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in offshore areas

Jaime Martinez-Urtaza', Veronica Blanco-Abad’', Alba Rodriguez-Castro’,

Juan Ansede-Bermejo', Ana Miranda® and M Xose Rodriguez-Alvarez®*

*Instituto de Acuicultura, Universidad de Santiago de Compostela, Campus Sur, Santiago de Compostela,
Spain; *Instituto Espariol de Oceanografia, Subida a Radio Faro, Vigo, Spain; *Unidade de Epidemiologia
Clinica y Bioestadistica, Complejo Hospitalario Universitario de Santiago de Compostela (CHUS), A
Choupana s/n, Santiago de Compostela, Spain and *Unidad de Biostadistica, Universidad de Santiago
de Compostela, San Francisco s/n, Santiago de Compostela, Spain

The life cycle of Vibrio parahaemolyticus has been conventionally associated with estuarine areas
characterized by moderate salinity and warm seawater temperatures. Recent evidence suggests that
the distribution and population dynamics of V. parahaemolyticus may be shaped by the existence of
an oceanic transport of communities of this organism mediated by zooplankton. To evaluate this
possibility, the presence of V. parahaemolyticus in the water column of offshore areas of Galicia was
investigated by PCR monthly over an 18-month period. Analysis of zooplankton and seawater
showed that the occurrence of V. parahaemolyticus in offshore areas was almost exclusively
associated with zooplankton and was present in 80% of the samples. The influence of environmental
factors assessed by generalized additive models revealed that the abundance and seasonality of
V. parahaemolyticus in zooplankton was favoured by the concurrence of downwelling periods that
promoted the zooplankton patchiness. These results confirm that offshore waters may be common
habitats for V. parahaemolyticus, including strains with virulent traits. Additionally, genetically
related populations were found in offshore zooplankton and in estuaries dispersed along 1500 km.
This finding suggests that zooplankton may operate as a vehicle for oceanic dispersal of
V. parahaemolyticus populations, connecting distant regions and habitats, and thereby producing
impacts on the local community demography and the spread of Vibrio-related diseases.
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Introduction

The genus Vibrio comprises more than 60 recog-
nized species that occupy a wide range of aquatic
habitats. Among these species, Vibrio parahaemo-
Iyticus inhabits natural environments with moderate
salinity and warm temperature conditions, and its
life cycle has consequently been associated with
estuarine systems (Kaneko and Colwell, 1973, 1975,
1978; Joseph et al., 1982). Moreover, V. parahaemo-
Iyticus has been regularly isolated from the micro-
biome of different marine organisms, such as
corals (Chimetto et al., 2008), fish (Cabrera-Garcia
et al., 2004; Herrera et al., 2006; Terzi et al., 2009),

Correspondence: ] Martinez-Urtaza, Instituto de Acuicultura,
Universidad de Santiago de Compostela, Santiago de Compostela
15782, Spain.

E-mail: jaime.martinez.urtaza@usc.es

Received 16 June 2011; revised 19 September 2011; accepted 22
September 2011; published online 17 November 2011

molluscs (Blackstone et al., 2003; Martinez-Urtaza
et al., 2008b), sponges (Hoffmann et al., 2010),
shrimp (Cabanillas-Beltran et al., 2006) and zoo-
plankton (Kaneko and Colwell, 1973; Baffone et al.,
2006). The interaction with planktonic organisms
has a central role in the pelagic ecology of Vibrio
populations. Copepods represent the largest natural
reservoir of vibrios in estuarine waters (Colwell,
1996), and the chitin present in copepods provides a
number of resources that facilitate enhanced survi-
val in the environment of these organisms, such as
food availability, tolerance to stress and protection
(Dawson et al., 1981; Hugq et al., 1983; Amako et al.,
1987; Dumontet et al., 1996; Pruzzo et al., 2008).
Given the ecological affinity of V. parahaemolyti-
cus for brackish environments, this organism has
been presumed to occur outside of estuarine waters
very rarely because of the low temperatures, high
salinities and low nutrient concentrations prevail-
ing in these areas (Joseph et al., 1982). Nevertheless,
ocean currents have often been proposed as a
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vehicle for spread of human Vibrio diseases through
dispersal of pathogenic specimens attached
to zooplankton (Colwell, 1996; Lipp et al., 2002;
Halpern et al., 2008; Pruzzo et al., 2008). In recent
years, increasing evidence has related major
epidemic outbreaks of V. parahaemolyticus to the
incursion of oceanic waters of subtropical origin in
coastal areas. The emergence and spread of infec-
tions in Peru, Spain, Chile and Alaska occurred
concurrently with the arrival and movement of
warm oceanic waters along the coast (Martinez-
Urtaza et al., 2008a, 2010; Ansede-Bermejo et al.,
2010; Baker-Austin et al., 2010), and with an
increase in the occurrence of atypical warm-water
zooplankton (Baker-Austin et al., 2010; Martinez-
Urtaza et al., 2010). The existence of a mechanism
for the oceanic migration of V. parahaemolyticus
populations implies that V. parahaemolyticus
can persist in the open sea long enough to allow
transport across the oceans under adverse ecological
conditions for the presence of these bacteria.
Zooplankton communities may provide a platform
for the long-distance displacement of estuarine
Vibrio populations. The association of Vibrio
with zooplankton may provide protection from the
stresses associated with these cold saline environ-
ments and may represent a food source that ensures
survival during prolonged journeys (Martinez-
Urtaza et al., 2008a). Furthermore, owing to the
characteristic patchy distribution of zooplankton
(Olson et al., 1994; Genin et al., 2005), Vibrio
transport mediated by zooplankton may represent
a mechanism for the aggregation of Vibrio specimens
in the open sea at high densities, an ecological
aspect that may be critical for achieving the level of
pathogenic organisms required to cause infection
(FDA, 2005).

