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Abstract: The target of this study was to use indigenous probiotic bacteria in the rearing of seabass
larvae. A Phaeobacter sp. strain isolated from bonito yolk-sac larvae (Sarda sarda) and identified by
amplification of 16S rDNA showed in vitro inhibition against Vibrio anguillarum. This Phaeobacter sp.
strain was used in the rearing of seabass larvae (Dicentrarchus labrax L.) in a large-scale trial. The
survival of seabass after 60 days of rearing and the specific growth rate at the late exponential growth
phase were significantly higher in the treatment receiving probiotics (p < 0.05). Microbial community
richness as determined by denaturing gradient gel electrophoresis (DGGE) showed an increase in
bacterial diversity with fish development. Changes associated with the administration of probiotics
were observed 11 and 18 days after hatching but were not apparent after probiotic administration
stopped. In a small challenge experiment, seabass larvae from probiotic treatment showed increased
survival (p < 0.05) after experimental infection with a mild pathogen (Vibrio harveyi). Overall, our
results showed that the use of an indigenous probiotic strain had a beneficial impact on larval rearing
in industry-like conditions.
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1. Introduction
Most marine fish larvae during the first weeks after hatching feed on zooplanktonic
organisms. Rearing of marine fish larvae is based worldwide on the use of two massproduced zooplanktonic organisms, namely rotifers, Brachionus sp., and brine shrimp
Artemia sp. [1].The mass culture of live feed results in increased numbers of opportunistic
bacteria, which are easily transferred to the larval tanks [2]. During the first days of feeding,
there is a huge increase in bacterial abundance in the larval gut [1]. In the yolk-sac stage,
the microbiota of the larvae is aerobic and highly diverse, while after feeding starts, there
is a shift to an anaerobic microbiota [3].
During the period of feeding with live feed, gut microbiota in marine fish is dominated
by γ-proteobacteria (Vibrionaceae, Pseudomonadaceae, and Oceanospirillaceae are among
the most abundant families) [4]. Later, during the development of the digestive system,
gut microbiota becomes more stable and is characterized by the dominance of Vibrio,
Pseudomonas, Acinetobacter, Corynebacterium, Alteromonas, Flavobacterium, and Micrococcus
species [5].
The rearing of marine fish larvae in commercial hatcheries suffers often from high mortalities, which could be due to nutritional deficiencies of cultured live food, zootechnical
imperfections of the rearing system, or pathogenic microorganisms such as opportunistic
Vibrios. Vibrio anguillarum is a common pathogen in aquaculture and it has been reported
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as a cause of mortalities in the rearing of marine fish larvae [6]. One approach to limit
the growth of opportunistic bacteria is the use of probiotic bacteria, which may inhibit
opportunists, either by indirect antagonism, such as competition for nutrients, iron, attachment sites, or by direct antagonism through the production of bacteriocins [7]. An example
of bacteria producing such compounds is Phaeobacter spp., which commonly appear in
larviculture systems [8]. These bacteria produce tropodithietic acid, a compound that
inhibits Vibrios [9]. Production of tropodithietic acid is accompanied by the production of
a brown pigment, which results in brown colonies in Marine Agar and makes easier their
identification in Petri dishes. Probiotic bacteria, in addition to being antagonists for harmful
bacteria, promote the health of fish larvae through stimulation of the immune system by
triggering increased lysozyme level, enhancement of complement activity, or upregulation
of pro-inflammatory cytokines [10]. An important requirement for the use of a bacterial
strain as a probiotic in aquaculture is that it is possible to culture the probiotic bacteria in
advance and provide them to the larvae through the diet or in the water of the rearing tanks.
Probiotic bacteria of the Roseobacter group have been repeatedly reported in the literature
for their positive effect during the rearing of cold-water marine fish species. Nevertheless,
they have been tested only in small-scale trials during the first weeks of rearing.
Atlantic bonito (Sarda sarda) is a small tuna species common in the Mediterranean,
and it was used as a secondary species in the project SELFDOTT, “From capture based to
self-sustained aquaculture and domestication in bluefin tuna, Thunnus thynnus” with the
target to produce juveniles of this fish species for stock enhancement [11].
