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The spread of Vibrio spp. and the prevalence of vibriosis around the world are often
correlated with global warming, especially an increase in sea surface temperature.
However, many ecological and virulence factors also trigger the spread of Vibrio species,
while vibriosis occurs at both low and high temperatures. Recent studies that focused
on a single factor (e.g. temperature) and one species (e.g. V. vulnificus) also showed
that single factors such as temperature were insufficient to explain the pathogenicity
and virulence of Vibrio spp. In this review, we have compiled and discussed the existing
literature on the effect of temperature on different growth and pathogenicity of Vibrio
spp. A systematic literature search was conducted using Web of Science (WoS) and
SCOPUS databases up to 1st January 2022. After applying the selection criteria, a final
list of 111 articles was included in this review. We have found that only certain Vibrio spp.
are positively impacted by the increase in temperature. The results showed that 47% of
the articles reported an increase in growth with the increase in temperature, while 38%
showed that the relationship is complex. Reduced growth (6%) and no effect (9%) were
also reported. These results showed that most but not all Vibrio spp. were positively
impacted by an increase in temperature. The results indicated that V. alginolyticus, V.
cholerae, V. parahaemolyticus, and V. vulnificus are the biggest threats to human and
animal wellbeing.

Keywords: vibrio, growth, global warming, pathogenicity, SLR, treatment

INTRODUCTION

The increased occurrence of vibrio diseases (vibriosis) and the spread of Vibrio spp. to new
geographical areas were correlated with global warming, especially temperature. This could be
due to Vibrio spp. ability to remain in a “viable but nonculturable” (VBNC) state, until favourable
conditions such as a rise in temperature occur, in which it becomes culturable and grows
(Hernandez-Cabanyero et al., 2020; Montanchez and Kaberdin, 2020). However, many ecological
and virulence factors are also correlated with the spread of Vibrio species and vibriosis. Moreover,
despite the rich literature on vibriosis, these studies were not connected and were either too narrow
or too qualitative (Froelich et al., 2017; Rahman et al., 2017; Herndndez-Cabanyero et al., 2019;
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Monténchez et al., 2019). This became evident when studies
that focused on one factor (e.g. temperature) and one species
(e.g. V. vulnificus) found that single factors such as temperature
were insufficient to explain the pathogenicity and virulence
of Vibrio spp. in many cases (Kim et al.,, 2012; Froelich et al,,
2017; Rahman et al., 2017; Hernandez-Cabanyero et al., 2019;
Montéanchez et al., 2019). This was unlikely as even among Vibrio
spp., their optimum growth parameters (temperature, salinity,
and pH conditions) are significantly different. For example, V.
vulnificus can remain viable and grow between 4-14°C, while its
optimum growth is at a much higher temperature (25°C) and
low salinity (1-2%). V. cholerae could grow in 10% salinity and
35°C but flourished at a slightly lower temperature (30°C)
and higher salinity (15%) (Chowdhury et al., 2017). Besides,
cold water vibriosis outbreaks associated with V. salmonicida
were reported to occur at very low temperatures (3-10°C) both in
nature and in laboratory settings (Colquhoun et al., 2002). Other
arguments can also be observed in published literature including
the minimum temperature that enables V. parahaemolyticus
growth. For instance, some studies have reported that V.
parahaemolyticus needs a minimum temperature of 13°C to
grow in broth (Kim et al.,, 2012), while other studies argued that
a temperature as low as 5°C is sufficient (Miles et al., 1997). The
increased prevalence of pathogenic Vibrio species calls for global
attention from researchers and clinicians. Therefore, a systematic
review of temperature vs growth rate of vibrio is important to
predict Vibriosis episodes. Identifying these risks will also help
in formulating mitigation plans, especially for seafood illnesses
in humans as well as for the mariculture industry. Hence, this
systematic review aimed to compile the literature that addressed
the effect of an increase in temperature on the growth of Vibrio
spp. It is hypothesized that only certain thermostable Vibrio spp.
are positively impacted by an increase in temperature. The review
will also address the increased pathogenicity of Vibrio spp. under
elevated temperatures to assess which Vibrio spp. pose the highest
threat in this era of global warming.

METHODOLOGY

Review Question and Scope

Previous studies reported opposing arguments and findings on
the correlation between global warming and the growth of Vibrio
spp. were the main motivations behind this systematic review.
Besides, Vibrio spp. have significantly different optimum growth
temperatures and conditions. We addressed 1) Do all Vibrio spp.
flourish and become virulent with the increase in temperature?
and, 2) Which Vibrio spp. pose a significant threat to humans
and animals in the era of global warming. During the write-up
and whenever applicable, the articles were cited chronologically
(year) to show the progress or direction of the research.

Search strategy

A systematic literature search was conducted using Web of
Science (WoS) and SCOPUS databases up to 1 January 2022.
The search was limited to these 2 databases due to the quality of

these databases and the abundance of literature on the subject.
The keywords used were “Vibrio AND temperature”. A total of
3063 and 3542 documents were retrieved from WoS and SCOPUS
databases, respectively. The search was then limited to the article
search keyword appearing in the title which yielded a search
term of “TITLE (vibrio AND temperature)”. A total of 202 and
238 articles were retrieved from WOS and SCOPUS databases
respectively which were then subjected to further screening.
These 2 search results were combined (202 + 238) resulting in
440 articles which were then subjected to screening.

Screening and Eligibility Criteria

All the 202 articles in WOS were included in the 238 articles from
SCOPUS and duplicates were removed resulting in 238 articles
that were then subjected to inclusion/exclusion criteria. Articles
(n=128) were excluded due to either no full paper, not in English,
or no growth profiles. Examples of articles excluded due to lack
of growth profiles were articles on the effect of temperature on
non-growth aspects such as susceptibility to infection, fatty acid
production, food applications, substrate utilization, etc. A final
list of 111 articles was considered for this review (Figure 1).

RESULTS AND DISCUSSION

Initial Screening

Initial screening of the selected publications (n=111) showed
that 91% of the articles argued that temperature has a significant
impact on Vibrio spp. growth, while no effect was observed over
the tested range in 9% of the articles (10 out of 111). The increase
in temperature positively correlated with growth in 47% of the
articles (52 out of 111), while temperature negatively correlated with
growth in 6% of the articles (7 out of 111) and. The relationship
between the increase in temperature and growth of Vibrio spp. was
found to be complex or multifactorial in 42/111 articles (38%). In
the initial screening, WOS was expected to yield fewer articles as
the database contains fewer journals. For example, in 2016, WoS
contained 13,605 journals, while Scopus contained 20,346 journals
(Mongeon and Paul-Hus, 2016). Initial classification justified the
aim of this review as the relationship between Vibrio spp. growth and
temperature was found to be complex in 38% of the studies, even
though more articles (47%) supported the consensus that Vibrio spp.
grow better at higher temperatures. Most recent articles were also in
favour of the theory that the relationship is significant but might not
be as linear. For instance, Vibrio cases in Canada with maximum
sea surface temperature (SST) were studied over 25 years (1992 to
2017) (Galanis et al., 2020). The correlation was significant with the
correlation coeflicient (r?) of 0.46, which is considered not strong
(Fischer et al., 2016; Ramakers et al., 2017). V. vulnificus virulence
was also found recently to be multifactorial due to the complex
interaction between temperature and other factors such as iron
availability. The study showed that despite temperature increasing
growth and general virulence factors (e.g. Motility), main virulence
factors (e.g. hemolysin VvhA) were controlled by iron concentration
(Hernandez-Cabanyero et al, 2020). Hence, the discrepancies
presented in the introduction were supported by this review.

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 959830


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Sheikh et al.

Temperature and Spread of Vibrio Spp.

Databases: Web of Science (WOS) and SCOPUS

Search terms:

}

WOS (n=3063)and SCOPUS (n=3063)

Vibrio AND temperature

v

Refined search criteria: Vibrio

l

WOS (n=202)and SCOPUS (n=238)

AND temperature in the title

}

WOS and SCOPUS (n=238)

Removal of duplicates

Exclusion criteria:
No full text, not in English,

}

Final list of reviewed articles (n= 110)

FIGURE 1| Flow of systematic literature search used in this review.

no growth data

Effect of Temperature On The Growth
of Vibrio spp.

