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INTRODUCTION

Gammaproteobacteria of the genus Vibrio and
allied genera are significant disease-causing agents
in shellfish hatcheries worldwide and are a common
cause of bacillary necrosis, a disease that results in
severe hatchery stock losses (DiSalvo et al. 1978,
Sugumar et al. 1998). In the vast majority of cases,
Vibrio spp. have been implicated as the causative
agents, such that bacillary necrosis has been alterna-
tively termed vibriosis.

V. splendidus-related bacteria are a diverse and
abundant component of the temperate coastal bac -
terial community (Thompson et al. 2004) that have

previously been considered of little significance
as pathogens (Gay et al. 2004). However, bacteria
within this group have increasingly been associated
with mortality of hatchery-reared shellfish larvae,
post-settlement juveniles (spat) and juvenile stock
(Nicolas et al. 1996, Lacoste et al. 2001, Le Roux et al.
2002, Gay et al. 2004, Gómez-León et al. 2005, Kesar-
codi-Watson et al. 2009, Beaz-Hidalgo et al. 2010,
Saulnier et al. 2010).

Since the first description of V. splendidus (Reichelt
et al. 1976), the group has been divided into 15
related species (Sawabe et al. 2007, Beaz-Hidalgo et
al. 2010), making the V. splendidus group the most
diverse among the Vibrionales (Sawabe et al. 2007).
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A number of related species are considered patho-
genic to shellfish, including V. splendidus (Saulnier et
al. 2010), V. crassostreae (Faury et al. 2004), V. gigan-
tis (Le Roux et al. 2005), V. celticus (Beaz-Hidalgo et
al. 2010) and V. chagasii (Teng et al. 2012). The shell-
fish species affected include oysters (Crassostrea spp.;
Sugumar et al. 1998, Lacoste et al. 2001, Le Roux et al.
2002, Gay et al. 2004), clams (Ruditapes spp. and
Solen spp.; Gómez-León et al. 2005), scallops (Pecten
spp.; Nicolas et al. 1996) and mussels (Perna spp.;
 Kesarcodi-Watson et al. 2009). Bacteria affiliated with
the V. splendidus group have often been isolated
from diseased shellfish, and some were pathogenic to
shellfish (Sugumar et al. 1998, Saulnier et al. 2010).
While a loose correlation exists between shellfish lar-
val mortality and increased concentration of V. splen-
didus (Sugumar et al. 1998, Lacoste et al. 2001, Le
Roux et al. 2002, Gómez-León et al. 2005), under-
standing of the disease is limited partly due to the ge-
netic diversity and highly variable pathogenicity
among isolates (Le Roux & Austin 2006). While mo-
lecular approaches can distinguish a range of Vibrio
(Le Roux et al. 2002, 2004), the 16S rRNA gene con-
tains insufficient sequence variation to resolve
distinct genotypes within the V. splendidus group (Le
Roux et al. 2004). However, the ATP synthase alpha
subunit gene (atpA) appears to show higher sequence
variation among V. splendidus strains (Thompson et
al. 2007) and thus may be a more useful tool to exam-
ine diversity in this group.

Our preliminary studies in an Australian blue
mussel Mytilus galloprovincialis hatchery indicated
that mass mortality events were associated with bac-
terial communities dominated by the V. splendidus
group; however, the potential sources and diversity
of V. splendidus-associated mortalities were un -
known. Here we used partial atpA gene sequences
to examine and compare the diversity of culturable
Vibrio from hatchery rearing systems and seawater
sources in hatchery culture of juvenile Australian
blue  mussels.

MATERIALS AND METHODS

Bacterial sampling

Culturable bacteria were isolated on the same day
in May 2009 (autumn) from seawater and hatchery
rearing systems used for production of Australian
blue mussel at a Tasmanian marine hatchery (42.5° S,
147.9° E). Seawater samples were collected in tripli-
cate from 2 points in the hatchery seawater system:

(1) untreated hatchery intake bay seawater (Ba)
pumped from 30 m depth in Spring Bay; and (2)
20 µm filtered seawater stored in a header tank (Hd).
Triplicate seawater samples were also collected from
3 different culture stages of the hatchery production:
(1) broodstock tank (Br), (2) larvae culture tank (Lr)
and (3) spat culture tank (Sp). Bay water entering the
intake pipe and header tank was at seasonal ambient
temperature (<12°C), and broodstock tank seawater
was held at 18°C using a heat exchanger. Both the
larval and spat tank systems received 20 µm filtered
header tank seawater heated to 22°C and ultraviolet
(UV) irradiated which reduced culturable bacteria
(and Vibrio) to below the routine detection limit of
10 CFU ml−1. Header tanks were operated with an
approximately 30 min residence time. Spat tanks
were flow-through systems at flow rates achieving
complete water replacement in approximately 6 h.
Broodstock tank seawater contained expelled
gametes at the time of sampling. Larval tanks were
static 3000 l tanks with cleaning and water replace-
ment every 48 h. At the time of sampling, larval cul-
tures were 48 h post-fertilisation and had not re -
ceived water changes or live microalgae as food. The
spat cultures sampled were at 4 wk post-settlement
and received microalgae feed 4 times a day, main-
taining a concentration of 200 algal cells ml−1. At the
time of sampling, the hatchery was neither experi-
encing elevated larval nor spat mortality.