This study aimed to use an indigenous strain of Phaeobacter sp. isolated from yolk-sac
larvae of Atlantic bonito (Sarda sarda) in the rearing of seabass (Dicentrarchus labrax L.)
larvae and to determine the effect of the addition of probiotic bacteria after 60 days of
rearing in a large-scale trial. This would allow us to evaluate the effect of probiotics after
completion of metamorphosis and transition to the juvenile stage in seabass. Besides,
we wanted to evaluate changes in fish microbiota during the critical first weeks of the
rearing of seabass and to determine a possible effect of protection against pathogens in a
small-scale challenge test with Vibrio harveyi.
2. Materials and Methods
2.1. Rearing of Bonito Larvae
About 20,000 yolk-sac larvae of Atlantic bonito (Sarda sarda) were obtained from
broodstock at Instituto Español de Oceanografia (Mazarrón, Spain) and were stocked
at the facilities of Hellenic Center for Marine Research in Crete, Greece in a 40 m3 tank
filled with nonfiltered seawater (salinity 40 g/L) at 23 ◦ C, dissolved oxygen 7.1 mg/L,
and pH 8.3. Borehole water (salinity 35 g/L and 20 ± 1 ◦ C) was used as inflow water
thereafter. The water temperature throughout the rearing was 21.5 ± 0.5 ◦ C, dissolved
oxygen 7.2 ± 0.5 mg/L, and pH between 7.7 and 8.3. The rate of water renewal increased
progressively throughout the experiment.
Microalgae, Chlorella minutissima (Foti and Novak), were added daily in the tank until
12 DAH (days after hatching). Feeding was based on the daily administration of enriched
rotifers (3 DAH), newly hatched Artemia sp. nauplii (from 3 DAH), gilthead seabream
(Sparus aurata) yolk-sac larvae (from 10 DAH), seabream eggs (from 12 DAH), enriched
Artemia metanauplii (12–15 DAH), frozen seabream eggs (from 15 DAH), minced fish
(from 20 DAH), and artificial diet (from 15 DAH). The population density of rotifers and
Artemia sp. metanauplii in the tank was maintained at 1.5 and 0.2 ind./mL, respectively.
The mesocosm tank also showed inert productivity of zooplanktonic organisms (ciliates,
tintinids, copepods) that could potentially contribute as live prey items for the fish larvae.
2.2. Microbiology Sampling of Bonito Larvae
Samples of five larvae were taken 0, 7, 14, and 20 DAH and were anesthetized with
3-aminobenzoic acid ethyl ester 0.2 mg/mL (0.2% MS-222, Sigma). The larvae were washed
once with 50 mL sterile seawater through a mesh with 250 µm pore size, were subsequently
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individually homogenized, and then plated after serial 10-fold dilutions on Marine Agar
plates (Difco Laboratories, Detroit, MI, USA). The plates were incubated for 7 days at
20 ◦ C in the dark and colonies were counted after one, two, and seven days. Frequently
encountered, similar-in-appearance colonies were considered dominant and were selected
from all sampling days from marine agar plates, pure-cultured, and thereafter stored by use
of a MicrobankTM Freezer kit (PRO-LAB Diagnostics, Richmond Hill, Canada) at −80 ◦ C.
2.3. PCR Amplification
Bacterial isolates were later regenerated in test tubes with marine broth and thereafter
spread on Marine Agar to evaluate the purity of the cultures. Bacterial cells (1:20) were
heated in distilled water at 98 ◦ C for 15 min and centrifuged for 10 min according to
Jensen, Bergh, Enger, and Hjeltnes [12]. The universal bacterial primers 27f and 1492r
were used to amplify the 16S ribosomal genes [13]. PCR was performed in 50 µL reaction
mixtures comprising 0.05U Taq polymerase (Promega, Madison, WI, USA), 2.5 mM MgCl2 ,
1× buffer, 200 µM dNTPs, 1 µL diluted cell suspension, and 0.5 µM of each of the 27f and
1492r primers. Reactions were carried out in a PCT-200 thermal cycler (MJ Research Inc.,
Watertown, MA, USA), with an initial denaturation step of 95 ◦ C of 15 min followed by
30 cycles of 92 ◦ C for 1 min, 55 ◦ C for 1 min, and 72 ◦ C for 45 s; the final extension step
was performed at 72 ◦ C for 5 min. PCR products were purified using a DNA purification
kit (Qiagen, DNeasy Tissue Kit, Venlo, The Netherlands), quantified by a NanoDrop
spectrophotometer, and visualized by 1% agarose/TAE gel electrophoresis.
2.4. DNA Sequencing and Construction of a Phylogenetic Tree
PCR products were excised from the gel with sterile razor blades and purified applying Nucleospin (R) Extract II (Macherey Nagel, Düren, GmBh, Düren, Germany). The
concentration of purified PCR products was estimated using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and cycle-sequenced in
both directions with Big Dye Terminator Ver. 3.1 (Applied Biosystems Inc., ABI, Foster City, CA, USA). The sequences were electrophoresed on an ABI 3130 × l DNA sequencer (Applied Biosystems Inc.). Sequences were vector and quality trimmed before
