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ABSTRACT Members of the genus Vibrio are known to
interact with phyto- and zooplankton in aquatic environments.
These interactions have been proven to protect the bacterium
from various environmental stresses, serve as a nutrient source,
facilitate exchange of DNA, and to serve as vectors of disease
transmission. This review highlights the impact of Vibrio-
zooplankton interactions at the ecosystem scale and the
importance of studies focusing on a wide range of
Vibrio-zooplankton interactions. The current knowledge on
chitin utilization (i.e., chemotaxis, attachment, and degradation)
and the role of these factors in attachment to nonchitinous
zooplankton is also presented.

INTRODUCTION

Bacteria in the genus Vibrio are natural inhabitants of
aquatic environments. They are found in freshwater,
estuarine and marine environments and are present in
the benthos and in the water column. As a result, Vibrio
spp. interact with higher organisms within the aquatic
biosphere. Interactions of Vibrio spp. with representa-
tives of the zooplankton community are of particular
interest as these zooplankton have been proven to pro-
tect attached Vibrio spp. from various environmental
stresses, serve as a nutrient source, facilitate exchange
of DNA, and to serve as vectors of disease transmission
(e.g., 1,2, 3,4,5).

Vibrio spp. have been found to be associated with
many higher organisms including fish (6), corals (7),
sponges (8), hydroids (9), crabs (10), mollusks (11), and
protozoa (12) (for a review of reservoirs for Vibrio
cholerae see reference 13). Despite the majority of these

associations being benign or beneficial, the majority of
current research usually focuses on pathogenic Vibrio
spp. For example, Vibrio parahaemolyticus, Vibrio
vulnificus, and V. cholerae cause severe human diseases
such as diarrhea, septicemia, and cholera (e.g., 14, 15,
16), while Vibrio coralliilyticus and Vibrio tubiashii are
causative agents of disease in commercially and ecolog-
ically important organisms such as oysters and corals
(e.g., 17, 18).

As common bacterioplankton in aquatic environ-
ments, Vibrio spp. interact with planktonic animals
(zooplankters) of many different phylogenetic affilia-
tions and with different surface characteristics and com-
positions. The numerous adaptations that have evolved
in Vibrio spp. that allow for surface colonization and
intracellular associations with individual zooplankters
reflect the diversity of zooplankton. The best-studied
association of a Vibrio sp. with zooplankters is that
of V. cholerae and crustaceans such as copepods. The
role of zooplankton in cholera transmission is well
established, as is the role of chitin as a carbon source
for Vibrio spp. in the oligotrophic environment of the
oceans (e.g., 4, 19, 20, 21).
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To understand better which environmental factors
promote the persistence of these microorganisms in
the environment, it is necessary to understand their
ecological niche, including interactions/adaptations that
may lead to disease events. In this review, we present
current knowledge on the interactions of Vibrio spp.
with higher organisms. We also review the impact of
Vibrio-zooplankton interactions at the ecosystem scale
and highlight the importance of studies focusing on a
wide range of Vibrio-zooplankton interactions, with a
focus on recently published studies (within the last
5 years). The current knowledge on chitin utilization
(i.e., chemotaxis, attachment, and degradation) and the
role of these factors in attachment to nonchitinous
zooplankton is also presented.

ECOLOGICAL INTERACTIONS OF
VIBRIO SPP. WITH ZOOPLANKTON

The interactions of zooplankton and Vibrio spp. on a
global and/or ecosystem scale are influenced by many
different abiotic and biotic factors such as temperature,
salinity, nutrients, and competing or predatory orga-
nisms. Just as Vibrio spp. have different niche prefer-
ences, there are many zooplankters that, although they
share certain characteristics, occupy very diverse niches.
To begin to understand the complex and diverse in-
teractions of zooplankters and Vibrio spp. it is impor-
tant to identify the different groups that comprise the
zooplankton.

Zooplankton Taxa
Plankton are biota suspended in a water body and
although some are able to swim, they are not able to
move against water currents (22). In general, plankton
consists of microscopic to macroscopic organisms of all
trophic levels. Their sizes range from the micrometer
scale to centimeters. Plankton includes organisms as
small as phages and other viruses (<0.2 pm, femto-
plankton), bacteria (0.2 to 2 um, picoplankton), and
nano-flagellates (2 to 20 um, nanoplankton). Larger
plankters include flagellates and ciliates (20 to 200 um,
microplankton), rotifers, nauplii larvae, fish larvae, and
copepods and cladocerans (0.2 to 20 mm, mesoplank-
ton) of which many are visible to the naked eye (23). All
planktonic organisms that are able to carry out photo-
synthesis to generate energy, such as autotrophic protists
and cyanobacteria, are referred to as phytoplankton.
These planktonic communities are interconnected by
complex and diverse bottom-up and top-down controls.
Nutrient availability, temperature, intra- and interspecies

competition and predation shape the planktonic com-
munity from the smallest viruses to larger organisms
(such as jellyfish or cladocerans) and also impact the
larger nekton communities (organisms that can swim
against the current). All planktonic bacteria recycle nu-
trients by feeding on dissolved and particulate organic
matter (DOM and POM, respectively) from exudates of
phytoplankton, nutrients released by “sloppy feeding”
of predators or exoskeletons of chitinous zooplankton
(24) (Fig. 1). Many bacteria, including most Vibrio spp.,
are chitinolytic, that is, they are able to obtain their
nitrogen (N) and carbon (C) by degradation of chitin
(2, 25).