In addition to these ecological aspects, the
potential transport of V. parahaemolyticus popula-
tions across different regions raises the possibility
that local Vibrio communities may be exposed to
periodic invasions by foreign populations originated
in distant areas. In the absence of dispersal barriers,
resident V. parahaemolyticus would be exposed to a
frequent admixture with zooplankton-associated
populations. This mechanism can produce constra-
ints on niche specialization, as recently suggested
for Vibrio populations from different microbiomes
(Hoffmann et al., 2010; Preheim et al., 2010).

In order to elucidate the potential contribution of
offshore environments to the distribution and
population dynamics of V. parahaemolyticus, we
have conducted an investigation directed towards
evaluating the presence and temporal trend of
V. parahaemolyticus in offshore areas along the
northwest coast of Spain. The influence of the
abiotic and biotic factors on the seasonal pattern of
V. parahaemolyticus was additionally assessed by
means of generalized additive models to ascertain
which factors have a major influence on the ecology
of V. parahaemolyticus in these non-estuarine
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environments. Finally, the potential relationships
of offshore populations of V. parahaemolyticus
and resident communities in estuarine areas were
investigated.

Materials and methods

Study design

The study was performed in offshore areas of the ria
of Vigo, the southernmost ria in Galicia, located
on the Atlantic west coast of Spain close to
the Portuguese border (Supplementary Figure 1).
Samples were collected monthly from June of 2005
to December of 2006 in the water column at two
sites: Station-1 (42° 12.8’ N and 8° 51 W, 39m
depth), located in the external area of the ria, and
Station-15 (42° 13.3' N and 8° 47.7" W, 29m depth),
located in the mouth of the ria. Sample collection
was performed in coordination with the monitoring
program for zooplankton conducted by the National
Institute of Oceanography (Instituto Espafiol de
Oceanografia, Vigo, Spain). Duplicates of the meso-
zooplankton samples were collected by two parallel
5-min oblique tows with a 200pum-mesh net.
Samples were washed, placed in sterile bottles and
re-suspended to 11 with sterile seawater for micro-
biological analysis. The second sample was fixed
with formalin and stored for further analysis of
zooplankton abundance and species identification.
Samples of 150ml of seawater were collected at
0, 5 and 10m depths using Niskin bottles and
transferred to sterile plastic containers. All samples
were immediately transported in portable coolers at
ambient temperature and analysed on arrival at the
laboratory. Environmental variables were recorded
on board in parallel with the sample collection
using a CTD (Conductivity, Temperature and Depth)
device providing sensors for conductivity, tempera-
ture, chlorophyll and depth. The biological produc-
tivity in the area was estimated by the daily values
of upwelling for a point having coordinates
10°30_W, 42°30_N from the 6-h upwelling values
of the Pacific Fisheries Environmental Laboratory
(National Oceanic and Atmospheric Administra-
tion, Pacific Grove, CA, USA).

Analysis of V. parahaemolyticus

The presence of V. parahaemolyticus in seawater
was investigated using the ISO 8914 standard
method (ISO 8914:1990) modified according to
Blanco-Abad et al. (2009). Briefly, 150ml of each
water sample was concentrated by filtration through
a 0.45-um-pore-size filter (Sartorius, Goettingen,
Germany) with a vacuum pump, and filters were
subsequently placed in 225ml of alkaline peptone
water (APW; 1% (wt/vol) peptone, 1% (wt/vol)
sodium chloride; pH 8.2). After incubation at 37 °C
for 16-18h, 1-ml aliquots of enrichment broths
showing growth were analysed by PCR or plated
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onto thiosulfate—citrate-bile salts—sucrose (TCBS)
(Oxoid, Hampshire, UK) and CHROMagar Vibrio
(CHROMagar Microbiology, Paris, France) agar
plates, and incubated for 16-18h at 37 °C.

