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Abstract

There is a growing consensus that future technological developments of aquaculture sys-
tems should account for the structure and function of microbial communities in the whole
system and not only in fish guts. In this study, we aimed to investigate the composition of
bacterioplankton communities of a hatchery recirculating aquaculture system (RAS) used
for the production of Senegalese sole (Solea senegalensis) juveniles. To this end, we used
a 16S rRNA gene based denaturing gradient gel electrophoresis (DGGE) and pyrosequen-
cing analyses to characterize the bacterioplankton communities of the RAS and its water
supply. Overall, the most abundant orders were Alteromonadales, Rhodobacterales, Ocea-
nospirillales, Vibrionales, Flavobacteriales, Lactobacillales, Thiotrichales, Burkholderiales
and Bdellovibrionales. Although we found a clear distinction between the RAS and the water
supply bacterioplankton communities, most of the abundant OTUs (>50 sequences) in the
hatchery RAS were also present in the water supply. These included OTUs related to Pseu-
doalteromonas genus and the Roseobacter clade, which are known to comprise bacterial
members with activity against Vibrio fish pathogens. Overall, in contrast to previous findings
for sole grow-out RAS, our results suggest that the water supply may influence the bacterio-
plankton community structure of sole hatchery RAS. Further studies are needed to investi-
gate the effect of aquaculture practices on RAS bacterioplankton communities and
identification of the key drivers of their structure and diversity.

Introduction

The world population is expected to reach approximately 9.7 billion in 2050 [1]. As population
increases, so will the demand for food, which will have to increase by 70% over the period
from 2005-2050 [2]. The increase in demand will require substantial technological advances
in food production. At present, aquaculture is undergoing rapid technological development
and is emerging as a major food production sector. The demand for higher sustainability,
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reduced production costs and food safety has continuously driven the development of new
and innovative aquaculture systems. Technologies such as recirculating aquaculture systems
(RAS) with shallow raceway systems (SRS) allow more controlled and cost-effective produc-
tion conditions, while having a reduced environmental impact. RAS is an advanced approach
that reuses water in the production system with mechanical and biological filters [3]. SRS con-
tribute for an optimized hydrodynamic performance over common raceways, allowing a lower
water level and plug-flow pattern that enables high fish stocking densities, improving overall
productivity [4]. RAS technology with shallow raceways continuously processes and recycles
water, reducing water pump requirements while maintaining optimal environmental condi-
tions for fish production [4]. However, the use of high fish densities during production may
result in more rapid and severe disease outbreaks [5]. In fact, currently, there is a growing
understanding that improvements in the prevention and management of disease outbreaks
requires a deeper knowledge of the ecology of microbial communities in aquaculture systems.
Outbreaks of parasitic, bacterial, and fungal diseases are among the most important limiting
factors for the success of aquaculture production, leading to high mortality rates and impor-
tant economic losses [6]. For example, the production of Senegalese sole (Solea senegalensis), a
species of considerable commercial value, is strongly limited by its sensitivity to infectious dis-
eases such as pasteurellosis (caused by Photobacterium damselae subsp piscicida), vibriosis
(caused by various species of the genus Vibrio, especially Vibrio anguillarum) and flexibacter-
iose (caused by Tenacibaculum maritimum) [7]. However, despite the deleterious effects of
fish pathogens, the aquaculture water microbiome is essential for maintaining water quality
(nutrient recycling) and fish health during intensive fish production [8, 9]. For example, nitro-
gen and phosphorus are recycled through the activity of heterotrophic decomposers [10]. The
presence of beneficial microbes was also shown to reduce colony-forming units (CFU) of path-
ogenic bacterial species [11]. Naturally occurring or introduced beneficial bacteria (probiotics)
may contribute to improve water quality, inhibit the development of fish pathogens, improve
the fish immune system and promote the balance of the fish bacterial flora [8, 12, 13].

In previous studies, we showed that S. senegalensis appears to influence the bacterial com-
munities in a grow-out RAS and that, despite the presence of several potential fish pathogens,
no diseased fish were observed during the study period. Our findings indicated that the water
in grow-out RAS was dominated by naturally occurring beneficial microbes (antagonistic pop-
ulations), which may have played an important role in suppressing the development of puta-
tive pathogens [12, 14]. However, we could not determine if such a trend would also be
detectable in RAS systems used for production of juvenile specimens (hatchery), which are
managed under different conditions and stocked from hatching until juvenile stage. Here, we
aimed to investigate bacterioplankton community composition and diversity in the water of a
commercial hatchery operating a RAS for the production of sole (S. senegalensis) juveniles and
compare results with those previously recorded for sole grow-out RAS [12]. We also evaluated
our results in light of the putative function of bacterioplankton populations in the hatchery
RAS.

Material and methods
Study site and experimental design

Fieldwork was conducted in October 2013 in a RAS at a hatchery employing SRS for juvenile
Senegalese sole with a capacity to produce more than 1 million juveniles per year that are
stocked from hatching until they reach approximately 40 g. The fish hatchery employed water
recirculation at a renewal rate of <5% of total system volume per day. Briefly, the water supply
reservoir (Sup) is filled with seawater pumped through an inlet pipe from the ocean and is
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ozonized in a tank connected to a protein skimmer (Ozo) before entering the pre-production
reservoir (Pre) (hatchery containing juvenile sole weighing approximately 4 g and densities
with about 3.7 kg/m?). Water from Pre is recycled by passing through a sedimentation tank
(Sed) where mechanical filtration is also carried out. After mechanical filtration, water flows to
a biofilter tank (Bio) for biological filtration and is subsequently pumped back to Ozo where it
reenters the system. Water samples for bacterial community analysis and chemical characteri-
zation were collected in triplicate from all 5 different compartments (Sup, Ozo, Pre, Sed and
Bio). Samples were obtained in the aquaculture company with permission from legal
representatives.

Water chemistry analysis and bacterial communities

Chemical analysis. Ammonium (NH,"), nitrites (NO,") and nitrates (NO53") were deter-
mined for each water sample collected following the NP 730, EPA 300.1 and NP EN 26777
methods, respectively. Bromide (Br-) was determined according to EPA Method 300.1. Total
organic carbon analysis (TOC) in the water was performed according to the European Norm
1484. Conventional physicochemical parameters, namely, temperature, pH, dissolved oxygen
(DO) and salinity were also measured.

DNA analysis. Water samples were transported to the laboratory and immediately pro-
cessed for DNA extraction. Briefly, 250 ml of water were filtered through 0.2um pore size poly-
carbonate membranes (Poretics, Livermore, CA, USA) and total DNA was extracted from
each filter using the E.Z.N.A. Soil DNA Extraction kit (Omega Bio-Tek, USA) according to the
manufacturer’s instructions. Bacterial community composition was compared among samples
using DGGE fingerprinting in combination with a more-in-depth barcoded pyrosequencing
analysis of composite samples [15]. Amplified 16S rRNA gene fragments suitable for bacterial
DGGE fingerprints of total microbial community DNA samples were obtained using a nested
approach following Gomes et al. (2008) [16]. In the first PCR, amplicons of the bacterial 16S
rRNA gene were obtained using bacteria specific primers 27F and 1494R (21 PCR cycles) [17].
For DGGE analyses, the second PCR (21 PCR cycles) used the primers 968GC - 1378R [18],
with a GC clamp attached to the 5’ end to prevent complete melting of double-stranded DNA
during DGGE. DGGE was performed on a DCode Universal Mutation Detection System (Bio-
Rad, Hercules, CA, USA), in 1x Trisacetate-EDTA (TAE) with a denaturing gradient ranging
from 40% to 58% (100% denaturant contains 7 M urea and 40% formamide) and performed at
58°C at 160 V during 16 hours onto 8% (w/v) polyacrylamide gels. DGGE gels were silver
stained as described by Byun et al. (2009) [19], except for the stop solution that was replaced
by a NaHCO; 9% solution. The image was acquired using an Epson perfection V700 Photo
Scanner. Digitalized DGGE gels were analysed with the software Bionumerics (Applied
Maths). Briefly, both band position and intensity were processed in a spreadsheet. The data
matrix of relative abundance (band positions and their corresponding intensities) per sample
was log;o (x +1) transformed, and a distance matrix was constructed using the Bray-Curtis
similarity coefficient with the vegdist() function in the vegan package [20] in R (version 3.1.1;
http://www.r-project.org/). Variation in bacterial composition among compartments was visu-
ally assessed with principal coordinates analysis (PCO) using the cmdscale() function in R
using the Bray-Curtis distance matrix as input.

