms of V. cholerae increased resis-
tance to antibiotic treatment (Gupta et al. 2018),
although the mechanisms of such antibiotic resis-
tance in V. cholerae are largely unexplored.

Biofilm Formation Contributes
to the Colonization of Environmental Animal
Reservoirs

V. cholerae biofilms also promote persistence in
environmental reservoirs by mediating animal
colonization in planktonic crustacean copepods,
where V. cholerae attaches to the oral region and
egg sac of both live and dead animals (Fig. 2.2)
(Huq et al. 1983). Attachment to live copepods
significantly increased survival of V. cholerae in
environmental water samples, suggesting this is
an important mechanism of environmental persis-
tence (Hugq et al. 1983). Copepods are encased in
chitin, and chitin catabolism is a major nutrient
source for V. cholerae in the environment
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(Meibom et al. 2004). V. cholerae also attach to
chitin via colonization factors such as GbpA as
described above (Reguera and Kolter 2005;
Drescher et al. 2014; Antonova and Hammer
2011). However, the role of VPS in colonization
of these plankton is unclear as V. cholerae cells
formed a monolayer and null mutations in VPS,
MSHA, and other biofilm-related genes did not
exhibit defects in colonization (Mueller et al.
2007). Rather, transposon mutations in genes nec-
essary for motility and chemotaxis exhibited
decreased colonization. Importantly, in this
study, colonization of dead copepods was much
greater than live animals, suggesting that dead
organisms may be the natural reservoir for
V. cholerae (Mueller et al. 2007). Cell morphol-
ogy also impacts chitin colonization as a naturally
filamentous strain of V. cholerae formed a
VPS-independent biofilm on chitin surfaces that
outcompeted  VPS-dependent V.  cholerae
biofilms over short time scales or with frequent
disturbance (Wucher et al. 2019). Chitin
monomers are the environmental signal that
induces natural competence, making biofilms on
chitin key drivers in V. cholerae evolution
(Antonova and Hammer 2011; Lo Scrudato and
Blokesch 2012; Suckow et al. 2011). These stud-
ies highlight that V. cholerae has multiple
mechanisms for colonizing different surfaces,
and the molecular features elucidated for
VPS-dependent laboratory-grown biofilms may
not be critical for all surface interactions.

V. cholerae colonizes other animals in the
environment, although the role of biofilms in
these interactions is less clear. Arthropods have
been implicated as an environmental reservoir for
V. cholerae (Broza et al. 2005; Fotedar 2001).
The fruit fly Drosophila melanogaster serves as
a colonization model for V. cholerae, and produc-
tion of VPS is essential for colonization of the
rectum, potentially by mediating adherence of the
bacteria to epithelial cells (Blow et al. 2005;
Berkey et al. 2009; Purdy and Watnick 2011).
Furthermore, HapR, the master high-cell-density
QS regulator of V. cholerae, represses vps gene
expression in D. melanogaster (Purdy and
Watnick 2011). The female egg sacs of

chironomids and fish are well-established envi-
ronmental reservoirs of V. cholerae, but the role
of biofilms in the colonization of these animals
remains to be studied. (Halpern et al. 2004;
Senderovich et al. 2010). A recently developed
Danio rerio (zebrafish) colonization/pathogenesis
model could serve as a valuable tool to explore
the role of biofilms in interaction of V. cholerae
with fish hosts (Runft et al. 2014).

Study the Evolution of Cooperation Using
V. cholerae Biofilms

Another function of biofilms is to maximize the
use of public goods, which are defined as
products that are made by cooperating producer
cells whose benefits can be shared by the entire
community (Nadell et al. 2008). Such public-
goods can be evolutionary unstable as
non-producing cheater cells, either caused by
loss of the cooperative trait or invasion of a
non-cooperative foreign species, gain a signifi-
cant fitness advantages by benefiting from the
public goods without incurring the production
cost (Popat et al. 2012). Biofilm formation is
proposed to be a solution to the public goods
dilemma by localizing them to producing cells
and clonal relatives, and V. cholerae has become
a model system for testing this idea (Nadell et al.
2008). The formation of thick V. cholerae
biofilms on a chitin surface limited chitinase
products to producers located near the surface,
shielding these public goods from cheater exploi-
tation (Drescher et al. 2014). The matrix of
V. cholerae biofilms also excludes invasion of
other cells by RbmA tightly binding biofilm
cells together, creating a dense, impenetrable
material (Nadell et al. 2015). Moreover, osmotic
pressure generated by the matrix also contributes
to cheater exclusion by driving a densely packed
biofilm (Yan et al. 2017b). RbmA is secreted and
shared in a limited fashion within producer cells,
conferring protection from exploitation. In con-
trast, the two other major matrix proteins, RbmC
and Bapl, can diffuse outside producer cell
clusters and therefore be exploited by cheater
cells within a certain range (Absalon et al. 2011;
Tai et al. 2022). Environmental conditions can
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also impact the evolution of biofilms in
V. cholerae as increased resources drove the evo-
lution of hyper-biofilm forming V. cholerae
rugose variants (Connelly et al. 2017). Thus,
due to its experimental tractability, mechanistic
understanding of biofilm formation, and ease of
genetic manipulation, V. cholerae biofilm forma-
tion has become a model system to address key
evolutionary questions about the role of biofilms
in the maintenance of cooperative traits.

V. cholerae Biofilms Minimally Contribute
to Colonization of the Small Intestine

V. cholerae predominantly colonizes the small
intestine where it rapidly grows, releasing CT to
be dispersed into the environment. Two of the
most significant factors in colonization are CT
and TCP (Thelin and Taylor 1996; Peterson and
Mekalanos 1988; Waldor and Mekalanos 1996).
In contrast, the role of biofilms during coloniza-
tion of humans and animal models of infection
has been less clear. In support of the importance
of biofilms during infection, studies using in vivo
expression technologies showed that biofilm
genes are induced during infection of humans or
in animal models of infection (Lombardo et al.
2007; Lee et al. 2001). In addition, humans
infected with V. cholerae have serum antibodies
that recognize VPS proteins (Hang et al. 2003).
Further evidence for the importance of biofilms
during infection is the formation of biofilm-like
aggregates in the stools of cholera patients that
are highly infective in infant mice (Faruque et al.
2006). VpsR, a c-di-GMP-dependent master reg-
ulator of the VPS genes, also induces expression
of AphA, a transcriptional activator in the viru-
lence cascade, suggesting biofilm formation is
linked to virulence gene expression (Fig. 2.4)
(Lin et al. 2007, Srivastava et al. 2011). A direct
examination of the role of VPS and VpsR in the
colonization of infant mice showed a complicated
relationship between these traits and infection
depending on the time of analysis and whether
the background strain was smooth or rugose
(Rashid et al. 2004). Another study showed that
a rugose variant of V. cholerae had 3.6-fold more
CFUs than a smooth variant, and this increase
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was dependent on VPS and RbmA but not
RbmC or Bapl, proposing that biofilm formation
enhanced colonization (Fong et al. 2010).

Alternatively, other studies have demonstrated
that biofilm formation does not contribute to
infection of the small intestine, and in some
cases, even inhibits colonization. Zhu et. al.
found no significant differences in CFUs between
WT or a hapR or VPS mutant in single-strain
infection studies in the infant mouse model (Zhu
and Mekalanos 2003). However, a dual-strain
competition found that the hyper-biofilm forming
hapR mutant had a tenfold reduction in coloniza-
tion when competed with the WT strain. The
authors suggest this reduction is due to reduced
dispersal in the hapR mutant (Zhu and Mekalanos
2003). Similarly, a rugose O139 V. cholerae vari-
ant had decreased colonization in the infant
mouse (Watnick et al. 2001). These findings
have been confirmed recently as a mutant unable
to produce VPS did not exhibit any defect in
competition with its WT counterpart in the infant
mouse model (Barrasso et al. 2022).

What conclusions can we draw from this broad
collection of contradictory research? One consis-
tent finding is that colonization differences
attributed to biofilm formation, be they positive
or negative, are relatively minor compared to the
colonization defects observed in TCP or CT null
mutants of V. cholerae (Thelin and Taylor 1996;
Peterson and Mekalanos 1988; Waldor and
Mekalanos 1996). Thus, the impact of biofilm
during in vivo infection of animal models is
more subtle. Another important point is that the
details of these experiments are critical. Although
colonization differences can be observed in
single-strain infection studies, these differences
are often mitigated in competition experiments,
presumably due to complicated interactions
between competitor strains in the context of the
gut environment. (Fong et al. 2010). Moreover,
the timing at which colonization is assessed is
important and can lead to different conclusions
(Rashid et al. 2004). A consistent finding
supported by several studies is that hyper-
production of biofilms is detrimental to coloniza-
tion of the small intestine. These results agree
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with the requirement of motility and chemotaxis
for V. cholerae colonization (Butler and Camilli
2004), and the migration of V. cholerae deep
within epithelial cell crypts during colonization
(Millet et al. 2014).

Recent studies might provide clues as to the
incongruence in published literature. Infant mice
are used to study V. cholerae colonization
because they lack a mature immune system and
do not have a complex microbiome (Sit et al.
2021). However, these factors are not representa-
tive of human infections. More recently, research
has focused on the impact of the human intestinal
microbiome on V. cholerae infection (Hsiao et al.
2014; Cho et al. 2021). For example, the Gram—
species Paracoccus aminovorans was abundant
in cholera stools, which was surprising as most
other gut microbiome members are significantly
decreased (Barrasso et al. 2022). V. cholerae

formed dual-species biofilms with
P.  aminovorans, and the addition of
P.  aminovorans  significantly  enhanced

V. cholerae colonization of infant mice in a
VPS-dependent manner (Barrasso et al. 2022).
This study suggests that VPS and biofilm forma-
tion during infection might drive interactions with
the gut microbiome. If so, then the contradictory
literature on the role of VPS and biofilms in
animal models could be in part due to unappreci-
ated differences in the microbiome of the subject
animals. Biofilm-growing V. cholerae also
upregulated virulence factors via enhanced
expression of the virulence regulator ToxT, lead-
ing to increased colonization (Gallego-Hernandez
et al. 2020). Therefore, differences in preparation
of V. cholerae for colonization studies could sig-
nificantly impact the outcomes. In addition, this
study showed that planktonic V. cholerae
colonizes the base of epithelial cell villi as previ-
ously described whereas biofilms form aggregates
near the top of the villi. Moreover, biofilm-
forming bacteria better colonize the medial region
of the small intestine, while planktonic bacteria
better colonize the proximal and distal small
intestine (Gallego-Hernandez et al. 2020). Thus,
crude quantification of colonization such as mea-
suring total viable bacteria may not be sufficient

to discriminate the more subtle in vivo impacts of
biofilm formation. Importantly, the predominance
of in vivo colonization studies probing biofilms
has utilized the infant mouse model. Although
this model has several advantages such as cost,
other more physiological relevant models have
been developed like infant rabbits, which actually
exhibit the classical symptoms of cholera (Sit
et al. 2021). Exploring the role of V. cholerae
biofilms in additional models is key to under-
standing if the results observed with the infant
mouse are broadly applicable.

V. cholerae Biofilms Contribute Significantly
to Hyperinfectivity

In 2002, Merrel et al. showed that V. cholerae
isolated from human cholera stools was hyper-
infectious, significantly outcompeting laboratory-
grown bacteria up to 100-fold in infant mice
colorizations (Merrell et al. 2002). This
hyper-infectious state lasted for up to 5 h in
pond water (Merrell et al. 2002). With the obser-
vation of biofilm-like aggregates in rice-water
stools that are hyper-infective (Faruque et al.
2006) and resistance of biofilms to acidic pH
(Zhu and Mekalanos 2003), it was hypothesized
that in vivo derived biofilms could be critical for
this transmission. Indeed, filtration of biofilm-like
particles reduces transmission (Colwell et al.
2003). The hyper-infectious state could also be
mimicked by recovery of V. cholerae from
infected mice (Schild et al. 2007; Alam et al.
2005) and by growing V. cholerae in a biofilm
(Tamayo et al. 2010). Interestingly, biofilm-
grown cells maintained their competitive advan-
tage, even when the biofilm was dispersed,
suggesting it is not the physical structure of the
biofilm itself that is critical but the physiological
changes of cells within the biofilm (Tamayo et al.
2010). A search for these components identified
the Pst2 phosphate transfer system as upregulated
in biofilms and a contributing factor for the hyper-
infectious state (Mudrak and Tamayo 2012).
More recently, growth in a biofilm was found to
significantly upregulate virulence factor expres-
sion via ToxT (Gallego-Hernandez et al. 2020).
When expression of foxT was driven from a
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promoter that was equivalent in planktonic and
biofilm states, the hyperinfectivity of biofilms
was lost, showing that virulence factor
upregulation in biofilms is required for this state
(Gallego-Hernandez et al. 2020).

Integration of the published studies described
above suggests that V. cholerae can colonize both
as planktonic cells and in a biofilm; however, the
location of V. cholerae in epithelial cell crypts
and in the small intestine for these two growth
states is distinct. In addition, hyper-biofilm for-
mation is determinantal to colonization. Perhaps
most importantly for V. cholerae outbreaks, for-
mation of biofilm aggregates during in vivo infec-
tion renders V. hyper-infective,
increasing the chance of person-to-person spread
(Fig. 2.3).
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2.3  Regulation of V. cholerae
Biofilms by Quorum Sensing

(QS) and c-di-GMP Signaling

As discussed, the formation and dispersal of
biofilms are essential to the success of
V. cholerae as both a denizen of aquatic
environments and an intestinal pathogen.
Switching between these lifestyles occur in
response to multiple environmental cues that
feed into a complex regulatory network. These
inputs must be integrated into common regulatory
pathways that control the formation and dispersal
of biofilms. Here, we focus on recent insights into
the role of extracellular QS, intracellular second
messengers, and key environmental signals that
control biofilm gene regulation.

A&t

S

hyperinfectious
aggregates

Fig. 2.3 A summation of published literature on the role of colonization for V. cholerae inoculated as planktonic cells

(a), biofilms (b), or hyper-biofilms (c)
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Quorum Sensing (QS) Regulates Biofilm
Formation

Upon the discovery of QS in V. cholerae, it was
quickly realized that this cellular chemical com-
munication regulates biofilm formation (Hammer
and Bassler 2003; Zhu and Mekalanos 2003).
However, unlike in P. aeruginosa, in
V. cholerae biofilm formation is induced at low
cell density (LCD) and is repressed at high cell
density (HCD) via multiple regulatory pathways
(Hammer and Bassler 2003; Zhu and Mekalanos
2003; Srivastava and Waters 2012). Two tran-
scriptional activators, vpsR and vpsT, induce
expression of the vps operons and extracellular
matrix proteins at LCD, and they are directly
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Fig. 2.4 QS (left) and c-di-GMP (right) jointly regulate
biofilm formation and biofilm-associated phenotypes.
Four histidine kinase receptors recognize Als or other
signals to control phosphate flow through LuxU and
LuxO to regulate the Qrr sSRNAs, which induce AphA
and repress HapR at LCD. The VgqmAR QS pathway
recognizes DPO to repress AphA and biofilm formation
independently of the LuxUO pathway. AphA induces

Aﬂ}!VpsT. 5 \\Wy& rbm Genes
-0 ',

activated upon binding to c-di-GMP as discussed
below (Fig. 2.4) (Casper-Lindley and Yildiz
2004; Yildiz et al. 2001). The master LCD regu-
lator, AphA, predominates for most of the biofilm
lifespan and enhances biofilm formation by
inducing transcription of vpsT (Srivastava et al.
2011; Rutherford et al. 2011; Yang et al. 2010).
As the cells transition to HCD, HapR, the master
HCD regulator, is increased immediately prior to
biofilm dispersal and directly represses the tran-
scription of aphA and vpsT (Fig. 2.4) (Lin et al.
2007; Srivastava et al. 2011).

Quorum sensing regulates AphA and HapR
expression through a complex phosphorelay path-
way that responds to multiple autoinducers. The
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biofilm formation through activation of VpsT, while
HapR inhibits biofilms by repressing VpsT and decreasing
intracellular c-di-GMP levels, which are controlled by the
concerted activity of DGCs and PDEs. c-di-GMP directly
binds to and activates VpsR and VpsT, which regulate
multiple phenotypes concurrently with the VPS and matrix
protein genes necessary for biofilm formation
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autoinducer (Al)/receptor pairs CAI-1/CqsS and
AI-2/LuxPQ were the first discovered and have
been extensively characterized, but more recently
two additional kinase receptors, CqsR and VpsS,
were shown to control phosphate flux into this
pathway (Papenfort and Bassler 2016; Jung et al.
2015; Jung et al. 2016). Although not as well
understood, CqsR directly binds and responds to
ethanolamine, which is a common small molecule
in the gastrointestinal environment (Watve et al.
2020), while VpsS responds to nitric oxide
(Hossain et al. 2018). Whether these cues are
self-produced, making these legitimate QS
receptors, or are environmental inputs requires
further study. Under LCD conditions, the
ligand-free membrane receptors act as kinases to
phosphorylate  LuxU  which in  turn
phosphorylates LuxO. Phospho-LuxO activates
the transcription of the Qrrl-4 sRNAs which
repress HapR and activate expression of AphA
leading to the biofilm phenotype. Under HCD
conditions, Al binding to the membrane receptors
causes this system to work in reverse with the
receptors now acting as phosphatases, halting
Qrr sRNA transcription leading to the
de-repression of HapR and loss of AphA expres-
sion (Papenfort and Bassler 2016).

Understanding how these QS systems each
contribute to biofilm regulation has been compli-
cated by the convergence of these systems at the
phosphorylation of LuxU. Studies with transcrip-
tional reporters employing AcgsS and AluxS dele-
tion strains have suggested that the CAI-1/CqsS
system is the dominant system (Hurley and
Bassler 2017). However, recently developed live
biofilm formation and dispersal assays suggest
that AI-2/LuxPQ is more dominant. It has been
proposed that positive feedback on cgsS tran-
scription (and its absence in a AcgsS background)
is responsible for these contradictory results
(Bridges and Bassler 2019).

Recently, a new QS system controlled by the
receptor VgmA, an orphan LuxR-type transcrip-
tional regulator, was found to respond to extracel-
lular concentrations of 3,5-dimethylpyrazin-2-ol
(DPO) leading to the transcription of the VqgmR
sRNA and repression of biofilm formation
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(Fig. 2.4) (Papenfort et al. 2015, 2017). VgqmR
inhibits biofilm production by base pairing with
the ribosome binding site of the aphA mRNA
transcript providing a biofilm repression mecha-
nism independent of the LuxUO-Qrr pathway
(Papenfort et al. 2015). DPO is widely produced
by bacteria including the normal flora of the
intestine, and sensing DPO may be a mechanism
to monitor the surrounding microbial population
in the environment to control biofilm regulation
(Papenfort et al. 2017). Since its initial character-
ization the structure of the DPO-VgmA-DNA
complex has been reported (Wu et al. 2019) and
the mechanism on ligand binding has been
elucidated (Huang et al. 2020). Beyond its role
in QS, VgmA has been shown to mediate
response to low oxygen levels indicating a role
as a signal integrator (Mashruwala and Bassler
2020). As the molecular underpinning of these
regulatory circuits are elucidated, the next chal-
lenge is to understand their role in environmen-
tally relevant conditions such as biofilm
formation on chitin surfaces, upon host coloniza-
tion, or aggregate formation in hyper-infectious
cholera stools.

Cyclic di-GMP Integrates Environmental
Cues to Control Biofilm Formation

Working in concert with the AphA/HapR regu-
latory circuit is the second messenger c-di-GMP
which regulates numerous cellular processes
including biofilm formation (Fig. 2.4, reviewed
in Conner et al. 2017). C-di-GMP is produced by
diguanylate cyclase (DGC) enzymes containing
the GGDEF domain and degraded by phosphodi-
esterase (PDE) enzymes containing either EAL or
HD-GYP domains which degrade c-di-GMP to
5'-pGpG or GMP, respectively (Romling et al.
2013). Interestingly, V. cholerae encodes approx-
imately 70 C-terminal DGCs and PDEs, most of
which are fused to a N-terminal sensory domain
that is predicted to recognize a specific environ-
mental cue, illustrating that c-di-GMP signaling
in V. cholerae is a complex regulatory pathway
that integrates dozens of environmental cues to
modulate the intracellular c-di-GMP pool and
control biofilm regulation (Galperin 2004). QS
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controls ¢-di-GMP in V. cholerae, and at LCD
conditions c-di-GMP pools are elevated (Waters
et al. 2008; Hammer and Bassler 2009), inducing
the expression of biofilm biosynthesis genes
through direct interactions with VpsR (Srivastava
et al. 2011; Hsieh et al. 2018; Chakrabortty et al.
2021) and VpsT (Krasteva et al. 2010). Con-
versely, under HCD conditions c-di-GMP pools
are reduced by HapR transcriptional regulation of
about a quarter of all DGCs and PDEgs, ultimately
increasing net PDE activity to inhibit biofilm
gene expression (Fig. 2.4) (Waters et al. 2008).
The mechanism of regulation by VpsT and
VpsR has been examined in some detail. In vitro
transcription assays have demonstrated that VpsR
in the presence of c-di-GMP directly activates
genes necessary for VPS synthesis and matrix
proteins, functioning as both a Class I and Class
1I activator (Hsieh et al. 2018, 2020). C-di-GMP
binding does not regulate VpsR binding to DNA
or dimerization of the protein, but rather alters its
interaction with RNA polymerase to drive open
complex formation (Hsieh et al. 2018). Recently,
the crystal structure of VpsR was solved,
identifying the key residues necessary for binding
to c-di-GMP (Chakrabortty et al. 2021). Further-
more, although VpsR has a conserved aspartate
in its N-terminal receiver domain that is critical
for activity, this transcription factor is not
phosphorylated but rather directly senses phos-
phate to modulate its sensitivity to c-di-GMP
(Hsieh et al. 2022). The mechanism of VpsT is
less studied, but it has been shown to
countersilence the abundant nucleoid organizing
protein H-NS, which competitively binds
promoters for biofilm biosynthesis genes
blocking promoter access for RNA polymerase.
Displacement of this binding by the transcription
factor VpsT is enhanced in the presence of
c-di-GMP (Ayala et al. 2015). An additional
relationship between H-NS and c-di-GMP pools
has been described with H-NS silencing the
expression of the VieA phosphodiesterase in the
classical biotype (Ayala et al. 2018). TrsA, a
structural homolog of H-NS has a similar regulon
and also regulates biofilm genes (Caro et al.
2020). A chromatin immunoprecipitation (ChIP)

sequencing approach recently identified 23 VpsT
bindings sites in V. cholerae and found that it
upregulates c-di-GMP in a positive feedback
loop through activation of the DGC VpvC. For
unknown reasons, all VpsT binding sites were
identified on Chromosome I while none were
identified on Chromosome II (Guest et al. 2021).
In addition to regulation genes necessary for
biofilm formation, VpsR and VpsT also control
several other phenotypes in response to c-di-GMP
(Fig. 2.4) VpsR bound to c-di-GMP induces
expression of the Type II Secretion System, lead-
ing to the formation of a pseudopillus (Sloup et al.
2017). VpsT activates various stress responses
including the DNA glycosylase tag, which repairs
DNA damaged by alkylation, and katB, a catalase
that counters reactive oxygen species (Fernandez
and Waters 2019; Fernandez et al. 2018). Finally,
VpsT also regulates the cell morphology of
V. cholerae, driving cells to straighten at high c-
di-GMP concentrations (Fernandez et al. 2020).
These findings suggest that c-di-GMP, VpsR, and
VpsT are not just responsible for inducing the
genes directly responsible for biofilm formation,
but also regulating behaviors that increase fitness
for V. cholerae growing in a biofilm state.
Although still an active area of study, several
environmental cues have been identified that
impact QS and c-di-GMP signaling. The mem-
brane permeable gas nitric oxide (NO) has been
reported to inhibit biofilm formation (Rinaldo
et al. 2018). However, by itself NO is unable to
induce dispersal in a flow cell biofilm model
(Singh et al. 2017). NO binding to the cytosolic
heme protein NosP (VspV) activates kinase activ-
ity leading to the phosphorylation of VpsS which
in turn phosphorylates LuxU (Hossain et al.
2018). V. cholerae lacks a known NO synthase
making this a potential inter-kingdom signal from
the human host. Polyamines can regulate biofilm
formation through the NspS-MbaA signaling
pathway (Sobe et al. 2017). MbaA functions as
a DGC when NspS is bound to extracellular
norspermidine (Young et al. 2021; Bridges and
Bassler 2021) while it functions as a PDE when
NspS is bound to spermine (Wotanis et al. 2017).
Norspermidine is uncommon in the environment
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but is produced by marine Vibrio species includ-
ing V. cholerae. Conversely, spermine is widely
distributed and abundant in the human intestine.
Together these polyamines provide environment-
specific cues for biofilm control via a single path-
way. Other potential in vivo cues that regulate
biofilm formation includes indole, ethanolamine,
bile, and bicarbonate (Watve et al. 2020; Howard
et al. 2019; Koestler and Waters 2014; Hay and
Zhu 2015; Hung et al. 2006).

Much of the research on V. cholerae biofilms
has focused on their formation and the regulatory
networks that initiate VPS and matrix protein
expression. The other aspect of V. cholerae
biofilms that is much less studied is how they
disperse. Transition to the HCD state via both
AI-2 and CAI-1 function as a coincidence detec-
tor to induce biofilm dispersal (Bridges and
Bassler 2019). Dispersal is also controlled via
alterations in c-di-GMP through sensing of
polyamines (Bridges and Bassler 2021). Finally,
a genetic screen for dispersal mutants identified
several new mechanisms that are required for
dispersal including the novel DbfS/DbfR
two-component sensing system, matrix degrada-
tion enzymes, and chemotaxis, all of which
required further study to understand their contri-
bution to dispersal (Bridges et al. 2020).

24  Biomechanical Properties

of V. cholerae Biofilms

Of increasing interest are the mechanical phe-
nomena during biofilm development arising
from cell-cell, cell surface, and cell-matrix
interactions (Persat et al. 2015; Maier 2021).
Again, due to the vast knowledge on the
biochemistry and regulation of the matrix,
V. cholerae has emerged as a model organism
to understand biophysical and biochemical
principles underlying biofilm development,
which we review below.

The extracellular matrix provides the mechan-
ical properties necessary to protect the embedded
cells from external forces such as fluid shear and
to ensure that the biofilm community remains
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attached to a surface. The physicochemical
properties of the biofilm matrix constituents and
the interactions between them give rise to the
global biofilm mechanical properties. Tools and
concepts from the field of rheology have been
adapted to quantitatively define biofilm mechan-
ics. Rheology is the study of viscoelastic
materials: materials that have both solid and lig-
uid properties (Billings et al. 2015). For rheologic
measurements, the material of interest (biofilm) is
sandwiched between parallel plates and subjected
to shearing. Such measurements determine the
elastic modulus, which is the stiffness of the
material at small deformation, and the yield
strain, which is the degree of deformation a mate-
rial can sustain before it fails (Kovach et al.
2017). The product of the elastic modulus and
the yield strain determines the yield stress,
which is the minimum force that causes a biofilm
to fail.

Rheological measurements of V. cholerae
biofilms with deletion of genes encoding matrix
components enabled the association between
these components and the mechanical properties
of V. cholerae biofilms (Yan et al. 2018). The
V. cholerae biofilm can be considered as a dual-
networked hydrogel: one formed by the VPS
reinforced by RbmC and Bapl, and the other
formed by the cells connected by RbmA. Elimi-
nation of RbmA or RbomC/Bap1 weakens the dual
network and reduces the elastic modulus. Elimi-
nation of all three matrix proteins causes the VPS
to swell, resulting in an increased yield strain but
at the expense of a highly reduced elastic modu-
lus. All matrix components are required for
V. cholerae biofilms to have a large enough
yield stress (~100 Pa) that can withstand the typi-
cal fluid shear they experience in their natural
habitats, for example, on sinking “marine snow”
(marine detritus) (Alcolombri et al. 2021).

V. cholerae Biofilm Architecture
and Organization Principles Revealed by
High-Resolution Imaging

Imaging plays an increasingly important role
in studies of biofilms. Indeed, high-resolution
imaging of biofilm internal structures has
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revolutionized our understanding about how cells
are organized in biofilms, how extracellular
matrix components are distributed, and how bio-
film structures respond to environmental
challenges including shear flow (Hartmann et al.
2019), nutrient limitation (Yan et al. 2017a; Singh
et al. 2017), and osmotic shock (Yan et al. 2017b;
Wong et al. 2021). In particular, 3D confocal
microscopy at single-cell resolution enables the
segmentation of biofilms into individual cells.
The ability to acquire 3D position and orientation
of each cell in biofilms allowed researchers to
apply concepts and tools from colloidal science
and soft-matter physics to analyze, simulate, and
theoretically model the observed cellular
organization.

Recent progress in single-cell imaging reveals
the important roles of matrix components in shap-
ing the architecture and cell ordering of
V. cholerae biofilms (Wong et al. 2021). At first,
images of fixed V. cholerae biofilms obtained at
different incubation times were acquired to follow
how cell arrangements change as biofilms grow
and mature (Drescher et al. 2016). The cell com-
munity transitions from a branched 2D morphol-
ogy to a dense mature cluster that extends into
3D, where vertical cells reside at the biofilm cen-
ter near the surface and radially orientated cells
are at the rim. Enabled by improvements in con-
focal microscope design, availability of bright
and photostable fluorescent proteins, and devel-
opment of new computer algorithms, the entire
sequence of biofilm structural transitions was
subsequently visualized in living, growing
V. cholerae biofilms from the founder cell to
10,000 cells (Fig. 2.5) (Yan et al. 2016). Muta-
genesis coupled with immunostaining of matrix
components showed that V. cholerae biofilms
lacking cell-to-surface adhesion, due to deletion
of RbmC and Bapl, exhibit cell density
comparable to the rugose biofilm but has a ran-
dom organization, suggesting the importance of
cell-to-surface adhesion to facilitating biofilm cell
ordering. In contrast, biofilms lacking cell-cell
adhesion in the ArbmA mutant show reduced
cell packing density but enhanced vertical cell
alignment.

To explore the mechanism behind pattern for-
mation in V. cholerae biofilms, agent-based
simulations were performed to complement
high-resolution imaging of biofilms to understand
the effect of cell-to-cell and cell-to-surface
interactions on cell reorientation and biofilm
structural transition (Beroz et al. 2018). When a
biofilm grows on a surface, it expands outward
from the founder cell as a thin film (Fig. 2.5).
During expansion, cells experience increasing
mechanical stress as they divide and push against
their neighbors. At the same time, the neighbor-
ing cells resist the pushing force via cell-to-sur-
face adhesion. Subsequently, the pressure
resulting from these opposing forces exceeds the
cell-to-surface adhesive force and results in indi-
vidual cells at the center of the biofilm to reorient,
transitioning the cells from aligning in parallel to
aligning perpendicularly to the substratum. The
verticalized cells further project their offspring
into the third dimension when they divide,
enabling the biofilm to gradually transition from
a 2D surface layer to a mature 3D community.

Notably, the basal layer of an expanding
V. cholerae biofilm develops a striking radial
order much like a blooming aster. This self-
patterning process was elucidated recently using
a combination of single-cell imaging, agent-based
simulations, and active nematics modeling
(Fig. 2.5) (Nijjer et al. 2021). During biofilm
growth, growth-induced stress and surface adhe-
sion jointly cause cells in the core to verticalize
and remain anchored to the surface. These stably
verticalized cells generate differentially directed
growth, which drives the radial alignment of the
cells at the rim, while the growing rim generates
compressive stresses that further expand the ver-
tical core. This interdependent reorientation cas-
cade leads to the core-rim structure reminiscent of
a blooming aster observed in V. cholerae biofilms
(Fig. 2.5).

More recently, light sheet microscopy has
been deployed to push the time resolution of 3D
imaging of biofilms to a few minutes (Qin et al.
2020). Combined with puncta labeling to map the
positions of all bacterial cells, the high spatial and
temporal resolution imaging reveals a fountain-
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Fig. 2.5 V. cholerae biofilm structural transition and
pattern formation revealed by single-cell imaging. (a)
Cross-sectional image of the bottom cell layer of a grow-
ing V. cholerae biofilm cluster at 18 h and (b) the
corresponding segmented image with color coding
according to the z position. Scale bar: 3 pm. (¢) Schematic
model of V. cholerae biofilm growth on solid substrata in
an open geometry. (d) Cell orientation color-coded by

J-S.B.Tai et al.

R

90°
45°

-45°
-90°
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each cell’s azimuthal angle in the basal plane in
V. cholerae biofilms of ArbmA, ArbmAAbaplArbmC,
and AvpsL strains, respectively, from left to right.
Scale bars: 10 pm. (e) Schematic of the biofilm reorienta-
tion cascade and self-patterning process. Panels (a) and (b)
are adapted with permission from Yan et al. (2016). Panels
(d) and (e) are adapted with permission from Nijjer et al.
(2021)
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like flow and cell trajectories as the biofilm
mature from a founding cell into a 3D
community.

Macroscopic Morphology of V. cholerae Bio-
film Colonies

The mechanical instability at the microscopic
scale that leads to biofilm structural transition
and pattern formation can be extended to the
macroscopic scale. Mechanical characterizations
and modeling suggested that rugose colony
morphologies on agar plates arise from a macro-
scopic mechanical instability (Yan et al. 2019).
Specifically, it was shown that the mismatch in
mechanical strain between the growing biofilm
layer and the non-growing substratum (agar)
causes mechanical instabilities that result in the
transition in biofilms from a flat to a wrinkled
film, and subsequently to a partially surface-
detached film containing delaminated blisters.
The mechanical compression required in the
instability arises from RbmC/Bapl-modulated
surface friction when a colony biofilm expands
on the agar plate, as shown by a subsequent
modeling study (Fei et al. 2020). RbmC and
Bapl thus play a critical role in determining the
colony morphology, consistent with findings in
the initial genetics work (Fong and Yildiz 2007):
when they are absent, delamination occurs easily
and the delaminated blisters collapse onto each
other, while the blisters in wild-type rugose
colonies are homogeneously distributed through-
out the colony circumference (Yan et al. 2019).

V. cholerae Biofilms Under Confinement

In addition to living on solid surfaces, bacterial
communities also survive and thrive in soft, con-
fining environments, such as bio-hydrogels. For
example, during a gut infection, V. cholerae cells
can swim through the mucus layer and form
mucus-associated clusters (Gallego-Hernandez
et al. 2020; Ritchie et al. 2010). To understand
the biomechanics involved in such growth
conditions, V. cholerae biofilms were recently
studied in the 3D confinement of agarose gels
(Fig. 2.6) (Zhang et al. 2021). Such constrained
biofilms show stiffness-dependent morphologies:

the biofilm develops an isotropic spherical shape
at low gel concentration, while an anisotropic
oblate shape emerges at higher gel concentration.
The global morphology dependence is
conceptually similar to the classical problem of
elastic cavitation and is the consequence of mini-
mization of total mechanical energy of the
biofilm-gel system (Barney et al. 2020). At the
single-cell level, cells display a well-defined pat-
tern of nematic ordering reminiscent of the bipo-
lar configuration of molecules in liquid crystal
droplets, where the alignment field connects the
two +1 “boojum” defects at the poles along con-
stant longitudes. The bipolar order was found to
be driven by the tensile stress at the biofilm-gel
interface, created by the biofilm expansion and in
turn, transmitted back to the biofilm by VPS and
RbmC/Bapl.