downstream analysis. Forward and reverse sequence reads were compared, resulting in
a total of 24 sequences. Obtained sequences were searched against the NCBI database
rRNA_typestrains/prokaryotic_16S ribosomal RNA and the nr database by BLASTn search
(https://www.ncbi.nlm.nih.gov/) for annotation, as well as against the silva high-quality
ribosomal RNA database. Multiple sequence alignments were carried out using a SINA
1.2.11 sequence alignment tool with default parameters [14]. A phylogenetic tree was generated including one nearest neighbor applying maximum likelihood analysis implemented
in MEGA 7 with default parameters. All positions containing gaps and missing data were
eliminated, resulting in a total of 181 positions in the final dataset. The tree was also computed by RA × ML with the GTR model for tree computation and the Gamma rage model
for likelihoods [15,16]. Bootstrap replicates were set to 1000. The evolutionary history was
inferred by applying two tree computational approaches. First, by using the maximum
likelihood method based on the Tamura–Nei model [16], initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances estimated using the maximum composite likelihood (MCL)
approach and then selecting the topology with the superior log likelihood value.
2.5. Inhibition Tests
The isolate BON02 was tested for in vitro antagonism against three Vibrio anguillarum fish pathogenic strains: LMG 4437, isolated from Atlantic cod (Gadus morhua L.)
by Dr. J. Bagge; LMG 10862, serovar 2, isolated from Atlantic cod by J.L. Larsen; and
LMG 10863, serovar 3, isolated from rainbow trout (Oncorhynchus mykiss) by J.L. Larsen.
The isolates originated from the Belgian Co-ordinated Collections of Micro-organisms
(https://bccm.belspo.be). These three bacterial strains and BON02 were cultured in 5 mL
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of Marine Broth 2216 (Difco Laboratories, Detroit, MI, USA) at 20 ◦ C. The culture period
was 24 h for the pathogens and 10 days for BON02. A modification of a well-diffused agar
assay of [17] was used in this study. From the liquid culture, an aliquot of 50 µL was spread
on a Marine Agar petri dish, a hole was made by use of the tip of a sterile glass Pasteur
pipette at the center of the dish, and 5 µL of the BON02 culture was transferred to the hole.
The plates were incubated in the dark at 20 ◦ C, and the diameter of the inhibition zone was
measured after one week. Three replicate Petri dishes were used for each pathogen tested.
2.6. Rearing of Seabass Larvae
Seabass eggs were transferred to eight 500 L tanks at 100 eggs/L stocking density. The
tanks were connected pairwise to a 1 m3 biofilter system, which removed ammonia from
the water through a recirculation system. Four tanks contained the treatment receiving
probiotic bacteria and four tanks contained the control treatment. The eggs and yolk-sac
larvae were incubated in total darkness until 8 DAH (days after hatching). The photoperiod
was 12L:12D thereafter until 60 DAH at a light intensity of 40–60 lux. Surface film removers
were operated in each tank from 1 to 14 DAH, which removed the surface oil film to
facilitate the filling of the swim bladder. The average fish length and wet weight in each
tank were measured daily, and twice per week, respectively.
Feeding with rotifers, Brachionus sp. started 8 DAH. At the same time, microalgae
Chlorella minutissima (Foti and Novak) were added to a concentration of 25 × 104 cells/mL.
At 14 DAH, we started feeding with enriched Artemia metanauplii, whereas feeding with
an artificial diet started at 32 DAH. An automated feeding system was used for both live
food and artificial diet to avoid problems with cannibalism among seabass larvae.
The water temperature increased gradually after hatching from 16 ◦ C to 20 ◦ C throughout the rearing trial. Bioencapsulation of probiotic bacteria through live food was done
three times a week, and through this process, probiotic bacteria were given four times in
total to the larvae via rotifers and four times via Artemia. In these cases, live food was
added manually to both treatments. In all other instances, food was added to the tanks
through an automated system [18].
Fish growth was monitored in all tanks during the whole experiment. At each sampling point, 10 fish were taken from each tank and the fish length was measured after
inspection through a stereoscope.
2.7. Bioencapsulation of Probiotic Bacteria
The bacterial strain BON02, which was identified by 16 rDNA sequencing as Phaeobacter sp., was inoculated in 2 L liquid cultures of Marine Broth 2216 (Difco Laboratories)
