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Abstract: With the increasing demand for European catfish, traditional extensive growth methods in
polyculture are no longer sufficient to meet market needs. Therefore, this study aimed to identify
indicators for improving recirculating aquaculture system (RAS) technology by determining and
comparing growth performance, flesh quality, blood profile, oxidative status, and intestinal microbiota
parameters between fish cultivated in a RAS and an earthen pond. Results revealed that RAS-grown
fish had a higher fat content compared to pond-grown fish, while no significant differences were
found for growth parameters. Sensory analysis showed no significant difference in taste between
the two groups. Blood composition analysis showed small differences. Oxidative status analyses
showed higher catalase and glutathione peroxidase activities in RAS-grown fish and slightly higher
superoxide dismutase activity in pond-grown fish. Microbial analysis showed differences in the
intestinal microflora, with a higher total number of aerobic germs and anaerobic germs and a lower
total number of sulfite-reducing clostridia in RAS-grown fish. This study provides valuable insights
into the comparative performance of a RAS and a pond rearing system in European catfish production,
potentially informing future growth technologies.

Keywords: Silurus glanis; recirculating aquaculture system; earthen pond; growth performance;
blood profile; proximate composition; oxidative status; microbiota

1. Introduction

European catfish (Silurus glanis) production is specific to countries such as Romania,
Bulgaria, Croatia, the Czech Republic, France, Hungary, Poland, and Belgium. However,
catfish production has declined in recent years in Romania (85.47 t in 2015, 48.025 t in 2016,
46.01 tin 2017, and 27.73 t in 2018), one of the countries where catfish are extensively raised
in polyculture with common carp [1]. To optimize catfish production, numerous studies
have been undertaken on various aspects of catfish aquaculture, such as artificial reproduc-
tion, larval rearing, and feeding [2-9]. To promote optimal growth in European catfish, it
is recommended to maintain a controlled temperature of above 22 °C, provide fish feed
with a protein value of 40-50% and a fat value of 10-12%, and maintain a feed conversion
ratio of 0.8-1.5 kg of feed per kg of body weight [2,10,11]. However, European catfish
are susceptible to various diseases caused by parasites such as Ichthyophthirius multifiliis,
bacteria including Flexibacter and Flavobacterium, and viruses such as Iridovirus [12]. To
prevent Ichthyophthirius multifiliis infections, prophylactic administration of dimetridazole
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is recommended in the early days of feeding [2]. Furthermore, the biochemical composition
of European catfish meat is influenced by rearing technology, water temperature, and feed,
resulting in meat with approximately 77.9% water, 17.3% protein, 3.7% lipids, and 0.1%
carbohydrates [13-17]. Nonetheless, there is currently limited knowledge regarding the
effects of various cultivation technologies, particularly a recirculating aquaculture system
(RAS), on catfish growth performance, blood profile, flesh proximate composition, oxida-
tive status, and intestinal microbiota. As the demand for catfish consumption continues to
rise, it is imperative to gain a deeper understanding of how different cultivation methods
impact catfish physiology and meat quality. A RAS has become increasingly popular in
recent years, particularly for the production of high-value fish species. According to a 2020
EUMOFA document [18], the top five species cultivated in a RAS in 2018 accounted for
95% of total production, with rainbow trout being the most farmed species at 56%. North
African catfish, European eel, Atlantic salmon, and Senegalese sole were the next most
commonly farmed species. Notably, European catfish were not among the top five species,
indicating a need for further research and development of RAS technology to make it eco-
nomically feasible for this species. A RAS offers several advantages over traditional pond
systems, including improved water quality control, reduced water usage, and higher fish
density [19]. However, one challenge associated with a RAS is the potential for high levels
of oxidative stress due to the increased fish density and limited water exchange. Oxidative
stress can have negative effects on fish growth, immune function, and overall health [20].
Therefore, it is important to investigate the impact of a RAS on the oxidative status of
European catfish and identify strategies to mitigate any negative effects. Another important
aspect to consider in European catfish aquaculture is the role of intestinal microbiota. The
gut microbiota plays a vital role in nutrient digestion and absorption, immune system
development, and the overall health of the fish. Recent studies have demonstrated the
potential for manipulating the gut microbiota to improve fish growth, disease resistance,
and overall performance [21]. Therefore, understanding the effects of a RAS and pond
production systems on the gut microbiota of European catfish could provide valuable
insights into optimizing production and improving fish health. This study aims to compare
the effects of a RAS and a pond rearing system on the growth, flesh quality, blood profile,
oxidative status, and intestinal microbiota of European catfish, Silurus glanis.

