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ARTICLE INFO ABSTRACT

Keywords: This study describes the temporal and spatial dynamics of microbiota composition, water quality parameters and
RAS fish health status in a commercial Recirculating Aquaculture System (RAS) for yellowtail kingfish (Seriola lalandi)
Microbiota

spanning from April to November 2021. Water quality was effectively controlled, with key parameters such as
CO», pH, temperature, nitrogen compounds and hydrogen sulfide (H3S) consistently maintained within safety
thresholds reported in the literature. Microbiota composition was analyzed in various fish tissues and RAS
components using 16S rRNA gene amplicon sequencing. The predominant genera in RAS samples (tank water,
tank wall biofilm, biofilter biofilm, and denitrification unit) included Erythrobacter, Glaciecola, and Nitrospira. In
contrast, fish tissue samples (gills, intestine, and skin) were mainly colonized by Aliivibrio, Pseudomonas, and an
uncultured genus from the Mycoplasmataceae family. Cluster analysis revealed similarities in bacterial compo-
sition between tank water and external fish tissues (skin and gills), with variations over time corresponding to
changes in water parameters. Digital PCR assays were developed to target specific fish pathogens such as Vibrio
harveyi, Vibrio anguillarum, and Photobacterium damselae piscicida, revealing low or undetectable pathogen levels
throughout most of the monitoring period. In tank water, these species showed the highest concentration in
August and September. A Multiparametric Semi-quantitative Scoring System (MSSS) was developed for histo-
logical examination of gills, intestine, liver, spleen, and kidney. Increased inflammation coincided with higher
pathogen presence in the water. However, no clinical signs of vibriosis or pasteurellosis were detected, indicating
overall good fish health and a robust immune system. This integrated approach - combining innovative
pathogen-specific digital PCR assays, MSSS histological scoring and microbiota profiling offers a valuable
framework for monitoring fish health and optimizing production quality in kingfish farming within RAS

Histology
Fish health
Sustainable aquaculture

environments.
1. Introduction marine fish that inhabits subtropical and temperate waters in the Pacific
and Indian Oceans (Fowler et al., 2003). Known for its high growth rates
The yellowtail kingfish (Seriola lalandi) is a carnivorous, pelagic and widespread market acceptance, this species is favored for

* Corresponding author.
E-mail address: elia.ciani@fmach.it (E. Ciani).
! The authors contributed equally to the study.

https://doi.org/10.1016/j.aquaculture.2025.742851
Received 29 August 2024; Received in revised form 11 June 2025; Accepted 11 June 2025

Available online 19 June 2025
0044-8486/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:elia.ciani@fmach.it
www.sciencedirect.com/science/journal/00448486
https://www.elsevier.com/locate/aquaculture
https://doi.org/10.1016/j.aquaculture.2025.742851
https://doi.org/10.1016/j.aquaculture.2025.742851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaculture.2025.742851&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Loufi et al.

cultivation (Poortenaar et al., 2001). Global production in 2018 was
estimated at approximately 3350 tons, primarily driven by Australia
with 2600 tons (EUMOFA, 2020). In Europe, three RAS systems produce
kingfish including the Netherlands (Kingfish-Company; yearly produc-
tion (YP) 600 tons per year (t/y)), Denmark/Norway (Nordic-Aqua-
farms, YP =~ 900 t/y) and Germany (InfiniteSea-GmbH; YP ~ 300 t/y)]
(EUMOFA, 2020). The species is commonly raised in sea cages and,
more recently, in land-based systems (Duman et al., 2022; Orellana
etal., 2014; Symonds et al., 2014). The use of Recirculating Aquaculture
Systems (RAS) has become crucial in intensive fish production,
providing both economic and environmental advantages (Ahmed and
Turchini, 2021; Badiola et al., 2012; Dalsgaard et al., 2013). Land-based
RAS, in particular, allows for extensive control and manipulation of
environmental variables to enhance production efficiency (Timmons
et al., 2018). However, the emphasis on water recycling in RAS raises
concerns, as maintaining high fish densities may result in the develop-
ment of suboptimal water conditions (Pan et al., 2020; Summerfelt et al.,
2000).

Ensuring high water quality in RAS is essential for preserving fish
health and maximizing production, with microbial communities playing
a crucial role in both maintaining water quality and impacting fish well-
being (Llewellyn et al., 2014; Vadstein et al., 2013, 2018). While certain
bacteria have a positive impact on fish health, the presence of patho-
genic and opportunistic microbes poses serious threats in closed systems
like RAS (Drgnen et al., 2022; Netzer et al., 2021). Even non-pathogenic
microorganisms, such as sulfate-reducing bacteria (SRB), have the po-
tential to adversely impact fish health by generating toxic H,S in
anaerobic conditions (Alipio et al., 2023; Bergstedt and Skov, 2023;
Ciani et al., 2024a; Kiemer et al., 1995). However, the intensification of
aquaculture has resulted in an escalation of disease outbreaks from
different pathogens including vibriosis and pasteurellosis (Frans et al.,
2011; Romalde, 2002; Toranzo et al., 2005; Toranzo, 2004; Zhang et al.,
2020). Despite the critical role of microbiota, there is a scarcity of in-
formation on its characterization in RAS involving kingfish. While a
prior study explored kingfish intestine microbiota in RAS (Ramirez and
Romero, 2017), very limited information is available for the microbiota
composition in other tissues of this species or different locations within
the corresponding RAS.

In addition to microbiota profiling, other methodologies can provide
direct information on fish health and the overall quality of the system.
Tissue histology plays a crucial role in aquaculture management due to
its ability to detect changes before visible symptoms manifest, serving as
an effective tool for early issue identification (Wolf, 2018; Wolf et al.,
2015). While pure descriptive histology may pose challenges in statis-
tical association with rearing parameters, quantitative and semi-
quantitative histopathological scoring systems (Bernet et al., 1999)
offer valuable insights into fish health that can be easily linked to rearing
parameters (Saraiva et al., 2015, 2016). Semi-quantitative protocols
have been applied to different species including Atlantic salmon [Salmo
salar (Ciani et al., 2024b; (stevik et al., 2021)], turbot [Scophthalmus
maximus (Saraiva et al., 2016)], gilthead seabream [Sparus aurata
(Pacorig et al., 2022)] and European seabass [Dicentrarchus labrax
(Pacorig et al., 2022; Saraiva et al., 2015)]. To the author’s knowledge, a
semi-quantitative scoring system has been developed only for the liver
in kingfish.

This study aimed to conduct a thorough analysis of a commercial
RAS farming cycle of Seriola lalandi, considering biotic and abiotic pa-
rameters indicative for fish health and system quality. First, a detailed
microbiota profiling was conducted via 16S rRNA gene amplicon
sequencing over different RAS locations (fish tank, denitrification unit,
and biofilter) and fish tissues (gills, intestine, and skin). To quantify the
presence of potentially pathogenic species like Vibrio harveyi, Vibrio
anguillarum, and Photobacterium damselae subspecies piscicida, new dig-
ital PCR protocols were developed. The study also introduced a semi-
quantitative scoring system for gills, intestine, liver, spleen, and kid-
neys. These parameters were analyzed for a portion of eight months of
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the production cycle to explore variations over time, associating them
with real-time monitoring of chemo-physical water parameters and
daily mortality.

2. Material and methods
2.1. Rearing conditions of the recirculating aquaculture system

Yellowtail kingfish (Seriola lalandi) were reared at the InfiniteSea
GmbH Recirculating Aquaculture System (RAS) in Volklingen, Germany
in 2021. Fish were kept in one RAS with two grow-out raceway tanks,
with a total volume of 1750 m3, from 20 g to harvest size (ca. 3 kg). The
stocking density was designed to reach 80-85 Kg/m® at harvesting size.
Fish were fed a commercial diet consisting of Seriola Protec 7 mm pellets
(Skretting, Spain). The feeding rate was maintained at 1 % of the esti-
mated biomass per day, in accordance with standard aquaculture
practices for Seriola lalandi at the respective developmental stage. Feed
was delivered using an automatic feeding system (Arvotec, Integrated
Aqua Systems, USA).

