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Phylogenetic and evolutionary analysis of
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SUMMARY

The Vibrio genus contains a large number of closely related bacterial species differing, in some cases, less than 1% in
16S rRNA gene sequence. The present study evaluated the usefulness of foxR gene for phylogenetic and evolution
analysis on Vibrio isolates of environmental or clinical origin belonging to the two closely related species V. para-
haemolyticus and V. alginolyticus. The phylogenetic analysis based on toxR gene, contrary to 16S rRNA gene, allowed
a clear differentiation of the isolates belonging to the two species and showed the presence of two separate, statisti-
cally supported clusters in V. alginolyticus (subgroup A and B). Such division, partially reflected in the biochemical fea-
tures of the isolates, could not be explained by spatial and/or temporal distance in the isolation, leading to the hypothesis
of two distinct, co-existing clusters in the V. alginolyticus isolates analysed. The evolutionary analysis on the foxR se-
quence showed that while the substitutions inferred from the alignment of V. parahaemolyticus are best explained by
the negative/neutral selection model, in V. alginolyticus — and particularly in subgroup B - is acting a positive evolu-
tionary pressure. The site detected as under diversifying selection (P164L) could be related to conformational changes

of ToxR protein.
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INTRODUCTION

The genus Vibrio, belonging to the Gamma-
proteobacteria on the basis of 16S rRNA gene se-
quence analysis (Bergey et al., 1984), contains a
large number of closely related bacterial species
differing in nucleotide sequence from less than
1% up to 6% (Dorsch et al., 1992; Ruimy et al.,
1994). Several novel Vibrio species, isolated main-
ly from the aquatic environment and from ma-
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rine organisms, have been described in the last
few years (Thompson et al., 2005) and, in spite of
the rapid advancement in the molecular taxono-
my of Vibrio genus, the level of resolution be-
tween closely related species and between indi-
vidual strains is still limited.

The use of 16S rRNA gene sequencing does not
appear to be particularly suitable for the dis-
crimination of closely related species, therefore
the application of other genomic analyses, in-
cluding DNA-DNA hybridisation, repetitive ex-
tragenic palindromic PCR, amplified fragment
length polymorphism (AFLP) and multilocus se-
quence analysis has been considered (Thompson
et al., 2005). However, as these techniques are ap-
plied only by some specialized laboratories, the
use of different genetic loci (rpoA, recA, pyrH and
atpA genes) has been also proposed for phyloge-
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netic purposes (Thompson et al., 2007; Thompson
et al., 2005) and, even if these genes have been
recognized useful for discrimination of Vibrio
species, Thompson et al. (2007) encouraged to
analyse other genetic loci that present more dis-
criminatory power to differentiate closely related
species (Thompson et al., 2007).

Among Vibrio species V. parahaemolyticus and V.
alginolyticus are two important closely related
species (99.8% of identical nucleotides) (Gomez-
Gil et al., 2004; Osorio and Klose, 2000), with sim-
ilar phenotypic features that in some cases make
difficult the biochemical differentiation of the iso-
lates (Croci et al., 2007).

V. parahaemolyticus, which includes toxigenic
strains, is a recognized cause of seafood-related
gastroenteritis and traveler’s diarrhea in humans
(Fuenzalida et al., 2006; Martinez-Urtaza et al.,
2004) while V. alginolyticus is one of the most im-
portant pathogens in aquaculture, causing seri-
ous damage in shellfish and crustaceans
(Hormansdorfer et al., 2000) and has been spo-
radically associated with episodes of human in-
fection (wound infection, seawater-related otitis,
etc.) (Ho et al., 1998; Matsiota-Bernard and
Nauciel, 1993; Mukherji et al., 2000).

Some authors have considered the virulence reg-
ulatory gene toxR, that appears to be well con-
served among Vibrio species, a useful tool for the
distinction of various species (Kim et al., 1999;
Osorio and Klose, 2000) particularly in relation to
the significant gap between its maximun in-
traspecific and minimum interspecific distances
(Pascual et al., 2010). The regulatory protein ToxR
(first described in Vibrio cholerae and then re-
ported in other bacteria) contains a cytoplasmic
DNA-binding-transcriptional activation domain,
a transmembrane domain and a periplasmic do-
main (Lin et al., 1993; Reich and Schoolnik,
1994). The alignment of ToxR amino acid se-
quences revealed a region between transcriptional
activation and transmembrane domains (“teth-
er” region) that displays wide divergence among
Vibrio species. V. parahaemolyticus and V. algi-
nolyticus, have only 61.7% identical nucleotides
within the partial roxR sequence (Osorio and
Klose, 2000).

