
Vibrio Trends in the Ecology of the Venice Lagoon

Mohammad Shamsur Rahman,a,d Maria Elena Martino,a Barbara Cardazzo,a Pierantonio Facco,b Paola Bordin,c Renzo Mioni,c

Enrico Novelli,a Luca Fasolatoa

Department of Comparative Biomedicine and Food Science, University of Padua, Legnaro, Italya; Computer-Aided Process Engineering Laboratory, Department of
Industrial Engineering, University of Padua, Padua, Italyb; Laboratorio Batteriologia degli Alimenti, Istituto Zooprofilattico Sperimentale delle Venezie, Legnaro, Italyc;
Department of Fisheries, University of Dhaka, Dhaka, Bangladeshd

Vibrio is a very diverse genus that is responsible for different human and animal diseases. The accurate identification of Vibrio at
the species level is important to assess the risks related to public health and diseases caused by aquatic organisms. The ecology of
Vibrio spp., together with their genetic background, represents an important key for species discrimination and evolution. Thus,
analyses of population structure and ecology association are necessary for reliable characterization of bacteria and to investigate
whether bacterial species are going through adaptation processes. In this study, a population of Vibrionaceae was isolated from
shellfish of the Venice lagoon and analyzed in depth to study its structure and distribution in the environment. A multilocus se-
quence analysis (MLSA) was developed on the basis of four housekeeping genes. Both molecular and biochemical approaches
were used for species characterization, and the results were compared to assess the consistency of the two methods. In addition,
strain ecology and the association between genetic information and environment were investigated through statistical models.
The phylogenetic and population analyses achieved good species clustering, while biochemical identification was demonstrated
to be imprecise. In addition, this study provided a fine-scale overview of the distribution of Vibrio spp. in the Venice lagoon, and
the results highlighted a preferential association of the species toward specific ecological variables. These findings support the
use of MLSA for taxonomic studies and demonstrate the need to consider environmental information to obtain broader and
more accurate bacterial characterization.

Vibrio spp. are Gram-negative halophilic bacteria belonging to
the class Gammaproteobacteria. Vibrio is one of the most stud-

ied and diverse genera of microorganisms found in aquatic eco-
systems and comprises the major culturable bacteria in marine
and estuarine environments (1). According to the Association of
Vibrio Biologists (AViB; http://www2.ioc.fiocruz.br/vibrio/AVib
/species.html), there are 99 accepted or proposed Vibrio species,
although the recent description of new species has led to a con-
stantly changing taxonomy. Vibrio spp. are frequently isolated
from fish, fish products, and edible shellfish, and a large number of
species are pathogenic to different hosts. Some species, such as
V. cholerae, V. parahaemolyticus, and V. vulnificus, cause serious
food-borne gastroenteritis in humans. Other species, such as V.
anguillarum and V. salmonicida, are pathogenic for fish; V. splen-
didus-related species are pathogenic for bivalves, and V. harveyi
and V. campbellii are pathogenic for shrimps (1, 2, 3). Recently,
Austin suggested a classification of zoonotic Vibrio in two classes
named “higher-risk” vibrios (V. cholerae, V. parahaemolyticus,
and V. vulnificus) and “lower-risk” vibrios (V. alginolyticus, V.
fluvialis, V. furnissii, V. harveyi, and V. mimicus) (4). Bivalve mol-
lusks such as clams and mussels represent products of great eco-
nomic importance and are widely distributed in the food trade.
Recently, raw food has become more and more popular with con-
sumers. The Veneto region is the main European producer of
Manila clam (Venerupis philippinarum) and is also one of the main
mussel-producing regions in Italy, where the pathogenic vibrios
represents an emerging health problem (5, 6). The Vibrio species
predominantly associated with bivalves are V. splendidus, V. algi-
nolyticus, and V. harveyi, and the combination of these species (or
some of them) is the most frequent cause of diseases affecting all
life stages of bivalve mollusks (7). Moreover, V. tapetis has been
also described as a serious clam pathogen (8). However, Vibrio
contamination of shellfish is not easily detectable, as it does not

induce any organoleptic changes. In addition, the common targets
applied for detection of microbial contamination (e.g., Escherichia
coli) are inappropriate for highlighting the level of Vibrionaceae in
these products (9).