Summary

From the realization that rugose colonies were
hyper-biofilm-forming variants over 20 years
ago, our understanding of V. cholerae at both
the molecular and ecological levels have grown
tremendously (Wai et al. 1998; Yildiz and
Schoolnik 1999). It is now appreciated that the
matrix of V. cholerae is a complex mixture of
VPS and matrix proteins, each component
serving a specific role in the biofilm. Contact of
surfaces to stimulate adherence is also a complex
but beautiful molecular process whereby both
flagella and the MSHA Type IV pili ultimately
drive stable attachment. Multiple regulatory
pathways control induction of biofilms, including
QS and c-di-GMP, illustrating the importance of
properly controlling this phenotype for the adap-
tation of V. cholerae. New imaging and biophysi-
cal studies have shed light on the physical
properties of V. cholerae biofilms and continue
to provide roadmaps for the broader understand-
ing of biofilm formation in all bacteria species.
Biofilms protect V. cholerae from predation and
stress, and contribute to hyperinfectivity, but
studies of V. cholerae biofilms in natural
environments such as chitin surfaces in aquatic
reservoirs or during colonization are less under-
stood. Many fundamental questions remain to be
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Fig. 2.6 V. cholerae biofilm under confinement. (a)
Schematic illustration of biofilm growth in an agarose
gel. (b) 3D view (top and side) and (c) cross-sectional
image of a V. cholerae biofilm embedded in a 2% agarose

addressed such as the role of different matrix
components in different environments, the inte-
gration of complex regulatory networks, and the
differences in mechanical properties in divergent
biofilms and the impact of these differences on
biofilm function. Given its importance and large
knowledge base, V. cholerae will continue to
serve as a bountiful experimental system to gain
fundamental insights into bacterial biofilm
formation.
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Abstract

The Vibrio Type VI Secretion System (T6SS)
is a harpoon-like nanomachine that serves as a
defense system and is encoded by approxi-
mately 25% of all gram-negative bacteria. In
this chapter, we describe the structure of the
T6SS in different Vibrio species and outline
how the use of different T6SS effector and
immunity proteins control kin selection. We
summarize the genetic loci that encode the
structural elements that make up the Vibrio
T6SSs and how these gene clusters are
regulated. Finally, we provide insights into
T6SS-based competitive dynamics, the role
of T6SS genetic exchange in those competitive
dynamics, and roles for the Vibrio T6SS in
virulence.
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3.1 Introduction

The Vibrio genus is a diverse collection of bacte-
rial species with various environmental niches,
host preferences, and pathogenic potentials.
Thus, these organisms cover a broad spectrum
of lifestyles and include harmless environmental
organisms and symbionts like Vibrio fischeri in
the Hawaiian bobtail squid, opportunistic
pathogens, and pathogens that are highly adapted
to an animal host such as Vibrio cholerae in
humans, Vibrio parahaemolyticus in shrimp,
and Vibrio anguillarum in fish. Despite their
diversity, a unifying theme for Vibrios is the
need to compete for niche space in diverse
environments like the chitinous surfaces of shell-
fish or the gastrointestinal tracts of infected hosts.
Whether a Vibrio strain finds a host often depends
on its abundance in the environment surrounding
the host. An organism’s arsenal of defense
mechanisms can decide effective colonization
and survival in both the environmental reservoir
and host niche. One such defense system is the
type VI secretion system (T6SS) (Pukatzki et al.
2006), a harpoon-like nanomachine encoded by
approximately 25% of all gram-negative bacteria
(Bingle et al. 2008; Boyer et al. 2009). The T6SS
is evolutionarily, structurally, and functionally
related to the contractile tail of a T4 bacteriophage
(Pukatzki et al. 2007; Leiman et al. 2009; Pell
et al. 2009; Basler et al. 2012). Bacteria use this
system for contact-dependent translocation of
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competitor cells via membrane puncturing.
Strains that encode the toxic effectors also encode
cognate immunity proteins, so sister cells (kin)
can neutralize their toxicity (Hood et al. 2010;
Russell et al. 2011; Dong et al. 2013; Brooks
et al. 2013; Fritsch et al. 2013; Miyata et al.
2013).

This chapter will focus on the V. cholerae
T6SS, with a few examples from other Vibrio
and non-Vibrio species. Here we summarize the
current knowledge of Vibrio T6SS structure, the
genetic loci that encode the structural elements
that make up the Vibrio T6SSs, how these gene
clusters are regulated, T6SS-based competitive
dynamics, the role of T6SS genetic exchange in
those competitive dynamics, and roles for the
Vibrio T6SS in virulence.

The Structure and Mechanism
of the T6SS

3.2

While the T6SS is functionally conserved across
many  gram-negative  species, the core
components of the T6SS vary. T6SSs can be
phylogenetically classified into four types
(T6SS-i, T6SS-ii, T6SS-iii, and T6SS-iv), with
T6SS-i further divided into six subtypes (il, i2,
i3, i4a, i4b, and i5) (Boyer et al. 2009; Barret et al.
2013; Russell et al. 2014; Li et al. 2015; Bock
et al. 2017). The T6SS-ii is an atypical T6SS
solely found in the Francisella Pathogenicity
Island of Francisella novicida and Francisella
tularensis (de Bruin et al. 2007; Broms et al.
2010). The T6SS-iii, to date, has only been
identified in the phylum Bacteroidetes (Russell
et al. 2014). The T6SS-i is the general
proteobacterial T6SS described primarily in
gammaproteobacteria (V. cholerae, Pseudomonas
Escherichia coli, Serratia
marcescens, Acinetobacter baumanii, among
others) (Pukatzki et al. 2006; Mougous 2006;
Shrivastava and Mande 2008; Murdoch et al.
2011; Carruthers et al. 2013). T6SS-i clusters
can be identified across multiple phyla of gram-
negative bacteria, including plant-associated
organisms, marine bacteria, and medically-
relevant human pathogens (Boyer et al. 2009).

aeruginosa,
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The T6SS-i consists of approximately
13 conserved core genes (tssA-M) that are a mix
between T4 bacteriophage-like tail and sheath
components and type IV secretion system
(T4SS) IcmF/DotU-type membrane anchoring
proteins (Bingle et al. 2008; Boyer et al. 2009)
(Fig. 3.1). The steps necessary to build a func-
tional T6SS have been thoroughly examined in
V. cholerae and E. coli. The T6SS-i first needs a
pore for transit through the bacterial envelope.
The pore through which T6SS components are
secreted is known as the membrane complex
and is formed by TssJ, TssL, and TssM; TssL
and TssM are inserted into the inner membrane,
and TssJ is inserted into the outer membrane
(Felisberto-Rodrigues et al. 2011; Durand et al.
2012). TssJ and TssM interact to form a pore
running through the bacterial envelope, allowing
T6SS components to exit the cell (Felisberto-
Rodrigues et al. 2011). It has been shown that
TssM can also recruit peptidoglycan-degrading
enzymes to its periplasmic domain to assist in
forming the membrane complex through the pep-
tidoglycan layer (Weber et al. 2016; Santin and
Cascales 2017). The baseplate is built next and is
composed of the bacteriophage structural proteins
VgrG (Tssl), TssE, TssF, TssG, and TssK. VgrG
is the spike of the T6SS that allows for membrane
puncturing of nearby cells, and it is homologous
to the T4 phage-tail spike gp5/gp27 complex
(Pukatzki et al. 2007; Leiman et al. 2009). In
some cases, the VgrG spike is further sharpened
by small proline-alanine-alanine-arginine
(PAAR) repeat motif proteins (Shneider et al.
2013). TssE is homologous to the T4 bacterio-
phage wedge protein pg25 (Leiman et al. 2009;
Lossi et al. 2011). TssE, -F, -G, and -K form a
stable baseplate complex with VgrG in the cyto-
plasm. This structure is then recruited to the
TssJLM membrane complex (Brunet et al. 2015;
Logger et al. 2016; Nguyen et al. 2017). Next, the
Hcp (TssD) tail and surrounding TssBC (VipAB)
sheath extend from the baseplate as new subunits
polymerize onto the distal end of the growing
complex (Brunet et al. 2014, 2015; Vettiger
et al. 2017) (Fig. 3.1). T6SS sheath-tube exten-
sion is primarily controlled by interactions
between the membrane complex protein TssM,
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TssA, and TagA (Stietz et al. 2020). TssA
stabilizes this process by binding to the baseplate
and remaining associated with the distal end of
the growing tail and sheath (Zoued et al. 2016;
Schneider et al. 2019). TagA can counter this
process by either binding TssM in the membrane
complex and inhibiting extension or interacting
with the TssA cap of the extending sheath on the
opposite side of the cell to halt the extension
(Santin et al. 2018; Schneider et al. 2019; Stietz
et al. 2019, 2020). Dissociation of TssA results in
the firing of the T6SS through contraction of the
TssBC sheath (Basler et al. 2012; Zoued et al.
2016; Schneider et al. 2019).

The toxic effector proteins that diversify this
conserved complex have been identified as cova-
lent modifications to the VgrG spike, cargo
effectors loaded onto the spike with adaptor
proteins, or loaded within the lumen of the Hecp
tube (Pukatzki et al. 2007; Brooks et al. 2013;
Unterweger et al. 2015; Wood et al. 2019; Zhang
et al. 2021). Cargo effectors with either DUF4123
chaperone proteins or PAAR repeat motif
proteins specialized to their specific effectors
attach onto the VgrG spike (Unterweger et al.
2015; Wood et al. 2019; Zhang et al. 2021).
Loading effector proteins onto the T6SS is an
essential step for efficient assembly and firing of
the apparatus (Liang et al. 2019); cells expressing
catalytically-inactive effectors assemble and fire
the T6SS normally, while effector deletion strains
are T6SS defective. The mechanical steps
described above lead to the assembly of the
T6SS, loading of toxic effectors, and transloca-
tion of these effector proteins into neighboring
cells, resulting in contact-dependent killing of
incompatible cells or effector neutralization and
recycling of T6SS components in kin cells
(Vettiger and Basler 2016) (Fig. 3.1).

3.3 Genome Organization

of the V. cholerae T6SS

The term “T6SS” was coined for the system
identified in the pathogen Vibrio cholerae
(Pukatzki et al. 2006), and has since been found
to be highly conserved in the Vibrio genus
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(Weber et al. 2009; Yu et al. 2012; Church et al.
2016; Huang et al. 2017; Kirchberger et al. 2017).
V. cholerae and many closely related Vibrio spe-
cies, including V. metoecus, V. mimicus,
V. fluvialis, and V. furnissii, carry a single
T6SS-il  (Kirchberger et al. 2017). All
V. cholerae strains minimally encode this T6SS-
il in three genetic loci: a Large cluster and two
auxiliary clusters (Auxl and Aux2) (Pukatzki
et al. 2009; Unterweger et al. 2014) (Fig. 3.1).
The Large cluster encodes the majority of the
system’s structural components, including the
membrane complex that anchors the system to
the bacterial inner membrane (vasDFK/tssJLM),
the baseplate complex (hsiF/tssE, vasABE/
tssFGK) from which the contractile sheath
(vipAB/tssBC) is extended, and two tssA-type
proteins involved in the regulation of sheath
extension and firing dynamics (vasJ/tssA, vasL/
tagA) (Zoued et al. 2014; Cianfanelli et al. 2016;
Schneider et al. 2019). The Large cluster also
encodes an effector/immunity pair: a VgrG spike
(vgrG-3) with a specialized bactericidal
C-terminus and its cognate immunity factor
(tsiV3) (Dong et al. 2013; Brooks et al. 2013).
All Large cluster genes, except for two genes of
unknown function (vasI and vasM) and the immu-
nity gene tsiV3, are required for T6 secretion
(Zheng et al. 2011). Two auxiliary T6SS clusters
(Auxl and Aux2) each encode an Hcp protein
(hcp-1 and hcp-2), an alternate VgrG spike
(vgrG-1,vgrG-2), aDUF4123 domain-containing
chaperone protein for effector loading (tap-1,
vasW) (Unterweger et al. 2015), and a distinct
effector-immunity pair (tseL/tsiVl and vasX/
tsiV2, respectively) (Miyata et al. 2013;
Unterweger et al. 2014) (Fig. 3.1). Auxl and
Aux2 are necessary to form a fully functional
T6SS, as Hcp is required to form the central
tube upon which the VgrG spike is fired from
the cell. The VgrG-1 protein encoded by Auxl
is sometimes fused to a specialized C-terminal
actin-crosslinking domain (ACD) with anti-
eukaryotic properties (Pukatzki et al. 2007).
Four non-core auxiliary clusters have been
identified in the V. cholerae population: Aux3,
Aux4, Aux5, and Aux6 (Altindis et al. 2015;
Labbate et al. 2016; Crisan et al. 2019, 2021;
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Drebes Dorr and Blokesch 2020) (Fig. 3.1).
Except Aux3, these auxiliary clusters carry an
hcp, avgrG, a DUF4123 chaperone, and an effec-
tor/immunity gene pair. T6SS clusters Aux4,
Aux5, and Aux6 are absent from pandemic
strains of V. cholerae and sporadically dispersed
through environmental strains (Labbate et al.
2016; Carpenter et al. 2017; Crisan et al. 2019;
Drebes Dorr and Blokesch 2020). Aux3 is unique
in that it is a minimal T6SS cluster only encoding
its effector/immunity pair and a PAAR-repeat
chaperone protein (Shneider et al. 2013; Altindis
et al. 2015; Hersch et al. 2020). The Aux3 cluster
appears to be strongly associated with pandemic

n Type VI Secretion System

represent: seventh pandemic O1 El Tors (light blue),
pre-seventh pandemic Ol El Tors (dark blue), Ol
Classicals (green), and close relatives of the seventh pan-
demic Ol El Tors and Ol Classicals (grey). Virulence
factors expressed by each clade are represented. The num-
ber of each symbol represents the quantity of each factor
expressed by the strains within a specific clade. On the
right is a timeline from 1800 through today, indicating the
periods in which strains from the different pandemic
clades were isolated

strains and a small number of environmental
V. cholerae strains (Kirchberger et al. 2017;
Santoriello et al. 2020). Most available
V. cholerae sequences are from pandemic
V. cholerae, as there is a bias towards collecting
isolates from patients during outbreaks. Increas-
ing efforts in whole-genome sequencing have
identified an increasing number of genetic traits
important for V. cholerae ecology. The Aux4,
Aux5, and Aux6 clusters were identified by
analyzing newly sequenced environmental
V. cholerae strains, and so it is likely that undis-
covered T6SS auxiliary clusters are circulating in
V. cholerae populations.
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3.4 Regulation of the T6SS Across

the V. cholerae Species

The V. cholerae population can currently be bro-
ken into 206 serogroups based on the presence of
the major surface O-antigen (Yamai et al. 1997).
A single serogroup expressing the Ol surface
antigen gave rise to a monophyletic clade
known as the pandemic-generating lineage or
phylocore genome (PG) clade (Feng et al. 2008;
Chun et al. 2009; Islam et al. 2017) (Fig. 3.2). The
PG clade was founded by an O1 strain carrying
two Vibrio pathogenicity islands (VPI-1 and
VPI-2); VPI-1 encodes the major virulence factor
toxin co-regulated pilus (TCP) and its regulator
ToxT, and VPI-2 encodes a Type-I restriction
modification system, an operon for sialic acid
catabolism, and a neuraminidase (Thelin and
Taylor 1996; Karaolis et al. 1998; Jermyn and
Boyd 2002). The O1 VPI-1(+) VPI-2(+) founder
then diverged into the two subclades: PG-1 and
PG-2 (Fig. 3.2). These subclades then acquired
cholera toxin independently en route to
pandemicity (Chun et al. 2009). The PG-2 clade
gave rise to the Classical biotype of V. cholerae
that is believed to have caused the first six cholera
pandemics. The PG-1 clade gave rise to Pre-7th
pandemic isolates denoted El Tor (Chastel 2007)
and eventually the El Tor biotype strains that
cause the current 7th pandemic. The ongoing
seventh pandemic started in Indonesia in 1961
and is caused exclusively by El Tor biotype
strains (Hu et al. 2016). An ancestor of the sev-
enth pandemic isolates within the PG-1 clade
acquired two more unique genomic islands on
the path to pandemicity: VSP-I and VSP-II
(Dziejman et al. 2002; Chun et al. 2009). While
the roles of VSP-I and VSP-II are less clear than
the VPIs, they have been shown to modulate the
cyclic di-nucleotide pool and regulate chemotaxis
in response to zinc starvation, respectively
(Davies et al. 2012; Murphy et al. 2021). The
seventh pandemic has persisted significantly lon-
ger than any of the previous Classical pandemics,
and in that time, there have been multiple distinct,
overlapping waves of transmission with shifting
physiology. Physiological shifts over the El Tor
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waves are typically defined by acquiring
SXT/R391 family integrative conjugative
elements, encoding  multiple  antibiotic

resistances, and acquiring variant cholera toxin
subtypes (Hochhut and Waldor 1999; Garriss
et al. 2009; Wozniak et al. 2009; Mutreja et al.
2011; Kim et al. 2015). Wave 1 El Tor strains
initiated the 7th pandemic and have since been
displaced by Wave 2 and subsequently Wave 3 El
Tor strains, which can further be divided into
“Early Wave 3” and “Current Wave 3” isolates
(Mutreja et al. 2011; Kim et al. 2015). A novel
pathogenic serogroup of V. cholerae, 0139, was
identified in India and Bangladesh in 1992
(Ramamurthy et al. 1993; Chun et al. 2009).
This serogroup likely occurred due to a horizontal
acquisition of a new O-antigen cluster by a close
relative of the Wave 2 El Tors (Blokesch and
Schoolnik 2007; Mutreja et al. 2011). O139
strains are still endemic in India and Bangladesh
but have not exhibited pandemic spread.

The T6SS of V. cholerae is differentially
regulated across the different lineages of environ-
mental and pandemic V. cholerae (Fig. 3.2).
Environmental V. cholerae strains express their
T6SS constitutively (Unterweger et al. 2012;
Bernardy et al. 2016), likely lending a survival
advantage in the variable environment of the
aquatic reservoir. Constitutive T6SS activity was
conserved into the O1 lineage. It can be observed
in close relatives of both the pandemic El Tor
clade (pre-seventh pandemic El Tor strains and
non-toxigenic US Gulf Coast isolate 2740-80)
and the Classical clade (O37 clinical strain V52)
(Pukatzki et al. 2006; MacIntyre et al. 2010;
Unterweger et al. 2012; Bernardy et al. 2016)
(Fig. 3.2). Classical strains, however, have an
inactive T6SS due to four separate mutations in
the large cluster: vipA/tssB, hsiF/tssE, vasE/tssK,
and vasK/tssM (Miyata et al. 2010; MaclIntyre
et al. 2010; Kostiuk et al. 2021) (Figs. 3.2 and
3.3).

Early studies of Wave 1 El Tor strains
suggested that the T6SS was also inactive in
seventh pandemic strains (Pukatzki et al. 2006;
Maclntyre et al. 2010). It has since been shown
that the El Tor T6SS is tightly regulated in a
pathoadaptive manner (Fig. 3.3). The transition
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from constitutive T6SS activity in environmental
V. cholerae strains to pathoadaptivity in pan-
demic strains is decided by a single nucleotide
transversion (T to G) upstream of the tssB/vipA
gene in the Large cluster (Drebes Dorr et al.
2022). Conversion from G to T at this site,
dubbed SNP45, is sufficient to confer constitutive
T6SS activity upon pandemic strains of
V. cholerae, but the regulators affected by
SNP45 are unknown. Common laboratory Wave
1 El Tor strains such as N16961, C6706, and
A1552 do not express their T6SS under labora-
tory conditions but activate the system upon pas-
sage through infant mice, rabbits, and human
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T6SS clusters are shown. Small arrows associated with
clusters represent promoters. Black genes indicate effector
genes/domains and their corresponding immunity genes
(small cassettes). White A in a circle indicates the ACD of
vgrG-1. Grey genes represent the genes mutated in Ol
Classical strains

volunteers (Lombardo et al. 2007; Mandlik et al.
2011; Fu et al. 2013; Bachmann et al. 2015).
Multiple host signals have been shown to directly
regulate the O1 El Tor T6SS directly. Passage of
Wave 1 Ol El Tor isolate C6706 through the
infant mouse small intestine activated the T6SS
and triggered the C6706 cells to kill a mutant
lacking its cognate immunity genes (Bachmann
et al. 2015). This study further demonstrated that
the T6SS of C6706 and N16961 was activated in
response to mucin and repressed by exposure to
commensal bacterium-generated bile acids,
indicating that host and microbiome-derived
signals in the small intestine influence T6SS
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activation during infection. It was recently shown
that T6SS activation by mucin results in slower,
more directed flagellar motility indicating a
killing-independent role for the T6SS in intestinal
colonization (Frederick et al. 2020). Activation of
the T6SS in the intestine has been partially
supported in human volunteer studies showing
that an O1 El Tor isolate highly upregulates the
T6SS regulator VasH during passage through the
human gastrointestinal tract (Lombardo et al.
2007). VasH is a RpoN (sigma 54)-dependent
transcriptional regulator encoded in the Large
T6SS cluster that is necessary for T6SS function
due to its activation of the Auxl and Aux2
clusters (Miyata et al. 2010; Kitaoka et al. 2011;
Unterweger et al. 2012) (Fig. 3.3). Hep protein
produced from these clusters has been shown to
bind to VasH directly and inhibit the activation of
Auxl and Aux2 (Manera et al. 2021) (Fig. 3.3).
This VasH-Hcp negative feedback loop likely
functions as an energy conservation mechanism,
tuning expression levels of T6SS genes to the
protein levels of its most abundant structural com-
ponent. Another critical regulatory protein at the
mucosal surface is the quorum sensing master
regulator HapR, which is repressed upon mucosal
penetration (Liu et al. 2008). HapR has been
shown to activate the T6SS and likely plays a
role in in vivo T6SS expression for O1 El Tor
strains at the mucosal surface and potentially
during the mucosal escape response (Nielsen
et al. 2006; Tsou et al. 2009; Ishikawa et al.
2009; Shao and Bassler 2014) (Fig. 3.3). These
results support a model in which the presence of
mucus components triggers the T6SS to compete
with the resident host gut microbiome residing
upon the mucus layer of the gastrointestinal
tract. The T6SS is then repressed once cells pene-
trate the mucus to reach the epithelial cell layer
and initiate pathogenesis. Regulation of the T6SS
by host signals like viscous mucous surfaces is
not unique to V. The T6SS is
upregulated in both V. fischeri in response to
squid host-like viscosity and V. corallilyticus in
response to coral mucus (Speare et al. 2021; Gao
et al. 2021).

Environmental conditions faced by
V. cholerae in the aquatic reservoir have also

cholerae.
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been investigated for their modulatory effects on
the T6SS (Fig. 3.3). In the estuarine environment
where fresh and saline ocean water meet,
V. cholerae cells regularly experience shifts in
osmolarity. The T6SS of Ol El Tor strain
A1552 is activated in response to increasing
concentrations of various salts and other
osmolytes through the repression of the osmoreg-
ulatory protein OscR (Shikuma and Yildiz 2009;
Ishikawa et al. 2012). A1552 was also shown to
activate its T6SS after the shift from human body
temperature (37 °C) to temperatures mimicking
the aquatic reservoir (25 and 15 °C) through
activation of the cold shock regulatory gene
cspV, indicating that leaving the host and
re-entering the marine environment can trigger
T6SS killing (Townsley et al. 2016). Regulation
of the T6SS by osmolarity and temperature is a
common theme across several Vibrio species. The
pathogenic species V. parahaemolyticus activates
its two T6SSs differentially, with its T6SS1
activated in response to warm, marine-like
conditions and its T6SS2 activated in response
to low salt conditions (Salomon et al. 2013).
The fish pathogen V. anguillarum also carries
two T6SSs that respond differentially to tempera-
ture, with its T6SS1 activated at high
temperatures and its T6SS2 activated at low
temperatures (Lages et al. 2019). After re-entry
into the estuarine environment, Ol El Tor
V. cholerae cells can often be isolated in associa-
tion with chitinous surfaces. It has been shown
that chitin metabolism triggers T6SS expression
by activating the competence regulators TfoX and
QstR (Meibom 2005; Borgeaud et al. 2015;
Watve et al. 2015; JaskoOlska et al. 2018)
(Fig. 3.3). Quorum sensing also feeds into this
regulatory circuit, as HapR activates the T6SS
clusters directly and through activation of QstR
(Lo Scrudato and Blokesch 2013). Quorum sens-
ing regulation of the T6SS in the environment
indicates a potential role for the T6SS in high
cell density states like late-stage biofilm forma-
tion. The TfoX-homolog TfoY can also activate
the V. cholerae T6SS clusters. Still, it does so in a
quorum sensing and chitin-independent manner
(Metzger et al. 2016) (Fig. 3.3). TfoY is instead
activated by c-di-GMP, which directly binds
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LonA protease and inhibits the degradation of
TfoY (Rogers et al. 2016; Metzger et al. 2016;
Joshi et al. 2020). TfoY co-regulates the
T6SS, motility, and hemolysis, indicating that
TfoY may be particularly important for competi-
tion with predatory eukaryotes like grazing
amoeba (Metzger et al. 2016). Outside of Ol
El Tor strains, TfoY is particularly important
for T6SS activation in the constitutive T6SS-
producing strain V52 (Metzger et al. 2016).
Further, homologs of both TfoX and TfoY have
been shown to modulate the activation of T6SS
clusters in V. parahaemolyticus, V. alginolyticus,
and V. fischeri. The genomic structure of the
T6SS encoding gene clusters in these species is
different from V. cholerae, so the TfoX and TfoY
regulatory circuits are wired differently in each
species. Still, these circuits are likely generally
conserved across the Vibrio genus (Metzger et al.
2019).

Most studies on T6SS regulation in
V. cholerae have focused on regulators that bind
the main promoters upstream of the first gene in
each T6SS cluster (hep-1, hep-2, vipA). It is
important to note that each V. cholerae T6SS
cluster has a second promoter internal to its spe-
cific effector gene (Brooks et al. 2013; Miyata
et al. 2013) (Fig. 3.3). These internal promoters
regulate the downstream immunity genes,
resulting in a dual-expression profile for cognate
immunity proteins.

The Role of the V. cholerae
T6SS in Interbacterial
Competition

3.5

Many effector proteins delivered by the T6SS
into neighboring cells are toxic to non-kin,
gram-negative bacteria (Hood et al. 2010;
Maclntyre et al. 2010; Russell et al. 2011).
Gram-positive species are largely resistant to
T6SS attacks. Still, a recent study has shown
that an A, baumannii  T6SS-secreted
peptidoglycanase can kill gram-positive prey
cells after inducing a local rise in pH (Le et al.
2021). In the case of bactericidal effectors, the
effector-secreting predator cell also encodes a

cognate immunity protein to neutralize the
effectors Kkilling capacity and protect against
attacks from sister cells (Hood et al. 2010; Russell
et al. 2011; Dong et al. 2013; Brooks et al. 2013;
Fritsch et al. 2013; Miyata et al. 2013). It is
important to note that physical puncturing by the
T6SS spike is not enough to kill a prey cell. The
bactericidal effector protein is necessary for kill-
ing to occur (Kamal et al. 2020). Every known
T6SS locus in the V. cholerae population encodes
a bactericidal effector protein immediately next to
a cognate immunity protein that neutralizes its
activity (Figs. 3.1 and 3.3). Effector genes at the
core loci in pandemic V. cholerae strains (tseL,
vasX, and vgrG-3) encode a lipase, a pore-
forming toxin, and a peptidoglycanase, respec-
tively (Dong et al. 2013; Brooks et al. 2013;
Miyata et al. 2013). At the auxiliary clusters, the
Aux3 effector TseH is a peptidoglycan hydrolase,
the Aux4 effector TpeV is a membrane
permeabilizing toxin, and the Aux5 effectors
TleV1-4 are putative lipases (Altindis et al.
2015; Crisan et al. 2019, 2021; Hersch et al.
2020). The Aux6 effector has been shown to kill
non-immune prey bacteria, but no specific func-
tion for the effector protein has been reported
(Drebes Dorr and Blokesch 2020). The only
V. cholerae T6SS effector with no described
function against bacteria is the ACD of VgrG-1.
This effector has solely been shown to be toxic to
eukaryotes and the intestinal epithelium of the
host (Pukatzki et al. 2006, 2007; Logan et al.
2018).

Studies on the antibacterial properties of the
V. cholerae T6SS have primarily focused on four
different scenarios: (1) T6SS-active predator
against a T6SS(—) or T6SS-inactive prey, (2) inter-
species competition between incompatible T6SS-
active strains, (3) intraspecies competition
between incompatible T6SS-active strains, and
(4) species-specific competition (Fig. 3.6a). In a
one-sided competition between two bacterial
strains, the T6SS-active cells can clear the niche
of non-self bacteria while protecting kin cells and
expanding outward clonally (Maclntyre et al.
2010; Unterweger et al. 2012). However, how
well this clearance occurs depends upon the
lysis kinetics of the involved bactericidal
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effectors, as insufficient lysis of the dead prey
cells after killing can lead to “corpse barriers”
between the predator and prey population and
failure to clear the niche (Smith et al. 2020). In
the case of bidirectional competition between two
different T6SS-active species with incompatible
effector/immunity pairs, mathematical modeling
and laboratory experiments show that T6SS kill-
ing drives phase separation of the two strains into
local clusters of kin cells with distinct borders
(Wong et al. 2016; McNally et al. 2017). Again,
this phase separation is limited by accumulating
dead cells at the interface of killing between
clonal clusters (Steinbach et al. 2020). Strains
within a species can have incompatible effector
sets, leading to intraspecies competition with the
same dynamics described for interspecies compe-
tition with two T6SS-active strains (Unterweger
et al. 2014). Finally, the V. cholerae Aux3 effec-
tor TseH is the only V. cholerae T6SS effector
protein to exhibit species-specific killing. It will
not kill non-immune V. cholerae or E. coli, but it
will kill Aeromonas and Edwardsiella species
(Hersch et al. 2020). Killing by TseH depends
on the presence or absence of specific bacterial
envelope stress response systems, highlighting
the importance of immunity gene-independent
T6SS defenses (Hersch et al. 2020). This species
specificity, however, can be overcome by local
cation concentrations (Tang et al. 2022),
indicating that species-specific competition can
be decided by the balance of immunity-
independent T6SS defenses and local abiotic
factors.

3.6 Effector and Immunity Gene
Diversity and Intraspecific
Competition in the V. cholerae

Population

The structural and regulatory components of the
V. cholerae T6SS gene clusters are highly
conserved between strains, but effector/immunity
gene cassettes are variable between V. cholerae
strains (Unterweger et al. 2014; Kirchberger et al.
2017; Hussain et al. 2021). The environmental
V. cholerae population encodes 20 different
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effector/immunity types across the three core
T6SS loci (Fig. 3.4, Table 3.1). In contrast, pan-
demic V. cholerae strains all encode an identical
set of three distinct effectors referred to as A-type
(tseL, vasX, vgrG-3) (Unterweger et al. 2014;
Kirchberger et al. 2017). While the A-type
effectors can be found sporadically in environ-
mental strains of V. cholerae, no environmental
strains have been identified with an AAA effector
set (Kirchberger et al. 2017; Crisan et al. 2019). It
is important to note that different effector types at
the Aux1 (type A and C) and Aux2 (types A—E)
loci encode distinct proteins rather than different
alleles of a homologous gene. In contrast, vari-
able types at the Large cluster (types A—M) are
different C-terminal extensions on a conserved
VgrG spike (Unterweger et al. 2014; Kirchberger
et al. 2017) (Table 3.1). High variability of effec-
tor sets between environmental strains and a
conserved effector set in pandemic strains mirrors
the clonal nature of the rest of the PG clade
outside the mobile pathogenicity islands. The
complete A-type effector set is present in both
PG-1 and PG-2 but lacking from the O1 CAA
Sister clade (Kirchberger et al. 2017; Crisan et al.
2019), indicating that the full set of these effectors
was acquired after the foundation of the PG clade
but before the divergence of the PG clade into
PG-1 and PG-2 (Fig. 3.4). This pattern extends to
closely related species such as V. mimicus,
V. metoecus, V. fluvialis, and V. furnissii, which
all carry the three core V. cholerae T6SS loci
encoding effector/immunity pairs with types
homologous to those in the V. cholerae popula-
tion. None of these species, which cause localized
disease but not pandemic outbreaks, carry an
AAA effector set (Kirchberger et al. 2017).

As each T6SS cluster in V. cholerae encodes
an effector/immunity gene pair, the total comple-
ment of T6SS gene clusters in a given strain
makes up its effector set. We previously discov-
ered that the effectors encoded within these
conserved gene clusters differ widely among
V. cholerae strains (Unterweger et al. 2012,
2014; Thomas et al. 2017). Kin bacteria produce
immunity proteins that protect them from the
effectors of genetically-identical sister cells.
Strains with the same effector-immunity gene
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Fig. 3.4 T6SS effector/immunity type distribution in the
V. cholerae population. Effector/immunity protein diver-
sity of the V. cholerae T6SS clusters across the O1 clade
and environmental V. cholerae strains. A theoretical phy-
logenetic tree is broken into the subpopulations discussed
in this chapter: 7th pandemic O1 El Tor strains (PG-1),

sets are said to belong to the same compatibility
group and can coexist. In contrast, those with
different sets compete against each other. There
is evidence for the dominance of the AAA effec-
tor set of pandemic strains over other effector sets
found in the environmental V. cholerae popula-
tion, particularly at human host physiological
temperature (Unterweger et al. 2014; Hussain
et al. 2021; Tang et al. 2022). However, it is
important to consider that the dynamics of
T6SS-dependent intraspecies competition may
not be limited to differential effector sets. Speed
of T6SS firing, number of T6SS sheaths
generated per cell, effector lysis kinetics,
conditional toxicity driven by abiotic factors, the
synergy between effectors, and immunity-
independent protective mechanisms vary between
T6SS-active strains and influence whether a strain
wins in a competitive interaction (LaCourse et al.
2018; Toska et al. 2018; Hersch et al. 2020; Smith
et al. 2020; Bernal et al. 2021; Hussain et al.
2021; Tang et al. 2022). Abiotic factors are criti-
cal because V. cholerae lives a dual lifestyle
between the aquatic reservoir and the host

Pre-7th pandemic O1 El Tor strains (PG-1), Ol Classical
strains (PG-2), the Ol Sister Group (closest known
ancestors of the PG clade), and environmental strains.
Effector type is indicated by color, and locus is
characterized by shape. T6SS clusters, Aux3, Aux4,
Aux5, and Aux6, do not have associated types.

gastrointestinal tract, two niches with variable
conditions ranging from pH to temperature to
salt concentration.