Vibrio spp. were able to grow in temperatures ranging from 0.5°C
to 48°C which showed their unique adaptability to changes in
temperature (Figure 2). First, this range covers Vibrio spp. that
could be potentially pathogenic to animals (22°C), especially
aquatic animals, and humans (37°C) (Tall et al., 2013). Secondly,
several human and animal pathogens species, V. cholerae, V.
parahaemolyticus, and V. vulnificus, were able to grow at <10°C
and >35°C. This is concerning as V. cholera, V. parahaemolyticus,
V. alginolyticus, and V. vulnificus are well known to be pathogenic
to humans (Baker-Austin et al., 2018). Optical density (OD) data
showed a slight positive correlation with temperature while log

growth data did not show any pattern. The temperature range
was then divided into 4 intervals to investigate if certain species
are correlated with certain temperature ranges. The intervals
selected were <10°C, 11-22°C, 23-35°C, and >36°C (Figure 2).
A disproportionately high number of studies focused on V.
parahaemolyticus. Hence, data were converted to a percentage
and labelled as prevalence. V. alginolyticus, V. cholerae, V.
costicola, V. parahaemolyticus, and V. vulnificus were found to
grow in all 4 temperature ranges, while V. harveyi and V. Marinus
were able to grow in 1 interval only (23-35°C). Growth ranges
from reviewed articles were compiled and compared with the
optimum temperature of each species (Table 1). The table also
highlights the adaptability of Vibrio spp. to a broad range of
temperatures outside their optimum temperature.

Growth of Vibrio spp. in various temperatures
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FIGURE 2 | Growth of Vibrio spp. in various temperatures. Log, Log growth; OD, Optical density.
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TABLE 1 | Growth ranges of Vibrio spp. from reviewed articles and their optimum temperature.

Vibrio species Growth range in reviewed literature (°C)

Growth range (°C)

Optimum Temperature (°C) *ATCC strain (°C)

V. alginolyticus 22-42
V. anguillarum 10-30
V. cholerae 4-37
V. coralliilyticus 24-27
V. costicola 4-37
V. crassostreae 17-27
V. fischeri 8-34
V. harveyi 26-30
V. marinus 25-35
V. parahaemolyticus 4-48
V. salmonicida 4-20
V. shiloii 4-30
V. splendidus 10-22
V. tasmaniensis 8-23
V. vulnificus 0.5-42

20
20
33
3

33
10
26
4

10
44
16
26
12
15
37

37-42 (Xie et al., 2020) 37
25-30 (Lages et al., 2019) 26
37 (Fuetal.,, 2018) 37
28 (de O Santos et al., 2011) 30
30 (Adams & Russell, 1992) -

23 (Burks et al., 2017) -

28 (Cohen et. al., 2019) 26
26 (Montanchez et al., 2019) 26
15 (Morita & Albright, 1968) 18
37 (Liu et al., 2016) 37
15 (Colguhoun et al., 2002) 15
30 (Kushmaro et al., 2001) 26
22 (Armada et al., 2003) 26
28 (Thompson et al., 2003) -

36 (Kim et al., 2012) 30

*ATCC data were obtained from https://www.atcc.org, - No available ATCC strain.

Vibrio spp. That Are Negatively Impacted
by the Rise in Temperature

Initial screening of selected articles showed that an increase in
temperature led to a decreased growth of Vibrio spp. in very
few articles (n= 7/111). Vibrio spp. that were negatively affected
by the increase in temperature was V. harveyi, V. Marinus, V.
salmonicida, V. shiloi, V. tasmaniensis, and V. vulnificus. These
species were either psychrophilic bacteria (cold-loving) or were
cultured under extremely unfavourable conditions. V. harveyi was
cultured in seawater at 30°C (optimum 26°C) and under carbon
limitation and showed a reduction in culturable cells and cell
size. The rod-shaped morphology also changed to a coccoid-like
cell (Montanchez et al., 2019). The second species was V. Marinus
which showed that its viability and protein synthesis was higher
at 15 than 22 and 25°C (Cooper and Morita, 1972). At 20°C, the
synthesis of DNA and RNA in V. Marinus was also inhibited,
while the expression of enzymes such as malic dehydrogenase,
which is part of a citric acid cycle, was deregulated (Morita and
Albright, 1968). V. Marinus optimum growth was reported to be
15°C in a previous study with a very short generation time of just
1 hr at 15°C (Morita and Albright, 1968) or 18°C for ATCC 1538.
Growth of V. salmonicida at 17 and 20°C was low, while growth
was optimum at temperatures <15°C (on agar). However, for V.
salmonicida, optimum growth occurred at 15°C (Colquhoun
et al., 2002) and for ATCC 1538. VBNC state was induced in V.
shiloi (optimum temperature 26-30°C) when cultured at 20°C,
while in terms of morphology, cell lysis and curling were also
observed (Kushmaro et al., 2001; Vattakaven et al., 2006). VBNC
state was also induced in V. tasmaniensis (optimum temperature
28°C) when cultured at 20°C after 157 days due to starvation
(artificial seawater media). The rod shape of cells also changed
more rapidly to coccoid and became completely coccoid on day
147 (Thompson et al., 2003; Vattakaven et al., 2006). V. shiloi,
optimum growth was reported to be 30°C in a previous study
(Kushmaro et al., 2001) or 26°C for ATCC BAA-91, while V.
tasmaniensis (optimum growth 28°C) (Thompson et al., 2003).
These two species were negatively impacted by the culture media
(artificial seawater) which was nutritionally deficient (Vattakaven

etal., 2006). V. vulnificus was negatively impacted by temperature
when 2.20 x10° CFU was recorded at 5°C compared to 2.09
x10° CFU when cultured at 20°C, which was due to low pH and
salinity (Hijarrubia et al., 1996). V. vulnificus 4965 were not able
to grow at temperatures below 13°C or above 22°C when cultured
at 10 ppt salinity. Survival at 21°C was also lower than at 14°C at
a broad range of salinity (5-25 ppt). A mixture of 3 V. vulnificus
strains (4793, 4832, and ATCC 27562) could also not grow well at
5 and 35°C (Kaspar and Tamplin, 1993). V. vulnificus, optimum
growth was reported to be 36°C in a previous study (Kim et al.,
2012) or 30°C for ATCC 27562, however, it was negatively
impacted due to low pH and salinity (Hijarrubia et al., 1996).

Vibrio spp. That Were Not Significantly
Impacted by the Rise in Temperature

Initial screening showed that no significant effect of temperature
was observed over the tested range in 10/111 (9%) articles.
Vibrio spp. that were not significantly affected by the increase
in temperature over tested ranges were V. alginolyticus, V.
cholerae, V. fischeri, V. parahaemolyticus, V. splendidus, and
V. vulnificus. Most of the aforementioned species were heat-
stable or thermophilic, while few were marine vibrios and were
impacted mainly by salinity. Five strains of V. alginolyticus from
various ecological sources were cultured at various temperatures
(5-42°C), salinity (0.5-6% NaCl), and pH (4.5-12). The results
showed extraordinary flexibility as almost all strains were able
to grow in almost all conditions if given enough time (> 3 days)
(Farid and Larsen, 1981). V. alginolyticus was also able to survive a
wide range of temperatures (22 to 42°C) (Gu et al., 2016). Growth,
collagenase activity, and protease activity in V. alginolyticus at 30
and 37°C were affected by oxygen and not temperature (Hare
etal., 1981). Another study on V. alginolyticus cultured at a wide
temperature range of 26-42°C reported that swarming was only
observed when the salinity was suitable, indicating the salinity is
the main factor affecting its growth, while salinity as low as 0.6%
was enough for growth at 20-28°C (Ulitzur, 1975). V. cholerae’s
growth was studied at 4, 25, and 35°C and 0.5 and 10% salinity.
The results showed that the total count of cells was similar in the
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range of 4-35°C, while the physiological state (growth phase) and
inoculum size had a bigger effect than temperature and salinity
(Montilla et al., 1996). V. fischeri was able to grow at a very broad
temperature range (8-34°C), moreover, temperature stress at the
extremes (8 and 34°C) led to the evolution and higher growth
fitness (Cohen et al., 2019). The Most Probable Number (MPN)
of V. parahaemolyticus was not significantly different in the
temperature range of 20-25°C, while high salinity was considered
as the main factor in reducing the MPN (Larsen et al., 2015).
V. parahaemolyticus was extremely tolerant to temperature and
grew at temperatures as low as 8.3°C and as high as 45.4°C,
while water activity was considered as the main factor in slowed
growth (Miles et al., 1997). Growth of 2 V. splendidus strains
cultured in several media at 4, 10, or 22°C, and under varying
salinities was studied. The results showed that temperature did
not significantly affect the growth, while salinity and nutrient
content were determined as the main factors (Armada et al.,
2003). MPN of V. vulnificus was not significantly different in the
temperature range of 20-25°C, while high salinity was considered
the main factor in reducing the MPN (Larsen et al, 2015). V.
vulnificus isolated over 2 years with temperatures ranging from
6.7 to 35.6°C showed that growth was affected by salinity (28 ppt
and above) rather than temperature (Motes et al., 1998).

