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Abstract :

The Vibrio splendidus clade has previously been associated with epidemic outbreaks of various aquatic
animals, as in the case of the cupped oyster, Crassostrea gigas. To investigate whether involved strains
could present a clonal origin and to identify possible alternative background carriage animals or
zooplankton, a large epidemiological survey was conducted on isolates of the splendidus clade. For this
purpose, Vibrio strains were isolated from various samples including oysters, mussels, sediments,
zooplankton, and sea water on the basis of a North/South gradient of the European sea water zone
(Ireland, The Netherlands, France, ltaly, and Spain). A total of 435 isolates were successfully
associated to the V. splendidus clade using real time polymerase chain reaction with 16S specific
primers and probes. A multiple-locus variable-number tandem-repeat analysis (VNTR) was conducted
on all isolates based on a multiplex PCR-VNTR with a set of primer pairs designed from the V.
tasmaniensis LGP32 genome. Preliminary validation of the primers on a set of collection strains from
the V. splendidus clade confirmed that the former V. splendidus-related LGP32 and relative strains were
related to V. tasmaniensis rather than to the type strain V. splendidus LMG 4042. The VNTR analysis
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was then successfully conducted on 335 isolates which led to the characterization of 87 different
profiles. Our results showed that (1) the high diversity of VNTR did not enlighten significant correlation
between a specific pattern and the origin of collected samples. However, populations isolated from
animal samples tend to differ from those of the background environment; (2) oyster mortality events
could not be linked to the clonal proliferation of a particular VNTR type. However, few different patterns
seemed successively associated with samples collected during peaks of oyster's mortality. (3) Finally,
no correlation could be seen between specific VNTR patterns and sequence phylogeny of the virulence
factors vsm and ompU that were detected among strains isolated during as well as outside mortality
events. These results, combined with incongruence observed between the ompU and vsm phylogenetic
trees, suggested both large diffusion of strains and massive lateral gene transfer within the V.
splendidus clade.
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Introduction

The Vibrio genus includes species known as pathogenic to various animals. Among other, the so called
Vibrio splendidus clade forms a group presenting a large diversity, as it includes the type species V.
splendidus, V. chagasii, V. crassostreae, V. cyclitrophicus, V. fortis, V. gigantis, V. kanaloae, V. lentus,
V. pelagius, V. pomeroyi, and V. tasmaniensis (Sawabe et al. 2007, 2013; Thompson 2003a, b) but also
recently described species such as V. toranzoniae (Lasa et al. 2013), or the less consensual species V.
artabrorum and V. atlanticus (Diéguez et al. 2011), V. celticus (Beaz-Hidalgo et al. 2010) and V.
hemicentroti (Kim et al. 2013). Members of the V. splendidus clade appear ubiquitous, while frequently
reported as common colonizers of marine and estuarine surface waters, but also sediments (Vezzulli et
al. 2014). Others isolates can be found as commensals on the surface or within the intestinal flora of
marine animals. Alternatively, other strains were reported to be pathogenic. Several members of the V.
splendidus clade, for instance, are causing significant losses in the aquaculture industry worldwide. V.
splendidus has been described as affecting fish species such as the turbot Scophthalmus maximus
(Gatesoupe et al. 1999) but also, associated with mortalities of different mollusk species such as the
larvae or spat of the Scallop Pecten maximus (Nicolas et al. 1996), the Scallop Patinopecten
yessoensis (Liu et al. 2013) or the cupped oyster Crassostrea gigas (Lacoste et al. 2001; Le Roux et al.
2002) and other oyster species worldwide including C. virginica (Elston and Leibovitz 1980) and C.
angulata (Comps 1988). However, a large plasticity was underlined at genetic and phenotypical level
within the V. splendidus species (Le Roux et al. 2002, 2004). Indeed, both virulent (Lipp et al. 2001) and
avirulent (Saulnier et al. 2010) V. splendidus isolates were reported by the literature. In V. splendidus-
related LGP32, virulence factors were identified that include the invasion porine OmpU (Duperthuy et al.
2010), a metalloprotease Vsm (Binesse et al. 2008; Le Roux et al. 2007), and an invasive vesicular
serine protease Vsp (Vanhove et al. 2014). However, correlation is lacking between phenotypical
virulence patterns of V. splendidus-related strains and their virulence genotype. Alternatively, several
authors have underlined the possibility of misclassification of several isolates as members of the
different V. splendidus-related species. Indeed, the V. splendidus clade constitutes a complex of
phenotypically and genetically related species (Macian et al. 2001; Le Roux et al. 2004; Thompson et al.
2003; Thompson 2003b). Misclassification, in the clade, is commonly due to close 16S rDNA gene
sequences (Le Roux et al. 2004), combined with high sequence similarity of other genetic markers such
as gyrB genes as for V. pomeroyi, V. kanaloae, and V. tasmaniensis (Le Roux et al. 2004). Other
methods were used that include Pulsed Field Gel Electrophoresis (PFGE) (Chen et al. 2012), Multi-
Locus Sequence typing (MLST) (Cooper and Feil 2004; Maiden et al. 1998; Urwin and Maiden 2003),
Amplified Fragment Length Polymorphism (AFLP) (Vos et al. 1995), microarrays (Schena et al. 1995;
Pang et al. 2007; Vora et al. 2005), whole genome sequence comparison (Goudenege et al. 2013) or
MLVA, have all been used to investigate the phylogeny, pathogenicity, or seasonal variations of the
human pathogenic V. cholerae (Lutthisungnoen et al. 2008; Olsen et al. 2009; Teh et al. 2010) V.
parahemolyticus (Kimura et al. 2008), V. vulnificus (Broza et al. 2009; Shekar et al. 2008), or the prawn
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pathogen V. nigripulchritudo (Goudenége et al. 2013). However, up to now, no attempts have been
conducted to type mollusks pathogens. Moreover, fast and cheap methods are required for massive
screening and epidemiological approaches of environmental Vibrio pathogens at large, international
scale, as they can provide information on genetic relatedness of strains, inform about source of infection
and allow the detection of particularly virulent strains, in a context of wide commercial transfer of
animals. The aim of this study was thus to develop a multiplex high-resolution typing system for trace-
back analyses of V. splendidus infections, based on polymorphism in seven VNTR loci. In this study, we
present a novel VNTR based tool that was used for the classification of 435 geographically diverse
isolates of the V. splendidus clade from various sample types on the basis of a North/South gradient of
the European sea water zone. In order to investigate possible proliferation of clonal virulent strains of
the V. splendidus clade during oyster
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mortality events, strains were isolated from oysters collected both during and outside mortality
outbreaks on a European scale. Alternative potential reservoirs of such strains were also sampled
including mussels (Mytilus edulis and Mytilus galloprovincialis), sea water, sediments and
zooplankton. Here, our results underline the diversity of strains from the Vibrio splendidus clade,
suggesting that misclassification of strains from this clade is much more frequent that originally
thought. Further, this work demonstrates that this pathogen definitely do not present a clonal
distribution, but conversely, that different clones seem replace each other during different mortality
outbreaks, probably favored by massive lateral transfer of virulence factors thus underlying the
epidemiological risk of emergence of 116 virulent strains, not strictly related to V. tasmaniensis.