Mesozooplankton was filtered through a sterile
200-um sieve of stainless steel mesh and washed
with sterile water. The retained zooplankton was
weighed and divided into two fractions that were
analysed independently. Samples were analysed by
the three-tube most probable number (MPN) techni-
que following the Bacteriological Analytical Manual
procedure (Elliot et al., 1995), with the modifica-
tions described by Blanco-Abad et al. (2009). Each
sample was diluted 1:10 in APW broth and homo-
genized for 60 s using a stomacher. A total of 10 ml of
the 1:10 APW dilution (containing 1 g of the sample)
or a total of 1 ml of the 1:10 or of the 1:100 dilutions
was inoculated in the three tubes of three MPN
series and incubated at 37°C for 18-24h. After
incubation, all the APW tubes were analysed
by PCR. All positive tubes were computed and
MPN values were assigned accordingly using the
MPN tables (Elliot et al., 1995).

Additionally, APW broths were plated onto TCBS
and CHROMagar Vibrio plates, and incubated for
16—18h at 37 °C. Between three and five presump-
tive colonies of V. parahaemolyticus from TCBS and
CHROMagar plates were selected at random from
each plate, cultured in trypticase soy agar (TSA)
containing 2% NaCl (Difco , Franklin Lakes, NJ,
USA) and incubated at 37°C for 24h prior to PCR
analysis.

PCR analysis and strain characterization

Aliquots of APW broths and strains isolated during
the study were used for DNA extraction. Genomic
DNA extraction was performed by standard proce-
dures using Chelex resin according to Blanco-Abad
et al. (2009).

The presence of V. parahaemolyticus in broths
and confirmation of presumptive colonies was
investigated by use of the V. parahaemolyticus-
specific gene Vp-toxR (Kim et al., 1999). The pre-
sence of the virulence-related genes tdh and trh in
broth and strains was determined using indepen-
dent PCR assays for each gene, according to Tada
et al. (1992). The PCRs were performed using a
PTC 200 thermocycler (M] Research, South San
Francisco, CA, USA). All PCR products were
checked by electrophoresis on 1.6% agarose gels
(Agarose type II; Sigma-Aldrich, St Louis, MO, USA)
and photographed with an Alpha Innotech 2200 UV
transilluminator (Alpha Innotech, San Leandro, CA,
USA). Strains without amplification of the Vp-toxR
gene were considered negative for V. parahaemoly-
ticus and were not subjected to further analysis for
tdh and trh genes. The reference strains AQ4037
(tdh—, trh+), ATCC43996 (tdh+, trh—) and VP81
(pandemic strain, tdh +, trh—) were used as positive
controls in all the assays, whereas strains Vibrio
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vulnificus ATCC 33815 and Vibrio cholerae
ATCC14035 were the negative controls.

All of the tdh+ and trh+ strains were subjected
to serotyping by agglutination tests using specific
antisera according to the manufacturer’s instruc-
tions (Denka-Seiken, Tokyo, Japan) and to pulsed-
field gel electrophoresis analysis, as described
previously (Martinez-Urtaza et al., 2004). Offshore
strains were compared with representative strains
obtained from seawater and shellfish collected in
estuarine areas located in the northwest coast
of Spain over the course of previous studies. An
unrooted pulsed-field gel electrophoresis dendro-
gram was generated by the UPGMA algorithm with
the Dice coefficient of similarity using the Bio-
Numerics software (Applied Maths, Sint-Martens-
Latem, Belgium) and a circular tree was drawn using
the online iTOL software package (Letunic and
Bork, 2007).

Statistical analysis

MPN values for V. parahaemolyticus counts were
log-transformed to approximate normality because
the values showed a skewed distribution. One-way
analysis of variance was used to evaluate the
significance of differences in the log-transformed
MPN across the sampling sites.

Generalized additive models (Hastie and Tibshirani,
1990; Wood, 2006) were used to examine (a) the
seasonal trend in the abundance and presence of
V. parahaemolyticus over the course of the study; (b)
the seasonal trend of several biotic and abiotic
factors over the course of the study; and (c) the
association of these biotic and abiotic factors with
the presence and abundance of V. parahaemolyticus.

The main advantage of GAMs over traditional
regression methods is that they do not impose a
parametric form on the effects of continuous
covariates on the response of interest. Instead,
they only assume that these effects are additive
and reasonably smooth. More specifically, let Y be a
response variable and X1,X2,...,Xp be a set of
continuous predictors. A GAM can be expressed as

g(E(Y|X1, X2, ..., Xp)) =a + {1 (X1) + £2 (X2),
+...+1p (Xp),

where fi (i=1,2,...,p) are smooth and unknown
functions of the continuous predictors, and g is a
monotonic known function (the link function).

In this study, the identity link was used for GAMs
with a continuous response and the logit link
function was used for those with a binary response
(presence/absence of V. parahaemolyticus). In all
cases, thin plate regression splines (Wood, 2003)
were used as smoothers, with optimal degrees of
freedom chosen by means of restricted (or residual)
maximum likelihood (Ruppert et al., 2003). In those
situations where the estimated degrees of freedom
associated with a covariate had the value 1 (indicat-
ing a linear relationship), the GAM regression model



was then refitted assuming a linear relationship
with the response. Finally, a Bayesian approach to
uncertainty estimation was used to derive standard
errors of predictions and obtain 95% credible
confidence bands for the smooth effects.