2. Materials and Methods
2.1. Experimental Protocol

The experiment was conducted over a three-year period (2019-2022) at the Research
and Development Station for Aquaculture and Aquatic Ecology, “Alexandru Ioan Cuza”
University in Jasi, Romania.

In 2019, a family of European catfish broodstock was selected for natural propagation
in a metal tank with a water volume of 75 m3. The resulting offspring were introduced into
the earthen pond and reared in a semi-intensive production system in polyculture with
common carp (Cyprinus carpio) that served as sanitary fish. After one year, the offspring
were split into two groups: one was introduced into the RAS (n = 10; 4 replicates), and
the other was reintroduced into the earthen pond and monitored for a period of two years
(n = 40).

2.2. Productivity Indices

The fish were weighed at the beginning and at the end of the experiment. The
following parameters were calculated [22]:

IBW—initial body weight (g);

FBW—final body weight (g);

WG—weight gain (%) = (FBW — IBW)/IBW) x 100;

FCR—feed conversion ratio (g/g) = feed intake (g)/WG;

RGR—relative growth rate (g/g day ') = WG/days of experiment/IBW;

SGR—specific growth rate (% day_l) = ((In FBW — In IBW)/days of experiment) x 100;
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PER—protein efficiency ratio = WG/ total protein;

Fulton’s condition factor (CF) = [FBW (g)/(SL (cm)?)] x 100, where SL = standard
body length;

Hepatosomatic index (HSI) = [liver weight (g) /body weight (g)] x 100;

Viscerosomatic index (VSI) = [visceral weight (g)/body weight (g)] x 100;

Survival Rate (%) = (number of surviving fish/number of initial fish) x 100

2.3. Physico-Chemical Parameters of Water

During the entire experimental period, the physico-chemical parameters of the fish
water were monitored daily to ensure that they remained within the optimal range for
catfish growth. The water quality in both the recirculating system and earthen pond was
carefully maintained to prevent stress on the fish. The European catfish is known to be
a hardy species, tolerant of varying environmental conditions. Optimal temperatures for
growing European catfish range between 20 and 24 °C [23]. To monitor water quality,
dissolved oxygen content, temperature, and pH were measured daily using a HQ30d
flexiparameter and a Hach model HQ11d digital pH meter, respectively. The levels of
nitrates, nitrites, ammonia, ammonium, and phosphorus were determined using a Hanna
Vis Iris HI-801 spectrophotometer. The results of these measurements are shown in Table 1.

Table 1. Physico-chemical parameters of water.

RAS Earthen Pond
Year Parameters Min. Max. Mean Min. Max. Mean
Temperature (°C) 16.9 25.50 20.70 16.40 28.10 22.50
pH 8.10 8.30 8.20 8.20 8.50 8.35
O, (mg/L) 7.11 8.90 8.00 4.63 8.08 6.35
First NO3;™ (mg/L) 7.20 26.40 16.8 0.50 1.30 0.90
year NO,;™ (mg/L) 0.00 0.040 0.02 0.10 0.30 0.20
NH3* (mg/L) 0.00 0.06 0.03 0.01 0.17 0.09
NH4* (mg/L) 0.00 0.80 0.40 0.02 0.19 0.10
P total (mg/L) 0.70 1.26 0.98 0.20 0.43 0.31
Temperature (°C) 15.2 25.8 20.5 15.60 27.80 21.70
pH 8.10 8.20 8.15 8.30 8.40 8.35
O, (mg/L) 6.92 9.42 8.17 4.19 8.33 6.26
Second NO;™ (mg/L) 2.60 11.60 7.10 0.00 6.60 3.30
year NO;™ (mg/L) 0.01 0.07 0.04 0.05 0.15 0.10
NH3* (mg/L) 0.04 0.15 0.09 0.01 0.09 0.05
NH;* (mg/L) 0.05 0.17 0.11 0.00 0.11 0.05
P total (mg/L) 0.10 0.06 0.08 0.10 0.40 0.25