The farm utilized artificial saltwater, with a targeted daily water
renewal rate of less than 0.5 %. Seawater was prepared by mixing tap
water with a commercial salt mixture (SEEQUASAL Salz Produktion und
Handel GmbH, Miinster, Germany).The RAS consisted of two drum fil-
ters with screen panels of 100 mm and 60 mm (Hydrotech, Velinge,
Sweden) and a protein skimmer (Sander, Uetze-Eltze, Germany) to
remove large and fine particulate waste, respectively. The protein
skimmer operated with ozone (dosing interval between 200 and 300
mV) to enhance the removal of fine solids, reduce bacterial load, and
oxidize a portion of the Total Ammonia Nitrogen (TAN) and nitrite. The
system also included a Moving Bed Biofilter Reactor (MBBR), a deni-
trification reactor, a degasser unit, and three propeller pumps for water
circulation. The water temperature was regulated through a plate heat
exchanger. A Programmable Logic Controller (PLC) was employed to
automate circulation pumps, mixing pumps, drum filters running,
technical oxygen, sodium hydroxide dosing, acetic acid and ozone
dosing. Water parameters were measured in real-time using the
Endress+Hauser system (Germany) and included dissolved oxygen (mg/
L), pH, redox potential (mV), temperature (°C), conductivity (ms/cm)
and H»S (mg/L). The sensors were placed in the inlet, outlet, and at the
center of the fish tank and the denitrification unit. Additionally, total
ammonia nitrogen (TAN, Nessler method), nitrite (NO3, diazotization
method), nitrate (NO3, cadmium reduction method), phosphate (POE_,
amino acid method) and total residual oxidants concentration (TRO,
DPD method) were measured using a spectrophotometer (Hach Lange
DR2000). Such parameters were collected periodically every 3—4 days at
the fish tank inlet. All values are reported in the results section “2.1.
Water quality” and in Fig. 1 and Fig. 2. A schematic representation of the
system is available in Supplementary fig. 1.

Daily mortality was documented by recording both the number of
deceased fish and the dead biomass in Kg. To maintain confidentiality
regarding sensitive farm information, mortality is presented here as
relative mortality, expressed as the fold-change in dead biomass on any
day compared to the dead biomass recorded on a randomly selected date
(January 1st).

2.2. Microbiota profiling in fish and RAS samples

Microbial community compositions were identified via 16S rRNA
gene amplicon sequencing.

2.2.1. Sample collection and DNA isolation

Samples were collected in triplicates once a month at nine distinct
time points (April to December 2021), amounting to a total of 262
samples. All samples were collected and processed individually. Prior to
sampling, fish were fasted for 12 h. The sample set included swabs of
tank biofilm (TB), biofilter biofilm (B) and biofilter carrier (BC),
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Fig. 1. Chemo-physical water parameters. The values are shown for the sampling period from April to November 2021. The sensors were located before the tank
(Inlet) in the center of the tank (Tank) just outside the tank (Outlet) and in the denitrification unit (Denit.)

together with water samples from the fish tank (TW) and denitrification
unit (D).Swabs of mucus samples were collected from the intestine
(GUM), skin (SKM), and gill (GIM). Additionally tissue excisions of in-
testine (GUM2) were collected excluding fecal matter. The two groups of
samples are defined either as “RAS samples” or “Fish samples”
throughout the manuscript. Swab of biofilm and mucus samples were
collected using the DNA/RNA Shield Lysis Tubes w/Swab (microbe)-kit
(Zymo Research, USA) according to the manufacturer’s protocol. For
liquid samples, 200 mL water was filtered through 0.22 pm Sterivex
filters (Merck Millipore, Germany). Residual water was removed by
pushing air through the filter cartridge before adding 2 mL DNA/RNA-
Shield (Zymo Research, USA). The cartridges were stored at 4 °C until
further processing. Filter membranes were manually removed from the
filter cartridges, cut into small pieces and used for total DNA extraction.

DNA isolation was conducted using the ZymoBIOMICS DNA Mini-
prep Kit (Zymo Research, USA) in combination with the FastPrep24
instrument (MP Biomedicals, USA). The same metagenomic DNA sam-
ples were used for 16S rRNA gene amplicon sequencing and digital PCR
(dPCR) monitoring of pathogenic species (See chapter 1.4).

2.2.2. 16S rRNA amplicon library preparation and Illumina MiSeq
sequencing

The preparation of the amplicon sequencing library adhered to the
“16S rRNA Metagenomic Sequencing Library Preparation” protocol
from Illumina Inc. (San Diego, CA, USA) applying 16S rRNA gene V3-V4
universal primers Pro341F (5’-CCTACGGGNBGCASCAG-3) and
Pro805R (5’-GACTACNVGGGTATCTAATCC-3") (Takahashi et al.,
2014). Subsequently, the 16S rRNA gene amplicon libraries were sub-
jected to sequencing on the Illumina MiSeq platform, employing the
protocol for 2 x 300 bp paired-end reads.

2.2.3. Bioinformatic processing, diversity analyses and visualization of
results

2.2.3.1. Bioinformatic processing involved two in-house pipelines. The
initial pipeline handled the pre-processing of sequencing reads,
including tasks such as merging forward and reverse reads using FLASH
(Magoc and Salzberg, 2011), primer removal with Cutadapt (Martin,
2011), trimming reads based on quality with Sickle (Joshi and Fass,
2011), and conducting quality control for high-quality (HQ) sequences
using FastQC (Andrews, 2010).

Subsequent processing steps were conducted within the second
pipeline, specifically designed for analyses within the QIIME2 platform
(Bolyen et al., 2019). The datasets underwent denoising using DADA2
(Callahan et al., 2016), alignment of amplicon sequence variants (ASVs)
with Mafft (Katoh et al., 2002), and calculation of unrooted and rooted
phylogenetic trees using Fasttree (Price et al., 2010). Taxonomic
assignment of amplicon sequences was performed using q2-feature-
classifier (Bokulich et al., 2018) Classify-Sklearn (Pedregosa et al.,
2011) against the Silva database release 138, (Quast et al., 2013). The
datasets underwent filtering to exclude eukaryotic sequences, ASVs with
frequencies below five, and were rarefied to a specified depth of 20,000
sequences, which yielded 224 samples that met the quality criteria.

The normalized taxonomic profiling tables were represented as bar
charts, Bray-Curtis dissimilarity matrices, tree diagrams and ordination
plots. All statistical analyses were performed using R-Studio Statistical
Software v2024.12.1 (R Core Team, 2024).

2.3. Digital PCR (dPCR) for pathogen detection in fish and RAS samples

2.3.1. Pathogen selection

The selection of pathogens for investigation via dPCR was based on
InfiniteSea’s previous research, highlighting Vibrio harveyi, Vibrio
anguillarum, and Photobacterium damselae subspecies piscicida as the
pathogens of greatest operational interest being previously detected in
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Fig. 2. Solutes concentrations in RAS water plotted against the sampling time frame (Apr. - Nov. 2021). All parameters were collected by sensors located in the inlet
of the fish tank. Dissolved hydrogen sulfide (H,S) was additionally measured in the outlet and center of the fish tank, as well as the protein skimmer, denitrification
unit, settling tank and water collector. NHf ammonium; NH3; ammonia, NO3 nitrite; NO3 nitrate; PO3~ phosphate; CO3 carbonate; CO, carbon dioxide; HCO3

bicarbonate; O3 ozone; H,S hydrogen sulfide.

both production environment and fish intestine. Reference DNA samples
of these bacteria were supplied by the University of Patras. Vibrio
anguillarum strain LMG 4437, was isolated from Atlantic cod (Gadus
morhua L.) by Dr. J. Bagge (Makridis et al., 2021); Vibrio harveyi strain
VH2, was isolated from farmed juvenile Seriola dumerili during out-
breaks of vibriosis in Crete, Greece (Castillo et al., 2015), and Photo-
bacterium damselae subspecies piscicida, strain OP, was isolated from
gilthead seabream and gently provided by Dr. P. Katharios from the
Hellenic Center for Marine Research, Heraklion, Crete, Greece.