For compositional analysis, DNA from the three replicates of each compartment was
pooled to obtain one DNA library per compartment. The V3-V4 regions of the 16S rRNA
gene were amplified using barcoded fusion primers V3 Forward (5° -ACTCCTACGGGAGG
CAG-3’)and V4 Reverse (5° -TACNVRRGTHTCTAATYC-3') [21]. The amplified frag-
ments were purified (Agencourt Ampure beads, Agencourt Bioscience Corporation, MA,
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USA) and then sequenced using a Roche 454 FLX Titanium pyrosequencer (Brandford, CT,
USA) following manufacturer’s guidelines. Sequencing was performed at MR DNA (www.
mrdnalab.com, Shallowater, TX, USA).

The barcoded pyrosequencing libraries were processed using the QIIME (Quantitative
Insights Into Microbial Ecology; [22]) software package (http://qiime.org; accessed 15/03/
2014) according to published recommendations [23] and following previously described meth-
ods [24, 25], with the exception of the OTU picking step (97% threshold), where the UPARSE
[26] clustering method and chimera check were used, and the most recent Greengenes data-
base (ftp://greengenes.microbio.me/greengenes_release/gg 13_5/gg 13_8_otus.tar.gz) for
OTU picking and taxonomic assignment. Full details about the UPARSE steps can be found in
Cleary et al. (2015) [24]. Finally, the make_otu_table.py script was used to produce an OTU by
sample table containing the abundance and taxonomic assignment of all OTUs. After removal
of non-bacteria, chloroplasts and mitochondria sequences, this table was uploaded to R soft-
ware (version 3.1.1; http://www.r-project.org/) for statistical computing and graphics.

Rarefaction curves were made for each sampling compartment using a self-written function
in R [27]. Variation in OTU composition was visualized using principal coordinates analysis
(PCO) with the cmdscale() function in R. Variation in the relative abundance of the most
abundant bacterial taxa was assessed using barplot graphs. In addition to this, OTUs taxonom-
ically classified into genera which often comprise potential fish pathogens were selected and
representative sequences compared with those available in GenBank. We used BLAST search
(GenBank Nucleotide Databases Searched http://www.ncbi.nlm.nih.gov/) to obtain the closest
relatives of selected OTUs (pathogens and abundant taxa, i.e., number of sequences > 50).
Sequences were, furthermore, aligned using ClustalW and a phylogenetic tree was constructed
in Mega7 (http://www.megasoftware.net/) using the Maximum Composite Likelihood method
with a gamma distribution (five categories) and 1000 bootstraps to compute evolutionary dis-
tances. The iTOL v3 (http://itol.embl.de/) server was used to annotate the phylogenetic tree
[28]. DNA sequences generated in this study have been submitted to the NCBI SRA (Accession
number SRP095444).

Results and discussion

The physicochemical characteristics of the water in each compartment are summarized in
Table 1. The most notable differences were between Sup and the hatchery RAS compartments.
There was a slight increase in pH and fairly low levels of nutrients in the Sup compartment
when compared to RAS compartments (Table 1).

DO concentration ranged from 7.82 mg/L in Sup to 20 mg/L in Ozo. Ammonia concentra-
tion was lowest in Sup (0.57+0.51 mg/L) and highest in Pre (0.90mg/L). Nitrite and nitrate

Table 1. Physico-chemical parameters in the pre-production RAS for each sampling point.

Sup
Pre
Sed
Bio
Ozo

Temperature
°C

19.1
20.2
20.3
20.3
20.3

pH

7.95+0.03
7.18 £ 0.00
7.23 +0.02
7.30 £ 0.03
7.33 £ 0.00

DO Salinity Ammonium Nitrite Nitrate Bromide TOC
mg/L mgNH, /L mgNO, /L mgNO; /L mgBr/L mg/L
7.82 35 0.57 £ 0.51 < 1.00 * 0.97 + 0.87 0.00 1.30 £ 0.10
16.86 35 0.90 + 0.00 4.40 + 0.00 19.40 + 0.69 0.06 4.67 £ 1.15
9.77 35 0.60 + 0.53 4.50 + 0.00 19.20 + 0.36 0.07 4.67 + 1.15
7.90 35 0.73 +0.06 4.63 +0.06 19.93 +0.40 0.07 4.00 + 0.00
20.00 35 0.67 + 0.06 443 +0.11 20.03 +0.32 0.09 4.00 + 0.00

Sup—water supply, Ozo—ozonation tank, Bio—biofilter tank, Pre—pre-production (hatchery) tank and Sed—sedimentation tank.

* concentration below the limit of quantification

https://doi.org/10.1371/journal.pone.0211209.t001
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concentrations were lower in Sup (<1 and 0.97+0.87 mg/L, respectively) when compared to
RAS compartments, (average of 4.49+0.10 mg NO,/L and 19.64+0.40 mgNO5/L). We did not
detect bromide in the Sup compartment and its concentration was stable in the hatchery sys-
tem (average of 0.07+0.01 mg/L). TOC concentration was lower in Sup (1.3£0.10 mg/L) than
in the other compartments (average of 4.33+0.78 mg/L). Overall, the concentration of nutri-
ents in the sole hatchery was much lower than in the sole grow-out RAS characterized in our
previous study [12]. Such a difference in nutrient levels may be expected, as juvenile fish are
grown to adulthood in the grow-out RAS and, therefore, the system is exposed to higher loads
of non-eaten feed and fish excretion.

DGGE analysis of bacterioplankton communities showed that, despite the young age of
fishes and their relatively short period in the tanks (45 days), there was a significant separation
between water supply and RAS compartments (adonis; F4 14 = 2.831, R%?=0.531, P = 0.003)
(Fig 1). The communities of RAS compartments defined by DGGE also tended to cluster
together (S1 Fig). The in-depth pyrosequencing analysis of these communities yielded a total
of 14451 sequences that varied between 1858 in Sed to 4336 in the Ozo compartment. To
examine changes in bacterial richness, rarefaction curves were generated for all compartments
(Fig 2). Controlling for sampling size (n = 1700), OTU richness in the Sup compartment was
35.79+1.02. In the aquaculture tanks, richness was lowest in Sed (69.84+1.74) and highest in
0Oz0 (92.88+4.82). The high diversity detected in Ozo may be due to an important fraction of
dead microorganisms that accumulate in this compartment naturally derived from water sup-
ply and fish and feed waste from Pre tank and from the bacteria that proliferate in the biofilter.
The introduction of ozone into a recirculation system is used to inactivate fish pathogens,
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Fig 1. Principal Coordinates Analysis (PCO) of bacterial DGGE profiles. The first two explanatory axes are shown.
Sup—water supply, Ozo—ozonation tank, Bio—biofilter tank, Pre—pre-production (hatchery) tank and Sed—
sedimentation tank.

https://doi.org/10.1371/journal.pone.0211209.g001
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Fig 2. Rarefied OTU richness in all sampling compartments. Sup—water supply, Ozo—ozonation tank, Pre—pre-
production tank, Sed—sedimentation tank and Bio—Dbiofilter tank.

https://doi.org/10.1371/journal.pone.0211209.9002

remove accumulated organic residues and nitrite [29]. Ozonation has been showed to kill or
inactivate fish pathogens and total heterotrophic bacterial loading [30, 31]. The effectiveness of
ozone treatment, however, depends on ozone concentration, duration of ozone exposure,
pathogen loads and levels of organic matter [29]; microorganisms able to persist following
ozone treatment may again enter and grow in the system. DNA based analyses performed in
this study, however, cannot provide any information on cell viability. Therefore, we cannot
provide any information about the efficiency of ozone treatment on bacterial cell viability.