Although specific microbiological criteria for Vibrio species in
seafood have not been adopted in the European community (reg-
ulation CE 2073), the European legislation recommended devel-
oping new reliable methods for risk assessment related to Vibrio
spp., especially in shellfish. Mussels seem to be a reservoir for some
pathogenic strains, for example, V. parahaemolyticus O3:K6. This
species has been detected in up to 24% of mussels in Italy (10), but
information on other Vibrio species in shellfish is less investigated.
Thus, the accurate and reliable identification of Vibrio spp. is im-
portant to assess public health risks and to discover other potential
problems linked to the presence and distribution of this genus in
shellfish. Classical biochemical tests are usually applied to charac-
terize Vibrionaceae, but their great phenotypic diversity makes
microbiological identification imprecise and not always reliable
(11, 12). A few official protocols were specifically designed for V.
cholerae and V. parahaemolyticus isolation and identification, but
they cannot be used to analyze other Vibrio species. The common
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biochemical commercial kits (Biolog-GN fingerprints and API
20E profiles) are not totally reliable for identifying Vibrio spp., and
sometimes they are not able to distinguish Vibrio from other bac-
terial genera, such as Listonella, Photobacterium, and Aeromonas
(13, 14). DNA-based molecular methods provide more reliable
and precise results (15). Some multiplex PCR protocols are avail-
able for Vibrio spp. identification, but they are directed only at
clinically important species, e.g., V. cholerae, V. parahaemolyticus,
and V. vulnificus (16, 17), and sometimes V. mimicus and/or V.
alginolyticus (18, 19). Next-generation sequencing methods are
becoming widely used and certainly allow precise bacterial strain
typing (20). However, the amount of data is often excessive for the
scope. An ad hoc committee for the reevaluation of species defini-
tion in bacteriology recommended the use of multilocus sequence
analysis (MLSA) as an alternative method for species delineation
in bacteriology (21), and many recent studies have investigated
Vibrio populations through gene sequencing (22, 23, 24). Several
molecular markers, e.g., recA, pyrH, rpoA, and atpA, in single or in
concatenated sequences, have been used to identify Vibrionaceae
species, but these analyses have been applied mainly on type
strains (1, 25, 26).

In this study, an MLSA approach was developed to identify and
characterize a population of Vibrionaceae isolated from shellfish
of the Venice lagoon (Italy) and to understand the natural diver-
sity of Vibrio spp. found in the territory. The MLSA scheme has
been deposited in the pubMLST database (www.pubmlst.org
/vibrio) (27) and is freely accessible. The strains were analyzed
using combined phylogenetic and statistical approaches to inves-
tigate the population structure in depth. The main aim of the
study was to explore particular species adaptation processes and
the presence of specific population niches in commercialized
shellfish. In addition, a retrospective evaluation was conducted to
compare molecular data with biochemical results and assess the
reliability of the two approaches.

MATERIALS AND METHODS
Sample collection. A total of 164 shellfish samples were collected in dif-
ferent areas of the Venice lagoon and sea. Sampling was conducted in
different rearing areas and at various depths from February 2007 to De-
cember 2007. The following shellfish species were considered: Venerupis
philippinarum, Ostrea edulis, Crassostrea gigas, Mytilus galloprovincialis,
Ensis spp., Solen spp., Chamelea gallina, Callista chione, Cerastoderma
spp., and Paracentrotus lividus. The following additional information was
collected for all the shellfish samples: biological source (mollusk species),

season, water temperature, risk level of the area (E. coli level according to
European regulation 854/2004), area (sea or lagoon), and depth of sam-
pling (cm). All of the detailed information is listed in Table S1 in the
supplemental material.

Bacterial strains. The complete list of the 183 strains analyzed in this
study is in Table S1 in the supplemental material. Together with the field
strains, we also sequenced 17 Vibrio reference and type strains of various
species, and we included one Photobacterium profundum sequence and 11
Vibrio sp. sequences downloaded from GenBank.

Isolation and biochemical identification. The collected live shellfish
were immediately sent to the laboratory for microbiological analysis. The
samples were scrubbed under running potable water, and dead animals
were discarded. The samples were analyzed by the absence-presence
method (qualitative analysis) for Vibrio spp. For each sample, an aliquot
of 25 g (homogenized meat and intervalvar liquid) was enriched in alka-
line saline peptone water (ASPW) with 3% NaCl and incubated at 37°C
for 18 to 24 h � 1 h. One milliliter of the enrichment broth was transferred
to 9 ml of polymyxin B broth (SPB) (1% [wt/vol] peptone, 3% [wt/vol]
yeast extract, 2% [wt/vol] NaCl, and 100,000 IU polymyxin B, pH 7.4) and
incubated at 37°C for 18 to 24 h. Ten microliters was plated on thiosulfate-
citrate-bile salts-sucrose (TCBS) agar plates (Oxoid, Hampshire, United
Kingdom) and CHROMagar Vibrio plates (CHROMagar Microbiology,
Paris, France) and incubated for 24 h � 3 h at 37°C. Based on the mor-
phology, typical and nontypical colored colonies were plated on tryptic
soy agar (TSA) with 2% NaCl and incubated at 37°C for 18 to 24 h � 1 h.
Each colony was tested by Gram staining, genus tests (oxidase negative,
glucose positive, lactose negative, and hydrogen sulfide negative in Kliger
Iron Agar, ornithine decarboxylase [ODC] positive, lysine decarboxylase
[LDC] positive, arginine dihydrolase[ADH] negative), and the species
biochemical tests reported in Alsina-Blanch dichotomous keys (12).