The aim of the present study was to verify the
usefulness of the foxR gene as a molecular mark-
er in intraspecific phylogenetic analysis of V. para-
haemolyticus and V. alginolyticus. The molecular

evolution and diversity in the sequences of the
two species was also examined to assess if a se-
lective pressure is acting on foxR gene.

MATERIALS AND METHODS

Bacterial isolates: source and maintenance
A total of 48 isolates of environmental and clini-
cal source, as well as two Vibrio reference strains
(American Type Culture Collection - ATCC,
Manassas, VA, USA), used for the present study
are listed in Table 1.

The strains, selected from the Istituto Superiore
di Sanitd’s culture collection, had been isolated
during routine surveillances on national and im-
ported fisheries, shellfish and seawater or had
been provided from other national and interna-
tional Laboratories. The isolates collected from
Adriatic Sea in 2003 (Table 1) were obtained as a
part of a single monitoring program carried out
from June to December on shellfish production
areas of the delta of Po river and samples collec-
tion was accompanied by recording of the envi-
ronmental conditions (temperature and salinity
ranging, respectively, between 12 to 29°C and
from 22 to 34 ppm).

Long-term storage of isolates was performed at
-80°C in commercially available cryogenic vials
(Microbank™, Prolab Diagnostic, Neston, UK).
All strains were subjected to biochemical and mo-
lecular identification before being included in the
study.

Identification of bacterial isolates
Biochemical tests

The isolates were screened on the basis of colony
morphology on TCBS, sucrose utilization, oxi-
dase test, salt requirement (growth on 0, 3, 6, 8
and 10% NaCl medium), growth at different tem-
peratures (37, 41.5 and 44°C), resistance to vib-
riostatic 0129 (10 and 150 pg) and reactions on
triple sugar iron (TSI) agar slant (Oliver and
Kaper, 1997; Ripabelli et al., 1997). Isolates with
reactions characteristic for V. parahaemolyticus
and V. alginolyticus were subjected to identifica-
tion by means of two different miniaturized bio-
chemical tests (API 20E and API 20NE,
bioMerieux, Marcy I'Etoile, France) according to
the manufacturer’s instructions. Identification
was obtained through the APILAB PLUS 3.3.3
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software (bioMerieux) and isolates with identifi-  Molecular tests
cation probability higher than 95% in both tests ~ Bacteria, cultured on 2.5% NaCl tryptone soya
were subjected to confirmation by molecular  broth (TSB-S, Oxoid) at 30+1°C for 24 h were ex-

identification (PCR).

tracted by boiling. Vibrio parahaemolyticus iden-

TABLE 1 - Vibrio strains used in the study.

Species and Source Origin Year
reference number*

Vibrio alginolyticus: 33

Va020 fishery products Cuba 2001
Val25, Val26 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Val29 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Val38 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Val50 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Val87 shellfish (Mytilus galloprovicialis) Adriatic Sea (Italy) 2003
Va226, Va227 shellfish (Mytilus galloprovicialis) Adriatic Sea (Italy) 2003
Va236 shellfish (Mytilus galloprovicialis) Adriatic Sea (Italy) 2003
Va239 shellfish (Mytilus galloprovicialis) Adriatic Sea (Italy) 2003
Va253, Va257 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va271, Va272 shellfish (Mytilus galloprovicialis) Adriatic Sea (Italy) 2003
Va289 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va292, Va293 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va295 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va336 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va339 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va347 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va350 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va356, Va357 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va371, Va372 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va373, Va375, Va376 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va407 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va412 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Va487 fishery products Adriatic Sea (Italy) 2002
Vibrio parahaemolyticus: 15

Vp006 seawater Adriatic Sea (Italy) 1994
VpO11 fishery products Cuba 2001
Vp103 seawater Adriatic Sea (Italy) 1994
Vpl15 clinical sample Mozambique 2002
Vpllé clinical sample Mozambique 2002
Vpl136 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Vp195 shellfish (Mytilus galloprovicialis) Adriatic Sea (Italy) 2003
Vp250, Vp252 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Vp294 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Vp299 shellfish (Tapes philippinarum) Adriatic Sea (Italy) 2003
Vp413 seawater Adriatic Sea (Italy) 2002
Vp432 frozen cuttlefish Senegal 2003
Vp4381 shellfish Adriatic Sea (Italy) 2002
Vp4383 frozen fish Japan 2003

Reference strains: 2

Vibrio alginolyticus ATCC 17749
Vibrio parahaemolyticus ATCC 43996

“Isolates reported on the same line were obtained from the same shellfish sample.
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TABLE 2 - Regions amplified and primers used in the study.