In line with the DGGE and richness analysis, the PCO ordination of OTU composition
showed marked differences between water supply and RAS compartments (Fig 3). Along the
first PCO axis, the Sup compartment separated from RAS compartments with a range of domi-
nant OTUs shared by all compartments. These results indicate that, despite the fact that the
bacterioplankton communities in the water supply were clearly distinct from RAS tanks, sev-
eral dominant bacterial communities in the hatchery tanks were originally introduced in the
system through the water supply. This finding is in contrast with the results obtained for sole
grow out RAS [12], where only few bacterial OTUs were found to be dominant in the water
supply and fish tanks. Probably, due to the early life stage development of the fish in this study,
gut microbes released to the environment via feces may have had lower influence on hatchery
water bacterioplankton than in grow out RAS. However, no fish gut samples were taken during
this experiment, which hamper our ability to evaluate the contribution of fish microbiome to
the hatchery bacterioplankton composition (and vice versa). Nevertheless, in line with this
hypothesis, Giatsis et al. (2015) [32] showed that variations in gut bacterial community com-
position during Nile tilapia larvae (Oreochromis niloticus, Linnaeus) development were highly
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correlated with shifts in the bacterioplankton communities. Providing evidences that intestinal
microbiota of the fish juveniles may share more similarities with their respective water bacte-
rial communities.

In this study, we used the RDP classification to obtain taxonomic information about the
most abundant OTUs (>50 sequence reads—Fig 4) and phylogenetic analyses to identify eco-
types related to these OTUs in different RAS compartments (Fig 5, S1 Table). This approach
allowed us to better understand the composition and putative ecological role of the dominant
bacterial populations in the RAS bacterioplankton.

The overall taxonomic analyses showed that Proteobacteria was the most abundant bacte-
rial phylum in all RAS compartments (average relative abundance 94.60+4.10%), followed by
Bacteroidetes (average relative abundance 2.65+1.30%) (Fig 4). The phyla Firmicutes and Acti-
nobacteria were more abundant in the water supply (7.50% and 4.13%, respectively) than in
the hatchery RAS (0.04% and 0.05%, respectively). The most abundant orders detected in this
study were Alteromonadales (54.98+2.16%), Rhodobacterales (28.22+8.17%), Oceanospiril-
lales (2.73+1.41%), Vibrionales (2.14+2.32%), Flavobacteriales (2.05+£0.94%), Lactobacillales
(1.50+3.35%), Thiotrichales (1.38+0.89%), Burkholderiales (1.22+2.62%) and Bdellovibrio-
nales (0.97+0.62%) (Fig 4). Only 1.79+0.28% OTUs remained unclassified at the order level.
Interestingly, the most abundant orders detected in the hatchery (Alteromonadales, Rhodo-
bacterales, Oceanospirillales, Vibrionales, Flavobacteriales and Thiotrichales) were also the
most abundant groups in our previous study on sole grow-out RAS [12]. In both studies, Alter-
omonadales was by far the most abundant order in the bacterioplankton. This order comprises
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copiotroph bacteria with wide distribution in marine environments [33]. In line with the
higher concentration of nitrate in the hatchery tanks, previous studies suggest that Alteromo-
nadales have a relevant environmental role in the uptake of nitrate in marine environments
[34]. Probably, members of this order were enriched in the RAS due to high nutrient inputs
from fish feed and fish exudates during intensive fish production. Most of the OTUs assigned
within the Alteromonadales belonged to the Pseudoalteromonas genus (47.39+4.44%). Mem-
bers of this genus include a large and cosmopolitan group of marine bacteria that are usually
found in association with marine eukaryotes [35]. The genus Pseudoalteromonas contains
numerous marine species that synthesize biologically active molecules and produce anti-bacte-
rial products [36]. They have also been shown to exhibit specific activity against Vibrio spp. in
aquaculture systems [37-40] and previous studies propose that members of this genus may
comprise valuable biocontrol strains for application in aquaculture [36, 41].

In contrast to our previous study [12], a much higher abundance of Rhodobacterales was
observed in the hatchery RAS. Members of this order are well known for their metabolic versa-
tility (e.g. photosynthesis, CO, and nitrogen fixation and sulfur oxidation) which can signifi-
cantly contribute for nutrient cycling and improve water quality [42, 43]. Previous studies
suggest that the Roseobacter clade (Rhodobacterales) may play an important role against the
development of fish pathogens in aquaculture systems [44, 45]. For example, D’Alvise et al.
(2010) [46] showed that a Vibrio-antagonistic Roseobacter (producer of tropodithietic acid,
TDA), was able to suppress the development of the fish pathogen Vibrio anguillarum in model
systems simulating a fish larval aquaculture environment. The most abundant OTUs assigned
to Rhodobacterales (OTUs 3, 6 and 35) were present in all RAS compartments including water
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supply (Fig 5). However, OTU 3, the second most abundant OTU in the aquaculture system,
was more abundant inside the hatchery tanks (21.40+2.40%) than in the water supply (4.95%).
This OTU was similar to an organism previously identified as Sulfitobacter pontiacus
(sequence similarity 100%, S1 Table). This species is specialized in sulfite oxidation and was
detected for the first time in the black sea [47]. Several studies have reported on the occurrence
of Sulfidobacteria in aquacultures, or nearby water, highlighting the potential importance of
members of this genus in the sulfur cycling within these systems [48, 49]. Interestingly, Shari-
fah and Eguchi (2012) [50] showed that, in the presence of the phytoplankton Nannochloropsis
oculata, Sulfitobacter sp. showed inhibitory activity towards Vibrio anguillarum. OTUs 6 and
35 showed close phylogenetic relationship to Phaeobacter arcticus and Sedimentitalea todaro-
dis (members of the Roseobacter clade) and were abundant in the water supply (8.60% and
0.24%, respectively) and in the hatchery tanks (average relative abundance 9.34+0.78% and
0.36+0.06%, respectively) (Fig 5 and S1 Table, sequence similarities 100%). These species are
described as psychotrophic bacteria previously isolated from Artic marine sediment (P. arcti-
cus) and from the intestinal tract of a squid (S. todarodis) [51, 52]. Curiously, a previous study
also detected these bacteria as abundant members of a marine RAS [53], however, there is no
previous information about their putative role in aquaculture systems.