2.4. The Proximate Flesh Composition

The proximate flesh composition of fresh and cooked flesh was analyzed with the
DA 7250 NIR, Perten Instruments, Hagersten, Sweden. This device uses near-infrared
light to quickly and accurately measure the moisture, fat, protein, ash, collagen, salt, and
collagen-free protein of the fish flesh without special preparation. Briefly, the meat samples
were homogenized with a meat grinder, placed in a tray, and analyzed. The analysis report
is obtained automatically in 6 s. The results are expressed in percent as they are based on
pre-existing calibrations included in the device software.

2.5. Blood Parameters

To obtain blood samples, the fish were anesthetized using 0.03 mL/I clove oil [24].
The blood was then collected through a heart puncture. The blood samples were analyzed
using the MNCHIP Pointcare V2 Analyzer to determine the biochemical and hematological
profiles. The following biochemical indices were measured: ALB—albumin; TP—total
proteins; GLO—globulins; A/G—ratio between albumin and globulins; Ca—calcium;
GLU—glucose; BUN—urea; P—phosphorus; AMY—amylase; CHOL—cholesterol;
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ALT—ala-nine aminotransferase; TBIL—total bilirubin; ALP—alkaline phosphatase;
CRE—<creatinine; BUN/CRE—ratio between urea and creatinine; and CK—creatine kinase.

Hematological indices were also determined, including: WBC—white blood cell count;
LYM—Ilymphocyte count; MON—monocyte count; NEU—neutrophil count; EOS—eosinophil
count; BAS—basophil count; LYM—lymphocyte percentage; MON—monocyte percent-
age; NEU—neutrophil percentage; EOS—eosinophil percentage; BAS—basophil percentage;
RBC—red blood cell count; HGB—hemoglobin concentration; HCT—hematocrit percentage;
MCV—mean corpuscular volume; MCH—mean corpuscular hemoglobin; MCHC—mean cor-
puscular hemoglobin concentration; RDWc—red cell distribution width coefficient of variation;
RDWs—red cell distribution width standard deviation; PLT—platelet count; MPV—mean
platelet volume; PCT—plateletcrit percentage; PDWc—platelet distribution width coefficient
of variation; and PDWs— platelet distribution width standard variation.

2.6. Oxidative Status Assessment

The fish were euthanized with a 2% clove oil solution, and muscle, liver, and intestine
tissue samples were precisely dissected and collected for oxidative status assessment. The
tissue samples were homogenized in an ice-cold potassium phosphate buffer solution of
0.1 M, KCl1 1.15%, pH 7.4, in a ratio of 1:10 (w/v). The homogenates were centrifuged
for 20 min at 3000 rpm at 4 °C, and the supernatants were further used to measure the
activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPX). Additionally, they were used to determine the content of reduced glutathione (GSH),
malondialdehyde (MDA), and carbonylated proteins according to the methods described
in Boiangiu et al. (2023) [25]. The SOD, CAT, and GPX activities and the levels of GSH,
MDA, and carbonylated proteins were normalized to the total content of soluble proteins
measured by the Bradford method (1976) [26].