2. Materials and Methods
2.1 Strains used in this study and media

The collection of Vibrio strains from the LGPMM/Ifremer, La Tremblade was used for validation of our
Variable Number of Tandem Repeats (VNTR) approach. Collection strains used are listed in table 1.
Alternatively, a total collection of 435 strains were collected from March 2011 to January 2013, from
different European countries: France n=324 (Marennes- Oleron; Thau lagoon and Brest); Italy n=75
(Goro lagoon,), Spain n=18 (Fangar-Bay and Sor River), Ireland n=10 (County Donegal; County
Waterford and County Louth) and the Netherlands n=8 (Lake Grevelinge), in majority from France.
French samples were collected from the Atlantic coast with, ranging from North to South, sampling
sites at Brest, and the Marennes-Oleron Bassin, and finally, from the Thau lagoon in the
Mediterranean Coast, All samples were collected at sites of mollusks production. At those sites,
isolation of strains was carried out from various sample types including the cupped oysters
(Crassotrea gigas), during and between mortality outbreaks, mussels (both Mytilus edulis and Mytilus
galloprovincialis), seawater, sediments, and filtered zooplankton (Supplementary Table S1). All strains
were isolated from Thiosulfate-citrate-bile salts-sucrose (TCBS) agar medium (Difco, France), after
preliminary enrichment in Zobell liquid medium for 24 h at 20°C. Collection strains were retrieved from
bacterial stock culture stored at -80 °C kept in 15% (v/v) glycerol in Marine Broth.

2.2 DNA extraction

A maximum of five different colonies per sample were collected with a wooden sterile toothpick and
put in suspension into 200 ul of molecular biology grade water. Total DNA was extracted by heating
the samples ten minutes at 98°C. After a quick cooling to 4°C, 5 ul were immediately used for the
assay.

2.3 Real-time PCR assay conditions for V. splendidus clade

The identification of the isolates was confirmed by a Tagman QPCR-based diagnostic test aiming to
detect all V. splendidus-related strains (Saulnier D, Travers MA, unpublished data) (Domeneghetti et
al., 2014). Primers and probes used are presented in table 2A. Real-time PCR assays were conducted
on a MX3000 Thermocycler (Stratagene), using Brilliant QPCR Core Reagent Kit (Stratagene). Each
reaction was run in triplicate in a final volume of 25 pl containing DNA sample (5 ul), 5 mM MgCl2, 200
MM of each dNTP, 300 nM of each primer, and 200 nM of oligonucleotidic probe and 1.25 units of hot
start Sure Taq polymerase. The thermal cycles were performed with a two-step PCR protocol: 1 cycle
at 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 90 s. Fluorescence intensity
was expressed in delta reporters (dR) after background subtraction. Threshold was set using
amplification based algorithm from MX3000 software (Stratagene). A common positive control was
added to all plates. Threshold Cycle (Ct) value corresponded to the PCR cycle humber at which an
increase in reporter fluorescence above a baseline signal was first detected. Before concluding about
the status of the tested samples regarding the presence of Vibrio DNA, NTC should not present any
amplification and the positive controls shouldfulfill the following requirements:

i) Difference between duplicated values should not exceed 161 0.5 Ct, ii) A tested sample is
considered positive if its Ct value is below 37. Positive strains were further submitted to VNTR
analysis.



2.4 Variable Number Tandem Repeats (VNTRS) search and primers design

A search for potential VNTR candidates in the genome of V. tasmaniensis (formerly V. splendidus-
related) LGP32 (Le Roux et al., 2009), was carried out (http://minisatellites.u psud.fr/). Primers were
designed for each VNTR based on a 500 bp sequence covering the flanking and tandem repeat
regions retrieved from the database. Primer 3 software pDraw and Netprimer were used to design the
primers. The specificity of the primers and VNTR polymorphisms were tested with standard PCR using
DNA templates from different groups of type or non-type Vibrio strains collection of the
LGPMM/Ifremer, in order to validate our VNTR tools. 19 primer pairs (A to T) were initially assessed
(Table 2A). Primers that gave redundant information with collection strains were further removed from
the analysis. Combinations of remaining pairs were further assessed to optimize discrimination
between collection strain species of the V. splendidus clade.