The term zooplankton includes a large collection
of heterotrophic groups, including but not limited to
crustaceans such as copepods, water fleas (Daphnia
spp.) and brine shrimp (e.g., Artemia spp.), nauplius
larvae, rotifers, heterotrophic protists, and jellyfish
(Fig. 2). Freshwater, coastal, and marine water zoo-
plankton communities differ in some respects but most
zooplankton taxa appear everywhere, just in different
abundances (22). The most important zooplankters in
these environments are protists and crustaceans such
as copepods and cladocerans. Many invertebrates, such
as annelids and chaetognaths, and the larvae of fish,
echinoderms, mollusks, and arthropods, are also abun-
dant members of the zooplankton community.

The smallest representatives of the zooplankton
community are flagellates, amoebae, and ciliates. These
heterotrophic protists, or protozoa, are an important
part of the planktonic community (Fig. 2D). These uni-
cellular, eukaryotic organisms are essential components
of the microbial loop, and thus, are necessary for nu-
trient recycling and for controlling and shaping bacterial
abundances in pelagic environments (26). Vibrio spp.
have been shown to interact with flagellates, ciliates
and amoebae in attached as well as in suspended com-

Representatives of the phylum Rotifera are found
mostly in freshwater environments, with some occurring
in brackish water and only 100 taxa that are exclusively
marine (Fig. 2E) (22). These small (100 to 500 um) meta-
zoans prey on protozoans, bacteria, yeasts and micro-
algae and they are themselves preyed upon by larger
plankton (32). Brachionus spp. play an important role in
Vibrio spp. ecology in Bangladesh, where the presence of
this rotifer was significantly correlated with the presence
of toxigenic strains of V. cholerae and with outbreaks of
cholera (33).

Representatives of the phylum Arthropoda are the
most abundant taxa of the zooplankton. Although
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FIGURE 1 Food web interactions of planktonic organisms. Bacteria take up dissolved
and particular organic matter (DOM and POM, respectively). Heterotrophic protists ingest
bacteria within the planktonic environment and are themselves preyed upon by larger
predatory protists and metazoans. Carcasses and fecal matter of these organisms con-
tribute to the DOM and POM bacteria utilize as nutrients. Black arrows indicate direct up-
take for nutrients; gray arrows indicate contribution to the pool. doi:10.1128/microbiolspec

VE-0003-2014.f1

spending only part of their life in water (i.e., mero-
planktonic), the larvae and eggs of some insects are
important components of the planktonic community of
fresh and brackish water; chironomids, or nonbiting
midges, may be the most abundant insects in these
environments (34). Their eggs are covered in a gelati-
nous mass, which can span a large area near the shore.
In marine, as well as fresh and brackish water, the
crustacean subclass of Copepoda and the order of
Cladocera are the best-known representatives of the
chitinous zooplankton. Although formerly classified as
its own taxon, nauplii larvae are now known to be the
larval stages of some crustaceans such as krill (22).

The crustacean class of copepods consists of roughly
10,000 species. These organisms can reach such high
numbers in the plankton that they are probably the most
abundant metazoan group on earth (22, 35) (Fig. 2B).
There are 10 taxonomic orders of which nine are present
in marine environments. The three major groups are the
Calanoida, Cyclopoida and Harpacticoida, having an
average size range of 1 to 2 mm. Copepods are generally
more abundant in coastal and upwelling areas, and
many are also found in sediment. Because copepods
have on average five nauplii stages and molt on average
a further five times from copepodite to the adult form,
they produce a massive amount of chitin. Copepods play
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Glycolipids, gelatinous soft exterior

FIGURE 2 Common zooplankters with which Vibrio spp. interact. Vibrio spp. (especially
V. cholerae) colonize crustaceans, such as cladocerans (A), copepods (B), and ostracods
(C). Vibrio spp. have also been shown to interact with gelatinous and soft tissue zoo-
plankters, and protozoa (D; i. ciliate, ii. flagellate, iii. amoeba), rotifers (E), chaetognaths
(F), chironomids (G; i. adult, ii. egg masses), echinoderm pluteus larvae (H) , nauplius larvae

images are not to scale. doi:10.1128/microbiolspec.VE-0003-2014.f2

an important role in the ecosystem as they graze on
phytoplankton and smaller zooplankton and are them-
selves preyed upon by fish larvae (Fig. 1).

Cladocera is a suborder of the crustacean class
Brachinopoda (Fig. 2A) (22). Their body shape can vary

greatly but most have a flattened appendage (36). While
they are mostly found in freshwater, there are also ma-
rine groups and some that tolerate high salinity. Their
habitat is mostly the plankton of lakes and ponds where
they are important links in the food web as they prey on
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bacteria and protists, and thus, transport nutrient up to
higher trophic levels (Fig. 1). The cladocerans have an
average size of 1 to 2 mm with some growing up to 5 to
6 mm in length.