Design of primers. Four housekeeping genes (gyrB, pyrH, recA, and
atpA) were chosen for the MLSA analysis; all of them are located on chro-
mosome I. Most of the available partial and full-length sequences of the
four Vibrio housekeeping genes were downloaded from the GenBank data-
base and aligned by using the ClustalW program (http://www.ebi.ac.uk).
Primers were designed based on the most conserved regions using
Primer3 software (http://frodo.wi.mit.edu/primer3) and PriFi software
for degenerate primers (28), with a length of 18 to 29 nucleotides. Primers
for the amplification of atpA were obtained from a previous study (29).
The complete list of genes analyzed in this study and all primers used for
PCR amplification and sequencing are given in Table 1.

DNA extraction, PCR amplification, and sequencing. For DNA ex-
traction, a single colony from a fresh culture was resuspended in 100 �l
nuclease-free water, vortexed at high speed for 5 s, and incubated at 94°C
for 10 min. The tube was vortexed again and centrifuged for 2 min at
11,000 relative centrifugal force (RCF). The supernatant was transferred
to a fresh tube and stored at �20°C.

TABLE 1 Primers used for amplification and sequencing of Vibrio sp. isolates

Primer Sequence (5=¡3=) Gene product
Trimmed amplicon
length (bp)

Annealing
temp (°C) Reference

Vi_gyrBdg2F GARGTGGTRGATAACTCWATTGATGAAGC DNA gyrase, � subunit (GyrB) 570 55 This study
VigyrBR CGGTCATGATGATGATGTTGT
VigyrBF GAAGGTGGTATTCAAGCGTT
Vh_gyrB_F CGTGAGCTTTCTTTCCTAAACTC
VipyrHdgF CCCTAAACCAGCGTATCAACGTATTC Uridylate kinase (PyrH) 501 55 This study
VipyrHdgR CGGATWGGCATTTTGTGGTCACGWGC
VirecAF TGCGCTAGGTCAAATTGAAA Recombinase A (RecA) 462 55 This study
VirecAdgR GTTTCWGGGTTACCRAACATYACACC
Vi_atpAdg_F ATCGGTGACCGTCARACWGGTAAAAC ATP synthase, � subunit (AtpA) 489 60 This study
Vi_atpAdg_R ATACCTGGGTCAACCGCTGG
ViatpA-01-F CTDAATTCHACNGAAATYAGYG 57 26
ViatpA-04-R TTACCARGWYTGGGTTGC
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PCR amplification was performed in a Euroclone One Advanced ther-
mal cycler (Celbio, Milan, Italy). The final volume of the amplification
reaction mixture was 20 �l, containing 1 U of GoTaq polymerase (Pro-
mega, Madison, WI), 1� GoTaq buffer, 2.5 mM MgCl2, 0.1 mM each
deoxynucleoside triphosphate (dNTP), 125 nM each primer, and 5 ng of
genomic DNA as the template.

For the atpA, pyrH, and recA genes, the amplification conditions com-
prised an initial 2-min denaturation step at 94°C followed by 35 cycles of
20 s at 94°C, 30 s at different annealing temperatures depending on the
amplified target, and 30 s at 72°C, with a final extension at 72°C for 7 min.
For the gyrB gene, the reaction mixture was subjected to touchdown PCR
as follows: an initial step at 95°C for 2 min followed by 40 cycles of dena-
turation at 95°C for 10 s, annealing at changing temperature (i.e., the
temperature changed from 65°C to 55°C in 0.5°C decrements during the
first 20 cycles) for 30 s, and extension at 72°C for 50 s, with a final exten-
sion at 72°C for 7 min. Amplified products were analyzed by electropho-
resis on 1.8% agarose–Tris-acetate-EDTA (TAE) gels, stained with SYBR
Safe (Invitrogen, Carlsbad, CA), and visualized on a UV transilluminator.

Conditions for direct sequencing without any additional purification
of templates were used, except for a few cases where standard PCR con-
ditions (0.2 mM dNTPs and 250 nM both primers) were used, followed by
Illustra ExoStar purification using the manufacturer’s standard operating
protocol (GE Healthcare Life Sciences UK Limited, United Kingdom).

Bidirectional sequencing of the four target genes was performed using
the respective primer pairs used for PCR amplification as sense and anti-
sense sequencing primers. The only exception was for the gyrB gene,
where two forward primers were designed to amplify and sequence genes
from some strains that were not initially amplified. The nucleotide se-
quences were determined using the BigDye Terminator cycle sequencing
ready reaction kit with AmpliTaq DNA polymerase (Applied Biosystems,
Foster City, CA), and the electrophoresis was performed on an ABI Prism
3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) automated
sequencer according to the manufacturer’s instructions. Finally, the se-
quences of the amplicons were verified by BLAST search (30) to indicate
whether they had similarity to the respective genes for which the primers
were designed.