Samples of seawater (10 ml) were collected using
sterile 20 ml syringes, transferred into sterile 30 ml
McCartney tubes and vigorously shaken for 1 min
prior to serial 10-fold dilution (to 10−5). A volume of
100 µl from each dilution was spread plated onto
thiosulphate citrate bile sucrose (TCBS) agar (Oxoid),
and plates were incubated at 21 ± 3°C for 48 h. The
concentration of culturable Vibrio was determined
for each source by triplicate plate counts from plates
containing 30 to 300 colonies. A library of presump-
tive Vibrio strains was established by random selec-
tion of a minimum of 20 colonies from each source.
Colonies were streak-plated onto fresh TCBS agar to
ensure purity and then maintained at 8°C over the
course of study. All confirmed Vibrio isolates were
archived at −80°C in cryovials containing 10% gly -
cerol and Protect Beads (Oxoid).

Colony PCR and DNA sequencing of the atpA gene

Genomic DNA was prepared using the colony stab
technique. Briefly, isolates were incubated for 24 to
72 h at 25°C, and a single bacterial colony was
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stabbed with a sterile wooden toothpick and resus-
pended in 200 µl of milliQ water in a sterile 1.5 ml
centrifuge tube. The tube was vortexed until the
colony was dispersed, and the cell suspension was
then stored frozen at −20°C until use. Aliquots of sus-
pension were defrosted for use directly in PCR. De -
generate PCR primers for the Vibrio atpA gene were
adopted from Thompson et al. (2007) and were
designed to anneal to positions 37 (atpA37F, 5’-CTD
AAT TCH ACN GAA ATY AGY G-‘3) and 1554
(atpA1554R, 5’-TTA CCA RGW YTG GGT TGC-‘3) of
the ATP synthase A subunit gene. The PCR reaction
mixture and thermal cycling parameters were modi-
fied from Thompson et al. (2007) and optimised for
colony PCR. Reactions were 50 µl in volume, and all
reagents were supplied by Bioline. The components
at final concentration were: 1× ammonium buffer
(160 mM [NH4]2SO4, 670 mM Tris-HCl, pH 8.8 at
25°C, 0.1% Tween-20), 0.25 mM of each dNTP,
1.5 mM MgCl2, 0.3 µM of atpA37F and atpA1554R
primers, 2 U of BioTaq DNA polymerase and 5.0 µl of
Vibrio colony suspension. Cycling was carried out
using an Eppendorf Master Cycler Gradient with a
thermal cycling program consisting of (1) 5 min at
95°C, (2) 3 cycles of 1 min at 95°C, 2 min at 58°C
and 1 min at 72°C, (3) 25 cycles of 35 s at 95°C, 1 min
at 58°C and 1 min at 72°C and (4) a final extension
of 10 min at 72°C. PCR products were visualised
by electrophoresis through 1% (w/v) agarose Tris-
Borate-EDTA (TBE) gels stained with ethidium
 bromide. Amplicons of the expected size (around
1500 bp) were confirmed by examination under UV
illumination and imaging with DigiDoc-It version
1.1.27 (SelectScience) and size estimated by compar-
ison to a set of DNA size standards (Hyperladder II;
100− 2000 bp; Bioline). All isolates producing no
amplified product were repeated using fresh colony
PCRs; colonies resulting in 3 negative PCRs were
considered to be non-Vibrio.

Successful PCR products were purified using Mon-
tageTM PCR ultra-filtration spin columns (Millipore)
according to the manufacturer’s manual. DNA con-
centration (ng µl−1) was then estimated using a
Turner Designs TBS-380 DNA fluorometer and 60 ng
of PCR product used for DNA sequencing. The distal
portion of the atpA gene was sequenced using the
reverse amplification primer (atpA1554R) because it
consistently returned higher-quality chromatograms
than sequences using the forward primer. Sequence
reactions and electrophoresis were prepared and
carried out by the Australian Genome Research
Facility (AGRF, Brisbane) using an ABI 3730 DNA
sequencer (Applied Biosystems) and ABI Big-dye ter-

minator chemistry. Resulting chromatograms were
checked manually for base-calling accuracy using
Geneious 5.6.4. Preliminary comparative multiple
alignments of chromatograms were carried out using
the Geneious alignment algorithm, and all base vari-
ations detected were verified by comparison of chro-
matogram traces.

