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Abstract The rearing environment of first-feeding turbot lar-
vae, usually with high larvae densities and organic matter
concentrations, may promote the growth of opportunistic path-
ogenic Vibrionaceae bacteria, compromising the survival of
the larvae. The aim of this study was to assess the effectiveness
of the biofilm-forming probiotic Phaeobacter 27-4 strain
grown on a ceramic biofilter (probiofilter) in preventing
Vibrio anguillarum infections in turbot larvae. In seawater with
added microalgae and maintained under turbot larvae rearing
conditions, the probiofilter reduced the total Vibrionaceae
count and the concentration of V. anguillarum, which was
undetectable after 144 h by real-time PCR. The probiofilter
also improved the survival of larvae challenged with V.
anguillarum, showing an accumulated mortality similar to that
of uninfected larvae (35–40 %) and significantly (p<0.05)
lower than that of infected larvae with no probiofilter (76 %)
due to a decrease in the pathogen concentration and in total
Vibrionaceae. Furthermore, the probiofilter improved seawater
quality by decreasing turbidity. Phaeobacter 27-4 released
from the probiofilters was able to survive in the seawater for
at least 11 days. The bacterial diversity in the larvae, analysed
by denaturing gradient gel electrophoresis, was low, as in the
live prey (rotifers), and remained unchanged in the presence of
V. anguillarum or the probiofilter; however, the probiofilter
reduced the bacterial carrying capacity of the seawater in the

tanks. Phaeobacter-grown biofilters can constantly inoculate
probiotics into rearing tanks and are therefore potentially use-
ful for bacterial control in both open and recirculating indus-
trial units.
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Introduction

Rearing first-feeding turbot larvae on rotifers and Artemia
promotes the growth of opportunistic bacteria (Skjermo
et al. 1997) because of the high density of larvae and the high
levels of bacteria (Olafsen 2001). This leads to reduced
growth and survival of larvae (Salvesen et al. 1999). Various
Vibrionaceae species are considered to be potentially oppor-
tunistic pathogens. Some species, such as Vibrio anguillarum,
have been found in live prey (Thomson et al. 2005; Verdonck
et al. 1997) and seawater (Reid et al. 2009; Sandlund and
Bergh 2008; Thomson et al. 2005), resulting in infectious
diseases in fish farms (Zhang and Austin 2000).

The survival of fish larvae can be improved by the use of
probiotics (Planas et al. 2006; Vine et al. 2006), defined by
FAO/WHO as “live microorganisms which, when adminis-
tered in adequate amounts, confer health benefit on the host”.
Their use has increased in aquaculture as an alternative to
antibiotics and disinfectants, which can lead to antibiotic-
resistant bacteria and loss of a stable microbial population
(Cabello 2006; Skjermo and Vadstein 1993). The intestinal
microbial community of aquatic organisms is closely linked
to themicrobiota in their environment (seawater). Accordingly,
Verschuere et al. (2000) redefined probiotics in aquaculture as
“a live microbial adjunct which has a beneficial effect on the
host by modifying the host-associated or ambient microbial
community, by ensuring improved use of the feed or enhancing
its nutritional value, by enhancing the host response towards
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disease, or by improving the quality of its ambient environ-
ment”, extending the concept to proteobacteria species that
have a beneficial effect on the host by modifying the microbial
community of seawater. This broadened definition thus in-
cludes microorganisms that improve seawater quality
(Dalmin et al. 2001) or act as biocontrols to reduce the levels
of pathogenic (Kennedy et al. 1998) and total bacteria
(Makridis et al. 2001) in seawater.

Some α-proteobacteria of the Roseobacter clade, such as
Phaeobacter gallaeciensis, Phaeobacter inhibens and Ruegeria
mobilis, can reduce growth and kill the fish pathogen V.
anguillarum by producing the antibiotic tropodithietic acid
(TDA; Brinkhoff et al. 2004; Bruhn et al. 2005; D’Alvise et al.
2010; Porsby et al. 2008). This antibiotic does not induce resis-
tance or tolerance in the target bacteria, thus avoiding the prob-
lem of resistance associated with classical antibiotics (Porsby
et al. 2011). TDA-producing Roseobacter bacteria are thus
promising fish probiotics. They are distributed globally
(Buchan et al. 2005; Gram et al. 2010; Wagner-Döbler and
Biebl 2006) and have been found in turbot hatcherieswithwidely
different water sources (e.g. Spain and Denmark) and aquacul-
ture systems (e.g. classical flow-through and recirculating sys-
tems; Hjelm et al. 2004a; Michaud et al. 2009; Porsby et al.
2008). The strain Phaeobacter 27-4, isolated from a turbot farm
(Hjelm et al. 2004a, b), was shown to have a probiotic effect
in vivo when bioencapsulated in rotifers used to feed turbot
larvae challenged with V. anguillarum (Planas et al. 2006). This
probiotic strain does not, however, permanently colonize turbot
larvae (Planas et al. 2006) or rotifers (Pintado et al. 2010), and
repeated additions are required to maintain effective levels in the
rearing system. Furthermore, it has a short residence time in the
seawater of rearing tanks (Pintado et al. 2010).

Roseobacter bacteria can rapidly colonize a variety of
inorganic and organic marine surfaces (Dang and Lovell
2002; Mayali et al. 2008; Rao et al. 2006) and Phaeobacter
27-4 can colonize inert surfaces (Bruhn et al. 2006). In a
previous study (Prol-García et al. 2012), we demonstrated that
Phaeobacter 27-4 immobilized on ceramic biofilters, can
antagonize the Vibrionaceae pathogens V. anguillarum and
V. splendidus and remain in seawater with added microalgae
rearing tanks for at least 11 days under turbot larval rearing
conditions, which covers the period during which larvae are
fed on rotifers and which is considered critical for larval
survival. On the basis of those results, we hypothesized that
biofilters colonized with this probiotic bacterium could be
used to deliver and maintain the probiont in turbot larvae
rearing systems, preventing Vibrio infections and therefore
increasing larval survival.