Phylogenetic inference and recombination analyses. Analysis, edit-
ing, and comparison of the chromatograms obtained for the four genes
were performed using FinchTV software (Geospiza). The consensus se-
quence for each gene fragment was determined by alignment of the for-
ward and reverse sequences by using the ClustalW program (http://www
.ebi.ac.uk). The coding sequences used for the housekeeping genes were
read in frame. Allele sequences that differed from each other by one or
more polymorphisms were attributed to a unique allele number in the
order of discovery. Each unique allelic profile, defined by the allele num-
bers of the four loci, was assigned a sequence type (ST) (see Table S1 in the
supplemental material). The same ST was used for the strains that shared
the same allelic profile. Multiple alignments containing the concatenated
sequences were straightforward and were performed according to the
genomic gene order gyrB, pyrH, recA, and atpA. The concatemer length
was 2,022 nucleotides. Diversity indices, such as the G�C content of each
locus, number of polymorphic sites, average numbers of synonymous and
nonsynonymous sites, Tajima’s D, nucleotide diversity per site (	), and
average number of nucleotide differences per site (
), were calculated
using DnaSP version 5.10 (31).

For the phylogenetic analysis, concatenated sequences were aligned
and analyzed using MEGA v5.04 (32). Genetic distances were computed
by the Kimura two-parameter model and the phylogenetic tree was con-
structed using the neighbor-joining method. At the same time, a phylo-
genetic tree was also constructed for each gene to compare the four single
gene trees and the concatenated one. The taxon names of each phyloge-
netic cluster were attributed according to the available representative ref-
erence and type strains grouped in the same cluster. The isolates that were
considered related but clearly distinct were described as “Vibrio species-

like” (e.g., V. mediterranei-like), and the isolates that were not related to
any reference strain were referred to by their original names (e.g., Vi20).

Evidence of recombination was investigated using the split decompo-
sition method implemented in SplitsTree 4.10 software (33). Split net-
works were analyzed using the pairwise homoplasy index (PHI) test (34)
to identify alleles with significant evidence of recombination. Further-
more, the phylogenetic trees obtained from each locus were compared
with the concatenated sequence tree to investigate whether some genes
were affected by recombination.

Population structure and habitat prediction analyses. The Structure
software was used to detect the presence of a subpopulation, depending
on the distribution of distinct allele frequencies among the isolates (35).
This procedure assigns a probability of ancestry for each polymorphic
nucleotide for a given number of groups, K, and it estimates q, the com-
bined probability of ancestry from each of the K groups for each individ-
ual isolate. The following parameters were used: five iterations following a
burn-in period of 100,000 iterations, Markov chain Monte Carlo
[MCMC] � 50,000, and a K value between 1 and 20.

An empirical parsimony algorithm (AdaptML) was used to identify
populations as groups of related strains with distinct environmental dis-
tributions (24). The software employs a hidden Markov model (HMM)
approach to group sequences into ecologically similar habitats, which
represent distinct ecologically separated classes of strains. The AdaptML
analysis results in a set of emission probabilities that describe the “pro-
jected habitats” inferred within the tree. For this purpose, the two ecolog-
ical variables most correlated to the genetic clusters were included in the
AdaptML input (season and shellfish species). In this case, Crassostrea
gigas and Ostrea edulis were grouped together for similarity reasons. Tree
figures were generated using the interactive Tree of Life web application
(http://itol.embl.de) (36).

To determine whether the inferred populations were significantly dif-
ferent, UniFrac software was used (37). The phylogenetic tree was used as
the input for the UniFrac significance test (38) for calculation of pairwise
P values, for environment clustering, and for the principal-coordinate
analysis.

Statistical analyses. Principal-component analysis (PCA) and canon-
ical correlation analysis (CCA) were performed as multivariate analyses in
order to explore the sampling data and to correlate the environmental
variables to the genetic subpopulations provided by Structure analysis
(see “Phylogenetic inference and recombination analyses” above). Each
variable was converted to a “dummy” variable linked to all the states/levels
of the qualitative environmental variables. Six variables were considered:
origin (shellfish species, n � 9), season (n � 4), water temperature (n �
4), risk level of the area (n � 2), sampling area (n � 2), and depth of
sampling (n � 3). Detailed information on the environmental variables is
reported in Table S1 in the supplemental material.

PCA was applied considering both the genetic and environmental
variables (Matlab 2013 b; Mathworks). CCA was performed to highlight
the strongest correlation among environmental information and each ge-
netic group inferred by the Structure software. Taxa including fewer than
four strains were removed from the data set (PLS_Toolbox 7.3.1; Eigen-
vector Research).

The McNemar test was used to test the difference between paired
proportions (MLSA versus Alsina’s test) using the Marginal Homogeneity
program (v. 1.2) (http://www.john-uebersax.com/stat/mh.htm). Both
the Bhapkar test (39) and the Stuart-Maxwell test (40, 41) were performed
to test overall marginal homogeneity for all the categories simultaneously.

Nucleotide sequence accession numbers. All DNA sequences were
deposited in the Vibrio MLSA database (www.pubmlst.org/vibrio) (27)
and in GenBank with accession numbers KF898923 to KF899349.

RESULTS
Biochemical identifications. One hundred twenty-three shellfish
samples out of 164 (75%) were found to be positive for Vibrio spp.
Among them, a total of 154 strains were selected as representative
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of all the different colony morphologies detected through the bio-
chemical tests. The most common species was V. parahaemolyti-
cus (33 isolates), followed by V. alginolyticus (29 isolates) and V.
vulnificus (21 isolates). Three strains were unidentified and re-
ported as Vibrio spp. No V. cholerae was isolated in this study.
Table S1 in the supplemental material reports all the results of the
species assignment given by the biochemical analysis.