Species Region  Primers  Expected PCR Position and Reference
amplified amplicon size GenBank reference
V. parahaemolyticus forw 5- GTCTTCTGACGCAATCGTTG -3’ 600-619 (Kim et al.,
foR rev 5- ATACGAGTGGTTGCTGTCATG -3 60D g 066 L1929 g99)
V. alginolyticus collavenase forw 5- CGAGTACAGTCACTTGAAAGCC -3’ 737h 1526-1547 E03106 (Di Pinto et al.,
& rev 5'- CACAACAGAACTCGCGTTACC -3’ P 22422263 2005)
V. cholerae J— forw 5'- CACCAAGAAGGTGACTTTATTGTG -3’ 587h 221-244 X51948 (Nandi et al.,
P rev 5'- GAACTTATAACCACCCGCG -3’ P 790-808 2000)
V. vulnificus forw 5- CGCCGCTCACTGGGGCAGTGGCTG -3 1470-1493 (Brauns et al.,
wh rev 5. CCAGCCGTTAACCGAACCACCCGC -3 551 PP 1g3q.1857 M34670 jg0y)
All species 63f 5'- CAGGCCTAACACATGCAAGTC -3’ 43-63 (Marchesi et al.,
[6STRNA 73, 5. GCATCTGAGTGTCAGTATCTGTCC-Y 0P 740763 01859 1008y ihis study
V. parahaemolyticus xR VaVpToxRf 5~ GAGCARGGKTTYGAGGTGG -3’ 570 343-362 111929 this study
V. alginolyticus VaVpToxRr 5- CRCCWGTGGCRATYACYTC -3’ P 895913

tification was confirmed through foxR gene de-
tection as elsewhere described (Kim et al., 1999),
while Vibrio alginolyticus was tested for collage-
nase gene according to Di Pinto et al. (Di Pinto et
al., 2005). Primer sequences, region amplified and
publication references are summarized in Table
2. All reactions were performed in a volume of
25 pul on a 9600 Applied Biosystems thermalcy-
cler. Vibrio parahaemolyticus ATCC 43996 and
Vibrio alginolyticus ATCC 17749 were used as pos-
itive controls respectively for ftoxR gene and col-
lagenase gene detection; a negative control (ster-
ile distilled water) was processed every ten
strains. PCR products were visualized by elec-
trophoresis on 1.5% agarose gel (Kodak, New
Haven, CT, USA) (run at 90V for 50 min) and pho-
tographed using a Bio-Rad Gel Doc 2000 (Bio-
Rad Laboratories, Hercules, CA, USA).

Evaluation of possible misidentifications

of the isolates

In order to exclude misidentification of other
species like V. parahaemolyticus and V. alginolyti-
cus, the results of all screening and biochemical
tests were compared with those available in lit-
erature for the species with closest phylogenetic
relations according to previously published pa-
pers (Thompson et al., 2005) (i.e. V. diabolicus,
V. mytili, V. proteolyticus, V. natriegens, V. har-
veyi, V. rotiferianus, V. campbellii, V. navarrensis,
V. vulnificus, V. xuii, V. nereis, V. neptunis, V.

corallilyticus, V. tubiashi, V. aestuarianus, V. an-
guillarum, V. ordalii, V. brasiliensis).
Misidentification with certain species as V. choler-
ae, V. vulnificus and V. harveyi was also excluded
by subjecting the isolates to the PCR assays for
the identification of these species (Table 2).

Analysis of phenotypic features of V. alginolyticus
V. alginolyticus isolates were divided according to
the results of phylogenetic analysis and the bio-
chemical test results of API 20E and API 20NE
were subjected to chi-square test with Yates’ cor-
rection for continuity. Comparison of the other
phenotypic features as growth at different tem-
peratures (41.5 and 44°C) and salinity concen-
trations (8% and 10%), swarming on Marine Agar
2216 (BD Difco, Franklin Lakes, NJ, USA) at 25°C
was performed with the same division criteria.

Amplification and sequencing of 16S rRNA
and toxR gene

Nucleic acid from the isolates and from the two
reference strains (Table 1) was extracted by a phe-
nol-chloroform-CTAB procedure (Ausubel, 1995)
and subjected to amplification and sequencing of
16S rRNA gene and foxR gene.

For 16S rRNA gene amplification a previously
published primer, 63f (Marchesi et al., 1998) and
a newly designed primer, 763r (Table 2) were
used; amplification was performed using the cy-
cling conditions reported in Marchesi et al.
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(Marchesi et al., 1998) and the PCR mix described
in Oakey et al. (Oakey et al., 2003). Amplification
of toxR gene was performed using two specifi-
cally designed primers, VaVpToxRf and
VaVpToxRr (Table 2) and the above mentioned
PCR conditions, with the exception of annealing
temperature that was 56°C. Primer design was
performed using the Oligo Perfect™ Designer
with the default parameters. PCR products (700
bp for 16S rRNA gene and 570 bp for foxR gene),
visualized on a 1.5% agarose gel (run at 90V for
50 min), were purified from the gel using the
NucleoSpin Extract kit (Macherey-Nagel, Diiren,
Germany). Direct sequencing of purified PCR
products was performed on both strands by
MWG Biotech (Ebersberg, Germany). Sequences
were deposited at GenBank with the accession
numbers from EU155487 to EU155599.