2.7. Sensory Analysis by Triangle Test

The main objective of the triangle test is to determine if there are differences in terms
of taste between the European catfish grown in the RAS and the one from the earthen pond.
For this, two batches of catfish meat were cooked, one from the RAS and the other from the
pond. Thirteen assessors received three coded samples, two identical and one different,
and were asked to identify the different sample. The samples were prepared according to
the scheme: 2 samples of ABB, 2 samples of AAB, 2 samples of ABA, 2 samples of BAA,
2 samples of BBA, and 2 samples of BAB. A represents catfish meat from the pond, and
B is from the RAS. The samples were randomly distributed to the assessors. A statistical
analysis of the results was performed by comparing the number of correct identifications
with the number expected to be obtained by chance alone. To be statistically significant, the
number of correct identifications corresponding to 13 assessors must be 8 for the 5% level
and 9 for the 1% level [27].

2.8. Intestinal Microbiota

To analyze the effect of the cultivation system on the intestinal microbiota in Silu-
rus glanis, gut content samples were collected from 9 fish from each batch. The entire
gastrointestinal mass was collected by dissection, and the intestinal contents were har-
vested, distributed, and weighed under sterile conditions to obtain samples weighing 1 g.
Four microbiological indicators, representative of the intestinal microbiota, were studied:
the total number of aerobic germs (TNA /g intestinal content), the total number of anaer-
obic germs (TNAN/g intestinal content), the total number of sulfite-reducing clostridia
(TNSRC/g intestinal content), and the total number of enterobacteria (TNE/g intestinal
content). The working stages and culture media used were specific for each microbiological
indicator [28,29]. The results were expressed in colony-forming units per gram of intestinal
content (cfu/g).
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2.9. Statistical Analysis

To assess the normality of the growth parameters, flesh proximate composition,
blood profile, and logarithmically transformed microbiota data, the Shapiro-Wilk test
was conducted. The normally distributed data were then analyzed using the Independent
t-test, while the non-normal data were analyzed using the Mann-Whitney U test using
SPSS software version 21 (IBM Corp., Armonk, NY, USA). The results were reported as
means = standard errors (S.E.M.).

The oxidative status results were analyzed by two-way ANOVA followed by Sidak’s
multiple comparisons tests using GraphPad Prism software v9.3.1 (La Jolla, CA, USA). The
significant differences were considered when p < 0.05 and the values were expressed as
means + S.E.M.

3. Results
3.1. Growth Performance Parameters

Table 2 displays the growth performance parameters of European catfish, which
include initial weight, final weight, weight gain, condition factor, visceral somatic index
(VSI), and hepatosomatic index (HSI). Although there were minor variations in these
parameters between the fish grown in the recirculating aquaculture system (RAS) and those
grown in the earthen pond, no statistically significant differences were observed, except for
VSI and HSI. However, it is worth noting that RAS-grown fish showed a better weight gain
(1232%) compared to pond-grown fish (1150%), which could result in higher yields in the
RAS system.

Table 2. Growth parameters of European catfish from the recirculating aquaculture system and
earthen pond.

Aquaculture IBW FBW WG Survival
F VSI HSI
System ) ® ) ¢ S S Rate (%)
RAS 17438 +16.34 22335+ 101.61 1232.09+7331 0.72+£0.03 649 £0.57 2.69+0.19 100
Earthen Pond 212.05+ 1042 25981 +141.89 1150.95£86.99 0.76 £0.03 4.55+035 2.04+0.12 100
Independent ¢ test 0.68 0.51 0.485 - 0.009 0.011 1
Mann-Whitney U - - - 0.143 - - -

IBW—initial body weight; FBW—final body weight; WG—weight gain; CF—condition factor; VSI—viscero
somatic index; and HSI—hepato somatic index. n = 20.

Feed use efficiency parameters of European catfish cultivated in the RAS during the
two years of the experiment are shown in Table 3. It can be observed that SGR and RGR
decreased in the second year of the experiment, while FCR and PER increased.

Table 3. Feed efficiency parameters of European catfish cultivated in the RAS.