Genetic diversity and strain relationships. One hundred
eighty-three strains were analyzed with the MLSA approach; they
included 154 Vibrio field strains, 28 Vibrio type and reference
strains, and 1 Photobacterium profundum strain. Eight strains
(Vi_20, Vi_51, Vi_54, Vi_60, Vi_62, Vi_73, Vi_9a, and Vi_16a)
were not amplified with gyrB primers. An alternative forward
primer (Vh_gyrB_F) was designed within 60 bp upstream of the
Vi_gyrB_F primer in order to maintain the same final gyrB frag-
ment length. All eight samples were amplified with this primer,
and they showed an insertion of three bases.

The 182 Vibrio strains analyzed in this study corresponded to
162 distinct STs (see Table S1 in the supplemental material); this
high number of different alleles was expected because distinct spe-
cies/taxa were processed. Only 12 STs included more than one
strain: ST 33 and ST 125 each included 4 isolates; ST 3 had 3
isolates; and STs 5, 20, 30, 48, 72, 75, 78, 95, and 123 each included
2 isolates. Examination of the nucleotide variability revealed 18
times more synonymous substitutions than nonsynonymous sub-
stitutions, suggesting a predominance of neutral selection. The
mean G�C contents of the four genes were very similar and varied
from 47.6% (atpA) to 48.2% (pyrH). The genetic equilibrium of
alleles was analyzed using Tajima’s D neutrality test (42). All of the
obtained D values were between �2 and 2, again supporting neu-
tral selection of the considered genes (Table 2). The nucleotide
diversity was high in all genes (ranging from 0.089 for atpA to
0.140 for pyrH), and the sequence variability among all Vibrio
strains was 38.8%, which corresponded to 805 polymorphic sites
(nucleotide diversity of 0.120) in the concatenated sequence. The
phylogenetic tree obtained from the concatenated sequences of
the four genes allowed a good discrimination of all the Vibrio
species considered in this work (Fig. 1). All bootstrap values were
highly supported, demonstrating a high reliability of the phyloge-
netic signal. The isolates that did not cluster in specific groups
were not assigned a species name. The phylogenetic analysis con-
ducted on single genes supported the distribution of the concate-
nated sequences, although small amounts of variation were visible
on some species clustering (such as V. harveyi, V. parahaemolyti-
cus, V. alginolyticus, and V. diabolicus) (see Fig. S1 in the supple-
mental material).

Evidence for recombination was investigated with the Split-
sTree program using the split decomposition method separately
on each locus and on the concatenated sequences of all STs. Indi-
vidual genes were not significantly affected by intragenic recom-
bination, but in all cases, parallelogram formation was evident,
which is indicative of some recombination events (data not
shown). However, significant recombination (P � 1.8 � 10�14)
was found when the concatenated sequence of all STs were con-
sidered. In addition, the five most represented species (V. algino-
lyticus-V. diabolicus group, V. anguillarum-like, V. harveyi-group,
V. mediterranei, and V. parahaemolyticus-like) were analyzed sep-
arately to evaluate whether some specific taxon was particularly
affected by genetic transfer, and only the V. alginolyticus-V. dia-
bolicus group showed a significant presence of recombination
(P � 1.2 � 10�6). The Structure software was used to evaluate the
population structure and identify the groups that differed in terms
of their allele frequencies. In addition, the software allows the
detection of more subtle recombination events and potential im-
port of foreign DNA. Seventeen subpopulations were identified,
as repeated analyses showed that the model probability was best
supported at a K value of 17. Within the same species, most strains
were homogeneous, supporting the low presence of recombina-
tion found in the previous analyses. However, some strains pre-
sented mixed colors in the corresponding column, which demon-
strates the import of gene sequences from other species (see Fig. S2
in the supplemental material). The 17 groups detected by Struc-
ture corresponded in large measure with those of named Vibrio
species, supporting the phylogenetic grouping obtained by the
neighbor-joining analysis.

Statistical analyses and comparison of biochemical and
MLSA approaches. PCA and CCA were conducted in a restricted
data set containing 134 strains (the Structure groups including
fewer than four strains were removed from the analysis). Consid-
ering the data set including both the environmental and genetic
variables, the first two principal components (PCs) of the PCA
explained the majority of the data set variability (68%). Two main
groups were separated along the scores of PC1 and PC2, and the
loadings highlighted that the dominant variables involved in the
clusters’ definition are four descriptors: water temperature, sea-
son, shellfish species, and sampling area (data not shown). In par-
ticular, the first group of strains grouped isolates collected during
cold seasons (winter/spring) and/or from Mytilus galloprovincia-
lis, while the strains belonging to the second group were isolated
mainly from clams collected in the lagoon during summer and the
late part of spring. According to the Structure groups, the most
informative taxa were V. alginolyticus-diabolicus and V. anguilla-