Phylogenetic analysis

The genetic variation both at 16S rRNA locus and
at the foxR gene were investigated to determine
the evolutionary genetic relationships among our
V. parahaemolyticus and V. alginolyticus isolates.
All the sequences in the dataset were aligned using
CLUSTAL X software (Thompson et al., 1997) and
then were manually edited with the BioEdit soft-
ware (Hall, 1999). A 84 bp fragment of 16S rRNA
gene (corresponding to nucleotides 412 to 496 of
reference sequence accession number X56576),
including the most variable region of the sequence,
and a 459 bp fragment of foxR gene (amino acids
80 to 232 of reference sequences accession num-
ber L11929) were used. Sequences uploaded from
NCBI GenBank (7 for 16S rRNA and 11 for roxR
gene) were included in both cases.

The phylogenetic trees constructed by alignment
of the partial sequences of toxR gene and 16S
rRNA were estimated using the PAUP* package
(Swofford, 2002). The models of nucleotide sub-
stitution used were HKY (Hasegawa, Kishino and
Yano, 1985) (Hasegawa et al., 1985) for toxR gene
and K80 (Kimura, 1980) (Kimura, 1980) for 16S
rRNA locus, as they consistently gave the high-
est likelihood value; both models incorporated
Maximum Likelihood (ML) estimates of base
composition and the shape parameter (o) of a
gamma distribution (I') model of among-site rate
variation with eight rate categories. The two mod-
els assume a time-reversible process, respective-
ly a non-uniform and a uniform distribution of

nucleotides and different rates for transitions and
transversions (Yang, 1994). Maximum Likelihood
trees were estimated under these models using
tree bisection-reconnection (TBR) branch swap-
ping. The statistical robustness and reliability of
the branching order within each phylogenetic
trees were confirmed through a bootstrap analy-
sis using 1000 replicates for the Neighbor-Joining
(NJ) tree and through the Zero Branch Length
Test for the ML tree (Swofford, 2002).

Evolutionary analysis

Since toxR gene encodes for a protein product,
an evolutionary analysis on the codon sites was
performed to define the kind of evolutionary
forces acting on this gene and to establish a more
robust inference of the evolutionary history be-
tween V. parahaemolyticus and V. alginolyticus.
Positively selected sites were identified using a
series of models of codon substitution (Yang et
al., 2000). All models required a phylogenetic tree
as input tree, generated excluding all reference
sequences. The nonsynonymous/synonymous
rate ratio (w = dN/dS), is an important indicator
of selective pressure at the protein level, the prob-
abilistic models either estimated or fixed the o
parameters.

Six evolutionary models were used to detect pos-
itive selection. The simplest model, MO, calculat-
ed a single w parameter for all sites, whereas M1a
model accounted for nearly neutral evolution,
where 0<w,<1 was estimated from the data, avoid-
ing false positives at sites under weak selection,
that would be absorbed in this neutral class rather
than being claimed to be under positive selection.
The M2a model accounted for a positive selection,
adding, to the classes of sites under negative or
purifying (p,) and neutral (p,) selection, an extra
class (p,) under positive or diversifying selection,
for which m, was estimated from the data. The M3
model provided a test for positive selection with a
discrete distribution to estimate the o ratio for
three classes (p, p; and p,). In particular, models
M7 and M8, developed by Yang et al. (Yang, 1997)
and implemented in the CODEML program of the
PAML package (Yang, 1994), were also used: M7
assumed that codons are divided into ten classes,
beta distributed, whose values lie between 0 and
1 (neutral- and negative-selection models), where-
as M8 included the ten classes of M7 plus an ad-
ditional codon class where w could be >1 allowing
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for positively selected sites. Nested models were
compared directly using a Likelihood Ratio Test
(LRT), namely MO vs M3, M1la vs M2a and M7 vs
M8 (Nielsen and Yang, 1998). The LRT indicated
whether the substitutions inferred from an align-
ment was best explained by either the
negative/neutral or the positive selection model.
The LRT was performed by taking twice the dif-
ference in log likelihood between nested models
and testing for significance using the ? distribu-
tion with the degrees of freedom (df) equivalent to
the difference in the number of parameters be-
tween models. If the LRT was significant, positive
selection was inferred. The Bayes empirical Bayes
(BEB) approach implemented in M2a and M8 was
used to determine the positive selected sites by
calculating the posterior probabilities (p) of w
classes for each sites (Yang et al., 2005). The sites
with high posterior probabilities (p>0.95) coming
from the class with w>1 were believed to be under
positive selection. It is worth noting that PAML
LRTs are reported to be conservative for short se-
quences (e.g. positive selection could be underes-
timated), although the Bayesian prediction of sites
under positive selection is largely unaffected by
sequence length (Anisimova et al., 2001;
Anisimova et al., 2002).