Year SGR RGR FCR PER

(% Day—1) (g/g Day—1) (g/g) (g/g)
First year 9.57 £ 1.03 87.94 +12.29 1.58 +0.16 1.66 4+ 0.28
Second year 513 £1.53 73.37 +16.38 1.66 + 0.29 1.85 4+ 0.39

SGR—specific growth rate; RGR—relative growth rate; FCR—feed conversion ratio; and PER—protein efficiency ratio.

3.2. Proximate Composition of Flesh

Table 4 presents the proximate composition of fresh and cooked European catfish flesh.
In terms of fresh flesh composition, fish grown in the RAS had a significantly higher fat
content and a significantly lower moisture and ash content compared to those grown in
the earthen pond. However, there were no significant differences observed in the protein,
collagen, or salt parameters. It is worth noting that there were no significant differences
observed in any parameter for cooked meat.
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Table 4. Proximate composition of European catfish flesh from the recirculating aquaculture system
and earthen pond.

Fresh
- Fat Moisture Protein Collagen Salt Ash Collagen Free Protein
Rearing System (%) (%) (%) (%) (%) (%) (%)
RAS 14.08 + 1.64 68.63 + 1.15 16.86 + 0.21 0.38 + 0.08 0.26 + 0.10 1.99 +0.14 -

Earthen Pond 7.11 £+ 0.90 71.86 + 0.64 16.63 £+ 0.20 0.34 +0.07 0.54 +0.14 2.58 +0.10 -
Independent ¢ test 0.001 0.020 0.436 - - 0.001 -
Mann—Whitney U - - - 0.979 0.232 - -

Cooked
. Fat Moisture Protein Collagen Salt Ash Collagen free protein
Rearmg system (0/0) (D/o) (O/o) (0/0) (O/o) (0/0) (0/0)
RAS 10.61 £ 0.05 66.69 + 0.10 19.94 + 0.16 1.4 +0.02 0.75 £+ 0.06 1.50 + 0.06 19.55 + 0.43

Earthen Pond 10.48 + 1.87 66.02 + 1.21 20.92 + 0.53 1.24 + 0.09 0.91 + 0.15 2.00 +0.23 22.42 4+ 0.98
Independent ¢ test - - 0.153 0.160 0.379 0.104 0.055

Mann-Whitney U 0.7 0.7 - - - - -
n==6.

3.3. Sensory Analysis

Table 5 shows the results of the sensory analysis of European catfish meat. Only 6
of the 13 assessors correctly identified the different sample. Since, for the result to be
significant at the 5% level, 8 correct answers were necessary, the sensory analysis shows
that there are no differences in the taste of the meat regardless of the cultivation method.

Table 5. Sensory evaluation of the taste of European catfish meat by the triangle test.

Evaluator Sample Result
1 AAB 0
2 AAB 0
3 ABA 0
4 BAA 0
5 BBA 1
6 BBA 0
7 BAB 0
8 ABB 1
9 ABB 0
10 ABA 1
11 BAB 1
12 ABB 1
13 ABB 1

A represents catfish meat from the earthen pond, and B is from the RAS. 1 represents correct identification, and 0
is wrong identification.

3.4. Blood Biochemical and Hematological Parameters

Table 6 presents the biochemical composition of the blood of European catfish. Small
and insignificant variations were observed for ALB, TP, GLO, A/G, Ca, GLU, BUN, P, AMY,
CRE, and BUN/CRE parameters between fish grown in the RAS and the pond. Although
the cholesterol content was higher in RAS-grown fish, the difference was not statistically
significant. However, ALT was significantly higher in RAS-grown fish. In contrast, TBIL
and CK parameters were significantly higher in pond-reared fish.
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Table 6. Biochemical parameters of European catfish blood from the recirculating aquaculture system

and earthen pond.