TABLE 2 Nucleotide diversity observed within the 182 Vibrio strains characterized in this studya

Locus
Fragment
size (bp)

No. of
alleles

G�C
content

No. (%) of
polymorphic
sites

No. of
parsimony
informative
sites

No. of
synonymous
changes

No. of
nonsynonymous
changes Tajima’s D 
 	

gyrB 570 134 0.481 235 (41.2) 219 228 15 0.22409 0.164 0.135
pyrH 501 107 0.482 204 (40.7) 190 211 9 0.17839 0.172 0.140
recA 462 128 0.478 195 (42.2) 179 199 5 0.11590 0.171 0.139
atpA 489 96 0.477 171 (35.0) 152 189 14 �0.51451 0.101 0.089

Concatenate 2,022b 162 0.480 805 (39.8) 742 827 43 0.08054 0.143 0.120
a 	, nucleotide diversity per site; 
, average number of nucleotide differences per site.
b The concatemer length of the strains belonging to the Vi20 group is 2,025 bp.
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rum, which showed the highest loading values. Moreover, V. an-
guillarum seemed to be more related to samples collected during
cold seasons. The same data set was applied to CCA. The first six
canonical components described the majority of the canonical
correlations among the two data sets (Fig. 1B). According to the
canonical coefficients of each variable, the shellfish species and the
season were the most significant variables, followed by the water
temperature. The season seemed to be anticorrelated to some
Structure groups (Fig. 1B). At the same time, the shellfish species
highlighted a high level of correlation to the genetic groups for the
majority of the canonical components considered descriptive of
the system. Taken together, the two statistical approaches suggest
that the shellfish species and the season are the most informative
variables in relation to the species groups. The last Structure group
(Vi 20 group) did not show any significant correlation with
any environmental information, probably because this cluster
grouped isolates with undefined attribution and different isola-
tion conditions. Moreover, this cluster included all the strains
carrying the three-base insertion in gyrB. Six environmental vari-
ables did not show correlation with any Structure group (canon-
ical coefficient equal to 0) (Fig. 1B).

The McNemar test was used to compare the two species
identification methods used in this work (Alsina’s test and
MLSA). The classifications were inconsistent for the most rep-
resented taxa (i.e., those including more than three strains),
except for V. mediterranei and V. anguillarum, which exhibited a
good correspondence. Among the higher-risk Vibrio species, V.
vulnificus and V. parahaemolyticus were overestimated by Alsina’s
method (Table 3).

Habitat predictions and ecology. The analysis performed
through AdaptML allowed the simultaneous evaluation of ecolog-
ical differentiation and genetic background of the isolates. After
100 repetitions, the predictive model identified two projected
habitats as the most supported ecological diversification of the
Vibrio strains (Fig. 1). Generally, the two groups were diverse in
terms of seasonality: habitat 1 included strains isolated mainly
during the cold seasons (winter-spring), and habitat 2 grouped the
majority of the strains collected during the warm seasons
(summer-autumn). There is no clear correlation between some
specific taxa and the source, suggesting the wide distribution of
Vibrio among different shellfish species. In addition, unweighted
UniFrac was used to cluster the Vibrio strains according to shared

FIG 1 (A) Phylogenetic tree of the Vibrio population analyzed in this work. The colored rectangles refer to the biological source of the strains (shellfish species).
The middle ring shows the seasons of sampling. The 17 Vibrio groups inferred by Structure are reported in the outer ring. The colored circles on the tree branches
represent the two habitats predicted by AdaptML. (B) CCA pattern, showing canonical correlation between variables. The plot shows the correlation between the
most represented Vibrio groups inferred by Structure and the environmental categories considered in this study. The environmental variables are as follows: 1,
V. philippinarum; 2, C. gallina; 3, M. galloprovincialis; 4, C. gigas; 5, O. edulis; 6, C. chione; 7, Cerastoderma spp.; 8, Ensis spp./Solen spp.; 9, P. lividus; 10, winter;
11, spring; 12, summer; 13, autumn; 14, 6 to 10°C; 15, 11 to 15°C; 16, 16 to 20°C; 17, 21 to 30°C; 18, A; 19, B; 20, lagoon; 21, sea; 22, 0 to 100 cm; 23, 101 to 200
cm; 24, �200 cm. The color bar (canonical coefficients) indicates the ranges of correlations among variables.
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similarities. The UniFrac significance and the environment clus-
tering tests were employed to evaluate which environments were
statistically different from each other (Fig. 2; see Table S2 in the
supplemental material), while the principal-coordinate analysis
showed which ecologies were most closely related to one another.
The software supported the ecological differentiation based on the
seasonality obtained through the AdaptML software: cold seasons
were statistically different from warm seasons in terms of Vibrio
species distribution. In addition, the three tests highlighted a fur-
ther distinction: V. philippinarum, M. galloprovincialis, and C. gal-
lina were found to be significantly different from the other sources
and formed a distinct group (Fig. 2).