Phylogenetic and diversity analyses

All strains with identical atpA sequences were
determined by direct pairwise comparison of aligned
electropherograms. Diversity measures and indices
(Shannon-Wiener Index, H ’) were determined from
the frequency of each distinct genotype recovered
from each seawater source (see Table 1). The result-
ing 40 distinct partial atpA gene sequences obtained
from hatchery isolates were subjected to BLAST
searches to verify nearest neighbour taxa, and
aligned using ClustalW (in Geneious 5.6.4). Prelimi-
nary guide trees were constructed with more than
200 V. splendidus-related atpA sequences to define
major clusters and relationships to type species/
strains, and to guide selection of taxa for inclusion in
the final analyses (see the Appendix). Phylogenetic
trees of the 39 V. splendidus group atpA sequence
types were constructed from Tamura-Nei distances
with the neighbour-joining (NJ) al gorithm (Saitou &
Nei 1987) using PAUP* version 4.0b10 (Swofford
1993) implemented via the Geneious Pro software
interface. Analyses were rooted using 3 outgroup
taxa (V. tapetis LMG19704, V. tapetis LMG19705 and
V. penaeicida LMG19663T) identified as the nearest
relatives to the V. splendidus group in the broader
atpA gene analysis of Thompson et al. (2007). Consis-
tency of major clusters (A to E) was determined by
comparison with NJ trees constructed using Tamura-
Nei, Kimura-2-parameter and maximum likelihood
distances; only the Tamura-Nei NJ tree is shown.
Support for major clusters was assessed by bootstrap
resampling (500 replicates), and the identity of clus-
ters was determined by reference to atpA sequences
of Vibrio type strains where possible (see Table 2).
The proportion of genotype clusters among water
sources was compared by chi-squared analysis of
proportion using SPSS (IBM SPSS Statistics for Win-
dows, Version 20.0). The phylogenetic similarity of
culturable Vibrio recovered from each source was
also determined by weighted UniFrac analysis
(Lozupone et al. 2006) using the Tamura-Nei NJ tree
used as the input tree. UniFrac distances were then
subjected to principal coordinate analysis (PCoA).
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RESULTS

Culturable Vibrio were detected in all samples with
concentrations ranging from approximately 2 × 104

CFU ml−1 in the spat tank water up to 1.6 × 107 CFU
ml−1 in broodstock tank water (Table 1). The targeted
1500 bp atpA amplicon was successfully amplified
from 91 of 112 isolates. Three products failed to pro-
duce a readable sequence, and 1 isolate was found
to be affiliated with Shewanella and excluded from
further analysis. The 21 isolates that did not yield an
amplified product in repeated PCRs were considered
to be not Vibrio and excluded from further study.
After sequence correction, trimming of poor-quality
data and comparative alignment, the high-quality,
unambiguous sequence recovered from each isolate
ranged from 609 to 931 bp in length in the distal half
(base 750−1554, approximately) of the atpA gene.

In total, 40 unique atpA genotypes could be re -
solved among the 87 hatchery Vibrio isolates se -
quenced. Alignment with published sequences from
V. splendidus group type strains and outgroup taxa
resulted in an alignment dataset comprising 1458
nucleotide positions. The phylogenetic affiliations
based on atpA sequence comparisons are shown in

Table 2. The vast majority (98%) were allied with the
V. splendidus group (Thompson et al. 2007), with the
hatchery isolates forming 5 consistent major clusters
(Groups A to E) with moderate to strong bootstrap
support (60−100%). Clusters were allied with V.
cyclitrophicus (Group A), V. celticus (Group B), V.
atlanticus and V. tasmaniensis (Group C), V. splen-
didus and V. lentus (Group D) and V. toranzoniae
(Group E) (Fig. 1). Two isolates with identical atpA
genotypes were affiliated with the V. harveyi group
(Group F, not shown). The majority (>60%) of iso-
lates clustered within group D, which contained 2
weakly supported clusters (Subgroup D1 and D)
allied with type strains of V. lentus and V. splendidus,
respectively. Isolates of groups B, C and E formed 9
to 13% of the isolates recovered during the study.
The 2 V. harveyi-related isolates (Group F) were
recovered only from spat tank samples (Table 2).

All hatchery water sources showed a high level of
Vibrio atpA gene diversity (Table 2). Over half of
Vibrio atpA genotypes (53%) were detected only
once. Each source examined contained between 30
and 60% of isolates recovered only once from that
source; only 7 genotypes were recovered from more
than 1 water source. The most common genotype

40

atpA genotypic Type species atpA sequence Count Frequency
clusters affiliation type (N) (N) (%)

Group A V. cyclitrophicus 3 5 5.7
Group B V. celticus 3 8 9.2
Group C V. atlanticus, V. tasmaniensis 8 11 12.6
Group D V. lentus, V. splendidus 24 53 60.9
Subgroup D1 V. lentus 14 35 40.2
Subgroup D2 V. splendidus 8 16 18.4
Group E V. toranzoniae 1 8 9.2
Group F V. harveyi 1 2 2.3

Table 2. Genetic affiliation and frequency of 6 Vibrio atpA genotypic clusters detected in seawater sources associated with 
hatchery culture of Australian blue mussel Mytilus galloprovincialis. Frequency (%) = count (N) / total 87 isolates × 100