Parameter RAS Earthen Pond Independent £ test Mann-Whitney U
ALB (g/dL) 1.57 £0.03 1.53 £+ 0.09 0.742 -
TP (g/dL) 3.67 +0.24 3.40 +0.15 0.402 -
GLO (g/dL) 210+0.21 1.87 £ 0.09 0.360 -
A/G 0.77 £+ 0.07 0.83 £+ 0.03 - 0.4
Ca (mg/dL) 9.60 + 0.55 10.30 + 0.26 0.316 -
GLU (mg/dL) 62.33 +£7.22 65.33 +9.94 0.819 -
BUN (mg/dL) 1.09 £ 0.00 1.09 £ 0.00 1.00 -
P (mg/dL) 747 +£0.73 9.53 + 0.52 0.084 -
AMY (U/L) 13.00 + 4.04 13.33 +3.38 0.953 -
CHOL (mg/dL) 392.00 £ 51.00 274.67 £ 31.32 - 0.1
ALT (U/L) 124.00 + 23.86 52.00 & 7.00 0.044 -
TBIL (mg/dL) 043 £0.15 1.86 +0.25 0.008 -
ALP (U/L) 279.33 £ 3.33 347.00 £ 16.56 - 0.1
CRE (mg/dL) 0.69 £ 0.09 0.83 & 0.07 0.288 -
BUN/CRE 1.65 £0.25 1.33 £0.10 0.294 -
CK(U/L) 584.33 £ 150.67 1850.00 £ 0.00 0.001 -
ALB—albumin; TP—total proteins; GLO—globulins; A /G—ratio between albumin and globulins; Ca—calcium;
GLU—glucose; BUN—urea; P—phosphorus; AMY—amylase; CHOL—cholesterol; ALT—alanine aminotrans-
ferase; TBIL—total bilirubin; ALP—alkaline phosphatase; CRE—creatinine; BUN/CRE—ratio between urea and
creatinine; and CK—creatine kinase. n = 3.

Table 7 presents the hematological parameters of the blood in European catfish. WBC
and NEU were significantly higher in RAS-grown fish, whereas HGB and MCH were
significantly higher in pond-reared fish. There were no significant differences observed in
the rest of the parameters.

Table 7. Hematological parameters of European catfish blood from a recirculating aquaculture system
and earthen pond.

Parameter RAS Earthen Pond Independent ¢ test Mann—Whitney U
WBC 10°/L 4720 £491 10.83 +2.23 0.021 -
LYM 10°/L 7.76 £1.87 2.53 £+ 0.42 0.112 -
MON 10°/L 2.47 £0.82 0.06 + 0.01 0.099 -
NEU 10°/L 36.88 & 5.98 8.03 £ 1.87 0.044 -
EOS 10°/L 0.09 £ 0.04 0.22 £0.05 0.184 -
BAS 10°/L 0.00 & 0.00 0.01 +£0.01 - 1

LYM % 17.05 & 5.75 23.50 + 1.00 - 1
MON % 5.10 £ 1.20 0.50 £ 0.10 0.062 -
NEU % 77.65 + 4.65 73.75 £ 2.05 0.523 -
EOS % 0.20 £0.10 2.15 £+ 0.95 0.178 -
BAS % 0.00 & 0.00 0.05 4 0.05 - 1
RBC 102 /L 1.01 +0.03 1.05 4+ 0.01 - 0.33
HGB g/dL 8.40 £0.10 9.55 £ 0.05 0.009 -
HCT % 13.73 + 0.50 13.70 £ 1.11 0.985 -
MCV fl 136.00 £ 1.00 131.50 & 11.50 0.734 -
MCH p, 83.20 £ 1.50 91.50 £ 0.50 0.034 -
MCHC g/dL 61.35 + 1.45 70.20 &= 5.80 0.277 -
RDWc¢ % 11.55 4+ 0.25 10.00 4 0.60 0.140 -
RDWs fl 64.05 £ 1.55 56.65 + 7.45 0.433 -
PLT 10°/L 24.50 + 3.50 26.50 + 6.50 0.812 -
MPV fl 8.20 £ 0.00 7.80 £ 0.50 - 1
PCT % 0.02 & 0.00 0.02 £ 0.01 1.000 -
PDWc % 2725+ 4.15 27.85 + 0.55 0.899 -
PDWs fl 7.60 & 2.20 7.60 & 0.30 1.000 -