2.3.2. Primer design

Primers (Table 1) for the dPCR were created by modifying Real-Time
PCR (qPCR) protocols found in existing literature or designing primer/

Table 1

probe combinations with Primer3 software (Untergrasser et al., 2012)
using nucleotide sequences of the corresponding three pathogenic bac-
teria accessible at NCBI). Eurofins Genomics synthesized the oligonu-
cleotide primers and TagMan™ probes in HPLC-grade quality.

The specificity and efficiency of the primers were tested using DNA
from the three selected bacteria as a template for dPCR assays. The DNA
of these bacteria were supplied by the University of Patras.

2.3.3. dPCR assay protocol

DNA extracted (See chapter 1.3.1) from fish tank water (TW), bio-
filter biofilm (B), denitrification units (D) and segments of the intestinal
mucosa (GUM2), was chosen for subsequent analysis using dPCR. One
sample per location per time point from May to December, except for

Sequences of primer and TaqMan probe oligonucleotides, corresponding target microbe. ' Own work; 2 (Fukui and Sawabe, 2008).

Species Primer/Probe ID Sequence 5’ — 3’ Target Accession number
Fw GGTGCTTCTTCTGTCGCTAA

Vibrio anguillarum * Rev AGGCCTTCGGGTTGTAAAG 16S rRNA MK967051.1
Probe (CY5) AACAACACCACCTTCCTCACGACT
Fw CGAGCGGAAACGAGTTATCTG

Vibrio harveyi Rev CTCACCAACTAGCTAATCCCACCTA 16S rRNA MT605270.1
Probe (CY3) CCGCATAATACCTACGGGTCAAAGAGGG
Fw TGCTGGTGGTGTATTCTGGG

Photobacterium damselae ssp. piscicida Rev GCGATTGCTTGTTGCCATAAC phdP AY191100

Probe (HEX)

CGGACGTTTAGCTGGTGCTCTGA
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July and October, was included in the assessment. The dPCR process was
initiated by preparing 25 pL reaction mixtures, which included 1x
concentrated PerFecTa Multiplex qPCR ToughMix (Quanta Biosciences,
Gaithersburg, MD, USA), 1 pM fluorescein (Saint Louis, MO, USA), 10
uM primers, 5 pM corresponding TaqMan probe, and an appropriate
amount of DNA template (5-280 ng/pL total DNA). Subsequently, four
PCR reaction mixtures of 25 puL each were loaded onto a Sapphire chip
and inserted into the Naica Geode instrument to partition into 15,000 to
30,000 droplets and undergo PCR amplification. The applied PCR con-
ditions included an initial step of 5 min at 95 °C, followed by 40 cycles of
1 min at 95 °C and 30 s at 60 °C, with a final holding step at 4 °C.
Sapphire chips were then transferred to the Naica Prism3 fluorescence
reader for imaging. Data analysis was carried out using Crystal Miner
software V2.3.5 (Stilla Technologies). To control for DNA contamina-
tion, reactions with no template (NTC) were included for all assays.
Additionally, the results, represented as target gene copy numbers, were
normalized for 1 ng DNA, yielding the unit copies per ng of extracted
total DNA.

2.4. Fish histopathology analyses

2.4.1. Fish samples preparation

Monthly collections were conducted from April to November 2021,
with three fish sampled at each time point. Tissues, including liver,
spleen, kidney, and anterior intestine, were collected at all time points,
while gills were additionally collected during the last two samplings in
October and November.

Euthanasia was carried out by placing the fish in a 200 L tank with
150 mg/L of MS-222 (tricaine methanesulfonate), followed by dissec-
tion, isolation and fixation of tissues in a 4 % formaldehyde Phosphate
Buffered Solution (PBS). In the laboratory, samples underwent a one-
hour immersion in distilled water, followed by dehydration in sequen-
tial ethanol solutions of 70 %, 80 %, and 100 %. Subsequently, tissues
were treated with Technovit and absolute ethanol for one hour each and
embedded in Technovit for 24 h.

Serial 5 mm sections were obtained using a Leica SM2000R micro-
tome (Germany) and stained with a combination of methylene blue
(Sigma, Germany), azure II (Sigma, Germany), and basic fuchsin (Pol-
ysciences, USA) following a previously published protocol (Bernet et al.,
1999). At least six different slides per sample were analyzed. Observa-
tions were conducted using a light microscope (Zeiss AX10 Image A2),
and all measurements were processed with ImageJ software (Schneider
et al., 2012).

2.4.2. Fish tissue histopathological scoring system

A Multiparametric Semi-Quantitative Scoring System (MSSS) was
adjusted from a previous publication (Pacorig et al., 2022) to assess
tissue pathology. MSSS incorporates 27 parameters associated with five
organs (Table 2).

These parameters were selected for their sensitivity to rearing con-
ditions, water quality factors (temperature, salinity, protozoan abun-
dance), nutrition, stress, and bacterial or parasite infections, serving as
indicators of the overall health status of the fish. The MSSS scoring
ranges from O to 5, where 0 indicates the absence of the damage, and 5
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represents the maximum extent of the evaluated damage (Table 3).
Indices were assessed on six different tissue slides using ImageJ software
based on one of three criteria: i) Number — Goblet cells, inflammatory
cells, and ectoparasites were counted, and the index was scored
accordingly. ii) Extension — Undifferentiated areas, hyperemia, vacu-
olar degeneration, multifocal glycogen accumulation, nephrocalcinosis,
multifocal exudates, melanomacrophage centers, and necrosis were
quantitatively assessed based on the percentage of surface area
occupied.

iii) Qualitative description — Chloride cell hypertrophy, clubbing,
hyperplasia, basal fusion, and edema of the secondary lamellae in the
gills were evaluated qualitatively using descriptive criteria summarized
in Table 3.

3. Results
3.1. Water quality

In early June, adjustments were made to manage water parameters,
as evident in Fig. 1, particularly in temperature, pH, O saturation, and
salinity. These parameters exhibited higher daily and weekly variations
in April and May but were subsequently stabilized with minimal fluc-
tuations afterwards. For example, salinity measured at the fish tank
outlet ranged from 19.5 to 24 g/L in May and June, before being fixed at
19 g/L from July onward. The pH in both the inlet and outlet varied
between 7.7 and 8.0 in May and June and was then stabilized at 7.5 from
July onward. In the denitrification unit, pH fluctuated between 5.4 and
6.2 in May and June, stabilized at 7 between June and mid-August, and
slightly increased from 7.0 to 7.5 from mid-August to mid-November,
peaking at around 8.3 thereafter. The water temperature at the center
of the fish tank rose from 18.0 to 25.0 °C from April to mid-June,
gradually decreasing afterwards and stabilizing between 20.5 and
23.0 °C from August to November. Temperature exhibited relative sta-
bility during the day and changed gradually over the days and weeks.