2.5 PCR amplification of bacterial VNTR DNA

Each 25 pyl PCR mixture contained 5 pl of 5xPCR buffer, 0.5 pl each deoxyribonucleotide (10 mM), 3pl
of MgCI2 (25 mM), 0.5 pl of each primer (10 uM), 0.125ul of flexiTag DNA polymerase (Promega,
France) and 1 pl of DNA template. The thermo-cycling conditions consisted of an initial denaturation
step at 94°C for 5 min, followed by 30 amplification cycles at 94 °C for 30s, 58°C for 45s, and 72 °C for
30s and a final polymerization step at 72°C for 7 min. PCR products were electrophoresed in a 2%
(w/v) agarose gel and visualized by ethidium bromide staining. Each sample was being tested in
duplicate. The analysis of VNTRs was performed by using Gel Doc program. V. tasmaniensis
(formerly V. splendidus related) LGP32 strain was use as positive controls in all reactions.

2.6 PCR amplification of factors of virulence (vsm and ompU)

Sequence VS-2494 encoding the outer membrane protein ompU gene and sequence VS-1267
encoding the extracellular metalloprotease vsm, (extracted from UniProtKB B7VJI7), both essentials
for the virulence and pathogenesis of the V. tasmaniensis (formerly V. splendidus related) LGP32 in
the oyster (Binesse et al., 2008) (Duperthuy et al., 2010) were used for the design of the the ompU
and the vsm primer pairs. The obtained primers sequences were first subjected to basic local
alignment search tool (BLAST) analysis (Altschul et al., 1990) in the National Center for Biotechnology
Information (NCBI) databases using the V. tasmaniensis (formerly V. splendidus) LGP32 genome (Le
Roux et al., 2009) as target to avoid false priming sites and in order to check the universality of our
primer pairs in different V. splendidus genomes. Multiple sequence alignment of Vibrio strains for
ompU (GenBank accession number: BAO0O0031; HM042874; CP006718; CP000789; BA0O00037) and
for vsm (GenBank accession number AB734038; AB080995; AB540651), were then carried out using
ClustalW (Thompson et al., 2002). The sequences of the primers are presented in table 2 A.

For amplification of V. tasmaniensis virulence factors, 5 pl of 5xPCR buffer, 1 pl each
deoxyribonucleotide (10mM), 3ul of MgCI2 (25 mM), 0.5 yl of each primer (10 yM), 0.125ul of Taq
DNA polymerase (Promegaflexi. France) and 1 yl of DNA template were mixed by reaction tube. The
thermo-cycling conditions consisted of an initial denaturation step at 94°C for 5 min, followed by 35
amplification cycles at 94° C for 30 s, 56° C for 45s, and 72 °C for 1 min and a final polymerization
step at 72° C for 7 min. PCR products were electrophoresed in a 1.5% (w/v) agarose gel and
visualized by ethidium bromide staining. Positive controls consisted, as previously, of V. tasmaniensis
(formerly V. splendidus-related) LGP32.

2.7 Sequencing

PCR products selected for sequencing were purified with HighPrepTM 209 PCR Kit based on
paramagnetic bead technology to remove salts, primers, primer-dimers, dNTPs following the
manufacturer’'s instruction (MagBio Genomics, Inc.), and were then sequenced with BigDye®
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, USA) using the forward and reverse
primers used for PCR amplification. After removing unincorporated terminators from the Sanger
sequencing reactions with the HighPrepTM DTR reagent (MagBio Genomics, Inc.), the sequences
were performed on an Applied Biosystems 3130x1 Genetic Analyzer (Life Technologies, USA).

2.8 Neighbor joining of VNTR amplification data, and Factor analysis
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For data analysis, the R —APE (Paradis et al., 2004) package were used. For this purpose, results for
each different VNTR-PCR fragment obtained were converted into binary data using code 1 or O
according to presence or absence of the fragment/ amplification in each strain, respectively. Two-
dimensional hierarchical clustering was then performed on 335 V. splendidus generated by PCR-
VNTR out of the 435 strains assessed (100 strains gave no signal). 87 distinct patterns could be
discriminated based on presence/absence of distinct VNTR fragments. Dissimilarity matrix was then
used as entry for Neighbor Joining (NJ), using Euclidean distance and the tree was then rooted with
midpoint rooting. Furthermore, similar coding scheme was used to encode occurrence or lack of PCR
amplification with ompU and vsm primers, and isolation during or outside oyster's mortality peaks.
Correspondence Analysis (Benzecri, 1992) was then performed on PCR amplification data for the 335
strains (representing individuals in the analysis), while the 19 variables were represented by 16 VNTR
fragments (present or absent in each pattern), two OmpU and Vsm virulence factors (that were
detected or not), and one 231 variable representing isolation during or outside mortality. Burt table
(Burt, 1950), was then generated, by applying double coding of the data on each of the 19 variables
(occurrence of 16 distinct VNTR fragments, occurrence of ompU and vsm amplification, isolation
during or between oyster's mortality outbreaks). Burt table was further used as entry for Factor
Analysis, for which we used the FactorMine R statistical package (Lé et al., 2008). Geographical
origin, sample type, and year of collection were used as supplementary, explanatory variables.

2.9 Diversity analysis

The discrimination power of the MLVA assay was established by firstly calculating the Simpson's
(Simpson, 1949), Shannon (Shannon, 1948) and Eveness (Carlo et al., 1998) diversity index for
individual and a combined set of VNTR markers using the BioNumerics software: Simpson (D)
Shannon (H’) and Eveness (E) indexes were estimated from the number of strains falling into the
different recorded patterns Ni (i ranging from 1 to 87 in our case) out of the total strain number
assessed in our study (N= 435). Simpson diversity index was calculated as below:

N
D = 2 Ni(Ni - 1) /N(N-1)

1=1
Shannon Index was estimated as follows:

S

H’ =-2 pi(1ln pi)

i=1

Where pi= Ni/N
Eveness Index was estimated as follows:

E = H' /Hmax

Where Hmax = log2 (N)

2.10 Neighbor joining of ompU and vsm sequences

For validation purposes and to check lack of false positive amplification, sequences were first
subjected to basic local alignment search tool (BLAST) analysis (Altschul et al., 1990) in the National
Center for Biotechnology Information (NCBI) databases using The V. tasmaniensis (formerly V.
splendidus- related) LGP32 genome as target. Multiple sequence alignment was then carried out
using ClustalW (Thompson et al.,, 2002) at the European Bioinformatics Institute Website
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Phylogenetic analyses were then performed on obtained
alignments, using MEGAS5 (Tamura et al.,, 2007). Phylogenetic trees of both vsm and ompU
sequences among positive isolates were constructed by the Neighbour-joining method (Nei & Li,
1979). The robustness of the inferred tree was evaluated by bootstrapping (1000 replications).