The Cost-Benefits Trade-Off
of Exchanging T6SS Effectors
and the Role of Orphan
Immunity Genes

in Interbacterial Competition

3.7

The variable T6SS effector/immunity types in the
environmental population of V. cholerae are hor-
izontally transferred between strains, as a strain’s
given effector set does not align with the whole-
genome phylogeny of environmental V. cholerae
strains (Kirchberger et al. 2017). T6SS predation
itself is likely the catalyst for the transfer of effec-
tor/immunity modules, as interbacterial predation
by the T6SS and acquisition of new genetic mate-
rial with the competence pilus are linked
functions in V. cholerae (Borgeaud et al. 2015).
Binding to a chitinous surface triggers chitin
metabolism, which induces the competence
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Table 3.1 V. cholerae effector gene types and functions
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T6SS Gene Effector/
cluster name immunity type Knowna/predicted function Ref.
Auxl vgrG-1 Actin crosslinking” Pukatzki et al. (2007)
tseL A Lipase” Dong et al. (2013)
C Putative lipase Unterweger et al. (2014)
Aux2 vasX A Pore formation® Miyata et al. (2011)
B Pore formation Unterweger et al. (2014)
C No prediction Unterweger et al. (2014)
D Peptidoglycanase Unterweger et al. (2014)
E Pore formation Unterweger et al. (2014)
Large vgrG-3 A Peptidoglycanase” Brooks et al. (2013)
B Cell adhesion Unterweger et al. (2014)
C Peptidoglycanase Unterweger et al. (2014)
D Peptidoglycanase Unterweger et al. (2014)
E Peptidoglycanase Unterweger et al. (2014)
F Peptidoglycanase Unterweger et al. (2014)
G Peptidoglycanase Unterweger et al. (2014)
H None reported Kirchberger et al. (2017)
I None reported Kirchberger et al. (2017)
J None reported Kirchberger et al. (2017)
K None reported Kirchberger et al. (2017)
L None reported Kirchberger et al. (2017)
M None reported Hussain et al. (2021)
Aux3 tseH Peptidoglycanase” Altindis et al. (2015)
Aux4 tpeV Membrane permeabilization™ | Crisan et al. (2021)
Aux5 tleV1 Lipase” Crisan et al. (2019)
tleV2 Putative lipase Crisan et al. (2019)
tleV3 Putative lipase Crisan et al. (2019)
tleV4 Putative lipase Crisan et al. (2019)
Aux6 None reported Drebes Dorr and Blokesch (2020)

regulator TfoX (Meibom 2005; Lo Scrudato and
Blokesch 2013). TfoX activates a second compe-
tence regulator QstR, and both of these factors
regulate co-expression of the T6SS and the natu-
ral competence machinery (Borgeaud et al. 2015;
Watve et al. 2015). Interbacterial predation by the
T6SS lyses competitive cells, releasing their
genetic material into the local environment.
Simultaneous expression of the competence
pilus allows for the immediate uptake of the
nearby DNA and diversification of the predator’s
genome (Borgeaud et al. 2015). Chitin also
induces some lysogenic vibriophages from the
genome of certain V. cholerae strains that can
then lyse neighboring prey cells, allowing for
DNA uptake by uninduced members of the lyso-
gen population (Molina-Quiroz et al. 2020).

Based on the bacteriophage origin of the T6SS,
it is possible that the T6SS-natural competence
relationship is a domesticated form of this
bacteriophage-natural competence linkage. Fur-
ther, this phenomenon of interbacterial predation
linked to natural competence is not unique to
V. cholerae and has also been demonstrated in
Acinetobacter  baylyi and  Streptococcus
pneumoniae (Steinmoen et al. 2002, 2003;
Cooper et al. 2017; Ringel et al. 2017).

The linkage of T6SS predation and natural
competence is likely an important factor in trans-
ferring of T6SS effector/immunity modules. It
has been shown that naturally competent
V. cholerae can acquire new functional T6SS
effector/immunity modules that can be secreted
by the T6SS (Thomas et al. 2017). The exchange
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of effector/immunity types in a strain with an
activated T6SS is inherently dangerous for the
recipient cell. This modular exchange event puts
the recipient strain at immediate odds with all of
its surrounding T6SS-active ex-kin cells
(Unterweger et al. 2014; Thomas et al. 2017).
V. cholerae potentially decreases the risks of
effector exchange by encoding extra immunity
genes without their cognate effectors (orphan
immunity genes) downstream from the main
effector/immunity module at the T6SS loci
(Kirchberger et al. 2017) (Fig. 3.5a). These
orphan immunity genes are typically different
from the neighboring effector immunity module
and are likely maintained from the previous effec-
tor/immunity module during effector/immunity
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module exchange. Maintenance of the previous
immunity gene would protect a diversified strain
from ex-kin attacks and circumvent the costs of
effector/immunity module exchange, allowing
the new strain to reap the benefits of the newly
acquired effector (Fig. 3.5a). The Aux1 locus of
pandemic V. cholerae encodes a single orphan
C-type immunity gene, leading us to hypothesize
that this A-type effector was acquired by an
ancestor of the V. cholerae pandemic clade with
a C-type effector/immunity module at Auxl
(Kirchberger et al. 2017) (Figs. 3.4 and 3.5a).
Orphan immunity genes have been identified
in several other T6SS positive species, including
Salmonella enterica, Proteus mirabilis, common
bee symbiote Snodgrassella alvi, and several
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species in the order Bacteriodales (Alteri et al.
2017; Steele et al. 2017; Ross et al. 2019;
Sibinelli-Sousa et al. 2020; Barretto and Fowler
2020). Orphan immunity genes in Bacteroidales
are unique. They are located on large genomic
islands called AIDs that do not carry T6SS struc-
tural genes or effectors but carry long arrays of
orphan immunity genes originating from diverse
bacterial species (Ross et al. 2019). These orphan
immunity gene arrays have been shown to confer
broad protection against inter- and intraspecies
T6SS attacks. All other highlighted studies,
including those on V. cholerae, show a small
number of orphan immunity genes directly down-
stream from or within a T6SS gene cluster with
structural and effector genes (Kirchberger et al.
2017).

Mobile T6SS Clusters
in the V. cholerae Population
and Beyond

3.8

Two V. cholerae T6SS clusters, much like the
majority of the other V. cholerae virulence
genes, have been identified on mobile genetic
elements (MGEs) that can readily excise them-
selves from the chromosome to form a plasmid:
Aux3 and Aux4 (Fig. 3.5b). The Aux3 cluster is
encoded on a long, prophage-like element in a
subset of environmental V.
(Santoriello et al. 2020). This element encodes
an integrase and a recombination directionality
factor that allow it to excise from the host
chromosome and insert into a naive chromosome
in a site-specific manner. A shorter form of the
Aux3 cluster is conserved in pandemic strains of
V. cholerae, indicating that this mobile prophage-
like element underwent a large deletion during the
evolution of the PG clade (Santoriello et al.
2020). The Aux3 cluster is potentially an example
of T6SS evolution from prophage to bacterial
secretion system. The Aux4 cluster is encoded
along with a CRISPR-Cas system on an MGE
named GIVchS12 that is unique to environmental
strains of V. cholerae (Labbate et al. 2016;
Carpenter et al. 2017; Crisan et al. 2019).

cholerae strains
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GIVchS12 is horizontally transferred between
non-pandemic strains of V. cholerae where it
integrates at a defined a#t site in the transfer-
messenger RNA ssrA, the same site as VPI-1 in
pandemic strains (Labbate et al. 2016; Carpenter
et al. 2017). This element carries its own
recombinase and inserts into the chromosome by
site-specific recombination, priming it for effi-
cient transfer between strains (Labbate et al.
2016; Carpenter et al. 2017). T6SS components
carried on MGEs likely provide both a selective
pressure and selective advantage for maintaining
the element in the new host. From a T6SS evolu-
tionary perspective, acquiring a T6SS locus de
novo on an MGE, rather than replacing the cur-
rent effector/immunity module in an existing
cluster, equips a strain with a new toxin that can
kill surrounding ex-kin cells without any potential
vulnerability to ex-kin attacks. Cluster acquisition
in this manner lacks a cost-benefits dilemma and
should be highly favorable to V. cholerae cells.
Again, this type of T6SS cluster acquisition is not
unique to V. cholerae and can be identified in
other Vibrio species. The T6SS2 of V. vulnificus
appears to be transmitted horizontally between
V. vulnificus strains (Lopez-Pérez et al. 2019).
This cluster from V. vulnificus is 97% identical
to a T6SS cluster found in the V. anguillarum
population, further supporting the presence of
this T6SS cluster on a mobile genetic element
(Lopez-Pérez et al. 2019). Minimal clusters of
T6SS genes composed of only effector and
immunity genes have also been shown to
move horizontally between Vibrio species
like V. alginolyticus, V.  anguillarum,
V. parahaemolyticus, and V. campbellii (Salomon
et al. 2015). These minimal clusters were occa-
sionally associated with recombinase genes like
integrases and transposases, indicating their status
as MGEs (Salomon et al. 2015). In support of
these concepts, T6SS clusters have been
identified on MGEs in many gram-negative
organisms, such as Cronobacter sakazakii, Cam-
pylobacter jejuni, and the species of the order
Bacteroidales (Franco et al. 2011; Ross et al.
2019; Marasini et al. 2020; Garcia-Bayona et al.
2021).
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3.9 The Role of the V. cholerae
T6SS in Inter-kingdom

Competition

Many bacterial pathogens use their T6SSs to
deliver toxic effectors into the cells of infected
hosts and other competitive eukaryotic cells,
including fungi and predatory protozoa
(Monjaras Feria and Valvano 2020). The first
description of the T6SS in V. cholerae
highlighted the ability of the system to protect
against grazing by the predatory amoeba
Dictyostelium discoideum (Pukatzki et al. 2006).
Since that discovery, multiple anti-eukaryotic
roles have been identified for the V. cholerae
T6SS through the action of the ACD of the
VgrG-1 spike protein and the effectors TseL and
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Fig. 3.6 The various roles of the V. cholerae T6SS in
competition and pathogenesis. (a) Dynamics of
interbacterial killing by the V. cholerae T6SS. Curved
rods indicate V. cholerae, and straight rods indicate other
gram-negative species. Effector sets are coded according
to Fig. 3.4. Black star and hexagon indicate T6SS effectors
not found in the V. cholerae population. Arrows represent
T6SS killing dynamics for each scenario. (b) The role of
the V. cholerae T6SS in protection from protozoan
grazing. T6SS-active cells secrete toxic effectors into the
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VasX (Fig. 3.6b). The ACD of VgrG-1 was
shown to induce cytotoxicity in both
D. discoideum and murine macrophages in a
T6SS-dependent manner by crosslinking cyto-
solic actin (Pukatzki et al. 2007). Both the pore-
forming toxin VasX and the lipase TseL were
shown to contribute to protection against grazing
by D. discoideum, but not to the same level as
VgrG-1 (Miyata et al. 2011; Zheng et al. 2011).
This T6SS-dependent D. discoideum cytotoxicity
has been shown to require endocytosis of T6SS-
active V. cholerae cells (Ma et al. 2009). TseL.
and VasX are the only V. cholerae T6SS effectors
to date to show trans-kingdom toxicity, as they
kill both eukaryotic cells and bacteria (Miyata
et al. 2011, 2013; Zheng et al. 2011; Unterweger
et al. 2014). The action of these effectors does not

T6SS-induced
Inflammation, Peristalsis,
and Microbiome Clearance

®

predatory eukaryote after endocytosis and trigger actin-
crosslinking, cell rounding, and death. T6SS-inactive cells
are digested. (¢) Known roles for the T6SS in the host
intestine. Red curved cells indicate V. cholerae. Grey rods
show commensal bacteria. A red glow means host inflam-
mation. Small blunt-end arrows indicate repression from
the host microbiota. Small arrows indicate unknown signal
feedback. Large arrows indicate efflux due to peristalsis.
(b—d) Grey spike indicates active T6SS. Effectors
implicated in processes are indicated
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broadly extend to all species of grazing amoeba,
as the V. cholerae T6SS is dispensable for resis-
tance against grazing by the aquatic protozoan
Acanthamoeba castellanii (Van der Henst et al.
2018). The Large cluster effector VgrG-3 is a
peptidoglycan-degrading enzyme and is unlikely
to affect eukaryotic cells (Brooks et al. 2013). The
majority of anti-eukaryotic studies have used O1
El Tor V. cholerae or the O37 strain V52, mean-
ing these studies have focused entirely on the
capacity of the A-type effector proteins to inhibit
protozoan grazing. One recent study has assessed
the inhibition of grazing D. discoideum by envi-
ronmental V. cholerae strains with CAE and CEJ
effector sets, but the findings of this study focused
on the ACD of VgrG-1 (Drebes Dorr and
Blokesch 2020). A better understanding of the
activity of non-A-type effectors against predatory
eukaryotic cells would be of great interest to the
field, considering non-A-type effectors are wide-
spread in strains that spend all or most of their
time in the aquatic reservoir competing with such
cells.

Known Roles of the T6SS
in Host Colonization
and Virulence

3.10

Its antibacterial and anti-eukaryotic activities
make the V. cholerae T6SS an important system
in the host intestinal tract (Fig. 3.6¢). Initial stud-
ies of the T6SS in the infant mouse infection
model focused on its bacteria-targeted and host-
targeted functions separately (Ma and Mekalanos
2010; Fu et al. 2013; Bachmann et al. 2015). The
ACD of VgrG-1 was the first V. cholerae T6SS
effector shown to have a role in V. cholerae path-
ogenesis, as T6SS activity and secretion of the
VgrG-1-ACD effector led to increased fluid accu-
mulation, induction of innate immune responses,
and higher recovered V. cholerae cell counts from
the mouse intestine (Ma and Mekalanos 2010,
p- 2). The role of the VgrG-1-ACD in pathogene-
sis is likely carried over from protozoan defense
mechanisms and fine-tuned for the mammalian
gastrointestinal tract. It was later shown in the
zebrafish model of V. cholerae infection that the
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VegrG-1-ACD could trigger peristaltic waves in
the intestinal muscles leading to the expulsion of
the native gut microbiome and facilitating
V. cholerae colonization, but the exact mecha-
nism of peristalsis and any links to VgrG-1-
ACD induced inflammation were not discussed
(Logan et al. 2018).

Initial studies of the role of antibacterial activ-
ity of the T6SS in the host gut were focused on
whether or not the system was activated. These
studies used the Wave 1 O1 El Tor strain C6706,
which is T6SS-inactive under laboratory
conditions. They showed that the T6SS is on
and can mediate cross-killing of non-immune
V. cholerae in the infant mouse and infant rabbit
intestines (Fu et al. 2013; Bachmann et al. 2015).
The pandemic-associated T6SS effector VgrG-3
is particularly important for interactions between
V. cholerae strains. A strain carrying a transposon
insertion in #siV3 was unable to co-colonize the
infant rabbit intestine with a wildtype strain of
C6706 but was able to co-colonize with a T6SS-
deficient strain (Fu et al. 2013). T6SS-dependent
cross-killing of non-immune V. cholerae and
interactions between V. cholerae and the local
microbiota in the host gastrointestinal tract were
shown to be primarily localized to the proximal
and middle small intestine and are important for
colonization of these regions (Fu et al. 2018).
Specific human gut commensal species have
been shown to restrict V. cholerae colonization
(Hsiao et al. 2014; Chen et al. 2022), highlighting
the importance of T6SS-dependent clearance of
the host gut microbiota (Fig. 3.6c). Outside of
mammalian hosts, the V. cholerae T6SS has also
been shown to significantly modulate the intesti-
nal microbiota of laboratory infected zebrafish
(Breen et al. 2021). Later studies in mice and
gnotobiotic flies demonstrated a link between
microbiome predation via the T6SS, signals
from dead prey cells, and the induction of viru-
lence in V. cholerae cells (Zhao et al. 2018; Fast
et al. 2018) (Fig. 3.6¢). In each study, V. cholerae
was significantly more virulent towards its host
after the T6SS-mediated killing of vulnerable,
gram-negative commensals. In this three-part sys-
tem of T6SS-active predator, prey, and host, it
was shown that inactivating the T6SS in the
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predator or removing the T6SS-vulnerable prey
was sufficient to reduce the symptoms of cholera
such as inflammation and fluid accumulation
(mice) as well as host viability (flies) (Zhao
et al. 2018; Fast et al. 2018). In mice, the T6SS-
dependent increase in virulence appears to be
caused by some link between the death of com-
mensal bacteria and the induction of higher levels
of CT and TCP in V. cholerae (Zhao et al. 2018).
In flies, it was shown that T6SS killing of com-
mensal bacteria by V. cholerae triggers
polymicrobial interactions within the gut
microbiome that result in a lack of cellular differ-
entiation to repair V. cholerae-induced damage to
the intestinal epithelium (Fast et al. 2020). These
studies demonstrate that the role of the T6SS in
the host is more complex than simply killing
commensal bacteria to allow for colonization
and that the T6SS is a virulence factor that drives
pathogenesis directly by targeting the host and
indirectly by targeting the host microbiota.

3.11 Summary

The T6SS is a versatile defense mechanism used
by Vibrio species and many other gram-negative
bacteria to contend with bacterial and eukaryotic
competitors in constantly shifting environments.
Across Vibrio species, this structurally conserved
system shows great diversity in its genomic orga-
nization, toxic effector repertoire, regulatory
circuits, and specific biological purpose. In this
chapter, we aimed to summarize the current
knowledge surrounding the Vibrio T6SS to iden-
tify uniting themes, including regulation by com-
mon host and environmental signals, evolutionary
mechanisms that allow a change in a system
under constant selective  pressure, the
T6SS-dependent and -independent factors that
shape competitive dynamics, and roles of the
T6SS in pathogenesis across several model
organisms. There is still much to learn about the
T6SS in V. cholerae and the Vibrio genus. Due to
advancements in sequencing and a concurrent
push to sample a greater portion of the microbial
world, new T6SS gene clusters that encode
diverse effector/immunity proteins are regularly

identified. These discoveries will open the door
for a deeper understanding of the environmental
and pathogenic roles of the T6SS as well as
genetically engineered tools for designer protein
secretion and new antimicrobial technologies
(Liang et al. 2019; Hersch et al. 2021; Jana et al.
2021).
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Abstract

In this chapter, we discuss motility control as a
possible link between quorum sensing (QS) to
surface attachment in Vibrio species. QS
regulates a variety of behaviors that are impor-
tant for the life cycle of many bacterial species,
including virulence factor production, biofilm
formation, or metabolic homeostasis. There-
fore, without QS, many species of bacteria
cannot survive in their natural environments.
Here, we summarize several QS systems in
different Vibrio species and discuss some of
emerging features that suggest QS is inti-
mately connected to motility control. Finally,
we speculate the connection between motility
and QS is critical for Vibrio species to detect
solid surfaces for surface attachment.

Keywords
Vibrio cholerae - Quorum sensing

4.1 Introduction to Quorum

Sensing

It is now accepted that bacteria live a social life
(Parsek and Greenberg 2005). To act collectively
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as a group, bacterial cells in a population use
quorum sensing (QS) to communicate with each
other and alter their behaviors in response to
changes in density as well as species composition
in the vicinity. QS regulates a variety of behaviors
that are important for the life cycle of many
bacterial species, including bioluminescence, vir-
ulence factor production, biofilm formation, met-
abolic homeostasis, and genetic competence
development. Therefore, without QS, many spe-
cies of bacteria cannot survive in their natural
environments. In this chapter, we will summarize
several paradigmatic QS systems in different Vib-
rio species and discuss some of emerging features
that suggest QS is intimately connected to motil-
ity control. We speculate the connection of these
two regulatory networks is critical for Vibrio spe-
cies to use QS to detect a solid surface for surface
attachment.

4.2 QS Systems That Use Acyl
Homoserine Lactones

for Communication

Several types of QS systems have been identified
in Vibrio but the general mechanistic steps in
responding to changes in cell density are the
same across these systems (Lupp et al. 2003;
Cao and Meighen 1989; Chen et al. 2002; Miller
et al. 2002; Henke and Bassler 2004a; Lenz et al.
2004; Papenfort et al. 2017). Intercellular com-

e-mail: Wai-Leung Ng@tufts.edu munication via QS relies on production,
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secretion, detection, and response of small signal-
ing molecules called autoinducers (Als). Als are
first synthesized intracellularly and then either
passively released or actively secreted into the
environment. As the number of cells increases in
a population, the levels of Als in the environment
also increase proportionally. Once a concentra-
tion threshold is reached, binding of Als to their
cognate receptors occurs, triggering a signal
transduction cascade that results in changes in
gene expression across the population. This cell-
cell communication system allows the bacteria
cells in the same population to act collectively
as a group.

Acyl homoserine lactones (AHSLs) represent
the first chemical class of autoinducers identified
in any bacteria (Nealson et al. 1970; Fuqua et al.
1994; Moré et al. 1996; Parsek and Greenberg
2000; Nealson and Hastings 1979) and AHSL-
based QS systems unequivocally are the most
studied QS signaling network in Gram-negative
bacteria. To date, AHSL is found to be recognized
by two types of receptors: the cytoplasmic LuxR-
type transcriptional regulator (e.g., in Vibrio
fischeri) and the transmembrane LuxN-type histi-
dine sensor kinase (e.g., in Vibrio harveyi).

4.3  Luxl-LuxR Type QS Systems
Vibrio fischeri is a bioluminescent marine bacte-
rium that colonizes the light organ of the Hawai-
ian Bobtail Squid Euprymna scolopes. The
relationship between the Hawaiian Bobtail squid
and V. fischeri has been studied for decades as a
model of symbiosis (Nyholm and McFall-Ngai
2021). The nutritious environment inside the
light organ of the squid allows the bacteria to
grow efficiently. In turn, the light (biolumines-
cence) produced by the bacteria inside the light
organ  provides  counter-illumination and
eliminates the squid’s shadow at nighttime
which helps conceal the squid from predators
and preys.

Interestingly, V. fischeri activates biolumines-
cence only at high cell density (HCD) via
QS. Two proteins are essential for QS control in
V. fischeri: LuxI is the synthase for the Al N-3
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(oxo-hexanoyl)- homoserine lactone
(BOXOC6HSL) (Nealson et al. 1970; Eberhard
et al. 1981) which is small enough to freely dif-
fuse in and out of the cell (Kaplan and Greenberg
1985). Therefore, at low cell density (LCD), most
extracellular 30XOC6HSL diffuses away and is
diluted in the environment. However, as the den-
sity of the bacterial cells increases in the popula-
tion, the concentration of 30OXOC6HSL
accumulates and once a threshold is reached,
30XOC6HSL re-enters the cell and binds to its
cytoplasmic receptor LuxR (Fig. 4.1a). When the
LuxR-30XOC6HSL complex is formed, it
recognizes a consensus binding sequence
upstream of the lux/CDABE operon and activates
the expression of these genes (Devine et al. 1989;
Kaplan and Greenberg 1987; Antunes et al.
2008). The genes luxCDABE encode the enzymes
for luminescence production and lux/ is also
activated which increases the production of
30XOC6HSL, acting as a positive feedback
loop to ensure all cells switch to HCD gene
expression (Devine et al. 1989). QS in
V. fischeri not only regulates bioluminescence
but other activities, including motility, compe-
tence, and biofilm formation (Antunes et al.
2007; Qin et al. 2007).

The LuxI/R type of QS system in V. fischeri is
very common and found in a variety of Gram-
negative bacteria including many known
pathogens. AHSL-type QS systems are usually
highly specific and respond only to the AHSLs
produced by the species themselves, suggesting
that it is used for intra-species communication
(Schuster et al. 2013).

4.4 LuxM-LuxN Type AHSL QS

Systems

The second type of QS system that uses AHSL as
a signal has been thoroughly studied in Vibrio
harveyi which does not possess the archetypical
luxI and luxR genes. As opposed to the LuxI/R
system where the Al receptor is a cytoplasmic
DNA-binding transcriptional regulator, the Al
receptor in V. harveyi is a membrane-bound histi-
dine kinase called LuxN (Bassler et al. 1993).
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Fig. 4.1 Quorum sensing pathways and their connection
to motility in different Vibrio species. (a) Three QS
systems operate in V. fischeri: LuxI-LuxR, AinS-AinR,
and LuxS-LuxP/Q. At LCD, QS regulator LuxR is inactive
and luciferase operon is not expressed. Furthermore, AinR
and LuxP/Q function as kinase to phosphorylate LuxO,
which activates the expression of the sSRNA Qrrl. Qrrl
prevents the production of LitR, resulting in limited [uxR
gene expression. At HCD, LuxR/3-oxo-C6HSL complex
is formed, resulting in activation of the luciferase operon.
Accumulation of the two autoinducers recognized by
AinR and LuxP/Q results in dephosphorylation of LuxO
and increased level of LitR. LitR further activates the
transcription of luxR. LitR negatively regulates the expres-
sion of several flagellar genes. It is hypothesized that the
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QS is involved in motility repression once the V. fischeri
cells reach the deeper crypt tissue in the bob tail squid. (b)
Three QS systems operate in Vibrio harveyi/Vibrio
parahaemolyticus, CqsA-CqsS, LuxM-LuxN, and LuxS-
LuxP/Q. At LCD, QS receptors LuxN, CgsS, and LuxPQ
autophosphorylate and transfer the phosphate to LuxO via
LuxU. Phosphorylated LuxO activates the transcription of
the five regulatory small RNAs: Qrrl-5. These sRNAs
destabilize the transcript of the QS master regulator
LuxR in V. harveyi or OpaR in V. parahaemolyticus. In
V. harveyi, QS positively regulates motility by affecting
flagellar gene expression. In V. parahaemolyticus, OpaR
represses the lateral flagellar genes (thus represses
swarming) and induces c¢ps expression at HCD. (c¢) Four
QS systems operate in V. cholerae, CqsA-CqsS, LuxS-
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V. harveyi is a free-living marine bacterium and is
an important pathogen of marine organisms.
V. harveyi uses QS to activate bioluminescence
and repress type III secretion and the QS regulon
of V. harveyi is estimated to be more than several
hundred genes (Waters and Bassler 2006; van
Kessel et al. 2013).

Like other Gram-negative QS bacteria,
V. harveyi produces, secretes, and detects an
AHSL autoinducer called HAI-1 (30HC4HSL)
(Cao and Meighen 1989). In addition, two other
autoinducers called AI-2 and CAI-1 are produced
and detected by V. harveyi for QS (Fig. 4.1b)
(Henke and Bassler 2004a). HAI-1 is synthesized
by the LuxM synthase which shows no significant
sequence similarity with members in the LuxI
family (Bassler et al. 1993). CAI-1 is synthesized
by the CgsA synthase (Miller et al. 2002; Henke
and Bassler 2004a; Papenfort et al. 2017; Bassler
et al. 1993; Higgins et al. 2007; Ng et al. 2011)
and AI-2 is synthesized by LuxS (Surette et al.
1999; Schauder et al. 2001; Bassler et al. 1997).
These additional Als are also detected by
membrane-bound histidine kinases (LuxPQ for
AI-2 and CgsS for CAI-1) as opposed to the
LuxR-type cytoplasmic receptors (Henke and
Bassler 2004a; Bassler et al. 1993; Miller and
Bassler 2001). At low cell density (LCD) when
the extracellular concentrations of these
autoinducers are low, these receptors, which are
hybrid histidine kinases that carry both the histi-
dine kinase domain and an additional receiver
domain, are mostly ligand-free and their kinase
activities are predominant, resulting in the
autophosphorylation of the receptors at a
conserved histidine in the kinase domain. The
phosphate group is subsequently transferred
to the conserved aspartate residue of the
receiver domain in the same receptor. The
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phosphate group from all three receptors is then
passed onto a histidine transfer protein called
LuxU, which ultimately transfers the phosphate
to a master response regulator called LuxO (Free-
man and Bassler 1999; Henke and Bassler
2004b).

Together with RNA polymerase/Sigma
54 complex, phosphorylated LuxO (LuxO-P)
activates transcription of five small regulatory
RNAs (sRNAs) Qrrl-5 (Lenz et al. 2004). The
main target of these sRNAs is the mRNA
encoding the QS master transcriptional regulator
LuxR (which is different from the V. fischeri
LuxR). At LCD, these sRNAs block the ribosome
binding site and destabilize the /uxR mRNA and
prevent the production of LuxR (Lenz et al.
2004). At HCD, Al binding inhibits the kinase
activity of these receptors, resulting in dephos-
phorylation and inactivation of LuxO, therefore
Qrrl-5 sRNAs are not made and /uxR mRNA is
translated and LuxR is made. LuxR functions
both as an activator and repressor to regulate
over several hundred genes (van Kessel et al.
2013). All of these QS components are identified
in the human pathogen Vibrio parahaemolyticus,
and a similar QS circuit has been proposed to
operate in this bacterium. However, recent study
shows that expression of small RNA Qrr2 is
independent of Sigma 54 and this sRNA can
function alone to regulate QS. Even with this
singular exception, at LCD, the master QS regu-
lator OpaR (homolog of LuxR in V. harveyi) is
not made (Tague et al. 2022). At HCD, in con-
trast, OpaR is made and it induces the expression
of genes required for extracellular polysaccharide
production and represses the expression of one of
the two Type III secretion systems (Henke and
Bassler 2004b; McCarter 1998; Gode-Potratz and
McCarter 2011).

Fig. 4.1 (continued) LuxP/Q, CqgsR, and VpsS. The
autoinducers for CqsR and VpsS are unknown but their
activity can be modulated by ethanolamine and nitric
oxide, respectively. At LCD, kinase activities of CqgsS,
LuxPQ, VpsS, and CqsR are dominant. LuxO is
phosphorylated via LuxU and promotes the trascription
of the four small RNAs, Qrrl-4, which activate translation
of AphA and inhibit production of HapR. As cells reach

the small intestine and travel through the mucus layer, it is
hypothesized that the flagella are lost which allows for
secretion of FlgM (anti-sigma factor) resulting in an
increased activity of FliA (the alternative sigma factor for
late flagellar genes). With mechanism currently unkown,
FliA further represses hapR trasncription. This ensures that
the small number of cells that reach the small intestine are
primed for virulence factor production and colonization
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The presence of multiple QS systems within a
single cell is not uncommon. Indeed, there are
two other histidine kinase-based QS systems
that indirectly control bioluminescence in
V. fischeri by modulating luxR expression: AinS
and AinR, which respectively produces and
responds to N-octanoyl-homoserine lactone
(C8-HSL), are homologous to LuxM and LuxN
in V. harveyi; V. fischeri also possesses LuxS and
LuxPQ, which respectively synthesizes and
responds to Al-2 (Fig. 4.1a). These two additional
QS systems are both used to regulate the activity
of LuxO in V. fischeri. At LCD, LuxO-P activates
transcription of grrl, which encodes a single
sRNA that prevents the production of the tran-
scription factor LitR (Homologous to LuxR in
V. harveyi and OpaR in V. parahaemolyticus)
(Fig. 4.1a). At HCD, the phosphorelay is halted
which allows the production of LitR to enhance
luxR expression, further contributing to increased
light production (Lupp and Ruby 2005).

4.5 Non-AHSL Type QS in Vibrio

cholerae

The organization of the V. cholerae QS pathway
is similar to that of V. harveyi but with several
distinctions. First, V. cholerae does not make
HAI-1 and does not have the LuxN sensor;
instead, the V. cholerae QS system is composed
of four signaling pathways (CqgsS, LuxPQ, CgsR,
and VpsS) (Fig. 4.1c) (Miller et al. 2002; Jung
et al. 2016). Second, there are 4 Qrr SRNAs in
V. cholerae but each of the Qrr SRNA appears to
be sufficient to mediate a full QS response (Lenz
et al. 2004). Third, even though the V. cholerae
CgsS/CgsA system is homologous to that from
V. harveyi, the V. cholerae system is less specific
and responds to both CAI-1 with either C8 or C10
hydrocarbon tails, while the V. harveyi system
only responds to CAI-1 with a C8 tail (Ng et al.
2011; Miller and Bassler 2001). LuxPQ in
V. cholerae also responds to Al-2, but the identity
of the Als sensed by VpsS and CqsR is unknown.
Interestingly, the activity of VpsS and CqsR can
be modulated by nitric oxide and ethanolamine,
respectively (Hossain et al. 2018; Watve et al.

2020). Finally, the functional homolog of
V. harveyi LuxR is called HapR in V. cholerae.
HapR functions both as transcriptional repressor
and activator of many genes. At LCD, Qrrl-4
sRNAs facilitate the production of AphA, which
are essential for expression of biofilm and viru-
lence genes (Lenz et al. 2004; Rutherford et al.
2011). In contrast, at HCD, HapR activates the
gene hapA that encodes the Hap protease and
many genes that are needed for genetic compe-
tence (Zhu et al. 2002; Hammer and Bassler
2003; Lo Scrudato and Blokesch 2013).

A new class of autoinducer, called DPO, was
identified in V. cholerae and some other Vibrio
species. DPO is produced by the enzyme Tdh and
is sensed by a cytoplasmic transcriptional regula-
tor called VqgmA. VgqmA/DPO complex activates
transcription of an sSRNA called VgmR and is
involved in regulation of biofilm formation
(Papenfort et al. 2017). Interesting, some phages
also encode VgmA; and it is proposed that these
phages use their VgmA receptor to detect the
DPO produced by the bacterial host to control
its lytic-lysogeny switch (Silpe and Bassler
2019).

4.6 The Link Between QS

and Motility in Vibrio Species

Although QS was first described in V. fischeri and
V. harveyi to regulate bioluminescence (Nealson
et al. 1970; Bassler et al. 1994), as discussed
above, another very common process that is con-
trolled by QS is surface attachment. As part of
their life cycle, bacteria are required and capable
to attach to a variety of solid surfaces, including
eukaryotic cells, other bacteria, plants, and other
abiotic surfaces (Tuson and Weibel 2013;
Verstraeten et al. 2008; O’Toole and Wong
2016; Lopez et al. 2010). QS communication
has been identified as one of the main pathways
that regulates the production of adhesion
factors necessary for attachment to various
surfaces (e.g., host adhesins, exopolysaccharides,
biosurfactants, etc.) in both Gram-negative and
Gram-positive bacteria (reviewed in Parsek and
Greenberg 2000; Rutherford and Bassler 2012;
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Koutsoudis et al. 2006; Labbate et al. 2007).
However, for bacteria to switch between a motile
to a sessile life, the cell has to sense the presence
of a surface. It has been shown in several
organisms that the flagellar apparatus not only
allows the cell to attach to the surface, but the
flagella, or in turn motility, can also act as a
sensor to alert the cell it has reached a surface
(O’Toole and Wong 2016; Belas 2014; Laventie
and Jenal 2020).

Thus, connecting QS and motility/flagellar
synthesis could function as a potential mechanism
for integrating spatial cues from surface sensing
into QS to precisely regulate surface attachment.
Indeed, motility has been shown to be connected
to QS in V. cholerae, V. fischeri, V. alginolyticus
and V. parahaemolyticus, where it appears that
QS represses motility in these species (Butler and
Camilli 2004; Millikan and Ruby 2004; Tian et al.
2008; Gode-Potratz et al. 2011). Interestingly,
motility appears to be positively regulated by
QS in V. harveyi. In the following sections, we
discuss the current knowledge of the connection
between QS and motility and how these two
cellular processes are wired together differently
across various Vibrio species.

4,7  Vibrio fischeri QS and Motility

Control

As described earlier, V. fischeri forms beneficial
symbioses in various marine animals (Nyholm
and McFall-Ngai 2021). Motility is one of the
essential factors that allows the bacteria to initiate
symbiosis and successfully colonize the host
(Millikan and Ruby 2004; Graf et al. 1994;
Millikan and Ruby 2002, 2003). Motility in
V. fischeri is achieved by a tuft of 2-7 polar
sheathed flagella which allow the cells to swim
(Allen and Baumann 1971). Details of the struc-
ture, function, and regulation of each flagellar
components have been reviewed in other chapters
of this book. In brief, the flagellum is composed
of three major structural components: the basal
body, the hook, and the filament. The Ain QS
system appears to negatively regulate flagellar
genes including several flagellin genes as well
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as some flagellar basal body genes (Lupp and
Ruby 2005). It is hypothesized that although
motility is required for the cells to reach the
light organ of the squid, once they have reached
the deeper end of the crypt, flagella biosynthesis
is repressed by QS. Repression of flagellar syn-
thesis inside the host may allow the bacteria to
evade the attack by the host immune system
(Aschtgen et al. 2019). Moreover, while host
colonization studies have been traditionally
performed with strain ES114, another strain
called KB2B1 outcompetes ES114 for coloniza-
tion and exhibits a slower migration pattern (Dial
et al. 2021). It was recently found that LitR
inhibits motility in KB2B1, since a litfR and
other LCD-locked QS mutants showed decreased
motility (Dial et al. 2021). It is unclear how
exactly the V. fischeri QS system represses the
flagellar synthesis and motility; however, QS
could function as an important pathway to ensure
that motility is coordinated during colonization of
the host light organ.