in Erlenmeyer flasks with no agitation for 4–5 days at room temperature. At the end of
the culture period, the color of the culture was checked to verify antibiotic production in
the culture.
Probiotic bacteria were delivered to seabass larvae (Dicentrarchus labrax L.) after
bioencapsulation in live food [19]. Probiotic bacteria were harvested by centrifugation at
3000 rpm for 20 min. Cultures of rotifers (100 rotifers/mL) and Artemia (50 Artemia/mL)
were incubated in suspensions of bacteria in seawater at a concentration of 5 × 107 bacteria/mL for 30 min. At the end of the incubation period, live food organisms were rinsed
through a mesh and fed to the larvae. Throughout the experiment, probiotics were provided to the larval rearing system three times a week starting from 11 DAH during the first
weeks after hatching.
2.8. Challenge Test
A small-scale challenge test was run with seabass larvae at 30 DAH, where larvae
of both treatments were transferred to a 1 L beaker (30 specimens in each beaker). In
one group, a mild bacterial pathogen Vibrio harveyi VH2 [20] was added at 105 /mL final
concentration, whereas in a control group, no pathogen was added. The test was run in
three replicates for all possible combinations. The larvae were kept unfed in an incubator
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at 20 ◦ C and mild aeration was added to each beaker. Mortalities were monitored and dead
larvae were registered and removed.
2.9. Microbiological Sampling of Seabass Larvae
Ten larvae were sampled for microbiological analysis from each tank 4, 11, 18, 25,
and 32 DAH. After transfer from each tank, the larvae were anesthetized with MS-222,
washed with 50 mL sterile seawater, and homogenized in 5 mL sterile seawater in a glass
homogenizer. Serial 10-fold dilutions were plated on 90 mm Petri dishes of Marine Agar
(Difco Laboratories) and TCBS (thiosulfate-citrate-bile salts-sucrose) agar. The Petri dishes
were thereafter incubated at room temperature (20–22 ◦ C) for 10 days. A subsample of 1 mL
of the homogenate was stored at −80 ◦ C for use in denaturing gradient gel electrophoresis
(DGGE) analysis.
Samples were taken as well from live food organisms (rotifers and Artemia) at the
end of the bioencapsulation process for microbiological analysis. The live food organisms
were rinsed, washed with 50 mL sterile seawater, and 2 mL was homogenized in a glass
homogenizer. A subsample of one millimeter of the homogenate was stored at −80 ◦ C for
use in denaturing gradient gel electrophoresis (DGGE) analysis.
2.10. DNA Extraction and PCR
DNA extraction was performed according to [21], as modified by [22] with several
extra modifications. DNA extraction began with the addition of 20 µL of 100 mg/mL fresh
lysozyme (final concentration 2 mg/mL) and 1.7 mL lysis buffer to 200 µL of homogenized
tissue followed by incubation with rotation at 37 ◦ C for 30 min. Fifty microliters of
20 mg/mL Proteinase K (final concentration 1 mg/mL) and 100 µL of 10% (w/v) sodium
dodecyl sulfate (SDS) (final concentration 0.5% (w/v)) were added, and the sample was
incubated in a circulating water bath at 55 ◦ C for 1 h. The lysate was then extracted
with an equal volume of phenol pH 8.0. The aqueous phase was extracted with an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1; pH 8.0), then extracted with an
equal volume of chloroform-isoamyl alcohol (24:1). One-tenth volume of 3 M NaOAc
(pH 5.3) and 2 volumes of absolute ethanol were added to the aqueous extract. The extracts
were kept overnight at −20 ◦ C. Following 15 min centrifugation at 13,000 rpm at 4 ◦ C, the
pellet was washed with 1 mL ice-cold 80% ethanol and centrifuged for 5 min at 13,000 rpm
at 4 ◦ C. The pellet was air-dried overnight and resuspended in 50 µL DNase/RNase-free
water. DNA yield was quantified by a NanoDrop spectrophotometer and DNA quality
was visualized by the agarose gel electrophoresis of 5 µL of DNA extract. DNA extracts
were stored at 4 ◦ C until use.
PCR was carried out in a Biometra Tpersonal Thermocycler (Biometra biomedizinische Analytik GmbH, Jena, Germany) under aseptic conditions in a laminar flow
chamber to avoid contamination by environmental bacteria. Sterile water has been used
as a negative control in all PCR reactions. A ~1500 bp fragment of the bacterial 16S
rRNA locus was amplified for DGGE analysis using the bacterial universal primers 27F
(5’-AGAGTTTGATC(AC)TGGCTCAG-3’) and 1492R (5’-ACGG(CT)TACCTTGTTACGAC
TT-3’) [23]. Each PCR reaction (20 µL) contained 0.5 pmol/µL of each primer, 50 ng of
template DNA, 1× Green GoTaq Flexi Buffer (Promega), 1.5 mM MgCl2 , 0.5 units GoTaq
Flexi DNA Polymerase (Promega), and 0.25 mM of each dNTP. PCR conditions were as