Bacterial Attachment to Zooplankton:
a Mechanism for Dispersal
As mentioned above, it is well established that bacteria,
including vibrios, are able to attach to zooplankton (37).
In particular, the chitinous zooplankters and their fecal
pellets are hot spots of microbial activity in oligotrophic
environments (38). Attachment to zooplankton can protect
bacteria from various stresses, including high tempera-
tures, UV and biocide treatments used for sanitation pur-
poses, that suspended bacteria may not survive (25, 39).
Grossart et al. (40) referred to bacteria as “hitch-
hikers” that use the larger zooplankton for fast dispersal.
Many zooplankters use diurnal vertical migration to
avoid predation pressure (41), and thus, bacteria that
attach to these zooplankters can disperse in the water
column much faster than on their own accord (40). In
Chesapeake Bay, USA, genetically diverse V. cholerae
were found at the same sampling site, whereas geneti-
cally identical V. cholerae were found at multiple sites
(42), which the authors suggested was due to bacteria
being transported by water currents. As plankton orga-
nisms cannot move against currents, the “hitchhiker”
hypothesis would be consistent with the observed dis-
tribution of V. cholerae and it is plausible as a dispersal
strategy for Vibrio spp. At the same location, Heidelberg
et al. (43) used fluorescent oligonucleotide direct counts
to investigate the seasonal variation of bacteria attached
to zooplankton. Up to 40% of the bacterial cells in the
water column were attached to various zooplankton
taxa and reached 9.6+23.3x10° bacteria per zooplankter
(43). Interestingly, there was no correlation between bac-
terial taxa having the highest abundances in the water
column and those that were attached to the zooplank-
ton. Chironomid adults, larvae, and their gelatinous egg
masses have been shown to harbor non-O1/non-0139
V. cholerae cells (44, 45). Adult chironomids that were
captured in the air were found to carry V. cholerae, and
thus, may play a role in the dispersal of this bacterium
from one body of water to another. Although only non-
cholera causing serogroups were identified, the potential
for dispersal of O1/0139 strains of V. cholerae should
not be underestimated.

Interactions of Vibrio spp. with Zooplankton
V. cholerae, the causative agent of cholera, a disease that
is still at epidemic proportions in many countries where

Interactions of Vibrio spp. with Zooplankton

seasonal outbreaks of cholera occur, is also known to
attach to zooplankton. Thus, zooplankton may act as a
vector for toxigenic strains, enhancing disease trans-
on the interactions of Vibrio spp. with different zoo-
plankton taxa and the reasons for the increase in Vibrio
abundances that occur with changing zooplankton
community composition, as well as in response to en-
vironmental parameters such as temperature and salin-
ity. Strong correlations between the occurrence of Vibrio
spp. and temperature, salinity, chlorophyll 4, rainfall,
and dissolved oxygen have been reported repeatedly (51,
have significant potential for the use as early warning
and monitoring systems to predict outbreaks of cholera.

Since Colwell and colleagues first described the in-
teractions of Vibrio spp. and copepods in the 1970s,
studies have focused on the ecology of O1 and O139
V. cholerae (19, 51, 58). The correlation between phyto-
and zooplankton blooms and cholera outbreaks is now
well established [for a recent review on V. cholerae
interactions with chitinous zooplankton, see Pruzzo
et al. (59)]. Here we will review more recent literature
on V. cholerae (toxigenic and nontoxigenic) interactions
with zooplankton.

V. cholerae 01/0139

Crustacean zooplankton, such as copepods and cladoc-
erans, are acknowledged reservoirs of V. cholerae in the
environment between cholera epidemics (19, 47, 60, 61).
The correlation of zooplankton blooms and subsequent
cholera epidemics in coastal areas in Bangladesh is well
recognized (19, 62, 63). For example, in Bakerganj,
Bangladesh, a one log increase in copepod counts was
positively associated with cholera cases in three of the
four surveillance areas while total counts of phyto-
plankton were not correlated (48).

In 1996, Huq et al. (4) demonstrated that filtering
water through a sari that was folded four times removed
99% of V. cholerae cells from the water. This simple
method removed the planktonic organisms larger than
20 pm in size (zooplankton and colonial phytoplank-
ton), along with their epibiotic microbial communities;
thus, the infectious dose for cholera was not reached.
This method was tested in an extensive field trial in
Matlab, Bangladesh, to see whether the women respon-
sible for cooking and collecting drinking water would
use this method, and whether the incidence of cholera
could be reduced. The study, lasting 3 years and in-
volving 65 participating villages, demonstrated that by
filtering the water, cholera cases were reduced by 48%
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(47). In a follow-up study 5 years later, 31% of the in-
terviewed women who participated in the previous study
were still filtering the water, thereby protecting them-
selves directly and their neighbors indirectly by reducing
the overall cases of cholera in the region (49).

In Bakerganj and Mathbaria, Bangladesh, it has been
reported that V. cholerae was significantly associated
with certain members of the zooplankton community
(33). The sampling sites were manmade ponds that were
heavily used by villagers in the surrounding area for
drinking water and other domestic uses. The dominant
zooplankton groups, rotifers (34%), nauplii (29.5%),
and copepods (22.6 %), were repeatedly associated with
V. cholerae detection and cholera cases. In Mathbaria,
the rotifer Brachionus angularis was found to be sig-
nificantly associated with the occurrence of V. cholerae
0139 and with the gene encoding a cholera toxin
subunit, ctxA, after a lag of 2 weeks, as well as with
V. cholerae O1 and ctxA, after a lag of 4 weeks. Of the
clinical cases of cholerae, 92% were due to V. cholerae
O1 strains and 8% to O139 strains. The presence of this
rotifer was significantly associated with the occurrence
of cholera caused by V. cholerae O1 in both Mathbaria
and Bakerganj. In Bakerganj, all cholera cases were
caused by O1 V. cholerae and no O139 strains were
detected in any of the clinical or zooplankton samples. In
addition, in Bakerganj, the presence of the cladocerans
Moina spp. and Diphanosoma spp. were correlated to
incidences of cholera caused by V. cholerae O1 strains.
The authors suggested that the monitoring of these
zooplankton species might be useful for prediction of
potential cholera outbreaks (33).