4.8  Vibrio harveyi QS
and Flagellum Synthesis

Regulation

Vibrios belonging to the harveyi clade are among
the major pathogens of aquatic organisms which
include fish, crustaceans and mollusks (Austin
and Zhang 2006). V. harveyi pathogenicity
requires biofilm formation, swimming motility
and production of virulence factors (Austin and
Zhang 2006). Virulence factor production has
been shown to be negatively regulated by QS in
most Vibrio species, but motility appears to be
positively regulated in V. harveyi. Genetic
analyses showed that LCD QS-locked mutants
(e.g., mutants defective in autoinducer production
or [uxR deletion mutant) display decreased
motility in V. harveyi compared to that of
wild type. In contrast, mutation in the LuxO
response regulator, resulting in a genetically
locked HCD QS state, increases motility rates
than that of wild type which suggests positive
regulation of motility by QS (Yang and Defoirdt
2015).
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The effect of QS on V. harveyi motility may be
due to its role in flagellar gene expression.
V. harveyi possesses a dual flagellar system that
allows cells to move under different
environments. The single polar flagellum is used
to swim in liquid media, whereas the lateral fla-
gellar system is responsible for movement in vis-
cous environments. Over 50 genes are required
for construction of the polar flagellum and 30 for
the lateral flagella (Yang and Defoirdt 2015).
Like many bacterial species, in many Vibrio spe-
cies, the flagellum is assembled in a hierarchical
manner and there is a temporal order of expres-
sion of three classes of flagellar genes: early,
middle, and late flagellar genes (Echazarreta and
Klose 2019; Kutsukake et al. 1990; Jones and
Macnab 1990). In V. harveyi, transcription of
middle and late flagellar structural genes is higher
in a QS overexpressing strain than that of the wild
type. QS appears to regulate not only these flagel-
lar structural genes but also that of flaK, a gene
that encodes the master regulator of flagellar
genes. Expression levels of flaK are lower in a
luxR deletion mutant than that of wild type (Yang
and Defoirdt 2015). In contrast to what is previ-
ously found, it is shown that some V. harveyi luxS
mutants, presumably producing less LuxR
(Fig. 4.1b), display better swimming and
swarming motility (Zhang et al. 2021). These
mutants also produce more lateral flagella and
have high levels of transcripts of both polar and
lateral flagellar genes (Zhang et al. 2021). Further
studies are required to identify the molecular link
between QS and motility in this bacterium.

49  Vibrio parahaemolyticus QS

and Swarming

V. parahaemolyticus is a leading worldwide
cause of seafood-borne gastroenteritis. This
organism encodes a variety of potential virulence
factors, including proteases, hemolysins, two type
VI secretion systems T6SS1 and T6SS2 and two
type III secretion systems, T3SS1 and T3SS2
(Letchumanan et al. 2014). This organism has a
high ability to colonize a surface due to its vigor-
ous capacity to swarm and form robust biofilms.

Genetic alteration in the QS master regulator
OpaR (homologs of LuxR in V. harveyi and
HapR in V. cholerae) leads to two different col-
ony morphologies, opaque (OP) and translucent
(TR). The -capsular polysaccharide (CPS)
determines colony opacity and stickiness. OP
isolates with the wild-type allele of opaR produce
thick capsule that does not swarm. In contrast, TR
isolates with defective OpaR are less sticky and
are swarming proficient. The associated
phenotypes with these two morphotypes are due
to repression of the expression of the lateral fla-
gellar genes and activation of cps expression by
OpaR. OpaR has been shown to bind to the pro-
moter regions of several operons involved in
motility (Lu et al. 2019, 2021). In addition,
OpaR also regulates directly or indirectly about
5.2% of the genome of V. parahaemolyticus
including the surface sensing regulon (Kernell
Burke et al. 2015). While swarming is considered
a group behavior in most other organisms, it is
interesting that in V. parahaemolyticus swarming
is initiated at LCD where OpaR is not made
(Gode-Potratz and McCarter 2011). Thus, the
physiological roles of QS in the regulation of
motile/sessile lifestyle in V. parahaemolyticus
need additional investigation.

4.10 Reciprocal Control of Vibrio
cholerae QS by Motility

Vibrio cholerae is the causative agent of the
diarrheal disease cholera, it can lead to severe
dehydration and result in death if left untreated
(Faruque et al. 1998). V. cholerae is a highly
motile organism that uses its single polar flagel-
Ium to swim (McCarter 2004; Butler and Camilli
2005). Motility has been shown to be important
for host colonization and infection (Lee et al.
2001). After passage through the stomach, cells
need to transit from the lumen of the small intes-
tine to the mucosal layer of the epithelium surface
for successful colonization (Lee et al. 2001;
Almagro-Moreno et al. 2015; Liu et al. 2008).
The current model suggests that LuxO activation
and AphA production (Fig. 4.1c) is critical for
V. cholerae to activate virulence gene expression
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at LCD when it first initiates colonization of the
small intestine. In contrast, the pathogen uses QS
master regulator HapR at HCD to shut down
virulence expression to exit the host to restart its
aquatic life cycle (Miller et al. 2002; Jung et al.
2016; Watve et al. 2020; Zhu et al. 2002; Jung
et al. 2015).

While the studies discussed above suggest that
QS can either directly and indirectly control
motility in different Vibrio species, previous stud-
ies in V. cholerae elucidated a reciprocal connec-
tion between motility and QS in which flagellar
synthesis intimately controls QS via the regula-
tion of hapR expression (Liu et al. 2008). The
flagellar rod is made up of several proteins includ-
ing FlgD. Unexpectedly, deletion of flgD gene
results in a decreased level of hapR transcription
(Liu et al. 2008). It was further shown that
mutants with defective FIgD secret an increased
amount of FIgM to the extracellular milieu. FigM
is the anti-sigma factor that physically interacts
with FliA (Sigma 28), the alternative sigma factor
that controls expression of the late flagellar genes.
Thus, the flgD mutant has an increased intracellu-
lar activity of FliA. Interestingly, deletion of fliA
in the flgD mutant restores HapR production,
suggesting hapR repression in the flgD mutant is
due to increased activity of FliA (Liu et al. 2008).
While it is evident that there is a link between
FliA and QS, it is unknown if the repression of
hapR expression is due to FliA directly or indi-
rectly. Regardless of the exact mechanism, it is
suggested V. cholerae cells lose their polar flagel-
lum upon migrating through the mucus layer dur-
ing the initial stage of host colonization, and
therefore this mechanism ensures full repression
of hapR to allow for proper colonization by
activating the virulence gene expression program
(Liu et al. 2008).

4.11 Conclusion and Outlook

While the interconnection between motility and
QS has been studied for over a couple decades,
the exact mechanism by which these two pro-
cesses link together is still poorly understood.
Moreover, the physiological significance of the
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connection of these two networks is poorly
defined. We speculate that how these two pro-
cesses are connected could be variable in different
Vibrio species and are mostly likely influenced by
their specific niches. For example, some species
may use QS to repress motility to allow success-
ful colonization of the host as in V. fischeri and
V. cholerae, while others such as V. harveyi may
use QS to promote motility for foraging to over-
come nutrient limitation. From a mechanistic
standpoint, are flagellar/motility genes regulated
by QS using a universal mechanism? What is the
connection between QS and the hierarchical fla-
gellar synthesis program controlled by regulators
such as FIrA, FIrB, and FliA? Interestingly, cer-
tain Vibrio species deviates their polar flagellar
transcriptional regulatory network from the
canonical hierarchical model (Simpson et al.
2021). Investigation into the flagellar structure
and how it might interact with QS is needed to
answer these questions. The genus Vibrio
contains many of the main pathogens to fish,
shellfish, and humans. They use their flagella to
access their preferred colonization niches and use
QS to precisely regulate the temporal dynamic of
virulence gene expression, we believe that under-
standing the connection between QS and motility
can potentially lead to new therapeutic strategies.
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Abstract

Here we discuss the structure and regulation of
the Vibrio flagellum and its role in the viru-
lence of pathogenic species. We will cover
some of the novel insights into the structure
of this nanomachine that have recently been
enabled by cryoelectron tomography. We will
also highlight the recent genetic studies that
have increased our understanding in flagellar
synthesis specifically at the bacterial cell pole,
temporal regulation of flagellar genes, and
how the flagellum enables directional motility
through Run-Reverse-Flick cycles.

Keywords

Vibrio flagellum - Flagellar structure -
Flagellar synthesis

Vibrios are Gram-negative marine bacteria with
characteristic curve-shaped bodies. Also charac-
teristic of this genus is their motility, which is
typically achieved by rotation of flagella. Most
Vibrios have a flagellum (or flagella) at a single
pole (polar flagellum) which is used for swim-
ming in liquid environments. Some Vibrios
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additionally synthesize multiple peritrichous
flagella (lateral flagella) under certain conditions
which are mostly used for swarming motility on
solid surfaces.

Flagellar motility is integral to the Vibrio life-
style. Vibrios are ubiquitous in the marine envi-
ronment, which is a relatively nutrient-poor
environment  where chemotactic  motility
facilitates access to nutrients. Moreover, motility
contributes to the ability of Vibrios to colonize
various surfaces and persist in the environment.
There are many different Vibrio species found in
the marine environment, and several of these are
known to cause disease in humans, for example
V. cholerae, V. parahaemolyticus, V. vulnificus,
and V. alginolyticus. Additional Vibrios cause
disease in various marine hosts, such as shrimp,
fish, and corals (e.g., V. campbellii,
V. anguillarum, and V. coralliilyticus). Some
Vibrios also form close symbiotic relationships
with their host, most notably V. fischeri with the
bobtail squid. In all of the Vibrio species men-
tioned here, polar flagellar motility has been
shown to play a role in interactions with their
host. For example, non-motile V. fischeri are
unable to colonize squid (Graf et al. 1994), and
non-motile V. vulnificus are defective for adher-
ence, biofilm formation, and virulence in mice
(Lee et al. 2004). In fact, the basis of immunity
against cholera provided by anti-O Antigen
(OAg) antibodies against V. cholerae is their
ability to prevent the bacteria from swimming,
due to the antibodies binding the OAg in the

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 77
S. Almagro-Moreno, S. Pukatzki (eds.), Vibrio spp. Infections, Advances in Experimental Medicine
and Biology 1404, https://doi.org/10.1007/978-3-031-22997-8_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22997-8_5&domain=pdf
mailto:Karl.Klose@utsa.edu
https://doi.org/10.1007/978-3-031-22997-8_5#DOI

78

flagellar sheath (Wang et al. 2017; Bishop et al.
2010; Charles et al. 2020). Additionally, flagellar-
based motility enables resistance to predators,
e.g., Bdellovibrio spp. (Duncan et al. 2018), and
facilitates the initial steps of biofilm formation
(Utada et al. 2014). Moreover, the flagellum is a
Type 3 secretion system that is used to deliver
non-flagellar proteins, such as cytotoxins (2008)
and biofilm matrix proteins (Jung et al. 2019), and
its rotation creates outer membrane vesicles that
are used to signal to hosts (Aschtgen et al. 2016).

This review will focus on the polar flagellum
(or flagella) of Vibrio species. Tremendous
insight into the structure of this nanomachine
has recently been enabled by cryoelectron tomog-
raphy (cryoET). Moreover detailed genetic stud-
ies have enlightened our understanding of how
the flagellum is synthesized specifically at the
bacterial cell pole, how the flagellar genes are
temporally regulated to maximize efficiency,
and how the polar flagellum enables directional
motility through Run-Reverse-Flick cycles. Che-
motaxis controls flagellar rotation and is critical
to drive directional motility; great strides have
also been achieved in dissecting the Vibrio che-
motaxis system. However chemotaxis will not be
discussed and instead readers are directed to an
excellent recent review of this topic (Ortega et al.
2020). Likewise the contributions of flagellar
motility to biofilm formation (Teschler et al.
2015), virulence (Echazarreta and Klose 2019),
and V. fischeri symbiosis (Aschtgen et al. 2019)
have been recently covered in comprehensive
reviews.

5.1 Flagellar Structure

The structure of the Vibrio polar flagellum is
divided into three main parts: the basal body, the
hook, and the filament (Fig. 5.1). The basal body
spans from the cytoplasm inside the cell, across
the cytoplasmic membrane and periplasmic
space, to the hook on the outer membrane. The
hook is the flexible linker that connects the basal
body to the filament (that mediates the “flick”
during reversal of flagellar rotation than reorients
the cell, as discussed below). The filament is
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composed of flagellin subunits and is the largest
part of the flagellum, whose rotation propels the
bacterium. Unique to Vibrios and a few other
bacteria, the hook and filament are coated by a
layer of membrane referred to as a sheath; this is
an extension of the outer membrane resulting in
LPS coating the entire filament (Fuerst and Perry
1988; Chu et al. 2020). The basal body is
anchored in the cytoplasmic membrane by the
MS ring and is associated with the C ring within
the cytoplasm, which is involved in torque gener-
ation and directional switching. Within the basal
body, the rod passes from the MS ring in the inner
membrane through the P ring within the periplas-
mic space (associated with the Peptidoglycan
layer), and the L ring associated with the outer
membrane (normally associated with Lipopoly-
saccharide in other Gram-negative bacteria). Vib-
rio spp have two additional ring structures within
the flagellar basal body, the T ring and the H ring,
which sandwich the P ring within the periplasm.
The core of the basal body, hook, and filament is
hollow, because this is the conduit through which
nascent components of the flagellum are secreted,
to allow the flagellum to be built at the distal end
of this tube in a step-wise fashion. Entrance of
components into this hollow core is controlled by
a secretion apparatus related to Type III secretion
systems that sits inside the C ring within the
cytoplasm (Chen et al. 2011). The stator
surrounds the basal body structure within the
periplasm, extending to the C ring in the cyto-
plasm, and facilitates rotation of the entire flagel-
lum via the Na* gradient (Fig. 5.1).

Outer Membrane Complex Exquisite detail of
the in situ structural components of the Vibrio
basal body has been achieved through
cryoelectron tomography, mostly of the
V. alginolyticus flagellum, but also including
imaging of V. fischeri and V. cholerae flagella
(Fig. 5.2). The flagellar sheath can be seen in
tomograms as an extension of the outer mem-
brane that coats the hook and the filament
(Fig. 5.2a, b). A structure referred to as the “O
ring” can be seen at the base of the flagellum on
the external side of the membrane that is perhaps
involved in sheath formation; it is unclear which
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Vibrio fischeri

Fig. 5.2 The flagellar complex of V. alginolyticus and
V. fischeri. The flagellar complex was imaged using
cryoelectron tomography (Cryo-ET) combined with
genetic subtomogram analysis (Beeby et al. 2016; Zhu
et al. 2017). Final reconstructed images were generated
via superimposed density maps. (a) and (b) from Zhu et al.
(2017). (a) Electron microscopy rendering of the sheathed
V. alginolyticus flagellar complex. (b) Schematic of the
sheathed V. alginolyticus flagellar complex, Vibrio-

protein(s) constitute the O ring. The L ring, com-
posed of FIgH, occupies a space close to the outer
membrane, but it does not appear to puncture it,
as the equivalent protein does in other Gram-
negative bacteria (Cohen and Hughes 2014; Zhu
et al. 2020). The H ring lies underneath the L ring

specific attributes are depicted by colors: the sheath
(green), H and T rings (yellow) and the O ring (purple).
(c—e) from Beeby et al. (2016). The stator complex of
V. fischeri surrounding the flagellar rotor exhibits 13-fold
symmetry. Red arrow highlights position of MotB, while
blue arrow highlights FliG-MotA interface. The planes for
D and E are shown by dotted lines in C. Images
reproduced and modified with permission from the
Proceedings of the National Academy of Sciences USA

and extends outward to make contact with the
periplasmic side of the outer membrane.

The H ring (Fig. 5.2a, b) is composed of three
proteins: FlgO, FlgP, and FIgT (Zhu et al. 2018).
FlIgO is located in the distal portion of the H ring
that contacts the wunderside of the outer
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membrane, while FIgT is located in the proximal
portion of the H ring next to the basal body, and
FlgP appears to be a bridge between FlgO and
FIgT (Beeby et al. 2016). Based on the crystal
structure of FIgT (Terashima et al. 2013) there are
13 FIgT subunits within the H ring (Zhu et al.
2017). Tomograms reveal that a flg7 mutant lacks
the entire H ring; Vibrio strains lacking flgT
appear non-motile (Cameron et al. 2008;
Terashima et al. 2013; Martinez et al. 2010)
despite synthesizing a flagellum. The flagella of
flgT strains have been reported to be released into
the medium due to weaker attachment to the cells
(Martinez et al. 2010) or localized in the periplas-
mic space due to poor penetration of the outer
membrane (Zhu et al. 2018). FIgP is a lipoprotein
that is associated with the outer membrane
(Morris et al. 2008), although lipidation does not
appear to be critical for its role in motility. Cells
lacking flgP are also non-motile yet flagellated
(Cameron et al. 2008; Morris et al. 2008;
Martinez et al. 2010), and tomograms reveal that
a flgP mutant lacks the outer portion of the H ring
(presumably both FlgP and FIgO) (Beeby et al.
2016). Interestingly, V. cholerae strains lacking
flgO are still motile, although exhibiting
decreased motility (Martinez et al. 2009; Petersen
et al. 2021), indicating that lack of FIgO is less
detrimental to motility than lack of FlgP or FlgT.
The flagella of figO and figP cells are shorter, but
only in the presence of a functional motor, which
suggests that rotation of the flagellum in the
absence of FIgO or FIgP results in shorter flagella
being synthesized (Martinez et al. 2009). How-
ever an alternate interpretation might be that the
flagella are shorter on average because of the
instability of the flagellum leading to release of
flagella into the supernatant and constant
regrowth of new flagella. The P ring, composed
of Flgl, lies underneath the L and H rings and is
presumed to contact the peptidoglycan layer
(Hizukuri et al. 2008) as well as make contact
with the rod, the H ring above, and the T ring.

The T Ring and Stators The T ring (Fig. 5.2a,
b) is a structure unique to the Vibrio flagellum,
composed of proteins MotY and MotX (Zhu et al.
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2017; Terashima et al. 2006). MotY makes up the
bulk of the T ring, and based on the MotY crystal
structure (Kojima et al. 2008), there are 13 MotY
subunits within the T ring. MotX is located at the
tip of MotY and involved in stator assembly and
function. The Na™ gradient across the cytoplasmic
membrane drives flagellar rotation in Vibrio spp
(Atsumi et al. 1992), (unlike the H* gradient that
drives flagellar rotation in other bacteria), and
MotX and MotY are essential components of
Vibrio flagellar rotation, along with homologues
of the motor proteins MotA and MotB, referred to
as PomA and PomB in Vibrios (Li et al. 2011).
The T ring appears to provide the scaffold that
recruits these stator units (PomAB) to assemble
around the flagellum (Zhu et al. 2017). PomA and
PomB form a 4A:2B complex in the cytoplasmic
membrane that has sodium conducting activity
(Sato and Homma 2000). PomA has four trans-
membrane domains and a large cytoplasmic
domain that interacts with FliG in the C ring,
(Asai et al. 1997), while PomB has a single trans-
membrane segment and a periplasmic peptidogly-
can binding motif that anchors it to the cell wall.
The transmembrane segments form the channel
that facilitates Na* flux through the membrane
that generates the torque required to rotate the C
ring (Li et al. 2011). PomA and PomB are the
stator units that dynamically assemble around the
basal body to facilitate rotation of the flagellum.
Visualization of the stator complex by cryo ET
has been challenging due to the dynamic nature of
this structure, but based on electron densities, a
model of the Vibrio flagellar motor containing
13 stator units has been developed (Fig 5.2c—e),
in symmetry with the 13 MotYX components of
the T ring (Zhu et al. 2017; Beeby et al. 2016)

MS and C Ring The MS ring, composed of
FliF, anchors the flagellum in the cytoplasmic
membrane, and FIiF is the first component of the
flagellum assembled (see below). The MS ring is
composed of two distinct substructures, the M
ring embedded in the membrane and the S ring
which lies above it in the periplasm (Kojima et al.
2021). 34 subunits of FliF form the MS ring, and
a combination of cryoET and crystal structure
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analyses of the S. enterica MS ring revealed
34-fold symmetry within the S ring, whereas
substructures within the M ring lead to an inner
ring of 23-fold symmetry surrounded by cogs
with 11-fold symmetry, due to two distinct
orientations of two domains within this portion
of FliF (Takekawa et al. 2021a; Kawamoto et al.
2021). This alternate symmetry is postulated to
correctly accommodate the export apparatus that
sits within the MS ring, while still maintaining the
34-fold symmetry for interaction with the C ring
within the cytoplasm, which is known to exhibit
34-fold symmetry. Although the exact structure
of the Vibrio MS ring has not been solved, it is
presumed to have a similar structure to the
S. enterica MS ring (Kojima et al. 2021).

The MS ring is not only the platform for build-
ing the flagellum through the export apparatus
embedded within, it also is connected to the C
ring in the cytoplasm, which interacts with the
PomAB stator to rotate the flagellum (Fig. 5.2¢c—
e). The C ring is also responsible for switching the
direction of flagellar rotation, and is composed of
FliG, FliM, and FliN (Terashima et al. 2020). The
C-terminus of FliF interacts with the N-terminus
of FliG, to form the C ring below the MS ring
(Ogawa et al. 2015). FliG interacts with the stator
complex (PomAB) localized in the membrane
surrounding the MS ring. The middle domain of
FliM binds to FliG, and the C-terminus binds
FliN, and importantly the phosphorylated form
of the chemotaxis protein CheY (CheY-P) binds
the N-terminus of FliM to change the direction of
rotation (Takekawa et al. 2021b). Elegant cryoET
studies utilizing directionally locked mutant
forms of C ring proteins have illuminated how
CheY-P binding to FliM causes structural
remodeling of the C ring (Carroll et al. 2020).
The large conformational rearrangement of the
rotor causes FliG to interact differently with the
stator complex, causing the flagellum to change
from counterclockwise (CCW) to clockwise
(CW) rotation. The precise mechanism of the
directional switch caused by CheY-P binding to
FliM was seen in the Borrelia burgdorferi rotor-
stator interaction, in which the conformational
change in FliG allows it to interact with the
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opposite side of the stator protein MotA
(PomA), thus leading to a change in direction of
rotation (CCW>CW) (Chang et al. 2020) ; this
mechanism likely pertains to flagellar directional
switching in other bacteria, including Vibrios.

Flagellar Export Machinery The type III fla-
gellar export apparatus secretes the components
of the rod-hook-filament through the MS ring.
FIhA, FIhB, FliP, FliQ, and FliR are membrane
proteins that interact with each other and form a
complex in the central pore of the MS ring that is
called the export gate (Minamino et al. 2020).
Cryo ET analyses of the V. mimicus export gate
indicate that FliPsQ4R; forms a complex that is
embedded within the MS ring above the cytoplas-
mic membrane, and FIhB wraps around this com-
plex, including covering the entrance to the pore
on the cytoplasmic side; it is proposed that this
allows for conformational changes in FIhB to
trigger opening of the export gate (Kuhlen et al.
2020) . FIhA (from V. parahaemolyticus lateral
flagella) forms a nine-member ring directly
underneath the FIhBFIiPQR complex with a
large cytoplasmic portion that is predicted to
switch between a closed and open state, and a
transmembrane portion that is thought to conduct
protons to energize secretion (Kuhlen et al. 2021).
FliH, Flil, and FliJ form a ring complex below the
export gate (Minamino et al. 2020). In S. enterica,
it has been shown that Flil is an ATPase that
forms a hexamer ring, and FliJ binds to the center
of this ring, while FliH binds to this ring and also
to FliN in the C ring and FIhA in the export gate,
thus aligning the ATPase ring in the cytoplasm
below the export gate (Fig. 5.1). ATP hydrolysis
by Flil activates the export gate through an inter-
action of FliJ with FIhA, and Flil with F1hB, and
the complex couples protein export to an inward
flow of H*.(Minamino et al. 2011, 2014, 2016;
Kinoshita et al. 2021; Morimoto et al. 2016).
These observations have led to the “ignition
key” mechanism for flagellar export in Salmo-
nella, in which ATP hydrolysis is used to activate
the export gate, but the membrane potential is
used to export the flagellar proteins (Fig. 5.3)
(Minamino et al. 2014); this mechanism is likely
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Fig. 5.3 Model for “ignition key” mechanism of flagellar
protein export. Reproduced with permission from
Minamino et al. (2014). ATP hydrolysis by the Flils ring
induces the FliJ rotation within the ring to cause a

conserved in the Vibrio flagellum. An enigmatic
“hat-like” structure has been visualized in the
inner membrane of Vibrio spp separate from the
flagellum that appears to contain components of
the export machinery (Kaplan et al. 2022), but the
function and purpose of this structure are cur-
rently unknown.

Filament The filament is attached to the hook
via the adaptor proteins FlgK and FlgL. (Homma
et al. 1990). The filament makes up the bulk of the
flagellum, and in many bacteria (e.g., S. enterica)
it is composed of thousands of copies of a single
flagellin polymerized into a helical structure with
a hollow core (Yonekura et al. 2003). In contrast,
the Vibrio filament contains at least four different
flagellins with relatively high homology to each
other (Klose and Mekalanos 1998a; Mcgee et al.
1996; Kim et al. 2014; Mccarter 2001). Vibrio
genomes typically contain two flagellin loci, one
downstream of flgL that encodes two to three
flagellins (flaAC in V. cholerae), and one
upstream of flaG that typically encodes three
flagellins (flaEDB in V. cholerae). Each flagellin
gene has its own promoter, and the genes are
differentially regulated such that one flagellin in
V. cholerae is expressed as a Class III gene
(flaA), and the other four are expressed as Class
IV genes (flaBCDE) (Klose and Mekalanos
1998a). FlaA, FlaB, FlaC, and FlaD can be
detected in purified V. cholerae flagella (Yoon
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conformational change of the export gate to activate it,
allowing entry of the substrates into the gate. The export
gate utilizes membrane potential (AW¥) of proton motive
force to unfold and transport substrates into channel

and Mekalanos 2008; Jung et al. 2019). The
fifth flagellin, FlaE, can be detected among the
extracellular matrix in biofilms (Jung et al. 2019),
and it has been proposed that this represents a
flagellin-homologous protein that plays a role in
biofilm formation. Although the genes are named
differently in V. vulnificus and
V. parahaemolyticus, the equivalent four
flagellins were found in the filament, and the
equivalent flagellin to FlaE was found in the
biofilm matrix; V. vulnificus and
V. parahaemolyticus have a sixth flagellin gene
located downstream of the V. cholerae flaAC
equivalent, and this flagellin-homologous protein
(FlaF) was also found in the biofilm matrix (Jung
et al. 2019). Thus it appears that the Vibrio flagel-
lar filament is typically composed of four differ-
ent flagellin subunits, with a fifth and sometimes
sixth flagellin-like protein being secreted through
the flagellum into the biofilm matrix.

The flagellin subunits in the V. cholerae fila-
ment are not all equivalent. Loss of FlaA prevents
flagellar synthesis and motility, despite the other
flagellins being synthesized (Klose and
Mekalanos 1998a); the flaA bacteria appear to
synthesize only the hook, and the other flagellins
are secreted into the supernatant (Klose and
Mekalanos 1998a; Xicohtencatl-Cortes et al.
2006). Overexpression of FlaA in the absence of
all the other flagellins allows a filament to be
formed, whereas overexpression of any of the
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other flagellins does not. It is still not entirely
clear why FlaA is so critical for filament forma-
tion, given the high level of homology between
the flagellins, but the other flagellins have a
strategically located lysine residue within a beta
sheet in the D1 domain; when a lysine is
introduced into FlaA at this location (A145K) it
fails to allow filament formation (Echazarreta
et al. 2018). Other Vibrio spp do not appear to
have a single critical flagellin; inactivation of the
FlaA equivalent flagellin in V. parahaemolyticus,
V. vulnificus, V. campbellii, or V. anguillarum
does not cause a non-motile phenotype, although
the bacteria are noticeably reduced in motility
(Mccarter 1995; Mcgee et al. 1996; Kim et al.
2014; Petersen et al. 2021). Interestingly, not all
the other flagellins in these species have the
strategically located lysine residue, so perhaps
there are redundant “critical” flagellins in these
bacteria. In Shewanella putrefaciens, the flagel-
lum is composed of two distinct flagellins that
spatially occupy different locations within the
filament and impart different swimming
capabilities on the bacterial cell; localization of
one specific flagellin close to the base of the
filament with the other flagellin more distally
located stabilizes the filament and improves
motility through a variety of different
environments (Kuhn et al. 2018). A similar mech-
anism may explain the importance of the FlaA
(or equivalent) flagellin in the Vibrio filament.

Flagellar Sheath The flagellar sheath is an
extension of the outer membrane that coats the
entire filament (Fuerst and Perry 1988; Chu et al.
2020). How the sheath forms around the filament
remains mysterious, but an “O ring” complex of
unknown origin is visible at the base of the fla-
gellum in cryoET images (Fig. 5.2a, b) that has
been hypothesized to be involved in sheath for-
mation (Zhu et al. 2017). Interestingly, a few
unsheathed flagella were visualized in this same
study, but it is unclear whether these arose as a
result of the hyperflagellated state of the back-
ground V. alginolyticus fIhG strain, or whether
unsheathed flagella can be found at some percent-
age in otherwise wildtype Vibrios with a single
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polar flagellum. The sheath has been implicated
in shielding the flagellins from recognition by
TLRS in the host (Yoon and Mekalanos 2008),
and in acting as a cap to prevent flagellin secre-
tion during filament growth (Mccarter 2001).
Rotation of the sheathed flagellum generates
OM Vs that signal to host tissues, which is impor-
tant for triggering morphogenesis in the squid
host by V. fischeri (Aschtgen et al. 2016). The
presence of the sheath coating the filament has
important consequences for cholera disease:
antibodies against the OAg of V. cholerae LPS
(anti-O1) protect against V. cholerae infection in
both animal models and in humans (Wang et al.
2017; Bishop et al. 2010; Charles et al. 2020), and
these antibodies specifically function to prevent
bacterial motility by binding to the sheathed fla-
gellum, which is coated with LPS. Further
insights into bacterial flagellar sheaths can be
found in an excellent review covering this topic
(Chu et al. 2020).

5.2 Flagellar Polar Localization

The localization of the flagellum at the cell pole is
a distinct difference between the Vibrio flagellum
and the flagella of S. typhimurium. Polar localiza-
tion is critical for flagellar rotation to push the
bacterial cell forward. Vibrios (and other polarly
flagellated bacteria like Pseudomonas spp,
Shewanella spp, and Campylobacter jejuni) con-
trol flagellar location and number through two
interacting proteins: FIhF and FIhG (also called
FleN) (Kojima et al. 2020). FIhF and FIhG have
opposing activities: When FIhF is overexpressed
or FIhG is removed, the cell becomes hyperfla-
gellated. Likewise when FIhF is removed or FIhG
is overexpressed, the cell becomes
non-flagellated (Kusumoto et al. 2006; Correa
et al. 2005). Thus FIhF is a positive regulator
and FIhG is a negative regulator of flagellar num-
ber. FIhF is a signal recognition particle (SRP)
type GTPase, and some of the insights into struc-
ture/function of FIhF have been derived from
studies of the orthologue in other bacteria, most
notably the crystal structure of Bacillus subtilis
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FIhF (Bange et al. 2007). FIhG is a MinD type
ATPase, and likewise insights have been gained
on FIhG structure/function from the study of
orthologues, especially from the crystal structures
of P. aeruginosa FleN (FIhG) (Chanchal et al.
2017) and Geobacillus thermodenitrificans FIhG
(Schuhmacher et al. 2015) . FIhF and FIhG inter-
act with each other (Kusumoto et al. 2008), so
how do they regulate polar flagellar number and
placement? (Fig. 5.4)

FIhF dimerizes when bound to GTP, but is a
monomer when bound to GDP (Kondo et al.
2018). FIhF binding to GTP is critical for flagellar
biogenesis, but GTPase activity per se is not
(Green et al. 2009; Kondo et al. 2018) FIhF
intrinsically localizes to the old bacterial cell
pole without any other factors (Kusumoto et al.
2008) and the FIhF central domain is required for
localization. However in the absence of FIhG,
more FIhF is localized to the old cell pole and
some can also be found at the new pole (Arroyo-
Perez and Ringgaard 2021) indicating that FIhG
can suppress FIhF polar localization to some
extent. FIhF recruits the earliest flagellar struc-
tural component, FliF (MS ring) to the cell pole,
consistent with FIhF establishing the site of fla-
gellar assembly at the old cell pole (Green et al.
2009; Terashima et al. 2020).

FIhG also localizes to the cell pole, but it
requires the polar landmark protein HubP
(Yamaichi et al. 2012; Arroyo-Perez and
Ringgaard 2021). FIhG localization at the cell
pole also requires FIhF (Arroyo-Perez and
Ringgaard 2021), and FIhG is unstable in the
absence of FIhF. The structure of the orthologue
from P. aeruginosa, FleN, revealed that the pro-
tein undergoes structural rearrangement when
bound to ATP that allows it to dimerize
(Chanchal et al. 2017). In V. alginolyticus, FIhG
needs to bind ATP to localize to the cell pole and
suppress hyperflagellation, but it does not need to
hydrolyze ATP for these functions (Ono et al.
2015), similar to what was found for
P. aeruginosa FleN (Chanchal et al. 2017).
FIhG appears to exert its negative effects on Vib-
rio flagellar synthesis at both the transcriptional
and post-translational levels (Fig. 5.4).
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FleN (FIhG) from P. aeruginosa was found to
directly bind to the master regulator of flagellar
transcription, FleQ (FIrA) and downregulate tran-
scriptional activation (Dasgupta and Ramphal
2001) by inhibiting the FleQ ATPase activity
required for >*-dependent transcription initiation
(Chanchal et al. 2017). The structure of the FleQ
ATPase (central) domain complexed with FleN
indicates that FleN inhibits ATP binding to FleQ
and remodels the 6>* contact site to prevent tran-
scription activation. FIhG from Shewanella
putrefaciens also directly binds FIrA and inhibits
transcriptional activation, but it binds to the
C-terminal HTH domain of FIrA rather than to
the central ATPase domain (Blagotinsek et al.
2020). Since the fIhG (fleN) gene is transcribed
from a FIrA (FleQ)-dependent promoter, this
provides a feedback loop whereby FIhG nega-
tively controls its own expression. This mecha-
nism has not yet been demonstrated for Vibrio
FIhG-FIrA interactions, but one of these
mechanisms seems likely because a V. cholerae
fIhG mutant has increased transcription of all
classes of flagellar genes (Correa et al. 2005)
and a direct interaction between the Vibrio FIhG
and FIrA has been observed but not yet reported
in the literature (S. Kojima and M. Homma, per-
sonal communication). FIhG of S. putrefaciens
also interacts with the flagellar C ring protein
FliM to promote its assembly, and switches
between binding FlrA and FliM to restrict flagel-
lar number (Blagotinsek et al. 2020); this mecha-
nism has not been identified in Vibrio spp.

FIhG also interacts with FIhF at the cell pole
and is hypothesized to inhibit FIhF initiation of
the biogenesis of multiple flagella post-
translationally. FIhG stimulates the GTPase activ-
ity of FIhF (Homma et al. 2022), as has been seen
in C. jejuni (Gulbronson et al. 2016). The current
model (Fig. 5.4) that incorporates known
activities of FIhF and FIhG from Vibrio spp as
well as from other bacteria indicates that
GTP-bound FIhF dimerizes and localizes to the
cell pole, where it facilitates the initiation of fla-
gellar synthesis by stimulating the insertion of
FliF into the membrane. FIhG bound to ATP
dimerizes and also localizes to the cell pole by
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Fig. 5.4 Involvement of FIhF and FIhG in flagellar num-
ber and polar placement. Adapted from Kojima et al.
(2020). FIhG bound to ATP forms a homodimer, FIhF
bound to GTP forms a homodimer. GTP-bound FIhF
localizes to the cell pole, where it facilitates insertion of
FIiF at the cell pole and promotes MS-ring formation.
GTP-bound FIhG is recruited to the cell pole by interaction

association with HubP. At the pole, FIhG
associates with FIhF and stimulates its GTPase
activity, which causes it to monomerize and local-
ize to the cytoplasm. ATP-bound FIhG is also
predicted to interact with FIrA and inhibit Class
II gene transcription in Vibrio spp, as it has been
shown to do in other bacteria and described
above. Thus FIhG acts at both the transcriptional
and post-translational levels to inhibit flagellar
synthesis to achieve a single flagellum, while
FIhF ensures the flagellum is localized to the
cell pole. Several aspects of this model remain
to be demonstrated in Vibrio spp, including the
exact mechanism involved in FlhG-dependent
post-translational flagellar regulation, and espe-
cially FIhG interaction with and inhibition of
FIrA-dependent transcription.