3.1 VNTR validation

A set of 19 loci carrying tandem repeats presented in variable number were deduced from the genome
of the type V. tasmaniensis (formerly V. splendidus- related) LGP32 (Le Roux et al., 2009). Each
primer pairs were selected for their ability to differentiate as far as possible isolates from the V.
splendidus sensus stricto species, among which the VNTR primer B appeared specific to the LGP32
strain (Table 2 B). However, we failed to design a set of primers that could be specific for all previously
identified V. splendidus sensus stricto species as signals were clearly different between the two V.
tasmaniensis (formerly V. splendidus related) LGP32 and LGP31 and the type 273 strain V.
splendidus LMG4042. Our primer sets were then validated on the type strain collection including
strains of the V. splendidus clade (V. gigantis, V. crassostreae, V. cyclitrophicus, V. tasmaniensis, V.
pomeroyi, V. lentus, V. kanaloae, V. pelagius and V.chagasii and V. fortis) as redefined recently by
(Sawabe et al., 2013) which all showed a signal with at least one of the designed primer sets except
for V. fortis, thus questioning the recent reclassification of V. fortis within the V. splendidus clade
(Sawabe et al., 2013). More distant strains of Vibrio species (V. harveyi, V. tapetis, V. aestuarianus,),
that were also assessed, gave no amplification signal when our primers were used, demonstrating
there by the specificity of our tools for the V. splendidus clade (Table 2 B). Globally, for most primers
tested, the two strains LGP32 and LGP31 showed signals related to those obtained with V.
tasmaniensis and to a lesser extent to V. kanaloae, but not to the V. splendidus type strain LMG4042
(Table 2 B). This confirmed that virulent isolates, for long time classified as V. splendidus, are related
to the V. tasmaniensis species, as recently underlined by (Sawabe et al., 2013). By further eliminating
redundant primers sets, we came out with a multiplex, 7 primer pair based PCR tool set namely A, C,
E, F, L, O, and R (Table 2 B), that successfully amplified all collection strains from the V. splendidus
clade (except V. fortis) while providing clearly distinct patterns for each species of the clade, and gave
no signal with more distant strains of Vibrio species (V. harveyi, V. tapetis, V. aestuarianus,).

3.2 VNTR analysis applied during epidemiological survey

To investigate whether involved strains could present a clonal origin and to identify possible alternative
background carriage animals or zooplankton, a large epidemiological survey was conducted on
isolates of the V. splendidus clade.The multiplex PCR-VNTR approach was successfully applied on
the strain collection isolated 296 during the 3 years field survey, from various samples including
oysters (C. gigas), mussels (M. edulis and M. galloprovincialis), sediments, zooplankton and sea water
on the basis of a North/ South gradient of the European sea water zone (Ireland, The Netherlands,
France, Italy, and Spain), A total of 435 isolates, were associated to the splendidus clade using real
time PCR with dedicated V. splendidus clade 16S specific primers. Strains geographical origin and
sample type are presented in figure 1; (Supplementary Table S1). Most of strains were sampled in
France (altogether 324 strains). Most of V. splendidus strains were isolated from C. gigas (n= 302), M.
edulis (n=55), Zooplankton (n=23), Seawater (h=23), Sediment (n=15) and M. galloprovincialis (n= 17)
during different peaks of oyster mortality (n=148) or between peaks (n=116). Most of the strains were
isolated during the first two years (2011: n=117 and 2012: n=236). The VNTR analysis was
successfully conducted on 335 isolates out of the 435 assessed. Indeed, 100 isolates gave no
amplification with our primer pairs suggesting that they could be more distantly related to the V.
splendidus clade. Altogether, 87 distinct profiles were obtained (an illustration of the diversity of the
patterns obtained is presented in figure 2). Globally, no clonal origin of V. splendidus could be
demonstrated in this study. Conversely we observed a pan mixing scheme of the V. splendidus
population. Indeed, neighbor-joining based tree reconstruction of VNTR data could discriminate 6
clusters (Fig. 3 a,b,c and d). A first cluster grouped strains related to the V. pelagius and V. chagasii
species. This cluster gathered most of strains collected from France and ltaly from different type of
samples (sea water, mussels, oysters and zooplankton) and contained 26 % of samples collected
during oyster mortality (Fig. 3 a). A second cluster, included the V. tasmaniensis type strain and
related isolates, including the strains LGP31 and LGP32, previously V. splendidus, now reclassified in
the V. tasmaniensis species. This cluster grouped mainly French isolates collected from C. gigas and
M. edulis in 2011-2012, but 320 was also noticed among Spanish and Italian isolates from different
type of samples (sediment, mussels and sea water) showing large geographical dissemination from
Atlantic up to Mediterranean waters. This second cluster contained 33% of samples collected during
oyster mortality (Fig. 3, Supplementary Fig. 2A). A third cluster grouped V. lentus and V. splendidus
LMG4042 type strains as well as V. cyclitrophicus and related isolates. Interestingly, this cluster
gathered isolates from all countries, but grouped particularly all French isolates collected from oysters
in 2011-2012. This cluster presents 62% of strains collected during oyster mortalities, and contains the