In microcosm experiments, V. cholerae O1 survived
for 7 weeks in estuarine water collected from Mathbaria
(50). In microcosms supplemented with chitin chips,
V. cholerae O1 grew actively for up to 6 months,
with the microcosms becoming turbid due to bacterial
growth. In addition, chitin flakes were heavily colonized
by matrix-enclosed biofilms of V. cholerae O1. These
bacterial cells remained metabolically active even in
highly acidic environments (pH 1.6 to 1.8), demon-
strating that biofilm-associated cells were highly resis-
tant to acid stress. This fact may further exacerbate
outbreaks of cholera as cells attached to chitinous zoo-
plankton would be resistant to digestion in the human
gut due to enhanced acid tolerance.

Although often not detectable by culturing methods
due to entry into the viable but nonculturable (VBNC)
state (51), molecular techniques have demonstrated that
V. cholerae is abundant in interepidemic periods in areas
where cholera is endemic. In recent years, studies have

shown that even in areas where cholera appears spo-
radically, or in areas where there is no history of cholera
epidemics, V. cholerae is a natural component of the
microbiota (64, 65, 66). In a large-scale study of bacteria
attached to zooplankters in Chesapeake Bay, Heidelberg
et al. (43) found that V. cholerae, V. mimicus, and
V. vulnificus comprised the largest fraction of attached
Vibrio and Photobacterium species.

Rawlings et al. (61) demonstrated that even within
one species of Vibrio, there may be differences in pref-
erences of taxa of zooplankters that are used for
attachment. It was observed using microcosm experi-
ments that V. cholerae O1 El Tor and O139 Bengal
strains attached differentially to two different copepods
(Acartia tonsa and Eurytemora affinis). These copepods
were the dominant species in Chesapeake Bay (67) and
were abundant in the Bay of Bengal. Other studies have
shown that V. cholerae is often associated with A. tonsa
(19, 65, 68). Although these two copepods both belong
to the order Calanoida they have different life cycles
and physical properties. E. affinis is demersal (attaches
to substrates) and planktonic at different stages of its
life cycle, whereas A. tonsa is holoplanktonic (plank-
tonic for its entire life cycle). One study demonstrated
that both V. cholerae O1 and O139 strains attached
in higher abundances to A. tonsa than to E. affinis,
while V. cholerae O1 attached in higher abundance
than O139 to both copepods. The authors suggest
that this may explain the dominance of V. cholerae O1
over 0139 strains in cholera cases in rural areas of
Bangladesh (61).

A. tonsa was shown to harbor VBNC V. cholerae in
estuarine and marine regions in Argentina (68), and
these VBNC cells reverted to the pathogenic state under
favorable conditions. In estuarine and coastal regions
in Mexico, V. cholerae O1 but not Q139 strains were
positively correlated with A. tonsa (65). Interestingly,
V. cholerae was not detected in sewage but only in
samples from sewage free environments, supporting
the suggestion that natural nonpolluted water is the
environmental reservoir of V. cholerae (69). Similarly,
V. cholerae was detected off the coast of Peru (70),
where A. tonsa was identified in the zooplankton frac-
tions; however, no correlation between specific zoo-
plankton taxa and the occurrence of V. cholerae could
be verified. The authors also noted that although
V. cholerae attached to zooplankton, the highest abun-
dance, as detected by direct fluorescent antibody assay
(DFA), were suspended in the water column, which is in
accordance with Louis et al. (71) and Heidelberg et al.
(43).
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While the majority of the zooplankters that harbor
V. cholerae are chitinous crustaceans, there are reports
of V. cholerae associating with nonchitinous zooplank-
ters. For example, V. cholerae O1 was shown to be as-
sociated with nonchitinous zooplankters in estuarine
and continental shelf environments off the Brazilian
coast and was detected on planktonic fish eggs, chae-
tognaths and pluteus larvae of echinoderms, as well as
with crustaceans such as the cladocerans, Penilia avirostris,
Pleopis schmackeri, and Pseudevadne tergestina (66).

V. cholerae non-O1/non-0139

Most studies on the ecology of V. cholerae have focused
on toxigenic O1 and O139 serogroups, while less is
known about the ecology of non-O1/non-O139 strains,
even though these strains are known to cause diarrhea
and wound infections (72, 73). In Neusiedler See, a large
recreational freshwater lake in Austria where non-O1/
non-0139 infections have increased in recent years, the
occurrence of non-O1/non-0O139 V. cholerae was ana-
lyzed in relation to several environmental determinants
(74). Zooplankton biomass and temperature were sig-
nificantly correlated with the occurrence of V. cholerae.
To investigate the impact of zooplankton on V. cholerae
numbers in Neusiedler See, the authors used the two
dominant crustacean zooplankters, the copepod Arcto-
diaptomus spinosus and the cladoceran Diaphanosoma
mongolianum incubated in microcosms with non-O1/
non-0139 V. cholerae and a natural mixed bacterial
community (64). Surprisingly, and contrary to other
studies, the copepods had a significant negative impact
on V. cholerae non-O1/non-0O139 growth rates and
growth yield compared to the copepod free controls.
The highest abundance of V. cholerae in association
with copepods was 7x10° non-O1/non-O139 bacteria
per copepod. Conversely, the cladocerans had a positive
impact on non-O1/non-O139 V. cholerae abundance,
as the number of V. cholerae cells increased 1.5 orders
of magnitude in cultures with cladocerans and growth
rates approximately doubled. Abundance of bacterial
biomass increased to 77x10* V. cholerae non-O1/non-
0139 per cladoceran with on average 100 times
more V. cholerae attached to the cladoceran than to the
copepod.