follows: 95 ◦ C for 2 min followed by 30 cycles of 94 ◦ C for 30 s, 52 ◦ C for 30 s, and 72 ◦ C for
90 s plus 1 s per cycle, with a final extension step of 5 min at 72 ◦ C [24]. One microliter of
this PCR product was used as template DNA for a nested PCR.
Nested PCR was carried out in a total volume of 50 µL. The ingredients and their concentrations were the same as the previous PCR reaction, apart from the primers that were
357F (5’-CCTACGGGAGGCAGCAG- 3’) and 518R (5’–ATTACCGCGGCTGCTGG-3’) [25].
Primer 357F contained a GC clamp of 40 bp at the 5’ end (5’-CGCCCGCCGCGCGCGGCGG
GCGGGGCGGGGGCACGGGGGC-3’), which is needed for DGGE. PCR conditions were
as follows: 95 ◦ C for 5 min followed by 10 cycles of 94 ◦ C for 30 s, 55 ◦ C for 30 s, 72 ◦ C for
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60 s, and 25 cycles of 92 ◦ C for 30 s, 52 ◦ C for 30 s, and 72 ◦ C for 60 s, with a final step of
10 min at 72 ◦ C. Nested PCR products were run in DGGE.
2.11. DGGE Analysis
DGGE was carried out using the polyacrylamide electrophoresis apparatus. Gels were
1 mm thick (17.5 × 15.5 cm2 ) and 8% w/v polyacrylamide 37.5:1 with a gradient of urea
(Merck, Kenilworth, NJ, USA) and formamide (Fluka, Buchs, Switzerland) between 40 and
60%. Gels were poured with a 50 mL volume Gradient Mixer (Biorad, Hercules, CA, USA)
and prepared with 1× TAE buffer (pH 8; 40 mM Tris base, 20 mM acetic acid, 1 mM EDTA).
Gels were run at 75 V for 19 h at 60 ◦ C in 1×TAE buffer. Polyacrylamide gels were stained
with SYBR Gold nucleic acid gel stain (Molecular Probes, Eugene, OR, USA) for 30 min at
room temperature under gentle shaking and viewed under UV. Gel images were captured
with a Kodak DC120 camera with the appropriate filter. Community richness was estimated
as the total number of bands present in a sample, and the Jaccard community similarity
was calculated by scoring the presence/absence of each band horizontally in the gel. For
the latter, only samples that were run on the same gel were compared. Two-way ANOVA
was used to assess the impact of sampling day (development) and probiotic administration
on microbial richness, while two-way Permanova was used to evaluate such impact on the
microbial composition, using the Jaccard distance as a metric (presence/absence of bands
on the gel). The similarity in the microbial composition within each group was assessed
with the Jaccard metric.
3. Results
3.1. Bacterial Strains Isolated from Bonito Larvae
A total of 27 bacterial strains were isolated. Annotation of the retrieved sequences
against the nr database of NCBI placed, with an identity range between 95% and 100% and
e-values <1.78 × 10−56 , seven of the isolated bacteria to Vibrionaceae, four to Rhodobacteraceae, three to Pseudoaltermonadaceae, two to Staphylococcaceae, and two to Oceanospirillales. Only one annotation was found for the families Shewanellaceae, Altermonadaceae,
Enterobacteriaceae, Flavobacteriaceae, Micrococcaceae, and Moraxellaceae. Interestingly,
among the four individuals of Rhodobacteraceae, one bacterial isolate (BON02) was identified as Phaeobacter with 99% identity, an e-value of 0, and a bit score of 1391. A BLASTn
search against the rRNA_typestrains/prokaryotic_16S ribosomal RNA, as well as against
the Silva high-quality ribosomal RNA database, resulted in the same annotations. All
sequences obtained in the current study are available in GenBank with accession numbers
MK037395 to MK037418.
Liquid culture aliquots of BON02 (Phaeobacter sp.) inhibited the growth of all three
Vibrio anguillarum strains. The inhibition zones had a diameter of 2.8 ± 0.1, 3.4 ± 0.1, and
3.2 ± 0.1 cm for strain LMG4437, LMG10862, and LMG10863, respectively. The strain
LMG4437 showed significantly smaller inhibition zones compared with the other two
V. anguillarum strains (p < 0.05).
3.2. Phylogenetic Tree
Phylogenetic tree analysis involved 47 nucleotide sequences. The tree with the highest
log likelihood (−960.80) is shown (Figure 1).
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and a regression line was drawn for each treatment (Figure 3). There was significant
difference in the growth rate (the slope coefficient) between the two treatments (p < 0.05),
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Figure 6. Principal coordinate analysis (PCoA) using Jaccard metric (presence/absence of bands) based on the DGGE
information, comparing (A) day 11 and 18 in one gel (grey—Control, white—Probiotic), and (B) day 25 and 32 in the
other gel (grey—Control, white—Probiotic). There was a significant clustering (two-way Permanova, p < 0.05; for more
information, look at Table 1) based on both the time point and the treatment between days 11 and 18, but not between days
25 and 32.