The variation in the relative abundance of the phylum Firmicutes was mainly related to
OTUs 66 and 71 that were similar to organisms retrieved from a fish farm and from fish gut
(sequences similarity = 99% and 100%, respectively) (Fig 5 and S1 Table). OTU 66 was
assigned to the genus Lactococcus and OTU 71 to the genus Streptococcus. Members of these
genera belong to the lactic acid bacteria group and are often found in fish guts [54]. In this
study, they were only detected in the water supply (OTU 66-4.37% and OTU 71-3.12%),
which could indicate limited ability to colonize the water of hatchery RAS. The Actinobacteria
phylum was dominated by OTU 69 (close related to uncultured actinobacterium from

Tree scale: 0.01 —
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Fig 5. Phylogenetic tree of the most abundant OTUs (> 50 sequences) and their closest relatives in the GenBank (accession numbers are provided). The bar plots
indicate the abundance of each OTU; with each compartment aligned with the maximum value of the previous compartment. Node confidence (1000 bootstrap
replicates) higher than 50% is shown with symbol size (o) scaled to reflect support levels. Sup—water supply, Ozo—ozonation tank, Pre—pre-production tank, Sed—
sedimentation tank and Bio—biofilter tank.

https://doi.org/10.1371/journal.pone.0211209.9005
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seawater) and was only detected in the water supply (Fig 5 and S1 Table). Members of the
Oceanospirillales order were present in all compartments (including water supply) and were
mainly represented by OTUs 18 (1.35+0.6%) and 55 (0.47+0.38%) (Fig 5, S1 Table). Members
of the Oceanospirillales are often described as halotolerant and halophilic, aerobic, microaero-
philic or facultative chemoorganotrophs and are widespread in marine environments [55].
OTU 55 was similar to an organism previous identified as Oleispira lenta (sequence similar-
ity = 99%) (Fig 5, S1 Table). Members of this species have been described as mesophilic hydro-
carbon degraders [56]. A recent study reported on the dominance of an OTU assigned to the
genus Oleispira associated with salmon skin [57], which could indicate their ability to colonize
fish skin.

Flavobacteriales were more abundant in the hatchery RAS (2.32+0.77%) than in the water
supply (0.89%). Flavobacteriales was mainly represented by OTU 16 (average relative abun-
dance of 1.87+0.63% inside the RAS), which was assigned to the Flavobacteriaceae family and
was similar to an organism previously identified as Polaribacter sp. (Fig 5 and S1 Table,
sequence similarity 100%) obtained from aquaculture water. This OTU was also present in the
water supply but showed much higher abundance in the RAS tanks. Members of this genus
have been found in RAS compartments in different geographic locations [12, 58, 59]. Rud
et al. (2016) [59], specifically, found a higher abundance of Polaribacter sp. in tank biofilms
when compared to water in a RAS system. Members of the Flavobacteriales are known for
their ability to form biofilms on surfaces in marine environments [60, 61]. Such ability may
improve their capacity to colonize the RAS environment.

The orders Thiotrichales and Bdellovibrionales were only detected inside the hatchery RAS
(average relative abundance of 1.72+0.51% and 1.21+0.36%, respectively) (Fig 4). The order
Thiotrichales was mainly represented by OTU 39 (average relative abundance of 1.40+0.40%
inside of the RAS), which was assigned to the Piscirickettsiaceae family (S1 Table). This OTU
was only 96% similar to its closest relative in the GenBank database, an uncultured Methylo-
phaga sp. (Fig 5). Members of this genus have been described as aerobic methylotrophs
involved in denitrification in marine environments, seawater aquariums and aquacultures [48,
62]. The high abundance of Bdellovibrionales (Fig 4) is also noteworthy, since members of this
order prey exclusively on other bacteria including potential fish pathogens [63, 64]. Bdellovi-
brionales and similar organisms (BALOs) isolated from fish ponds have been shown to reduce
disease incidence caused by the fish pathogens Aeromonas hydrophila and Vibrio alginolyticus
([65] and references therein). The orders Vibrionales and Burkholderiales were both moder-
ately abundant in the water supply (6.25% and 5.91%, respectively), however, their abundance
was reduced in the hatchery compartments (1.11+0.36% and 0.05+0.04%, respectively). Over-
all, our results showed that, with exception of OTUs 39 and 68, all dominant OTUs detected in
the hatchery tanks were originally present in the water supply before entering the RAS.

In order to evaluate the composition of potential fish pathogens in the hatchery RAS we
also specifically searched for OTUs related to bacterial genera which often comprise known
fish pathogens (S2 Table). OTUs 49 and 198 (0.17£0.14% and 0.02+0.02%, respectively) were
assigned to Vibrio ichthyoenteri (S2 Table, sequence similarities of 100%). This species was pre-
viously reported to be a pathogen of flounder (Paralichthys olivaceus) [66]. Likewise, OTU 70
(relative abundance 0.06+0.03%) was similar to a microorganism identified as Vibrio anguil-
larum (S2 Table), a pathogen that causes vibriosis in approximately 50 species of fish [67].
However, it should be noted that despite the 16S rRNA gene can be used for classification of
Vibrio at genus level, this gene may not have enough resolution for Vibrio at the species level
[12, 68] and must be carefully considered when used to interpret the diversity of Vibrio com-
munities. Interestingly, despite the relatively high abundance of members of the Vibrionales
order in the water supply, only a few members of this genus found favorable conditions inside
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the hatchery RAS (Fig 4). OTUs 59 and 290 were assigned to Serratia marcescens and Franci-
sella philomiragia, respectively, two known fish pathogens (S2 Table, sequences similarities of
100%). These OTUs occurred in low abundance inside the RAS and only Francisella philomir-
agia was detected in the fish compartment (Pre). This species is an opportunistic waterborne
pathogen able to cause disease in a range of animals, including finfish species [69, 70]. How-
ever, in line with our previous study [12] and despite the presence of potential pathogens, no
disease outbreak occurred in the hatchery RAS during this study.

Conclusion

Exploring the potential of naturally occurring microorganisms as biocontrol agents in aqua-
cultures is not a new concept [46, 53, 71, 72]. The development of microbial management or
modulation approaches should be based on a fundamental knowledge about the aquaculture
microbiome. This study provides baseline information about the bacterioplankton community
composition and diversity of a commercial hatchery RAS for the production of juvenile Sene-
galese sole. Our results showed that despite the differences in relative abundance, the most
abundant orders detected in the hatchery RAS (Alteromonadales, Rhodobacterales, Oceanos-
pirillales, Vibrionales and Flavobacteriales) were also the most abundant detected in the sole
grow-out RAS characterized in our previous study [12]. Curiously, in contrast to our findings
for grow-out RAS, our results indicated that the bacterial assemblage of the water supply
played an important role for the colonization of bacterial populations (e.g. Pseudoalteromonas
sp., members of the Roseobacter clade, Phaeobacter arcticus and Sedimentitalea todarodis and
Sulfidobacteria) in the hatchery RAS. Most remarkable, here water supply seems to contribute
for a strong colonization of Pseudoalteromonas sp. in the tanks, which in turn may play a role
in suppressing the development of potential fish pathogens in the aquaculture system [36-40].
Our findings suggest that the bacterial community of the water supply may influence the bac-
terioplankton community structure of sole hatchery RAS. However, taking in consideration
the results obtained for sole grow out RAS [12], the contribution of water supply to shape RAS
bacterioplankton communities may vary between different RAS. Further studies are needed to
investigate the effect of reared fish species and aquaculture practices for identification of the
key drivers of RAS bacterioplankton communities.

Supporting information

S1 Fig. DGGE profiles of 16S rRNA gene amplified from total community DNA extracted
from three replicates of water supply (Sup), ozonation tank (Ozo), biofilter tank (Bio),
pre-production (hatchery) tank (Pre) and sedimentation tank (Sed).

(TIFF)

S1 Table. List of most abundant bacterial OTUs across the dataset (>50 sequences) and
their relative abundance in water supply (Sup), sole pre-production tank (Pre), sedimenta-
tion tank (Sed), biofilter tank (Bio) and ozone tank (Ozo). The table includes the taxonomic
assignment, the closest related organisms using BLAST, their accession numbers, the sequence
similarity of the closest matches with our representative OTU sequences (SEQ) and the source
of these organisms.