One characteristic that differs between these zoo-
plankton taxa is their lifestyle. While A. spinosus appears
year round and shows no significant correlation with
temperature, D. mongolianum appears in higher num-
bers in the warmer summer months and its occurrence
is significantly correlated with increased temperature.
The seasonal pattern of V. cholerae occurrence and

Interactions of Vibrio spp. with Zooplankton

correlation with increased temperature and the high
abundance of V. cholerae on the cladoceran suggest an
important correlation between these two organisms. The
presence of a competing bacterial community from the
same environment had a significant negative effect on
V. cholerae non-O1/non-0O139 growth rate and yield.
When the growth of a V. cholerae non-O1/non-0139
strain from a different source was tested under the same
conditions, the native Neusiedler See strains grew faster
with competitors indicating that native strains have a
competitive advantage over nonnative strains (64).

In a 2-year study in Chesapeake Bay, Zo et al. ex-
amined environmental determinants for luminescent
V. cholerae strains isolated from the environment (75).
Of 278 strains isolated, 136 carried the luxA gene and
expressed luminescence, suggesting this to be an im-
portant environmental trait. Luminescence was found
to be significantly correlated with the presence of a
heat-stable enterotoxin and highly seasonal, correlating
with environmental parameters such as tempera-
ture, chlorophyll a, pH, and salinity. The luminescent
V. cholerae population was shown to be affected by
the species-level composition and maturity of the zoo-
plankton population.

Noncholera Vibrio spp.
Modern molecular methods make it possible to examine
large numbers of environmental samples for microbial
abundance, community composition, and diversity. In a
recent 1-year study in coastal waters off Georgia, USA,
viable counts of vibrios in plankton samples of two size
fractions (63 to 200 um and >200 pm) were determined
and it was shown that seasonal changes in the zoo- and
phytoplankton community were significantly correlated
with culturable Vibrio numbers (52). In both plankton
fractions, the abundance of copepods was significantly
correlated with Vibrio spp. abundance. In the >200 um
fraction, the association was positive, whereas in the
63 to 200 pum fraction, the correlation between copepods
and Vibrio spp. numbers was negative. The authors sug-
gest that this may reflect differences in zooplankton life
stages. As crustacean zooplankton go through at least
four molting stages, many zooplankters in the smaller
fraction were in younger larval stages. These peaked at
times when temperatures are not optimal for Vibrio spp.
growth. The results highlight the independent and im-
portant role for plankton composition in explaining
seasonal changes in the abundance of Vibrio spp.

In a recent study off the coast of Spain, the abundance
of V. parahaemolyticus in offshore areas was signifi-
cantly correlated with total zooplankton abundance
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(76). Over 80% of V. parabaemolyticus biomass in
seawater was associated with zooplankton and the
virulence-related #rh gene was detected in 31% of the
zooplankton samples. The presence of cnidarians ac-
counted for 51.87% of the V. parahaemolyticus varia-
tion in abundance, whereas cnidarians represented only
roughly 2% of the total zooplankton. In contrast to the
importance of copepods in the ecology of V. cholerae
populations in estuarine areas (46, 59), the results of this
study suggest that copepods have a small effect on the
offshore occurrence of V. parabaemolyticus. Interest-
ingly, the offshore occurrence of V. parabaemolyticus
was favored by a reduction in primary production,
possibly due to grazing pressure by an enhanced abun-
dance of zooplankton.

Other Environmental Factors Affecting

the Occurrence of Vibrio spp.

As mentioned previously, temperature, salinity, and chlo-
rophyll @ have major impacts on Vibrio spp. dynamics in
the natural environment. Increasing temperature and
decreasing salinity along with higher chlorophyll a levels
may result in a higher than usual abundance of poten-
tially pathogenic Vibrio spp. In general, algal blooms
increase with increasing nutrient concentration and in-
creasing temperatures in spring and autumn in temper-
ate regions, whereas in tropical regions they increase
after the rainy/monsoon season (77, 78). These blooms
are often followed by zooplankton blooms, which feed
on the phytoplankton and reduce the algal abundance
(79). In regions where cholera epidemics appear, multi-
ple studies have shown a positive correlation between
chlorophyll a (as a measurement of phytoplankton
blooms), zooplankton and the occurrence of cholera
cases [e.g., Bangladesh (57, 80), Africa (81), and South
America (70)]. Temperature, salinity, chlorophyll a,
and nutrients were also demonstrated to be strong
indicators of V. parabaemolyticus and V. vulnificus
presence in coastal regions in the USA (53). Vibrio spp.
dynamics in a tropical marine environment (Arabian
Sea) showed that the Vibrio spp. density increased with a
diatom-dominated phytoplankton assemblage (82).

In a culture-dependent approach in the temperate
waters of the North Sea, temperature was significantly
correlated with the abundance of Vibrio spp., especially
V. parabaemolyticus that occurred mainly in the sum-
mer months (83). Here, plankton-attached Vibrio spp.
followed the same trend as free-living Vibrio spp. A
year later the same authors investigated the occurrence
of Vibrio spp. using a molecular technique (CARD-
FISH) in the same region as the previous study (84).

Temperature and low salinity were again strong drivers
of Vibrio spp. abundances. Other environmental para-
meters, such as nutrients and chlorophyll a, were also
important and they support the significance of inter-
actions between abiotic and biotic factors in the ecology
of Vibrio spp.

One study in Chesapeake Bay determined that the
frequency of isolation of non-O1 V. cholerae was cor-
related with increased temperature and salinity (42).
There was no correlation of V. cholerae with phyto-
plankton; however, there was evidence that V. cholerae
was associated with zooplankton, although there did
not seem to be specific V. cholerae genotypes associated
with specific zooplankton taxa.