Owing to the nature of the data (a time series), we
also evaluated the possible presence of autocorrela-
tion between sequential observations based on an
analysis of the regression residuals. To this aim,
we computed the autocorrelation function and
the partial autocorrelation function. In none of the
analyses, did the results suggest the presence of
autocorrelation, probably owing to the short time
series. For this reason, no residual correlation
structure was incorporated into the GAMs.

All of the statistical analyses were performed
using the gam function of the mgcv package
(Wood, 2006) in the free R software, version 2.11
(R Development Core Team, 2010).

Results

Environmental factors

Changes in seawater temperature, salinity and
upwelling were investigated over the study period.
Environmental conditions were highly similar at
the two sampling sites over the study period, and no
statistical differences were found between the two
sites in relation to the oceanographic variables
investigated. Salinity showed a narrow range of
variation, with values fluctuating from 35 to 36
p.p-t., with the exception of September 2006, when
salinity began to decrease until it reached its lowest
value of 32 p.p.t. in December. Seawater tempera-
ture ranged from 10.5 to 18.5°C and showed a
nonspecific seasonal pattern, with highs and lows
throughout the study. Upwelling in the area was
characterized by the existence of two independent
peaks in summer and fall, with the highest levels of
upwelling occurring in December 2005.
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The seasonal trends for each environmental
variable over time were investigated through
independent GAMs for each variable (Supplemen-
tary Figure 2). Variations in salinity and upwelling
during the period of study were statistically sig-
nificant, and these seasonal trends explained 87.8%
and 77.6% of total the deviance, respectively.
By contrast, seawater temperature showed a non-
significant change over time.

Analysis of zooplankton
The >200-um plankton fraction was composed
primarily of copepods. Copepods represented
52.2% (mean relative abundance) of the total
zooplankton (Table 1). A total of 33 different
copepod taxa were identified in the study. The
number of species found at any given sampling time
was highly variable and ranged from 9 to 23. The
highest diversity was typically observed during
months of lowest abundance (fall and winter).
Acartia clausi, the dominant species, represented
nearly half of all copepods, followed by Temora
longicornis (8%), Calanus helgolandicus (6%) and
Paracalanus parvus (5%). In addition to copepods,
the most abundant groups in zooplankton
were Cladocera (12%), Echinodermata larvae (8%),
Appendicularia (8%) and Cirripeda larvae (7%).
Total zooplankton abundance peaked at the
beginning of the study and started to decline during
the winter months, with a second peak of abundance
in August 2006 (Supplementary Figure 3). This
seasonal trend was similar for all groups of
zooplankton analysed (Supplementary Figure 2).
Effects of temperature, salinity and upwelling on
the abundance of zooplankton were also analysed
using GAMs. Seawater temperature had a non-
significant influence on the abundance of zooplank-
ton. Salinity showed a significant positive linear
effect (P<0.01), but lost its significance when

Table 1 Composition of zooplankton and mean relative abundance of the different groups identified in all samples collected

over the course of the study

Group Mean relative abundance (%) Class or order Mean relative abundance (%)
Radiolaria 0.96 Lamellibranchia larvae 2.00
Acantharia 0.01 Cirripeda larvae 6.83
Foraminifera 0.36 Cirripeda cypris 0.33
Tintinnidae 0.28 zoea Pisidia longicornis 0.24
Cnidaria 2.16 Decapoda larvae 0.14
Nauplius cladocera 0.27 Braquiura zoea 0.17
Cladocera 12.10 Braquiura megalopa 0.03
Isopoda 0.01 Euphasiaceae larvae 0.06
Ostracoda 0.01 Echinodermata larvae 8.11
Eufasiaceos 0.01 Polychaeta larvae 0.33
Chaetognatha 1.66 Sardina pilchardus eggs 0.03
Appendicularia 7.84 Fishes larvae 0.01
Doliolila 0.01 Sardina pilchardus larvae 0.02
Siphonophora 1.62 Phoronida larvae 0.01
Briozoan larvae 0.33 Copepoda 52.28
Gastropoda larvae 1.75
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the effect of the time effect was incorporated into the
GAM regression model. By contrast, upwelling
showed a significant slight decreasing effect on the
total number of individuals (results not shown).

V. parahaemolyticus in zooplankton

V. parahaemolyticus was detected by PCR in 56
(80%) of 70 samples of mesozooplankton analysed.
No significant difference in the presence of
V. parahaemolyticus was observed between the
two sites investigated. Abundance of V. parahaemo-
Iyticus in zooplankton ranged from undetected
levels (<0.3 MPN per gram) to a maximum value
of >110 MPN per gram. The highest levels of
V. parahaemolyticus were detected during the sum-
mer and autumn months of both years, whereas
undetectable levels or minimum values were
recorded during the winter (Supplementary Figure
3). The estimated seasonal trend in the log-trans-
formed levels of V. parahaemolyticus in zooplankton
over the course of the study was investigated through
GAM for continuous responses (Figure 1a). The
abundance of V. parahaemolyticus peaked at the
beginning of the study in June 2005, started to decline
after this point and reached the lowest levels from
December 2005 to February 2006. The trend observed
in the abundance of V. parahaemolyticus in 2006 was
delayed relative to the corresponding trend in 2005.