dominant pattern (pattern 1) which was observed 44 times out of 335 isolates (and thus represented
13% of the strains assessed). This pattern was associated preferentially with oysters (31 occurrences
in oysters out of 44 samples presenting this pattern i.e. 70.4%) but could also be found among isolates
issued from water column, M. edulis, sediments and zooplankton. Among strains presenting this
pattern 66 % were isolated during peaks of oyster mortality. This group, however, presented no
relatedness with the virulent strains LGP32-LGP31 (Fig. 3, Supplementary Fig. 2B). A fourth cluster
associated V. pomeroyi, V. crassostreae and V. gigantis as well as environmental isolates from all
countries from years 2011 and 2012 and contained a weak number of samples collected during oyster
mortality (35%). This cluster included strains presenting the second dominant pattern (pattern 3) as it
occurred 42 times (and thus represented 12.5% of the total strains assessed), preferentially collected
out of peaks of oyster mortality. This pattern was preferentially associated with oysters (30
occurrences in oysters out of 42 samples presenting this pattern i.e. 71.4%) but could also
occasionally be found among isolates issued from water column, M. edulis and zooplankton. It was
mostly associated with French samples but could also be found in Ireland and ltaly (Fig. 3,
Supplementary Fig. 2C). Finally, the five and six clusters included our isolates only, but no reference
strains, 344 suggesting that further investigations should be performed on representatives of these
groups. Cluster 6 presented higher proportion of strains collected during oyster mortalities, and
included the third dominant pattern (pattern 5), preferentially associated with oysters (18 occurrences
in oysters out of 21 samples presenting this pattern i.e. 85%) (Fig. 3, Supplementary Fig. 2D). This
pattern, like pattern 1 in cluster 3, was preferentially isolated during mortality periods as 16 strains out
of 21 presenting this pattern were isolated during mortality peaks. Finally, different VNTR patterns, for
instance pattern number (43 and 26) could be found in a same sample (geographical origin, sample
type, date of sampling and even animal sampled when a host was involved. Globally, a tendency to
associate patterns 1 and 5 to oyster mortality events could be drawn from cluster analysis but,
although related, no isolates shared strictly the same VNTR pattern as the highly virulent strain V.
tasmaniensis LGP32.

3.3 Virulence genes analysis during epidemiological survey

In order to investigate whether dominant VNTR patterns were or not harboring virulence genes, and/or
could be associated to mortality outbreaks, we sequenced two genes ompU and vsm involved in the
pathogenesis of V. tasmaniensis LGP32. The list of accession number of ompU and vsm are
presented in supplementary table S2. Our results demonstrate that the ompU and vsm phylogenetic
trees were incongruent (Fig. 4) and (Fig.5). The ompU phylogenetic tree divides strains into 3
branches that do not discriminate strains according to temperature, year of collection, mortality level or
locations. The vsm phylogenetic tree neither divides strains into 4 branches that do not correlate with
neither variable assessed (temperature, year of collection, mortality level or locations) nor groups
resulting from the ompU phylogenetic analysis. A unique cluster (cluster 3) from the ompU tree (Fig. 4)
gathers strains grouping also together in a same vsm 367 cluster (cluster 4) (Fig.5), but not in a same
VNTR cluster. Moreover, strains from the VNTR cluster to which belongs V. tasmaniensis LGP32, do
not share ompU or vsm sequence similarity and none of the ompU genes sequenced among our
isolates showed identity with the V. tasmaniensis LGP32 ompU gene sequence (Fig4). Only one
isolate (N°207) showed highly similar, although not strictly identical vsm sequence (Fig 5), but
presented a VNTR pattern distantly related to the V. tasmaniensis LGP32 one (Fig 3). Interestingly,
this strain showed a positive amplification with LGP32 specific VNTR primer pair B (data not shown).
Finally, no correlation could be established between PCR based detection of virulence factors and
specific location, date, mortality periods, or sample type. Further, the phylogenetic approach
performed on all obtained sequences only showed close relationships between samples from the
same date and location only, suggesting, in some cases, redundant sampling. This analysis thus
underlines globally the incongruence of phylogenetic reconstructions performed with sequences of two
virulence genes and could suggest independent horizontal gene transfer. Furthermore, both
phylogenetic trees build with sequences of virulence genes are incongruent with cluster obtained from
VNTR data.

3.4 Diversity analysis

Diversity analysis confirmed factor analysis as Shannon (H"), Eveness (E) and Simpson (D) indexes
were estimated as H'= 1.586, E= 0.628 and D= 0.0413, respectively, the last index taking into account
both, the size of the population (sample size) and the distribution of the pattern types among the
population assessed (peaked or evenly distributed). Although a significant diversity of patterns was



observed in the assessed bacterial population, as suggested by both Simpson and Eveness indexes
values, an average value of 0.04 for the Simpson index was obtained (Simpson index ranges from
zero to one, with zero for the most diverse profiles and one for those less diversified) and an 391
average value of 0.63 was obtained for the Eveness index (evenness ranges from zero to one, with
zero signifying no evenness and one, a complete evenness).

3.5 Factor analysis

Factorial correspondence analysis is indeed a multiparametric approach based on the Chi2 metric
(Benzecri, 1992). Here, the first two factorial axis summed 19.26 % of the total inertia of the data only,
with an explained variability of 9.98 % for axis 1 and 9.28 % for axis 2, respectively. The analysis,
showed a tendency to split strains according to both their geographical origin, and sample type, as
shown in supplementary Fig. 1A and Fig. 1B, respectively. Indeed, the first axis globally distinguished
environmental strains (isolated from zooplankton, sediment or sea water) from strains isolated from
animals (whatever host type, mussels or oyster) (Supplementary Fig. 1B). When geographical origin
was used, however, as supplementary variable for projection, second axis distinguished similarly
isolates according to country of origin, with a clear split between Italian samples, thus underlying a
biased sampling (most environmental isolates were indeed originated from lItaly) (Supplementary Fig.
1A). However all this suggest both a global split between Mediterranean and Atlantic populations of
the V. splendidus clade and a tendency of preferential association of given genotypes with animals
that should, indeed, be further investigated and confirmed with more orthogonal sampling. Finally, the
variable mortality outbreak seems to be orthogonal to previous variables as it contributes most to axis
two. Further, occurrence of vsm and ompU amplification correlated globally together but could not be
associated to isolation during mortality outbreaks (Supplementary Fig. 1C). Conversely, isolation
during mortality outbreak could preferentially be associated with occurrence of pattern 1 and 5 in
VNTR amplification (Supplementary Fig. 1C), confirming results from cluster analysis (Fig. 3).