The increasing reports of Vibrio spp. interactions
with phyto- and zooplankton in the environment high-
lights the importance of these interactions in the ecology
of Vibrio spp. and emphasizes the need for more of these
types of studies. Such information is necessary for an
understanding of the environmental factors that affect
the growth and persistence of these organisms in the
marine environment.

CELLULAR INTERACTIONS OF
VIBRIO SPP. WITH ZOOPLANKTON:
CHITIN UTILIZATION

We are just beginning to understand, on a global scale,
the interactions of Vibrio spp. with various taxa of
zooplankton. However, the cellular mechanisms of in-
teraction are more fully understood. In the following
section, we summarize the current knowledge on the
regulation of chitin utilization by Vibrio spp.

Chitin is produced by arthropods, fungi, algae,
annelids, hydroids, and mollusks and residues can be
found in glycoproteins and lipids of intestinal epi-
thelium (85). Chitin is an unbranched polymer of N-
acetylglucosamine (GIcNAc/NAG) that can be arranged
in an antiparallel (a) or parallel (B) fashion; a-chitin is
the strongest form and is present in insect cuticles, crab
shells, and fungal cell walls (86).

Chitin is the second most abundant organic com-
pound in the environment after cellulose and the most
abundant polymer in the ocean (87, 88). In the marine
environment, copepods alone produce billions of tons
of this polymer and it is estimated that 10'" tons are
produced annually (89). This results in a continuous rain
of chitin to the ocean floors as “marine snow”; however,
sediments in the oceans contain only trace amounts.
The discrepancy between the amount of chitin produced
in the marine environment and the amount found in
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ocean sediments may be due to the large number of
marine bacteria that are chitinolytic (90). Marine waters
are limited in nutrients and the ability to utilize chitin is
highly advantageous for marine microorganisms.

Chitin utilization by bacteria is achieved by the ability
of microorganisms to (i) sense and locate chitin via
chemotaxis; (ii) attach to the chitinous surface; (iii) ex-
press enzymes and proteins involved in degradation
of chitin to oligosaccharides; (iv) transport oligosac-
charides into the cell; and (v) catabolize products to
fructose-6-P, acetate, and NHj3 (Fig. 3) (91). Chitin me-
tabolism appears to be a conserved phenotype of Vibrio
spp. and genes for degradation of chitin are present in
all of the sequenced members of the Vibrionaceae, which
may explain in part their ubiquity in coastal marine
environments (92).

Chemotaxis Towards Chitin

Migration towards preferred, or away from detrimental
environments, is known as chemotaxis. In bacteria, this
is achieved by adjusting swimming direction and speed
in response to chemical gradients (93). Chemotaxis is
well described for Vibrio furnissii, which possesses at
least two independent inducible receptors that recognize

Interactions of Vibrio spp. with Zooplankton

(GlcNAc)n (n=2 to 4) and chemotax towards chitin
oligomers (GlcN¢)n (n=1 to 6) but not to oligosac-
charides (94). Taxis by V. furnissii is inhibited by
Krebs cycle intermediates and is therefore linked to
the nutritional status of the cell. Vibrio fischeri is
attracted by GIcNAc and (GIcNAc), as well as to
N-acetylneuraminic acid, a component of the squid
light organ mucus (95, 96). The enzyme chitin oligosac-
charide deacetylase (COD), catalyzes the degradation of
(GlcNAc), to produce 4-O-(N-acetyl-b-d-glucosaminyl)-
d-glucosamine (GlcNAc-GleN). Hirano et al. (97) showed
that Vibrio spp. that express COD (V. parabaemolyti-
cus and Vibrio alginolyticus) are chemotactic towards
GIcNAc-GIeN, while those that do not harbor the COD
gene (V. furnissii and Vibrio nereis) are not. Thus, while
all Vibrio species investigated to date are chitinolytic, they
differ in the chemotactic responses, probably related to
differences in their environmental niches.

Mechanisms for Attachment to Chitin

Vibrios possess a diverse array of mechanisms for at-
tachment to different biotic and abiotic surfaces. Adhe-
sion to surfaces may be both specific and nonspecific,
with nonspecific adhesion mediated by proteins and

FIGURE 3 Utilization of chitin by Vibrio spp. (A) Chemotaxis towards chitin occurs when
chitin oligosaccharides are detected by two independent receptors. (B) Attachment to
chitin occurs via GbpA, MshA pilus, or chitin-regulated pilus encoded by pilA. (C1) At-
tachment to chitin leads to extracellular secretion of chitinases such as ChiA, which de-
grade chitin polymer to chitooligosaccharides. (C2) These enter the periplasm through
specific porins such as ChiP and nonspecific porins. The chitooligosaccharides are hy-
drolyzed by various enzymes into GIcNAc and (GlcNAc), (C3) and are transported into the
cytoplasm (C4 and C5). The oligosaccharides are further phosphorylated into the final
products acetate, NH3, and fructose-6-P (C5). doi:10.1128/microbiolspec.VE-0003-2014 f3
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exopolysaccharides (91). The diversity of mechanisms
for adhesion reflect the diversity of zooplankton surface
composition and associated materials such as molted
exoskeletons, egg sacs, and fecal matter. There is evi-
dence that membrane proteins are important for at-
tachment of a number of Vibrio spp. (V. cholerae,
V. parabaemolyticus, V. vulnificus, V. nerei, Vibrio
metschnikovii, Vibrio anguilllarum and Vibrio splen-
didus) and that environmental isolates adhere to chitin
better than clinical isolates (98). Attachment to cope-
pods is less efficient than attachment to chitin particles,
probably due to the waxy covering on the copepod
exoskeleton. GlcNAc-specific lectins have been reported
in Vibrio harveyi, V. furnissii, and Vibrio damsela (99,
100) and chitin-binding proteins (CBP) have been
reported in V. harveyi, V. alginolyticus, and V. cholerae
(99, 101, 102). Attachment and continued adhesion to
chitin requires continuous protein synthesis, at least for
V. furnissii, which indicates that this association is an
active one (100).