SflA is another enigmatic protein associated
with polar flagellar synthesis in Vibrio spp. A
V. alginolyticus strain lacking both FIhF and
FIhG is non-flagellated, but suppressor mutations
arise that allow for the formation of multiple
peritrichous flagella (Kojima et al. 2011). These
mutations inactivate SflA, a transmembrane pro-
tein that is unique to Vibrio spp with a

with HubP, where it stimulates FIhF GTPase activity,
which in turn removes FIhF from the cell pole. Inactive
FIhF and FIhG interact with each other in the cytoplasm.
ATP-bound FIhG is predicted to also interact with the
master regulator FIrA to downregulate transcription of
Class 1II flagellar genes

cytoplasmic DnalJ-like domain (Kitaoka et al.
2013). Inactivation or overexpression of SflA in
a wildtype (i.e., FIhnFG+) strain has no effect on
flagellar synthesis. SflA localizes to the cell pole
in FIhFG+ cells via HubP, and the Dnal-like
cytoplasmic domain is sufficient to suppress
peritrichous flagellar formation in the absence of
FIhFG (Inaba et al. 2017). The structure of the
periplasmic domain of SflA revealed a domain-
swapped dimer that likely interacts with a partner
protein(s) (Sakuma et al. 2019). Exactly how SflA
suppresses peritrichous flagellar synthesis, and
how this is initiated in the absence of FIhFG,
remains to be determined. Another protein,
FapA, was identified in V. vulnificus that localizes
to the cell pole via HubP and promotes flagellar
synthesis; this protein is sequestered from the cell
pole in the presence of glucose by the PTS sys-
tem, which prevents flagellar synthesis (Park et al.
2016). Two proteins, MotV and MotW that asso-
ciate with HubP in V. cholerae, affect tumbling
frequency and swimming speed (Altinoglu et al.
2022). It remains to be determined whether SflA,
FapA, MotV, and/or MotW have similar
functions in all Vibrio spp.
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5.3  Flagellar Loss

Vibrio bacterial cells have been observed to lose
their polar flagella under certain conditions,
including nutrient depletion and cessation of
growth (Zhuang et al. 2020; Ferreira et al.
2019), as well as movement through mucin (Liu
et al. 2008). Visualization of the disassembly
process in V. alginolyticus revealed that flagellar
ejection initiates with an apparent “break in the
rod” that liberates the MS/C ring structure to
freely diffuse in the inner membrane, followed
by ejection of the hook/filament (Zhuang et al.
2020). In stationary phase, ejected flagella com-
posed of hook and filament accumulate in the
media (Ferreira et al. 2019). A subcomplex is
visible in the outer membrane of V. cholerae,
V. fischeri, and V. harveyi following flagellar
loss that appears to be the relic P and L rings
(decorated with the H and T rings), referred to
as the PL-subcomplex (Kaplan et al. 2020;
Ferreira et al. 2019). The PL-subcomplex is
coated with outer membrane on the outer surface,
and contains a proteinaceous plug that occupies
the otherwise hollow core. The authors speculate
that the PL-subcomplex functions to seal the
outer membrane after motor disassembly.

5.4  Run-Reverse-Flick Motility

The run-and-tumble motility of peritrichously
flagellated bacteria, e.g., E. coli, has been well-
studied. This type of motility results from coun-
terclockwise rotation of the peritrichous flagella
leading to all the flagella forming a bundle at one
pole that pushes the bacterium forward in a
straight line (“run”), and clockwise rotation of
the flagella resulting in the flagella unbundling
and the cell tumbling and reorienting itself
(Fukuoka et al. 2012). The reorientation of the
bacteria between straight “runs” via clockwise
flagellar rotation is a critical component of direc-
tional movement. Chemotaxis controls the length
of time the flagella spin counterclockwise vs
clockwise in response to chemotactic cues,
which leads to directional motility.
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Counterclockwise rotation of the single polar
flagellum on Vibrios pushes the cell forward in a
relatively straight line, similar to the “runs” of
peritrichously flagellated bacteria. But clockwise
rotation of the flagellum only causes the bacterial
cell to be “pulled” by the flagellum in the reverse
direction without reorientation, which would lead
to the cells only able to travel backwards and
forwards in a relatively straight line. However,
Vibrios are observed to undergo a run-reverse-
flick (RRF) motility, in which the cells swim in a
forward direction, then in reverse direction,
followed by a “flick” that reorients the bacterial
body (Xie et al. 2011). Amazingly, the flagellar
hook at the base of the flagellum facilitates this
reorientation by buckling during spinning of the
flagellum. This leads to the “flick” of the bacterial
cell body, which changes the direction of swim-
ming about 90°; analyses of individual cells indi-
cate that the flick occurs shortly after cells have
resumed forward swimming following reverse
swimming (Fig. 5.5) (Son et al. 2013). The hook
undergoes compression during rotation of the fla-
gellum and the hydrodynamic load leads to the
buckling event (flick) that allows a change of
direction. Reducing the speed of flagellar rotation
(by altering Na* concentration) suppresses this
reorientation by reducing the viscous load on the
flagellum (Son et al. 2013), and because the
flicking frequency increases with increased
speed, faster cells are more chemotactic (Son
et al. 2016).

The RRF motility pattern mediated by the
polar flagellum was initially described in
V. alginolyticus (Son et al. 2013, 2016; Xie
et al. 2011) and subsequently confirmed in
V. cholerae (Frederick et al. 2020; Grognot et al.
2021), and is likely a common motility pattern for
all Vibrios with a single polar flagellum. The
swimming speed of V. cholerae has been calcu-
lated as approximately 90 pm/s in both forward
and reverse, and the forward runs are approxi-
mately 3.6 times longer than the reverse runs
(Grognot et al. 2021). However, V. cholerae
also undergoes observable “deceleration” events
during runs where the swimming speed is tempo-
rarily decreased (Grognot et al. 2021).
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Fig. 5.5 Vibrio run-
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V. cholerae must swim through mucin in the
human gastrointestinal tract to colonize the
crypts, and observations of V. cholerae swim-
ming within mucin or polymers revealed that
while swimming speed is reduced with increas-
ing viscosity, cells maintain similar RRF fre-
quency (Grognot et al. 2021). These results
contrast with a previous report that observed
suppression of flicking when V. cholerae swam
in mucin, which was postulated to facilitate
V. cholerae arrival at the intestinal epithelial
cell surface (Frederick et al. 2020). The previous
study found that mucin induced the expression
of the Type VI secretion apparatus (T6SS), the

4

Flagellar filament

injection device typically used to kill neighbor-
ing bacteria, and the T6SS contributed to the
suppression of flicking (Frederick et al. 2020).
The discrepancy between these two studies may
be explained (in part) by the V. cholerae strains
used in these experiments: the classical biotype
V. cholerae O395 strain used in the later study
(Grognot et al. 2021) is a representative 6 pan-
demic strain and it lacks T6SS due to multiple
mutations (Kostiuk et al. 2021), whereas the El
Tor biotype V. cholerae N16961 strain used in
the previous study (Frederick et al. 2020) is a
representative seventh pandemic strain that is
T6SS competent.
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5.5 Flagellar Transcription

Regulation

Flagellar synthesis is controlled at the transcrip-
tional level by a hierarchy of gene expression that
facilitates the temporal transcription of flagellar
genes in the order in which they are assembled
into the flagellar structure. The flagellar transcrip-
tion hierarchy of S. enterica is a paradigm for the
coupling of gene expression to a functional secre-
tion apparatus to achieve the correct timing of late
flagellar gene transcription. Specifically, the
flagellins, which make up the bulk of the flagel-
lum in the filament, are not transcribed until the
basal body genes are expressed and assembled
correctly, which prevents a build up of flagellins
inside the cell. This is achieved by secretion of the
anti-o®® factor FIgM through the basal body,
which frees 6*® to transcribe the flagellin gene
(Hughes et al. 1993). This event divides most of
the S. enterica flagellar genes into either Class II
genes (transcribed prior to FlgM secretion), or
Class III genes (transcribed after FlgM secretion
from sigma28-dependent promoters). The Class
II genes are transcribed by the master regulator
FIhDC, so the flhDC operon is considered the sole
Class I gene; in the absence of FIhDC none of the
flagellar genes are expressed.

The Vibrio flagellar transcription hierarchy
(specifically V. cholerae) is more complicated
than that of S. enterica because it involves a
four-tiered hierarchy, rather than a three-tiered
hierarchy (Prouty et al. 2001; Syed et al. 2009)
(Fig. 5.6). The master regulator of the flagellar
transcription hierarchy is FIrA, a ¢>*-dependent
transcriptional activator (also called FlaK in some
Vibrio spp, FleQ in P. aeruginosa) (Klose and
Mekalanos 1998b; Arora et al. 1997; Brennan
et al. 2013). FIrA activates o~ *-dependent tran-
scription of Class II genes. Microarray and pro-
moter expression analyses in V. cholerae
identified the fliE operon, flhA, and the flrBC
operon as being expressed from Class II
promoters; an additional o°* binding site
upstream of flhF (Dong and Mekalanos 2012)
indicates that a second FlrA-dependent promoter
drives expression of fAhFGfliAcheYZABW
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immediately downstream of flhA, which was not
identified in the original analysis (Prouty et al.
2001). Class II genes encode the MS ring (the first
component of the flagellum assembled), FIhF and
FIhG (which dictate flagellar placement and num-
ber, see above), a component of the C ring (FliG),
components of the ATPase ring complex (FliH,
Flil, FliJ), a component of the secretion complex
(FIhA), and regulatory proteins (FIrB, FlrC, (528),
as well as chemotaxis proteins. Interestingly, we
originally identified the Class II promoter
upstream of fliE as driving transcription of an
operon that included all the genes from fliE
through flhB (Prouty et al. 2001). However,
another o”*-dependent promoter was identified
upstream of the fliKLMNOPQRfIhB genes (Dong
and Mekalanos 2012), and microarray analysis
and promoter expression studies indicated these
genes are Class III genes, not Class II genes (Syed
et al. 2009). It is still unclear what intermediate in
flagellar synthesis is required to progress to Class
III gene transcription (see below) (Burnham et al.
2020), but components of the C ring (FliM, FliN)
and the secretion complex (FliP, FliQ, FliR,
FIhB) appear to be expressed only after transcrip-
tion has progressed to Class III expression.

FIrA is a 6>*-dependent transcriptional activa-
tor with a central domain that oligomerizes to
induce the ATPase activity required to stimulate
open complex formation by the ¢°*-containing
RNA polymerase; it also contains an amino-
terminal regulatory domain and a C-terminal
DNA binding domain (Klose and Mekalanos
1998b; Srivastava et al. 2013). The FIrA binding
site in the flrBC promoter is approximately 27 bp
upstream of the o°* binding site (Srivastava et al.
2013). CytR also positively stimulates flrBC tran-
scription (Das et al. 2020), but whether CytR
modulates FIrA activity is not yet clear. FIrA
transcriptional activity is modulated in other
closely related species. FIrA/FleQ from
Shewanella and Pseudomonas has been shown
to bind to FIhG (FleN), which inhibits 054-depen-
dent transcriptional activation of Class II genes
(Dasgupta and Ramphal 2001; Chanchal et al.
2021; Blagotinsek et al. 2020); the mechanism
involves either inhibition of ATP binding to
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Fig.5.6 The V. cholerae flagellar transcription hierarchy.
FIrA is the master regulator of flagellar transcription. FIrA
activates o>*-dependent Class II flagellar genes, which
include fIrBC. FIrB is a histidine kinase that
autophosphorylates itself then transfers the phosphate to
FIrC. FIrC-P activates o>*-dependent Class III flagellar
genes. 6°° (FliA) is bound to an anti-sigma factor FIgM,

FIrA (P. aeruginosa), or inhibition of DNA bind-
ing by FIrA (S. putrefaciens). This provides a
negative feedback loop whereby the FIrA-
dependent factor FIhG downregulates FIrA activ-
ity; disruption of FlhG binding to FIrA leads to a
multiflagellate phenotype in S. putrefaciens, sim-
ilar to a deletion of flhG (Blagotinsek et al. 2020).
FIhG has not yet been demonstrated to modulate
Vibrio FIrA activity, but it is likely given that in
the absence of flhG, transcription of the different
V. cholerae flagellar gene Classes increases
(Correa et al. 2005) . It has however been shown
that cdGMP directly binds to V. cholerae FIrA
(Srivastava et al. 2013) and negatively modulates
its DNA binding activity, similar to P. aeruginosa
FleQ (Hickman and Harwood 2008), partially
explaining how high levels of cdGMP repress
flagellar synthesis and motility. Arginine residues
at positions 135 and 176 in FIrA contribute to

which is secreted through the flagellum to allow activation
of Class IV genes by o**-RNA polymerase. FIhG is
suspected to interact with FIrA to inhibit Class II transcrip-
tion, while FIhF enhances Class III gene transcription by
an unknown mechanism. The flhF operon contains three
additional orfs not listed

cdGMP binding, but a V. cholerae strain
expressing FlrA that no longer binds cdGMP is
still repressed for motility at high cdGMP levels
(Srivastava et al. 2013), which is due, at least in
part, to Vibrio PolySaccharide (VPS) expression.
Additionally, the V. cholerae biofilm regulator
VpsT, which binds cdGMP and dimerizes to acti-
vate the VPS genes, also inhibits flagellar gene
transcription (Krasteva et al. 2010), and because
Class II gene transcription is inhibited, this
implicates VpsT in modulating FIrA activity. Lit-
tle is known about the regulation of FlrA expres-
sion, but transcription of flrA is negatively
modulated by the anaerobiosis regulatory protein
ArcA in V. cholerae (Li et al. 2022) and by the
quorum sensing autoinducer LuxS in V. harveyi
(Zhang et al. 2022).

The two-component regulatory proteins FIrB
and FIrC, which are expressed from a Class II
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(i.e., FIrA-dependent) promoter, control expres-
sion of Class III flagellar genes (Klose and
Mekalanos 1998b). The Class III genes/operons
positively regulated by FIrC include the flgBCDE
operon, the figFGH operon, the flglJ operon, the
flgKL operon, the fliKLMNOPQRfIhB operon,
flaA, the flgOP operon, figT, cheR-2, and motY
(Prouty et al. 2001; Burnham et al. 2020; Dong
and Mekalanos 2012; Syed et al. 2009) These
encode components of the C ring (FliMN),
components of the secretion complex (FIhB,
FliOPQR), components of the rod (FlgBCFG),
H ring (FIgOPT), L ring (FigH), P ring (Flgl), T
ring (MotY), hook and hook junction (FIgEKL),
and one of the filament proteins (FlaA) as well as
a chemotaxis protein (CheR-2). The firC gene is a
target of the RNA binding protein CsrA (Butz
et al. 2021), which positively regulates motility;
presumably CsrA enhances post-transcriptional
expression of FIrC to enhance Class III gene
transcription.

FlrB is a histidine kinase (HK) that
phosphorylates FIrC at a conserved aspartate res-
idue (D54) in its N-terminal receiver domain
(Correa et al. 2000); phospho-FIrC stimulates
6>*-dependent transcription at Class III flagellar
gene promoters. FIrB is a cytoplasmic protein
with no transmembrane domain, indicating that
modulation of its activity occurs entirely within
the cytoplasm, unlike many other bacterial HKs
in which a periplasmic domain modulates activity
of a cytoplasmic-localized HK. The structure of
the central ATPase domain of FIrC has been
solved (Dey et al. 2015), which revealed that it
forms a heptameric ring whether or not ATP is
bound, and it can interact with c>% in either state.
This heptamer structure is critical for ATPase and
transcriptional activity, and cdGMP binding
destabilizes the heptamer and abrogates ATPase
activity (Chakraborty et al. 2020), illuminating
that cdGMP negatively regulates Class III gene
transcription, in addition to Class II through bind-
ing to FIrA. Because these studies were
performed with the isolated central domain of
FIrC, it is not yet clear whether phosphorylation
of the FIrC N-terminus results in heptamer forma-
tion, or stimulation of ATPase activity within a
pre-formed heptamer. The C-terminus of FlrC
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contains the DNA binding domain (Klose and
Mekalanos 1998b), and interestingly FlrC binds
to sites located downstream, rather than upstream,
of the transcription startsites of the flaA and figK
promoters (Correa and Klose 2005). The FlrC
binding site within the flaA promoter (at +24 to
+85) functions as a true enhancer, because it can
be moved upstream of the 6> binding site (at —
371 to —310) and still function, whereas the FIrC
binding site within the flgK promoter cannot
(Correa and Klose 2005).

V. cholerae strains expressing FlrC that cannot
be phosphorylated (D54A) are unable to tran-
scribe Class III flagellar genes and are
non-motile (Correa et al. 2000), whereas strains
lacking FIrB acquire mutations within FlrC that
enhance its transcriptional activity and regain
motility (Correa et al. 2000; Klose and Mekalanos
1998Db), indicating that phosphorylation of FIrC is
critical to transition from Class II to Class III gene
transcription. The exact checkpoint that controls
phosphorylation of FlrC is still unknown, but lack
of the MS ring (FliF), C ring (FliG), or secretion
components (FlhA, FlhB, FliPQR) abrogates
Class IIT gene transcription; the authors hypothe-
size that formation of an MS ring-rotor-T3SS
complex is the trigger that is sensed by FIrB and
stimulates phosphorylation of FIrC (Burnham
et al. 2020). Interestingly, the division of the
flagellar hierarchy into Class II (FlrA-dependent)
and Class III genes (FlrC-dependent) discussed
here for V. cholerae is not found in all Vibrio spp.
In V. campbellii, FIrA is not strictly required for
motility, and FlrA and FIrC coregulate most of
the genes designated as Class III in V. cholerae,
leading to a three-tiered, rather than four-tiered,
transcriptional hierarchy model where Class I is
not dependent on ¢°* and includes both flrA and
fIrBC (Petersen et al. 2021). This is likely to be
the same in V. parahaemolyticus (Mccarter
2001), and is reminiscent of the situation in
Shewanella oneidensis, where FIrA and FIrC
coregulate the majority of Class III genes, and in
this case FIrC is dispensable for motility because
FIrA can substitute for FIrC (Gao et al. 2018).
Reprogramming rod and hook  genes
(flgBCDEFGHIKL) to be expressed from Class
IT rather than Class III promoters in V. cholerae
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did not affect motility or flagellation, but this was
dependent on a functional FIhG (Burnham et al.
2020). Thus there are likely to be more variations
in the division of Class II and Class III genes in
the flagellar hierarchies of Vibrios yet to be
discovered.

Class IV flagellar genes are transcribed from
6°5-dependent promoters. Class IV genes include
the pomAB operon, motX, flaB, flaC, flaD, flaE,
the flgMN operon, cheV-3, cheV-4, and different
methyl-accepting ~ chemoreceptors  (MCPs)
(Prouty et al. 2001; Syed et al. 2009; Klose and
Mekalanos 1998a). These encode components of
the stator (PomAB) and T ring (MotX), the fila-
ment (FlaB, FlaC, FlaD) and biofilm matrix
(FlaE), the anti-sigma factor FlgM, and chemo-
taxis proteins. The control of 6**-dependent tran-
scription by secretion of the anti-sigma factor
FigM through the flagellum has been well-
characterized in S. enterica (Hughes et al. 1993).
In V. cholerae, the FlgM anti-sigma factor is also
secreted through the flagellum, which allows 6*®
to associate with RNA Polymerase and Class IV
genes to be expressed (Correa et al. 2004), but
details of this event that characterizes the transi-
tion to Class IV gene transcription are lacking.
For example, how does secretion occur through a
filament that is coated with sheath? It is not clear
at what stage of flagellar assembly the anti-sigma
factor is secreted, but V. cholerae mutants lacking
the filament gene flaA, which is clearly a Class III
gene (Correa and Klose 2005; Echazarreta et al.
2018), are not blocked for Class IV gene tran-
scription (Klose and Mekalanos 1998a),
indicating that the anti-sigma factor is likely
secreted at an earlier stage of flagellar assembly
prior to FlaA incorporation. Enhanced levels of
secreted FIgM can be detected in strains with
mutations in flgD (Liu et al. 2008), the hook-
capping protein, which leads to enhanced Class
IV gene transcription, but also repression of
HapR, the quorum sensing regulator, by o
through an unknown mechanism. When
V. cholerae cells swim through mucus, many
have lost their flagella and have enhanced levels
of secreted FlgM, which leads to repression of
HapR by ¢°® (Liu et al. 2008); because HapR
represses virulence factor expression, the authors
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speculate that the loss of flagella as bacteria cross
the intestinal mucus layer leads to enhanced viru-
lence factor expression. 6°° is rapidly degraded
by the Lon protease (Pressler et al. 2016), reveal-
ing another layer of regulation over >*-depen-
dent transcription.

5.6  Future Directions

The application of cryo ET to Vibrio cells has led
to exquisite new details of the in situ structure of
the polar flagellum, but many questions remain
about its structure and function. How the sheath
forms around the filament remains mysterious,
and it is unclear how secretion of non-flagellar
components (e.g., cytotoxin, flagellin-like matrix
proteins) occurs through the sheath. The enig-
matic “O ring” at the base of the hook/filament
on the outside of the cell awaits identification and
characterization. It is still not known why the
filament is composed of different flagellins and
what their contributions are to the swimming
behavior of Vibrios. There remain many
questions regarding regulation of flagellar tran-
scription, including understanding the signals and
mechanisms that regulate the transitions from
Class II to Class III to Class IV expression, and
why some Vibrios regulate flagellar gene tran-
scription differently than others. Details on flagel-
lar ejection, and the purpose of the PL and
hat-like subassembly relics in the outer and
inner membrane, respectively, are also questions
that will undoubtedly be addressed in future
research. Discoveries on how rotation of the fla-
gellum influences VPS expression (Lauriano et al.
2004; Wu et al. 2020), and generally how cdGMP
(Liu et al. 2010) and other factors like MotV and
MotW (Altinoglu et al. 2022) control motility will
drive further research into these areas. Further
study on these and other questions will ultimately
provide a better understanding of how the polar
flagellum facilitates the virulence and environ-
mental persistence of Vibrio spp.
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Abstract

Vibrio species are natural inhabitants of
aquatic environments and have complex
interactions with the environment that drive
the evolution of traits contributing to their
survival. These traits may also contribute to
their ability to invade or colonize animal and
human hosts. In this review, we attempt to
summarize the relationships of Vibrio spp.
with other organisms in the aquatic environ-
ment and discuss how these interactions could
potentially impact colonization of animal and
human hosts.
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6.1 Introduction

The interactions of bacterial communities and the
physical and biological environments where they
exist are complex and affect the structure of
communities (Materna et al. 2012). Work by
Colwell et al. (1977) showed that pathogenic
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Vibrio spp. are natural inhabitants of aquatic
environments worldwide (Vezzulli et al. 2010;
Lutz et al. 2013). To date, 194 species of Vibrio
(https://lpsn.dsmz.de/genus/vibrio) have been
identified in aquatic systems and some possess
pathogenic traits that are associated with disease
of human and aquatic animals (Sawabe et al.
2013). Various phenotypes contribute to the fit-
ness of these microorganisms in environmental
niches and may also play roles in the infection
of animal and human hosts (Keymer et al. 2007;
Sun et al. 2018).

The best-studied member of this genus, Vibrio
cholerae, is the causative agent of cholera, a
severe diarrhea with signature rice water stools.
V. cholerae enters the human body through the
consumption of contaminated water or food.
Cholera infections can lead to death due to dehy-
dration, electrolyte imbalance, and shock (Car-
penter 1971) and remains a global threat due to
poor hygiene and lack of basic health infrastruc-
ture (Huq et al. 1990; Colwell and Huq 1994;
Kaper et al. 1995; Ali et al. 2015).

There are more than 200 serogroups of
V. cholerae identified to date, but only
serogroups, O1 and O139 are known to be
responsible for pandemic cholera (Feeley 1965;
Chatterjee and Chaudhuri 2003). The 0139
serogroup has alterations in both phenotypic and
genetic characteristics when compared to the
V. cholerae O1 serogroup that was responsible
for previous epidemics (Swerdlow 1993). The O1
El Tor biotype acquired the O139 antigen by
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horizontal gene transfer, becoming the current
0139 strain (Waldor et al. 1994; Bik et al.
1995). These strains produce cholera toxin (CT),
an enterotoxin responsible for rapid fluid loss
from the intestinal epithelium (Kaper et al.
1995). However, some V. cholerae Ol strains
are CT-negative (Kaper et al. 1981, 1995).
Non-toxigenic V. cholerae non-Ol/non-0139
strains are isolated predominantly from aquatic
environments. They are also isolated from
patients with gastritis (Hasan et al. 2015) as
these strains carry other virulence genes and
cause sporadic disease. However, the severity of
disease from these strains is less when compared
to 01/0139 serogroups (Reidl and Klose 2002).

Vibrio  vulnificus is an  opportunistic,
ferrophilic pathogen responsible for acute gastro-
enteritis and septicemia following ingestion of
contaminated seafood (especially raw or
undercooked oysters) or wound infections after
exposure to seawater (often from puncture by fish
spines or crustacean shells). Even with aggressive
antibiotic therapy, mortality rates can be as high
as 75% for septicemia and 50% for wound
infections (Blake et al. 1979; Johnston et al.
1985; Klontz et al. 1988; Depaola et al. 1994;
Hlady and Klontz 1996; Shapiro et al. 1998;
Strom and Paranjpye 2000; Belkin and Colwell
2006; Jones and Oliver 2009). High mortality
rates for V. vulnificus infections result in exces-
sive annual costs which are estimated to be ten
times higher than any other seafood-borne illness.
V. vulnificus infections account for 66% of
seafood-related illness health costs and 26% of
the total health costs in the United States (Ralston
et al. 2011; Heng et al. 2017).

V. vulnificus strains exhibit considerable vari-
ation in genotype and phenotype, hence various
attempts have been made to develop classification
schemes. V. vulnificus strains are classified into
three  biotypes based on  biochemical
characteristics. Human infections are mainly
caused by biotype 1 strains, while biotype
2 strains are primarily eel pathogens (Tison
et al. 1982; Amaro and Biosca 1996). Biotype
3 strains cause human wound infections and are
geographically limited to Israel. Genomic
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analysis indicates that biotype 3 is a hybrid of
biotypes 1 and 2 (Bisharat et al. 1999; Naiel et al.
2005).

Further work based on the alignment of eight
housekeeping and virulence loci of V. vulnificus
clustered strains based on genotypes (C- or
E-genotype), suggesting possible different
ecotypes. The authors speculated that the
E-genotype strains grew better under conditions
present in the environment, whereas the
C-genotype strains survived the stressful transi-
tion from seawater/oyster to humans better than
the E-genotype. Therefore, it was speculated that
the evolution of strains in different niches gave
rise to the two genotypes (Rosche et al. 2010).
One of the significant differences in the physiol-
ogy of the E and C-genotype strains is the ability
of C-genotypes to resist the bactericidal effects of
human serum, whereas E-genotypes strains are
sensitive (Bogard and Oliver 2007). However,
genotypes do not strictly predict the pathogenicity
of V. vulnificus biotype 1 strains (Thiaville et al.
2011)

Vibrio parahaemolyticus is also responsible
for seafood-borne outbreaks. It is the causative
agent of acute gastroenteritis in humans
after the consumption of contaminated raw
or undercooked seafood. Even though acute
gastroenteritis is usually self-limiting,
V. parahaemolyticus can cause life-threatening
wound infections or septicemia in individuals
with pre-existing medical conditions (Joseph
et al. 1982; Daniels et al. 2000; Depaola et al.
2000; Ceccarelli et al. 2013; Zhang and Orth
2013). For example, the first reported outbreak
of V. parahaemolyticus killed 20 individuals out
of the 272 infected after consumption of semi-
dried juvenile sardines (Fujino et al. 1953). Sea-
food industries in the United States, China, and
Japan are heavily impacted by frequent outbreaks
of V. parahaemolyticus (Su and Liu 2007), which
mostly occur in the summer months, causing a
heavy toll on communities that rely on seafood
industries. For example, an outbreak occurred in a
Chilean region with wusually cold water
temperatures that was experiencing higher-than-
normal temperatures from January to March 2004
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(Gonzalez-Escalona et al. 2005). Between 2004
and 2006, Chile recorded 1000 cases annually
and reached a peak of 3600 clinical cases in
2005 (Harth et al. 2009; Velazquez-Roman et al.
2014; Bonnin-Jusserand et al. 2019).

V. parahaemolyticus pathogenic strains
are commonly identified by the presence of the
thermostable direct hemolysin (tdh) and tdh-
related hemolysin (#rh) which have been
associated with severe diarrhea in humans,
although strains lacking these factors may still
cause illness (Miyamoto et al. 1969; Takeda
1982; Kothary et al. 2000; Matsuda et al. 2010).
V. parahaemolyticus detected by PCR in seawater
and organic material collected in Japan showed
the tdh and trh genes were positive in 55% and
20% of samples, respectively (Jahangir Alam
et al. 2002). Another study from northern Gulf
of Mexico sites found tdh and trh positive
V. parahaemolyticus in 44% and 56% of oyster
and 30% and 78% of water samples (Zimmerman
et al. 2007). TDH and TRH have hemolytic
activity and cause cardiotoxicity = and
enterotoxicity. Other important factors include
two non-redundant type III secretion system
(T3SS) proteins (Park et al. 2004; Matsuda et al.
2010; Shimohata and Takahashi 2010).

Vibrio spp. have a high capacity to evolve via
the acquisition of new genetic information that
may increase their survival in the environment
(Seitz and Blokesch 2013). The emerging strains
of V. cholerae and V. vulnificus are not only proof
that these bacteria are constantly evolving,
adapting, and proliferating in the environment,
but that the environment is driving these
adaptations. Furthermore, these changes are not
always benign with respect to their interactions
with human hosts (Igbinosa and Okoh 2008) as
with the case of the newly emerging V. cholerae
0139 strains (O’shea et al. 2004) and
V. vulnificus biotype 3 (Bisharat et al. 1999).
Here, we review: (1) the reservoirs of Vibrio
species, with a major focus on the three patho-
genic vibrios, V. cholerae, V. vulnificus, and
V. parahaemolyticus and (2) the role of
reservoirs/environment in the emergence of viru-
lence traits.

6.2 Impact of Environment

on Occurrence of Vibrio spp.

Vibrio spp. are found in brackish and estuarine
water systems from the tropics to temperate
waters worldwide where temperature and salinity
affect the abundance of vibrios (Lutz et al. 2013;
Baker-Austin et al. 2018). For example,
V. cholerae survives for extended periods in
nutrient-deplete warm water at salinities between
0.25 and 3% at a pH of 8.0 (Miller et al. 1984) and
can persist under low nutrient and temperatures
(i.e., 10 °C) for long periods if supplemented with
sodium (Singleton et al. 1982). The occurrence of
V. vulnificus is strongly correlated with tempera-
ture, turbidity, dissolved oxygen, and numbers of
estuarine and coliform bacteria. V. vulnificus has
been recovered from water with salinities
between 0.4 and 3.7% with an optimum between
1.0 and 2.5% and a temperature range of 7-36 °C
with an optimum of 20 °C. At temperatures below
8.5 °C, survival decreases (Kaspar and Tamplin
1993, Hgi et al. 1998, Motes et al. 1998, Pfeffer
et al. 2003). V. parahaemolyticus, has been
detected during the summer months when water
temperatures are above 17 °C and salinities below
13 ppt (Kelly and Stroh 1988) and is detected in
higher numbers when temperatures are higher
(Depaola et al. 1990).

V. cholerae, V. vulnificus, and
V. parahaemolyticus are known to enter a viable
but nonculturable (VBNC) state under stressful
conditions (i.e., nutrition deprivation, high salin-
ity, and low temperature) wherein the cells are no
longer culturable on routine media but can be
shown to be viable and metabolically active
(Colwell et al. 1985; Nilsson et al. 1991; Jiang
and Chai 1996; McDougald et al. 2002; Wong
and Wang 2004). This is in contrast to starved
bacteria which can grow in or on normal media
after a period of inactivity (Colwell et al. 1985).
V. cholerae biofilms have been shown to enter a
VBNC state and to resuscitate to a culturable state
after being passaged in animals (Alam et al.
2007). It has been shown by Hugq et al. (1990) in
a rabbit ileal loop infection model as well as in
human volunteers that VBNC cells are capable of
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resuscitation and of causing cholera, and thus,
VBNC cells are a potential health threat (Huq
et al. 1990; Colwell and Huq 1994).
V. vulnificus and V. parahaemolyticus also remain
virulent, at least for some time, when in the
VBNC state and following in vivo resuscitation
(Oliver and Bockian 1995; Baffone et al. 2003).

VBNC cells have been shown to express path-
ogenicity factors. For example, constitutive tran-
scription of the gene encoding a hemolysin, vvhA,
was detected in VBNC V. vulnificus cells (Saux
et al. 2002) as well as the global stress regulator,
RpoS (6S) (Smith and Oliver 2006), and perhaps
other stress-related genes that provide cross-
protection against multiple stresses
(Nowakowska and Oliver 2013). In fact, VBNC
cells of V. vulnificus show increased resistance to
high temperature, low and high pH, oxidative and
osmotic stress, and exposure to ethanol, zinc,
chloramphenicol, and ampicillin when compared
to culturable cells (Nowakowska and Oliver
2013).

With climate change leading to the warming of
sea surface temperatures, Vibrio spp. are being
reported in regions that typically do not support
their growth, resulting in outbreaks of vibrio
infections on a worldwide scale (Vezzulli et al.
2016; Baker-Austin et al. 2017). Alarmingly, the
increase in temperatures has resulted in vibrio
infections in areas of the world that were previ-
ously not of concern such as the Baltic Sea and its
estuaries (Brehm et al. 2021) and Sweden and
Finland (Baker-Austin et al. 2016). A modeling
projection estimated that thousands of new
coastal areas will be suitable for vibrios by the
end of the century, which would dramatically
increase the number of people who are exposed
to infections (Trinanes and Martinez-Urtaza
2021). Moreover, various models show that the
number of warm days in the year is increasing and
will lead to shellfish beds meeting the temperature
conditions for vibrio growth (Ferchichi et al.

2021).
In addition to increasing sea surface
temperatures, the concentration of manmade

poorly degradable particles in ocean waters is
increasing. These particles serve as surfaces for
microbial colonization and biofilm formation
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(Oberbeckmann and Labrenz 2020). It has been
proposed that marine microplastics are now
potential reservoirs and vectors for the transport
of pathogenic Vibrio spp. For example, scientific
evidence shows that microplastics collected dur-
ing multiple studies from various locations (e.g.,
Southern Brazil, Bay of Brest in France, North
and Baltic Seas) were colonized by Vibrio spp.,
including V.  vulnificus, Vibrio mimicus,
V. cholerae, and V. parahaemolyticus (Kirstein
et al. 2016; Frere et al. 2018; Silva et al. 2019;
Kesy et al. 2021). Most importantly, Vibrio spp.
are part of the aquatic food web, thus conditions
that favor their growth will result in increases in
numbers and further affect the range where they
occur (Fig. 6.1).

6.3 Heterotrophic Protozoa
and Interactions

with Vibrio spp.