Various additional parameters were assessed in the inlet water, as
illustrated in Fig. 2, focusing on nitrogen and carbon compounds. Such
measurements indicated that ammonium (NHZ) remained <0.6 mg/L,
ammonia (NHg) < 0.01 mg/L, nitrite (NO3) < 0.3 mg/L, and nitrate
(NO3) < 450 mg/L. Despite daily fluctuations, all values exhibited a
declining trend over time, except for nitrate, which increased. Carbon
compounds displayed a similar trend, with peak values observed at the
beginning of April and subsequent decreases leading to relatively stable
levels from May onward. Carbon dioxide (CO2) consistently remained
<10 mg/L, Carbonate (CO%’) < 2.5 mg/L, and bicarbonate (HCO3) <
300 mg/L.

Ozone (O3) was never detected, except at one time point on July 1st
with a concentration below 0.03 mg/L (Fig. 2).

Hidrogen sulfide (H,S) (Fig. 2) consistently remained <0.02 mg/L
across all measured locations, including the inlet, outlet, and center of
the fish tank, as well as the skimmer, denitrification unit, water collec-
tor, and settling tank.

Table 2

List of histopathological parameters evaluated in the different tissues.
Gills Intestine Liver Spleen Kidney
Chloride cell hypertrophy Goblet cells Lipid Multifocal exudates Nephrocalcinosis
Clubbing of sec. Lam. Inflammatory infiltrates Hyperemia Melanomacrophage Inflammatory infiltrates
Hyperplasia of sec. Lam. Desquamation Vacuolar degeneration Necrosis Vacuolar degeneration
Basal fusion of sec. Lam. Myxosporidia Multifocal glycogen accumulation Undifferentiated areas Hyperemia
Oedema Necrosis Necrosis
Goblet cells Melanomacrophage
Inflammatory infiltrates
Ectoparasites
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Table 3

Histopathological scoring system. Each parameter was scored on a scale from
0 to 5, based either on the number of observed lesions, the extension or its
qualitative evaluation across six different slides per tissue.

Goblet cells

Score Description Number

0 Absent 0

1 Very scarce 1to5

2 Scarce 6 to 20

3 Moderate 21 to 40

4 Abundant 41 to 60
Highly

5 abundant >60

Inflammatory cells

Score  Description Number

0 Absent 0

1 Very scarce 1to5

2 Scarce 6 to 20

3 Moderate 21 to 50

4 Abundant 51 to 150
Highl;

5 abingant >150

Ectoparasites, Myxosporidia

Score Description Number

0 Absent 0

1 Very scarce 1

2 Scarce 2to3

3 Moderate 4to6

4 Abundant 7t09
Highly

3 abundant >10

Undifferentiated areas, hyperemia, vacuolar degeneration, multifocal glycogen
accumulation, nephrocalcinosis, multifocal exudates, melanomacrophage centers,
and necrosis

Score  Description Percentage

0 Absent 0%

1 Very scarce <5%

2 Scarce 5t0 10 %

3 Moderate 11to 15 %

4 Abundant 16 to 20 %
Highl

5 abﬁngant >20%

Lipid accumulation in the liver

Score  Description Percentage

0 Absent 0%

1 Very scarce <10 %

2 Scarce 11t025%

3 Moderate 26 to 40 %

4 Abundant 41 to 55 %

5 Highly >55 %
abundant

Chloride cells hypertrophy

Score  Description Definition

0 Absent Normal condition

1 Very scarce Slightly hypertrophic cells

9 Scarce Hypertrophic cells but not proliferated along the
secondary lamellae

3 Moderate Hypertrophic cells, which begin to proliferate along the
secondary lamellae

4 Abundant Hypertrophic cells proliferation along the secondary
lamellae

5 Highly Hypertrophic cells with severe proliferation and

abundant alteration of the structure of the secondary lamellae

Clubbing, hyperplasia, basal fusion, and oedema of the secondary lamellae
Score  Description Definition

0 Absent Normal condition

1 Very scarce Slightly appearance in the secondary lamellae
Appearance, which does not affect the shape of the

2 Scarce
secondary lamellae

3 Moderate Appearance, which begins to affect the shape of the
secondary lamellae

4 Abundant Appearance, which affects the shape of the secondary
lamellae

5 Highly Severe appearance, which alters completely the shape of

abundant the secondary lamellae
Desquamation

Score Description Definition

Aquaculture 610 (2026) 742851

Table 3 (continued)

Goblet cells

Score  Description Number

0 Absent No detached cells from the epithelium
1 Very scarce Very few cells in detachment process
2 Scarce Few cells in detachment process
Detached cells in the lumen, no alteration of the
3 Moderate -
epithelium
Detach 1ls in the 1 Itering <50 % of th.
4 Abundant e'tac .ed cells in the lumen, altering <50 % of the
epithelium
5 Highly Detached cells in the lumen, altering >50 % of the
abundant epithelium

3.2. Microbiota profiles of fish tissues and RAS samples

At the domain level, the majority of 16S rRNA gene sequences were
attributed to Bacteria (25.5-100 %), with a minority assigned to Archaea
(0-14.8 %), while 0 up to 74.3 % remained unassigned.

Various bacterial phyla were identified in the analyzed samples
(Supplementary fig. 2). In the RAS samples, the predominant bacterial
phyla were Proteobacteria (28.6-98.5 %), Bacteroidota (0.7-39.3 %),
Actinobacteriota (0.04-26.9 %), and Nitrospirota (0-23.7 %). Among the
archaeal phyla, Crenarchaeota (0-14.8 %) was the most abundant. In the
fish samples, Proteobacteria (2.1-97.7 %) also dominated the bacterial
phyla, followed by Firmicutes (0-89.6 %) and Campylobacterota (0-66.5
%). Nanoarchaeota (0-13.2 %) emerged as the most abundant archaeal
phylum within the fish samples.

At the genus level (Fig. 3), the RAS samples exhibited Erythrobacter
(up to 57.0 %), Glaciecola (up to 41.0 %), and Nitrospira (up to 23.7 %) as
the most prevalent genera. In the fish samples, Aliivibrio (up to 79.8 %),
Pseudomonas (up to 75.4 %), and an uncultured genus from the family
Mycoplasmataceae (up to 73.1 %) were identified as the predominant
genera. However, on the genus level a large proportion of microbial
communities remained unassigned.

The clustering of taxonomic profiles from the 226 RAS and fish
samples (Fig. 3) showed that the nine identified clusters could be cate-
gorized into two main sections. The first section (Cluster I-IIT) included
all RAS samples, along with some skin (SKM) and gill (GIM) samples.
The second section (Cluster IV to IX) contained all remaining fish sam-
ples. Cluster I (yellow) was formed by 31 samples (15 TW, 8 SKM, 8
GIM). Cluster II (red) stands out as the largest cluster, comprising 100
samples (24 TB, 21 B, 24 BCE, 24 D, 4 SKM, 3 GIM). Within this cluster,
distinct subclusters corresponded to different sampling sites (e.g., TB, B,
BC, D), while the seven fish samples were dispersed within the cluster.
Cluster III (blue) contained 18 samples (9 TW, 1 SKM, 8 GIM), with the
TW and fish samples forming two separate subclusters. Cluster IV (cyan)
included five fish samples (2 SKM, 3 GUM), acting as a transitional
group between the two major sections of the tree diagram. Cluster V
(orange) comprised 26 fish samples (11 SKM, 10 GIM, 5 GUM), while
cluster VI (light brown) was composed of nine fish samples (3 GIM, 6
SKM). Cluster VII (light blue) included 11 fish samples (5 SKM, 2 GIM, 4
GUM). Cluster VIII (grey) consisted of 14 GUM samples, and cluster IX
(green) included 10 GUM samples.