Source Culturable presumptive Isolates Unique Dominant Vibrio Diversity
(code) Vibrio (CFU ml−1) (N) atpA types atpA type (H ’)

Mean SE (%) (%)

Hatchery intake from Spring Bay (Ba) 2.04 × 105 5.60 × 104 18 61.1 V. lentus 39, (22) 2.27
Broodstock tank (Br) 1.58 × 107 1.25 × 106 20 60.0 V. lentus 17, (20) 2.35
Larval tank (Lr) 2.00 × 105 8.00 × 104 22 72.7 V. celticus 14, V. lentus 21, (14)a 2.67
Spat tank (Sp) 2.12 × 104 1.88 × 104 19 31.6 V. cf. toranzoniae 15, (42) 1.38
Header tank (Hd) 8.10 × 105 4.70 × 105 8 62.5 V. cf. atlanticus 4, (50) 1.39

aCo-dominance at same proportions

Table 1. Abundance (CFU ml−1) and diversity (H ’) of culturable Vibrio atpA genotypes in seawater sources associated with
hatchery culture of Australian blue mussel Mytilus galloprovincialis. Poor-quality and non-Vibrio atpA sequences were 

removed. Unique types (%) = atpA sequence types (N)/Isolates sequenced (N) × 100
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Fig. 1. Phylogenetic relationships of 39 partial Vibrio splendidus group atpA genotypes associated with hatchery culture of
Australian blue mussel Mytilus galloprovincialis. Genotype clusters of the hatchery isolates are indicated by Groups A−E; Vib-
rio type strains are indicated by larger bold text. Each hatchery isolate genotype is identified by genotype number (1−40), the
water source(s) in which it was detected (codes as in Table 1), and frequency (n) at which the genotype was detected in the
study. Tree was constructed by neighbour-joining from Tamura-Nei genetic distances. Clusters with >50% bootstrap support
(500 replicates) are shown at branch points. Genotype 40 allied with V. harveyi (Group F) was not included in the tree
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recovered differed in each water source, with the
spat and header tank being dominated (42−50% of
isolates) by a single genotype. Genotypes recovered
from spat tank isolates were not detected in any other
source with the exception of V. cf. cyclitrophicus
(genotype 3), which was also recovered once from
larval tank samples.

When considered as genotypic clusters (Groups
A−F), V. lentus and V. splendidus-related types
(Group D) dominated all seawater sources examined
(41−100%), particularly intake seawater, the hatch-
ery header tank and broodstock tanks, although dif-
ferent mixtures of individual genotypes dominated in
each source (Fig. 2, Table 2). Due to the high Vibrio
genotype diversity, frequency of the V. splendidus
Groups A−E did not differ among water sources.
However,  after phylogenetic pooling into higher-
order clusters (Groups D/E and Groups A/B/C), the
proportion of Group D/E genotypes was lower in the
larval tank samples compared to other water samples
(χ2 = 17.78, df = 4, p = 0.0014). UniFrac-PCoA analy-
sis showed that culturable Vibrio communities from
intake, header, broodstock and larval tanks were
phylogenetically similar while spat tank communities
were different (UniFrac significance test, p = 0.02;
Fig. 3).

DISCUSSION

The samples examined in this study
were not associated with vibriosis or
 significantly elevated larval mortality
and therefore represent culturable Vibrio
present during typical commercial mussel
hatchery operation. While limited pub-
lished data are available from mussel
hatcheries, the order of magnitude of
abundance of culturable Vibrio observed
in this study is similar to previous reports
from the same source types (e.g. larval
rearing seawater, broodstock tanks, set-
tlement tanks) reported from marine
hatcheries of other molluscs such as oys-
ters (Crassostrea spp.; DiSalvo et al.
1978), scallops (Pecten spp.; Nicolas et al.
1996) and clams (Ruditapes spp.; Mechri
et al. 2012), suggesting a common under-
lying factor controlling Vibrio abundance.
The design and operation of most inverte-
brate hatcheries, including water treat-
ment, stocking densities, flow manage-
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ment, algal food and husbandry practices, are typi-
cally very similar. This contributes to environments
of enriched organic carbon and higher water temper-
atures, both of which potentially are the major con-
trol of Vibrio and perhaps total bacterial abundance
in hatchery systems (Thompson et al. 2004, Le Roux
& Austin 2006).