Protists are a highly diverse group of unicellular
eukaryotic microorganisms. They are abundant in
aqueous and soil environments and exhibit a wide
array of trophic states with a majority being het-
erotrophic (Porter et al. 1985; Sherr and Sherr
2007). Predation by bacterivorous protozoa is a
major limiting factor for bacterial biomass in the
environment (Sherr and Sherr 1994). For exam-
ple, heavy grazing mortality has been shown to
play a significant role in regulating numbers of
V. cholerae in coastal marine waters (Worden
et al. 2000). In light of this, it has been stated
that predation by bacterivorous protists in aquatic
habitats shapes the taxonomic composition and
physiological status of bacterial communities
(Hahn and Hofle 2001). Therefore, the prevalence
of bacterial predation defense mechanisms
determines overall bacterial mortality rates
(Matz and Kjelleberg 2005; Pernthaler 2005).
Several defense mechanisms of V. cholerae
have been identified. The biofilm lifestyle
protects V. cholerae from predation by some
protozoa (Matz and Kjelleberg 2005). Secretion
of quorum sensing (QS)-regulated proteases such
as PrtV protects against predation by the flagellate
Cafeteria  roenbergensis and the ciliate
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Fig. 6.1 Simplified
representation of
interactions of Vibrio spp.
and associated organisms in
food webs. Black arrows
indicate flow of nutrients.
Pathogenic Vibrios are an
integral part of the natural
food web and dependent on
the interactions between the
members of the food web
that produces opportunity
for growth, transmission,
and survival of Vibrio spp.
(Matz et al. 2005;
Trombetta et al. 2020)

Tetrahymena pyriformis (Vaitkevicius et al.
2006). In addition, ammonium production (Sun
et al. 2015) and by-products of pyomelanin for-
mation (Noorian et al. 2017) were shown to limit
V. cholerae predation. Another predation resis-
tance mechanism involves the type VI secretion
system (T6SS), which secretes toxins that kill
host cells such as the amoeba, Dictyostelium
discoideum (Pukatzki et al. 2006; Pukatzki et al.
2007; Leiman et al. 2009; Miyata et al. 2011;
Basler et al. 2012; Dong et al. 2013; Ho et al.
2014). However, this killing effect seems to differ

among Vibrio spp., since a V. vulnificus strain that
possessed T6SS did not exhibit anti-eukaryotic
effects against D. discoideum (Hubert and
Michell 2020). This is likely due to the fact regu-
lation and expression of the T6SS in vibrios
varies. Some strains have constitutively active
T6SS systems while in others it is tightly
regulated and expressed only under certain
conditions (Unterweger et al. 2012; Metzger
et al. 2016, 2019; Manera et al. 2021).

Grazing resistance mechanisms expressed by
other Vibrio spp. are not as extensively studied.
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For example, a V. vulnificus multifunctional
autoprocessing repeats-in-toxin, (MARTX) type
III was effective against the amoeba,
Neoparamoeba pemaquidensis that was isolated
and purified from the same turbot (Scophthalmus
maximus) gill (Lee et al. 2013). Another report
showed a V. vulnificus oyster isolate rewired cen-
tral carbon metabolism during predation resulting
in the production of excess organic acid which
was toxic to a variety of ciliates, including
T. pyriformis (Noorian et al. 2018; Rasheedkhan
Regina et al. 2021).

Interactions of bacteria with protozoa are
sometimes beneficial to bacteria. For example,
Acanthamoeba castellanii does not prey on
V. parahaemolyticus but instead secretes an
unknown factor that promotes the survival of
V. parahaemolyticus (Laskowski-Arce and Orth
2008). V. cholerae are known to survive intracel-
lularly in amoebae such as Naegleria and
Acanthamoeba (Thom et al. 1992; Abd et al.
2005; Abd et al. 2007; Van Der Henst et al.
2016) although strains have varying ability to
survive internally (Shanan et al. 2016). Vibrio
harveyi has been shown to survive in the marine
ciliate Cryptocaryon irritans (Qiao et al. 2017).
For this reason, protozoa have been referred to as
“Trojan horses” (Barker and Brown 1994) or
training grounds for pathogens where they are
not only protected from adverse environmental
stresses when internalized but also undergo
selection for traits that contribute to infections
in accidental human and animal hosts (Harb
et al. 2000; Sun et al. 2018; Espinoza-Vergara
et al. 2020). For example, long-term in-vitro
co-incubation of V. cholerae O1 with the amoeba
host, A. castellanii, resulted in phenotypic and
genotypic changes associated with pathogen
survival and fitness. The report showed that
mutations in conserved regions of the flagellar
transcriptional  regulator, flrA, resulted in
enhanced colonization of zebrafish (Hoque et al.
2021).

It has also been reported that V. cholerae can
resist intracellular digestion in protozoa and
escape in expelled food vacuoles (EFVs)
(Espinoza-Vergara et al. 2019). The authors
showed that V. cholerae-EFVs are better able to
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survive acidic  environments, antibiotics,
long-term starvation and have an increased capac-
ity to colonize infant mice when compared to
their planktonic counterparts. This finding has
been established as the third hypervirulent state
reported for V. cholerae in the literature (Mitterer
et al. 2020), highlighting the impact that the inter-
action protozoa-bacteria has on the infective
potential of pathogenic vibrios. In addition,
OmpU was identified as an important factor for
EFV production, suggesting that anti-grazing
strategies displayed by bacteria can act as viru-
lence factors for infecting a host.

The interaction between protists and vibrios is
not only limited to aquatic environments. For
example, protist parasites co-occur with Vibrio
spp. within the digestive tract and in circulating
hemocytes of the oyster, Crassostrea virginica. A
protease produced by the pathogenic oyster pro-
tozoan, Perkinsus marinus, was initially shown to
suppress the bactericidal activity of oyster
hemocytes against V. vulnificus (Tall et al.
1999). However, no meaningful correlation has
yet been established between the abundance of
the parasitic protist with levels of either
V. vulnificus or V. parahaemolyticus. Interest-
ingly, oysters infected by P. marinus did not
correlate with a higher abundance of pathogenic
vibrios whereas oysters infected with another pro-
tozoan parasite, Haplosporidium nelson, had
higher levels of V. vulnificus (Carnegie and
Burreson 2012; Bienlien et al. 2021).

MARTX and the T6SS of Vibrio splendidus
causes virulence in oysters but does not protect
against grazing by the amoeba, Vanella. Rather, a
region (wbe) involved in O-antigen synthesis was
shown to be necessary for resistance to predation
by amoebae (Oyanedel et al. 2020). In contrast,
Vibrio tasmaniensis showed resistance to phago-
cytosis by oyster immune cells and grazing by the
amoebae, Vannella sp. collected from oyster
farms. A secreted metalloprotease, Vsm, and cop-
per efflux p-ATPase, CopA, are known virulence
factors affecting oysters and are also involved in
the defense against predation by amoebae
(Oyanedel et al. 2020). These examples highlight
that the interactions between protozoa and Vibrio
spp. are complex and not easily predicted.
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6.4  Chitin and Vibrios

Chitin is the second most abundant organic
polymer in nature and is composed of long a
chain of N-acetylglucosamine (GIcNAc). Chitin
is the major component of marine snow and
is the main component of the exoskeletons
of crustaceans such as copepods, shrimp, and
crabs. Chitin is an excellent source of carbon
and nitrogen for marine bacteria including vibrios
(Rinaudo 2006; Martinez et al. 2014). One study
tested 54 Vibrionaceae strains for growth on chi-
tin and all tested strains, including V. cholerae,
V. parahaemolyticus, and V. vulnificus strains
utilized N-acetylglucosamine (GIcNAc), the
monomer of chitin. Most of the strains possessed
chitinase A (chiA) that also degraded o (crab
shell) and P (squid pen) chitin (Hunt et al.
2008). V. cholerae possesses two main extracel-
lular chitinases, ChiA1 and ChiA2 (Meibom et al.
2004) and the expression of chiA2 is also maxi-
mal in the host intestine (Mondal et al. 2014).

Clinical and environmental isolates of
V. cholerae possess molecular mechanisms for
the colonization of chitinous surfaces, including
the exoskeletons of zooplankton and phytoplank-
ton (Tamplin et al. 1990; Vezzulli et al. 2010).
Both O1 and non-O1 strains of V. cholerae show
increased colonization of dead plankton com-
pared with colonization of live plankton (the
dinoflagellate Lingulodinium polyedrum and the
copepod Tigriopus californicus) (Mueller et al.
2007) and VBNC V. cholerae O1 attached to the
cell envelope of the dinoflagellate Noctiluca
scintillans (Akselman et al. 2010).

Many reports have shown that chitin metabo-
lism is linked to pathogenicity in vibrios as simi-
lar factors are involved in interactions with chitin
and the human host. However, the expression and
role of these factors varies depending on strains
and environmental conditions. V. cholerae,
V. vulnificus, and V. parahaemolyticus all possess
a variation of N-acetylglucosamine binding pro-
tein (GbpA), a type IV pilus mannose-sensitive
hemagglutinin (MSHA) and a type IV pilus also
known as the chitin-regulated pilus (ChiRP)
(Aagesen and Hise 2012). V. cholerae uses
GbpA for attachment to human intestinal cells
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and to chitin particles and chitin-containing
plankton organisms (Kirn et al. 2005; Zampini
et al. 2005). Similarly, V. vulnificus GbpA is
also a mucin-binding protein, essential for patho-
genesis in a mouse model of infection (Jang et al.
2016).

The MSHA pilus of V. cholerae is involved in
surface attachment and colonization of zooplank-
ton, chitin beads and the chitinous exoskeleton of
the crustacean, Daphnia pulex, biofilm formation
on non-nutritive abiotic surfaces and interactions
with bivalve hemolymph (Finn et al. 1987;
Jonson et al. 1991; Chiavelli et al. 2001; Meibom
et al. 2004; Zampini et al. 2005). Colonization of
the squid, Euprymna tasmanica, light organ by
V. fischeri is directly linked to the expression of
mshA (Ariyakumar and Nishiguchi 2009), how-
ever, a direct role in the pathogenesis of
V. cholerae is debated (Heidelberg et al. 2000).
A V. parahaemolyticus MSHA pilin mutant
formed aggregates and exhibited a reduction in
attachment to abiotic surfaces (Shime-Hattori
et al. 2006). In addition, MSHA is also a signifi-
cant factor in adherence of V. parahaemolyticus
to human intestinal epithelial cells, thereby
enabling pathogenesis (O’boyle et al. 2013).

V. cholerae MSHA 1is needed for attachment to
chitin and biofilm formation and expression of
gbpA and mshA increases with temperature
(Stauder et al. 2010). Further studies of
V. vulnificus show a strain-dependent attachment.
At 20 °C, V. vulnificus, E-genotype strains
attached significantly more to chitin than
C-genotype strains while the reverse was true at
37 °C. E-genotypes had a higher level of Type IV
pili (pilA, pilD, and mshA) even in the absence of
chitin whereas gbpA was expressed significantly
higher in C-genotype strains (Williams et al.
2014). Type IV pilin production was significantly
downregulated whereas gbpA was upregulated in
the C-genotypes during detachment in compari-
son to E-genotypes and C-genotypes produced
more autoinducer-2 molecules in both aerobic
and anaerobic conditions at 20 °C (Phippen and
Oliver 2015).

A ChiRP mutant of V. parahaemolyticus
attached to the surface of a coverslip but did not
form aggregates, suggesting that ChiRP plays a
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role in bacterial agglutination during biofilm for-
mation (Shime-Hattori et al. 2006). ChiRP is
expressed by chitin-attached V. cholerae
(Meibom et al. 2004) and competence is induced,
a process requiring the type IV pilus assembly
complex (Meibom et al. 2005). Vibrio spp.
display several factors involved in the uptake
of exogenous DNA when associated with
chitin surfaces (Antonova and Hammer 2015).
Since chitin is widely distributed in aquatic
environments (Beier and Bertilsson 2013), it has
been hypothesized that chitin-induction of natural
competency mediates the acquisition of genes
(Meibom et al. 2005), potentially including
those contributing to virulence.

Chitin-induced competency has been reported
for many vibrios, including V. vulnificus,
V. parahaemolyticus, and V. cholerae (Debnath
et al. 2020). Despite the fact that some virulence
factors play a role in attachment and biofilm for-
mation of vibrios on chitin surfaces (e.g., MSHA
and GbpA), factors directly involved in natural
competence have not yet been related to virulence
(Pruzzo et al. 2008). However, the activation of
natural competence by the regulator, TfoX, has a
positive effect on the activation of the T6SS in
vibrios which has been implicated in virulence
(Metzger et al. 2016; Joshi et al. 2017).

The T6SS is a contact-dependent bacterial
system that translocates toxins into target hosts
including bacteria and eukaryotes. In V. cholerae,
different toxins, including VgrGl (actin
crosslinking protein in amoeba), VasX (pore-
forming protein), TseL (lipase), VgrG3 and
TseH (lysosyme) (Pukatzki et al. 2007; Jobichen
et al. 2010; Basler and Mekalanos 2012; Dong
et al. 2013; Hachani et al. 2014), have been
described as effectors of the T6SS. It has been
proposed that the T6SS in V. cholerae plays a role
in both the aquatic environment and human host.
In the environment, the formation of a biofilm on
chitin in V. cholerae activates the T6SS which
kills predators such as amoeba and competitor
neighboring cells, while in the human host the
T6SS enables competition with the intestinal
microbiome (Joshi et al. 2017). For example, in
V. cholerae, it is reported that at early stages of
infection, the antagonistic effects of the activation
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of the T6SS toward the microbiota has a signifi-
cant effect on the activation of two of the main
virulence factors, fcpA and ctxA, suggesting an
important role of the T6SS in infection (Zhao
et al. 2018).

6.5  Association with Planktons
Many organisms that share niches with Vibrio
spp. contain chitin and are part of the marine
food web (Polis and Strong 1996). Vibrio
concentrations correspond to the relative
abundance of particular planktons, e.g., chitin
containing diatoms and copepods correspond
to high numbers of V. cholerae,
V. parahaemolyticus, and V. vulnificus (Baffone
et al. 2006; Turner et al. 2009; Rehnstam-Holm
et al. 2010; Asplund et al. 2011; Turner et al.
2014; Diner et al. 2021).

Generally, V. cholerae has greater survival
when attached to copepods, cyanobacteria and
chironomid egg masses in comparison to free-
living planktonic cells (Huq et al. 1983; Halpern
et al. 2004; Islam et al. 2004). V. cholerae was
found to be largely associated with copepods
(Magny et al. 2011) the cases of cholera in
Bangladesh coincided with the presence of
rotifers, cladocerans, and copepods (Magny
et al. 2011). In places where access to clean
water is limited, it has been proposed that filtra-
tion of contaminated water through used sari
cloth removes 99% of the plankton and conse-
quently attached V. cholerae cells, resulting in a
reduction in the incidence of cholera (Huq et al.
1996; Colwell et al. 2003).

V. cholerae, V. parahaemolyticus, and
V. vulnificus associate with both the surface and
gut of marine copepods (Sochard et al. 1979;
Rawlings et al. 2007; Gugliandolo et al. 2008;
Toubiana et al. 2019). Copepods are found in
fresh and salt waters and feed on protozoa such
as ciliates (Berk et al. 1977). Other aquatic spe-
cies in turn feed on copepods and they are also
used as live feed for larval and juvenile fish in
commercial agricultural settings (Ajiboye et al.
2011; Rasdi and Qin 2016). Many vibrios colo-
nize copepods. For example, the fish pathogen,
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V. anguillarum colonizes the surface and the
intestinal tract of the copepod, Acartia tonsa
(Rasmussen et al. 2018). Vibrio alginolyticus
and V. anguillarum have been isolated from
A. tonsa eggs (Zidour et al. 2017) which is a
concern for transmission and spread of disease
for fish farms. V. parahaemolyticus numbers
were also shown to be positively correlated with
abundance of copepods while for total Vibrio spp.
numbers, the diatom abundance was the most
important (Rehnstam-Holm et al. 2014). Diatoms
or unicellular photosynthetic algae are a key
energy-rich component of phytoplankton
communities and serve as ‘food’ in the oceans,
lakes, and rivers. They all have an outer cell wall
of biogenic silica and some species produce chitin
as a component of the silica cell wall or as extra-
cellular fibrils (Durkin et al. 2009).

Several studies have shown association of
vibrios with different species of diatoms.
V. cholerae VBNC cells have been shown to
associate with Nitzschia palea and Stigeoclonium
(Seeligmann et al. 2008). V. parahaemolyticus
was shown to attach to estuarine strains of
Navicula (diatom alga) (Kumazawa et al. 1991)
and Thalassiosira weissflogii (Frischkorn et al.
2013) while the type IV pili was important for
biofilm formation and adherence to T. weissflogii.
The adherence to diatoms is controlled by
increased chitin production that occurs in later
stages of growth (Frischkorn et al. 2013). In con-
trast, some diatom species have been shown to
inhibit the growth of Vibrio spp. such as
V. anguillarum, V. alginolyticus, V. campbelli,
and V. harveyi (Naviner et al. 1999; Molina-
Cardenas and Sanchez-Saavedra 2017).

Associations of vibrios also occur with
dinoflagellates, a highly diverse group of single-
celled phytoplankton. Some dinoflagellate spe-
cies are not dangerous while others have been
associated with harmful algal blooms (HABs).
Since HABs produce toxins that can kill fish and
accumulate in filter-feeding shellfish, they are of
human concern. Some dinoflagellates can grow in
numbers such that a visible coloration of the
water, known as red tide can be seen in surface
water (Smayda and Reynolds 2003; Bravo and
Figueroa 2014). Different dinoflagellates respond
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differently to the presence of vibrios as some prey
on vibrios while some are harmed by them
(Seong and Jeong 2013).

The dinoflagellate Cochlodinium
ploykrikoides is killed by V. parahaemolyticus
while Amphidinium carterae and Prorocentrum
micans prey on V. parahaemolyticus (Seong and
Jeong 2011). In another study, two blooms during
relatively warmer months (a cyanobacteria bloom
and dinoflagellate bloom) led to increases in both
V. vulnificus and V. parahaemolyticus, respec-
tively, whereas three blooms that occurred during
cooler months caused by dinoflagellates and
euglenophytes were not associated changes in
vibrio abundances (Greenfield et al. 2017). In a
microcosm experiment, dissolved organic matter
released by a bloom of the dinoflagellate
Lingulodinium polyedrum supported explosive
growth of V. cholerae (Mourifo-Pérez et al.
2003) while V. parahaemolyticus strains caused
decreases in diatom, dinoflagellate and
coccolithophore biomass (Klein et al. 2018).

Vibrio spp. also associate with Gram-negative
photosynthetic cyanobacteria (blue-green algae)
(Islam et al. 1999, 2004; Berg et al. 2009).
The abundance of Vibrio spp. in microcosms
increased in response to dissolved organic matter
produced by Nodularia spumigena (Eiler
et al. 2007), while other cyanobacteria have
antibacterial activity, especially against vibrios.

For example, the marine cyanobacterium
Leptolyngbya sp. LT19 showed antibacterial
activities against V. harveyi and

V. parahaemolyticus (Maneechote et al. 2017).
The cyanobacterium Anabaena variabilis has
been identified as a possible long-term reservoir
for V. cholerae (Islam et al. 1990) and mucinase,
a soluble hemagglutinin protease, is important for
the association. The V. cholerae mucinase
degrades mucin which serves as a nutrient source
(Islam et al. 2002) and a chemoattractant (Islam
et al. 2000).

V. cholerae Ol increased production of
CT when co-cultured with a green alga,
Rhizoclonium fontanum (Islam et al. 1990) and
toxigenic V. parahaemolyticus and V. vulnificus
attach to some species of macro-algae and
coastal seaweed (Hood and Winter 1997; Hayat
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Mahmud et al. 2006; Mahmud et al. 2008;
Gonzalez et al. 2014). The macroalga, Gracilaria
vermiculophylla, found in the mid-Atlantic
coastal region, USA, was identified as a potential
reservoir for V.  parahaemolyticus, and
V. vulnificus (Gonzalez et al. 2014). However,
as mentioned previously not all associations are
predictable. For example, vibrio abundance was
positively correlated with the microscopic algae,
Heterosigma akashiwo but negatively correlated
with Fibrocapsa japonica (Main et al. 2015).
These negative relationships have led to research
on antimicrobial factors produced by aquatic
plants, cyanobacteria, diatoms, and algae as
potential novel inhibitory drugs (Hassan et al.
2022; Molina-Cardenas et al. 2022).

6.6  Association with Higher

Organisms

Vibrios interact with many higher organisms and
here we describe organisms that act as hosts,
reservoirs, and vectors for the dissemination of
vibrios. Some species of vibrios cause disease in
animal hosts like the zoonotic pathogens
V. vulnificus and V. parahaemolyticus (Austin
2010).

6.6.1  Chironomids

One of the most abundant insects in water habitats
are chironomids (Diptera; Chironomidae) or
non-biting midges that range from fresh to brack-
ish water, estuaries, and marine environments.
Chironomid egg masses contain hundreds of
eggs embedded in a gelatinous matrix composed
mainly of glycoprotein and chitin. These egg
masses are a natural reservoir for V. cholerae
and it has been reported that many of the
V. cholerae inhabiting egg masses are in the
VBNC state (Broza and Halpern 2001; Halpern
et al. 2007; Broza et al. 2008; Thorat and Nath
2010; Armitage et al. 2012). Non-Ol and
non-0O139 V. cholerae have been isolated from
chironomid egg masses in several countries
highlighting their potential as an environmental
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reservoir (Halpern et al. 2004). Furthermore,
adult midges collected in the air after emerging
from water carried non-O1 and non-O139
V. cholerae on their inter-segmental membranes.
In vitro studies showed that chironomid adults
transport V. cholerae between water bodies
(Broza et al. 2005) and a metagenomics analysis
revealed pandemic O1/0139 serogroups in chi-
ronomid larvae (Laviad-Shitrit et al. 2020).

The V. cholerae hemagglutinin/protease
(HA/P) degrades the gelatinous matrix of chiron-
omid egg masses and has roles in human infec-
tion, including modification of CT and
degradation of the protective mucus barrier in
the intestines, thereby allowing access to the
underlying microvilli (Halpern et al. 2003; Silva
et al. 2006; Benitez and Silva 2016). V. cholerae
HA/P production is QS-regulated and signals
from different bacterial species isolated from chi-
ronomid egg masses were shown to induce HA/P
in QS-deficient Ol El-Tor V. cholerae. this
suggests possible interactions between insect gut
microbiota which may also occur in the human
gut microbiota (Sela et al. 2021).

6.6.2 Bivalve Molluscs

Contaminated seafood is one route for human
infection by vibrios and higher numbers
of V. cholerae, V. parahaemolyticus, and
V. vulnificus were isolated from oysters (Pacific
(Crassostrea gigas) and Atlantic or Eastern
(Crassostrea virginica)) than from surrounding
water (Hood et al. 1981; Kaysner et al. 1989;
Tamplin and Fisher 1989; Depaola et al. 1990;
Froelich and Noble 2016). V. vulnificus has been
isolated from oyster shell biofilms, homogenates
of whole oyster meat and tissues including the
hemolymph, digestive region, gills, mantle, and
adductor muscle (Tamplin and Capers 1992). In
contrast to high densities of V. cholerae,
V. vulnificus, V. parahaemolyticus detected in
oysters, lower densities were detected in clams
(Tobin-D’angelo et al. 2008; Froelich et al. 2017)
and mussels (Ottaviani et al. 2005; Bauer et al.
2006; Normanno et al. 2006; Blanco-Abad et al.
2009).
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The abundance of V. parahaemolyticus and
V. vulnificus in oysters is positively associated
with higher water temperatures (O’neill et al.
1992; Motes et al. 1998; Cook et al. 2002;
Depaola et al. 2003; Randa et al. 2004). Specifi-
cally, the abundance of V. parahaemolyticus in
oysters at room temperature increased rapidly to
50-790-fold within 24 h (Gooch et al. 2002).
V. vulnificus survived in shucked oysters stored
at 10 °C and below, demonstrating that they sur-
vive refrigeration (Kaysner et al. 1989). Although
pandemic V. cholerae O1 has been isolated from
oysters (Tamplin and Fisher 1989), non-O1
strains are more common, but these can still
cause severe diarrhea after consumption of raw
oysters, often requiring hospitalization (Tobin-
D’angelo et al. 2008). Differences in sampling
time, temperature, water quality, region, and
host species have resulted in much conflicting
data, hence pathogenicity and abundance of
vibrios in bivalve organisms cannot be predicted
(Flynn et al. 2019).

Based on the classification scheme for
V. vulnificus using the virulence-correlated gene
(vcg) that was discussed above, 84.4% of isolates
recovered from oysters contained the vegFE allele
(E-genotype). In contrast, isolates from waters
surrounding the oyster sites revealed an almost
equal distribution of E- and C-genotypes. Inter-
estingly, the percentage of C-genotype strains
from both sources increased when the water
temperatures increased (Warner and Oliver
2008). E-genotype V. vulnificus strains formed
more aggregates than C-genotype strains and con-
sequently their uptake by C. virginica was higher
than for C-genotype and other non-aggregated
controls (Froelich et al. 2013; Froelich Brett
et al. 2014). This formation of aggregates may
partly explain the distribution of E- and
C-genotype strains in oysters. Free-living vibrios
are up taken by filter-feeding oysters. In vitro
studies have shown fast uptake of V. vulnificus
strains but also fast depuration after inoculation,
while the oyster-adapted strains found naturally
in oysters show resistance to depuration (Kelly
and Dinuzzo 1985; Srivastava et al. 2009;
Froelich et al. 2010; Froelich and Oliver 2013).
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The V. vulnificus type IV pilus structural pro-
tein, PilA and to a greater degree the pre-pilin
peptidase, PilD, contribute to binding to abiotic
surfaces and to human epithelial cells (Paranjpye
et al. 1998; Paranjpye and Strom 2005). PilA and
PilD are also necessary for V. vulnificus and
V. parahaemolyticus prolonged attachment to
oysters (Paranjpye et al. 2007; Aagesen et al.
2013). The tight adherence (tad) pilus locus, gen-
erally found in Vibrionaceae, was shown to be
involved in biofilm formation and colonization of
oysters (Pu and Rowe-Magnus 2018) and dele-
tion of the tad pilin gene (flp) led to decreased
initial surface attachment and less robust biofilms
(Pu and Rowe-Magnus 2018). Interestingly, in
the mouse model of infection all three
V. vulnificus, tad loci were required for septice-
mia, cell adhesion, and biofilm formation leading
to lethality (Duong-Nu et al. 2019).

6.6.3  Crustaceans

Aquaculture and seafood industries are
becoming popular around the world due to
the health benefits of their products. However,
these industries have a growing problem
with contamination by bacterial pathogens,
including Vibrio species. Mono-cultures of
farmed products are susceptible to infectious dis-
ease caused by V. harveyi, V. parahaemolyticus,
V. alginolyticus, V. anguillarum, V. vulnificus,
and V. splendidus, particularly in post-larvae
and juvenile shrimp populations (Karunasagar
et al. 1994; Lee et al. 1996; Vaseeharan
and Ramasamy 2003; Jayasree et al. 2006;
Longyant et al. 2008). Furthermore, VBNC
V. parahaemolyticus has been detected in shrimp
samples (Cao et al. 2019) which raises the con-
cern over detection methods and safety of seafood
for human consumption.

V. parahaemolyticus has acquired a unique
70 kb plasmid that contributes to a relatively
new acute disease in the black tiger (Penaeus
monodon) and whiteleg shrimp (Penaeus
vannam), hepatopancreatic necrosis disease
(AHPND). The plasmid encodes a binary toxin,
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the Photorhabdus insect-related toxins (PirAvp
and PirBvp) responsible for the destruction of
host cells (Tran et al. 2013; Lee et al. 2015).
The PirB'” subunit is important for recognizing
the beta-hexosaminidases and mucin-like
glycoproteins from the shrimp hepatopancreas
(De Los Santos et al. 2022). V. harveyi, Vibrio
punensis, and Vibrio campbellii strains have been
isolated that carry the pirVP gene. However, not
all strains of V. parahaemolyticus containing
toxin genes, pirA and pirB genes display
AHPND symptoms, while some V. harveyi and
V. campbellii isolates produced toxins and cause
AHPND (Kondo et al. 2015; Dong et al. 2017,
Restrepo et al. 2018; Muthukrishnan et al. 2019;
Vicente et al. 2020). Other crustaceans have also
been shown to carry potentially pathogenic
vibrios. For example, V. cholerae. V. vulnificus,
and V. parahaemolyticus were isolated from the
hemolymph and external carapace of the blue
crab, Callinectes sapidus (Krantz et al. 1969;
Colwell et al. 1975; Davis and Sizemore 1982)
and a Vibrio sp. was isolated from the rock crab,
Cancer irroratus (Newman and Feng 1982).
V. wvulnificus, V. alginolyticus, V. mimicus,
V. parahaemolyticus, and V. harveyi were
detected in lobsters and crabs from the Persian
gulf (Raissy et al. 2012).

6.6.4 Fish

Humans consume many species of fish that in
turn consume chitinous zooplankton, including
copepods, chironomids, and crustaceans, all of
which serve as hosts for Vibrio spp. Fish
intestines also contain chitinous materials which
favor the growth and persistence of Vibrio spp.
(Tang et al. 2015).

Vibriosis is one of the most prevalent fish
diseases and is characterized by septicemia, der-
mal lesions, ascites, and necrosis (Ina-Salwany
et al. 2019). The common signs of vibriosis
include red spots on the ventral and lateral
areas of the fish and swollen and dark skin.
Several stress factors contribute to vibriosis in
fishes, including high water temperatures,
overcrowding, pollution of the water, poor
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nutrition and improper handling. The common
route of infection is penetration through skin,
gills, and gastrointestinal tract (Frans et al.
2011). Vibriosis in fishes is commonly caused
by V. anguillarum, V. parahaemolyticus,
V. harveyi, V. alginolyticus, V. vulnificus, and
V. splendidus. Among these, V. anguillarum is
the most common cause of vibriosis and has been
documented to affect more than fifty fresh and
salt-water fishes, including fishes with economic
importance to the aquaculture industry (e.g.,
salmon, rainbow trout, sea bream, cod, and eels)
(Frans et al. 2011).

V. cholerae has also been associated with
fishes in endemic cholera regions. Malka Halpern
and her group reported that V. cholerae has been
isolated from 30 different freshwater and marine
fish species (Senderovich et al. 2010; Halpern and
Izhaki 2017). These studies showed that approxi-
mately 87% of fishes are positive with Vibrio spp.
with V. cholerae O1 reported in a few cases. For
example, V. cholerae O1 and O139 have been
detected using ompW and ctxA specific PCR in
Hilsha fish (Tenualosa ilisha) and Tilapia
(Oreochromis niloticus) in two separate studies
conducted in Bangladesh and Tanzania respec-
tively (Hossain et al. 2018; Hounmanou et al.
2019).  Non-Ol/non-O139  serogroups  of
V. cholerae have been isolated from different
fishes, including lorna fish (Sciaena deliciosa)
(Carvajal et al. 1998), turbot (Scophthalmus
maximus) (Xing et al. 2013), tra fish (Pangasius
hypophthalmus) (Tong Thi et al. 2014), bulls eye
(Priacanthus hamrur) and hard tail scad
(Megalaspis cordyla) (Sujatha et al. 2011).

There are several reports of cholera disease
being linked to consumption of fish and their
related products. The first records date back to
1951 where Pandit and Hora postulated that con-
sumption of hilsa fish leads to cholera endemicity
in India (Pandit and Hora 1951). Several Vibrio
spp. outbreaks in Thailand, Tanzania, and Italy
(Morgan et al. 1960; Killewo et al. 1989; Maggi
et al. 1997) were linked to the consumption of
raw fish and related products. Improper fish
handling also leads to cholera cases. For example,
3 V. cholerae O1 cases occurred in Sydney,
Australia after handling of raw whitebait
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imported from Indonesia (Forssman et al. 2007)
and one case was reported in Berlin, Germany
after handling of fish imported from Nigeria
(Schiirmann et al. 2002).

V. vulnificus, biotypes are very heterogeneous,
and some are shown to be zoonotic. Biotype 2 is
subdivided into different serovars from which E
and A are mainly eel pathogens. Serovar E can
also infect humans producing severe wound
infections and septicemia (Amaro et al. 1992;
Amaro and Biosca 1996; Fouz et al. 2010). An
investigation of the toxicity of lipopolysac-
charides (LPS) showed a binding affinity for
both eel and human erythrocyte membranes that
led to the agglutination of the cells. However, the
injection of pure LPS only caused endotoxic
effects and death in rats but not in eels (Biosca
et al. 1999).

6.7  Aquatic Birds
Aquatic birds live around bodies of water and are
good indicators of the ecosystem they inhabit.
Aquatic birds typically consume both aquatic
and terrestrial food sources, depending on
weather and season. For example, gulls eat
crustaceans such as small crabs, small squilla,
and other shellfish as well as fish. Mallards,
European widgeons and common teals also con-
sume aquatic vegetation such as seaweed, while
some water birds feed on small invertebrates such
as copepods and chironomids (Miyasaka et al.
2006; Green and Elmberg 2014).

Both Ol and non-O1/non-O139 strains of
V. cholerae have been isolated from fecal samples
of aquatic birds (Bisgaard and Kristensen 1975;
Schlater et al. 1981; Lee et al. 1982; Ogg et al.
1989; Ismail et al. 2021). The presence of toxi-
genic V. cholerae (ctxA) was detected in the
microbiome of 5 wild cormorant’s intestines
(Laviad-Shitrit et al. 2017). Although CT is not
frequently found in these samples, other virulence
factors are more prevalent. For example, from
23 V. cholerae strains isolated from aquatic
birds all were positive for foxR but negative for
CtxA, tcpA, tepl, zot, and ace genes (Laviad-Shitrit
et al. 2018). Another four non-Ol/non-O139

111

V. cholerae strains isolated from domestic ducks
in Germany with serious disease symptoms
revealed a number of virulence factors, including
the T3SS, cholix toxin (elongation factor
2-specific ADP-ribosyltransferase toxin) and
MARTX which was closely related to MARTX
of O1 strain N16961 (Hirsch et al. 2020). Forty
V. cholerae and 34 Vibrio metschnikovii strains
were isolated from migratory birds from the Inner
Mongolia autonomous region of China. All
V. cholerae were non-Ol/non-O139 serotypes
that encoded T6SS and hlyA but did not encode
for CT, TCP fimbriae nor the extracellular matrix
protein RbmA. Interestingly a strain of
V. metschnikovii isolated from ill migratory
birds carried the T6SS system contained the
gene encoding the spike protein for T6SS while
bacterial strains that carry T6SS without a spike
protein are not pathogenic (Zheng et al. 2021).

Other Vibrio spp. have been found to be
associated with aquatic birds. V. cholerae,
V. fluvialis, V. alginolyticus, V. mimicus,
V. vulnificus, V. parahaemolyticus, and
V. metschnikovii have been detected in migratory
birds in Romania (Pall et al. 2021). In Japan
during winter when vibrio numbers were low
in seawater, fecal samples from several aquatic
wild birds such as various species of gulls,
mallards, widgeons, and teals contained
V. parahaemolyticus and V. vulnificus (Miyasaka
et al. 2006). Fecal samples of aquatic birds from
two coastal areas in Venezuela carried
V. cholerae and V. vulnificus in one site along
and strains from the Harveyi clade in the other
(Fernandez-Delgado et al. 2016).

Migratory aquatic birds have long been an area
of concern as vectors and reservoirs for Vibrio
spp. (Lee et al. 1982). Halpern et al. (2008)
hypothesized that migratory birds feeding on
copepods or chironomids contaminated with
V. cholerae can disseminate the bacterium
between continents to previously uninfected
water systems. Waterbirds have been shown to
carry living copepods and chironomids internally
or externally from one waterbody to another
(Frisch et al. 2007; Laviad-Shitrit et al. 2019).
Furthermore, a lab experiment showed that
V. cholerae could be detected in feces of
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hand-reared cormorants even 72 h after switching
from V. cholerae contaminated tilapia to a
non-contaminated diet (Laviad-Shitrit et al.
2017). Vibrio spp. were detected in high abun-
dance in sediment samples as well as from the
common cockle Cerastoderma edule. Both
C. edule and V. splendidus were detected in the
feces of shorebirds especially in the warmer
months (Albuixech-Marti et al. 2021).