DISCUSSION

Vibrionaceae are ubiquitous marine heterotrophic bacteria whose
taxonomy has been extensively studied and revised, especially in
the last years (29, 43, 44, 45, 46, 47). In particular, the new micro-
biological and molecular trends have recently seen the mutual
analysis of phenotypic, genotypic, and environmental variables, as
these features are clearly interconnected in bacterial evolution (24,
48, 49). However, the ecological processes of bacterial dynamics in
the environment remain poorly understood (50). Vibrio popula-
tions from different parts of the world have been analyzed in in-
dependent studies that described species distribution in the envi-
ronment (habitats and hosts) and also highlighted the strong
connection between this genus and specific ecological variables
(48, 50, 51). The Venice lagoon is an area of great economic im-
portance for mollusk commerce. Little information is available
concerning the distribution of Vibrionaceae in this area, and most
of the studies are related to marine samples (e.g., sediments,
plankton, or water) (52, 53, 54). In this work, we developed and
applied an MLSA scheme based on four housekeeping genes, to-
gether with different statistical and predictive models, to charac-
terize the Vibrio species from the Venice lagoon and to explore to
what extent different ecologies represented distinct habitats for
this genus. The work was based on the simultaneous analysis of the
core genetic information and a set of ecological features (season,
host species, risk level of the area, water temperature, and area and
depth of sampling), with the aim to understand whether they were
interconnected. A total of 182 Vibrio strains were analyzed. The
MLSA scheme was demonstrated to be very simple and useful for
discriminating Vibrio species; the distribution and clustering of
the taxa achieved a high degree of discrimination that supported
the results of previous studies overall (25, 43, 55). Most species
were easily identified through population and phylogenetic anal-
yses, while other species were grouped together (V. harveyi group
and V. alginolyticus/V. diabolicus). This is not surprising, as other
studies have already demonstrated the genetic similarity of these
taxa (25, 26, 29). In particular, regarding the V. alginolyticus and
V. diabolicus species, the concatenated gene sequence tree and the
SplitsTree analysis revealed two subclusters, while the Structure
software showed a unique group. This is also consistent with
the phylogenetic analyses of the recA and atpA genes (see Fig. S1 in
the supplemental material), in which the two groups seemed to be
more distantly related. This result suggests that the two species

TABLE 3 Comparison between Alsina’s test and MLSA by the
McNemar testa

Category

Frequencyd

PAlsina MLSA

V. alginolyticus-V. diabolicus group 26 33 0.0348
V. anguillarum (-like) 10 15 0.2752
V. brasiliensis (-like) 0 2 0.5000b

V. harveyi group 9 30 0.0002c

V. chagasii 0 12 0.0005c

V. fischeri 3 0 0.2500b

V. fluvialis 17 0 0.0000c

V. furnissii 0 1 10.000b

V. logei 4 0 0.1250b

V. marinus 1 0 10.000b

V. mediterranei (-like)/V. shilonii 14 14 10.000b

V. mimicus 3 0 0.2500b

V. nereis 4 0 0.1250b

V. orientalis 0 3 0.2500b

V. parahaemolyticus (-like) 33 23 0.0039
V. pelagius 4 0 0.1250b

V. splendidus (ll) 9 5 0.2482
V. vulnificus (B2) 14 1 0.0003c

Vibrio spp. 3 15 0.0047
a Tests of overall marginal homogeneity: Bhapkar chi-square, 124.716 (degrees of
freedom [df] � 18, P � 0.0000); Stuart-Maxwell chi-square, 68.910 (df � 18, P �
0.0000). Bowker symmetry test chi-square, 78.867 (df � 171, P � 1.0000).
b A two-tailed exact test was applied.
c P  Bonferroni-adjusted significance criterion of 0.003.
d Numbers of strains identified by the indicated method.

FIG 2 Tree obtained by the UniFrac environment clustering test. The colors refer to the biological sources of the samples. CR, Crassostrea gigas/Ostrea edulis; ES,
Ensis spp./Solen spp.; CG, Chamelea gallina; CS, Cerastoderma spp./Paracentrosus lividus/Callista chione; MG, Mytilus galloprovincialis; RP, Venerupis philippi-
narum; F, autumn; M, summer; S, spring; W, winter.
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might have originally been the same species and that they under-
went recombination events that led to differentiation of some
strains into a distinct species. Another example is the V. harveyi
group: it is known that the cluster comprises four species (V. har-
veyi, V. campbellii, V. rotiferanus, and V. owensii) (56), but the
four-gene MLSA did not permit discrimination among them. In
the cases reported above, the use of a higher number of molecular
markers would be useful to investigate the taxonomic positions of
particular isolates or to detect pathogenic strains, as demonstrated
in other studies (43, 56, 57).

However, the precise strain typing and detection of pathogens
for aquaculture organisms were not the aims of this work, which
were instead focused on a wider characterization of the Vibrio
species of the Venice lagoon related to their risk level. Regarding
this point, the MLSA developed in this study allowed easy discrim-
ination of the high-risk Vibrio species from the low-risk species.
Most of the strains isolated from mollusks belonged to the low-
risk group: V. alginolyticus, V. fluvialis, V. furnissii, V. harveyi, and
V. mimicus were the most frequently isolated species. Twenty-five
out of 154 isolates (16.23%) clustered in the high-risk group. No
V. cholerae was isolated, while both V. parahaemolyticus and V.
vulnificus strains were identified and a precise clustering was
achieved for both of them.