The culturable Vibrio community associated with
this Australian blue mussel hatchery was over-
whelmingly dominated by a diverse assemblage of V.
splendidus group genotypes. There are few other
studies of comparable depth from a single hatchery;
however, a high diversity of V. splendidus-related
geno types is commonly recovered from hatchery-
rearing of other molluscs (see Supplementary
Table S1 of Thompson et al. 2007). Our findings are
similar to those from Ruditapes decussatus clam
hatcheries where 56% of culturable Vibrio were
found to belong to the V. splendidus group (Beaz
Hidalgo et al. 2008). Using amplification fragment
length polymorphism, the same study demonstrated
very low clonality among 29 different cultured Vibrio
phenotypes. In this study, more than 50% of atpA
genotypes were unique, i.e. detected only once, indi-
cating that culturable Vibrio diversity was consider-
ably high, and that high Vibrio diversity is a general
feature of hatchery-rearing systems. The high diver-
sity of V. splendidus detected in the hatchery resem-
bles that of coastal seawater in a study by Thompson
et al. (2005). Using pulsed-field gel electrophoresis,
those authors characterised 87% unique genomic
patterns in over 200 V. splendidus isolates. The
higher level of diversity is probably due to the use of
the whole genome as a marker and the fact that more
isolates were examined. It nevertheless suggests that
the remarkable diversity of V. splendidus in marine
environments is more common than anticipated.

Analysis of our intake water samples indicated
that V. splendidus group genotypes dominated the
culturable Vibrio community of the coastal bay
water, which may act as a major reservoir of Vibrio
entering the hatchery. However, water entering the
hatchery larval and spat culture systems is subjected
to bacteriocidal UV irradiation, and Vibrio were
never detected in treated water (<10 CFU ml−1).
Therefore, bay water appears unlikely to be the
major source of the culturable Vibrio entering the
hatchery rearing systems, although we cannot rule
out the selective recovery (up to 15%) from UV
treatment as a significant source of V. splendidus
(Abraham & Palaniappan 2000). The substantial dif-
ferences in presence/ absence, dominance and pro-
portion of genotypes recovered from each water

source indicate that communities are more likely to
be derived from the broodstock, larval stock and/or
water reticulation at each stage of rearing. The rear-
ing system environment (static versus flow-through
operation), developmental stage and husbandry dif-
ferences at each stage (e.g. water exchange rates,
stocking and feeding rates) are also thought to fur-
ther influence growth dynamics, diversity and domi-
nance of Vibrio in hatchery-reared species including
oysters (Crassostrea virginica; Murchelano & Bishop
1969) and rock lobster Panulirus ornatus (Bourne
et al. 2004).

Both the frequency of major clusters (Groups A−F)
and UniFrac-PCoA analysis indicated that spat tank
water harboured a culturable Vibrio community that
was phylogenetically distinct from the bay water and
other hatchery tanks. Despite relatively short water
residence times (30 min), header water Vibrio dis-
played a distinct reduction in diversity compared to
the bay water, most likely associated with 20 µm fil-
tration before the header tank. This treatment would
remove a high proportion of the particle-associated
bacterial community including those associated with
molluscan larvae.

The phylogenetic similarity of culturable Vibrio
communities of bay water, header, larvae and brood-
stock tank is surprising considering the differing
water filtration and treatment applied to the hatchery
water, stocking density, water flow management,
and the much higher temperature of larval and
broodstock tank water (22°C and 18°C, respectively)
and bay water (<12°C), all of which might be ex -
pected to change the nature and concentration of
organic carbon in the systems and the selective
forces operating on the microbial community. The
similarity suggests a common Vibrio inoculum source
and/or that the environments exert similar selective
pressure on the culturable Vibrio community. The
only clear common factor is the presence of mussel
gametes and larvae in the systems. Tasmanian wild
and farmed Australian blue mussels spawn from
April to September, peaking during May when this
study was carried out (Dix & Ferguson 1984, Fear-
man & Moltschaniwskyj 2010), and developing
 larvae would also have been abundant in bay water
at the time of sampling. Overall, our findings sug-
gest that the major influence on the culturable hatch-
ery Vibrio community is the presence of mussel
 larvae rather than inefficient water treatment or dif-
fuse/ cryptic sources such as water pipes, pumps and
surfaces.

The spat tank culturable Vibrio community was the
most phylogenetically divergent, and the only sam-
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ples in which V. toranzoniae-related and V. harveyi-
group genotypes were detected. The spat tank envi-
ronment differs from other hatchery static and flow-
through tanks in many ways, such as increased size
and age of stock (4 wk after settlement in our study),
higher stocking densities and also the presence of
complex settlement matrix (500 m of poly-rope) with
a high effective surface area. Settlement rope is pre-
conditioned for 7 d prior to addition of pediveligers
to establish a microbial community. Preliminary stud-
ies of rope conditioning showed that the settlement
rope harboured a substantial community of cultur-
able Vibrio (>3 × 106 CFU cm−1) equivalent to 1.5 ×
105 CFU ml−1 inoculum to the conditioning tank
(A. Azizi & C. J. S. Bolch unpubl. results). The nature
and diversity of the community during pre-condition-
ing and at pediveliger settlement is not known, but
our data indicate that by 4 wk after settlement, the
water-associated Vibrio community is very different
from other hatchery systems.