N-acetylglucosamine-Binding Protein A

One well-studied mechanism facilitating association of
Vibrio spp. with chitin is the GlcNAc-binding protein A
(GbpA). This protein is important for binding to the
chitinous exoskeletons of zooplankton, such as cope-
pods and cladocerans, as well as to egg sacs and fecal
matter (103, 104) (Fig. 3). The dual ability of GbpA to
attach to both chitin and mucilage may explain how
Vibrio spp. can be detected on the surface of many
functionally different types of zooplankton (33, 44, 45,
66). GbpA-encoding genes have been detected in all
V. cholerae strains tested (clinical and environmental).
as well as some pathogenic Vibrio species including
V. alginolyticus, V. vulnificus and V. parahaemolyticus
(104). A mutation of GbpA in V. cholerae resulted in a
10-fold reduction in binding to Daphnia exoskeletons
(103).

Interestingly, the GbpA mutant was also deficient
for binding to human epithelial cells. This is due to the
fact that GIcNAc is a modification of glycoproteins and
lipids present on intestinal epithelia; therefore, GbpA
plays an important role in facilitating human infec-
tion and disease. Within the human host, V. cholerae
attaches to the intestinal epithelium via secreted GbpA
(103, 105), and a gbpA mutant was shown to be at-
tenuated for colonization using a mouse model of in-
fection (103). The expression of gbpA is increased in
the presence of intestinal mucin (106) and it is expressed
at low cell density, along with other virulence factors
such as cholera toxin. At high cell density, the quorum

sensing regulated proteases, HapA and PrtV, act to
degrade GbpA, and thereby, release V. cholerae from
the intestinal epithelium (107). This mechanism allows
V. cholerae to replicate within the human host and then
disperse when cell numbers are high via induced diar-
rhea, facilitating the spread of disease.

An examination of the structure of the GbpA protein
revealed that the protein is made up of four functional
binding domains (108): two chitin-binding domains that
have specificity for different GIcNAc oligomers, mucin
and epithelial cells, and two domains that interact with
the surface of V. cholerae. Thus, it is likely that once
secreted, GbpA binds to chitin via domains 1 and 4 and
then adheres to the V. cholerae cell via domains 2 and 3.

Mannose-Sensitive Hemagglutinin Pilus

In addition to the secreted GbpA protein, the mannose-
sensitive hemagglutinin (MSHA) pilus has been shown
to be important for attachment to several members
of the zooplankton community (109). This particular
adhesion system has been suggested to play an im-
portant role in the environment, as the majority of
clinical and environmental strains of V. cholerae (98.8%
in one study) possess mshA genes (110). Mutation of
mshA reduced attachment of V. cholerae to Daphnia sp.
30-fold compared to the wild type (20) and the mutant
was shown to be less adhesive towards the exoskeleton
and egg sac of plankton than the gbpA mutant. This
indicates that the MSHA pilus is more important for
attachment to plankton than GbpA (104). This bacteri-
um possesses another type IV pilus, the chitin-regulated
pilus (ChiRP) encoded by pilA, whose expression is in-
duced by GlcNAc. ChiRP facilitates bacterial cell-to-cell
interactions (20), thereby enhancing the stability of the
attached cells. In V. parahaemolyticus the MSHA pilus
is important for attachment to abiotic surfaces as well
as to chitin (111). Therefore, Vibrio spp. have a variety
of mechanisms for attachment to zooplankton, and the
differences in these mechanisms probably reflects differ-
ences in the environmental niches that these organisms
inhabit.

Chitin Degradation and Utilization

Microarray analysis of V. cholerae has shown that
GIcNAc induces the expression of genes involved in
chemotaxis and adherence to chitin, transport and as-
similation of products of chitin catabolism (20). This
study identified three classes of chitin-regulated genes:
class 1 genes respond to chitin oligosaccharides but
not to GIcNAg, class IT genes respond to GlcNAc¢ and
class III genes respond to (GlcN),. In V. cholerae and
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V. furnissii, the genes responsible for chitin catabolism
are stringently regulated by a sensor kinase, ChiS, and
by catabolite repression (89, 112). V. cholerae mutants
lacking cAMP and CRP are unable to colonize chitin
or use chitin as a carbon source (112). When externally
provided cAMP was added, there was enhanced colo-
nization of chitin beads. Catabolite repression of the
chitin catabolic cascade ensures that the chitinolytic
pathway is repressed when other preferred food sources
are present (91).