Temperature Upshift Enhances the Growth
of Vibrio spp.

Even though 38% showed that the rise of vibriosis is multifactorial,
most of the articles 47% (n= 52/111) showed that the abundance
of Vibrio spp. was positively impacted by the rise in temperature
agreed with the consensus that Vibrio species grow better at
higher temperatures. This indicated that the frequent occurrence
of vibriosis might be due to environmental conditions such as
global warming and higher sea surface temperature favouring
the growth of Vibrio spp. Vibrio spp. that were positively
affected by the increase in temperature were V. alginolyticus, V.
anguillarum, V. cholera, V. coralliilyticus, V. costicola, V. harveyi,
V. parahaemolyticus, V. salmonicida, V. shiloi, and V. vulnificus.
Most of the articles in this section studied Vibrio species that
grow better in higher temperatures.

First, V. cholerae (optimum growth at 37°C) showed maximum
growth at higher temperatures (23-30°C), while it often entered
the VBNC state at lower temperatures (4°C). The culturability
was successfully recovered by re-incubation at 20-23°C (Ravel
et al., 1995; Johnston and Brown, 2002). Temperature upshift
to 37°C was reported to recover the culturability of V. cholerae
from VBNC state by upregulating various metabolic pathways
such as carbohydrate and phosphate metabolism (Debnath
et al,, 2019). A more detailed study on growth phases showed
that temperature shortened the lag time at higher temperatures
(22-30°C) compared to 15°C where no growth was recorded
(Wang and Gu, 2005). Another study also showed that V. cholerae
grew exponentially with the increase of temperature from 15
to 37°C (Kirschner et al., 2008). When cultured at various
temperatures ranging from 10 to 30°C, V. cholerae also showed
that temperature highly and linearly correlated with growth (Fu
et al.,, 2013). The positive effect of temperature on V. cholerae

was also reported in prevalence studies where higher abundance
was observed at temperature >19°C compared to <19°C (Louis
et al., 2003). Higher temperatures also significantly increased
the prevalence of V. cholerae in blue crabs (Sullivan and Neigel,
2018). Pathogenic strains of V. cholerae such as V. cholerae O1
EI Tor also showed that temperature increase from 15 to 25°C
increased biofilm formation which is related to growth (Stauder
etal., 2010). V. cholerae O1 cultured at 5 to 30°C also showed that
growth increased with the increase of temperature (Huq et al.,
1984). The O1 strains were also able to survive temperatures as
high as 65°C (Castro-Rosas and Escartin, 2005). A recent study
on several pathogenic and non-pathogenic strains (0395, C6706,
and N16961) subjected to various temperatures (4, 22 and 37°C)
showed a significant reduction in growth and initiation of VBNC
state at 4°C, while optimum growth was recorded at 22°C (Wu
etal., 2016).

The second major species was V. coralliilyticus (optimum
growth 30°C) where its growth increased when cultured at
temperatures ranging from 16 to 30°C (Ben-Haim et al., 2003;
Boroujerdi et al., 2009). Temperature upshift from 25 to 30°C
also improved the growth of V. coralliilyticus (Frydenborg et al.,
2014). The increased growth was correlated with prolonged
exponential and stationary phases (Ben-Haim et al., 2003; Kimes
et al,, 2012). An increase in temperature from 24 and 27°C also
changed the metabolomic profiles significantly (Boroujerdi
et al., 2009). Higher temperatures also significantly increased
the prevalence of environmental Vibrio spp. such as V. tubiashii
which is closely related to V. coralliilyticus is associated with
Pocillopora damicornis coral bleaching (Tout et al., 2015).

The third major thermophilic species was V. parahaemolyticus
(optimum growth at 37°C) and were still able to grow at a wider
temperature range (15 to 36°C) (Beuchat, 1974). The increase in
temperature was reported to have increased growth in numerous
studies. There was a direct relationship between growth rate
and temperature when cultured at 13 to 36°C (Kim et al., 2012),
5-20°C (Mudoh et al., 2014) and 4 to 37°C (Han et al,, 2016). It
also grew better at 20°C compared to 4°C (Johnston and Brown,
2002). The increase in growth at higher temperatures (30.4 and
37°C) was correlated with a shorter generation time of 12-14 min
(Horie et al., 1966), shorter lag time (Kim et al.,, 2012) and a
faster growth rate (Fernandez-Piquer et al., 2011). For instance,
V. parahaemolyticus grown at 3.6 to 30.4°C showed that the
growth rate at 30.4°C (0.135 logl0 CFU/h) was significantly
higher compared to 3.6°C (0.015 logl0 CFU/h) (Fernandez-
Piquer et al, 2011). Optimum growth rate, shortest lag time,
and maximum population density were all observed at 36°C
(Kim et al., 2012). Studies on pathogenic and non-pathogenic
strains also agreed on the positive effect of temperature on V.
parahaemolyticuss growth. Growth and metabolic activities of
pathogenic V. parahaemolyticus were higher at 15-44°C, while at
10-20°C growth was up to 3 folds slower mainly due to prolonged
lag-phase (Boonyawantang et al., 2012). V. parahaemolyticus O3:
K6 cultured at a temperature range of 15-25°C showed a positive
correlation with growth, with maximum growth recorded at
25°C (Nishina et al., 2004). Pathogenic and non-pathogenic V.
parahaemolyticus were grown at various temperatures (10 and
30°C) and media (broth and oyster slurry). Those results showed
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higher temperature led to higher growth rates and shorter lag
times (Yoon et al., 2008). The standard growth rate of pathogenic
and non-pathogenic V. parahaemolyticus cultured at 4, 10, and
24°C also showed that maximum growth rate was observed in
the highest temperature of 24°C (Cowan et al.,, 2019). Besides
growth, the abundance and prevalence were also increased with
the increase of temperature. For example, at temperatures >25°C,
abundance was as high as 94%, while at temperatures <10°C,
abundance was as low as 15% (Cook et al., 2002). A meta-analysis
showed that V. parahaemolyticus was significantly and positively
correlated with temperature in both water and raw oysters (Young
et al, 2015). Recent studies supported these earlier findings
where higher temperatures significantly increased the prevalence
of V. parahaemolyticus in blue crabs (Sullivan and Neigel, 2018).
The last major species were V. vulnificus (optimum growth at
30°C), which in laboratory cultures, grew at a range of 13-42°C
with its optimum growth recorded at 37°C (Kelly, 1982). V.
vulnificus cultured at a temperature range of 5-15°C showed
maximum growth at 15°C, while at lower temperatures, the
initial inoculum was able to remain viable but not grow (Nishina
et al., 2004). Another study also showed that a low temperature
of 4°C was detrimental to the growth of V. vulnificus and initiated
VBNC state, while culturability was possible at 10°C (Wolf and
Oliver, 1992). Temperature upshift from 5 to 25°C also recovered
the culturability of improved the growth of V. vulnificus even
in starvation conditions (Biosca et al., 1996). Other studies
also showed that it grew at higher temperatures (20 and 25°C)
compared to lower temperatures (4 and 7.2°C) (Johnston and
Brown, 2002; Limthammahisorn et al, 2008). Simultaneous
increases in temperature and reduction in salinity (25°C/2.5% to
37°C/0.9%) increased the growth of V. vulnificus (Kim and Shin,
2011). Recent studies showed a similar trend where V. vulnificus
cultured at a temperature range of 25-37°C showed a consistent
increase in growth (Kim et al, 2016). The positive effect of
temperature increase on growth was correlated to a higher
growth rate and short lag time at 22 and 30°C compared to 15°C
(Wang and Gu, 2005). Direct positive relationships between
growth rate and temperature (11 to 36°C) were also reported,
while optimum growth rate, shortest lag time, and maximum
population density were all observed at 36°C (Kim et al., 2012).
Studies on various types of V. vulnificus showed that the bacteria
always grew better at higher temperatures. For example, wild and
mutant strains grew faster at 37°C compared to 24°C by speeding
up entry into the log phase by a couple of hours (Elgaml et al,,
2014). Environmental and clinical strains cultured at different
temperatures (24-37°C), pH (5.5-8.5) and iron concentrations
(18-200 uM) showed that most strains grew better at 30 and 37°C
compared to 24°C (Cam and Brinkmeyer, 2020). The abundance
and prevalence of V. vulnificus also increased with the increase
in temperature. A study showed that V. vulnificus made up 85.7
and 210.9 CFU/mL out of 5.7 x10° CFU/mL and 2.1 x107 CFU/
mL total bacteria, respectively (Randa et al, 2004). Higher
temperatures also significantly increased the prevalence of V.
vulnificus in blue crabs (Sullivan and Neigel, 2018). Several other
Vibrio spp. that were positively impacted by a rise in temperature
was also reported. V. alginolyticus (optimum growth at 37°C)
cultured at 37°C showed a short generation time of 12-14 min