Previous studies have shown that V. splendidus
group bacteria are capable of causing bacillary
necrosis when present at sufficiently high abundance
(Guisande et al. 2008, Kesarcodi-Watson et al. 2009).
However, our study shows that all stages of hatchery
mussel production harbour a substantial and diverse
community of culturable Vibrio, even when stock
mortalities are within normal commercial production
limits. Vibrio splendidus group bacteria are also reg-
ularly isolated from healthy molluscan larvae (e.g.
Macián et al. 2000, Beaz Hidalgo et al. 2008), indica-
ting that V. splendidus group members are part of the
normal microflora of marine molluscan larvae and
provide a substantial reservoir of potentially virulent
V. splendidus genotypes. While we did not examine
virulence of our V. splendidus isolates, the diversity
that we detected in a single hatchery may suggest
that vibriosis is associated with changes in Vibrio
community dominance and diversity to more virulent
Vibrio genotypes.

It is relevant to note that culture-independent stud-
ies have shown that Vibrio are rarely the dominant
taxa in hatchery culture environments even during
mortality events (Bourne et al. 2004). Recent pyro-se-
quencing studies have also shown that Vibrio typically
represent <1% of the total bacterial community asso-
ciated with oyster larval production (Powell et al.
2013). While low relative abundance suggests that
Vibrio may not be the primary cause of larval mortal-
ity, distinct ‘spikes’ in relative abundance of cultivable
Vibrio (up to 25−100% of total viable count) sometimes
coincide with onset of disease and/or mortality of
commercial hatchery-reared larvae (Chapman 2012).

The cultivable Vibrio (dominated by the V. splendidus
group) may instead have an indirect role in larval
mortality, exacerbated by environmental conditions
including behavioural factors such as increased larval
aggregation (DiSalvo et al. 1978, Chapman 2012) and
interactions within the total bacterial community as-
sociated with larval molluscan cultures.

In conclusion, our data show that a substantial
and genetically diverse community of V. splendidus
group bacteria is associated with all stages of com-
mercial hatchery production even when stock
 mortalities are within normal production limits. This
high diversity may allow rapid shifts in genotype
dominance and community pathogenicity/virulence.
What is not yet clear is how changes in seawater
quality and husbandry practices select for more viru-
lent V. splendidus genotypes.

Acknowledgements. We thank Spring Bay Seafoods staff for
hatchery access and logistical support. This work was sup-
ported as part of a collaborative project funded by the Fish-
eries Research and Development Corporation, Project No.
2008-202.

LITERATURE CITED

Abraham TJ, Palaniappan R (2000) U-V inactivation and
photoreactivation of luminous Vibrio harveyi and Vibrio
splendidus 1. J Aquacult Trop 15: 59−64

Beaz Hidalgo RB, Cleenwerck I, Balboa S, De Wachter M
and others (2008) Diversity of Vibrios associated with
reared clams in Galicia (NW Spain). Syst Appl Microbiol
31: 215−222

Beaz-Hidalgo R, Dieguez AL, Cleenwerck I, Balboa S, Doce
A, de Vos P, Romalde JL (2010) Vibrio celticus sp. nov., a
new Vibrio species belonging to the Splendidus clade
with pathogenic potential for clams. Syst Appl Microbiol
33: 311−315

Bourne DG, Young N, Webster N, Payne M, Salmon M,
Demel S, Hall M (2004) Microbial community dynamics
in a larval aquaculture system of the tropical rock lobster,
Panulirus ornatus. Aquaculture 242: 31−51

Chapman C (2012) Investigation into the microbiological
causes of epizootics of Pacific oyster larvae (Crassostrea
gigas) in commercial production. PhD thesis, University
of Tasmania, Hobart

DiSalvo LH, Blecka J, Zebal R (1978) Vibrio anguillarum and
larval mortality in a California coastal shellfish hatchery.
Appl Environ Microbiol 35: 219−221

Dix TG, Ferguson A (1984) Cycles of reproduction and con-
dition in Tasmanian blue mussels, Mytilus edulis planu-
latus. Aust J Mar Freshw Res 35: 307−313

Faury N, Saulnier D, Thompson FL, Gay M, Swings J, Le
Roux F (2004) Vibrio crassostreae sp. nov., isolated from
the haemolymph of oysters (Crassostrea gigas). Int J Syst
Evol Microbiol 54: 2137−2140

Fearman J, Moltschaniwskyj NA (2010) Warmer tempera-
tures reduce rates of gametogenesis in temperate mus-
sels, Mytilus galloprovincialis. Aquaculture 305: 20−25

44

http://dx.doi.org/10.1016/j.aquaculture.2010.04.003
http://dx.doi.org/10.1099/ijs.0.63232-0
http://dx.doi.org/10.1071/MF9840307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=623467&dopt=Abstract
http://dx.doi.org/10.1016/j.aquaculture.2004.08.047
http://dx.doi.org/10.1016/j.syapm.2010.06.007
http://dx.doi.org/10.1016/j.syapm.2008.04.001


Kwan & Bolch: Vibrio diversity in a mussel hatchery 

Gay M, Renault T, Pons AM, Le Roux F (2004) Two Vibrio
splendidus related strains collaborate to kill Crassostrea
gigas:  taxonomy and host alterations. Dis Aquat Org 62: 
65−74