The purpose of this study was to assess the effectiveness of
Phaeobacter 27-4 grown on ceramic biofilters in preventing
V. anguillarum infections in turbot larvae. The antagonism of
matured Phaeobacter 27-4 ceramic biofilters (hereafter referred
to as probiofilters) against V. anguillarum 90-11-287 was

studied under larval rearing conditions with various nutrient
levels, and the effect of the probiofilter in vivo was investigated
at pilot scale on turbot larvae challenged with V. anguillarum
from infected rotifers.

Materials and methods

Bacterial strains

The fish pathogen V. anguillarum 90-11-287 (Skov et al.
1995) and the fish probiotic Phaeobacter strain 27-4 (Hjelm
et al. 2004a) were kindly provided by Professor Lone Gram
(DTU Systems Biology, Denmark). All the strains were kept
at −80 °C in Marine Broth (MB, Difco 2219) with glycerol
(final concentration, 15 %) and routinely cultured on MB, as
previously described (Prol et al. 2009).

Turbot larvae

Turbot larvae were kindly provided 1 day after hatching by the
Insuíña Pescanova (Mougás, Galicia, Spain) and transported
to the Instituto de Investigacións Mariñas (Vigo, Spain). After
arrival, the larvae were acclimatized by raising the room-
controlled temperature progressively during the following
3 days from 15 °C to 18 °C.

Preparation and maturation of the probiofilter

Ceramic biofilter cylinders (Bio Max, Hagen, Germany)
with a volume of 2.53 cm3 per unit were introduced into a
Phaeobacter 27-4 suspension (107 CFU·ml−1) in MB and
cultured under stagnant conditions for 4 days at 20 °C.
The probiofilters were prepared with 100 Phaeobacter-
bearing ceramic cylinders and matured for 10 days in
seawater with added microalgae (2·105 Isochrysis galbana
cells·ml−1) under turbot larval rearing conditions, at 18 °C
and under constant aeration (> 90 % oxygen saturation)
and illumination. Daylight was provided from fluorescent
lamps and the light intensity at the seawater surface was
305 μW·s−1·m−2.

Trials of the probiofilter against V. anguillarum in seawater
with added microalgae in vitro

The activity of the probiofilter against V. anguillarum was
tested in tanks containing 2.5 l of seawater with added
microalgae and with or without 5 ml of MB (final concen-
tration, 0.2 %) to mimic the concentrations of organic matter
present in rearing tanks from live feed, faeces and larval
debris and favour the growth of Vibrionaceae bacteria
(Planas et al. 2006). Tanks with 2.5-l seawater with added
microalgae were either (a) left untreated (control), (b)
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inoculated with 25 μl of a 24-h culture of V. anguillarum
(104–105 CFU·ml−1; Va), (c) fitted with the probiofilter
(BPh) or (d) treated with V. anguillarum and fitted with the
probiofilter (VaBPh). Probiofilters were prepared and ma-
tured as described previously. Probiotic-grown cylinders
were washed twice with 5 l of autoclaved seawater and
distributed into a plastic mesh bag containing ten cylinders
each, which were introduced into tanks BPh and VaBPh. The
control and Va tanks were fitted with biofilters made from
ten autoclaved cylinders. The four treatments were
performed with and without addition of 0.2 % MB. Each
condition was run in duplicate.

The samples of seawater were taken at various times
between 0 and 144 h for microbiological and real-time
PCR analyses. Samples were taken from the probiofilters at
the beginning (0 h) and end of the experiment (144 h).

Trials of the probiofilter in turbot larvae in vivo

Turbot larvae (35 larvae·l−1) were cultured in 5-l tanks filled
with 4 l of seawater with added microalgae (2·105 Isochrysis
galbana cells·ml−1). Water was moderately aerated (>90 %
oxygen saturation) and room-controlled temperature adjust-
ed to 18 °C. Larvae were maintained in the dark until day 3,
the light intensity at the water surface was adjusted to
3.5 μE·s−1·m−2. The larvae were fed rotifers (Brachionus
plicatilis) maintained with baker’s yeast (Saccharomyces
cerevisiae) daily from day 3 until day 10 after hatching.
The rotifers (200 rotifers·ml−1) were previously enriched
with I. galbana (2·106 cells·ml−1) for 24 h in 25-l tanks
containing 10 l of aerated seawater (>90 % oxygen satura-
tion) at 23 °C and daylight provided by fluorescent lamps.
The density of rotifers in the rearing tanks was adjusted daily
(3–5 rotifers·ml−1), and the seawater was partially (30–40 %)
renewed every 2 days with the addition of 0.25 l of I.
galbana culture (2·107 cells·ml−1).

To ascertain the probiotic effect of the probiofilter, turbot
larvae were challenged with V. anguillarum in an infection
model based on bioencapsulation of the pathogen in B.
plicatilis, described by Planas et al. (2005). Briefly, 1 million
rotifers enriched with I. galbana were filtered through a
30-μm nylon mesh and resuspended in 1 l of 1-μm-filtered
seawater. Then, 200 ml of a 24-h culture of V. anguillarum
(109 CFU·ml−1) were incorporated into the rotifer cultures,
and the volume was adjusted to 5 l with 1-μm-filtered sea-
water. After 3 h, the rotifers were filtered through a 30-μm
nylon mesh, washed and added to the larvae. The challenged
larvae were fed rotifers loaded withV. anguillarum on days 4,
6 and 8 post-hatching.

Matured probiofilters with 16 cylinders were introduced
in a 250-μm nylon mesh, to avoid entry of the turbot larvae.
As in the in vitro experiment, four conditions were studied:
(a) control: larvae were fed rotifers enriched with I. galbana;

(b) Va: larvae were fed on alternate days with I. galbana-
enriched rotifers loaded with V. anguillarum without the
probiofilter; (c) BPh: larvae were fed rotifers enriched with
I. galbana in the presence of the probiofilter and (d) VaBPh:
larvae were fed on alternate days with I. galbana-enriched
rotifers loaded with V. anguillarum in the presence of the
probiofilter. Biofilters made from 16 autoclaved cylinders
were introduced into the control and Va tanks. Each condi-
tion was run in duplicate.