(Horie et al., 1966), which was also its optimum temperature
(ATCC strain). V. anguillarum’s (optimum growth at 26°C) was
cultured at different temperatures (15°C and 25°C) and iron
concentrations and the results showed that growth and survival
were significantly higher at 25°C (Lages et al., 2019). V. costicola
(optimum growth at 30°C) grew at temperatures between 4 to
37°C, however, optimum growth occurred at 37°C (Adams and
Russell, 1992). V. harveyi (optimum growth at 26°C) cultured at
the temperature range of 12.9-27.1°C and salinity of 0.6 to 3.4%
showed that an increase in temperature made the bacteria grow
faster at higher temperatures where at 12.9, 15, and 27.1 C °C it
took 144, 120 and 28 h to reach maximum growth (Zhou et al,,
2012). V. salmonicida (optimum growth at 15°C) grew better at
higher temperatures (15°C) compared to a lower temperature
(7.5°C) regardless of salinity (1 or 2.5% NaCl) (Karlsen et al.,
2008). Another study also reported a higher growth rate and
short lag time at 22 and 30°C compared to 15°C (Wang and
Gu, 2005). Vibrio AK-1 (later identified as V. shiloi) (optimum
growth at 26-30°C) was cultured at a temperature range of
15-35°C and showed a continuous increase in growth rate which
plateaued at 35°C (Kushmaro et al., 1998). When grown in
seawater at a temperature range of 16-28°C, the results showed
that growth reached 9.5 x10® at 16°C, while at 28°C the growth
increased and reached 4.5 x10° (Israely et al., 2001). Growth
was also significantly improved by temperature upshift from
25 to 30°C (Frydenborg et al., 2014). The increased growth of
V. shiloi was correlated to faster entry into the log phase and a
higher survival rate by extending the exponential growth period
to 30°C compared to 23°C (Murali et al., 2010). Two studies on
an unidentified Vibrio spp. called Vibrio ANT-300 (optimum
growth <13°C) showed that increasing the temperature from 0
to either 7, 13, or 16°C improved growth, protein synthesis and
integrity, and polyketides synthesis (Araki, 1991; Araki, 1992).

Temperature-Controlled Virulence of

Vibrio spp.

Temperature-related virulence and pathogenesis of Vibrio spp.
indicated that global warming favours the growth of Vibrio
spp., however, for the bacteria to cause diseases virulence is
an important factor. Hence, the articles in this review were
screened again to summarize how high temperature induces
virulence/pathogenicity. For instance, in the control group
(22°C), Oceanospirillales was the most abundant order
associated with P. damicornis coral, while at higher a temperature
(31°C) Vibrionaceae order became dominant (Tout et al., 2015).
An increase in temperature was found to induce pathogenicity/
virulence in numerous Vibrio spp., namely V. alginolyticus,
V. anguillarum, V. coralliilyticus, V. harveyi, V. parahaemolyticus,
V. salmonicida, V. shiloi, and V. vulnificus. An increase in culture
temperatures of V. alginolyticus from 22 to 37°Cled to an increase
in the production of exotoxins and the expression of virulence
factors, however, at up to 42°C, the expression of exotoxins and
virulence factors were inhibited (Gu et al., 2016). V. anguillarum
RV22 showed differential expression of virulence genes at
different temperatures (15°C and 25°C). At high temperatures
(25°C), chemotaxis, motility, iron uptake, vanchrobactin,
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hemolysins, and outer membrane components were upregulated
(Lages et al., 2019).

V. cholerae O1 EI Tor showed that when a temperature
increased by 15 to 25°C, the virulence increased due to
higher biofilm formation, increased the expression of e
N-acetylglucosamine-binding protein A (GbpA) and mannose-
sensitive haemagglutinin (MSHA) which increased its ability to
colonize new host (Stauder et al., 2010). During recovery from
the VBNC state, proteomic analysis of V. cholerae cultured at 37°C
showed increased expression of 13 out of 19 proteins compared
to VBNC (Debnath et al., 2019). The increase in temperature
significantly increases the expression of extracellular protease
in V. coralliilyticus which leads to higher coral (P damicornis)
bleaching and lysing (Ben-Haim et al., 2003). Metabolomics
analysis of V. coralliilyticus under increased temperature leads
to changes in osmoregulation and energy production pathways,
while in terms of metabolites, major changes were in betaine,
succinate, and glutamate (Boroujerdi et al., 2009). V. coralliilyticus
exposed to increased temperature (above 25°C) lead to increased
expression of virulence factors related to motility (e.g. Flagellar
proteins), host degradation (e.g. proteases), resistance (e.g.
efflux pumps), and upregulation of transcriptional factors (e.g.
quorum sensing) (Kimes et al., 2012). The ability of V. cholerae
Serovar O1 maximum growth of and attachment to copepods
at 25 and 30°C was significantly better than at 5 or 15°C (Huq
et al., 1984). Virulence gene expression such as adherence
factors was found to occur at 17°C causing moralities in Haliotis
tuberculata abalone due to V. harveyi infection (Travers et al.,
2009). V. harveyi cultured at 28°C (optimum 26°C) led to 100%
mortality in abalone Haliotis diversicolor (Jiang et al., 2013). V.
harveyi cultured in seawater at 30°C (optimum 26°C) and under
carbon limitation showed increased expression of virulence
factors such as lytic enzymes (Montanchez et al., 2019). Clinical
and virulent strains of V. parahaemolyticus increased with the
increase in temperature (Turner et al., 2014). V. parahaemolyticus
were cultured at 4 to 37°C result in significantly stronger growth,
biofilm formation, quorum sensing (autoinducer-2 production),
and exoprotease activity at a temperature of > 25°C (Han et al,,
2016). Novel outer membrane protein (OMP) called VS-P2 was
expressed in V. salmonicida when cultured at 20°C compared
to its optimum temperature of 15°C (Colquhoun et al., 2002).
V. salmonicida cultured at higher temperature (15°C) showed
higher expression of flagellin gene expression in comparison to a
lower temperature (7.5°C) (Karlsen et al., 2008).