Each of these clusters exhibited a characteristic composition in terms
of genera (Fig. 4). Among the identified clusters, Clusters I, IV, V VII and
IX had a dominant genus with a relative abundance exceeding 25 % (I-
Erythrobacter 38 %; IV Escherichia-Shigella 31 %; V Pseudomonas 35 %;
VII Anaerobacillus 27 %; IX Vibrio, 38 %). In contrast, the remaining
clusters exhibited a more diverse microbial composition, with multiple
genera present at lower relative abundances. For instance, in clusters II,
I1I, VI and VIII the most abundant genera ranged between 4 % and 8 %
(II Nitrospira 8 %; 11 Erythrobacter 6 %; VI Pseudomonas 5 %; VIII Vibrio 4
%).

The taxonomic profiles of RAS samples were subjected to nonmetric
multidimensional scaling (NMDS) analysis (Fig. 5). The NMDS of tank
water samples (Fig. 5B) revealed three distinct clustering of samples
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according to the time points in April, May, and June-November.
Notably, from June onwards, the distances between replicates from
different time points decreased. All other RAS sampling locations (tank
biofilm; biofilter and denitrification units) exhibited no variation over
time, forming a single main cluster (Fig. 5C-D-E).

Fish samples were also subjected to NMDS analysis (Fig. 6). Both gills
(Fig. 6B) and skin (Fig. 6C) samples showed time-based clustering of
April and May samples as compared to later time points. Such overtime
variations were less evident in intestine samples (Fig. 6C-D).

3.3. Detection of potential fish pathogens with dPCR

The presence of the three potential pathogens was monitored over
time in different RAS locations and in intestine microbiota with a dPCR
approach (Fig. 7).

The presence of P. damselae piscicida was almost negligible in the
biofilter, denitrification unit, tank biofilm and intestine mucosa. It was
identified in the tank water, exhibiting concentrations ranging from 1 to
1.8 copies/ng total DNA (cp/ng) during the period from May to
December. A peak concentration of around 7 cp/ng was noted in August,
while it was not detected in November.

The level of Vibrio harveyi in tank water was variable, ranging from
around 1 cp/ng in May and June to 2-4 cp/ng in August and September,
respectively. Subsequently, it was not detected in November and
December. Vibrio harveyi was absent in the denitrification except for a

Aquaculture 610 (2026) 742851

peak in December (approximately 17 cp/ng). A minor presence was
identified in the biofilter in May (approximately 2.2 cp/ng) and
December (approximately 3.8 cp/ng). Notably, Vibrio harveyi was absent
in the intestine mucosa.

Vibrio anguillarum was identified in tank water, showing a concen-
tration of around 8 cp/ng in May and June, increasing to 38 cp/ng in
August and 54 cp/ng in September. It was absent in November but
reappeared in December at around 5 cp/ng. In the denitrification unit,
V. anguillarum showed variable presence, with concentration below 2
cp/ng in May and November, rising to 32-38-cp/ng in June and
September, and peaking at 204 cp/ng in December. It was not detected
in August. This bacterium was absent in the intestine microbiota at all
time points, except in December (approximately 7 cp/ng). In the bio-
filter, higher concentrations were observed in May (approximately 10
cp/ng), followed by a steady decline from June (approximately 3.5 cp/
ng) to November (approximately 0.5 cp/ng), with a second peak in
December (approximately 10 cp/ng).

3.4. Histopathological observations in different fish tissues

Fish tissue damage was detected to a different extent across all
analyzed tissues and parameters (Fig. 8). Some histopathological pa-
rameters exhibited variation over time (Fig. 9). Except for the gills, no
variation between biological replicates was observed when grouping
different parameters over time. Hence, no statistical tests were
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graph (D) is in logarithmic scale showing the exact concentration above each column to improve clarity.

performed. The histopathological observations for the individual tissues
are described in the following paragraphs.

3.4.1. Gills

When considering all biological replicates collected, mean scores (+
SD) for gills histopathological parameters were as follows: chloride cell
hypertrophy 2.8 + 0.4; clubbing of secondary lamellae 3.5 + 0.5; hy-
perplasia 1.2 + 0.4; basal fusion of secondary lamellae 1.3 + 0.5;
oedema 1.3 + 0.5; goblet cells 2.7 + 0.5; inflammatory infiltrates 3.0 +
0.0 ectoparasites 1.3 + 0.5 (Fig. 8).

Gill samples were collected in only two time points (October and
November) showing no variation in the different histopathological pa-
rameters over time (Fig. 9).

3.4.2. Intestine

When considering all biological replicates collected, mean scores (+
SD) for intestine histopathological parameters were as follows: goblet
cells 3.0 &+ 0.7; inflammatory infiltrates 2.3 + 1.4; desquamation 2.1 +
0.3; myxosporidia Not Detected (ND) (Fig. 8).

The scores for goblet cells showed variation over time, starting with
minimum values of 2 in April and May, which then increased to 4 in July
and August and stabilized at 3 from September to November. Inflam-
matory infiltrates exhibited minimum scores of 1 from April to July,
subsequently rising to 4 from September to November. Desquamation
maintained a score of 2 at all time points except for June, where all
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samples received a score of 3. Myxosporidia was never detected (score 0)
in any of the samples at any time point (Fig. 9).

3.4.3. Liver

When considering all biological replicates collected, mean scores (+
SD) for liver histopathological parameters were as follows: lipids 3.3 +
0.5; hyperemia 2.4 & 0.7; vacuolar degeneration 1.1 + 0.3; multifocal
glycogen accumulation 1.6 + 0.5; necrosis 2.1 + 0.3; (Fig. 8).

Hyperemia gradually increased, starting with a score of 2 in April
and May, then rising from June to reach its peak at 4 in July. It then
decreased to 2.3 in August before stabilizing at 2 afterwards. No varia-
tions were observed in the other liver histopathological parameters over
time (Fig. 9).

3.4.4. Spleen

When considering all biological replicates collected, mean scores (+
SD) for spleen histopathological parameters were as follows: multifocal
exudates 2.8 + 0.54; melanomacrophages 3.7 + 0.5; necrosis 1.8 + 0.7;
undifferentiated areas 1 + 0.0 (Fig. 8).

All spleen histopathological parameters showed no variations over
time (Fig. 9).

3.4.5. Kidney
When considering all biological replicates collected, mean scores (+
SD) for kidney histopathological parameters were as follows:
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nephrocalcinosis 2.6 + 1.0; inflammatory infiltrates 2.5 + 0.5; vacuolar
degeneration 2.7 + 0.7; hyperemia 2.8 + 0.6; necrosis 3.3 + 0.7; mel-
anomacrophages 3.0 + 1.0 (Fig. 8).

Several histopathological parameters exhibited variations over time.
Melanomacrophages began with a score of 1 in April, rising to a score of
3 from May to November, with an exception in August where the score
peaked at 5. Nephrocalcinosis initiated with a score of 1 in April and
increased to scores between 2 and 3 from May to September. The score
then escalated to 4 in October and November. Inflammatory infiltrates
alternated between scores of 2 and 3 throughout the sampling period
(Fig. 9).
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3.5. Relative fish mortality

Relative fish mortality rates exhibited a consistent decline over time
(Fig. 10). The highest peaks were observed during the initial two weeks
of April, followed by a subsequent decrease to intermediate levels be-
tween mid-April and mid-June, characterized by daily fluctuations.
After mid-June, there was a further decline, frequently reaching null
values from October onward, with minimal daily fluctuations.

4. Discussion

This study conducted a thorough analysis of an 8-month period
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(From April to November 2021) of the production cycle for Seriola
lalandi in a commercial Recirculating Aquaculture System (RAS),
examining key elements such as water quality, microbiota biodiversity
and fish health.