The bottoms of the tanks were siphoned daily to remove
and count dead larvae. The experiment was run until day 10
post-hatching, covering the critical period, with higher mor-
tality in turbot larval rearing (Planas et al. 2006). The signif-
icance of the probiotic effect was ascertained by comparing
the accumulated mortality in the control and the experimen-
tal groups with the t test for related samples (5 % level of
significance). Differences in accumulated mortalities at
day 10 post-hatching were analysed between all the different
treatments using one-way analysis of variance (ANOVA)
and Tukey HDS Test.

Sampling of larvae, rotifers, seawater and probiofilters

Samples of larvae, rotifers and seawater were taken on
days 3–10 after larval hatching for culture of total bacteria
and total Vibrionaceae and to extract bacterial DNA. Ten
larvae were separated with a 250-μm nylon mesh and 400
rotifers with a 30-μm mesh. Larvae were anaesthetized with
3-aminobenzoic acid ethyl ester 0.2 mg·ml–1 (Sigma), and
larvae and rotifers were washed with sterile seawater and
homogenized. Samples from the probiofilters were taken at
the beginning (day 3 post-hatching) and end (day 10 post-
hatching) of the experiment.

One ceramic cylinder was taken under sterile conditions
and washed twice with 50 ml of autoclaved seawater with
gentle agitation to eliminate non-adhered bacteria. Then, the
supports were homogenized in a sterile mortar with 10 ml of
autoclaved seawater, and the homogenate was transferred to
a sterile tube.

Microbiological methods

The 10-fold serial dilutions were prepared in autoclaved
seawater from samples of 50-μm-filtered seawater, from
bacterial suspensions obtained from homogenized cylinders
and from homogenized samples of rotifers and larvae. The
total number of bacteria was counted by plating 100 μl of
each dilution on Marine Agar (MA, Difco 2219) and incu-
bating for 120 h at 20 °C in the dark.

When indicated, MA plates with 30–300 colonies were
replicated on thiosulfate-citrate-bile salts-sucrose (TCBS)
agar and incubated at 20 °C in the dark for 24–48 h for total
Vibrionaceae counts.
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Bacterial DNA extraction

For DNA extraction, 10,000 rotifers and 10 larvae were treat-
ed as described by Prol et al. (2009). Seawater samples (50ml)
were filtered over a 30-μm nylon mesh and centrifuged for
10 min at 5,000×g at 20 °C. The resulting pellet was washed
once with 1.5 ml autoclaved seawater. DNA was extracted
from 1-ml samples of larvae or rotifers homogenates, seawa-
ter, and the solutions obtained by washing and homogenizing
cylinders, with the phenol:chloroform:isoamyl alcohol proto-
col described by Prol et al. (2009). All DNA samples were
frozen at −20 °C until analysed.

Real-time PCR

Phaeobacter 27-4 and V. anguillarum 90-11-287 were specif-
ically quantified by real-time PCR (Prol et al. 2009) to avoid
interference from other bacteria present in the tanks. DNA
extracted from duplicate samples was quantified by real-time
PCR, also in duplicate, with the appropriate standard curves
and the primers VA (5′-CATACGCAGCCAAAAATCAA-3′;
5′-GCACTGTCCGTCATGCTATC-3′) and tdbR (5′-GCGCT
TCTCAAGCACCTAAC-3′; 5′-ACGGTGTCCCTTACCTTC
CT-3′). These primers were designed from within genes
encoding for virulence or antagonism and have been shown
to be specific for V. anguillarum and Phaeobacter 27-4 (Prol
et al. 2009). The standard curves were prepared in the presence
of the appropriate background organism (larvae, rotifers or
microalgae): 100 ng of DNA diluted 10-fold (larvae and roti-
fers) or 100-fold (seawater) were mixed with the appropriate
primers (final concentration, 4.3 μmol/l) and Power SYBR®
Green master mix (Applied Biosystems) containing AmpliTaq
Gold® DNA polymerase, the double-stranded DNA-binding
dye Power SYBR® Green and the reference dye ROX®. The
real-time PCR programwas run on a 7500 Fast Real-Time PCR
System (Applied Biosystems). PCRwas amplified as described
by Bruhn et al. (2006), with some modifications (Prol et al.
2009). Dissociation curves were used to test the specificity of
the PCR products. No-template DNA controls and samples of
the appropriate background matrix with no added bacteria were
used as negative controls in each run.

Denaturing gradient gel electrophoresis (DGGE)

Purified DNA was amplified with the primers gc338f (5′-
CGCCCGCCGCGCGCG GCGGGCGGGGCGGGGGCACG
GGGGGACTCCTACGGGAGGCAGCAG-3′) and 518r (5′-
ATTACCGCGGCTGCTGG-3′) spanning the V3 region of
16S rDNA (Muyzer et al. 1993). Amplification was performed
in a GeneAmp 2700 PCR System (Applied Biosystems) ther-
mal cycler, with 100 ng of DNA mixed with each primer
(0.25 μmol/l), deoxynucleotide triphosphate mix (0.2 mmol/l),
MgCl2 (1.5 mmol/l), PCR buffer for Taq polymerase (1X), Taq

polymerase (0.05 U⋅μl−1) and bovine serum albumin
(0.4 mmol/l) to a final volume of 50 μl.

PCR was performed as described by Muyzer et al. (1993).
The amplification products were analysed by electrophoresis
in 2 % agarose gel and quantified with Hyperladder IV (Bio-
Rad) and Quantity One software (Bio-Rad).

DGGE was used to analyse 500 ng of the PCR products in
a Bio-Rad DCode by the procedure described byMuyzer et al.
(1993). Samples were loaded onto 8 % (w/v) polyacrylamide
gels in 1X tris-acetate-EDTA. All parallel electrophoreses
were performed at 60 °C on gels containing a 30–60 %
gradient urea-formamide (100% corresponded to 7 mol/l urea
and 40 % [v/v] formamide) increasing in the direction of
electrophoresis. The gels were run at 20 V for 10 min, follow-
ed by 3 h at 200 V, stained by bathing for 30 min in a 0.5 %
(v/v) ethidium bromide solution and rinsed for 30 min in
distilled water.