Vibrio AK-1 (later identified as V. shiloi) showed that the
pathogen did not infect the coral Oculina patagonica and caused
bleaching at 16°C, while at 20-29°C continuous increase in
bleaching was observed (Kushmaro et al.,, 1998). V. shiloi was
able to infect and bleach coral O. patagonica at 28°C but not at
16°C (Israely et al., 2001). V. vulnificus was found to increase
the expression of rpoD, rpoS, luxS, smcR, crp and vvpE and
the production of V. vulnificus protease (VVP) at 26°C, while at
37°C it increases the expression of rpoN, vvhA, and luxT and
production of V. vulnificus hemolysin (VVH) (Elgaml et al,
2014). An increase in culture temperature of V. vulnificus showed
that the expression of virulence factor siderophore increased
(Turner et al., 2014). V. vulnificus cultured at a temperature range

of 25-37°C showed a consistent increase in growth as well as
expression of virulence regulators such as cyclic AMP receptor
protein and vulnibactin receptor (Kim et al., 2016). A combined
increase in temperature and reduction in salinity (25°C/2.5% to 37
°C/0.9%) increased the growth and expression of Metalloprotease
VvpE in V. vulnificus which caused haemorrhage, necrosis, and
edema (Kim et al., 2012). V. shiloi grown at 23 and 30°C showed
higher activity of a probable virulence factor (Mn-SOD) at 30°C
(Murali et al., 2010).

The low temperature was also found to induce virulence/
pathogenicity in Vibrio spp. as reported in a few studies. V.
anguillarum RV22 showed high virulence at 15°C despite its
optimal temperature for growth was 25°C, while expression of
mediated catalase activity (oxyR) and catalase gene (katG) were
upregulated at 4°C (Lages et al.,, 2019). V. Marinus (optimum
temperature 15-18°C) was reported to have a very short generation
time of just 1 hr at 15°C (Horie et al., 1966). Coldwater vibriosis
outbreaks associated with V. salmonicida occur at 3-10°C. In
the laboratory, Atlantic salmon’s smolts were challenged with
1 x107 ml-! and cultured at 10°C (optimum 15°C) leading
to =85% mortality (Colquhoun et al., 2002). V. salmonicidas
growth, biofilm formation, iron sequestration, litR expression
were higher at a lower temperature (8-12°C) compared to a
higher temperature (14-16°C) (Hansen et al., 2014). V. splendidus
cultured at 10°C (optimum 26°C) upregulated numerous genes
associated with virulence, adhesion, and quorum sensing (Liu
etal., 2016). V. vulnificus were cultured at 24°C and produced up
to 3 times more biofilm than at 30 or 37°C (Cam and Brinkmeyer,
2020).

Multifactorial Aspects of Vibrio spp.
Growth and Pathogenicity

In the initial screening, the relationship between the increase
in temperature and the growth of Vibrio spp. was shown to be
complex or multifactorial in 38% of the articles (Figure 3). Hence,
these factors affected the generally direct and positive correlation
between temperature and Vibrio spp. growth was compiled. The
fact that 38% of the articles showed the relationship between
Vibrio spp. growth and increase in temperature are not linear
but rather multifactorial justified the review. In summary, factors
besides temperatures that affected the growth and survival
of Vibrio spp. were the compounding/interactions of various
parameters (n=25 articles), genotype/phenotype (n=24 articles),
ecological (n=14 articles), salinity/water activity (n=13 articles),
pH (n=4 articles). This showed that the species or strain was the
most influential single factor that affected the direct relationship
between temperature and growth of Vibrio spp. Other studies
(n=14 articles) reported several other parameters such as
chemical oxygen demand, dissolved organic matter, geographical
location, growth phase, inoculum size, iron availability, media,
nutrient, and oxygen availability.

The first factor was the compounding effects and interactions
between various genetics and physicochemical parameters. Few
studies reported that multiple factors affected the growth where a
certain trend in interactions was not determined. For example, V.
cholerae was significantly affected by several factors such as strain
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FIGURE 3 | Venn Diagram illustrating the effect of temperature on Vibrio spp. (A) Effect of temperature on upshift on the growth of Vibrio spp. (B) Multifactorial

(O1 strain), presence of higher temperature, favourable ecological
conditions (grow in oyster Crassostrea virginica), preferred lower
salinity, distance from the river mouth, and enrichment method
(DePaola and Hwang, 1995). V. cholerae abundance at higher
temperatures (>19°C) was further compounded by the presence of
plankton in the culture (Louis et al., 2003). The abundance of V.
cholerae in oysters (C. virginica) was significantly affected by strain
(O1 or non-01), site, salinity, and season as well as their interactions
(Chavez et al., 2005). Besides temperatures, the growth of V. cholerae
was significantly affected by the biomass of zooplankton and water
conductivity (Kirschner et al.,, 2008). Three V. vulnificus (serovar E)
strains were cultured in different media (MSWYE and MSWYEA)
and at various salinities (0.3 to 3.8% NaCl). Temperature, salinity,
the interaction between temperature and salinity, and capsule all
affected the growth significantly (Marco-Noales et al., 1999).

Recent studies also supported these earlier findings where an
abundance of Vibrio spp. generally and certain species (V.
aestuarianus, V. tasmaniensis, and V. crassostreae) were
affected by various factors such as ecology (free-living or
plankton associated), species, strain (pathogenic or non-
pathogenic), and season (Lopez-Joven et al, 2018b). V.
vulnificus cultured at 20 to 37°C also showed growth and
virulence were dependent on multiple biotic and abiotic
factors including the host (Hernandez-Cabanyero et al., 2020).
Interactions between temperature and ecology were the most
common interactions reported. The positive effect of
temperature on the growth of V. cholerae O1 was compounded
with the presence of copepods, where attachment to copepods
significantly improved the survival of V. cholerae (Huq et al,,
1984). The abundance of V. cholerae, V. parahaemolyticus, and
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V. vulnificus was also significantly affected by the combined
effect of temperature and copepod abundance (Turner et al,,
2014). V. shiloi associated with coral bleaching was not able to
survive the toxicity of oxygen radicals produced by symbiotic
zooxanthellae microalgae at a lower temperature (23°C)
compared to at 30°C (Murali et al., 2010). Several ecological V.
vulnificus strains were cultured at 7 to 45°C showed that
individually, long-term survival (>2 days) was observed at
temperatures ranging from 13 to 22°C. When the 3 strains were
mixed, long-term growth was sustainable at 12 and 20°C and
lower salinities (10 ppt) (Kaspar and Tamplin, 1993). V. fischeri
and V. logei are symbiont to several Sepiola affinis, S. intermedia,
S. ligulata, and S. robusta were cultured in Sepiola spp. and
laboratory cultures at 18 to 26°C. V. fischeri was able to dominate
V. logei when the temperature was 26°C, while at 18°C, V. logei
dominated which showed a strain-dependent outcome
(Nishiguchi, 2000). Interactions between temperature and
species/strain were also often reported. V. parahaemolyticus
serotype O3:K6 (tdh and orf8 positive) cultured in Salmon fish
(Oncorhynchus spp.) at 0-30°C, showed that the effect of
temperature on growth wasless predictable at alower temperature
(16-20°C) compared to a higher temperature (25-35°C) (Yang
et al., 2009). Culturable Vibrio population in water samples from
various sites (industrial, recreational, and protected) were
maintained at different temperatures (22 to 37°C). The results
showed a significant effect of temperature where at 37°C, only 6
Vibrio spp. were detected while at 22°C, 20 species were detected,
which showed strain dependence. At 37°C, only V. alginolyticus
(85.9%), V. campbelli (2%), V. cholerae (<1%), V. communis (<1%),
V. harveyi (10.7%) and V. parahaemolyticus (<1%) (Tall et al.,
2013). The abundance of clinical and virulent strains of V.
parahaemolyticus increased with the increase in temperature and
copepod, however, normal strains did not correlate with
temperature (Turner et al., 2014). Pathogenic (tdh positive) and
non-pathogenic V. parahaemolyticus were cultured at 4-28°C in
Manila clam (Ruditapes philippinarum) and the results showed
that lower temperatures (4 and 15°C) slowed the non-pathogenic
strains (Lopez-Joven et al., 2018a). Vibrio spp. related infections
were well correlated with temperature from 1992 to 2016,
however, the occurrence of Vibrio infections in 2015 was not
explained by the date. The 2015 incidence was regarded as the
probable effect of strain (subtype) and its compounding effect on
temperature (Galanis et al, 2020). Interaction between
temperature and salinity was also reported to affect the growth of
V. parahaemolyticus and V. cholerae. The abundance of V.
parahaemolyticus growth at 20 or 37°C was significantly affected
by interactions between temperature and salinity (0.05-0.5 M),
while a combination of low temperature and low salinity was the
least favourable for the bacteria (Gray and Muir, 1977). V.
parahaemolyticus prevalence was significantly different between
sampling sites and exposure time to certain temperatures and
salinity (Sullivan and Neigel, 2018). Clinical and environmental
strains of V. cholerae cultured at various temperatures (10, 15, 20,
and 25°C) and salinities (5, 15, 25, and 35%) also showed there
were interactions between temperature and salinity affected the
growth (Singleton et al., 1982). V. costicola grew at temperatures
between 4 to 37°C, however, optimum growth occurred at