4.1. The influence of water quality parameters on fish welfare

Given the high stocking density and the recirculating nature of RAS,
maintaining optimal water quality is a crucial yet challenging aspect of
the system’s overall success. Several parameters were monitored in the
present study including CO,, water temperature, pH, nitrogen

12
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Fig. 10. The Relative fish mortality during the study period is denoted as the fold-change in dead fish biomass on any day in comparison to the dead biomass
recorded on a randomly selected date (January 1st). This parameter was selected to ensure the confidentiality of sensitive farm data.

compounds and H,S.

Limiting the buildup of respiratory CO, is essential in RAS
(Summerfelt et al., 2000) as elevated values can adversely affect the
physiology, behavior, and productivity of farmed fish (Pan et al., 2020).
In this study, CO2 concentration was consistently maintained below 10
mg/L, which is within the recommended concentration range for king-
fish (Pan et al., 2020). For instance, juvenile S. lalandi (~ 230 g) showed
a concentration-dependent reduction of the mass-specific growth rate
(SGRy,) from [CO2] > 19.38 mg/L (Pan et al., 2020). This threshold is
comparable to that of Atlantic salmon, which ranges between 10 and 20
mg/L [CO3] according to different studies (Fivelstad et al., 2003; Good
etal., 2018; Khan et al., 2018). It is slightly higher than for Atlantic cod
(Gadus morhua) which shows impairment from [CO3] > 8 mg/L (Moran
and Stgttrup, 2011).

In the studied RAS, the mean water temperature ranged between
20 °C and 25 °C, peaking around June. The optimal water temperature
for juvenile kingfish was determined to be 26.5 °C, resulting in a 54 %
increase in weight after 30 days as compared to fish reared at 21 °C
(Abbink et al., 2012). Also, pH plays a critical role in fish welfare. In the
analyzed facility, careful pH management was implemented, initially
setting it around 7.8 until July and later stabilizing it at 7.5. Previous
studies showed that kingfish juveniles (=32 g) maintained unaltered
growth and feed conversion ratio (FCR) down to a pH of 7.16 when
compared to the ambient pH of 7.85. However, at a lower pH of 6.58,
mortality was observed, accompanied by inhibited growth and reduced
FCR (Abbink et al., 2012). Both temperature and pH of the analyzed RAS
fell within optimal ranges for Seriola growth.

Excessive accumulation of inorganic nitrogen compounds might
result in reduced growth (Khan et al., 2018; Tomasso, 1994; Wajsbrot
et al.,, 1993) immune depression (Goncalves et al., 2012; Hurvitz and
Bercovier, 1997; Li et al., 2013) and mortality (Lemarié et al., 2004;
Meade, 1985; Russo and Thurston, 1991; Ruyet et al., 1995). Nitrogen
compounds include ammonia [either ionized (NHJ) or un-ionized
(NH3)], nitrite (NO3) and nitrate (NO3). In the present study, NHg
levels were below 0.01 mg/L, and NHj levels were below 0.6 mg/L.
These concentrations fall within the recommended safety limits for
various cultured species. For salmonids, NH3 should not exceed 0.0125
mg/L (Timmons et al., 2018), while total ammonia nitrogen (TAN) for
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sea bass adults should be below 2 mg/L (Lemarié et al., 2004). The
second nitrogen compound, nitrite (NO3) is toxic for most farmed spe-
cies (Ciji and Akhtar, 2020). In the present study, NOy was <0.3 mg/L.
This falls below the suggested safety limit of 0.75 mg/L NO> for juvenile
S. lalandi (Abbink et al., 2012) and 1.0 mg/L for juvenile Atlantic cod
(Gadus morhua) (Siikavuopio and Sezther, 2006). Throughout most of
the sampling period, the concentration of NO3 remained below 300 mg/
L, with a brief increase reaching 450 mg/L for two weeks in August.
Nitrate concentrations for large marine fish are recommended to be
lower than 500 mg/L (Pierce et al., 1993). While nitrate is not as toxic as
other nitrogen compounds, chronic exposure can impact fish growth and
health. As an example, rainbow trout (Onchorhynchus mykiss) exposed to
80-100 mg/L NO3 for three months exhibited abnormal swimming
behavior and mildly reduced survival (Davidson et al., 2014). Juvenile
turbot (Psetta maxima) exposed to 124 mg/L NOs for 6 weeks showed
decreased specific growth rate (SGR) and biomass yield (van Bussel
et al.,, 2012), while African catfish (Clarias gariepinus) experienced
reduced growth and feed intake at 379 mg/L NO3 over 42 days (Schram
et al.,, 2014). In contrast to rainbow trout, post-smolt Atlantic salmon
showed no significant effects on growth and welfare when chronically
exposed to 100 mg/L NO3 for 8 months (Davidson et al., 2017). To the
best of the authors’ knowledge, it is not known whether chronic expo-
sure to nitrate could impair growth rates, appetite, or general welfare in
Seriola lalandi. Indeed, no evident signs of impaired fish health were
reported in this study.

HsS represents a serious concern in RAS, leading to sudden mortality
in several farmed fish species (Hjeltnes et al., 2019; Sommerset et al.,
2020). In the present study, HoS was consistently below 20 pg/L
throughout the sampling timeframe. This value is well below the critical
concentration for other saltwater fish species. For instance, physiolog-
ical investigations in post-smolt Atlantic salmon revealed that HyS dis-
rupts metabolism by reducing oxygen uptake below the standard
metabolic rate, starting at a concentration of 60.7 + 13.3 pg/L
(Bergstedt and Skov, 2023). Interestingly, Atlantic salmon exhibit
changes in swimming behavior in response to the presence of HsS,
indicating signs of distress at concentrations well below the critical toxic
threshold (Ciani et al., 2024a). The response to HoS differs among spe-
cies, likely depending on physiological adaptations to different habitats.
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Critical concentrations that result in acute mortality span from LCsg 0.25
to 53 pM (Bagarinao and Vetter, 1989; Smith and Oseid, 1974). Indeed,
since no signs of distress or increased mortality rates were observed in
the kingfish within the analyzed RAS, it appears that this fish species is
tolerating well the HyS concentration (20 pg/L) measured over the
sampling period.

4.2. The role of the predominant microorganisms in fish and RAS samples

The microbial community plays a crucial role in RAS, influencing
both water quality and the overall health of the fish (Preena et al., 2021;
Rurangwa and Verdegem, 2015). It’s challenging to fully map the
microbiota in RAS because it varies at all levels - not just between
different systems, but also within sites of the same system, among fish in
the same tank, and even between tissues of the same fish (Preena et al.,
2021; Rurangwa and Verdegem, 2015). There is a gap in the literature
when it comes to the comprehensive analysis of the microbiota
composition of entire systems. In this study, 16S rRNA gene amplicon
sequencing was utilized to examine the microbial structure across
various sites and individual fish within the RAS. The analysis covered
three fish tissues (skin, gills, and intestine) and multiple locations within
the RAS, including tank water, tank wall biofilm, biofilter biofilm and
denitrification unit. The sensitivity of 16S sequencing allowed the
classification of bacteria primarily at the genus or family level, with only
a few identified as species.

The most abundant genera in RAS samples were Erythrobacter (up to
57.0 %), Glaciecola (up to 41.0 %), and Nitrospira (up to 23.7 %). The
genus Erythrobacter, known for its carotenoid production, is widely
distributed in marine ecosystems (Yoon et al., 2022). Likewise, the
genus Glaciecola is relatively abundant in marine environments and was
identified in aquaculture sites at sea, where both seabream (Sparus
aurata) and seabass (Dicentrarchus labrax) were cultivated (Kyritsi et al.,
2023). Furthermore, Glaciecola has been recognized as a core member of
the water microbiota in farmed rockfish (Sebastes schlegelii) (Jiang et al.,
2020). Considering their substantial presence in marine environments, it
is unsurprising to find them in high concentrations in the studied RAS.
The Nitrospira genus includes nitrite-oxidizing bacteria (NOB) capable of
oxidizing inorganic nitrogen compounds (Gruber, 2008; Mancinelli,
1996). This genus represented the most abundant group of NOB found in
the denitrification unit of RAS farming in both marine (Ruan et al.,
2015) and brackish water (Kruse et al., 2013) fish species. This was
attributed to its higher substrate affinity (Urakawa et al., 2008) allowing
it to utilize nitrite and oxygen more efficiently compared to other genera
like Nitrobacter (Rurangwa and Verdegem, 2015).