Analysis of DGGE profiles

The DGGE profiles were subsequently processed with the
Quantity One v4.4.1 software package (Bio-Rad), and range-
weighted richness (Rr), dynamics and functional organiza-
tion were calculated (Marzorati et al. 2008).

Rr relates the number of bands present in the DGGE
profile to the percentage of denaturing gradient required to
describe the total diversity of the sample analysed. In the
challenge trial with turbot larvae, Rr was calculated each
time larvae and seawater were analysed (days 3–10 after
hatching of larvae) to determine the influence of introduced
strains on the carrying capacity of the system.

The dynamics of a microbial community can be interpreted
as the average number of species that come to significant
dominance (above the detection limit of the technique) in a
given habitat during a defined interval. Dynamics was calcu-
lated by moving-window analysis, in which a matrix of sim-
ilarities for the relative intensities of the densiometric curves
of the band patterns was calculated from Pearson product–
moment correlation coefficients with Statistica v9 software
and used for moving-window analysis by plotting the corre-
lation between two dates.

Functional organization is the result of the actions of the
microorganisms that are best fitted to ongoing environmental–
microbiological interactions. In order to represent the structure
of the bacterial community in turbot larvae graphically,
Pareto–Lorenz evenness curves were set up (Marzorati et al.
2008).

A matrix was constructed from the DGGE profiles of the
rotifer, larval and seawater samples taken during the chal-
lenge trial, on the basis of the presence or absence of indi-
vidual bands and the relative percentage contribution of each
band to the total intensity of each sample. This matrix was
used to calculate the distance matrix from normalized
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Euclidean distances (root mean square differences) with
Statistica v9 software. Finally, a dendrogram of the different
samples was obtained by the unweighted-pair group method
with average linkages and Statistica.

Results

Trials in vitro of the probiofilter against V. anguillarum
in seawater with added microalgae

The capacity of the probiofilter to antagonize V. anguillarum
was tested under normal non-axenic turbot larval rearing
conditions in the absence or presence of nutrients (MB).

V. anguillarum and Phaeobacter 27-4

Introduction of the probiofilter inhibited V. anguillarum in both
the presence and the absence ofMB. Inhibition started at 6 h in
tanks without MB and at 24 h in those with MB. In Va tanks,
the levels of V. anguillarum were stable (104–105 CFU·ml−1)
for 3 days and decreased by one or three log units afterwards
(Fig. 1). The presence of MB initially promoted the growth of
V. anguillarum with a larger decrease subsequently, probably
due to nutrient depletion.

In tanks with the probiofilter (VaBPh), the level of V.
anguillarum decreased progressively and was undetectable by
real-time PCR at 144 h (Fig. 1). The slope of disappearance
of V. anguillarum indicated that the level was 0 between 96 and
144 h, when the concentration in the seawater of the
tanks without probiofilters was about 104 bacteria·ml−1. V.

anguillarum was not detected in any of the probiofilters or
autoclaved filters.The Phaeobacter 27-4 concentration on the
probiofilters introduced into the BPh and VaBPh tanks (0 h)
was (2.11±0.12)·105 bacteria·cm−3. Phaeobacter was released
from the probiofilters into seawater during the first 24 h,
reaching a maximum concentration of 105 bacteria·ml−1 in the
presence of MB and 103 bacteria·ml−1 in the absence of MB
(Fig. 1). After 72 h, the concentration of Phaeobacter in sea-
water was 102 bacteria·ml−1 in the absence of MB and 103

bacteria·ml−1 in the presence of MB. In the probiofilters, the
concentration at the end of the experiment was (1.84±0.31)·106

bacteria·cm−3 without MB and (5.73±0.14)·106 bacteria·cm−3

in the presence of MB.

Total bacteria, total Vibrionaceae and turbidity

The total bacteria concentrations in seawater, obtained from
MA plate counts, were similar in all tanks, ranging from
(1.22±0.20)·104 CFU·ml−1 at the beginning to (1.24±
0.26)·105 CFU·ml−1 at 144 h. The total bacteria count in the
probiofilters at the end of the trial was (8.35±0.36)·106 in the
absence and (3.20±0.14)·107 CFU·cm−3 in the presence of MB.

The total Vibrionaceae count in Va tanks was highest
(>50 %) at the beginning of the experiment, in both the
presence and the absence of MB. In the BPh tanks,
Vibrionaceae were detected only at 24 h in the presence of
MB (2 % of total bacteria). The Va and VaBPh tanks had
similar concentrations of Vibrionaceae (104–105 CFU·ml−1)
in seawater at the beginning of the experiment, independent-
ly of added MB. The presence of a probiofilter (VaBPh)
promoted a decrease of Vibrionaceae numbers below the

Fig. 1 Effect of the probiofilter on survival of Vibrio anguillarum 90-
11-287 in green seawater tanks maintained under turbot rearing condi-
tions. Levels of V. anguillarum in presence (filled circle) and absence
(circle) of the probiofilter and of Phaeobacter bacteria transferred from

the probiofilter to the tank seawater (diamond) are shown. Data are
means and standard deviations of the two replicate tanks for each
condition, and each assay value is the average of a technical duplicate.
MB– without addition of MB, MB+ with addition of 0.2 % MB
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detection limit in seawater after 24 h, whereas in the Va tanks
Vibrionaceae remained detectable until 72 h. In samples
taken from the probiofilters in the BPh and VaBPh tanks at
the end of the trial (144 h), the Vibrionaceae concentration
was (2.49±0.43)·102 CFU·cm−3 in the absence of MB and
99.8±0.35 CFU·cm−3 with MB. In the control and Va tanks,
the Vibrionaceae count attained (1.85±0.08)·104 CFU·cm−3

with MB and (4.34±0.26)·103 CFU·cm−3 without MB.
The turbidity (OD600) of the seawater of tanks containing

probiofilters was lower than that in the control and Va tanks,
independently of added MB (Table 1).