4. Discussion

1

In this study, we tested the use of an indigenous probiotic bacterial strain, which was
isolated from a mesocosm unit at the facilities of the Hellenic Center for Marine Research in
Crete, in the rearing of seabass larvae and juveniles in industrial-like conditions. Sequencing of 24 isolated bacterial strains and subsequent annotation and phylogenetic analysis
revealed two main groups; the Vibrionaceae (8 bacterial strains) and the Rhodobacteraceae
group (four bacterial strains). In a study with tuna larvae reared in different rearing systems, a high individual variability in terms of bacterial community profile as analyzed
by the use of PCR-DGGE was observed [26]. Interestingly, the group of Rhodobacteraceae included one strain (BON02), which was identified as Phaeobacter sp. The isolated
putative probiotic Phaeobacter sp. showed inhibitory activity against Vibrio anguillarum
strains in vitro. In a previous study where it was searched in a turbot farm for strains with
inhibitory activity against Vibrionaceae, the majority of Roseobacter (former genus name of
Phaeobacter) strains were isolated during spring and early summer [27], as was observed
during this study.
Various Phaeobacter strains have been isolated from scallop (Pecten maximus) [27], larval
tank walls [28], tank walls and water from fish tanks, Artemia, rotifers, and zooplankton
in a Danish turbot hatchery [29], seawater, biofilms in submerged structures in coastal
sites [30], the outlet of fish tanks and Artemia culture tanks, as well as phytoplankton and
rotifer cultures from two Greek hatcheries [31]. Nevertheless, it has never been reported
to be isolated from marine fish larvae. This is, to our best knowledge, the first report of
isolation of Phaeobacter sp. from marine fish larvae. It has been shown that these bacteria
are unable to colonize the larval gut, but they could colonize the rearing system, such as a
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tank surface, or a biofilter [32]. It appears that this Phaeobacter strain was able to colonize
yolk-sac larvae either on the body surface or in the gut before the shift to an anaerobic
microbiota. The sampled bonito larvae were not surface-sterilized but only washed with
sterile seawater.
Phaeobacter isolates have been applied earlier in small-scale trials either bioencapsulated in live food or added as a component of biofilter microbiota. Although we added the
probiotics bioencapsulated in live food organisms, it is likely that these bacteria colonized
the biofilter and influenced the microbial communities of the larvae through their effect on
water microbiota.
Regarding the microbial community richness during the development of the seabass
larvae, our analysis using DGGE revealed an increase in the microbial richness over time
(Figure 4). Studies related to the microbial community development during the early stages
support similar findings [33]. However, as succession proceeded, the bacterial communities
were shown to become more similar between individuals (Figure 6B), potentially due to
more deterministic factors and less random colonization by different bacterial phylotypes
that are known to occur during the early larval stages [5]. The addition of the probiotic
on day 11 seemed to affect the bacterial diversity in the gut, which was also observed on
day 18 (Figure 6A). Interestingly, there were fewer bacterial phylotypes when probiotics
were added to the diets (Figure 4), while the individuals were more similar to each other
compared to the control group (Figure 5). This could potentially occur due to the presence
of Phaeobacter in the gut, which can result in inhibition of gut colonization by other
bacterial populations.
The addition of probiotics in the rearing of seabass larvae and juveniles had a significant beneficial effect on both survival and growth (Figures 2 and 3). The effect on
survival was measured 60 days after hatching, at a period when mass mortality in seabass
rearing generally stops, so the effect of probiotics was final. Growth was also higher in
the late larval phase compared with the control tanks. It has been shown in many larval
experiments that in tanks with a high survival rate with a lot of fish, a lower larval growth
rate is expected compared with tanks with few survivors. This has not been shown in our
experiment and it indicated that probiotics had a generally positive effect for seabass larvae
and juveniles, not only related to the inhibition of pathogenic bacteria.
Single strains of probiotics can hardly work in all kinds of rearing systems for fish
larvae and all fish species. Therefore, the application of a commercial product of probiotics
that works for all fish species in all kinds of rearing systems somehow seems an illusion.
Our study suggests that the use of bacteria isolated from the specific farm that will use these
probiotics may have higher chances of success. A similar approach is in one sense the use
of “maturated water”, where there is spontaneous recruitment of autochthonous bacterial
strains in a biofilter. These bacterial populations have a positive effect on the rearing
of larvae, although the identity of the bacteria established and the members that have a
positive effect need not be identified. An additional advantage for the use of indigenous
bacteria is that there is no biosecurity risk for the farmer, as the probiotics are selected from
a group of bacteria already present on the farm.
Previous publications describing the use of Phaeobacter probiotic strains in the rearing
of marine fish larvae were done for the first days after hatching and on a small experiment
scale. It is the first time in this paper that Phaeobacter probiotics were tested on such
a large scale and the effect on larvae was measured for such a long period (60 DAH),
demonstrating the practical significance of the results for commercial aquaculture.
Author Contributions: Conceptualization, microbiological analysis, and writing—original draft
preparation were done by P.M. Microbiota data analysis from the gel and manuscript preparation
and review were done by F.K. Inhibition tests were done by C.B. Rearing of larvae by N.P., whereas
molecular biology techniques for identification of bacterial strains, construction of the phylogenetic
tree, and manuscript review were done by E.S. All authors have read and agreed to the published
version of the manuscript.

Microorganisms 2021, 9, 128

12 of 13

Funding: This research was funded by the Commission of the European Communities through
the project “From capture based to self-sustained aquaculture and domestication in bluefin tuna,
Thunnus thynnus” (GA 212797), Specific RTD program of Framework Programme 7, SELFDOTT, and
by the General Secretariat for Research and Technology, Ministry of Education and Religious Affairs,
Culture and Sports, Greece through the project “Alternative preventive and therapeutic measures
in Greek mariculture” which was funded by the call: Operational-Strategic Reference Framework,
NSFR 2007–2013, Cooperation 2009, Action I.
Institutional Review Board Statement: All use of animals conformed to the Directive 2010/63/EU.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to short time margins.
Acknowledgments: We thank Pantelis Katharios, Institute of Marine Biology, Biotechnology, and
Aquaculture (IMBBC), Hellenic Center for Marine Research, Heraklion, Crete, for providing us the
three strains of Vibrio anguillarum used in the in vitro inhibition tests, Nikos Mitrizakis for technical
assistance in the rearing of seabass larvae, and Stelios Fodelianakis for running DDGE analysis.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.