Influence of environmental factors

Seawater temperature and salinity had a non-
significant effect on the modulation of the
abundance of V. parahaemolyticus in zooplankton
(Table 2 and Figure 2). Results from the GAM
regression models showed a slight increasing effect
for salinity at values above 35 p.p.t., whereas
seawater temperature showed no influence for the
entire period. By contrast, abundance of V. para-
haemolyticus was significantly affected by negative
values of upwelling (downwelling periods) in a
linear relationship (df=1). The model explained
14.5% of the total deviance. Nevertheless, when the
effect of the time effect was incorporated into the
GAM regression model, the influence of upwelling
lost its statistical significance and all of the changes
previously found to be associated with this variable
were instead found to be associated with its seasonal
trend (Tables 2 and 3, and Figure 1).

Association with zooplankton

The total abundance of zooplankton showed a
significant (P<0.001) non-linear increasing effect
on the abundance of V. parahaemolyticus. This
effect explained 40.7% of the deviance (Table 2).
All taxonomic groups analysed showed a similar
pattern and different levels of explained deviance
(Table 2 and Figure 2). Cnidaria showed the highest
explained deviance (42%), whereas the effect
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of Copepoda only accounted for 29.6% of the
explained deviance. However, when the influence
of the time was evaluated by adding the time term
to the GAM regression models, the effect of
the different groups of zooplankton, including
Copepoda, became linear. Their non-linear influ-
ence on the response was then associated with the
specific time trend shared by all groups (Table 3 and
Figure 1). This pattern was common for all groups
but Cnidaria. Cnidaria showed a distinctive signifi-
cant non-linear effect that accounted for 51.87% of
the explained deviance in a model incorporating
the time term. A similar pattern was observed for the
total abundance of zooplankton when the time term
was added. These factors then accounted
for 53.7% of the explained deviance (Table 3 and
Figure 1).

Finally, the effect of the relative abundance (%)
of each zooplankton taxon on the level of
V. parahaemolyticus was also assessed (Figure 3).
A significant positive effect on the response was
only found for the relative abundance of Cladocera
and Cnidaria, and these variables represented 26.3%
and 27.6% of the explained deviance, respectively.
The relative abundance of Copepoda, the dominant
taxon in the zooplankton (more than 50% of total
zooplankton), showed a non-significant effect on
V. parahaemolyticus levels.

V. parahaemolyticus in seawater

V. parahaemolyticus was found in only 14 of 108
seawater samples (12%) and occurred mostly during
the summer and autumn months. Results from the
logistic GAM for the binary response showed that
the occurrence of V. parahaemolyticus in seawater
was not significantly influenced by variations in
temperature, salinity and upwelling. Moreover, the
abundance of zooplankton was not associated with
the presence of V. parahaemolyticus in seawater.

Presence of virulence genes

The trh gene was detected in 22 (31%) samples of
zooplankton. A higher occurrence of the trh gene
was observed throughout summer and autumn, with
four peaks of maximum abundance: August and
October 2005, with values of >110 and 24 MPN
per gram, respectively, and April and October 2006,
which both had counts of 46 MPN per gram
(Supplementary Figure 3). The abundance of
trh-positive samples was only influenced by total
abundance of zooplankton (P<0.01) according to
the results of the GAM model. The presence of the
trh gene in zooplankton was strongly associated
with the total abundance of V. parahaemolyticus
(P<0.005). By contrast, tdh-positive samples were
found in 10 (14%) zooplankton samples. The levels
of tdh-positive samples were particularly low for
four sample dates (July 2005, and May, July and
November 2006), whereas a single sample collected
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Figure 1 Temporal variation in the predicted log-transformed levels of V. parahaemolyticus in zooplankton throughout the period of
study (a) and estimated effects of different variables on the predicted abundance of V. parahaemolyticus (log MPN counts) when the
effect of time is incorporated into the GAM regression models. Except for total abundance and Cnidaria, the effect of all environmental
variables and zooplankton groups is linear when the time effect is included in the GAM regression models (not shown), and their non-
linear effects are then associated with their specific seasonality as shared by these variables (b, ¢, d, f, h and i). Total abundance and
Cnidaria abundance are the only variables retaining a non-linear effect on the response independent of the seasonal trend (e and g). The
dashed lines indicate the 95% point-wise confidence bands for the predictions.

in August 2005 accounted for the highest MPN value
of >110 MPN per gram.