Probiotic effect of the probiofilter on turbot larvae in vivo

Larvae mortality

The probiofilters significantly reduced mortality due to V.
anguillarum (p<0.05; Fig. 2a, Table 2). The accumulated
mortality in 10-day-old larvae infected with V. anguillarum
was 76±20 %, whereas that in infected larvae with a
probiofilter was similar to that of controls (35–40 %). The
accumulated mortality at the end of the trial (day 10 post-
hatching) was significantly different (ANOVA, p=0.01;
Tukey HSP, p<0.05) between Control and Va and between
VaBPh and Va and not significantly different (ANOVA,
p=0.01; Tukey HSP, p>0.05) between Control and Bph,
Control andVaBPh, BPh andVaBPh (Table 2). The differences
between Va and BPh were also non-significant (ANOVA,
p=0.01; Tukey HSP, p>0.05); however, this was mainly due
to the high deviations between replicates of Va treatment.

The initial concentration of Phaeobacter 27-4 in the
probiofilter was (4.26±1.10)·106 bacteria·cm−3, which was
maintained until the end of the trial. The concentrations of V.
anguillarum in rotifers used to infect turbot larvae on days 4, 6
and 8 post-hatching were (1.85±0.06)·102, (8.20±0.09)·102

and (5.61±0.00)·103 bacteria·rotifer−1, respectively, showing
variability in the incorporation of the pathogen by the different
batches of rotifers. Phaeobacter and V. anguillarum were not
detected by real-time PCR in uninfected rotifers used to feed
turbot larvae on days 3, 5, 7 and 9. Phaeobacter was not

detected in larvae in BPh and VaBPh tanks, whereas V.
anguillarum was detected in all larvae treated with the path-
ogen (Fig. 2b). The concentrations of V. anguillarum in 5-day-
old larvae were almost the same in the Va and VaBPh tanks
(40 bacteria·10 larvae−1). In larvae exposed to Phaeobacter V.
anguillarum concentration decreased, whereas the level in-
creased to 102 bacteria·10 larvae−1 at day 9 in the Va tanks. In
both cases, V. anguillarum was undetectable in larvae at the
end of the experiment (day 10).

Phaeobacter was found in seawater in tanks BPh and
VaBPh (103 bacteria·ml−1) 24 h after the probiofilters were
introduced (day 4 post-hatching; Fig. 2c), but the concentra-
tion had decreased by day 8 and remained at 102 bacteria·ml−1

until the end of the trial (day 10).
Phaeobacter and V. anguillarum were not detected in

samples of rotifers taken from any of the tanks on day 10.
The concentration ofV. anguillarum in seawater fromVa and

VaBPh tanks increased to a maximum of 103–104 bacteria·ml−1

2 days after first feeding (day 4 post-hatching; Fig. 2d) and
decreased thereafter, stabilizing at 102 bacteria·ml−1 from day 7
in Va tanks and becoming undetectable or very low from day 8
in VaBPh tanks (Fig. 2d).

Total bacteria, total Vibrionaceae and turbidity

Similar total bacteria (MA) and total Vibrionaceae (TCBS)
counts were detected in larvae and Vibrionaceae represented
>40% of total bacteria in all tanks by the end of the trial (data
not shown).

The total bacteria concentration in seawater was similar
(105–106 CFU·ml−1) in all tanks at all times (Fig. 3). Va tanks
had the highest total concentration of Vibrionaceae (105–
106 CFU·ml−1), whereas the control, BPh and VaBPh tanks
had 105 and 104 CFU·ml−1 on days 7 and 9, respectively.
Vibrionaceae were not detected in BPh or VaBPh tanks from
day 9 or in control tanks from day 10.

In the probiofilters, the concentration of total bacteria at the
end of the trial (day 10) was around 107 CFU·cm−3 in all tanks.
The total Vibrionaceae concentration in the probiofilters was 1
log unit lower ((2.84±1.77)·103 CFU·cm−3) than in the control

Table 1 Turbidity (OD600) of seawater with added microalgae tanks with and without the probiofilter and with and without inoculation of Vibrio
anguillarum

Treatment OD600

Control BPh Va VaBPh

MB– 0.0323±0.0063 0.0208±0.0053 0.0541±0.0014 0.0221±0.0056

MB+ 0.0768±0.0015 0.0450±0.0005 0.0963±0.0099 0.0244±0.0016

MB–green seawater,MB+ green seawater with 5 mlMB, Control tank containing a biofilter prepared with autoclaved cylinders, BPh tank containing
the probiofilter, Va tank containing a biofilter prepared with autoclaved cylinders and inoculated with V. anguillarum, VaBPh tank containing the
probiofilter and inoculated with V. anguillarum
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and Va tanks ((1.95±2.56)·104 CFU·cm−3). V. anguillarum
was not detected in probiofilters or autoclaved cylinders from
any tank at the end of the trial.

The presence of the probiofilters reduced the turbidity
(OD600), from 0.055±0.024 in the control and 0.075±0.024
in Va tanks to 0.033±0.013 in BPh and 0.023±0.004 in
VaBPh tanks.

Modification of bacterial communities

DGGE profiles

Larvae from all tanks had similar DGGE profiles, and no
bands with migration corresponding to V. anguillarum or
Phaeobacter 27-4 were detected (Supp. Fig 1A). The larval
profiles clustered as a function of time and grouped with the
profiles of rotifers enriched with microalgae (Fig. 4).