12.
13.
14.
15.
16.
17.
18.
19.

Conceicão, L.E.C.; Yufera, M.; Makridis, P.; Morais, S.; Dinis, M.T. Live feeds for early stages of fish rearing. Aquacult. Res. 2010,
41, 613–640. [CrossRef]
Vadstein, O.; Bergh, Ø.; Gatesoupe, F.-J.; Gallindo-Villegas, J.; Mulero, V.; Picchietti, S.; Scapigliati, G.; Makridis, P.; Olsen, Y.;
Dierckens, K.; et al. Microbiology and immunology of fish larvae. Rev. Aquacult. 2013, 5 (Suppl. S1), S1–S25. [CrossRef]
Bergh, Ø.; Naas, K.E.; Harboe, T. Shift in the intestinal microflora of Atlantic halibut (Hippoglossus hippoglossus) larvae during first
feeding. Can. J. Fish. Aquat. Sci. 1994, 51, 1899–1903. [CrossRef]
Bakke, I.; Coward, E.; Andersen, T.; Vadstein, O. Selection in the host structures the microbiota associated with developing cod
larvae (Gadus morhua). Appl. Microbiol. 2015, 17, 3914–3924. [CrossRef]
Wang, A.R.; Ran, C.; Ringø, E.; Zhou, Z.G. Progress in fish gastrointestinal microbiota research. Rev. Aquacult. 2018, 10, 626–640.
[CrossRef]
Rønneseth, A.; Castillo, D.; D’Alvise, P.; Tønnesen, Ø.; Haugland, G.; Grotkjær, T.; Engell-Sørensen, K.; Nørremark, L.; Nørremark,
L.; Bergh, Ø.; et al. Comparative assessment of Vibrio virulence in marine fish larvae. J. Fish Dis. 2017, 40, 1373–1385. [CrossRef]
Bentzon-Tilia, M.; Sonnenschein, E.C.; Gram, L. Monitoring and managing microbes in aquaculture–Towards a sustainable
industry. Microb. Biotechnol. 2016, 9, 576–584. [CrossRef]
Prol, M.J.; Bruhn, J.B.; Pintado, J.; Gram, L. Real-time PCR detection and quantification of fish probiotic Phaeobacter strain 27-4
and fish pathogenic Vibrio in microalgae, rotifer, Artemia and first feeding turbot (Psetta maxima) larvae. J. App. Microbiol. 2009,
106, 1292–1303. [CrossRef]
Bruhn, J.B.; Nielsen, K.F.; Hjelm, M.; Hansen, M.; Bresciani, J.; Schulz, S.; Gram, L. Ecology, inhibitory activity, and morphogenesis
of a marine antagonistic bacterium belonging to the Roseobacter clade. Appl. Environ. Microb. 2005, 71, 7263–7270. [CrossRef]
Nayak, S.K. Probiotics and fish immunity: A fish perspective. Fish Shellfish Immun. 2010, 29, 2–14. [CrossRef]
Muhling, B.A.; Lamkin, J.T.; Alemany, F.; Garcia, A.; Farley, J.; Ingram, G.W., Jr.; Berastegui, D.A.; Reglero, P.; Carrion, R.L.
Reproduction and larval biology in tunas, and the importance of restricted area spawning grounds. Rev. Fish Biol. Fisher. 2017, 27,
697–732. [CrossRef]
Jensen, S.; Bergh, Ø.; Enger, Ø.; Hjeltnes, B. Use of PCR-RFLP for genotyping 16S rRNA and characterizing bacteria cultured from
halibut fry. Can. J. Microbiol. 2002, 48, 379–386. [CrossRef]
Lane, D.J. 16S/23S rRNA sequencing. In Nucleic Acid Techniques in Bacterial Systematics; Stackenbradt, E., Goodfellow, M., Eds.;
John Wiley and Sons: Chichester, UK, 1991; pp. 177–203. ISBN 0-471-92906-9.
Pruesse, E.; Peplies, J.; Glöckner, F.O. SINA: Accurate high-throughput multiple sequence alignment of ribosomal RNA genes.
Bioinformatics 2012, 28, 1823–1829. [CrossRef]
Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef]
Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526.
Hjelm, M.; Bergh, Ø.; Riaza, A.; Nielsen, J.; Melchiorsen, J.; Gram, L. Selection and identification of autochonous potential
probiotic bacteria from turbot larvae (Scophthalmus maximus) rearing units. Syst. Appl. Microbiol. 2004, 27, 360–371. [CrossRef]
Papandroulakis, N.; Divanach, P.; Kentouri, M. Enhanced biological performance of intensive sea bream (Sparus aurata) larviculture in the presence of phytoplankton with long photophase. Aquaculture 2002, 204, 45–63. [CrossRef]
Makridis, P.; Fjellheim, J.A.; Skjermo, J.; Vadstein, O. Colonization of the gut in first feeding turbot by bacterial strains added to
the water or bioencapsulated in rotifers. Aquacult. Int. 2000, 8, 367–380. [CrossRef]

Microorganisms 2021, 9, 128

20.
21.
22.