The evolutionary models were chosen as best fit-
ting models for the ML tree used as input tree in
the program PAML, to investigate the presence
of codons under positive selection in the bacter-
ial gene.

A Maximum Likelihood approach was used to ex-
amine selection pressure on foxR gene fragment
separately in the isolates of the two species, V.
parahaemolyticus and V. alginolyticus.

GenBank accession numbers

The accession number of the references se-
quences used to perform the phylogenetic analy-
sis were: V. cholerae (Vchl) M21249, (Vch2)
AJ554204; V. campbellii (Vcal) AY946037, (Vca2)
AY946038, (Vca3) DQ980029, (Vcad) AY738129,
(Vca5) AB195982; V. harveyi (Vhal) AY247418,
(Vha2) DQ403146, (Vha3) DQ503438, (Vha4)
DQ517446, (Vha5) EF492029, (Vha6) AY750578;
V. vulnificus (Vvul) AF170883, (Vvu2) AB175476,
(Vvu3) AB175477, (Vvud) AB175478, (Vvu5)
X76333; V. parahaemolyticus 1.11929; V. algi-
nolyticus X56576.

RESULTS

Phylogenetic analysis

Within the 84 bp region of the 16S rRNA gene of
the V. alginolyticus isolates examined there were
15 variable sites (containing at least two types of
nucleotides) and 11 parsimony-informative sites
(containing at least two types of nucleotides with
two or more of them occurring with a minimum
frequency of two). Among the V. parahaemolyticus
isolates examined at the 16S rRNA locus, there
were 11 variable sites and two parsimony-in-

TABLE 3 - Genetic variation at the 16S rRNA locus and toxR gene among V. parahaemolyticus and V.
alginolyticus isolates.

Gene and group of isolates analysed Identity values median (min-max)  mean SD
16S rRNA gene

V. parahaemolyticus 0,998 (0,981-1) 0,996 0,005
V. alginolyticus’ 0,940 (0,892-1) 0,946 0,031
V. parahaemolyticus + V. alginolyticus 0,952 (0,833-1) 0,945 0,038
toxR gene

V. parahaemolyticus 0,984 (0,967-1) 0,984 0,006
V. alginolyticus? 0,967 (0,795-1) 0,909 0,082
V. alginolyticus subgroup A 0,986 (0,952-1) 0,984 0,012
V. alginolyticus subgroup B 0,984 (0,954-1) 0,982 0,010
V. parahaemolyticus + V. alginolyticus 0,816 (0,686-1) 0,825 0,123
V. parahaemolyticus + V. alginolyticus subgroup A 0,731 (0,694-1) 0,850 0,134
V. parahaemolyticus + V. alginolyticus subgroup B 0,958 (0,686-1) 0,842 0,141

1G+C content (%) = 46.9+2.3; 2G+C content (%) = 45.5+0.7.
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formative sites. The similitude matrix for the nu-
cleotide alignment (Table 3) gave a median value
of 0.998 for V. parahaemolyticus isolates, 0.940
for V. alginolyticus isolates and 0.952 for the iso-
lates of both species considered together (with a
minimum value of 0.833). As expected, similitude
among the sequences of the strains belonging to
the two species was high. Clustering of the se-
quences in two clades (Fig. 1), a V. para-
haemolyticus and a V. alginolyticus clade, con-
firmed the biochemical and molecular identifi-
cations performed. In both clades, however, some
isolated 16S rRNA sequences appeared to inter-
mingle with the other species.

Within the 459 bp region of toxR gene of the V. al-
ginolyticus isolates under analysis there were 122
variable sites and 311 parsimony-informative
sites, the number of synonymous substitutions
was 72 and that of non-synonymous substitutions
64. Among the V. parahaemolyticus isolates, there
were 21 variable sites and two parsimony-in-
formative sites; the number of synonymous sub-
stitutions was 16 while non-synonymous substi-
tutions were 10. The similitude matrix for the nu-
cleotide alignment (Table 3) produced a median
value of 0.984 for V. parahaemolyticus isolates
(minimum 0.967), 0.967 for V. alginolyticus iso-
lates (minimum 0.795) and 0.816 for the isolates
of both species considered together (with a min-
imum value of 0.686).