4. Discussion

Different strains related to the Vibrio splendidus clade have previously been associated with epidemic
outbreaks of various aquatic animals, especially, marine bivalves (Lacoste et al., 2001) (Gomez-Leodn
et al., 2005) (Liu et al., 2013). V splendidus was also reported to be associated to mass mortality
outbreaks of Crassostrea gigas (Waechter, Le Roux, Nicolas, Marissal, & Berthe, 2002)(Gay et al.,
2004). To investigate whether or not such strains could present a clonal origin, but also to identify
possible alternative background carriage animals, a large scale epidemiological survey was conducted
on a pan European scale on isolates of the V. splendidus clade. However, due to the difficulty to
discriminate between interspecific and intraspecific diversity of the V. splendidus species and clade
respectively, and to infer epidemiological relationships between occurrence of given strains and
epidemiological outbreaks, it was clearly stated that typing methods used up to know were not fully
appropriate (Le Roux et al., 2004) (Sawabe et al., 2007) (Thompson et al., 2005). For this purpose, a
Variable Number Tandem Repeat (VNTR) based multiplex PCR was set up allowing simultaneously a
fast detection and identification of these species and further typing. Recently, VNTR has become a
widely used method in epidemiology as it allows high throughput, discriminatory and reproducible
analysis of large amounts of isolates and wide scale inter-laboratory comparisons (Stine, Alam, Tang,
Sack, & Morris, 2008) (Kattar et al., 2008) (Lindstedt, 2005). However, up to now, its use has mainly
been restricted to bacterial species of clinical importance. Here, we show that it can be accurately
applied to the typing of environmental isolates while providing a reasonable discrimination rate
compared to other techniques such as MLST which appeared much discriminative and unable to
provide information about strain migration, transfer or epidemiological outbreak in a previous study
(Thompson et al., 2005). By using MLST in a previous large scale investigation, these authors came
out with over 1000 strain types, failing to deduce 439 any relationships between so diverse
information. However, such investigation could have been more informative when performed on a
specific sample type and, or restricted to a specific sub-clade of the Vibrio genus. Here we first show
that large scale epidemiological investigations could be applied to environmental situations at large
scale and escape the strict domain of epidemiology of human pathogens.

Our first results, obtained while validating our method on collection strains was that LGP31 and LGP32
strains could belong to the V. tasmaniensis rather than to the V. splendidus species (Fig. 3),
confirming the recent reclassification of these strains in the V. tasmaniensis species (Sawabe et al.,
2013). Misclassification and to some extend over classification of strains of the V.splendidus clade
has indeed led, for long, to false conclusions. Our tool should help further systematic typing. However,



no strictly significant conclusions could be drawn from our data on strict association of these species
with given habitat, as related isolates could also be found in alternative sample types including
zooplankton and seawater, thus confirming results of (Hunt et al. 2008) and (Preheim et al. 2011).
These data also confirm that species from the V. splendidus clade, as other Vibrio, can present
alternative hosts (Liu et al., 2013). Further investigations are needed among more diverse animal
samples to define more precisely alternative host's species for the V splendidus clade, if they exist.
Further, a wide diversity of VNTR patterns was obtained during our study, far exceeding our
expectations and preliminary data obtained from collection strains suggested that the specific diversity
of the clade is not extensively investigated and that novel species may exist, especially among
environmental isolates. This, also can be linked to the previously reported genomic plasticity within the
V. splendidus clade (Le Roux et al., 2009) (Thompson et al., 2005), still suggesting rapid evolution,
either by massive horizontal gene transfer events, or other mechanisms, like competence, as related
genes seems complete 463 in the published V. tasmasniensis LGP32. In our case, although a large
diversity of strains could be found, it appeared reduced when compared to these previous
observations. However, diversity at local scale was confirmed by our results as different VNTR
patterns could be found in a same sample, which is globally in accordance with a dissemination of
strains associated with current practices of massive transfers of animals at pan European scale,
especially for oysters (Meistertzheim et al., 2013). Although the large diversity observed, our study
suggests that related strains from the V. splendidus clade from the VNTR group’s 1 and 5, rather than
strictly clonal populations could be associated to mortality events, that could result from the
dissemination and propagation of particular clones. However, our data draw only tendencies, despite
of the number of strains already analysed. Much more strains have to be further analyzed, especially
from environmental origin. However, our results confirm that diffusion of strains is particularly
extended, at a European scale. Although a gradient can be seen between V. splendidus populations
from Atlantic and Mediterranean coasts, identical types can also be observed. This could be related to
marine streams but also typically to nursing practices. Extreme care should be taken by professionals
before moving animals, especially in epidemic circumstances.

Further, the extended diversity observed within the V splendidus clade did not allow us to clearly
discriminate virulent from non-virulent strains. This led us to further assess the occurrence of two
major virulence genes among our population, namely vsm and ompU (Binesse et al.,, 2008)
(Duperthuy et al., 2010). However, as reported previously by Le Roux, these virulence factor were also
harbored by environmental strains, as it was the case for the two V. splendidus 12BO1 and Med222
isolates (Le Roux et al., 2009).