different salinities throughout the temperature range (Adams
and Russell, 1992). Interaction between species/strain and site
was also reported to affect the growth of V. vulnificus. V. vulnificus
in Shellshock Oysters (C. virginica) harvested from various sites
with a temperature range of 27.8 to 31°C and held at temperatures
ranging from 24 to 28.3°C showed that the site significantly
affected MPN count which ranged from 300 to 5100 MPN/g
despite the small temperature variations (Cook, 1994). V.
vulnificus prevalence was also significantly different between
sampling sites and exposure time to certain temperatures and
salinity (Sullivan and Neigel, 2018). Other less common
interactions also affected the growth of Vibrio spp. were also
reviewed. For instance, V. alginolyticus cultured at various
temperatures (5-42°C), salinity (0.5-6% NaCl), and pH (4.5-12)
showed that compounding extreme conditions (e.g. low pH and
low salinity) inhibited its growth (Farid and Larsen, 1981).
Interaction between salinity and species/strain was reported to
affect the growth of V. anguillarum. A total of 9 serovars cultured
at various temperatures (20-37°C) and salinity (0.86-4% NaCl)
showed that strain type and salinity affected maximum growth
and tolerance to high temperature (Guérin-Faublée et al., 1995).
The growth stage/phase also affected V. cholerae O1 cultured at
various temperatures (6-30°C), salinities (8-32 ppt), and media.
The results showed that the high temperatures were beneficial
only in the early stage of growth, while long-term survival at
18°C was better than 30°C (McCarthy, 1996). V. parahaemolyticus
abundance in mussels was also affected by the interaction of
salinity and chlorophyll-a, while abundance in water samples was
affected by the combined effect of temperature and turbidity
(Julie et al, 2010). TnphoA transposon V. vulnificus strains
(different morphotypes) was cultured in Oysters (C. virginica)
and using different media and temperatures (0.5 to 24°C). The
results showed that the highest survival was observed at 5°C,
hence, the higher temperature didn't cause a higher V. vulnificus
count. The bacteria could resist a wider range of temperatures on
agar but not in the oyster, while inoculum size also affected the
growth (Murphy and Oliver, 1992). V. vulnificus cultured in
media with varying amounts of bacterioplankton (mainly
Nodularia spumigena) and temperature (12, 18, or 25°C) showed
interactions and the concentration of dissolved organic matter
significantly affected their growth more than temperature (Louis
et al., 2003). Growth of Vibrio spp. cultured in various media
compositions and temperatures (12, 18, or 25°C) showed that
maximum growth occurred at 18°C, while dissolved organic
matter maximized their growth (Eiler et al., 2007). Non-marine
Vibrio sp. Teb5al was able to tolerate a wide range of temperature
(4 to 49°C) and salinity (0 to 100 g/L). Survival and growth
depended on salinity and the ability to express various virulence
factors related to osmotic stress, motility, and antibacterial agents
(Gallardo et al., 2016).

The second most common factor was the genotype and
phenotype of tested strains such as species, strain, and
pathogenicity. Affected Vibrio species were V. alginolyticus,
V. anguillarum, V. cholerae, V. fischeri, V. marinus, V.
parahaemolyticus, V. salmonicida, and V. vulnificus. For example,
V. alginolyticus and V. parahaemolyticus cultured at 24°C showed
2 clusters in each species, one with a short generation time
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(12-14 hrs) and one with a long generation time (20-25 min)
(Horie et al., 1966). A total of 9 V. anguillarum serovars were
cultured at various temperatures (20-37°C) and salinity (0.86-4%
NaCl). The results showed that strain type affected maximum
growth and tolerance to high temperature (Guérin-Faublée et al.,
1995). V. cholerae cultured at 35 and 42°C showed that non-Ol
serogroup strains did not grow at 42°C (DePaola et al., 1987).
The abundance of V. cholerae serovars such as 0395, C6706, and
N16961 was also significantly different among those tested (Lipp
et al., 2003; Wu et al., 2016). Several V. fischeri strains grown at
various temperatures (12 to 32°C) and salinities (24, 32, and 38
ppt) showed that optimum growth conditions were different
among strains. V. fischeri ES114 preferred low salinity while V.
fischeri ET401 preferred higher salinity, while environmental
strains (ES114 & ET401) showed higher adaptability compared
to V. fischeri ATCC 7744 (Soto et al.,, 2009). A total of 3 V.
parahaemolyticus (T-3765-1, SB04-422, and ATCC 17802)
strains were cultured at various temperatures (-18 to 48°C) and
under various conditions (e.g. water-ethylene glycol bath) and
maintained in different media (fish homogenate or TSB) were
mainly affected by strain type (Covert and Woodburn, 1972).
Non-pathogenic V. cholera and V. parahaemolyticus grew faster
than pathogenic strains (Yoon et al., 2008; Fu et al., 2013). V.
parahaemolyticus cultured at 10 to 30°C and in different media
(broth or slurry) showed that strain (pathogenic and non-
pathogenic) and media both impacted the growth. Pathogenic
strains showed longer lag time and lower specific growth rates
when exposed to low temperature (10°C), while broth showed
higher growth than slurry (Yoon et al., 2008). Three strains of V.
parahaemolyticus were grown at various temperatures, salinity,
pH, and the salt type and the results showed that salinity had
the most effective in determining the survival of tested strains.
Mutant strains and the expression of toxR and rpoS (VP2553)
increased the resistance to extreme environmental conditions
(Whitaker et al., 2010). Pathogenic V. parahaemolyticus (JL 223)
isolated from Korean raw oysters (Crassostrea gigas) grew faster
than ATCC strain V. parahaemolyticus 33844 (Kim et al., 2012).
Strain and genotype significantly affected V. parahaemolyticus
ability to grow at various temperatures and salinities (Liu
et al.,, 2016). Pathogenic V. parahaemolyticus associated with
Jinjiang oyster (Crassostrea rivularis) were more susceptible to
lower temperatures (5 and 15°C) compared to non-pathogenic
strains, while their growth was maximized at 25 and 35°C
(Wang et al, 2018). More than 20 strains of V. salmonicida
(wild, type, and genetically modified) were cultured at various
temperatures (4-16°C). The results showed colony morphology
and ideal temperature for growth and biofilm formation were
different across strains. Wild-type strains preferred 12°C, while
litR mutant strains preferred 8°C (Hansen et al.,, 2014). Wild
and luxO mutant V. vulnificus were grown at 26 and 37°C
and the mutant grew faster than the wild-type strain at both
temperatures (Elgaml et al., 2014). Clinical strains of V. vulnificus
consistently produced more biofilm at 24°C than environmental
strains, while iron concentration increased biofilm formation
regardless of strain source (Cam and Brinkmeyer, 2020). Cell
type (translucent or opaque), growth phase (stationary or
logarithmic) and media (modified seawater yeast extract or

Heart Infusion Agar) affected the culturability and survival of
V. vulnificus (Biosca et al., 1996). Environmental and clinical
strains of V. vulnificus were cultured at different temperatures
(24-37°C), pH (5.5-8.5), and iron concentration (18-200 pM).
The results showed that pH affected environmental strains only
(Cam and Brinkmeyer, 2020). Other studies investigated the
effect of unidentified or unspecified species/strains. For instance,
a total of 69 Vibrio spp. were studied and clustered into 7 clusters
based on genotypic similarity. However, in terms of virulence,
only cluster 1 showed virulence, while all 22 strains in that cluster
were V. marinus (Benediktsdottir et al., 1998). In another study
of 118 Vibrio spp. Psychrotrophic strains, the results showed
there were 2 distinct ecotype strains, one with an optimum
temperature of 15 to 25°C and the other 20 to 30°C. These 2
ecological groups also had distinct adenylate concentrations and
energy charge patterns (Morii and Sarukawa, 2000). Growth of
69 Vibrio spp. At various temperatures (4 to 37°C) and salinities
(0 to 8%) showed that different strains preferred different growth
conditions (Benediktsdottir et al., 1998).