The phylogenetic tree constructed using the toxR
gene (Fig. 2) displayed greater divergence, based
on nucleotide differences, than the phylogenetic
tree constructed with the 16S rRNA gene from
the same isolates (Fig. 1), with the V. para-
haemolyticus and V. alginolyticus isolates form-
ing separate divergent branches, without inter-
mixing of sequences.

The Pearson’s correlation coefficient of the simi-
larity matrices of 16S rRNA gene and toxR gene
was 0.019. Besides the different resolution of the
two species, the roxR maximum likelihood tree
showed that while the V. parahaemolyticus group
clustered in a unique clade (100% of bootstrap
value and a branch supported by a significant val-
ue of the Zero Branch Length Test), the V. algi-
nolyticus clade split into two different subgroups
(A and B), with the node of each subgroup sup-
ported by statistical robustness and reliability of
the branching order (respectively a bootstrap val-
ue of 100% and 97% for the node of subgroup A

and B and a p value <0.001 of the Zero Branch
Length Test for both nodes). The analysis of the
identity matrix of nucleotide alignment of toxR
gene (Table 3) showed that while the median val-
ue of the similitude matrix for all V. alginolyticus
isolates was 0.967 and the minimum value was
0.795, for subgroup A and B the median value
was, respectively, 0.986 and 0.984 and the mini-
mum 0.952 and 0.954.

An analysis of the biochemical features of the two
subgroups of V. alginolyticus showed a statisti-
cally significant difference (P<0.05) in the fre-
quency of positive results to the ornithine decar-
boxylase (ODC) and gelatine hydrolysis (GEL)
tests in API 20E (for subgroup A and B respec-
tively 18% and 64% in ODC test, 36% and 77%
in GEL test) and PNPG (p-galactosidase) and ara-
binose assimilation (ARAa) in API 20NE (0% in
subgroup A vs 80% in subgroup B for PNPG test
and 0% vs 50% for ARAa). No significant differ-
ences were detected in other phenotypic features
as growth at different temperatures and salinity
concentrations or swarming.

The multiple alignment of toxR sequences (V. al-
ginolyticus subgroup A and B and V. para-
haemolyticus) showed that the membrane “teth-
er” region is flanked by relatively conserved se-
quences corresponding to the transcription acti-
vation, transmembrane and periplasmic domains
of the ToxR protein as described in a previous
study by Osorio and Klose (Osorio and Klose,
2000). Although the “tether” region is considered
the interspecific hypervariable domain, at in-
traspecific and intragroup level, the region con-
tains conserved sequences distinctive of each
species and group.

Focusing the attention on V. alginolyticus sub-
group A, subgroup B and V. parahaemolyticus,
there are six sites, T120A/S, P138H/S, V140A/N,
L1421/V, A158T/V, T167P/E (aa of V. alginolyticus
subgroup A _ site number _ aa of V. alginolyticus
subgroup B/ aa of V. parahaemolyticus; number-
ing based on V. parahaemolyticus ATCC 43996),
absolutely conserved in each group, but different
among them. In some cases, the biochemical
properties of amino acid at this site change, for
example in site 167, where the threonine (polar
and neutral) present in V. alginolyticus subgroup
A is substituted by a proline (nonpolar and neu-
tral) in V. alginolyticus subgroup B and by a glu-
tamic acid (polar and acid) in V. parahaemolyti-
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FIGURE 2 - Phylogenetic relationship was defined using 34 sequences from V. alginolyticus (Va) and 16 sequences
from V. parahaemolyticus (Vp) isolates; 11 sequences uploaded from NCBI GenBank were included in the analysis
(Vea = V. campbellii, Vch = V. cholerae, Vha = V. harveyi, Vvu = V. vulnificus; see “GenBank accession numbers” in
Materials and Methods). Bootstrap values below 70% were not shown. The scale bar indicates 10% nucleotide se-
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368 S. Montieri, E. Suffredini, M. Ciccozzi, L. Croci

La
A Ay Ta W W chicasii g
B cimssin
L?
L
il i
18 ‘
) ‘ ‘
[l
B RN AN N e e e A e N A A R A A N AN NEC T EE N AR RN RN AN R R
Yiradear "l imns whduEs e
5 L
. B | ETTS]
L5 Brineaii
Biiazan
Fl
35
1
£a
.
15
L
i L-L—\ {
~ Hlincl ook o ot o B h 1T
e e L L I L L L L L CEREEE PR R B L R EEEE S PR EERERE LTS
Aminno acid posifion