The OmpU porin has indeed been shown to constitute 486 a major virulence factor among Vibrio
strains and particularly among V. splendidus related species (Duperthuy et al., 2010). Indeed, it plays
an active role in host pathogen interactions, serving as adhesion protein (Goo et al., 2006), while also
being involved in the resistance to antimicrobial peptides (Mathur & Waldor, 2004) (Mathur et al.,
2007). However, this porin seems maintained in environmental strains. A metalloprotease Vsm, found
to constitute the main toxic factor of secreted extracellular products (Binesse et al., 2008) (Le Roux et
al., 2007) was also present in environmental strains. Interestingly the sequence diversity of these two
genes among our strains was larger than the one previously reported by Liu et al (2013) for strains
isolated from the Yesso scallop (Patinopecten yessoensis) (Liu et al., 2013) and no correlation could
be noticed between ompU and vsm phylogenies suggesting that the two assessed virulence genes
could be recruited and, or lost, independently. Similarly, no clear association could be find between
occurrence of ompU, vsm and given VNTR patterns suggesting potential horizontal transfer of this
virulence factor among isolates. Transfer of these key factors of pathogenicity between strains has to
be further taken care of as support of emergence of virulent phenotypes. From genome data, there is
strictly no evidence of mobility genes associated to neither ompU nor vsm virulence factors. Indeed,
ompU (VS-2494) is adjacent on the chromosome 1 to house-keeping genes including a D-alanyl-D-
alanine carboxypeptidase on one side, and, on the other side, the transcription elongation factor GreA,
as well as a predicted RNA-binding protein (Le Roux et al., 2009). Similar observations can be
deduced from the genomic sequence of chromosome 1 of V. splendidus (accession number
FM954972, (Le Roux et al., 2009) for vsm (VS-1267) although for this gene, published annotation
mentions mainly conserved genes of unknown function as genomic neighbours. Consequently, we
lack interpretation of mechanisms underlying genetic exchanges in these areas of the V. splendidus
genome 510 and one should further focus in the comparative organisation of genomic sequences of V.
splendidus strains in these area. However our data are not sufficient to conclude if this exchange is or
not restricted to virulence factors and pan3 genome approach of the clade should be over taken that
only could delineate its extend. Unfortunately, genome data of all strains of the clade are not yet
available. This large scale study clearly underlined the genetic diversity of the V. splendidus clade and



its potential genomic plasticity. Our results enlighten particularly the fact that this clade harbours
potentially not yet described species. Our VNTR approach was thus showed to constitute a powerful,
rapid and inexpensive tool for direct, one-step screening and simultaneous typing of V. splendidus and
related species but robustness of VNTR grouping in link with taxonomy has not been yet clearly
assessed. However it clearly appears as an in valuable tool for wide scale preliminary investigations of
V. splendidus clade diversity. Finally, this study clearly underlines the massive dissemination of strains
from the Vibrio splendidus clade throughout Europe as no sign of clonality could be detected even at a
local scale. This can result from diffusion through marine streams, and contribution of aquaculture
practices could not be excluded.
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Tables

Table 1. Reference strains used in this study.

Table 2

A. Primers and probe position designed in this study from the sequence of V. tasmaniensis (formerly
V. splendidus- related) LGP32 genome. B. Validation of VNTR primers on V. splendidus clade and
non clade Supplementary table S1. Distribution of strains isolated (N= 435) by geographical origin and
type of samples analyzed.

Supplementary table S2. Genbank accession humbers of ompU and vsm sequences from strains of
the V. splendidus clade obtained in this study.

Figures

Fig.1. Distribution of strains isolated (N= 435) by geographical origin and type of samples analyzed.
Fig.2. Representative agarose gel picture showing polymorphism for the VNTR region. Lane land 11:
Smart Ladder (100 bp to 1000 bp), Lane 2: negative control, Lane 3: V. tasmaniensis (formerly V.



splendidus- related) LGP32, Lanes 4 -10: V. splendidus clade isolates from the collection samples.
Lane 4: strain 120 isolated from Spain (Sor River), Mytilus edulis in 2012; lane 5: strain 260 isolated
from Spain (Sor River), Mytilus edulis in 2011; lane 6: strain 261 isolated from Spain (Sor River),
Mytilus edulis in 2011; lane 7: strain 333 isolated from spain (Sor River), Mytilus edulis in 2011; lane
8: strain 271 isolated from Spain (Sor River), Crassostrea gigas in 2012; lane 9: strain 272 isolated
from Spain (Sor River), Mytilus edulis in 2012; lane 10: strain 273 isolated from Spain (Sor River),
Mytilus edulis in 2012.

Fig. 3. Two-dimensional hierarchical clustering of VNTR data of isolates of the V. splendidus clade
based on presence/absence of distinct VNTR fragments. Fr: France, It: Italy, Sp: Spain, Ir: Ireland,
Neth: Netherlands, C. gigas: Crassostrea 778 gigas, M. edulis: Mytilus edulis, M. Gallo: Mytilus
galloprovincialis, +: isolation during oyster mortality peak, -: isolation outside oyster mortality peak,
ND: mortality period not determined. High resolution image can be downloaded as Supplementary
Figure 2.

Fig. 4. Phylogenetic tree of the gene encoding the outer membrane ompU on 102 European isolates
of the V. splendidus clade. V. tasmaniensis LGP32 is underlined in red. The tree was built by the
Neighbour-joining method based on sequence alignments using clustal W algorithm. Branch lengths
are drawn to scale and proportional to the number of amino acid changes. Number at each node
represents the percentage value given by bootstrap analysis of 1000 replicates.

Fig.5. Phylogenetic tree of the gene encoding the metalloprotease vsm on 97 European isolates of the
V. splendidus clade. V. tasmaniensis LGP32 is underlined in red. The tree was built by the Neighbour-
joining method based on sequence alignments using clustal W algorithm. Branch lengths are drawn to
scale and proportional to the number of amino acid changes. Number at each node represents the
percentage value given by bootstrap analysis of 1000 replicates.