(PDF)

S2 Table. List of OTUs related to bacterial genera which often comprise potential fish
pathogens and their relative abundance in water supply (Sup), sole pre-production tank
(Pre), sedimentation tank (Sed), biofilter tank (Bio) and ozone tank (Ozo). The table
includes the taxonomic assignment, the closest related organisms using BLAST, their accession
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Acknowledgments

We thank Ricardo Calado for helpful discussions. Leticia N. Duarte was supported by the
CNPq, National Council of Scientific and Technological Development—Brazil and CAPES on
CsF Program (BEX 1287-13-3). Francisco J.R.C. Coelho (SFRH/BPD/92366/2013) and
Vanessa Oliveira (SFRH/BPD/101919/2014) were supported by postdoctoral scholarships
financed by the Portuguese Foundation for Science and Technology (FCT). This study has
been carried out with the financial support of the project AQUASAFE (PROMAR 31-03-05-
FEP-0016) funded by PROMAR (Operational Programme for Fisheries) and AquaHeal
(MAR-02.01.01-FEAMP-0031) funded by MAR2020, Operational Programme for the Euro-
pean Maritime and Fisheries Fund (EMFF). We are also grateful for the financial support to
CESAM (UID/AMB/50017), to FCT/MEC through national funds, and co-funding by the
FEDER, within the PT2020 Partnership Agreement and Compete 2020.

Author Contributions

Conceptualization: Newton C. M. Gomes.

Data curation: Leticia N. Duarte, Patricia Martins.

Formal analysis: Francisco J. R. C. Coelho.

Investigation: Leticia N. Duarte.

Methodology: Daniel F. R. Cleary.

Project administration: Newton C. M. Gomes.

Resources: Newton C. M. Gomes.

Supervision: Francisco J. R. C. Coelho, Daniel F. R. Cleary, Newton C. M. Gomes.
Writing - original draft: Leticia N. Duarte.

Writing - review & editing: Francisco J. R. C. Coelho, Vanessa Oliveira, Daniel F. R. Cleary,
Newton C. M. Gomes.

References

1. FAO. The State of World Fisheries and Aquaculture 2016. Contributing to food security and nutrition for
all. Food and Agriculture Organization of the United Nations. 2016, 200 pp. ISBN 978-92-5-109185-2.

2. FAOQ’s Director-General on How to Feed the World in 2050. Population and Development Review.
2009. https://doi.org/10.1111/j.1728-4457.2009.00312.x

3. Bregnballe J. A Guide to Recirculation Aquaculture—An introduction to the new environmentally friendly
and highly productive closed fish farming systems. Food and Agriculture Organization of the United
Nations (FAO) and EUROFISH International Organisation. 2015.

4. Labatut RA, Olivares JF. Culture of turbot (Scophthalmus maximus) juveniles using shallow raceways
tanks and recirculation. Aquacultural Engineering. 2004. https://doi.org/10.1016/j.aquaeng.2004.05.
008

5. Pulkkinen K, Suomalainen LR, Read AF, Ebert D, Rintamaki P, Valtonen ET. Intensive fish farming and
the evolution of pathogen virulence: the case of columnaris disease in Finland. Proceedings of The
Royal Society B. 2010. https://doi.org/10.1098/rspb.2009.1659 PMID: 19864284

PLOS ONE | https://doi.org/10.1371/journal.pone.0211209  January 25, 2019 12/16


https://doi.org/10.1111/j.1728-4457.2009.00312.x
https://doi.org/10.1016/j.aquaeng.2004.05.008
https://doi.org/10.1016/j.aquaeng.2004.05.008
https://doi.org/10.1098/rspb.2009.1659
http://www.ncbi.nlm.nih.gov/pubmed/19864284
https://doi.org/10.1371/journal.pone.0211209

®PLOS | one

Bacterial composition of hatchery RAS

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Valladao GMR, Gallani SU, Pilarski F. Phytotherapy as an alternative for treating fish disease. Journal
of Veterinary Pharmacology and Therapeutics. 2015. https://doi.org/10.1111/jvp.12202 PMID:
25620601

Howell B, Conceicéo L, Prickett R, Cafiavate P, Mafianos E. Sole farming: nearly there but not quite?! A
report of the 4th workshop on the cultivation of soles. Aquaculture Europe 2009, 34(1): 24-27.

Blancheton JP, Attramadal KJK, Michaud L, Roque D’orbcastel E, Vadstein O. Insight into the bacterial
population in aquaculture systems and its implication. Aquacultural Engineering. 2013. https://doi.org/
10.1016/j.aquaeng.2012.11.009

TalY, Schreier HJ, Sowers KR, Stubblefield JD, Place AR, Zohar Y. Environmentally sustainable land-
based marine aquaculture. Aquaculture. 2009. https://doi.org/10.1016/j.aquaculture.2008.08.043

Moriarty DJW. The role of microorganisms in aquaculture ponds. Aquaculture. 1997 https://doi.org/10.
1016/S0044-8486(96)01487-1

Ramachandran K. Beneficial microbes for the sustainable management of shrimp aquaculture. Guybro
Chemicals Pvt Ltd, Corporate Office, (www.guybro.com). 2016. Available from: http://www.
ctaquaculture.tn/index.php?id=45&L=3%2F %27 &tx_ttnews%5Btt_news%5D=608&cHash=
9f5e86bd53fbd4451e31c0f83e01dffa at 22/11/2016.

Martins P, Cleary DFR, Pires ACC, Rodrigues AM, Quintino V, Calado R, et al. Molecular analysis of
bacterial communities and detection of potential pathogens in a recirculating aquaculture system for
Scophthalmus maximus and Solea senegalensis. Plos One. 2013. https://doi.org/10.1371/journal.
pone.0080847 PMID: 24278329

Kesarcodi-Watson A, Kaspar H, Lategan MJ, Gibson L. Probiotics in aquaculture: The need, principles
and mechanisms of action and screening processes. Aquaculture. 2008. https://doi.org/10.1016/j.
aquaculture.2007.11.019

Martins P, Navarro RVV, Coelho FJRC, Gomes NCM. Development of a molecular methodology for
fast detection of Photobacterium damselae subspecies in water samples. Aquaculture. 2015. https://
doi.org/10.1016/j.aquaculture.2014.09.028

Cleary DFR, Smalla K, Mendonga-Hagler L, Gomes NCM. Assessment of variation in bacterial compo-
sition among microhabitats in a mangrove environment using DGGE and barcoded pyrosequencing.
Plos One. 2012. https://doi.org/10.1371/journal.pone.0029380 PMID: 22247774

Gomes NCM, Borges LR, Paranhos R, Pinto FN, Mendonga-Hagler LCS, Smalla K. Exploring the diver-
sity of bacterial communities in sediments of urban mangrove forests. FEMS Microbiology Ecology.
2008. https://doi.org/10.1111/j.15746941.2008.00519.x

Gomes NCM, Heuer H, Schonfeld J, Costa R, Mendoncga-Hagler L, Smalla K. Bacterial diversity of the
rhizosphere of maize (Zea mays) grown in tropical soil studied by temperature gradient gel electropho-
resis. Plant and Soil. 2001. https://doi.org/10.1023/A:1010350406708

Nibel U, Engelen B, Felske A, Snaidr J, Wieshuber A, Amann R, et al. Sequence heterogeneities of
genes encoding 16S rRNAs in Paenibacillus polymyxa detected by temperature gradient gel electro-
phoresis. Journal of Bacteriology. 1996. https://doi.org/10.1128/jb.178.19.5636-5643.1996

Byun SO, Fang Q, Zhou H, Hickford JGH. An effective method for silver-staining DNA in large numbers
of polyacrylamide gels. Analytical Biochemistry. 2009. https://doi.org/10.1016/j.ab.2008.10.024 PMID:
19013423

Oksanen J. Vegan: ecological diversity. 2011. Available from: http://cran.rproject.org/web/packages/
vegan/vignettes/diversity-vegan.pdf.