Gómez-León J, Villamil L, Lemos ML, Novoa B, Figueras A
(2005) Isolation of Vibrio alginolyticus and Vibrio splen-
didus from aquacultured carpet shell clam (Ruditapes
decussatus) larvae associated with mass mortalities.
Appl Environ Microbiol 71: 98−104

Guisande JA, Perez Lago E, Prado S, Perez Nieto T, Farto
Seguin R (2008) Genotypic diversity of culturable Vibrio
species associated with the culture of oysters and clams
in Galicia and screening of their pathogenic potential.
J Shellfish Res 27: 801−809

Kesarcodi-Watson A, Kaspar H, Lategan MJ, Gibson L
(2009) Two pathogens of GreenshellTM mussel larvae,
Perna canaliculus:  Vibrio splendidus and a V. coralliilyti-
cus/neptunius-like isolate. J Fish Dis 32: 499−507

Lacoste A, Jalabert F, Malham S, Cueff A and others (2001)
A Vibrio splendidus strain is associated with summer
mortality of juvenile oysters Crassostrea gigas in the Bay
of Morlaix (North Brittany, France). Dis Aquat Org 46: 
139−145

Le Roux F, Austin B (2006) Vibrio splendidus. In:  Thompson
FL, Austin B, Swings J (eds) The biology of Vibrios, Book
69. Canadian Society for Medical Laboratory Science,
Hamilton, ON, p 285–296

Le Roux F, Gay M, Lambert C, Waechter M and others
(2002) Comparative analysis of Vibrio splendidus-related
strains isolated during Crassostrea gigas mortality
events. Aquat Living Resour 15: 251−258

Le Roux F, Gay M, Lambert C, Nicolas JL, Gouy M, Berthe F
(2004) Phylogenetic study and identification of Vibrio
splendidus-related strains based on gyrB gene se -
quences. Dis Aquat Org 58: 143−150

Le Roux F, Goubet A, Thompson FL, Faury N, Gay M,
Swings J, Saulnier D (2005) Vibrio gigantis sp nov., iso-
lated from the haemolymph of cultured oysters (Crass-
ostrea gigas). Int J Syst Evol Microbiol 55: 2251−2255

Lozupone C, Hamady M, Knight R (2006) UniFrac - an
online tool for comparing microbial community diversity
in a phylogenetic context. BMC Bioinformatics 7: 371

Macián MC, Garay E, Gonzalez-Candelas F, Pujalte MJ,
Aznar R (2000) Ribotyping of Vibrio populations associ-
ated with cultured oysters (Ostrea edulis). Syst Appl
Microbiol 23: 409−417

Mechri B, Medhioub A, Medhioub MN, Aouni M (2012)

Diversity of Vibrionaceae associated with hatchery in
Tunisia. Ann Microbiol 62: 597−606

Murchelano RA, Bishop JL (1969) Bacteriological study
of laboratory-reared juvenile American oysters (Crass-
ostrea virginica). J Invertebr Pathol 14: 321−327 

Nicolas JL, Corre S, Gauthier G, Robert R, Ansquer D (1996)
Bacterial problems associated with scallop Pecten max-
imus larval culture. Dis Aquat Org 27: 67−76

Powell SM, Chapman CC, Bermudes M, Tamplin ML (2013)
Dynamics of seawater bacterial communities in a shell-
fish hatchery. Microb Ecol 66: 245−256

Reichelt JL, Baumann P, Baumann L (1976) Study of genetic
relationships among marine species of genera Beneckea
and Potobacterium by means of in vitro DNA-DNA
hybridization. Arch Microbiol 110: 101−120

Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol
Evol 4: 406−425

Saulnier D, De Decker S, Haffner P, Cobret L, Robert M,
Garcia C (2010) A large-scale epidemiological study to
identify bacteria pathogenic to Pacific oyster Crassostrea
gigas and correlation between virulence and metallopro-
tease-like activity. Microb Ecol 59: 787−798

Sawabe T, Kita-Tsukamoto K, Thompson FL (2007) Inferring
the evolutionary history of Vibrios by means of multi-
locus sequence analysis. J Bacteriol 189: 7932−7936

Sugumar G, Nakai T, Hirata Y, Matsubara D, Muroga K
(1998) Vibrio splendidus biovar II as the causative agent
of bacillary necrosis of Japanese oyster Crassostrea gigas
larvae. Dis Aquat Org 33: 111−118

Swofford DL (1993) PAUP — a computer-program for phylo-
genetic inference using maximum parsimony. J Gen
Physiol 102: A9

Teng W, Li W, Zhang M, Yu Z and others (2012) Isolation,
identification and pathogenicity of Vibrio chagasii from
Patinopecten yessoensis. J Fish China 36: 937−943

Thompson CC, Thompson FL, Vicente ACP, Swings J (2007)
Phylogenetic analysis of vibrios and related species by
means of atpA gene sequences. Int J Syst Evol Microbiol
57: 2480−2484