A total of 1266 colonies from zooplankton and 143
colonies from seawater were selected from the
TCBS and CHROMagar plates. Of these colonies,
267 originating from zooplankton and 21 originating
from seawater were confirmed by PCR as V. para-

haemolyticus. Investigation of the pathogenic
marker genes trh and tdh allowed the identification
of 41 trh+ /tdh— strains in zooplankton, whereas
only one isolate with this genotype was found in
seawater. These strains were isolated throughout the
entire study period with the exception of August
and December 2005, and February, March and
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Table 2 Estimated effects of the environmental variables and zooplankton abundance on the levels of V. parahaemolyticus detected in

>200-pum zooplankton, as inferred from GAM analysis

Effects® Effective degrees Coefficient Deviance P-value
of freedom (edf) (95% CI) explained (%)
s (Seawater temperature) 1.406 — 6.9 0.280
S (Salinity] 2.122 — 14.4 0.195
Upwelling 1.000 —0.0013 (—0.0025, —0.0002) 14.5 0.024
s (Abundance (total)) 1.938 — 40.7 <0.001
s (Copepoda (total)) 1.982 — 29.6 0.011
s (Cladocera (total)) 2.322 — 39.6 0.001
s (Cnidaria) 2.465 — 42.0 <0.001
Gastropoda larvae 1.000 0.0040 (0.0013, 0.0067) 20.5 0.006
s (Lamellibranchia larvae) 2.409 — 27.3 0.037

Abbreviations: CI, confidence interval; GAM, generalized additive model.
23 (predictor): Smooth (centred) effect of the predictor.
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Figure 2 Effects of the different variables on the abundance of V. parahaemolyticus (log MPN counts) in zooplankton obtained from
GAMs: seawater temperature (a), salinity (b), upwelling (c), total abundance of zooplankton (d), Copepoda abundance (e), Cnidaria
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Table 3 Estimated effects of the environmental variables and zooplankton abundance, adjusted by the time effect, on the levels

of V. parahaemolyticus detected in >200-um zooplankton, as inferred from GAM analysis

Model Effects® Effective degrees Coefficient (95% CI) P-value Deviance
of freedom (edf) explained (%)

Seawater temperature
s (Month) 4.864 — 0.001 54.5%
Seawater temperature 1.000 —0.2092 (—0.4786, 0.0603) 0.145

Salinity
s (Month) 4.337 — 0.002 52.0%
Salinity 1.000 0.1535 (—0.9431, 1.2502) 0.829

Upwelling
s (Month) 4.624 — 0.008 54.4%
Upwelling 1.000 —0.0007 (—0.0018, 0.0004) 0.289

Abundance
s (Month) 2.552 — 0.084 53.7%
s (Abundance) 1.647 — 0.003

Copepoda
s (Month) 3.225 — 0.012 55.2%
Copepoda 1.000 0.0001 (0.00004, 0.0002) 0.007

Cladocera
s (Month) 4.354 — 0.013 58.8%
Cladocera 1.000 0.0004 (0.0001, 0.0008) 0.018

Cnidaria
s (Month) 1.986 — 0.205 51.8%
s (Cnidaria) 2.628 — 0.003

Gastropoda larvae
s (Month) 3.853 — 0.007 55.6%
Gastropoda larvae 1.000 0.0033 (0.0009, 0.0057) 0.015

Lamellibranchia larvae
s (Month) 4.184 — 0.003 55.3%
Lamellibranchia larvae 1.000 0.0013 (0.0001, 0.0025) 0.043

Abbreviations: CI, confidence interval; GAM, generalized additive model.

s (predictor): Smooth (centred) effect of the predictor.
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Figure 3 Effects of the relative abundance (%) of Copepoda (a), Cladocera (b) and Cnidaria (c) on the V. parahaemolyticus levels
in zooplankton. The dashed lines indicate the 95% point-wise confidence bands for the predictions.

May 2006. The mean relative abundance of the
trh+ /tdh— strains in zooplankton was 15.3%.
No tdh+ strains were identified.

DNA fingerprints of the trh + strains were used to
evaluate the degree of similarity between strains
isolated in different periods and habitats (Figure 4).
Pulsed-field gel electrophoresis analysis of the 42

trh+ strains revealed the presence of nine major
genetic clusters. More than 90% of the strains were
assigned to the four main groups. The two largest
clusters (2 and 3 in Figure 4), both with 13 strains
from offshore areas, grouped strains with serotypes
010:K71, Cluster-2, and OUT:KUT, Cluster-3.
Strains from clusters 1 and 5 shared the serotype
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Source:

O

Off-shore Estuary

Season:
Summer-05  Autum-05  Spring-06

Summer-06 Autumn-06

Figure 4 Pulsed-field gel electrophoresis dendrogram generated by the BioNumerics software and drawn using the online iTOL
software package, showing the genetic relationships among the 42 trh + /tdh— V. parahaemolyticus strains isolated in offshore waters in
the present study and the 24 strains obtained from estuarine areas along 1500 km of the coast of Galicia in previous studies. Read from
the inner to outer ring, the rings indicate the area of origin (offshore and estuary) and the season of isolation, respectively, for each strain,
and the numbers at the dendrogram branches represent the percentage of similarity among the different groups.