The chitinolytic cascade involves the extracellular
degradation of chitin by secreted chitinases that degrade
chitin polymers to chitooligosaccharides (Fig. 3). There
are multiple chitinases; for example, genome analysis
has identified seven chitinases in the V. cholerae genome
(106), while V. harveyi is thought to secrete 10 chitinases
(86). The ChiA chitinase is thought to be the most active
in the environment (92). (GlcNAc); » produced by chitin
degradation is thought to enter the periplasm by an
ABC-type transporter, while (GlcNAc);_g is transported
by a specific chitoporin (ChiP) (89, 92, 113) (Fig. 3).
The chitin oligosaccharides are hydrolyzed in the peri-
plasm by a membrane-bound chitodextrinase (Endol)
and an exoenzyme (N-acetyl-f8-glucosaminidase; Exol)
(114, 115) to GlcNAc and GlcNAc; (2). Chitodextrinase
degrades oligomers to di- and trisaccharides while
the 3-GlcNAcidase hydrolyzes the GIcNAc termini
from the oligomers. GIcNAc is then transported from
the periplasm to the cytosol and phosphorylated by a
phosphenolpyruvate:glycose phosphotransferase system
(PTS) while (GlcNAc), is transported through an ABC-
type permease. (116). (GlcNAc), in the periplasm binds
to a chitin-binding protein (CBP) that is associated
with the sensor/kinase ChiS, causing the release of ChiS
from the CBP and activation of ChiS (89). Activated
ChiS regulates approximately 50 genes, most of which
are involved in chitin catabolism (20, 117). Once in the
cytosol, the intermediates are phosphorylated and the
final products are fructose-6-P, acetate, and NH;3 (118).

Analysis of 54 strains from 32 taxa revealed that
chitin degradation genes were almost universally con-
served, and that all of the strains were able to grow on
GIcNAc, the majority grew on crab shell, squid pen
and had chiA genes, although these genes were highly
divergent (92). These data indicate that chitin utilization
is likely to be a core phenotype for vibrios and may in
part explain their ubiquitous distribution. Amazingly,
V. furnissii cultures have been shown to utilize twice the
total cell mass (dry weight) per hour of chitin (2) and no
degradative products are released into the medium so that
all the carbon and nitrogen are utilized by the cell mass.

Interactions of Vibrio spp. with Zooplankton

Chitin-Induced Competence

Chitin not only serves as a carbon and nitrogen source
for Vibrio spp. but it also induces competence and ac-
quisition of foreign DNA via horizontal gene transfer
(HGT). Seitz and Blokesch (119) recently published
an extensive review on natural transformation in
Gram-negative bacteria including a thorough section
on natural competence and transformation of vibrios.
Therefore, only a short summary of the most important
points will be presented here.

Although chitin-induced competence has been mostly
studied in V. cholerae, there is evidence that it is a
common response in Vibrionaceae. Successful chitin-
based natural transformation of V. vulnificus (120),
V. parabaemolyticus (121), and V. fischeri (122) have
been reported and whole genome studies give evidence
that HGT in V. cholerae is widespread in the natural
environment (123). For example, studies have high-
lighted the importance of chitin-induced transformation
and HGT in the conversion of nontoxigenic to toxigenic
serogroups of V. cholerae (124, 125) and carbotype
conversion of V. vulnificus (126), indicating that chitin-
induced transformation may play a large role in the
acquisition of new genes in the environment.

In V. cholerae, (GIcNAc),, produced by chitin deg-
radation, activates the transcription and translation
of tfoX (127), encoding a protein required for natural
competence (127, 128). TfoX upregulates competence
genes (119), which are involved in the production of a
type IV pilus complex, four chitinases (including ChiA-1
and ChiA-2), and a chitoporin (127, 128). The degra-
dation of chitin (as discussed above) leads to increased
concentrations of (GIcNAc),, the smallest chitin poly-
mer that induces competence in V. vulnificus (126)
and in V. cholerae (127). Although GlcNAc is present
in other sources, such as glycolipids and polysaccha-
rides, the dimer (GlcNAc), is only derived from chitin
degradation.

In V. cholerae, there is integration of quorum sensing
and competence as quorum sensing has been shown to
regulate the switch from extracellular DNA degradation
to DNA uptake (129). At high cell densities, such as
those attained on the surface of zooplankton, the ex-
pression of the transcriptional regulator of the quorum
sensing system, hapR, leads to the positive regulation
of a subset of competence genes (119, 128). HapR re-
presses the expression of dns, a DNase, which at low cell
densities is responsible for degradation of extracellular
DNA, and thus, repression of natural transformation
(130). HapR also upregulates the expression of ComEA
and ComEC, which are required for DNA uptake (129).
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Chitin-induced competence is also under catabolite
repression with cAMP and CRP being required for the
expression of pilA and comEA (112, 129). The PTS-
dependent transport of preferred carbon sources has
been shown to repress natural transformation and this
may be partly due to the delay in activation of the
quorum sensing regulator, HapR. Thus, in Vibrio spp.
competence is regulated through the integration of the
quorum sensing system, catabolite repression, and chitin
degradation pathways. This integration serves to repress
chitin colonization and utilization when other preferred
carbon sources are present and delays competence until
a high cell density has accumulated.

CONCLUDING REMARKS

Vibrio spp. are indigenous inhabitants of the marine
environment and members of the genus have been iso-
lated worldwide. Vibrio spp. abundance is often corre-
lated with abiotic factors such as temperature and
salinity. This correlation is closely related with changes
in the abundance of different members of the phyto-
and zooplankton communities. For example, Vibrio spp.
may specifically attach to the chitinous surfaces of zoo-
plankters to obtain nutrients and to form resistant bio-
films. As a consequence, the zooplankton become agents
of transmission of Vibrio spp., which is particularly
important for pathogenic strains. Furthermore, zoo-
plankters become foci for genetic exchange, which is
known to be essential for the conversion of nontoxigenic
V. cholerae strains into toxigenic strains. In order to fully
understand the factors that drive the occurrence of these
important bacterioplankton, it is necessary to understand
how their abundance is affected by the phyto- and zoo-
plankton communities and how these communities drive
the seasonal patterns of Vibrio spp. in the environment.
These insights may provide important information that
could lead to the ability to predict the occurrence of these
microbes in marine and estuarine ecosystems.
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