The third factor was the ecology surrounding tested strains
such as V. cholerae, V. parahaemolyticus, V. fischeri, V. shiloi, and
V. vulnificus. V. cholerae O1 cultured at various temperatures
(6-30°C), salinities (8-32 ppt), and media showed that ecological
competitions reduced the long-term survival of V. cholerae O1
strains compared to monoculture (McCarthy, 1996). V. cholerae
abundance was affected by environmental conditions such as
the presence of phytoplankton, which was positively correlated
to growth (Lipp et al, 2003). Different V. cholerae strains
colonizing or attached to shrimp carapace survived longer than
strains cultured in solution (Castro-Rosas and Escartin, 2005).
The presence of plankton in the culture increased the growth of
both Serovar O1 and non-O1/non-0139 V. cholerae (Alam et al.,
2006). The ability of V. fischeri to colonize and infect symbiont
organisms was affected by flagella-based motility (Karlsen et al.,
2008). Growth of V. parahaemolyticus on oyster slurry was slower
compared to growth in broth regardless of the temperature (Yoon
et al., 2008). V. shiloi was able to remain viable at 16 and 28°C in
laboratory culture conditions. However, in ecological conditions,
it did not survive 16°C in the presence of O. patagonica coral. This
indicated that the coral was able to produce metabolites to kill
the bacteria at 16°C, while morphological differences (size and
presence of flagellum) were also observed between laboratory
and ecological settings (Israely et al., 2001). V. vulnificus also
showed the importance of ecological factors as it did not grow
at temperatures below 20°C in its habitat, while in laboratory
cultures, it grew at temperatures ranging from 13 to 42°C (Kelly,
1982). V. vulnificus is endogenous to Oysters (C. virginica) and
behaved differently compared to laboratory-grown V. vulnificus
and it could not compete with the microflora in and colonize the
oyster host (Kaspar and Tamplin, 1993).

The fourth most common factor was the physicochemical
parameters such as salinity and pH which affected the growth of
V. anguillarum, V. marinus, V. parahaemolyticus, V. salmonicida,
and V. vulnificus. A total of 9 V. anguillarum serovars were
cultured at various temperatures (20-37°C) and salinity (0.86-
4% NaCl). The results showed that salinity affected maximum
growth and tolerance to high temperatures (Guérin-Faublée
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et al,, 1995). Salinity also reduced the V. marinus resistance to
temperature (Morita and Albright, 1968). V. parahaemolyticus
strains (T-3765-1, SB04-422, and ATCC 17802) grown at various
conditions (temperatures, salinity, additives, etc) showed that at
certain salinities almost all strains could not grow (Covert and
Woodburn, 1972). V. salmonicida was flagellated, more motile,
and showed higher flagellin (flaA, flaB, flaC, flaD, flaE, and
flaF) gene expression at higher salinity (2.5%) compared to low
salinity (7.5%) (Karlsen et al., 2008). V. vulnificus was grown at
salinities ranging from 0.5 to 10.5% NaCl concentration and
showed that it was able to grow at 0.5 to 6.5% NaCl, while its
optimum salinity was 1-2% (Kelly, 1982). In another study, V.
vulnificus could not survive salinities greater than 25 ppt (Kaspar
and Tamplin, 1993). Water activity which is related to salinity
was also reported to affect growth in several studies. Water
activity and salinity also affected lag period, growth rate, and
total cell number of V. parahaemolyticus (Beuchat, 1974). Four
V. parahaemolyticus strains cultured at 5-50°C and water activity
(0.936-0.995) showed that growth was significantly affected by
strain type with 38.349 showing the highest growth. The bacteria
were water activity-dependent and also could not grow in upper
and lower limits of temperature (< 10 and > 48°C) (Miles et al.,
1997).

The fifth factor (pH) was less common compared to salinity/
water activity but it significantly affected the growth of V.
anguillarum, V. cholerae, V. parahaemolyticus, V. salmonicida, and
V. vulnificus. V. salmonicida and V. vulnificus flourished at a very
small pH range ( £ 2-3), V. cholera while tolerated pH ranging
from 5.2 to 9.2 (Wang and Gu, 2005). V. anguillarum cultured
at various temperature (0-30°C), salinity (0.5-4% NaCl), and
pH (5-9) showed that it was only able to grow in certain ranges
(e.g. pH 5.5- 8.5) (Olafsen et al., 1981). V. anguillarum cultured
at various pH (6-9) showed that the bacteria could not grow at
pH 6 (Larsen, 1984). Different V. cholerae strains survived longer
in 1.5 pH than 2.5 (Castro-Rosas and Escartin, 2005). A total of
6 V. parahaemolyticus strains (107914, 8700 04:K11, 284-72, O,
T-3765-1 03:K7 and 4750 02:K3) at various temperature (5 to
30°C) salinities (3 or 7%) showed that almost all strains were able
to grow at all condition but at different pH (Beuchat, 1973).

Several other parameters that directly or indirectly affected
the growth were also reported in reviewed articles. Yeast
extract, peptone concentration, NaCl concentration, and oxygen
availability significantly affected the growth of V. alginolyticus
(Horie et al., 1966). Iron sequestration was also shown to be a key
virulence factor in V. anguillarum and V. vulnificus (Colquhoun
and Serum, 2001). V. anguillarum subjected to iron limitation
led to upregulated production of LPS, hemolysins, lysozyme,
siderophores, and other virulence factors (Lages et al., 2019).
Growth of V. anguillarum and V. salmonicida was found to
depend on the form of media where results obtained in broth
were slightly different (<10°C) than agar (Colquhoun et al,
2002). The ability of V. anguillarum and V. cholerae to colonize
and infect symbiont organisms was affected by flagella-based
motility (Karlsen et al., 2008). The physiological state (growth
phase) had a greater effect than temperature and salinity on V.

cholerae conversion from non-O1 to O1 serogroup (Montilla
etal., 1996). V. cholerae cultured in media with varying amounts
of bacterioplankton (mainly N. spumigena) and temperature (12,
18, or 25°C) showed that only the concentration of dissolved
organic matter significantly affected their growth (Louis et al.,
2003). V. cholerae prevalence was significantly different between
sampling sites, while exposure time, temperature, and salinity also
had effects (Sullivan and Neigel, 2018). V. cholera AN59 growth
varied by up to 100-fold depending on initial inoculum size (2 to
10° CFU/ml™) as well as the media used (ASW or spent ASW)
(Debnath et al., 2019). Inoculum size and iron concentration
also significantly affected growth, cell density, and siderophore
production in V. salmonicida 1193/87 (Colquhoun and Serum,
2001). Chemical oxygen demand (COD) tested at 5 to 40 mg
1-1 significantly and positively correlated to V. cholera growth
by maximizing growth rate and cell density (Fu et al.,, 2013).
Starvation was also shown to induce VBNC state in V. fischeri and
V. harveyi at the temperature between 4°C and 22°C (Vattakaven
etal,, 2006). V. coralliilyticus infections depended on many factors
such as the simultaneous expression of several virulence factors
(e.g. flagellar, secretion, and quorum sensing) (Kimes et al.,
2012). Total Vibrio and total V. parahaemolyticus abundance in
water, shrimp, fish, and seagrass was significantly affected by the
sampling site despite the site having similar temperatures (27 and
31°C) and salinity (28 to 34%) (Kaneko and Colwell, 1974). The
prevalence of pathogenic (tdh+) V. parahaemolyticus was higher
in enriched media compared to direct plating (Cook et al., 2002).
Even though V. parahaemolyticus generally preferred higher
temperature, the positive effect of temperature up-shift was
eliminated by the growth phase where only Vibrio spp. in the
stationary phase preferred the temperature up-shift (Nishino and
Kogure, 2003). Environmental and clinical strains of V. vulnificus
were cultured at different temperatures (24-37°C), pH (5.5-8.5),
and iron concentration (18-200 uM) showed that iron availability
and concentration were positively correlated to biofilm formation
(Cam and Brinkmeyer, 2020).