FIGURE 3 - Panel A: mean of the posterior distribution of (postmean ) for the classes of sites along the toxR gene
in V. alginolyticus. The evolutionary model used was M3 (discrete), which assumes three classes of sites in the gene:
sites under negative or purifying selection (posterior probability p,), sites under neutral selection (p,) and sites un-
der positive or diversifying selection (p,). The postmean w is calculgzted as p,*o,+ p, o, + p,*o,. The posterior prob-
abilities at site 135 (V), for example, are p,= 0.00047, p, = 0.00051, p, = 0.99902, and tize site is almost certainly un-
der diversifying selection, with postmean w of 1.305 and P = 0.999 (w>1). The letters on the top of columns indicates
the amino acid sites under diversifying selection with probability >95%. Panel B: mean of the posterior distribution
of (postmean w) for the classes of sites along the toxR gene in V. alginolyticus subgroup B. Model M3 (discrete) was
used. The estimated frequencies (p) and ratios for the three classes were: p, = 0.69063, w, = 0.00000 for conserved
sites (negative selection), p, = 0.26683, w, = 0.74534 for neutral sites and p, = 0.04254, w, = 4.86094 for sites under
diversifying selection.



Phylogenetic analysis of Vibrio isolates by toxR gene 369

cus. In the transmembrane domain there is only
one site (amino acid 184 I/V/L) conserved in each
group but different between the groups, but the
properties of the three amino acids are similar
(nonpolar and neutral).

Evolutionary analysis

The evolutionary analysis, performed using the
alignment of foxR fragment of V. parahaemolyti-
cus isolates and the comparison of nested mod-
els using the LRT showed no significant p value
for any comparison, indicating that the substitu-
tions inferred from the V. parahaemolyticus iso-
lates alignments are best explained by the nega-
tive/neutral selection model.

On the other hand, when the whole fragment of
toxR locus of V. alginolyticus alignment was sub-
mitted to evolutionary analysis, the LRT of M3
vs MO showed a strongly significant p value (1.7
*10°04). The estimated frequencies (p) and ratios
for the three class of sites considered in model
M3 were respectively p, = 0.387 and w;, = 0.104 for
conserved sites, p, = 0.420 and o, = 0.104 for neu-
tral sites, p, = 0.193 and w, = 1.306 for sites un-
der diversifying selection. This means that 19% of
sites are under diversifying selection with w, =
1.306 and seven amino acid sites (129A, 135V,
148T, 1504, 158V, 164L, 226S; numbering based
on V. alginolyticus ATCC 17749) were identified
under positive selection at the 95% cut-off. Six of
the sites considered under positive or diversify-
ing selection belong to “tether” domain and one
to the periplasmic domain (Fig. 3, panel A).

The evolutionary analysis performed on the
whole fragment of toxR locus separately for the
subgroup A and subgroup B alignments showed
that only for subgroup B an evolutionary force is
acting, as the p value of LTR MO vs M3 was 4.25%
10 In this analysis only one site under diversi-
fying selection, P164L, was identified with the
posterior probability greater than 95% (Fig. 3,
panel B); the site, belonging to the membrane
“tether” region, was one of those identified un-
der positive selection also in the evolutionary
analysis performed on the whole V. alginolyticus
group. An analysis of the four different protein
domains (first 99 bp, second 198 bp, third 60 bp
and fourth 102 bp) performed separately to detect
which fragment produced a high value of signif-
icance of the LRT, did not present significant p
values in any of the domains.

DISCUSSION

The results showed the usefulness of toxR gene
for phylogenetic and evolution analysis on Vibrio
isolates belonging to the species parahaemolyti-
cus and alginolyticus. The results of the analysis
on the 16S rRNA gene of the isolates used in this
study confirmed that the this gene, which is use-
ful to allocate species to different branches of the
family Vibrionaceae (Thompson et al., 2002), is
largely inadequate for the discrimination of close-
ly related species as V. parahaemolyticus and V.
alginolyticus, that share nearly identical se-
quences in 16S rRNA gene (99.8% identity)
(Marchesi et al., 1998; Nagpal et al., 1998). The
phylogenetic tree (Fig.1) showed the approximate
division of the V. parahaemolyticus and V algi-
nolyticus isolates in two clades, in both of which,
however, some isolates’ 16S rRNA sequences ap-
peared to intermingle with the other species. On
the contrary, the use of foxR gene, which appears
to be well conserved in Vibrio genus but shows
higher divergence than 16S rRNA gene, provided
a phylogenetic tree with separate divergent
branches related to the V. parahaemolyticus and
V. alginolyticus isolates and no occurrence of in-
termixed sequences. The difference in the results
provided by the two analyses was indeed sub-
stantiated by the Pearson’s correlation coefficient
of the similarity matrices of 16S rRNA and toxR
gene (0.019) showing that the two genes do not
resolve the phylogenetic relationship in the same
way. In fact, besides a different discrimination of
the isolates belonging to the two species, the phy-
logenetic analysis performed using foxR gene di-
vided the V. alginolyticus isolates into two sepa-
rate clades (subgroup A and subgroup B), statis-
tically supported by high bootstrap values and
significant values in the Zero Branch Length tests.
This result is particularly interesting in relation to
the findings of Pascual et al. (2010) as it confirms
the need to include in phylogenetic studies a rea-
sonable number of strains for each species to ac-
count for intraspecies variability and, more sig-
nificantly, highlights the relevance of foxR gene in
genetic analysis of Vibrio species, due to the dis-
criminatory potential of this sequence both at the
interspecies (Le Roux et al., 2005; Pascual et al.,
2010) and intraspecies level.