The most abundant genera in fish samples were Aliivibrio (up to 79.8
%), Pseudomonas (up to 75.4 %), and an uncultured genus from the
family Mycoplasmataceae (up to 73.1 %). The genus Aliivibrio includes
five species (Beaz-Hidalgo et al., 2010), of which three have been
associated with diseases in Atlantic salmon, namely A. salmonicida
(Egidius et al., 1986), A. wodanis (Lunder et al., 2000) and A. logei
(Benediktsdottir et al., 1998). Despite the presence of this genus, no
disease outbreaks were reported in this study. Possible explanations
include the limited presence of pathogenic species, a robust immune
system of the fish preventing outbreaks, a lower sensitivity of S. lalandi
compared to salmon, or a combination of the above. On the other hand,
the genus Pseudomonas has been recommended as a probiotic bacterium
for application in aquaculture for its potential benefits to fish health
(Balcazar et al., 2006; Gatesoupe, 1999, 2007; Irianto and Austin, 2002;
Rurangwa and Verdegem, 2015) being part of the core gut microbiota of
fish (Gioacchini et al., 2018). It has been also identified in playing a key
role in breaking down Geosmin and 2-Methylisoborneol (MIB) (Hoefel
et al., 2006; Izaguirre et al., 1988) and contributing to denitrification in
RAS (Brown et al., 2013; Preena et al., 2021; Schreier et al., 2010). The
family Mycoplasmataceae generally has a parasitic or saprophytic life-
style, living in close association with their hosts to fulfill their nutritional
requirements (Sellyei et al., 2021). Mycoplasmas are commonly
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detected in the gastrointestinal tract of fish (Brown et al., 2019; Holben
et al., 2002). This family was a major component in the intestine of
healthy fish from several species including striped bass (hybrid Moron
saxatilis x Moron chrysops), European seabass (Dicentrarchus labrax) red
drum (Sciaenops ocellatus); tilapia (hybrid Oreochromis aureus x Oreo-
chromis niloticus) flathead grey mullet (Mugil cephalus) and the common
carp (Cyprinus carpio) (Ofek et al., 2021). Previous research has pro-
posed that the presence of Mycoplasmas in other organs might indicate
pathological processes (Stadtlander and Kirchhoff, 1990). Contrary with
what was previously indicated, Mycoplasmataceae were also identified in
the gills, kidneys and liver of healthy fish in different carnivorous
freshwater species, such as pike (Esox Lucius), wels catfish (Silurus gla-
nis), black bullhead (Ameiurus melas) and pike perch (Sander lucioperca)
(Sellyei et al., 2021). The high abundance of this taxa detected in the
healthy fish analyzed in this study suggests that Mycoplasmas are
commonly present in kingfish tissues under standard farming
conditions.

4.3. Microbiota dynamics across different RAS sites and fish tissues

Indeed, focusing solely on the most abundant taxa would provide
only partial information about the microbial structure of a system. In
this study, cluster analyses were employed to identify distinctive
biodiversity compositions among various samples, while NMDS analysis
was utilized to observe any temporal shifts in microbial composition
within each sample. Notably, two clusters were composed of tank water,
gill, and skin mucus samples. This indicates a similar bacterial config-
uration between these fish tissues and the tank water, emphasizing their
profound connection with the external environment. Furthermore, the
microbiota composition in water, skin, and gills underwent monthly
changes over time, particularly noticeable from April to July. Although
these differences persisted, they became less pronounced from August
onward. This shift in microbial communities reflects the fluctuations in
water parameters, which exhibited variation from April to July but were
then stabilized from August onward. These findings highlight the
importance of microbial composition in skin and gill tissues as a highly
relevant factor for fish health and welfare, given their strict connection
with the surrounding environment. Including these tissues in future
investigations could provide valuable insights into disease risk in RAS.

All other samples from the RAS were grouped into a single cluster,
suggesting minimal variation in microbiota between the tank biofilm,
biofilter biofilm and denitrification unit. According to NMDS analysis,
the tank wall biofilm and biofilter biofilm were stable over time sug-
gesting that they are less susceptible to changes in water parameters. In
contrast, the denitrification unit displayed temporal fluctuations in the
microbial community. Water parameters, including temperature, pH,
salinity, dissolved oxygen, and substrate concentration, play crucial
roles in influencing the composition of the nitrifying community in RAS
(Bakke etal., 2017; Rangaswamy et al., 2020). Within the denitrification
unit, pH ranged from 5.3 to 6.1 from April to June, stabilized around 7
from July to October, and then rose again in November to approximately
8.3. Simultaneously, the temperature fluctuated over time, with mean
temperatures around 18-19 °C in April, May, and December, and higher
temperatures between June and October. These variations could have
contributed to the observed shifts in the microbial composition of the
denitrification unit.

The remaining tissue samples were organized into six clusters.
Among these, four included a combination of skin, intestine, and gill
samples, highlighting a shared microbiota composition across various
tissues. Notably, the intestine samples exhibited two distinct clusters,
indicating a possible variation in the microbial composition throughout
different phases of the production cycle. Substantiating this, NMDS
analysis confirmed the temporal changes in intestine samples, with more
pronounced monthly variations observed from April to July, while dif-
ferences between August and November were comparatively lower. This
variability could be associated with differences in the individual fish’s
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physiological status, age, or size, as well as being influenced by changes
in water parameters.

Microbial community dynamics in RAS environments, in particular
in tank water and tank biofilms, show significant correlations with the
hosted fish, mediated by both environmental and physiological varia-
tions (Dahle et al., 2023). An r/K-selection model hypothesis suggested
that K-selection strategies result in different water microbiota with
fewer opportunistic bacteria, which in turn influence the microbiota of
fish larvae (Vadstein et al., 2018). Similarly, Nile tilapia larvae cultured
in two different production systems (biofloc and flow-through) exhibi-
ted variation in growth performance and gut microbiomes (Deng et al.,
2022). However, to what extent these microbiota dynamics are attrib-
uted to environmental or physiological changes remains unclear.

4.4. Occurrence of three selected pathogens in RAS and fish samples

While amplicon sequencing of the 16S gene provides valuable in-
sights into the microbial diversity and composition, it may not be the
most suitable tool for detecting potential pathogens due to its low
sensitivity at the species level and long processing times. To address this
limitation, specific digital PCR (dPCR) assays were developed for the
absolute quantification of three known fish pathogens [Vibrio harveyi
(Makridis et al., 2021; Zhang et al., 2020), Vibrio anguillarum (Castillo
et al., 2015; Frans et al., 2011), and Photobacterium damselae (Romalde,
2002)] throughout the analyzed timeframe. The dPCR assay demon-
strated the capability to detect even a few copies of target DNA in the
sampled RAS sites and fish, making it a valuable tool for high-resolution
pathogen monitoring. Generally, the targeted species were either pre-
sent at very low levels (<20 copies/ng-DNA) or completely absent from
most of the samples. Of particular interest for fish health, the DNA of all
three species was present at low levels in the tank water samples, with
the highest concentrations detected in August and September. However,
it is not possible to directly correlate the amount of DNA detected with
the exact number of virulent cells and the concentrations measured were
below the threshold at which a fish would show any signs of vibriosis or
pasteurellosis. In summary, the results demonstrated the sensitivity of
the applied dPCR approach to detect the presence of potential pathogens
in different sample types and also at very low pathogen occurrences.