01:K56. However, they showed marked genetic
differences. Three of the genetic clusters showed a
clear seasonality and a specific period of appear-
ance: Cluster-1 was exclusively detected in summer
2005; Cluster-3 in autumn 2006; and Cluster-4 in
spring and summer 2006. Cluster-2 was the only
group detected in the seasons of two different years,
in autumn 2005 and summer 2006. Offshore trh +
strains were compared with a pool of genetically
diverse trh + strains representative of the different
genetic variants isolated over the last 6 years
from estuarine areas in dispersed locations along
more than 1500km of coast (Figure 4). Results
of the comparative analysis revealed genetic clusters
comprised exclusively of offshore strains (clusters 1
and 3) and groups including strains from both
offshore and estuarine areas, and sharing indistin-
guishable genetic profiles (clusters 2, 4 and 5).

Discussion

The life cycle of V. parahaemolyticus has convention-
ally been associated with estuarine areas where

The ISME Journal

moderate levels of salinity, warm temperatures and
nutrient availability provide suitable conditions for
the survival of many Vibrio species (Joseph et al,
1982). However, the occurrence of V. parahaemolyti-
cus in offshore waters has been found to be extremely
limited, owing to the influence of adverse conditions
prevailing throughout the year (Joseph et al., 1982).
The results of the present study show that offshore
zones are common habitats for V. parahaemolyticus,
where this organism has been found to survive almost
exclusively in close association with zooplankton.
V. parahaemolyticus was detected in 80% of
zooplankton samples from offshore areas over the
entire study period, with the exception of December
2005. Previous studies conducted in internal areas of
the rias in Galicia showed a V. parahaemolyticus
occurrence of 12.5% in shellfish (Martinez-Urtaza
et al., 2008b) and 35.3% in estuarine waters (Rodri-
guez-Castro et al., 2010). In estuaries, temperature
and salinity represent critical factors influencing
the dynamics of V. parahaemolyticus. However,
these variables showed no effect on the prevalence
and seasonality of V. parahaemolyticus in offshore
areas.



The rias are subjected to seasonal upwelling—
downwelling sequences that determine the patterns
of circulation and exchange of water in the inner
areas of the rias (Alvarez-Salgado et al., 2000). The
cold and nutrient-rich Eastern North Atlantic Cen-
tral Water is transported onto the shelf in the course
of the upwelling events, in turn enhancing the
primary production and the subsequent local pro-
duction of zooplankton. Presence of V. parahaemo-
Iyticus has been found to be associated with primary
production in estuaries and areas of moderate
salinity in different regions of the world, such as
Germany (Oberbeckmann et al., 2011), the Gulf of
Mexico (Johnson et al., 2010) and France (Julie et al.,
2010). Conversely, the offshore occurrence of
V. parahaemolyticus in this study was favoured by
reduction of primary production, which resulted in
an enhanced abundance of zooplankton. During
downwelling periods, warm and salty subtropical
waters move poleward from the south of Portugal to
the Armorican shelf in France (Alvarez-Salgado
et al., 2000). The arrival of these downwelling
fronts in Galicia allows oceanic waters to enter the
interior of the rias (Alvarez-Salgado et al., 2000;
Crespo et al., 2006). Moreover, zooplankton showed
a behaviourally mediated concentration in density
fronts, such as downwelling fronts (Olson et al.,
1994), where population densities may be up to
three times greater than in other waters (Genin et al.,
2005). The displacement of the density fronts
towards the interior of the rias during downwelling
periods may represent an important supply
of oceanic zooplankton and a parallel source of
V. parahaemolyticus populations attached to the
zooplankton. Coincidentally, one of the largest
V. parahaemolyticus outbreaks detected in Europe
occurred in Galicia in 1999 (Lozano-Leon et al.,
2003) and was concurrent with the incursion in the
rias of warm tropical waters and the presence of
large patches of zooplankton (Baker-Austin et al.,
2010). Similar oceanographic conditions have
been observed to be related to large outbreaks of
V. parahaemolyticus in Peru (Martinez-Urtaza et al.,
2008a), Alaska (Martinez-Urtaza et al., 2010) and
Chile (Ansede-Bermejo et al., 2010). Likewise,
temperate Gulf Stream waters have been suggested
as a vehicle for transport of subtropical strains
of Vibrio to Barnegat Bay, USA (Thompson et al.,
2004).