The two V. alginolyticus clades detected by toxR
sequence analysis are at least partially reflected in
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the phenotypic features, as some of the bio-
chemical tests (ODC, GEL, PNPG and ARAa) per-
formed on the isolates showed statistically sig-
nificant differences in the response of the two
subgroups. Such genetic and phenotypic diver-
gences, however, do not seem to be related to the
geographic and/or temporary origin of the iso-
lates. While, in fact, the V. parahaemolyticus iso-
lates were all included in a single cluster despite
their level of variety — including both clinical and
environmental sources as well as strains of
Ttalian, African and Japanese origin collected over
a ten year period — the clustering in two groups
was detected among the V. alginolyticus isolates,
whose majority was collected in the same geo-
graphic area (northern Adriatic Sea, Italy) in a
short time span (from June to December 2003)
and in environmental conditions (temperature,
pH and salinity) varying in the range expected for
different seasons. In more than one case, isolates
attributed by phylogenetic analysis either to sub-
group A or subgroup B (e.g. Va 125 and Val26, or
Va226 and Va227) were collected from the very
same food sample. The two subgroups could
therefore represent separate bacterial popula-
tions, co-existing in the analysed samples.

The analysis of the protein codified by the toxR
gene showed that the so-called “tether” region
(corresponding to the cytoplasmic domain of
ToxR and hypervariable at the interspecific lev-
el) is essentially conserved at the intraspecific lev-
el in V. parahaemolyticus isolates and at the in-
tragroup level in V. alginolyticus subgroups A and
B, with at least six amino acid sites (120, 138,
140, 142, 158 and 167) conserved in each cluster.
According to the evolutionary analysis, in the
“tether” region of the ToxR protein of V. algi-
nolyticus six sites under diversifying selection were
found. The evolutionary model for positive selec-
tion (M3) was identified by the LRT as the best
fitting model with 19% of the sites under diversi-
fying selection. In particular, although the genet-
ic variability observed in V. alginolyticus (both sub-
group A and B) was low, probably because they
apparently cohabitate the same ecological niche,
the evolutionary analysis showed subgroup B un-
der positive evolutionary pressure. Evidence of di-
versifying selection was previously reported for
tepA gene of V. cholerae (Boyd and Waldor, 2002)
and pilA of V. vulnificus (Chattopadhyay et al.,
2009), however this is, to our knowledge, the first

study performed on Vibrio species showing evi-
dence of diversifying selection in a gene not cod-
ifying for proteins subjected to response by host
immune system or to phage attack (as the
monomers forming the pili) but in a gene involved
in a regulatory cascade. Moreover this study de-
tected the presence of such positive evolutionary
pressure only in one subgroup of the V. alginolyti-
cus strains studied, highlighting a diversifying se-
lection acting at sub-species level.

Separate analysis of V. alginolyticus subgroup B,
identified position 164 as the only site under di-
versifying selection with a posterior probability
greater than 95%. This site is characterized by
the recurrence of two amino acids, leucine and
proline. The whole “tether” region of ToxR pro-
tein is rich in prolines and shows conserved pro-
line residue sites at both the intraspecies and in-
tragroup level. Since the proline residues, due to
their hydrophobicity and steric conformation, in-
terfere with the secondary and tertiary structure
of proteins (Freund et al., 2008; Mazna et al.,
2008), this change in position 164, could inter-
fere with the protein activity and studies on func-
tional changes of ToxR protein should be per-
formed to investigate this aspect.

In conclusion, the phylogenetic and evolutionary
analysis on toxR gene sequences suggests the ex-
istence in the pool of our V. alginolyticus isolates
of two genetically related but distinct clusters,
one of which is subjected to a positive evolution-
ary pressure. Besides the ability to discriminate
highly genetically related species, such locus
showed an excellent discriminatory performance
also with regard to different subgroups of the
same species and could be useful for further stud-
ies on Vibrio genus.
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