Extremophiles Vibrio spp.

(grow at <10°C or/and >35°C)

Several Vibrio species were found to be able to grow in high
temperatures (=35°C) and could be species of concern in this
global warming era. Hence, these species were compiled for future
reference and policymaking. These species were V. alginolyticus,
V. cholerae, V. fischeri, V. marinus, V. parahaemolyticus, and
V. vulnificus. Among these, V. cholerae, V. parahaemolyticus,
and V. vulnificus were also able to grow <10°C. Other cold-
resistant that could grow at <10°C species were V. anguillarum,
V. fischeri, V. salmonicida, V. shiloi, V. splendidus, and V.
tasmaniensis (Figure 3). One study reported that V. alginolyticus,
V. anguillarum, V. damsela, V. fluvialis, V. harveyi, V. ordalii, V.
parahaemolyticus, V. splendidus, and V. vulnificus were also able
to grow at temperature >37°C, however, growth curves were not
provided (Benediktsdottir et al., 1998) (Figure 4). The overall
findings of this systematic literature review are summarized in
Supplementary Figure 1.
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FIGURE 4 | Prevalence of Vibrio spp. at various temperatures in reviewed articles. AL, V. alginolyticus; AN, V. anguillarum; CH, V. cholerae; CO, V. coralliilyticus; CS:

V. costicola, CR: V. crassostreae, Fl: V. fischeri, HA: V. harveyi, MA: V. marinus, PA: V. parahaemolyticus, SA: V. salmonicida, SH: V. shiloii, SP: V. splendidus, TA, V.
tasmaniensis; VU, V. vulnificus; spp.:Unidentified Vibrio species.

THERAPEUTIC STRATEGIES FOR Phage therapy is another vibriosis control approach with
VIBRIOSIS-RELATED INFECTIONS a narrow spectrum activity that was successful, particularly

for the aquaculture industry. Previous studies reported the
Vibrio spp. have been the causative agents for vibriosis diseases  efficacy of vibriophages against key vibrio pathogens such as V.
such as cholera and food poisoning in the past. These infections  parahaemolyticus, V.campbellii,and V. alginolyticus. Vibriophages
are expected to be a major disease in the future as well. Hence,an ~ have the ability to selectively recognize and inhibit Vibrio species
overview of therapeutic strategies against Vibrio spp. is discussed ~ or even certain strains (Dubey et al.,, 2021; Lomeli-Ortega et al,,
below. There are several antimicrobial agents that can inhibit ~ 2021). Vibriophage KVP40 was also found to infect numerous
or kill Vibrio spp. such as antibiotics. In a 2015 survey, out of  Vibrio spp. including V. anguillarum, V. parahaemolyticus, V.
8056 cases of cholera and other vibrio illness in humans, 5243  harveyi, and V. cholerae, while the mechanism of action was
(~65%) were prescribed antibiotics. Quinolones accounted for ~ reported to via attacking the outer membrane protein K (OmpK)
56% of these antibiotic prescriptions and were the only class  (Tanetal, 2015).
that significantly reduced mortality. Other antibiotics prescribed Inhibition of quorum sensing (QS) which is critical in
included cephalosporins and tetracyclines, while penicillins were ~ coordinating the expression of certain genes is another
the least effective (Wong et al., 2015). A 10 years retrospective  therapeutic approache that is not well explored. Inhibiting
study on humans reported that cephalosporins and tetracyclines  these cell-to-cell communications between bacteria was found
were used initially to treat the potentially fatal V. vulnificus,  to be key in controlling vibriosis. For example, furanones were
while additional antibiotics were prescribed based on antibiotic =~ proposed as a promising treatment for luminescent vibriosis in
resistance patterns. Another study recommended doxycycline  aquaculture (Huzmi et al., 2019).
combined with 3¢ generation cephalosporins (Cai et al., 2021). The use of natural products in aquaculture as antimicrobial
Bacteriocins are ribosomally synthesized peptides secreted by  agents is also becoming increasingly popular because they are
various bacterial strains to kill closely related species (Sheikh ~ more eco-friendly than conventional antimicrobials which are a
et al, 2022). Numerous bacteriocins and bacteriocins-like- threat to animals, humans, and the ecosystem health (Schar et al.,
inhibitory substances were found to inhibit Vibrio spp. while  2020). Natural products such as postbiotics (mainly Lactic acid)
presenting a lower risk of resistance. Recently, bacteriocins  and essential oils (eugenol and thymol) have also been found to
isolated from Vibrio spp. (called vibriocin) showed effective and ~ be effective against Vibrio spp. For example, eugenol and thymol
narrow-spectrum activity against numerous Vibrio spp. More  inhibited the growth of V. parahaemolyticus strains (KCTC 2729,
critically, vibriocin was effective against pathogenic strains such ~ ATCC 17802, ATCC 27969 and ATCC 33844) and V. harveyi
as V. alginolyticus, V. harveyi, and V. parahaemolyticus (Sheikh ~ ATCC 1118 (Toushik et al., 2022).
et al., 2022). Bacteriocin isolated from tiger shrimp Penaeus Despite Vibrio spp. being a significant threat to animals and
monodon was also effective against pathogenic V. alginolyticus ~ humans, there are numerous therapeutic strategies for vibriosis-
(Feliatra et al., 2018). Another antimicrobial peptide produced by  related infections. However, more research is needed to optimize
Bacillus paralicheniformis inhibited V. harveyi (Choyam et al., 2021).  these treatments for humans and animals, as well as for each species.
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CONCLUSION

Vibrio spp. were able to grow at a wide range of environmental
conditions such as temperatures, salinities, and pH which
could lead to its dominance in the environment. However, the
review hypothesized that only certain thermostable Vibrio
spp. are positively impacted by the increase in temperature.
This hypothesis was validated by reviews as 47% of the articles
reported that the increase in growth was due to an increase in
temperature, while 38% reported that the increase in growth was
multifactorial. Reduced growth (6%) and no effect (9%) were
also reported. The temperature outside its optimum ranges also
caused Vibrio spp. to evolve and change its metabolic activities,
increase the expression of virulence genes and shorten generation
time. These factors improved the ability in colonizing new
hosts such as phytoplanktons, zooplanktons algae, crustaceans,
and fish. Vibrios were also able to survive starvation by going
into VBNC state for very long periods (>150 days) and then
recovering their growth when favourable conditions such as
high temperature occurred. In terms of research questions, the
first research question in this review article was whether all
Vibrio spp. flourish and become virulent at higher temperatures.
Based on the 15 species in the reviewed articles, the answer is
no. Several species were not able to grow at > 37°C, namely, V.
salmonicida, V. anguillarum, V. splendidus, V. coralliilyticus,
V. crassostreae, V. fischeri, V. harveyi, V. marinus, V. shiloii and
V. tasmaniensis. However, these species were found to be
pathogenic at lower temperatures. The second research question
aimed at identifying which Vibrio spp. pose a significant threat
to humans and animals in the era of global warming. Vibrio
spp. that grew well at > 37°C were V. alginolyticus, V. cholerae,
V. costicola, V. parahaemolyticus and VU: V. vulnificus. Based
on the pathogenicity of these Vibrio spp., the species that pose
the highest risk to humans and animals are V. alginolyticus, V.
cholerae, V. parahaemolyticus and V. vulnificus. Efforts to combat
global warming are needed and being carried out for long-term
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