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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.
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1.1 Vibrio Infections

The Vibrionaceae encompasses a group of ubiq-
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,
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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-O1 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; López-Pérez et al. 2021).
However, much uncertainty remains about the
virulence of the organism (López-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 (López-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

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; Messelhäusser 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



4 S. Almagro-Moreno et al.

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.

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
a rate 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

these areas in 1900, 2000 and projections for 2090
according to different climate scenarios. Adapted from
J. Trinanes and J. Martinez-Urtaza, The Lancet Planetary
Health, 5:e426–35

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

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
(a) OCVs. 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,
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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

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.



1 Vibrio Infections and the Twenty-First Century 9

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. vulnificus, 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 (5–25 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) (López-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. vulnificus, 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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Fig. 1.2 Evolutionary model of cluster divergence in
V. vulnificus. (a) VVCA. Clonal lineages start diverging
from the V. vulnificus common ancestor (VVCA). (b)
Divergence. The acquisition of different ecological
determinants allowed the development of diverse lifestyles
within the same environment, which has led to a higher
divergence. This divergence led to a recombination and

gene flow decrease, although frequent exchange of mobile
genetic elements is found within the species and with other
species. (c) Convergence. With the advent of aquaculture,
we have created an artificial environment that has led to
colocalization of strains from the two major clusters.
Adapted from M. López-Pérez et al., mBio, 2019, 10:
e02852-18

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

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 (Vázquez-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 108, 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
a near 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

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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