Wang Y, Qian PY. Conservative fragments in bacterial 16S rRNA genes and primer design for 16S ribo-
somal DNA amplicons in metagenomic studies. Plos One. 2009. https://doi.org/10.1371/journal.pone.
0007401 PMID: 19816594

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nature Methods. 2010. https://doi.org/10.
1038/nmeth.f.303 PMID: 20383131

Kuczynski J, Stombaugh J, Walters WA, Gonzélez A, Caporaso JG, Knight R. Using QIIME to analyze
16S rRNA gene sequences from microbial communities. Current Protocols in Bioinformatics; 2011, 36
(1)10.7.1-10.7.20. https://doi.org/10.1002/0471250953.bi1007s36 PMID: 22161565

Cleary DFR, Becking LE, Polénia ARM, Freitas RM, Gomes NCM. Composition and predicted func-

tional ecology of mussel-associated bacteria in Indonesian marine lakes. Antonie van Leeuwenhoek.
2015. https://doi.org/10.1007/s10482-014-0375-1 PMID: 25563637

Coelho FJRC, Cleary DFR, Rocha RJM, Calado R, Castanheira JM, Rocha SM, et al. Unraveling the
interactive effects of climate change and oil contamination on laboratory simulated estuarine benthic
communities. Global Change Biology. 2015. https://doi.org/10.1111/gcb.12801 PMID: 25382269

PLOS ONE | https://doi.org/10.1371/journal.pone.0211209  January 25, 2019 13/16


https://doi.org/10.1111/jvp.12202
http://www.ncbi.nlm.nih.gov/pubmed/25620601
https://doi.org/10.1016/j.aquaeng.2012.11.009
https://doi.org/10.1016/j.aquaeng.2012.11.009
https://doi.org/10.1016/j.aquaculture.2008.08.043
https://doi.org/10.1016/S0044-8486(96)01487-1
https://doi.org/10.1016/S0044-8486(96)01487-1
http://www.guybro.com
http://www.ctaquaculture.tn/index.php?id=45&L=3%2F%27&tx_ttnews%5Btt_news%5D=608&cHash=9f5e86bd53fbd4451e31c0f83e01dffa
http://www.ctaquaculture.tn/index.php?id=45&L=3%2F%27&tx_ttnews%5Btt_news%5D=608&cHash=9f5e86bd53fbd4451e31c0f83e01dffa
http://www.ctaquaculture.tn/index.php?id=45&L=3%2F%27&tx_ttnews%5Btt_news%5D=608&cHash=9f5e86bd53fbd4451e31c0f83e01dffa
https://doi.org/10.1371/journal.pone.0080847
https://doi.org/10.1371/journal.pone.0080847
http://www.ncbi.nlm.nih.gov/pubmed/24278329
https://doi.org/10.1016/j.aquaculture.2007.11.019
https://doi.org/10.1016/j.aquaculture.2007.11.019
https://doi.org/10.1016/j.aquaculture.2014.09.028
https://doi.org/10.1016/j.aquaculture.2014.09.028
https://doi.org/10.1371/journal.pone.0029380
http://www.ncbi.nlm.nih.gov/pubmed/22247774
https://doi.org/10.1111/j.15746941.2008.00519.x
https://doi.org/10.1023/A:1010350406708
https://doi.org/10.1128/jb.178.19.56365643.1996
https://doi.org/10.1016/j.ab.2008.10.024
http://www.ncbi.nlm.nih.gov/pubmed/19013423
http://cran.rproject.org/web/packages/vegan/vignettes/diversity-vegan.pdf
http://cran.rproject.org/web/packages/vegan/vignettes/diversity-vegan.pdf
https://doi.org/10.1371/journal.pone.0007401
https://doi.org/10.1371/journal.pone.0007401
http://www.ncbi.nlm.nih.gov/pubmed/19816594
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.1002/0471250953.bi1007s36
http://www.ncbi.nlm.nih.gov/pubmed/22161565
https://doi.org/10.1007/s10482-014-0375-1
http://www.ncbi.nlm.nih.gov/pubmed/25563637
https://doi.org/10.1111/gcb.12801
http://www.ncbi.nlm.nih.gov/pubmed/25382269
https://doi.org/10.1371/journal.pone.0211209

®PLOS | one

Bacterial composition of hatchery RAS

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nature Methods.
2013. https://doi.org/10.1038/nmeth.2604 PMID: 23955772

Gomes NCM, Cleary DFR, Pinto FN, Egas C, Almeida A, Cunha A, et al. Taking root: enduring effect of
rhizosphere bacterial colonization in mangroves. Plos One. 2010. https://doi.org/10.1371/journal.pone.
0014065 PMID: 21124923

Letunic |, Bork P. Interactive tree of life (iTOL) v3: an online tool for the display and annotation of phylo-
genetic and other trees. Nucleic Acids Research. 2016. https://doi.org/10.1093/nar/gkw290 PMID:
27095192

NSW Government, Department of Primary Industries. Ozone in recirculating aquaculture systems.
2016. Available from: http://www.dpi.nsw.gov.au

Kasai H, Yoshimizu M, Ezura Y. Disinfection of water for aquaculture. Fisheries Science. 2002, 68:
821-824.

Powell A, Chingombe P, Lupatsch I, Shields RJ, LIoyd R. The effect of ozone on water quality and sur-
vival of turbot (Psetta maxima) maintained in a recirculating aquaculture system. Aquacultural Engi-
neering. 2015. https://doi.org/10.1016/j.aquaeng.2014.11.005

Giatsis C, Sipkema D, Smidt H, Heilig H, Benvenuti G, Verreth J, Verdegem M.The impact of rearing
environment on the development of gut microbiota in tilapia larvae. Scientific Reports. 2015, 2:18206.
https://doi.org/10.1038/srep18206

Bowman JP, McMeekin TA. Order X. Alteromonadales ord. nov. In: Brenner DJ Krieg NR, Stanley JT,
Garrity GM (editors) Bergey’s Manual of Systematic Bacteriology, Vol 2. Springer 2005, 443—491.

Wawrik B, Boling WB, Van Nostrand JD, Xie J, Zhou J, Bronk DA. Assimilatory nitrate utilization by bac-
teria on the west Florida shelf as determined by stable isotope probing and functional microarray analy-
sis. FEMS Microbiology Ecology. 2012. https://doi.org/10.1111/j.1574-6941.2011.01226.x PMID:
22092701

Emami K, Nelson A, Hack E, Zhang J, Green DH, Caldwell GS, et al. MALDI-TOF mass spectrometry
discriminates known species and marine environmental isolates of Pseudoalteromonas. Frontiers in
Microbiology. 2016. https://doi.org/10.3389/fmicb.2016.00104 PMID: 26903983

Holmstrom C, Kjelleberg S. Marine Pseudoalteromonas species are associated with higher organisms
and produce biologically active extracellular agents. Fems Microbiology Ecology. 1999. https://doi.org/
10.1111/1.1574-6941.1999.tb00656.x PMID: 10568837

Kesarcodi-Watson A, Miner P, Nicolas JL, Robert R. Protective effect of four potential probiotics against
pathogen-challenge of the larvae of three bivalves: Pacific oyster (Crassostrea gigas), flat oyster
(Ostrea edulis) and scallop (Pecten maximus). Aquaculture. 2012. https://doi.org/10.1016/j.
aquaculture.2012.02.029

Rodrigues S, Paillard C, Dufour A, Bazire A. Antibiofilm activity of the marine bacterium Pseudoaltero-
monas sp. 3J6 against Vibrio tapetis, the causative agent of Brown Ring Disease. Probiotics and Antimi-
crobial Proteins. 2015. https://doi.org/10.1007/s12602-014-9173-3 PMID: 25331987