The comparative statistical analysis performed for biochemical
and molecular identification demonstrated the higher reliability
of the latter. In particular, the biochemical results overestimated
the two high-risk Vibrio species (V. vulnificus and V. parahaemo-
lyticus). Although they represented a small part of the total Vibrio
species isolated in this study, their presence still represents worry-
ing data on the safety of shellfish in the Venice lagoon. This high-
lights the need to confirm biochemical data with molecular meth-
ods to avoid false-positive results, particularly for high-risk Vibrio
species.

The molecular results obtained in this work allowed character-
ization of the Vibrio populations that inhabit the main mollusk
species reared or caught in the Venice lagoon. However, a deeper
understanding of the distribution of the bacterial species in the
environment also relies on additional information. These data
include the phenotypic and ecological characteristics of the bacte-
rial strains. This polyphasic approach has been commonly used in
prokaryotic taxonomy in recent years (24, 48, 49, 50, 51, 58). We
integrated the MLSA molecular data with a set of environmental
categories to investigate whether the Vibrio populations also had
an ecological trend. The most significant result was the influence
of seasonality on species diversity. This is consistent with previous
work conducted both on the Vibrio genus and on single species in
different parts of the world (48, 50, 59). We performed several
statistical and population analyses to understand whether ecolog-
ical variables could be linked to particular species and which of
them were the most informative. All the different approaches that
we employed (PCA, UniFrac, and AdaptML) suggested a distinc-
tion between the Vibrio species isolated during the cold seasons
(winter and spring) and those isolated during the warm seasons
(summer and autumn), suggesting that seasons have a strong in-
fluence on the population structure and species distribution. Ac-
cording to AdaptML, some species, such as V. anguillarum, V.
alginolyticus, V. diabolicus, and V. splendidus, were specific to cold
seasons, while V. mediterranei, V. shilonii, V. chagasii, V. brasilien-
sis, and V. orientalis were isolated predominantly during warm
seasons (Fig. 1). The V. harveyi group and V. parahaemolyticus

included strains that were isolated during both cold and warm
seasons, although the majority of them were found during spring.
The two habitats predicted by the quantitative model AdaptML
reflected this seasonality; however, there were a few exceptions,
that is, strains isolated during summer/autumn seasons that were
assigned to “cold season” habitats. This is the case of the under-
represented clusters, such as V. vulnificus and V. fluvialis/V. furnis-
sii, which included just one field isolate whose informativeness
was not high enough to support an independent clustering. The
predictability of host association and the importance of the eco-
logical data were tested using another method (three UniFrac
tests), which supported the separation between cold and warm
seasons but also pointed out a further distinction: host species
diversity was detected (Fig. 2). In particular, V. philippinarum, M.
galloprovincialis, and C. gallina were found to be significantly dif-
ferent from the other reservoirs. Nevertheless, further analyses are
needed to comprehend and support this result, as the sampling
scheme was not uniform with regard to the host species. As a
matter of fact, the three species reported above were the most
represented ones, with 91, 37, and 10 Vibrio isolates, respectively,
while the remaining mollusk species bore fewer than 10 isolates
each. However, it is important to report that all the low-repre-
sented mollusk species had at least one Vibrio species, supporting
the wide distribution of this genus in the aquatic environment. At
the same time, this may suggest that there is no selection of reser-
voirs by the different taxa, but this result needs to be further in-
vestigated; bacterial population structure in animals may be weak
just because selection can be balanced by migration and/or adap-
tation to different environments (50). In fact, the ability of Vibrio
species to disperse laterally among hosts is well documented (24,
50, 51).

In conclusion, this work employed different statistical and evo-
lution analyses to shed light on the dynamics of the Vibrio genus in
the mollusks of the Venice lagoon. The results highlighted the
wide presence of Vibrio species in the environment, with the ma-
jority of samples bearing at least one species. Low-risk Vibrio spe-
cies represented most of the species isolated, although high-risk
species were also detected. This suggests the need for precise mon-
itoring of the shellfish commerce and the importance of confirm-
ing biochemical analyses with more reliable screening techniques.
The MLSA demonstrated a reliable characterization of the main
Vibrio species and provided an overview of the ecology of Vibrio
spp. in the Venice lagoon. The concatenated MLSA loci high-
lighted an evolutionary history that was ecologically coherent and
supported the use of core genes for ecological studies. In addition,
the combined use of different algorithms provided a clear view of
the species distribution, which was clearly dependent on the tem-
perature (seasonality). Bacterial phylogenetic diversity in this en-
vironment is structured mainly by seasons, rather than other en-
vironmental variables. This result supports the recent trend of
considering an integrated approach to studying prokaryotic tax-
onomy and dynamics, as investigation of bacterial evolution must
consider ecology.
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