Thompson JR, Randa MA, Marcelino LA, Tomita-Mitchell
A, Lim E, Polz MF (2004) Diversity and dynamics of a
North Atlantic coastal Vibrio community. Appl Environ
Microbiol 70: 4103−4110

Thompson JR, Pacocha S, Pharino C, Klepac-Ceraj V and
others (2005) Genotypic diversity within a natural coastal
bacterioplankton population. Science 307: 1311−1313

45

➤

➤

➤

➤

➤

➤

➤

➤

➤➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1099/ijs.0.65223-0
http://dx.doi.org/10.1126/science.1106028
http://dx.doi.org/10.1128/AEM.70.7.4103-4110.2004
http://dx.doi.org/10.3724/SP.J.1231.2012.27674
http://dx.doi.org/10.3354/dao033111
http://dx.doi.org/10.1128/JB.00693-07
http://dx.doi.org/10.1007/s00248-009-9620-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3447015&dopt=Abstract
http://dx.doi.org/10.1007/BF00416975
http://dx.doi.org/10.1007/s00248-013-0183-6
http://dx.doi.org/10.3354/dao027067
http://dx.doi.org/10.1016/0022-2011(69)90158-X
http://dx.doi.org/10.1007/s13213-011-0296-4
http://dx.doi.org/10.1016/S0723-2020(00)80072-7
http://dx.doi.org/10.1186/1471-2105-7-371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16893466&dopt=Abstract
http://dx.doi.org/10.1099/ijs.0.63666-0
http://dx.doi.org/10.3354/dao058143
http://dx.doi.org/10.1016/S0990-7440(02)01176-2
http://dx.doi.org/10.3354/dao046139
http://dx.doi.org/10.1111/j.1365-2761.2009.01006.x
http://dx.doi.org/10.2983/0730-8000(2008)27[801%3AGDOCVS]2.0.CO%3B2
http://dx.doi.org/10.1128/AEM.71.1.98-104.2005
http://dx.doi.org/10.3354/dao062065


Dis Aquat Org 116: 37–46, 201546

Strain GenBank
acc. no.

Vibrio aestuarianus LMG7909T EF601228
Vibrio artabrorum Cmf6.5 FN668901
Vibrio artabrorum Rd16.2 FN668905
Vibrio artabrorum Rd14.3 FN668903
Vibrio artabrorum C15.18 FN668899
Vibrio atlanticus Vb11.11T FN582252
Vibrio atlanticus Cmj13.4 FN582248
Vibrio atlanticus C14.7 FN582250
Vibrio celticus Rd8.15T FN582232
Vibrio celticus Rd16.13 FN582230
Vibrio celticus Rd6.8 FN582231
Vibrio celticus Rd2L5 FN582233
Vibrio chagasii LMG13237 EF601256
Vibrio chagasii LMG13219 EF601255
Vibrio chagasii LMG21353T EF601280
Vibrio crassostreae FALZ91 GU378426
Vibrio crassostreae 9CS106 GU378407
Vibrio crassostreae 9ZC77 GU378410
Vibrio crassostreae 9ZC13 GU378409
Vibrio cyclitrophicus LMG20001 EF601372
Vibrio cyclitrophicus LMG21359T EF601304
Vibrio cyclitrophicus R14847 EF601293
Vibrio fortis LMG21557T EF601322
Vibrio fortis R15037 EF601369
Vibrio fortis LMG20547 EF601336

Strain GenBank
acc. no.

Vibrio gallaecicus CECT7244T EU541559
Vibrio gallaecicus VB5.12 EU931119
Vibrio gallaecicus C8.10 EU541560
Vibrio gigantis DSM18531T EU541556
Vibrio kanaolae LMG20539T EF601307
Vibrio lentus CECT5110T EU541558
Vibrio pelagius LMG3897T EF601269
Vibrio pelagius LMG19995 EF601332
Vibrio penaeicida LMG19663T EF601263
Vibrio pomeroyi R14805 EF601290
Vibrio pomeroyi LMG20537T EF601318
Vibrio splendidus LMG16752 EF601258
Vibrio splendidus LMG16748 EF601257
Vibrio splendidus LMG19031T EF601244
Vibrio splendidus R14789 EF601289
Vibrio splendidus VIB839 EF601323
Vibrio tapetis LMG19704 EF601366
Vibrio tapetis LMG19705 EF601367
Vibrio tasmaniensis LMG20012T EF601325
Vibrio tasmaniensis R14846 EF601292
Vibrio tasmaniensis R14842 EF601291
Vibrio toronzoniae CMJ9.11 HE805625
Vibrio toronzoniae Vb10.8T HE820043
Vibrio toronzoniae Cmf13.8 HE805626
Vibrio toronzoniae CMJ9.4 HE805624

Appendix. Reference strains of Vibrio spp. used in the final phylogenetic analysis of atpA genotypic clusters (as shown in 
Fig. 1)
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