The profiles of uninfected I. galbana-enriched rotifers
were similar (Supp. Fig 1B) and formed a cluster (Fig. 4).
Differences observed in the profiles of the rotifers loaded
with V. anguillarum used to infect the larvae indicate varia-
tion in the bioencapsulation of the pathogen, in accordance
with the results obtained with real-time PCR quantification

Fig. 2 Probiotic effect of the probiofilter on turbot larvae challenged
with Vibrio anguillarum 90-11-287. A Percentage accumulated mortal-
ity (triangle control, larvae fed rotifers; diamond BPh, larvae fed
rotifers in presence of probiofilter; filled circle Va, larvae fed rotifers
loaded with V. anguillarum, without probiofilter; filled diamond
VaBPh, larvae fed rotifers loaded with V. anguillarum in presence of
probiofilter). B Levels of V. anguillarum in infected larvae treated (filled

diamond VaBPh) or not (filled circle Va) with the probiofilter. C Levels
of Phaeobacter 27-4 in tank seawater with turbot larvae challenged
(filled diamond VaBPh) or not (diamond BPh) with V. anguillarum. D
Levels of V. anguillarum in seawater of Va (filled circle) and VaBPh
(filled diamond) tanks. Data are means and standard deviations of two
independent assays, and each assay value is the average of a technical
duplicate

Table 2 Accumulated mortality (%) of turbot larvae at day 10 post-
hatching in the challenge trial performed to assess the probiotic effect of
the probiofilters

Treatment Number of replicates % Accumulated mortality

Control 2 35±12a

BPh 2 47±13ab

Va 2 76±19b

VaBPh 2 40±4a

Different letters superscripts mean significant differences (Tukey HSD
test, p<0.05) between treatments (ANOVA, p=0.01)

Control tank containing a biofilter preparedwith autoclaved cylinders,BPh
tank containing the probiofilter, Va tank containing a biofilter prepared with
autoclaved cylinders and inoculated with V. anguillarum, VaBPh tank
containing the probiofilter and inoculated with V. anguillarum
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of V. anguillarum. The profiles of the rotifers loaded with V.
anguillarum showed a single predominant band (band Va)
with a migration pattern similar to that of V. anguillarum
(band C of the marker) on days 6 and 8, resulting in separa-
tion of these profiles from those of other rotifers in the
dendrogram (Fig. 4). On day 4, the Va band was less pre-
dominant in the profile of infected rotifers, which clustered
with that of uninfected I. galbana-enriched rotifers. The
profiles of rotifers obtained from the tanks on day 10 post-
hatching clustered with those of samples of seawater taken at
the same time (Fig. 4), indicating that the seawater bacterial
community of rearing tanks influences the microbiota of
rotifers.

The DGGE profiles of seawater from all the tanks (Supp.
Fig 1C) were similar. Seawater from BPh and VaBPh tanks
had a band with a similar migration pattern to that of
Phaeobacter 27-4 from day 4 (band Ph). The profiles for

seawater clustered independently from those for larvae and
uninfected rotifers (Fig. 4). Three main clusters could be
distinguished within the seawater profiles: tanks with V.
anguillarum (Va and VaBPh), tanks with the probiofilter
and without the pathogen (BPh) and control tanks. A sepa-
rate group clustered samples of seawater and rotifers taken
from the tanks at the end of the experiment (day 10 post-
hatching).

Richness, dynamics and functional organization

Richness, dynamics and functional organization were calcu-
lated to determine the influence of V. anguillarum and
Phaeobacter 27-4 on larvae and on seawater bacterial com-
munities. Rr was always <10 in larvae in all tanks (Table 3),
indicating that the bacterial diversity in turbot larvae was
low. The Rr values were higher in seawater than in larvae,
with some differences according to condition. The seawater
in control tanks had values of 9.80–12.80 throughout the
trial. Va tanks showed higher Rr values than control tanks,
with values of 12.80–16.20 up to day 10, when the lowest
value was achieved (7.35). The presence of the probiofilter
(BPh and VaBPh) decreased the microbial diversity of sea-
water (3.75–9.80) from day 6 or 7. In BPh tanks, medium Rr
values were recorded at the end of the experiment (day 10).

The changes in bacterial microbiota (every 2 days) were
established by moving-window analysis in larvae and sea-
water (Fig. 5). In all cases, the largest changes occurred after
day 7. Larvae in control tanks showed a shift of 62 % within
the first 48 h (day 5) and a second shift of 75–100 % on
days 9 and 10. Less pronounced changes were observed in
larvae in BPh tanks, with a 28 % change on day 5 and a 51 %
change on day 10. In tanks treated with V. anguillarum (Va
and VaBPh), similar shifts were observed at 57–83 % on
day 9 and 65–77 % on day 10.

Major changes in seawater were seen on days 9 and 10 in
control and Va tanks and from day 7 in tanks with a
probiofilter (BPh and VaBPh). As for larvae, community
shifts were less pronounced with BPh, as demonstrated by
shorter fluctuations in the moving-window analysis plot.

The average values for these rates of change, expressed as
[Δt (2 days)], showed that the total community changed more
rapidly in larvae of control tanks (53.67±26.50 %) and in
seawater in VaBPh tanks (31.67±45.46 %) than in larvae
(30–33 %) and seawater (4–28 %) in the other tanks. The
lowest value was observed in Va tanks (4.33±1.53 %).

In order to represent the structure of the bacterial commu-
nity in larvae and seawater graphically, Pareto–Lorenz even-
ness curves were constructed from DGGE profiles (Supp.
Fig 2). For all tanks, 20 % of the bands present in the DGGE
profiles of larvae corresponded to 43–53 % (average, 49 %)
of the cumulative band intensities and to 59–69 % (average,
64 %) in seawater.

Fig. 3 Total Vibrionaceae counts from larvae (A) and seawater (B).
triangle control, larvae fed rotifers; diamond BPh, larvae fed rotifers
in presence of probiofilter; filled circle Va, larvae fed rotifers loaded
with V. anguillarum, without probiofilter; filled diamond VaBPh,
larvae fed rotifers loaded with V. anguillarum in presence of
probiofilter. Data are means and standard deviations of the two repli-
cate tanks for each condition, and each assay value is the average of a
technical duplicate
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Discussion

We demonstrated in this study that (a) immobilization of
Phaeobacter 27-4 on ceramic biofilters guarantees its pres-
ence in rearing systems for at least 10 days without continual
additions and (b) biofilters colonized by this probiotic
Phaeobacter strain increase the survival of turbot larvae
challenged with the fish pathogen V. anguillarum.

In small trials conducted under larval rearing conditions
and various nutrient levels, the probiofilter decreased the
concentration of V. anguillarum previously inoculated into
seawater with added microalgae until it disappeared, as well
as total Vibrionaceae. In the absence of Phaeobacter, an
increase in the level of nutrients in the rearing tank, mim-
icked by the addition of MB, increased the concentration of
total Vibrionaceae in both seawater and autoclaved biofilters.