Supplementary figure 1. Factor analysis of the VNTR data on 335 European V. splendidus isolates.
Factor analysis was performed on the Burt table of VNTR-ompU- and vsm —PCR fragments obtained,
and mortality data converted into binary data using code 1 or 0 according to presence or absence of
each fragment. ND: not determined, It: Italy, Sp: Spain, Fr: France, Noth: Netherlands, Ir: Ireland, Dim
1 and 2: coordinates in the two most representative axis of the factor analysis A. Projection of strains
coordinates using geographical origin and VNTR patterns (1 to 87) as supplementary variable in the
analysis B. Projection of strains coordinates using sample type and VNTR pattern (1 to 87) as
supplementary variable in the analysis. C. Projection of variables coordinates. Red dots: bl to b16-
VNTR bands; vsm and ompU virulence factors both representing variables with two modes (P:
present, A: absent) and mortality outbreaks representing variables with 3 modes. (P: present, A:
absent, NA: Not determined). Grey triangles: strains factorial coordinates are projected as above in
S1A and S1B.
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Tab. 1

Species Strains References

V. gigantis LGP 13 Le Roux et al. (2005)

V. kanaloae LMG20539 Thompson (2003b)

V. tasmaniensis LMG 20012 Thompson et al. (2003)
V. lentus CIP107166 Macian et al. (2001)

V. chagasii LMG 21353 Thompson (2003b)

V. cyclitrophicus LMG 21359 Hedlund and Staley (2001)
V. harveyi BB120 Baumann et al. (1980)

V. crassostreae LGP 7 Faury et al. (2004)

V. Pelagius LMG3897 Baumann et al. (1971)

V. tapetis CECT4600 Borrego et al. (1996)

V. aestuarianus 02/041 Tiston and Seidler (1983)
V. splendidus LMG 4042 Baumann et al. (1980)

V. tasmaniensis LGP 31 Le Roux et al. (2009)

V. tasmaniensis LGP 32 Le Roux et al. (2009)

V. pomeroyi LMG20537T Thompson (2003b)

V. fortis LMG20547T Thompson (2003a)




Character Primer sequence (5'-3") Position Size (bp)
Al TGATGGCTGCGTATGATGG 716891 416
A2 GAAAAGCTCGTAGCGGCG 717271

Bl GGTTCTCGAGCGTTAACGGT 366603 11
B2 GCGCTTGAAGGCTATAACGG 366885

C1 TTACTTTACCGCGCTGTTAGG 868940 337
Cc2 CTCATCTAGATTCAGCTCATCGAC 869233

El GCATACGGCCACTTCGG 2844021 408
E2 GGCAAAGAAGCATGAGTTACTG 2844391

F1 TATTGAGCCTCCTATCATAAGAAC 957312 315
F2 CGTTACAGCCTGGTGAAAGC 957584

L1 TCTGGTTCTCCTTCTGTTATGCC 1290707 675
L2 CCTAATCTATCTTCTCCTCGTGTGG 1291335

01 GAAGGTGTGATGCGTTTACTA 2318164 281
02 GCCTCTCTTTTTGTTTTCTCG 2318408

R1 TTGGTGCGAAAGAAGAGGTT 1132493 125
R2 CTGTTGAGATGACTCCATACGA 1132777

Gl CCCAATGTTGGAAAACCAAAATC - -
G2 CTGAGAATGAAGTTGTATTAGAAGACT G - -
Hl CGAACAAAGCCCGCACC - -
H2 GAGGATGACGAATGACAAGCC - -
D1 GCTATGATTCACGGCTTTGC - -
D2 ACTGACTTTGCTGGCGGC - -

J1 CCCTGTGAGCCGTGGTTG - -

12 ATTGGTTGCGGAAGGCG - -
K1 TTGAACAAACCAAAGAAGCCAG - -
K2 GATGACGGAAAAAAAGAAGCG - -
Ml CCAACTATCACAAACAGCCCTTA - -
M2 CTAAGACAGACAGTGTTGCTAACCG - -
N1 GGTTTGTTAGATGAAGCGAAGG - -
N2 GCGTGCTCTGTTTGGTGATA - -
Ol GAAGGTGTGATGCGTTTACTA - -
02 GCCTCTCTTTTTGTTTTCTCG - -

P1 GTCAGGTAGAAAAGGTGGTCAG - -
P2 CGTGCCCTCTCAAGTCAATG - -
Q1 GTTTATCGGCTTGGGGAGTA - ,
Q2 CAGCAAAGTCACGGCAAAAT - -

S1 TTGGTTAGGTGGTGGTGTGA - -
§2 CTTGGGTAGGTGCGGTGAT - -
T1 TTGACCCTCTACTCCACGATG - -
T2 GTGCGGCGCTTTTATCTG - -
16S SpF1 ATCATGGCTCAGATTGAACG 28

16S SpR1 CAATGGTTATCCCCCACATC 161 153
16S probe FAM-CCCATTAACGCACCCGAAGGATTG-BHQI

OmpU F GTCCTACAGACAGCGATAGC VS-2494 769
OmpU R GTGGTAAGCCATGATATCGG

Vsm F TACAAAGAKTGGATGAACAC VS-1267 31
Vsm R TACTGTTTGCCGTCCAATAC




VNTR primers VNTR multiplex
Strains ABCDEFGHJKLMNOPQR A,C,E,F,L,O,R
V. gigantis LGP 13 o * +
V. crassostreae LGP 7 Fom v ow ow wm e e - v e cw e 5
V.kanaloae 1.MG20539 + - -+ - - + 4+ + + - + + + +
V. lentus CIP107166 + - O ommomomow Fomomoim o= o= %
V. chagasii LMG 21353 o e m om mim e = e S e E e e +
V. eyclotrophicus LMG 21359 f e v s s ek ow c b m &
V. pelagius L.MG3897 e P o U E +
V. splendidus LMG 4042 Y -+ - - + +
V. tasmaniensis IMG 20012 - - + 4+ + 4+ - - + 4+ 4+ - + + + - + -
V. tasmaniensis LGP 32 + + + + + ++ + - + + + + + + +
V. tasmaniensis LGP 31 + = + + + - = = - + + + - + + + +
V. pomeroyi LMG20537T T R +

V. fortis LMG20547T
V. harveyi BB120

V. tapetis CECT4600
V. aestuarianus 02/041
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