Skjermo J, Bakke |, Dahle SW, Vadstein O. Probiotic strains introduced through live feed and rearing
water have low colonizing success in developing Atlantic cod larvae. Aquaculture. 2015. https://doi.org/
10.1016/j.aquaculture.2014.12.027

Wesseling W, Wittka S, Kroll S, Soltmann C, Kegler P, Kunzmann A, et al. Functionalised ceramic
spawning tiles with probiotic Pseudoalteromonas biofilms designed for clownfish aquaculture. Aquacul-
ture. 2015. https://doi.org/10.1016/j.aquaculture.2015.04.017

Richards GP, Watson MA, Needleman DS, Uknalis J, Boyd EF, Fay JP. Mechanisms for Pseudoaltero-
monas piscicida-induced killing of vibrios and other bacterial pathogens. Applied and Environmental
Microbiology. 2017. https://doi.org/10.1128/AEM.00175-17 PMID: 28363962

Gupta RS, Mok A. Phylogenomics and signature proteins for the alpha proteobacteria and its main
groups. BMC Microbiology. 2007. https://doi.org/10.1186/1471-2180-7-106 PMID: 18045498

Voget S, Wemheuer B, Brinkhoff T, Volimers J, Dietrich S, Giebel H-A, et al. Adaptation of an abundant
Roseobacter RCA organism to pelagic systems revealed by genomic and transcriptomic analyses. The
ISME Journal. 2015. https://doi.org/10.1038/ismej.2014.134 PMID: 25083934

Hjelm M, Bergh O, Riaza A, Nielsen J, Melchiorsen J, Jensen S, et al. Selection and identification of
autochthonous potential probiotic bacteria from turbot larvae (Scophthalmus maximus) rearing units.
Systematic and Applied Microbiology. 2004. https://doi.org/10.1078/0723-2020-00256 PMID:
15214642

Martins P, Coelho FJRC, Cleary DFR, Pires ACC, Marques B, Rodrigues AM, et al. Seasonal patterns
of bacterioplankton in a semi-intensive European seabass (Dicentrarchus labrax) aquaculture system.
Aquaculture. 2018. https://doi.org/10.1016/j.aquaculture.2018.02.049

PLOS ONE | https://doi.org/10.1371/journal.pone.0211209  January 25, 2019 14/16


https://doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772
https://doi.org/10.1371/journal.pone.0014065
https://doi.org/10.1371/journal.pone.0014065
http://www.ncbi.nlm.nih.gov/pubmed/21124923
https://doi.org/10.1093/nar/gkw290
http://www.ncbi.nlm.nih.gov/pubmed/27095192
http://www.dpi.nsw.gov.au
https://doi.org/10.1016/j.aquaeng.2014.11.005
https://doi.org/10.1038/srep18206
https://doi.org/10.1111/j.1574-6941.2011.01226.x
http://www.ncbi.nlm.nih.gov/pubmed/22092701
https://doi.org/10.3389/fmicb.2016.00104
http://www.ncbi.nlm.nih.gov/pubmed/26903983
https://doi.org/10.1111/j.1574-6941.1999.tb00656.x
https://doi.org/10.1111/j.1574-6941.1999.tb00656.x
http://www.ncbi.nlm.nih.gov/pubmed/10568837
https://doi.org/10.1016/j.aquaculture.2012.02.029
https://doi.org/10.1016/j.aquaculture.2012.02.029
https://doi.org/10.1007/s12602-014-9173-3
http://www.ncbi.nlm.nih.gov/pubmed/25331987
https://doi.org/10.1016/j.aquaculture.2014.12.027
https://doi.org/10.1016/j.aquaculture.2014.12.027
https://doi.org/10.1016/j.aquaculture.2015.04.017
https://doi.org/10.1128/AEM.00175-17
http://www.ncbi.nlm.nih.gov/pubmed/28363962
https://doi.org/10.1186/1471-2180-7-106
http://www.ncbi.nlm.nih.gov/pubmed/18045498
https://doi.org/10.1038/ismej.2014.134
http://www.ncbi.nlm.nih.gov/pubmed/25083934
https://doi.org/10.1078/0723-2020-00256
http://www.ncbi.nlm.nih.gov/pubmed/15214642
https://doi.org/10.1016/j.aquaculture.2018.02.049
https://doi.org/10.1371/journal.pone.0211209

®PLOS | one

Bacterial composition of hatchery RAS

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

D’alvise PW, Melchiorsen J, Porsby CH, Nielsen KF, Gram L. Inactivation of Vibrio anguillarum by
attached and planktonic Roseobacter cells. Applied and Environmental Microbiology. 2010. https://doi.
org/10.1128/AEM.02717-09 PMID: 20118354

Sorokin DY. Sulfitobacter pontiacus gen. nov., sp. nov.: a new heterotrophic bacterium from the Black
Sea specialized on sulfite oxidation. Microbiology. 1995, 64(3):295-305.

Bourne DG, Young N, Webster N, Payne M, Salmon M, Demel S, Hall M. Microbial community dynam-
ics in a larval aquaculture system of the tropical rock lobster, Panulirus ornatus. Aquaculture. 2004.
https://doi.org/10.1016/j.aquaculture.2004.08.047

Mclintosh D, Ji B, Forward BS, Puvanendran V, Boyce D, Ritchie R. Culture-independent characteriza-
tion of the bacterial populations associated with cod (Gadus morhua L.) and live feed at an experimental
hatchery facility using denaturing gradient gel electrophoresis. Aquaculture. 2008. https://doi.org/10.
1016/j.aquaculture.2007.12.021

Sharifah EN, Eguchi M. Mixed cultures of the phytoplankton Nannochloropsis oculata and the marine
bacterium Sulfitobacter sp. RO3 inhibit the growth of virulent strains of the major fish pathogen Vibrio
anguillarum. Aquaculture Science. 2012. https://doi.org/10.11233/aquaculturesci.60.39

Zhang DC, Li HR, Xin YH, Liu HC, Chi ZM, Zhou PJ, et al. Phaeobacter arcticus sp. nov., a psychro-
philic bacterium isolated from the Arctic. International Journal of Systematic and Evolution Microbiology.
2008. https://doi.org/10.1099/ijs.0.65708-0

Kim HS, Hyun DW, Lee JY, Kim PS, Whon TW, Kang W, et al. Sedimentitalea todarodis sp. nov., iso-
lated from the intestinal tract of a Japanese flying squid. International Journal of Systematic and Evolu-
tionary Microbiology. 2016. https://doi.org/10.1099/ijsem.0.001188 PMID: 27226032

Lee DE, Lee J, Kim YM, Myeong JI, Kim KH. Uncultured bacterial diversity in a seawater recirculating
aquaculture system revealed by 16S rRNA gene amplicon sequencing. Journal of Microbiology. 2016.
https://doi.org/10.1007/s12275-016-5571-4 PMID: 27033205

Merrifield DL, Carnevali O. Probiotic modulation of the gut microbiota of fish, Chapter 8. In: Merrifield D,
Ringe E, editors. Aquaculture Nutrition: Gut Health, Probiotics and Prebiotics; 2014. pp. 185-222.
ISBN: 978-0-470-67271-6.