Fig. 4 Euclidean-distance dendrogram generated from the DGGE pro-
files of samples of turbot larvae, seawater, and rotifer taken from
control, BPh, Va, and VaBPh tanks on different days (D) and from

rotifers enriched with I. galbana (Rot Ig) and rotifers loaded with V.
anguillarum (Rot Va) used as feed. The dendrogram was determined by
the unweighted-pair group method with average linkages
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This indicates an effect of the probiofilter against these bacteria
and shows that it can act as a control agent in rearing tanks, even
at high nutrient levels. Similarly, in a challenge trial with turbot
larvae, addition ofMB to the seawater of rearing tanks increased
the concentration of total Vibrionaceae, leading to higher larval
mortality (Planas et al. 2006). Michaud et al. (2009) detected
both Roseobacter and potentially pathogenic Vibrionaceae

associated mainly with biofilters in a recirculating aquaculture
system and suggested that the indigenous microbiota of the
system could control the development of pathogenic organisms
in fish rearing systems. We demonstrate that introduction of a
probiotic strain immobilized on biofilters not only controls
potentially pathogenic Vibrionaceae in seawater but also limits
the colonization of biofilters by these bacteria. This result is in
accordance with the hypothesis of D’Alvise et al. (2010) that
antagonistic Roseobacter biofilms might reduce the presence of
opportunistic pathogens in small-scale systems by preventing
their establishment and proliferation.

Turbidity has been negatively correlated with growth and
survival in red tilapia fry (Ardjosoediro and Rammarine
2002), and 1-year-old turbots appear to feed better at low
turbidity levels (Mallekh et al. 1998). The quality of seawater
in rearing systems is usually improved by the use of
biofilters, which maintain nitrifying or slow-growing (K
strategist) bacteria (Crab et al. 2007; Michaud et al. 2006;
Salvesen et al. 1999; Skjermo et al. 1997). This resulted in
enhanced survival of halibut yolk-sac larvae (Skjermo et al.
1997) and growth of turbot larvae (Salvesen et al. 1999). Our
study demonstrates that the probiofilter also contributes to
seawater conditioning in rearing tanks by diminishing its
turbidity.

Addition of the probiofilter significantly reduced mortal-
ity due to V. anguillarum, especially from day 8 post-
hatching, and reduced the number of pathogens in seawater.
Phaeobacter 27-4 was not detected in turbot larval samples,
confirming its incapacity to colonize turbot larvae (Planas
et al. 2006), perhaps because Roseobacter bacteria are not
part of the normal microbiota of turbot larvae. In a year-
round study in two turbot rearing plants in Galicia (north-
west Spain), Phaeobacterwere found to predominate among
isolates antagonistic to Vibrionaceae fish pathogens. Most
antagonistic Roseobacter were isolated from the walls of
turbot larvae rearing tanks, and only a few were detected in
the seawater (Hjelm et al. 2004a). None were isolated direct-
ly from larvae.

In our experiments, Phaeobacter 27-4 was released from
the probiofilter into seawater, reaching levels similar to those
observed when it is bioencapsulated in rotifers and delivered
to turbot larvae (Planas et al. 2006). In both cases, the
probiotic effect might also have been from the seawater,
although it would be limited by the continuous presence of
the probiotic in the rearing tanks, as it cannot be detected
72 h after it is inoculated at a concentration of 107 CFU·ml−1

into seawater with added microalgae (Pintado et al. 2010). In
the present study, the probiofilter guaranteed a constant
supply of the probiont to seawater throughout the experi-
ment. Thus, the use of probiotic biofilters simplifies the
procedure to a single application, obviating repeated culture
and bioencapsulation of the probiotic. The contribution of
probiotic bacteria immobilized in biofilters and released

Table 3 Range-weighted richness (Rr) of bacteria from bands on
DGGE for turbot larvae and seawater samples throughout the challenge
trial in vivo

Condition Day post-hatching Larvae Seawater

Rr Rank Rr Rank

Control 3 1.60 L 9.80 L

4 NA NA 12.80 M

5 3.60 L 12.80 M

6 NA NA 12.80 M

7 4.90 L 9.80 L

8 NA NA 9.80 L

9 3.60 L 12.80 M

10 8.10 L 12.80 M

BPh 3 1.60 L 7.20 L

4 NA NA 12.80 M

5 8.10 L 12.80 M

6 NA NA 9.80 L

7 8.10 L 7.20 L

8 NA NA 5.00 L

9 4.90 L 7.20 L

10 3.60 L 12.80 M

Va 3 1.60 L 12.80 M

4 NA NA 16.20 M

5 6.40 L 16.20 M

6 NA NA 16.20 M

7 4.90 L 16.20 M

8 NA NA 16.20 M

9 8.10 L 16.20 M

10 3.60 L 7.35 L

VaBPh 3 1.60 L 9.80 L

4 NA NA 18.80 M

5 4.90 L 16.20 M

6 NA NA 12.80 M

7 8.10 L 9.80 L

8 NA NA 9.80 L

9 6.40 L 3.75 L

10 0.90 L 5.40 L

Control tank containing a biofilter prepared with autoclaved cylinders,
BPh tank containing the probiofilter, Va tank containing a biofilter
prepared with autoclaved cylinders and inoculated with V. anguillarum,
VaBPh tank containing the probiofilter and inoculated with V.
anguillarum, L low microbial diversity (Rr<10), M intermediate mi-
crobial diversity (30>Rr>10), NA not analysed
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from the biofilter into seawater to the antagonistic effect
observed could not be elucidated in this study, and studies
should be conducted on the expression of genes for produc-
tion of the antagonistic compound.