V. parahaemolyticus counts were observed in the
present study to increase in parallel to increased
zooplankton density, measured as the number of
individuals per cubic metre of water. Because
V. parahaemolyticus counts were always expressed
on a 1-g basis, the detection of higher counts of
V. parahaemolyticus could not be related directly to
the analysis of a larger biomass of zooplankton, but
rather to a higher density of V. parahaemolyticus
cells per gram of zooplankton. This greater density
of V. parahaemolyticus would then be associated
with an increase in the number of the V. parahae-
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molyticus cells attached to 1g of zooplankton.
Higher V. parahaemolyticus densities may be the
result of a rise in temperature, because warmer
conditions are expected to promote the proliferation
of V. parahaemolyticus cells on the zooplankton
exoskeleton (Kaneko and Colwell, 1973, 1975, 1978;
Baffone et al., 2006). However, no tendency of
seawater temperature to produce higher observed
loads of V. parahaemolyticus and zooplankton was
observed in this study. Another possible explana-
tion for the increase of V. parahaemolyticus densi-
ties in zooplankton may involve a distinctive
influence of the different groups constituting the
zooplankton. Temporal shifts in zooplankton
composition and species dominance may promote
the proliferation of groups carrying larger V. para-
haemolyticus loads. In contrast to the importance of
copepods in the ecology of Vibrio populations in
estuarine areas (Colwell, 1996; Pruzzo et al., 2008),
the results of the present study suggest only a small
significance for copepods in the offshore occurrence
of V. parahaemolyticus. This study also revealed
that two different groups, Cnidaria and Cladocera, are
relatively more influential on V. parahaemolyticus
levels. Cladocerans have been identified as a reservoir
of V. cholerae in Bangladesh (Hugq et al., 1990) and in
shelf waters in Brazil (Martinelli Filho et al., 2011).
It has recently been reported that V. cholerae
non-O1/non-0139 has a preference for growth on
cladocerans rather than on copepods (Kirschner et al.,
2010). A more explicit association has been found
between V. parahaemolyticus and cnidarian zoo-
plankton. The presence of cnidarians accounted for
51.87% of the V. parahaemolyticus variation, whereas
cnidarians represented roughly 2% of the total
zooplankton. This finding underscores the profound
effect that rare members of the plankton community
may exert on Vibrio populations, as indicated by the
results of previous studies (Turner et al., 2009).
Gelatinous zooplankton is typically oceanic and has
been found to be concentrated in density fronts of
subtropical waters (Graham et al., 2001). Associations
of this particular group of zooplankton with Vibrio
have seldom been investigated.

V. parahaemolyticus strains bearing virulence
genes have not often been detected in environmental
sources. However, this study has revealed that
potential pathogenic strains are not rare in offshore
zooplankton and that they represent a relevant
fraction of the mesozooplankton microbiome.
Although zooplankton has been previously pro-
posed as a carrier and vehicle for the dispersal
of cholera (Lipp et al, 2002) and pathogenic
V. parahaemolyticus (Martinez-Urtaza et al., 2008a,
2010), the results of the present study represent one
of the first empirical indications that virulent
populations can survive in open sea conditions.
The analysis of the population structure of trh-
positive strains used to track the dispersal of Vibrio
populations has also revealed a specific pattern
of seasonal partitioning marked by distinctive
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populations that occur during different periods of
the year. These findings may suggest the presence of
community-specific populations associated with
shifts in zooplankton composition. Differentiated
communities of Vibrio isolated from cold- and
warm-ocean waters have been also reported for the
north Atlantic coast in the United States of America
(Thompson et al., 2004). Simultaneously, a common
genetic profile was detected among some groups of
estuarine and offshore strains. Genetically indistin-
guishable strains were detected in zooplankton
from offshore areas from southern Galicia and from
estuaries isolated in the innermost parts of the rias.
These localities are dispersed along more than
1500 km of the west and north coasts of the Iberian
Peninsula. Their locations specifically mirror
the poleward flow of warm and salty waters of
downwelling fronts. According to this finding, it is
reasonable to postulate that the dispersal of
V. parahaemolyticus in this area is mediated
by mechanisms associated with the migration of
zooplankton trapped in ocean currents. The influx
of zooplankton and the continuous recruitment of
new genetic communities of V. parahaemolyticus to
estuarine areas may stimulate a process of frequent
population admixture at a local scale and may
produce subsequent impacts on the bacterial popu-
lation demography. The absence of barriers
for dispersal prevents the operation of selection for
speciation and niche specialization (Oakley et al.,
2010; Preheim et al., 2010). Together with the high
rates of recombination of Vibrio (Vos and Didelot,
2009), these processes may constitute the major
forces shaping the genetic diversity of the Vibrio
populations found in marine microbiomes (Hoff-
mann et al., 2010; Preheim et al., 2010).

Our results confirm that offshore waters may be
common habitats for V. parahaemolyticus, including
strains with virulence traits. The occurrence
of V. parahaemolyticus in these natural systems has
been found to be almost exclusively linked to the
distribution and phenology of zooplankton, which
likely provide a protective environment for the
survival of V. parahaemolyticus under the adverse
conditions of offshore areas. The interaction
with zooplankton may also provide a platform
for displacement in the open sea drifting along with
the ocean currents. Furthermore, these findings
unlock the possibility that, in the absence of
geographical barriers, Vibrio may move freely across
vast areas and habitats so as to connect different
populations, thereby producing impacts on local
bacterial community demography and on the epide-
miology of the diseases caused by these organisms.
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