Short-distance transmission investigated by
whole genome sequencing showed a strain of
V. parahaemolyticus and three strains of
V. mimicus isolated from waterbirds along a
river in China were clonally related to that of
sediments and mollusks in the stream. Evidence
of long-distance transmission was shown from
two birds carrying the same clone of a
V. parahaemolyticus strain isolated 1150 km
apart and another two that were found 50 km
apart (Fu et al. 2019). An analysis of fresh feces
from migratory birds in Bangladesh identified
Vibrio spp. (Saiful Islam et al. 2021).

6.8  Conclusion

War-torn Yemen’s manmade crisis has led to
more than 1.3 million suspected cases of cholera
and 3000 deaths as of May 2020 (World-Health-
Organization 2020). Contamination of water
sources in Somalia by flash flooding due to
heavy Gu rains led to 3858 suspected cholera
cases and 27 associated deaths in the first
6 months of 2021 (World-Health-Organization
2021). Interestingly, one of the hypotheses on
how the cholera epidemic in Yemen started is
that it was due to a combination of strong El
Nifio rains in Somalia and southwestern winds
over the Gulf of Aden in 2016 that disseminated
cholera-contaminated chironomids from the Horn
of Africa to Yemen (Paz 2019).

Cholera had been absent for over a century in
Haiti, but the cholera outbreak after the earth-
quake in 2010 resulted in more than 531,000
cases (5% of the population) and more than
7050 deaths as of March 2012 (Chin et al. 2011;
Sontag 2012). The suspected source of the
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outbreak was V. cholerae South Asian type
introduced into the longest river in Haiti by the
United Nation’s peacekeeping troops from Nepal
after contamination of the water system with
human fecal material (Piarroux et al. 2011;
Frerichs et al. 2012). A surveillance study using
whole genome sequencing detected the outbreak
of V. cholerae strains in Haiti Rivers more than
2 years after the onset of the epidemic (Kahler
et al. 2015). Another surveillance study from
Haiti surface waters and Rivers from 2013 to
2014 showed a fivefold increase in the number
of water samples containing culturable
V. cholerae O1 compared to the previous year
(Alam et al. 2014, 2015).

A more recent metagenomics study on Haiti
water samples by Roy et al. (2018) showed toxi-
genic V. cholerae O1 and O139 strains were not
detected, consistent with the decline in cholera
cases; however, environmental V. cholerae
strains as well as cholera and Shiga toxin
converting phages were detected. Interestingly,
it has been shown that phage transduction with
the CT-encoding phage CTX@ can convert the
non-toxigenic ~ environmental  strains  to
CT-positive strains in the gastrointestinal envi-
ronment (Waldor and Mekalanos 1996). This
raises the concern that environmental strains that
are consistently present are still potentially capa-
ble of becoming toxigenic, and these strains are
not usually incorporated in reports regarding pub-
lic health.

While mechanisms of Vibrio spp. infections of
humans have been extensively researched, the
information on the molecular interaction of
vibrios and environmental hosts is lacking. Most
reports on the associations between Vibrio spp.
and various organisms are descriptive only. This
has resulted in difficulties in the identification of
the origin of outbreaks of various infections and
predictions and monitoring of the spread of
disease.

As mentioned in several sections, survival,
growth, and dissemination of Vibrio spp. as
members of the food web are complex. There
are many factors that Vibrio spp. share
(Table 6.1) but they do not necessarily have the
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Table 6.1 Critical or major interacting factors required for Vibrio spp. interactions with different host/reservoirs

Main interacting

Main virulence/interacting

Host organism Vibrio spp. factor Related disease or types of interactions
Human V. cholerae CT Host (diarrhea, gastroenteritis wound,
HIlyA infection, and septicemia)
HAP
TCP
Zot
ChxA
Ace
GbpA
MARTXy.
V. parahaemolyticus | TDH
TRH
MshA
T3SS1 and T3SS2 effectors
V. vulnificus CPS
pilA
pilD
MARTXy,
VvhA
Vvp
GbpA
LPS,,
Protozoa V. cholerae T6SS effectors Predator-prey
PrtV Host
HmgA Vector
OmpU
firA
V. vulnificus MARTX
Acetate metabolism
V. splendidus MARTX
T6SS
Whe
V. tasmaniensis Vsm
CopA
Copepod V. cholerae Host
V. parahaemolyticus
V. vulnificus
V. anguillarum
V. alginolyticus
Diatom V. cholerae Type IV pili Host
VBNC Antagonistic Relationship
V. parahaemolyticus
V. anguillarum
V. alginolyticus
V. campbelli
V. harveyi
Dinoflagellates V. cholerae Host
V. vulnificus Antagonistic Relationship
V. parahaemolyticus
Algae V. cholerae Mucinase Host
(micro and macro) | V. parahaemolyticus | Unknown compound Antagonistic Relationship
V. vulnificus
Chironomids V. cholerae HAP Host
Vector

(continued)
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Table 6.1 (continued)

Main interacting Main virulence/interacting
Host organism Vibrio spp. factor Related disease or types of interactions
Bivalves V. cholerae Host
(mussels, oysters, | V. parahaemolyticus
and clams) V. vulnificus Tad pilus
PilA
PilD
GbpA
Crustaceans V. cholerae ChiA Host
(shrimp, crab, and GbPA
lobster) MshA
V. vulnificus ChiA
GbPA
MshA
V. parahaemolyticus | ChiA Host
GbPA Shrimp: Acute hepatopancreatic necrosis
MshA disease (AHPND)
VBNC
PirAvp and PirBvp
V. alginolyticus Host
V. anguillarum
V. splendidus
V. harveyi
V. campbellii
Fish V. vulnificus LPS-vv Host (Vibriosis)
V. cholerae Vector
V. anguillarum
V. parahaemolyticus
V. harveyi
V. alginolyticus
V. mimicus
V. punensis
V. splendidus
Birds V. cholerae Vector
V. metschnikovi
V. fluvialis
V. alginolyticus
V. mimicus
V. vulnificus
V. splendidus
V. parahaemolyticus

CT, cholera toxin; HlyA, hemolysin A; HAP, hemagglutinin protease; TCP, toxin-coregulated pilus; Zot, zonula
occludens toxin; ChxA, cholix toxin; Ace, accessory cholera enterotoxin; GbpA, N-acetylglucosamine-binding protein
A; TDH, Thermostable direct hemolysin; TRH, TDH-related hemolysin; T3SS ,type III secretion system; T6SS ,type VI
secretion system CPS, antiphagocytic capsular polysaccharide; PilA and PilD, type IV pilins; MARTX, multifunctional
autoprocessing repeats-in-toxin; VvhA, Cytosolin; Vvp, thermolysin-like zinc metalloprotease; T6SS, type VI secretion
system; PrtV, Vibrio metalloprotease; HmgA, homogentisate-1,2-dioxygenase gene; OmpU, outer membrane protein;
FIrA, flagellar regulatory protein A; wbe, O-antigen biosynthesis pathway; Vsm, metalloprotease; CopA, copper efflux
p-ATPase; ChiA, chitinase A; MSHA, mannose-sensitive hemagglutinin; Tad, tight adherence pilus; PirAvp and PirBvp,
Photorhabdus insect-related toxins; VBNC, viable but nonculturable

same function in different strains or may behave vibrios in the environment to have a better under-
differently under different conditions. Nonethe- standing of this genus and of how pathogens may
less, it is important to study the interactions of evolve in the environment.
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Abstract

Cholera is a severe diarrheal disease caused by
the aquatic bacterium Vibrio cholerae. Inter-
estingly, to date, only one major clade has
emerged to cause pandemic disease in
humans: the clade that encompasses the strains
from the Ol and O139 serogroups. In this
chapter, we provide a comprehensive perspec-
tive on the virulence factors and mobile
genetic elements (MGESs) associated with the
emergence of pandemic V. cholerae strains
and highlight novel findings such as specific
genomic background or interactions between
MGEs that explain their confined distribution.
Finally, we discuss pandemic cholera
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dynamics contextualizing them within the evo-
lution of the bacterium.
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7.1 Cholera

Cholera is a severely dehydrating diarrheal dis-
ease that affects over three million people world-
wide resulting in ~100,000 deaths annually
(Kanungo et al. 2022). It is one of the most
rapidly fatal infections if not treated immediately
and it disproportionately affects children <5
years of age (Baker-Austin et al. 2018; Kanungo
et al. 2022). Cholera primarily occurs in regions
with inadequate sanitation or access to clean
water due to either poor infrastructure, natural
disasters, or civil unrest (Baker-Austin et al.
2018; Barnett 2019). The disease remains
endemic in numerous countries in Africa, Latin
America, and Asia, where it causes seasonal
outbreaks linked to regional weather patterns
(Kanungo et al. 2022).

Cholera has been a major human scourge for
centuries and has resulted in seven pandemics
since 1817. The seventh and ongoing pandemic
poses a health threat to 175 countries, affecting
vulnerable populations in Haiti, Yemen, and the
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Democratic Republic of Congo, among others
(Baker-Austin et al. 2018). Furthermore, the
recent epidemics have increased in duration, fre-
quency, and intensity, underlining the pressing
need for intervention (Emch et al. 2008).

Cholera is primarily spread via the fecal-oral
route by consumption of water or food
contaminated with choleragenic strains of
V. cholerae. Bacterial pathogenesis results in a
profuse, watery diarrhea leading to “rice water”
stools that, if left untreated, can lead to severe
dehydration, rapid circulatory collapse and, ulti-
mately, death within 24 h. Timely administration
of oral rehydration fluids typically resolves the
fatal consequences of the disease, allowing
patient recovery. Administration of antibiotics
reduces the time of bacterial residence in the
intestine, limiting the period of diarrhea but the
emergence of resistant strains is of growing con-
cern (Kanungo et al. 2022).

7.2  Vibrio cholerae

Cholera is caused by the Gram-negative, comma-
shaped bacterium V. cholerae, a natural inhabi-
tant of brackish environments such as coastal
waters and estuaries (Colwell et al. 1977; Huq
et al. 1983). V. cholerae is commonly found in
association with aquatic zooplankton (e.g.,
copepods) and phytoplankton (e.g.,
cyanobacteria) where it uses chitin and mucilagi-
nous surfaces a major carbon and nitrogen source
for proliferation (Nahar et al. 2011; Pruzzo et al.
2008). These metabolic adaptations, in addition to
others such as resistance to protozoal grazing or
phage  predation, could contribute to
preadaptations to the human host, as suggested
by lipopolysaccharide (LPS) modifications. The
structure of the LPS of V. cholerae allows classi-
fication of the strains into over 200 serogroups.
Interestingly, only strains belonging to the Ol
and O139 serogroups are known to cause epi-
demic and pandemic cholera and they form part
of a confined phylogenetic clade: the pandemic
group (PG) (Fig. 7.1) (Faruque et al. 1998;
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Fig. 7.1 Phylogeny of Vibrio cholerae species.
Simplified phylogeny of the V. cholerae species highlights
the marked dichotomy between pandemic strains (PG, red)
and non-O1 non-O139 environmental strains (EG, blue).
Adapted from Shapiro et al. (2016)

Kanungo et al. 2022). Many other serogroups,
collectively termed as non-Ol/non-O139, are
generally non-pathogenic, although some isolates
are associated with gastroenteritis (Morris 2003).
The Ol serogroup is divided into two main
serotypes, Ogawa and Inaba that primarily differ
from each other in a methyl group in the LPS that
is present only in the former (Wang et al. 1998).
Both serotypes can cause severe disease and the
dominant serotype fluctuates seasonally and geo-
graphically (Longini et al. 2002; Morris 1990).
The O1 serotype is also divided into two
biological variants (biotypes), classical and El
Tor. The first six cholera pandemics were caused
by the classical biotype of V. cholerae O1 but
have been replaced by the El Tor biotype since
1961 and are responsible for the seventh, ongoing
pandemic (Faruque et al. 1998). Acquisition of
two pathogenicity islands (PAIs), the Vibrio Sev-
enth Pandemic Islands I and II (VSP-I and -II), is
thought to have resulted in the emergence of the
El Tor variant, conferring pathogenic features
distinct from the classical strains (Fig. 7.2;
discussed below).
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Fig. 7.2 Evolution and emergence of pathogenic Vibrio
cholerae. Schematic of the various steps involved in the
acquisition of major virulence factors by environmental
strains of V. cholerae to gain pandemic potential. VPI-1,
Vibrio pathogenicity island-1; VPI-2, Vibrio pathogenicity

7.3 Pandemic Spread of V. cholerae
Cholera has been endemic in Asia, specifically in
the Ganges delta of the Bay of Bengal,
Bangladesh, and India for centuries (Barnett
2019). From there, the disease has spread sporad-
ically to other parts of the world at various times
since the early 1900s, primarily mediated by
human activities (Fig. 7.3) (Orata et al. 2014;
Poirier et al. 2012). Cholera is thought to have
been introduced in Africa, Latin America, the
Caribbean, Europe, and North America via
infected humans, resulting in seven pandemics
to date (Fig. 7.3) (Domman et al. 2017; Weill
et al. 2017). In endemic regions, cholera shows
seasonal peak patterns, typically associated with
the monsoon rains and subsequent flooding (Sack
et al. 2003). It is well established that climate is a
major driver of the disease, with several abiotic
and biotic factors such as temperature of the water
bodies, precipitation, flooding, and plankton
blooms influencing the frequency of outbreaks
(Jutla et al. 2013; Koelle 2009; Pascual et al.
2000).
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Phylogenomic analyses reveal that the seventh
pandemic El Tor strains can be subdivided into
three major groups that likely represent different
waves of pandemic transmission (Mutreja et al.
2011). Correlating genomics data with the global
spread of the disease reveals that the seventh
pandemic originated from a distinct geographical
location in Asia but has subsequently spread in
three overlapping waves ((Mutreja et al. 2011);
Fig. 7.3). Wave 1 isolates (1938-1961) encode
the canonical CTX El Tor (CTX-1) and lack the
Integrative conjugative element (ICE) SXT/R391
that encodes antibiotic resistance genes. The chol-
era outbreak in several countries in South Amer-
ica occurred during this period (Balasubramanian
et al. 2021). The South American isolates form a
discrete cluster with a single Angolan isolate that
harbor novel, uncharacterized genes in the VSP-II
and a novel genomic island WASA1 (Mutreja
et al. 2011; O’Shea et al. 2004a). The transition
from wave 1 to wave 2 was likely mediated by the
acquisition of the SXT/R391 ICE (Mutreja et al.
2011). Wave 2 isolates (1978—1984) also encode
a variant of the cholera toxin, CTX-2.
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1991, LAT-2

1991, LAT1

Fig. 7.3 Global spread of cholera. The El Tor biotype of
Vibrio cholerae, the causative agent of the seventh and
current cholera pandemic, originated in the 1960s in the
Bay of Bengal and spread out to the rest of the globe in

Interestingly, there were a high number of SNPs
(3161 SNPs) within the SXT locus between the
various wave 2 isolates compared to the SNPs
defining the whole genome phylogeny (1757
SNPs), suggesting either a higher rate of recom-
bination within the SXT locus or independent
acquisition events from different sources (Mutreja
et al. 2011). Wave 1, which spread globally, was
replaced by the more geographically restricted
waves 2 and 3 in more recent years and have
been limited to nations in Africa and south Asia.
The more recent outbreaks in Haiti, for example,
are part of wave 3, where the strains share a
common ancestor with south-Asian strains,
suggesting direct and recent transmission (Chin
et al. 2011; Mutreja et al. 2011). Interestingly, El
Tor was replaced for a brief period in 1992 by a
non-O1 serogroup strain, designated O139
Bengal that affected mostly coastal villages
around the endemic regions of the Bay of Bengal
(Alam et al. 2006; Nair et al. 2002; Ramamurthy
and Sharma 2014). Despite two further outbreaks
by 0139 in 2002 and 2005, the El Tor biotype has
remained dominant worldwide (Alam et al.
2006).
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three distinct but overlapping waves, as determined by
phylogenetic analyses; wave 1 (gray), wave 2 (blue) and
wave 3 (purple)

7.4  Cholera Pathogenesis

Upon entry into the human host, the first major
barrier that V. cholerae encounters is the acidic
environment of the stomach, which likely
explains the high dose needed for successful
infection (Almagro-Moreno et al. 2015). The
cells that survive this barrier enter the small intes-
tine and utilize chemotaxis to rapidly move
toward the epithelial cells (Almagro-Moreno
et al. 2015). The small intestine represents the
primary site of bacterial replication and pathogen-
esis. Colonization of the small intestine requires
the production of the toxin co-regulated pilus
(TCP) (Taylor et al. 1987). TCP likely recognizes
an unknown receptor on the intestinal epithelial
cells and mediates microcolony formation, which
is essential for intestinal colonization. Addition-
ally, TCP also plays a role in bacterial survival in
the environment by mediating attachment to the
surface of chitin, enabling biofilm formation
(Reguera and Kolter 2005). TCP production is
coupled with the secretion of the cholera toxin
(CT), a prototypical and potent ABs-type toxin
with one enzymatically active A subunit
surrounded by a pentameric B subunit (Beddoe
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et al. 2010). The CT holotoxin binds the GM1
monoganglioside receptors on the epithelial cell
surface of the small intestine. The binding of CT
triggers endocytosis of toxin-containing vesicles
through the endoplasmic reticulum, where the
catalytic A subunit dissociates from the B
pentamer and is transferred to the cytosol. In the
cytosol, A subunits of CT trigger the activity of
adenylate cyclase, a regulatory G-protein,
resulting in elevated levels of intracellular
cAMP and hypersecretion of water and
electrolytes into the intestinal milieu (Holmgren
et al. 1973; Van Heyningen et al. 1971). The
excess fluid secretion far exceeds the reabsorption
capacity of the intestine, resulting in the charac-
teristic rice water diarrhea that is typical of chol-
era (Field et al. 1972). Interestingly, CT also
provides nutrients to the bacterium such as fatty
acids, fostering its proliferation and growth
(Rivera-Chavez and Mekalanos 2019).

Genetic Determinants
of Cholera Pathogenesis

7.5

The genome of V. cholerae N16961 El Tor Ol
was first sequenced in the year 2000 (Heidelberg
et al. 2000). It consists of two circular
chromosomes, 2.9 and 1 Mb in size (Heidelberg
et al. 2000). The chromosomes are
non-homologous and functionally divergent. For
instance, chromosome I encodes genes involved
in several critical aspects of cell survival such as
DNA replication and repair, transcription and
translation, metabolism pathways and cell wall
biosynthesis, and those involved in pathogenesis
(Heidelberg et al. 2000). Chromosome II also
encodes several essential genes such as those
involved in metabolism, and ribosomal and
tRNA biosynthesis, but the function of a majority
of these genes remains unknown (Heidelberg
et al. 2000).

The ability to acquire and exchange genetic
information is a crucial feature driving the emer-
gence and success of bacterial pathogens (Arnold
et al. 2022; Balasubramanian et al. 2022). Genetic
exchange is facilitated by mobile genetic
elements (MGEs), segments of DNA that mediate

the movement of genes within and between bac-
teria, and include PAIs, plasmids, transposons,
ICEs, and prophages, many of which encode
genes involved in virulence (Balasubramanian
et al. 2022). Interestingly, both V. cholerae El
Tor N16961 chromosomes harbor acquired
genes that were horizontally acquired and are
integral to the pathogenic success of the bacte-
rium. Some of these elements, as discussed
below, encode critical virulence genes such as
CT and TCP.

7.6 CTX® Phage

Bacteriophages are major vehicles for the acqui-
sition of genetic material by numerous bacterial
pathogens and are commonly associated with the
gain of toxin-encoding genes among other hori-
zontally acquired genes (Svab et al. 2015; Waldor
and Mekalanos 1996; Wirtz et al. 2009). In the
context of pandemic V. cholerae, lysogenic con-
version by a M13-like filamentous phage named
CTX®, led to the acquisition of the structural
genes for CT: ctxAB (Fig. 7.4) (Waldor and
Mekalanos 1996). Additionally, CTX® also
encodes zot (zonula occludens toxin) and orfU,
both being involved in phage morphogenesis,
ace, which encodes an accessory cholera entero-
toxin, and cep, encoding a core-encoded pilin that
forms the virion capsid (Waldor and Mekalanos
1996). The CTX® phage is structured like a com-
pound transposon with the toxin-encoding genes
flanked by one or more copies of a 2.7 kb repeti-
tive sequence (RS) (Mekalanos 1983; Pearson
et al. 1993). The genes within the repetitive
sequences (rstABCR) encode a site-specific
recombination system that mediates integration
at the attRS1 site on the chromosome of
non-toxigenic V. cholerae strains, thus facilitating
lysogenic conversion. Interestingly, TCP is the
bacterial receptor recognized by CTX®,
suggesting a sequential emergence of pathogenic
features in V. cholerae.

The differences between the classical and El
Tor strains of V. cholerae can be partly explained
by variations in CTX® genes (Robins and
Mekalanos 2014). For instance, mutations in the
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repressor coded for by rstR within CTX® is suf-
ficient to confer biotype specificity (Kimsey and
Waldor 1998). Several nonsynonymous SNPs in
the ctxB gene allow for the differentiation
between classical and El Tor genomes (Robins
and Mekalanos 2014). Furthermore, although
CTX® can be integrated at the dif site either as
a single copy or in tandem in strains of
V. cholerae, integration is limited to chromosome
I'in El Tor but can be found in either chromosome
in the classical 0395 strain (Mekalanos 1983).
This differential distribution of CTX® between
the chromosomes of classical and El Tor strains
can be attributed to variations in the dif integra-
tion sites of the bacterial chromosome (Das et al.
2010). Sequence variations have also been
identified in the RS1/RS2 regions flanking the
toxin-encoding genes on the phage genome.
Both RS1 and RS2 regions are important for the
stable acquisition of CTX® and encode genes
involved in phage integration, replication, and
regulation. Whereas El Tor strains have both
RS1 and RS2, unlike classical strains that have
only RS2, the El Tor RS1 region codes for an
additional anti-repressor gene (rstC) that signifi-
cantly increases CTX® production and ctxAB
expression (Davis et al. 2002). Irrespective of
these sequence variations, acquisition of CTX®
by non-toxigenic strains of V. cholerae represents
a critical step in the emergence of pathogenicity
and has contributed significantly to their pan-
demic potential.

7.7  Pathogenicity Islands

PAIs are large mobile genetic elements that
encode genes for chromosomal integration and
excision in addition to cargo genes that contribute
to bacterial virulence such as secretion systems,
hemolysins, transporters, or pili (Hochhut et al.
2005). PAIs form a distinct lineage of MGEs and
can integrate specifically at tRNA loci on the
bacterial chromosome, precisely excise and form
non-replicative, non-self-mobilizable circular
intermediates (Boyd et al. 2009). Toxigenic
V. cholerae strains harbor four PAIs that have
played a crucial role in its emergence (Fig. 7.2):
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Vibrio pathogenicity island-1 (VPI-1), Vibrio
pathogenicity island-2 (VPI-2), Vibrio seventh
pandemic island-I (VSP-I) and Vibrio seventh
pandemic island-II (VSP-II). The latter two are
only encoded by strains from the seventh
pandemic.

7.7.1  Vibrio Pathogenicity Island-1
The 31 genes encoded within Vibrio pathogenic-
ity island-1 (VPI-1) lie at the heart of the patho-
genicity of toxigenic V. cholerae. The 39.5 kb
island has typical characteristics of other genomic
islands: a distinct G+C content of 35% (rest of the
genome: 47%), is located downstream of a
tmRNA locus, is flanked by direct repeats (attL
and attR) and encodes a transposase and an
integrase (Fig. 7.4) (Kumar et al. 2020). Impor-
tantly, VPI-1 encodes genes that mediate bacterial
colonization including the 7cp genes required for
the synthesis and assembly of TCP, and accessory
colonization factors (acf) (Karaolis et al. 1998;
Kovach et al. 1996). VPI-1 also encodes several
critical virulence regulators such as ToxT, TcpP,
and TcpH that, together with the regulator ToxR
found on the core genome, are central to CT
production and the virulence regulatory cascade
in V. cholerae (Boyd et al. 2000; Karaolis et al.
1998; Kovach et al. 1996; Taylor et al. 1987).
Transmission of VPI-1 between V. cholerae
strains has been demonstrated. The integrated
VPI-1 can excise from the chromosome and cir-
cularize but cannot self-mobilize (Rajanna et al.
2003). Nonetheless, it can be transferred between
V. cholerae O] strains by generalized transduc-
tion mediated by phages, allowing dissemination
within the population, and represents an interest-
ing example of the interaction between MGEs in
shaping the evolution of bacterial pathogenicity
(O’Shea and Boyd 2002).

Interestingly, the VPI-1 locus is widely
conserved in the genomes of the epidemic and
pandemic strains but is only sporadically found in
the non-O1-non-139 environmental strains (Chun
et al. 2009; Domman et al. 2017; Weill et al.
2019). Although found in both classical and El
Tor strains, over 480 single nucleotide variations
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have been identified within VPI-1 between the
biotypes, especially among the TCP-encoding
genes such as fcpA that codes for the major pilin
protein (Karaolis et al. 2001). Overall, the acqui-
sition of VPI-1 and subsequently the lysogenic
CTX® were likely the two most important steps
that led to the emergence of pathogenic traits in
non-toxigenic environmental V. cholerae strains.

7.7.2  Vibrio Pathogenicity Island-2
The Vibrio pathogenicity island-2 (VPI-2) is a
57.3 kb island with a G+C content of 42% (rest
of the genome: 47%). VPI-2 is located at the
tRNA-serine locus, and codes for two putative
integrase/excisionase (Fig. 7.4) (Jermyn and
Boyd 2002; Murphy and Boyd 2008). Like
VPI-1, VPI-2 can excise from the genome to
form circular, non-self-mobilizable intermediates
(Murphy and Boyd 2008). VPI-2 encodes
52 ORFs that can be functionally divided into
three major regions (Fig. 7.4) (Jermyn and Boyd
2002). The first region comprises several genes
that encode a type-1 restriction-modification sys-
tem as well as chemotaxis proteins (Jermyn and
Boyd 2002). The second major region encodes a
Mu-phage-like (Jermyn and Boyd 2002). The
third region, the nan-nag region, encompasses
12 genes and is responsible for sialic acid scav-
enging, uptake, and catabolism (Fig. 7.4). VPI-2
is present in all V. cholerae O1 isolates and
variants of the PAI can be found in some
non-toxigenic ones (Dziejman et al. 2005;
Schwartz et al. 2019). Interestingly, most O139
serogroup strains exhibit major deletions in VPI-2
(Jermyn and Boyd 2002, 2005). This has been
linked with their demise as the main source of
cholera and virtual extinction (Jermyn and Boyd
2002, 2005). Some non-O1-non-O139 isolates
that can cause gastroenteritis encode a truncated
version of VPI-2 that retained the nan-nag region
and also harbor genes encoding a type-3 secretion
system that is absent in the Ol EI Tor strains
(Chen et al. 2007).

The nan-nag region of VPI-2 plays numerous
roles in the virulence and colonization of toxi-
genic V. cholerae. For instance, the NanH
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neuraminidase is involved in the scavenging of
sialic acid and converts higher-order sialogan-
gliosides found on the intestinal epithelial cell
surface into GM-1 gangliosides. As aforemen-
tioned, these gangliosides act as the receptors of
CT, thus, NanH increases the number of available
toxin receptors on host cell surfaces (Jermyn and
Boyd 2002). The gut mucosal environment is rich
in sialic acids (Almagro-Moreno and Boyd
2009a, 2010). The use of sialic acid as a carbon
source allows the bacterium to exploit the host
environment during the early stages of coloniza-
tion and confer a survival advantage during infec-
tion (Almagro-Moreno and Boyd 2009b).
Specifically, mutants unable to produce the aldol-
ase that is necessary for the first step of sialic acid
catabolism (NanA), exhibit colonization defects
during the early stages of intestinal colonization
of a vertebrate animal model (Almagro-Moreno
and Boyd 2009b). Besides carbon usage, a possi-
ble reason for the colonization defect of the nanA
mutants is reduced chemotactic motility in
response to oligosaccharides found in mucin, spe-
cifically N-acetylneuraminic acid and N-acetyl
glucosamine (Reddi et al. 2018). The catabolic
pathways of these compounds converge in
V. cholerae to produce glucosamine-6-phosphate
(GIcN-6P), and mutants unable to produce GlcN-
6P show reduced chemotactic motility toward
mucin (Reddi et al. 2018). Furthermore, the pro-
duction of GIcN-6P is required for the induction
of motility in the presence of environmental
reservoirs such as crustaceans or cyanobacteria,
functioning as common signals in the host and
environment that dictate the lifestyles of
V. cholerae (Reddi et al. 2018).

Some insights have been gained into the
molecular mechanisms of VPI-2 dissemination
within V. cholerae populations. Recombination
directionality factors (RDFs) are transcriptional
repressors that mediate PAI excision by
suppressing integrase expression (Carpenter
et al. 2015). VPI-1 does not encode an RDF and
can excise efficiently even without it. However,
the RDFs VefA and VefB encoded on VPI-2 can
also efficiently excise VPI-1, revealing crosstalk
between separately acquired MGE:s that influence
their spread to the non-pathogenic strains within
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the population (Carpenter et al. 2015). Recent
studies have also identified the fascinating roles
of VPI-2 in regulating foreign DNA uptake
(discussed  below) that highlights the
non-canonical roles of MGEs in shaping the evo-
lution of virulence in pathogens.

7.7.3 Vibrio Seventh Pandemic

Island |

The Vibrio seventh pandemic island I (VSP-I) is a
16 kb region that has a G+C content of 40%
(Fig. 7.4). Similar to the other PAIs encoded by
toxigenic V. cholerae, VSP-I can excise from the
genome and form circular intermediates allowing
for horizontal gene transfer of the island (Murphy
and Boyd 2008). VSP-I is found only in O1 El
Tor and O139 strains isolated from the seventh
pandemic and is absent in isolates from the sixth
pandemic (O1 classical), pre-pandemic or
non-toxigenic strains (Dziejman et al. 2002;
O’Shea et al. 2004b). VSP-I, together and
VSP-II, are thought to be responsible for the
success of the seventh pandemic clone of toxi-
genic V. cholerae (Dziejman et al. 2002; Grim
et al. 2010; Taviani et al. 2010).

VSP-I encodes 11 genes including a
transposase, an integrase, a transcriptional regu-
lator VspR (VC0665), a patatin-related protein,
and several encoding hypothetical proteins
(Dziejman et al. 2002). Although the roles of
many of the genes in influencing pathogenesis
are not known, recent studies have shed light on
the importance of VSP-I. VspR regulates the
expression of several VSP-I genes including one
that encodes a novel class of di-nucleotide
cyclase, DncV (Davies et al. 2012). DncV is
required for efficient intestinal colonization and
downregulates chemotaxis facilitating host adap-
tation (Davies et al. 2012). Interestingly, the viru-
lence regulator ToxT, which is encoded within
VPI-1, activates the expression of a VPI-1-
encoded small RNA TarA that represses vspR
expression affecting DcnV levels, and conse-
quently host colonization (Davies et al. 2012).
Such elegant mechanisms of crosstalk between
MGESs and the core genome not only attest to
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the successful integration of acquired DNA
within the regulatory networks of the bacterium
but also for its crucial role in the pandemic suc-
cess of V. cholerae.

Recent work also suggests that VSP-I may
function as a phage defense system and warrants
further investigation into the fascinating
‘repurposing’ of existing processes for novel
applications by the bacterium (Cohen et al.
2019; Hsueh et al. 2022). For instance, a second
gene (dcdV, VCOI175) that co-occurs with dncV
(discussed above) on VSP-I, is involved in phage
defense. A major challenge faced by lytic phages
is to rapidly replicate multiple copies of its
genome in a short window of time, a process
that requires sufficient nucleotide substrates
(Kreuzer and Brister 2010). DcdV functions as a
deoxycytidylate deaminase that depletes cellular
nucleotide concentrations of dCTP and dCMP,
and thus protects the bacterial population from
phage infection (Hsueh et al. 2022).

774 Vibrio Seventh Pandemic

Island II

The Vibrio seventh pandemic island IT (VSP-II) is
a 26 kb island that contains 27 annotated ORFs
(Fig. 7.4) (Taviani et al. 2010). Even though its
function remains poorly understood, VSP-II can
excise from the genome and form a circular inter-
mediate (Murphy and Boyd 2008). The roles of
some VSP-II genes have been recently elucidated
including integrases, endopeptidases, and the
DdmABC system, which is involved in defense
against incoming MGEs such as plasmids and
phages (discussed below) (Jaskolska et al. 2022;
Murphy and Boyd 2008; Murphy et al. 2019).
Most genes within the PAI are hypothetical or
uncharacterized and include transcriptional
regulators, methyl-accepting chemotaxis
proteins, and a phosphodiesterase (O’Shea et al.
2004a). Interestingly, VSP-II genes are not
induced under standard laboratory conditions
and recent studies have begun to identify the
conditions that favor their expression (Mandlik
et al. 2011). For instance, many of the VSP-II
genes are induced during zinc starvation and
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play a role in chemotaxis (Murphy et al. 2021).
However, the relationship between zinc starva-
tion and host infection remains unclear (Kamp
et al. 2013; Sheng et al. 2015). Interestingly,
there is a variation in the cargo of different
VSP-II variants even among the El Tor strains
(Murphy et al. 2021). For instance, the
V. cholerae O1 El Tor strain isolated from Peru
in 1991 does not encode vc0511-vc0515 whereas
the Haiti isolate (2010) lacks vc0495-vc0512
(Murphy et al. 2021). Nevertheless, the presence
of VSP-II exclusively in the seventh pandemic
strains, and their recently identified roles in
preventing the uptake of MGEs and shaping the
evolution of V. cholerae El Tor (see Sect. 7.10
below), warrants further research into the role of
this island in pathogenicity and the emergence of
the seventh cholera pandemic.