23.
24.
25.
26.

27.
28.
29.

30.
31.

32.
33.

13 of 13

Castillo, D.; D’ Alvise, P.; Middelboe, M.; Gram, L.; Liu, S.; Kalatzis, P.G.; Kokkari, C.; Katharios, P. Draft genome sequences of the
fish pathogen Vibrio harveyi strains VH2 and VH5. Genome Announc. 2015, 3, e01062-15. [CrossRef]
Massana, R.; Murray, A.E.; Preston, C.M.; DeLong, E.F. Vertical distribution and phylogenetic characterization of marine
planktonic Archaea in the Santa Barbara Channel. Appl. Environ. Microbiol. 1997, 63, 50–56. [CrossRef]
Tzahor, S.; Man-Aharonovich, D.; Kirkup, B.C.; Yogev, T.; Berman-Frank, I.; Polz, M.F.; Beja, O.; Mandel-Gutfreund, Y. A
supervised learning approach for taxonomic classification of core-photosystem-II genes and transcripts in the marine environment.
BMC Genom. 2009, 10, 229. [CrossRef]
Weisburg, W.G.; Barns, S.M.; Pelletier, D.A.; Lane, D.J. 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 1991,
173, 697–703. [CrossRef]
Webster, G.; John Parkes, R.; Cragg, B.A.; Newberry, C.J.; Weightman, A.J.; Fry, J.C. Prokaryotic community composition and
biogeochemical processes in deep subseafloor sediments from the Peru Margin. FEMS Microbiol. Ecol. 2006, 58, 65–85. [CrossRef]
Sánchez, O.; Gasol, J.M.; Massana, R.; Mas, J.; Pedrós-Alió, C. Comparison of different denaturing gradient gel electrophoresis
primer sets for the study of marine bacterioplankton communities. Appl. Environ. Microbiol. 2007, 73, 5962–5967. [CrossRef]
Gatesoupe, F.-J.; Coves, D.; Ortega, A.; Papandroulakis, N.; Vadstein, O.; de la Gandara, F. A spatiotemporal study of bacteria
community profiles associated with Atlantic bluefin tuna larvae, Thunnus thynnus L., in three Mediterranean hatcheries. Aquacult.
Res. 2013, 44, 1511–1523. [CrossRef]
Ruiz-Ponte, C.; Cilia, V.; Lambert, C.; Nicolas, J.L. Roseobacter gallaeciencis sp. nov., a new marine bacterium isolated from the
rearings and collectors of the scallop Pecten maximus. Int.J. Syst. Bacteriol. 1998, 48, 537–542. [CrossRef]
Hjelm, M.; Riaza, A.; Formoso, F.; Melchiorsen, J.; Gram, L. Seasonal incidence of autochthonous antagonistic Roseobacter spp. and
Vibrionaceae strains in a turbot larva (Scophthalmus maximus) rearing system. Appl. Environ. Microb. 2004, 70, 7288–7294. [CrossRef]
Porsby, C.H.; Nielsen, K.F.; Gram, L. Phaeobacter and Ruegeria species of the Roseobacter clade colonize separate niches in a
Danish turbot (Scophthalmus maximus)-rearing farm and antagonize Vibrio anguillarum under different growth conditions. Appl.
Environm. Microbiol. 2008, 74, 7356–7364. [CrossRef]
Gram, L.; Rasmussen, B.B.; Wemheuer, B.; Bernbom, N.; Yin Ng, Y.; Porsby, C.H.; Brinkhoff, T. Phaeobacter inhibens from the
Roseobacter clade has an environmental niche as a surface colonizer in harbors. Syst. Appl. Microbiol. 2015, 38, 483–493. [CrossRef]
Grotkjær, T.; Bentzon-Tilia, M.; D’Alvise, P.; Dourala, N.; Nielsen, K.F.; Gram, L. Isolation of TDA-producing Phaeobacter strains
from sea bass larval rearing units and their probiotic effect against pathogenic Vibrio spp. in Artemia cultures. Syst. Appl. Microbiol.
2016, 39, 180–188. [CrossRef]
Prol-Garcia, M.J.; Gomez, M.; Sanchez, L.; Pintado, J. Phaeobacter grown in biofilters: A new strategy for the control of Vibrionaceae
in aquaculture. Aquacult. Res. 2014, 45, 1012–1025. [CrossRef]
Egerton, S.; Culloty, S.; Whooley, J.; Stanton, C.; Ross, R.P. The gut microbiota of marine fish. Front. Microbiol. 2018, 9, 873.
[CrossRef]