4.5. Histopathological observations and their connection with fish health

Histopathological analysis revealed the occurrence of almost all
parameters investigated in the different fish tissues. It is important to
emphasize that most of the factors examined in this study are not
inherently negative when occurring at low levels and can be naturally
present in overall healthy fish (Wolf, 2018; Wolf et al., 2015). However,
an increase in their occurrence may serve as an indicator of compro-
mised fish health conditions.

An increase in inflammatory cells was detected in the intestine from
August onward. Pathogens can enter through the oral cavity when water
or food is contaminated (Weber et al., 2010) and impact the intestine
(Frans et al., 2011). This could cause inflammation despite the in-
testine’s natural defenses, including acidity, bile salts, enzymes, and
mucus secreted by goblet cells (Frans et al., 2011; Magnadottir, 2006).
While the observed increase in inflammation coincided with the period
during which the three pathogens (P. damselae, V. harveyi and
V. anguillarum) were detected in the tank water, V. anguillarum was
found in the intestine only in December, whereas the others were never
detected. It is reasonable to suggest that the fish’s immune system
effectively limited the proliferation of pathogens, resulting in both the
observed increase in inflammation and the absence of detectable bac-
teria in the tissue. One could also speculate that the presence of these
pathogen in the water might be associated with the presence of other,
uninvestigated, pathogens. While both hypotheses remain to be vali-
dated, it is important to consider that inflammation is a non-specific
physiological response triggered by a wide array of stressors beyond
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pathogens (Campos-Sanchez and Esteban, 2021). Interestingly, the
study also revealed a peak in intestinal desquamation in June. The
process of desquamation, characterized by the shedding of living cells
from the epithelium, may reduce absorption capacity by diminishing the
area available for digestion to take place (Polistovskaya et al., 2018).
Causes of intestinal epithelial desquamation often involve parasites,
pathogens, and exposure to heavy metals like zinc, cadmium, and cop-
per (Sitja-Bobadilla et al., 2016). However, in the current study, no
parasites were identified in the intestine and water quality parameters
were generally good and within safety limits suggested in the bibliog-
raphy, as previously discussed.

Following initial infection, pathogens can spread to other organs,
including the liver, spleen, and kidney, via the bloodstream (Frans et al.,
2011). In June, there was an increase in desquamation in the intestine
and melanomacrophage centers in the spleen. This was followed by
increased hyperemia, lipid accumulation and necrosis in the liver in
July, and an increase in melanomacrophage centers in the kidneys in
August. Recent research indicates that Vibrio pathogens can impact liver
hyperemia and fat accumulation, both of which may lead to organ ne-
crosis (Duman et al., 2022) while P. damselae induces an increase in
melanomacrophage centers in both the kidney and spleen (Eissa et al.,
2018; El-Son et al., 2020; Essam et al., 2016; Manrique et al., 2014).
Nonetheless, as already described, the fish didn’t develop vibriosis or
pasteurellosis. This might be indicative of the low presence of the bac-
teria, the proper functioning of the fish’s immune system, or a combi-
nation of those factors. Besides spleen melanomacrophages, which
remained high until the end of the study period, all other parameters
decreased after the peak.

Gill samples were collected exclusively during October and
November. Within this period, a moderate hypertrophy of chloride cells,
along with the presence of inflammatory cells and clubbing of secondary
lamellae, was noted. Several causes might have induced such factors.
Exposure to heavy metals, high ammonia levels, low pH, parasites, or
pathogens can induce hypertrophy of chloride cells, inflammation, or
clubbing of secondary lamellae (Strzyzewska et al., 2016; Zawisza et al.,
2024). Clubbing often coincides with the presence of gill parasites as
demonstrated in both marine [Atlantic salmon (Salmo solar) (Clark et al.,
1997)] and freshwater [Rohu (Labeo rohita) and Mrigal carp (Cirrhinus
mrigala) (Ahmed et al., 1998)] species. Ectoparasites were observed via
histology during the study period, albeit at very low levels. The presence
of ectoparasites, coupled with the bacterial pathogen in the water, could
be some of the factors contributing to the observed hyperplasia of
chloride cells and the moderate inflammation detected.

Considering environmental factors, microbiology data, and the
overall conditions of the rearing environment can enhance the quality of
the information obtained from histopathological evaluations alone.
Adopting this holistic approach ensures a comprehensive understanding
of the observed indices and their implications for fish health. One lim-
itation of this particular study may result from the relatively low number
of biological replicates per timepoint, as three fish may not adequately
represent the health status of the entire batch within a tank. However, it
is noteworthy that the variation between replicates was minimal, with
most fish displaying similar values for each parameter at any given
timepoint. Despite this limitation, the development of a histological
protocol for analyzing various tissues in Seriola lalandi serves as a
valuable tool for assessing the health status of this species throughout a
production cycle.

4.6. Mortality rates

Mortality rates, measured as biomass loss, showed a decline starting
in June. When considering these rates in terms of the number of dead
fish, the decline would become even more pronounced. This is because,
with fish growth over time, an equivalent biomass loss later in the
production cycle corresponds to fewer fish compared to earlier stages.
The reduction in mortality rates may be attributed to several factors.
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First, weaker fish might have succumbed earlier, leaving behind a
hardier population. Additionally, both changes in water parameters and
shifts in the microbial community could have contributed to the
observed decrease.

The water temperature increased from 22 °C to 24 °C in June. Ju-
venile kingfish exhibit enhanced growth when water temperature is
raised from 21 °C to 26 °C. The temperature increase in this study
brought conditions closer to the optimal range for juvenile fish (Abbink
et al., 2012). Salinity, which initially fluctuated around 24 ppt (or g/L),
was gradually reduced and stabilized at 19 ppt. Compared to seawater
salinity (35 ppt), rearing kingfish in brackish water (17 ppt) has been
shown to improve growth by reducing osmoregulatory costs, which
lowers resting cardiorespiratory activity and results in energetic savings
(Morgenroth et al., 2022). Oxygen saturation exceeded 100 %, peaking
at 150 % at the end of May. From June onward, it stabilized at
approximately 110 % to mitigate the risks associated with oxygen su-
persaturation and total gas pressure. Hyperoxia can impact fish physi-
ology, inducing hypoventilation and leading to carbon dioxide
retention, which may cause respiratory acidosis (McArley et al., 2021).
A shift in the microbial community was observed over the sampling
period in both the RAS and fish samples, concomitant with changes in
water parameters. Previous studies have indicated that such changes in
microbial communities can impact fish physiology (Dahle et al., 2023;
Deng et al., 2022; Vadstein et al., 2018).

Together, the increase in temperature and reductions in pH, salinity,
and oxygen saturation—bringing these parameters closer to optimal
levels—along with shifts in the microbial community, may have alle-
viated physiological stress in the fish and contributed to reduced mor-
tality rates.

5. Conclusion

This study presents a comprehensive analysis of a Seriola lalandi
production cycle within a commercial RAS. It produced an extensive
dataset of the microbiota composition of both fish tissues (skin, gills and
intestine) and RAS components (biofilter, tank water, denitrification
unit). Additionally, it introduced a Multiparametric Semi-quantitative
Scoring System (MSSS) for histological assessment of the gills, intes-
tine, liver, spleen and kidney. While the study was not designed to
establish causality, it revealed interdependencies among various
observed parameters, particularly the reduction in mortality following
the optimization of water parameters and a shift in microbial commu-
nities, suggesting that refining system management and monitoring
techniques could enhance the sustainability and productivity of aqua-
culture operations.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2025.742851.
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