7.8  Super Integron

on Chromosome Il

Integrons are 100-200 kb genetic elements that
can capture and promote the expression of hori-
zontally acquired gene cassettes. They are struc-
turally simple and are composed of a proximal
recombination site, an integrase and one or more
promoters that drive the expression of the cap-
tured MGE (Mazel et al. 1998; Partridge et al.
2018). The V. cholerae super integron (a large
integron island) is 120 kb in size, comprising of
~3% of the bacterial genome, and is located on
chromosome II (Marin and Vicente 2013). It
consists of an integrase gene, a cassette promoter
(Pc) and the primary recombination site (att]).
Approximately 207 ORFs have been identified
in the super integron that are arranged in several
cassettes, which generally consist of a
promoterless ORF flanked by two repeats that
function as recombination sites (Marin and
Vicente 2013). The super integron consists of
21 core genes that are conserved between the
strains, most of them present in multiple copies
and distributed along the entire element with no
positional conservation. On the other hand, the
presence and number of the non-core genes is
variable, largely dependent on the niche and
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type species (Marin and Vicente 2013), and likely
facilitate adaptation. Functional categorization of
the core genes within the super integron suggests
that they play a varied set of roles such as tran-
scription, replication, recombination and repair,
translation, or ribosomal structure and biogenesis.
Although the exact roles remain largely
uncharacterized, some insights have been gained
over the past decades. For instance, the super
integron encodes genes involved in secondary
metabolism and cell surface modification
(Boucher et al. 2011; Chun et al. 2009). Specifi-
cally, (1) capsular biosynthetic proteins that have
been directly implicated in virulence, (2) plasmid
Achromobacter secretion factors that facilitate
toxin secretion, and (3) lipocalins that enable
host colonization (Chun et al. 2009). Addition-
ally, the super integron also confers resistance to
several antibiotics including aminoglycosides and
fosfomycin, as well as some virulence factors
such as the heat-stable toxin gene (sf0), mannose-
fucose-resistant hemagglutinin (mrhA) (Mazel
2006). Additionally, the super integron of
V. cholerae N16961 codes for 13 toxin-antitoxin
systems, six of which are part of the core SI
genes. Of these, higBA system that encodes
mRNA cleaving enzymes and can stabilize
plasmids, and higBA-1 TA locus
(uncharacterized) are found in all clinical
V. cholerae strains and plays a role in stabilizing
acquired plasmids and the super integron
cassettes (Christensen-Dalsgaard and Gerdes
2006; Marin and Vicente 2013; Rowe-Magnus
et al. 2003). Generally, the integrons are
recognized for their association with antibiotic
resistance. However, in V. cholerae, antibiotic
resistance is mostly associated with the SXT ele-
ment (discussed below) and the super integron is
primarily linked to bacterial fitness, phage resis-
tance, and survival under stressful conditions as
well as virulence, expanding the role of integrons
in bacterial evolution. Given the large size and
interactive nature of the super integron, future
research will uncover novel features and
functions of this fascinating and crucial element
in toxigenic V. cholerae evolution.
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7.9 The Integrative

and Conjugative Element, SXT

Integrative and conjugative elements (ICEs) are a
class of MGEs primarily found integrated on the
chromosome and are related to conjugative
transposons (Ryan et al. 2016). They can excise
from the chromosome, are non-replicative, and
can be transferred to neighboring cells via conju-
gation (Botelho et al. 2020). Like PAIs and
conjugative transposons, they encode an integrase
and excisionase that mediates mobility, chromo-
somal attachment sites (aff), an origin of transfer
(oriT), and genes encoding conjugal transfer
proteins (Botelho et al. 2020). V. cholerae strains
from the seventh pandemic display enhanced
levels of resistance to sulfamethoxazole, trimeth-
oprim, streptomycin, and furazolidone (Johnson
et al. 1994; Nair et al. 1994; Waldor and
Mekalanos 1994). Resistance to three of these
antibiotics, the former two being some of the
most widely used, is due to the acquisition of
the ICE element SXT. SXT is a ~100 kb ICE
originally identified in a V. cholerae O139 isolate
from India (Cholera Working Group 1993).
Conjugative transfer between strains is mediated
by a 25 kb region that encodes the tra genes
(Beaber et al. 2002). SXT integrates at the 5’
end of prfC, a gene located on chromosome I
that encodes a peptide chain release factor
3 (Hochhut and Waldor 1999). Integration
involves a site-specific recombination event
between the 17 bp nearly identical artP (SXT)
and attB (chromosome) sites. Chromosomal inte-
gration and excision of the SXT element is
mediated by an SXT-encoded tyrosine
recombinase Int (Burrus et al. 2006). In some
cases, tandem SXT arrays are formed during con-
jugation that can use the same integration site
(prfC) (Hochhut et al. 2001). Interestingly, SXT
can also mobilize the transfer of other plasmids
RSF1010 and CloDF13 in trans as well as chro-
mosomal DNA flanking the integration site
(Hochhut et al. 2000). Although little is known
about additional roles of SXT outside of antibi-
otic resistance, they appear to play a wider role in
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horizontal gene transfer among Gram-negative
bacteria.

7.10 Inhibition of DNA Uptake

V. cholerae must balance the acquisition and
expression of potentially beneficial traits against
the indiscriminate uptake and assimilation of
costly and/or deleterious exogenous genetic mate-
rial. The bacterium has intricate adaptive
mechanisms to address this complex trade-off
(Almagro-Moreno 2022; Balasubramanian et al.
2022). Whereas integrons (discussed above)
favor the successful maintenance and expression
of acquired genes, DNA assimilation is inhibited
by either restriction of incoming DNA via clus-
tered regularly interspaced short palindromic
repeat (CRISPR)-associated proteins (Cas
proteins) systems or by preventing expression
via xenogeneic silencers (Fig. 7.5). Furthermore,
recently, novel mechanisms that prevent the
acquisition and establishment of foreign DNA
have been unearthed.

7.10.1 CRISPR-Cas

CRISPR-Cas systems are an adaptive immunity
mechanism that degrades incoming foreign DNA,
such as those acquired by HGT (Barrangou and
Marraffini 2014). CRISPR-Cas systems can inter-
fere with HGT as their spacer sequence-mediated
‘immune recognition’ mechanism cannot differ-
entiate foreign DNA based on their functional
role (Fig. 7.5). CRISPR-Cas systems appear to
provide cells with a “check and balance” mecha-
nism to avoid indiscriminate uptake of foreign
DNA. Interestingly, in Vibrio species, CRISPR-
Cas systems have been predominantly identified
within MGEs such as PAIs, plasmids, and
transposon-like elements and this mobility could
have led to novel variant CRISPR subtypes
(Mcdonald et al. 2019). However, although func-
tional CRISPR-Cas systems are prevalent in the
Classical O1 and in non-choleragenic strains, they
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Fig. 7.5 Mechanisms of expression and inhibition of
acquired DNA in Vibrio cholerae. The uptake of
non-native DNA can be prevented by CRISPR-Cas
systems. The fate of DNA that has been taken up by the
cell can have one of several outcomes: (1) successful
assimilation and expression of foreign DNA is facilitated
by the super integron on chromosome II of V. cholerae that
has promoters (orange hexagons) driving the expression of

are largely absent in some representative El Tor
O1 strains of V. cholerae (Box et al. 2016;
Mcdonald et al. 2019). This suggests that
CRISPR-Cas systems might have played a role
in the emergence of pathogenesis in El Tor O1 but
were eventually selected out of the current pan-
demic strains, although the timelines involved are
not clear. The evolutionary forces that resulted in
the CRISPR-Cas counterselection in El Tor
strains might provide additional insights into the
gene mobility and the emergence of pathogenic
traits in non-pathogenic bacteria.

7.10.2 Xenogeneic Silencers

Xenogenic silencer (XS) proteins offer a means
for the cell to reversibly repress the expression of

downstream integrated DNA, (2) indiscriminate expres-
sion of non-native DNA can be temporally silenced by
xenogeneic silencer proteins such as H-NS and TsrA, or
(3) foreign DNA can be degraded or diluted out rapidly
over generations by one of several mechanisms encoded
on MGEs such as DdmABC or DdmDE. Together, the
systems maintain a healthy balance between uptake and
indiscriminate expression, enabling bacterial survival

incoming genes (Fig. 7.5) (Singh et al. 2016). XS
homologs are found in different bacteria where
they bind the foreign DNA that is typically
AT-rich, preventing indiscriminate expression of
acquired DNA (Singh et al. 2016). In V. cholerae,
the histone-like nucleoid structuring protein,
H-NS, negatively regulates gene expression at
multiple phases of the bacterial life cycle and
represses numerous critical promoters of its viru-
lence cascade including fcpP, toxT, tcpA, and
ctxAB (Ayala et al. 2017; Kovacikova and
Skorupski 2001; Nye et al. 2000; Wang et al.
2015). As discussed above, many virulence-
associated phenotypes in V. cholerae are encoded
on MGEs. Given that H-NS silences acquired
DNA, it is not surprising that this XS protein
regulates the expression of ~20% of genes
associated with virulence, surface attachment,
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biofilm formation, motility, and chemotaxis
(Wang et al. 2012, 2015). Additionally, H-NS
also silences the expression of ancillary toxins
produced by V. cholerae outside of the ToxR
regulon such as hemolysin (h/yA) and the repeat
toxin (RTX) (Olivier et al. 2007). Consequently,
transcriptional activation from these silenced
promoters requires displacement of H-NS and
“derepression” (Ayala et al. 2017). Similarly,
TsrA is an H-NS homolog that was recently
found to transcriptionally silence virulence
genes including genes coding for CT and TCP,
and the type-VI secretion system (T6SS) (Caro
et al. 2020). Overall, XS proteins offer a rapid and
reversible means of targeting and silencing the
expression of non-native DNA until the expres-
sion of these genes becomes advantageous for the
specific physiological state of the cell.

7.10.3 PAIl-Encoded Systems
for Plasmid Degradation

Recently, two novel defense systems encoded
within VSP-II and VPI-2, named DdmABC and
DdmDE, respectively (Jaskolska et al. 2022).
These two systems cooperate to degrade and rap-
idly eliminate small multicopy plasmids from the
cells. The DdmDE system encoded within VPI-2
is composed of two proteins that can eliminate
small plasmids from most cells within ten
generations by degrading them (Jaskolska et al.
2022). DdmABC, encoded on VSP-II, enhances
this activity either by clustering the plasmids or
by directly degrading them. In addition,
DdmABC confers protection against phage infec-
tion by the classical abortive infection (altruistic
cell death) model. Interestingly, DdmABC also
eliminates larger conjugative plasmids by
counterselecting against them in a manner similar
to abortive infection (Jaskolska et al. 2022).
Together, these two systems explain why the
seventh pandemic strains of V. cholerae lack
plasmids and represent a robust mechanism for
preventing indiscriminate DNA uptake.
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7.11 Genomic Preadaptations
to Pathogenesis: Virulence

Adaptive Polymorphisms

For decades it has remained enigmatic why only
O1 and 0139 strains from the pandemic group
emerged to cause pandemic cholera in humans.
As exemplified above, (a) the essential virulence
factors of toxigenic V. cholerae are encoded
within MGEs and (b) numerous non-pathogenic
environmental strains encode virulence traits. It is
therefore not feasible that this phylogenetically
confined distribution is due to the presence/
absence of virulence genes. Recently, we
hypothesized that toxigenic V. cholerae must pos-
sess a unique genomic background that encodes
preadaptations to virulence rendering it suscepti-
ble to emerging as a pandemic pathogen. Specifi-
cally, we determined that pandemic strains
encode these genomic preadaptations in the
form of what we term virulence adaptive
polymorphisms (VAPs), which appear to occur
in the environment prior to host selective
pressures (Shapiro et al. 2016). VAPs are allelic
variations in core genes that confer preadaptations
to virulence (Shapiro et al. 2016).

One gene encoding VAPs, ompU, codifies a
major outer membrane porin that plays a critical
role in intestinal colonization and resistance to
antimicrobials (e.g., bile) (Provenzano et al.
2001; Shapiro et al. 2016; Sperandio et al.
1995). Expression of a variety of environmental
ompU alleles in an isogenic V. cholerae O1 back-
ground indicates that alleles that do not encode
VAPs cannot confer these virulence properties.
Interestingly, strains with VAP-encoding envi-
ronmental ompU alleles exhibit a similar pheno-
type as clinical ones, indicating that these
adaptations to virulence are circulated in the envi-
ronment and are present in the genomic back-
ground of this pathogen prior to host
colonization (Shapiro et al. 2016). Expression of
ompU is regulated by the master virulence regu-
lator ToxR, which is encoded within the core
genome (Crawford et al. 1998). Interestingly,
ToxR controls the expression of virulence regula-
tor ToxT, encoded within VPI-1, and CT,
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encoded within the CTX® phage, demonstrating
common regulatory pathways between VAPs and
MGEs encoding virulence genes (Dirita and
Mekalanos 1991; Krukonis et al. 2000). ToxR is
also repressed by the histone-like nucleoid struc-
turing protein H-NS, which typically silences
acquired DNA (Ayala et al. 2017; Crawford
et al. 2003; Krukonis et al. 2000). Overall, these
recent findings suggest an intricately orchestrated
molecular regulatory network involving the geno-
mic background, including preadaptations in the
form of VAPs, and elements acquired via HGT.
Understanding the different layers involved in
these processes will help decipher the forces that
dictate the pandemic potential and emergence of
toxigenic V. cholerae.

7.12 Emergence of Novel
Serogroups

In addition to the pandemic-causing Ol
serogroup, a new serogroup of V. cholerae,
0139, emerged in Bangladesh and India in 1992
causing localized cholera outbreaks (Nair et al.
1994). The LPS of the O139 serogroup was very
different from V. cholerae O1 and emerged due to
the replacement of a 22 kb wbe locus that codes
for the O-antigen polysaccharide in the O1 strains
with a wbf region encoding the O139 antigen
(Comstock et al. 1995; Mooi and Bik 1997,
Stroeher et al. 1997). Interestingly, evidence
suggests that the O139 wbf locus arose due to
genetic rearrangements of DNA from several
donors because parts of whf have been identified
in other non-O1 V. cholerae serotypes such as
022 (Stroeher et al. 1997; Yamasaki et al.
1999). Detailed molecular epidemiological
analyses indicate that O139 strains are closely
related to O1 El Tor strains in terms of virulence
potential and disease severity ((Berche et al.
1994; Bhattacharya et al. 1993; Faruque et al.
2003), Morris et al. 1995). However, unlike the
wbe locus of Ol strains, the wbf locus of 0139
strains encodes a capsule (O-antigen capsule) and
a modified core polysaccharide of the LPS that
resulted in the seroconversion (Johnson et al.
1994; Waldor et al. 1994). Since the emergence
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of V. cholerae 0139, several new genetic and
phenotypic variants have emerged, including
new ribotypes, CTX genotypes, and altered anti-
biotic resistance (Faruque et al. 1997, 1999; Mitra
et al. 1996). The emergence of O139 represents
the continued competition among two different
serogroups and the evolution of fitter strains for
enhanced survival.

7.13 Climate Change and Cholera

The rising global temperatures are a pressing
threat to human and animal health and is leading
to an increase in the propensity of emergent and
reemergent infectious diseases (Rossati 2017;
Semenza et al. 2022). Critically, climactic
changes add another layer of unpredictability to
modeling disease epidemiology and severity.
Vibrios have been proposed as microbial
indicators of a changing global climate (Lipp
et al. 2002; Vezzulli et al. 2016). Specifically,
cholera is an ideal model to understand how
global warming increases the spread and severity
of spatially and temporally confined diseases
(Lipp et al. 2002; Vezzulli et al. 2016). Further-
more, abiotic conditions that lead to the prolifera-
tion of aquatic dwellers such as crustaceans, or
cyanobacteria, indirectly promote the growth of
V. cholerae, as the bacterium establishes close
associations with them (Almagro-Moreno and
Taylor 2013; Colwell 1996; Huq et al. 1984).
For instance, fluctuations in the surface water
temperature result in varying distribution of phy-
toplankton species, such as algal blooms, which
strongly correlate with the incidence and number
of cholera cases (Lipp et al. 2002). Analyses of
the temporal cycles of cholera over 32 years sug-
gest a role for environmental and climactic factors
in increasing the frequency and duration of chol-
era outbreaks (Emch et al. 2008). Furthermore,
metanalyses and modeling studies have identified
a strong correlation between the sea surface tem-
perature, weather events such as the El Nifio-
Southern Oscillation, and cholera incidence and
severity (Anyamba et al. 2019; Asadgol et al.
2020; Pascual et al. 2000). Additionally,
increased incidence of some abiotic factors such
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as UV light due to ozone depletion can promote
excision rates of lysogenic phages like CTX®
resulting in  lysogenic  conversion  of
non-toxigenic  environmental V.
(Faruque et al. 2000). Higher temperatures can
also serve as a selective pressure for strains
possessing  enhanced  virulence  potential
(Vezzulli et al. 2020). Overall, several comple-
mentary lines of evidence suggest that we are
already witnessing the effects of anthropogenic
influence on disease outcomes (Brumfield et al.
2021).

cholerae

7.14 Concluding Remarks

Despite cholera being largely preventable, the
disease has remained a major source of human
morbidity and mortality for centuries, primarily in
regions of the world with limited access to clean
water and sanitation infrastructure or due to natu-
ral or man-made disasters. This problem is further
magnified by the nature of its causative agent,
V. cholerae, which represents a quintessential
example of adaptive evolution toward a disease
phenotype. Toxigenic strains of the bacterium
have evolved after a series of sequential (e.g.,
VAPs) and non-linear acquisition of several viru-
lence factors on MGEs (e.g., VPI-1, CTX®) by
non-pathogenic environmental isolates (Fig. 7.2).
Several lines of evidence suggest the continued
evolution of the pandemic strains, with the emer-
gence of novel pathogenic serotypes, such as the
atypical group and serogroup O139. Additionally,
we are only beginning to uncover fascinating
insights into the extent of crosstalk and novel
modes of regulation allowing the bacterium to
fully harness the acquired genes, far beyond the
conventional modes of virulence gene expression.

Currently, the most effective means of
controlling outbreaks are coordinated and multi-
disciplinary approaches focusing on robust public
health monitoring and sanitary practices, and the
effective use of vaccines and therapeutics, as pro-
posed in a recent “blueprint” for the eradication of
cholera (Islam et al. 2022). However, novel
molecular insights into the mechanistic aspects
of the bacterium could potentially offer new

therapeutic targets. For instance, small molecule
inhibitors targeting crosstalk of virulence gene
expression show promise for being developed as
therapeutic agents (Hung et al. 2005). Addition-
ally, natural phage populations have been pro-
posed to be an effective means of cholera
control (Bhandare et al. 2019; Hsueh and Waters
2019). There is promise in exploring the manipu-
lation of vibriophage populations to prevent or
shorten the duration of cholera outbreaks. There-
fore, the future of mitigation of cholera outbreaks
will likely involve a combination of strategies
(Islam et al. 2022) and serve as a model system
for a robust public health infrastructure in infec-
tious disease control.
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Abstract

Viruses of bacteria, i.e., bacteriophages
(or phages for short), were discovered over a
century ago and have played a major role as a
model system for the establishment of the
fields of microbial genetics and molecular
biology. Despite the relative simplicity of
phages, microbiologists are continually dis-
covering new aspects of their biology includ-
ing mechanisms for battling host defenses. In
turn, novel mechanisms of host defense
against phages are being discovered at a rapid
clip. A deeper understanding of the arms race
between bacteria and phages will continue to
reveal novel molecular mechanisms and will
be important for the rational design of phage-
based prophylaxis and therapies to prevent and
treat bacterial infections, respectively. Here we
delve into the molecular interactions of Vibrio
species and phages.
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8.1 History of Vibrio

Bacteriophages

More than 100 years ago, Nikolai Gamaleya
described the first “bacteriolysin” of Bacillus
anthracis that was able to dissolve (lyse) bacteria.
Interestingly, this effect was different when com-
pared to other antimicrobial agents, since it
required 6-12 h for lysis and it was also transmis-
sible as observed by the ability to recover this
“lytic ferment” by serial passages (Gamaleya
1898; Bardell and Ofcansky 1982).

One of the first observations of a “substance”
showing the ability to kill the cholera bacterium
was reported in 1896. In this paper Hankin ME,
meticulously showed by colony counting that
cholera germs are killed in distilled water but
they die faster when grown in the presence of
filtered water samples collected from different
locations of Ganges and Jamuna rivers (India).
He did not observe the same killing effect when
water samples were boiled. However, he was not
able to discover the nature of the entity responsi-
ble for the microbial killing effect. Today we may
confidently say that he was observing the activity
phages present in the river waters of India
(Hankin 1896).
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The first designation of the virus of bacteria
concept was assigned by Twort during the early
1900s based on his observations of a “transparent
material that is able to stop the growth of a micro-
coccal colony.” He proposed that this ultramicro-
scopic agent might correspond to a living
organism with a lower organization than bacteria
or amoeba (Twort 1915). However, it was only
2 years later that Félix d’Herelle observed “circles
on which culture is non-existing.” In this work, he
elegantly described that by dilution, he was able
to quantify the “live germ” which he propagated
and could recover after reinnoculation. Finally, he
determined “(1) that this microorganism was spe-
cific for shiga [Shigella] culture,” (2) “allowed the
immunization [not in the modern sense] of rabbits
that otherwise were killed in 5 days and he was
able to recover this invisible microbe from
patients recovering from dysentery” (d’Herelle
2007). A more definitive report of the phage
concept was later published in 1921 (d’Herelle
1921).

Inspired by the work of Louis Pasteur,
d’Herelle started to travel around the world
(1914-1927) studying phages in their natural
habitats. He collected samples from different
sources such as animal’s feces and water and
isolated phages that were specific for different
bacteria such as Escherichia coli, Salmonella
spp., Proteus  vulgaris,  Corynebacterium
diphtheriae, Bacillus subtilis, Agrobacterium
tumefaciens, and others. He documented this
travel and his findings in a more than 700 typed
pages memoir that he named “Les peregrinations
d’un Microbiologiste” or “The Pilgrimage of a
Microbiologist” (d’Herelle).

Using serial passages of the lysate (or ferment
as he named it), d’Hérelle observed that he could
lyse cultures (dissolve bacterial cultures in his
words) and established that: “The bacteriophage
corpuscle is a living ultramicroscopic being” and
“A bacteriophage is, therefore, of necessity a
virus, a parasite of bacteria.” Importantly, based
on his work, he stated: “Absent during the dis-
ease, bacteriophage appears constantly in
convalescents. Bacteriophagy is thus contempo-
rary with recovery.”  Altogether, these
observations led him to propose that “phages are
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a critical element of immunity [not in the modern
sense] (d’Herelle 1931).” These beliefs generated
constant  discussions with Jules Bordet
(1870-1961), who also contributed to the phage
and immunology fields. Bordet was awarded the
Nobel Prize in 1919 for the discovery of the
complement system (Schmalstieg and Goldman
2009).

In 1927 d’Hérelle was in Punjab, India trying
to treat Asiatic cholera. He administered phages
to patients and their families. Those people who
refused to receive the treatment were considered
as the control group. This treatment was so suc-
cessful (8.1% mortality compared to 62.9 in the
untreated population), that the Indian Medical
Service decided to replicate this in another loca-
tion (Assam) where they obtained similar results
(8-11% mortality in the treated population com-
pared to 60—80% in untreated people). A decrease
to 3% mortality was observed in patients who
received the treatment endovenously, which is a
curious finding considering that cholera is a dis-
ease of the small intestinal lumen. Conversely, a
complete failure was reported by three other
scientists in parallel, who seemed to have used
avirulent bacteriophages in their treatments. For
these results d’Hérelle said “I have always
emphasized that any attempt of treatment with
such a [avirulent] phage would lead to complete
failure” (d’Herelle 1931). At the time, these
words were intended to promote the better design
of bacteriophage therapies. He may not have
suspected the significance that such disparate
results would have regarding the bacteria-phage
co-evolutionary arms race.

During 1930-1940, several studies were
conducted regarding the resistance of Vibrio
cholerae to vibriophages. The first observations
revealed morphological changes in the colonies
after cultures were treated with phages
(smooth vs. rough). Rough variants displayed
different agglutination patterns, motility, and salt
tolerance compared to the smooth strains. Similar
studies showed that a phage-mediated modifica-
tion led to drastic changes in phenotypes such as
turning an agglutinable into a non-agglutinable
strain or switching a non-hemolytic into a hemo-
lytic strain. Importantly, these variants exhibited
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different patterns of phage sensitivity. These
aspects of phage biology represent the first
insights into the arms race between Vibrio
cholerae and its phages (Pollitzer 1955).

8.2 Phage-Based Therapies

of Pathogenic Vibrios

Phages were discovered 105 years ago and the
research efforts to understand their biology led to
significant contributions to the fields of molecular
biology and microbial genetics. Nowadays,
phages provide a bevy of uses and potential uses
in biomedicine and biotechnology such as
(1) treatment of infections caused by multidrug-
resistant bacteria, (2) biocontrol agents to
enhance food safety, (3) tools for epitope identifi-
cation during the design of novel vaccines by
phage-display technology, (4) vaccine carriers,
(5) tools for molecular biology research, (6) sur-
face disinfectant agents, (7) bacterial biosensing
strategies, (8) nanodevices for drug delivery, and
(9) corrosion control strategy (Harada et al.
2018).

Infections generated by Vibrio spp. represent a
global public health concern. These can be
divided into cholera and non-cholera infections
(vibriosis). V. cholerae is the etiologic agent of
cholera which presents as acute secretory diarrhea
that in severe cases may lead to death. Vibriosis is
caused mainly by ingestion of raw and/or
undercooked contaminated seafood, but can also
manifest as skin or invasive infections following
exposure. Clinical outcomes can range from mild
self-limiting gastroenteritis and wound infections
to septicemia and death depending on the causing
agent (Baker-Austin et al. 2018).

Since pathogenic and non-pathogenic Vibrios
inhabit marine and estuarine environments, they
are usually associated with fish and marine
invertebrates such as lobsters, crabs, and shrimps.
Hence, the presence of these bacteria generates a
threat to food security and a tremendous negative
impact on production of seafood for human con-
sumption (de Souza Valente and Wan 2021).

The use of phage cocktails—mixes of different
phages that ideally recognize different bacterial

receptors—for the treatment and/or prophylaxis
of Vibrio infections, is a promising alternative to
antibiotics since it diminishes the probability of
selecting resistant mutants that may limit their
use. In this context, a comprehensive understand-
ing of the biology of each type of phage in a
therapeutic cocktail is critical. In the next section,
we describe virulent phages, which are phages
that reproduce exclusively via the lytic cycle
(Fig. 8.1), that have been recently isolated and
characterized. These phages may potentially be
used to generate phage cocktails against major
pathogenic Vibrios.

8.2.1  Vibrio alginolyticus

V. alginolyticus are halophilic Gram-negative
bacteria that are commonly found in warm sea
water. This bacterium causes soft tissue and skin
infections that are non-healing but which respond
to topical treatments. Rare complications have
also been reported as otitis, gastroenteritis, and
bacteremia (Sganga et al. 2009). Several virulent
phages of V. alginolyticus have been isolated that
potentially could be used for phage therapy
(Flemetakis 2016; Sasikala and Srinivasan 2016;
Kokkari 2018; Luo et al. 2018; Li et al. 2019,
2021a, b; Kim et al. 2019b; Goehlich et al. 2019;
Thammatinna et al. 2020; Gao et al. 2020; Chen
et al. 2020). In addition, since this bacterium is
considered a pathogen of oyster larvae, the pro-
phylactic use of phages in oyster farms has also
been evaluated (Le et al. 2020a, b).

8.2.2  Vibrio cholerae

V. cholerae inhabits warm estuaries and is the
causative agent of cholera, an acute and severely
dehydrating diarrheal disease caused by ingestion
of contaminated water or food. V. cholerae is a
highly motile toxigenic bacteria that colonize the
small intestine. By the action of its cholera toxin,
permeability of intestinal epithelial cells is altered
generating excretion of fluids to the intestinal
lumen with elevated concentrations of sodium,
potassium, chloride, and bicarbonate. Due to the
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loss of large volumes of watery stool, the fast and
severe dehydrating effect is up 60% lethal if not
treated properly with re-hydration therapy and in
some cases with antibiotics. Cholera is a global
health problem in many regions lacking safe
drinking water. The burden of cholera is becom-
ing greater due to the rapid rise and spread of
multidrug-resistant strains. For these reasons,
several virulent phages have been isolated and
studied that could potentially be used for phage
prophylaxis or therapy. Their effects have been
evaluated in vitro and in vivo (during bacterial
infection of a host) (Das and Ghosh 2017;
Al-Fendi et al. 2017; Naser et al. 2017a; Bhandare
et al. 2017a, b; Sarkar et al. 2018; Angermeyer
et al. 2018; Yen et al. 2019; Maje et al. 2020).

8.2.3  Vibrio parahaemolyticus

V. parahaemolyticus can be found attached to
marine plankton in warmer estuarine and marine
water. The infection is generated by ingestion of
contaminated raw shellfish and in some cases by
contact of an open wound with contaminated
seawater. The main virulence factor of
V. parahaemolyticus is the thermostable direct
hemolysin (TDH). It has been proposed that the
molecular mechanisms leading to the clinical out-
come of self-limiting gastroenteritis may be
related to the ability of TDH to form pores and
to the presence of a type III secretion system that
injects effector proteins into host cells. However,
this phenomenon requires additional study to
attain a clearer understanding (Baker-Austin
et al. 2018; Rezny and Evans 2021).

Vibriosis is a major disease in shrimps caused
by V. parahaemolyticus and other Vibrio spp.
V. parahaemolyticus is responsible for the acute
hepatopancreatic necrosis disease (AHPND) that
has generated a USD 43 billion loss on the shrimp
industry. It has been shown that different viru-
lence factors such as PirAYF/PirBVT toxins, serine
proteases, enterobactin, flagellin,
metalloproteases, vibrioferrin, Type I Secretion
System (T1SS), Type II Secretion System
(T2SS) and Type VI Secretion System (T6SS)
might have a role in toxicity of AHPND (Kumar
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et al. 2021). For these reasons, different virulent
phages have been isolated and proposed as bio-
control strategies (Wang et al. 2016; Lal et al.
2016; Stalin and Srinivasan 2016; Delli Paoli
Carini et al. 2017; Jun et al. 2017; Yu et al.
2018a, b; Onarinde 2018; Zhang et al. 2018;
Richards 2019; Yang et al. 2019, 2020a, b; Ren
et al. 2019; Matamp and Bhat 2019; Maje et al.
2020; Ding et al. 2020; Cao et al. 2020; Tan et al.
2021; Dubey et al. 2021; Wong et al. 2021; Li
et al. 2021a; You et al. 2021).

8.2.4  Vibrio harveyi
V. harveyi infects marine vertebrates and
invertebrates generating an impact on the aqua-
culture industry. Infected fish develop gastroen-
teritis and display skin ulcers, eye lesions, tail rot
disease and muscle necrosis. It has been shown
that V. harveyi pathogenicity is mediated by
phospholipase B, an extracellular hemolysin that
might kill fish cells by inducing apoptosis.
Shrimps infected with V. harveyi (or so-called
luminous vibriosis) glow in the dark. Also,
shrimp exhibit a second manifestation of the dis-
ease which generates sloughed-off tissue in the
digestive tract. A role for extracellular proteases
and endotoxin have been proposed as
mechanisms of pathogenicity in this host (Zhang
et al. 2020). Different virulent phages have been
studied and proposed as bacterial control
strategies for the aquaculture industry (Delli
Paoli Carini et al. 2017; Stalin and Srinivasan
2017; Choudhury et al. 2019; Misol et al. 2020).

8.2.5  Vibrio coralliilyticus

V. coralliilyticus is one of the major pathogens
inducing severe damage to the coral holobiont,
which concomitantly generates a serious ecologi-
cal imbalance. Bacterial infection generates death
of Symbiodinium, coral bleaching, tissue lysis
and necrosis (Ramphul et al. 2017; Rubio-Portillo
et al. 2020). This pathogen also generates high
mortality in oyster hatcheries (Richards et al.
2021). The use of virulent phages has been
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proposed as an means to prevent deterioration of
corals, and to avoid loss of production in oyster
industry generated by bacterial infection
(Ramphul et al. 2017; Kim et al. 2018, 2019a;
Jacquemot et al. 2018, 2020; Richards et al.
2021).

8.2.6 Vibrio anguillarum

V. anguillarum infects more than 50 species of
fresh and salt-water fish, crustaceans and
bivalves, generating massive losses in the aqua-
culture industry. Molecular mechanisms related
to its pathogenicity are not fully understood.
However, a role for virulence genes related to
iron uptake, extracellular hemolysins and
proteases, motility, chemotaxis and lipopoly-
saccharide (LPS) has been established (Frans
et al. 2011). Some phages have isolated and
characterized during the past few years for this
pathogen (Kalatzis et al. 2017, 2019; Rgrbo et al.
2018).

8.2.7  Vibrio splendidus

V. splendidus inhabits marine and estuary water.
It causes infections of different aquatic animals
such as fishes, echinoderms, crustaceans, and
bivalves. V. splendidus is one of the most relevant
pathogens in the bivalve aquaculture, responsible
for severe financial losses annually. In addition,
in the fish industry, it has been linked to high
mortality in turbot. Pathogenicity mechanisms
have not been thoroughly studied, however, a
role for the Vsm extracellular metalloprotease
has been shown (Zhang et al. 2019). Only a few
V. splendidus virulent phages have been recently
isolated (Li et al. 2016; Katharios and Kalatzis
2017).

8.2.8  Vibrio vulnificus

V. vulnificus causes fatal septicemia, limited gas-
troenteritis and severe wound infections. This
pathogen colonizes fish, shellfish (primarily
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oysters) and shrimps where the shrimp industry
economic loses reach US$3 billion annually. It is
transmitted to humans by ingestion of
contaminated seafood or via direct contact of
wounds with contaminated water (Haftel and
Sharman 2021). For this reason, some phage-
based therapies have been evaluated (Srinivasan
and Ramasamy 2017; Kim et al. 2021).

8.29  Vibrio campbellii

V. campbellii are luminous bacteria that inhabit
marine environments. It is an opportunistic path-
ogen of fishes, squids, shrimps, and other
invertebrates that generates AHPND in its hosts.
Molecular mechanisms related to the virulence of
this pathogen remain understudied. However, it
was recently shown that the BtsS/BtsR
two-component system for the sensing/uptake of
pyruvate is required to regulate chemotaxis,
resuscitation from the viable but nonculturable
state, and virulence in shrimp larvae (GOing
et al. 2021). Some phage-based therapies to pre-
vent shrimp infection have been proposed
(Li et al. 2020a; Lomeli-Ortega et al. 2021).

8.2.10 Vibrio ordalii

V. ordalii causes vibriosis characterized by hem-
orrhagic septicemia in different species of
aquacultured fish, mainly salmonids. This disease
generates a severe impact in economies depen-
dent on Salmon production like Chile
(Echeverria-Buguefio et al. 2020). A recent report
has characterized a phage able to infect this fish
pathogen (Echeverria-Vega et al. 2020).

8.2.11 Challenges of Using Phage

Therapy

The urgent need to develop novel therapies or
prophylactic strategies is reaching a critical
point due to the antibiotic-resistance crisis.
Phage therapies should be designed in ways that
minimize the emergence of bacterial resistance to
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the product. Moreover, in the case of invasive
bacterial infections, phage therapies should be
tested for possible contribution to septic shock.
In these contexts, there are some important
aspects that should be considered in the design
of phage therapies and prophylaxes:

* The use of non-transducing or at least poorly
transducing phages and avirulent host strains
to avoid the transfer by Horizontal Gene
Transfer (HGT) of genetic material that may
contain virulence and/or antibiotic-resistance
genes.

* The use of a mixture of phages (cocktail),
ideally with phages utilizing different
receptors to decrease the chances of generating
strains resistant to the cocktail.

* A comprehensive understanding of phage
biology and the dynamics of interaction of
these with their bacterial hosts during infection
of animals.

* The use of phages that minimize bacterial lysis
in order to reduce the release of LPS and
intracellular virulence factors that may induce
inflammation or even septic shock.

* A deeper understanding of the evolutionary
forces phages and bacteria have on each other
in the environment and during infection of
animals.

* A better molecular level understanding of the
evolutionary arms-race between phages and
their hosts that can lead to phage-resistant
strains and spread of anti-phage defense
mechanisms (Table 8.1).

Phage-based approaches have proven to be
effective for the treatment of extracellular
pathogens in different settings. However, current
knowledge on the use of phage therapy for intra-
cellular pathogens is still scarce. Intracellular bac-
teria have the advantage of surviving inside host
cells, thus evading humoral immunity, some clas-
ses of antibiotic, and most likely phages. In this
context, the improvement of the invasive abilities
of phages using synthetic biology and genetic
engineering represents an attractive strategy
(Lu and Collins 2009; Moradpour et al. 2009;
Yehl et al. 2019; Al-Anany et al. 2021).
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Isolation of diverse phages should be
addressed using different protocols for phage iso-
lation. As it was shown for the non-tailed dsDNA
double jelly roll lineage phages, minimal
modifications to the classical protocols for phage
isolation generate critical differences in the
enrichment of phages with special morphological
traits (Kauffman et al. 2018b). Also, the constant
development and improvements in sequencing
tools for data analysis will contribute to our
understanding of phage biology and taxonomic
classification and their use as therapies
(Kauffman et al. 2018a).

8.3  The Role of Temperate Pha