In the challenge trial with turbot larvae, the levels of V.
anguillarum in seawater were reduced by introduction of the
probiofilter into the rearing tanks. This finding contrasts with
that of Planas et al. (2006), who did not observe a drop in V.
anguillarum concentration. They therefore attributed the
probiotic effect to reduced pathogenesis or to an antagonistic
effect at specific sites. This discrepancy in V. anguillarum
counts might be due to a difference in the technique used to
identify the introduced strains. In the present study, real-time
PCR (Prol et al. 2009) was used to quantify the introduced
strains specifically, whereas Planas et al. (2006) identified
both the pathogen and the probiotic visually on MA and
TCBS plates, which might have led to bias in identification
and quantification of the target strains. Nevertheless, the
possibility that Phaeobacter 27-4 has different mechanisms
of action, depending on the delivery procedure (addition to
seawater, bioencapsulated in live prey or immobilized in
biofilters) must not be discarded.

High total numbers of Vibrionaceae in seawater, live prey or
facility surfaces constitute a potential threat to farmed organ-
isms. V. anguillarum is typically found in live prey and can
colonize rotifers and be released to seawater (Prol-García et al.
2010). Turbot larval rearing conditions enhance the prolifera-
tion and maintenance of pathogenic bacteria in rotifers and/or
seawater, promoting re-infection of the larvae (Olsson et al.
1998; Sugita et al. 2008). V. anguillarum does not colonize the
gut of turbot larvae but was detected in the epidermis (Planas
et al. 2005). We observed release of V. anguillarum from
rotifers to seawater, which might favour preferential infection
of the epidermis (Prol-García et al. 2010). Therefore, control-
ling potential pathogenic bacteria, such as V. anguillarum, in
the seawater of rearing tanks may be the most suitable means of
preventing bacterial infections of larvae. Salvesen et al. (1999)

produced matured seawater by passing filtered seawater
through a biofilter and demonstrated that it can select for non-
opportunistic bacteria, with beneficial effects on turbot larvae.
Our study shows that the introduction of Phaeobacter biofilters
into rearing tanks is a good alternative to spontaneous bacterial
colonization (Salvesen et al. 1999), preventing larval infection
by reducing total Vibrionaceae in seawater and biofilters.

No bands with migration patterns similar to those of
Phaeobacter 27-4 and V. anguillarumwere detected in turbot
larvae by DGGE. The absence of a band corresponding to
Phaeobacter 27-4 might be due to the inability of this strain
to colonize turbot larvae, as mentioned above, even when
introduced via rotifers (Planas et al. 2006). The absence of a
migration pattern similar to V. anguillarum might be due to
the detection limit of DGGE, as the concentration was low
(1–10 CFU·larvae−1 in real-time PCR analysis). Although
DGGE may not be the best technique for detecting intro-
duced bacteria (done by real-time PCR in this study), it is
useful for monitoring changes caused by the introduction of
probiotic and pathogenic strains into larval rearing systems
(Pintado et al. 2010; Prol-García et al. 2010; Qi et al. 2009).

Incorporation of Phaeobacter 27-4 or V. anguillarum did
not significantly displace or modify the bacterial microbiota
of larvae or rotifers. In samples of rotifers taken from the
tanks at the end of the experiment, the microbiota was more
similar to that of seawater than that of uninfected rotifers
enriched with microalgae, confirming an exchange of bacte-
ria between rotifers and seawater (Prol-García et al. 2010).
Marine fish larvae accumulate bacteria by drinking seawater
for osmoregulation (Reitan et al. 1998) and by feeding on
live prey (Fjellheim et al. 2007; Skjermo and Vadstein 1993;
Verschuere et al. 1997). In this study, the changes observed
in the bacterial community of the turbot larvae reflected the
influence of the surrounding seawater and rotifers. The
microbiota of the larvae was influenced more by the bacteria
in the rotifers than by those in the seawater (Fig. 4). Several
studies have demonstrated that the intestinal microbiota of

Fig. 5 Dynamics of microbial community based on moving-window
analysis of DGGE profiles of turbot larvae (filled diamond) and seawa-
ter (diamond) from control, BPh, Va, and VaBPh tanks. Each point on

the graph is a 2-day comparison, representing the correlation between
samples from day x and day x−2
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first-feeding turbot larvae depends more on the bacterial
community of live prey than on the microbiota in the seawa-
ter (Blanch et al. 1997; Munro et al. 1993; Reitan et al. 1998).
In contrast, the presence of the probiofilter led to a decrease
in the carrying capacity of the seawater in the rearing tanks,
suggesting a direct effect of the probiofilter on seawater
bacterial communities.

Under all four conditions (control, BPh, Va and VaBPh),
20 % of the DGGE profiles corresponded to an average of
49 % of the cumulative intensity of the bands for turbot
larvae and 64 % of those for seawater over time. Therefore,
the fittest species dominated and were present in large num-
bers, whereas the remaining 80 % was present in smaller
numbers. This internal structure of the highly dynamic larvae
bacterial community suggests that only a small group of
species plays a numerically dominant role at a given moment
and that this dominance is even more pronounced in seawa-
ter than in larvae.

Conclusions

This is the first report of use of a probiotic bacterium cultured
on biofilters in rearing turbot in vivo. Phaeobacter grown on
ceramic biofilters and matured for 10 days guaranteed the
permanence of these probiotic bacteria in the rearing tanks
for at least 8 days, maintaining constant transfer of the
probiotic to seawater. The biofilters increased the survival
of turbot larvae challenged with the fish pathogen V.
anguillarum by diminishing its levels, mainly in seawater,
and by improving seawater quality.

Use of probiotic strains such as Phaeobacter 27-4 in
biofilters increases the residence time of the probiont in larval
rearing systems as compared with repeated addition (e.g. di-
rectly to the seawater or bioencapsulated in rotifers), making
this method applicable to industrial hatcheries. The probiofilters
provide a constant inoculum of the probiotic to the system,
making it useful for controlling pathogens and opportunistic
bacteria in both open and recirculating systems. Competition
between the introduced probiotics and nitrifying bacteria for
oxygen, nutrients and space inside the biofilmsmight, however,
reduce the nitrification rates in biofilters (Michaud et al. 2006).
Therefore, further research is required to ascertain the impact of
introduced probiotic bacteria on the global microbiota of rear-
ing systems.
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