Garrity GM, Bell JA, Lilburn T. Class Il. Betaproteobacteria class. nov. (Chapter) In: Bergey’s Manual of
Systematic Bacteriology (Book). Springer US. 2005. ISBN 978-0-387-29298-4. https://doi.org/10.
1007/978-0-387-29298-4_2

Wang Y, Yu M, Austin B, Zhang X-H. Oleispira lenta sp. nov., a novel marine bacterium isolated from
Yellow sea coastal seawater in Qingdao, China. Antonie van Leeuwenhoek. 2012. https://doi.org/10.
1007/s10482-011-9693-8 PMID: 22228140

Lokesh J, Kiron V. Transition from freshwater to seawater reshapes the skin-associated microbiota of
Atlantic salmon. Scientific Reports. 2016. https://doi.org/10.1038/srep19707 PMID: 26806545

Matos A, Borges MT, Peixe C, Henriques |, Pereira CM, Castro PML. A molecular and multivariate

approach to the microbial community of a commercial shallow raceway marine recirculation system
operating with a Moving Bed Biofilter. Aquaculture Research. 2011. https://doi.org/10.1111/j.1365-

2109.2010.02719.x

Rud I, Kolarevic J, Holan AB, Berget |, Calabrese S, Terjesen BF. Deep-sequencing of the bacterial
microbiota in commercial-scale recirculating and semi-closed aquaculture systems for Atlantic salmon
post-smolt production. Aquacultural Engineering. 2016. https://doi.org/10.1016/j.aquaeng.2016.10.003

Nocker A, Lepo JE, Snyder RA. Influence of an oyster reef on development of the microbial heterotro-
phic community of an estuarine biofilm. Applied and Environmental Microbiology. 2004. https://doi.org/
10.1128/AEM.70.11.6834—6845.2004

Webster NS, Negri AP. Site-specific variation in Antarctic marine biofilms established on artificial sur-
faces. Environmental Microbiology. 2006. https://doi.org/10.1111/j.1462-2920.2006.01007.x PMID:
16817926

Auclair J, Lépine F, Parent S, Villemur R. Dissimilatory reduction of nitrate in seawater by a Methylo-
phaga strain containing two highly divergent narG sequences. The ISME Journal. 2010. https://doi.org/
10.1038/ismej.2010.47 PMID: 20393572

Schoeffield AJ, Williams HN. Efficiencies of recovery of Bdellovibrios from brackish- water environ-
ments by using various bacterial species as prey. Applied and Environmental Microbiology. 1990: 56,
230-236. PMID: 16348096

Welsh RM, Zaneveld JR, Rosales SM, Payet JP, Burkepile DE, Thurber RV. Bacterial predation in a
marine host-associated microbiome. The ISME journal. 2016. https://doi.org/10.1038/ismej.2015.219
PMID: 26613338

PLOS ONE | https://doi.org/10.1371/journal.pone.0211209  January 25, 2019 15/16


https://doi.org/10.1128/AEM.02717-09
https://doi.org/10.1128/AEM.02717-09
http://www.ncbi.nlm.nih.gov/pubmed/20118354
https://doi.org/10.1016/j.aquaculture.2004.08.047
https://doi.org/10.1016/j.aquaculture.2007.12.021
https://doi.org/10.1016/j.aquaculture.2007.12.021
https://doi.org/10.11233/aquaculturesci.60.39
https://doi.org/10.1099/ijs.0.657080
https://doi.org/10.1099/ijsem.0.001188
http://www.ncbi.nlm.nih.gov/pubmed/27226032
https://doi.org/10.1007/s12275-016-5571-4
http://www.ncbi.nlm.nih.gov/pubmed/27033205
https://doi.org/10.1007/978-0-387-29298-4_2
https://doi.org/10.1007/978-0-387-29298-4_2
https://doi.org/10.1007/s10482-011-9693-8
https://doi.org/10.1007/s10482-011-9693-8
http://www.ncbi.nlm.nih.gov/pubmed/22228140
https://doi.org/10.1038/srep19707
http://www.ncbi.nlm.nih.gov/pubmed/26806545
https://doi.org/10.1111/j.1365-2109.2010.02719.x
https://doi.org/10.1111/j.1365-2109.2010.02719.x
https://doi.org/10.1016/j.aquaeng.2016.10.003
https://doi.org/10.1128/AEM.70.11.68346845.2004
https://doi.org/10.1128/AEM.70.11.68346845.2004
https://doi.org/10.1111/j.1462-2920.2006.01007.x
http://www.ncbi.nlm.nih.gov/pubmed/16817926
https://doi.org/10.1038/ismej.2010.47
https://doi.org/10.1038/ismej.2010.47
http://www.ncbi.nlm.nih.gov/pubmed/20393572
http://www.ncbi.nlm.nih.gov/pubmed/16348096
https://doi.org/10.1038/ismej.2015.219
http://www.ncbi.nlm.nih.gov/pubmed/26613338
https://doi.org/10.1371/journal.pone.0211209

®PLOS | one

Bacterial composition of hatchery RAS

65.

66.

67.

68.

69.

70.

71.

72.

Kandel PP, Pasternak Z, van Rijn J, Nahum O, Jurkevitch E. Abundance, diversity and seasonal
dynamics of predatory bacteria in aquaculture zero discharge systems. FEMS Microbiology Ecology.
2014. https://doi.org/10.1111/1574-6941.12342 PMID: 24749684

Ishimaru K, Akagawa-Matsushita M, Muroga K. Vibrio ichthyoenteri sp. nov., a pathogen of japanese
flounder (Paralichthys olivaceus) larvae. International Journal of Systematic Bacteriology. 1996, 46
(1):155-159.

Actis LA, Tolmasky ME, Crosa JH. Vibriosis (Chapter 15). In: Woo PTK, Bruno DW (editors) Fish dis-
eases and disorders, vol. 3: viral, bacterial, and fungal infections, 2nd ed. CABI International, 2011.
https://doi.org/10.1079/9781845935542.0000

Thompson FL, Gevers D, Thompson CC, Dawyndt P, Naser S, Hoste B, et al. Phylogeny and molecular
identification of Vibrios on the basis of multilocus sequence analysis. Applied Environmental Microbiol-
ogy. 2005. https://doi.org/10.1128/AEM.71.9.5107-5115 2005.

Birkbeck TH, Feist SW, Verner-Jeffreys DW. Francisella infections in fish and shellfish. Journal of Fish
Diseases. 2011. https://doi.org/10.1111/j.1365-2761.2010.01226.x PMID: 21306585

Kreitmann L, Terriou L, Launay D, Caspar Y, Courcol R, Maurin M, et al. Disseminated infection caused
by Francisella philomiragia, France, 2014. Emerging Infectious Diseases. 2015. https://doi.org/10.
3201/eid2112.150615 PMID: 26583375

Salvesen |, Skjermo J, Vadstein O. Growth of turbot (Scophthalmus maximus L.) during first feeding in
relation to the proportion of r/K-strategists in the bacterial community of the rearing water. Aquaculture.
1999. https://doi.org/10.1016/S0044-8486(99)00110-6

Attramadal KJK, Truong TMH., Bakke |, Skjermo J, Olsen Y, Vadstein O. RAS and microbial maturation
as tools for K-selection of microbial communities improve survival in cod larvae. Aquaculture. 2014.
https://doi.org/10.1016/j.aquaculture.2014.05.052

PLOS ONE | https://doi.org/10.1371/journal.pone.0211209  January 25, 2019 16/16


https://doi.org/10.1111/1574-6941.12342
http://www.ncbi.nlm.nih.gov/pubmed/24749684
https://doi.org/10.1079/9781845935542.0000
https://doi.org/10.1128/AEM.71.9.51075115
https://doi.org/10.1111/j.1365-2761.2010.01226.x
http://www.ncbi.nlm.nih.gov/pubmed/21306585
https://doi.org/10.3201/eid2112.150615
https://doi.org/10.3201/eid2112.150615
http://www.ncbi.nlm.nih.gov/pubmed/26583375
https://doi.org/10.1016/S0044-8486(99)00110-6
https://doi.org/10.1016/j.aquaculture.2014.05.052
https://doi.org/10.1371/journal.pone.0211209