WBC—white blood cell count; LYM—Ilymphocyte count; MON—monocyte count; NEU—neutrophil count;
EOS—eosinophil count; BAS—basophil count; LYM—Ilymphocyte percentage; MON—monocyte percentage;
NEU—neutrophil percentage; EOS—eosinophil percentage; BAS—basophil percentage; RBC—red blood cell
count; HGB—hemoglobin concentration; HCT—hematocrit percentage; MCV—mean corpuscular volume;
MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular hemoglobin concentration; RDWc—red cell
distribution width coefficient of variation; RDWs—red cell distribution width standard deviation; PLT—platelet
count; MPV—mean platelet volume; PCT—plateletcrit percentage; PDWc—platelet distribution width coefficient
of variation; and PDWs—platelet distribution width standard variation. n = 2.
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3.5. Oxidative Status

The analysis of biochemical indices in muscle, liver, and intestinal tissue samples
revealed that the growth conditions definitely influence the oxidative status (Figure 1).
Thus, with regard to the SOD activity (Figure 1A), slightly increased values are noted in
the case of the sample grown in the conditions of the external environment (pond) in all
types of tissues sampled, with maximum values in the liver tissue, the central seat of the
metabolism of substances and energy, and a significant increase in muscle according to
Sidak’s multiple comparisons (p < 0.01). In CAT and GPX, a different influence of growth
conditions is observed in the sense that higher activity values were recorded for all types
of tissue in the sample grown indoors in the RAS compared to the batch originating from
the pond (Figure 1B,C). According to Sidak’s multiple comparisons, the highest increase in
CAT activity was obtained in muscle (p < 0.0001), followed by liver (p < 0.01) and intestine
(p < 0.05). Once more, in the case of GPX, we can notice the net difference in activity
between liver tissue and intestinal tissue, respectively, with the only significant increase in
the case of liver tissue (p < 0.0001). GSH is distinguished by slightly higher concentrations
in the samples from the pond; the difference between the batch grown in natural conditions
and the one in the RAS is, however, slightly significant according to Sidak’s multiple
comparisons test (p < 0.01) in the liver and intestine (Figure 1D). With regard to the
concentration of MDA and carbonylated proteins (Figure 1E,F), we can emphasize, on the
one hand, the net difference between the muscle and liver tissue samples in comparison
with the intestinal tissue samples, and on the other hand, the strongly significant difference,
according to Sidak’s multiple comparisons test (p < 0.0001), which manifests itself in the
case of intestinal tissue as a result of the influence exerted by environmental factors.
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Figure 1. The influence of the growth environment (inside—RAS, outside—pond) on oxidative status
determined in muscle, liver, and intestine tissues of Silurus glanis. The enzymatic parameters consisted
of measuring (A) SOD-, (B) CAT-, and (C) GPX-specific activities, while the non-enzymatic parameters
consisted of estimating the levels of (D) GSH, (E) MDA, and (F) carbonylated proteins. The values
are expressed as means + S.EM. (n = 10). A two-way ANOVA analysis revealed overall significant
differences between the experimental groups in (A) F(2,54) =447.7, p < 0.01; (B) F(2,54) = 156.2,
p <0.0001; (C) F(2,54) = 1199, p < 0.0001; (D) F(2,54) = 89.47, p < 0.01; (E) F(2,54) = 117.1, p < 0.0001;
and (F) F(2,54) = 28.41, p < 0.0001. For Sidak’s multiple comparisons analysis: **** p < 0.0001;
*p<0.01;*p<0.05. n=3.
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3.6. Intestinal Microbiota

Figure 2 presents the four microbiological indicators representative of the intestinal
microbiota of Silurus glanis: total number of aerobic germs (TNA), total number of anaerobic
germs (TNAN), total number of sulfite-reducing clostridia (TNSRC), and total number of
enterobacteria (TNE). The analysis of the logarithmic transformed values showed signif-
icant differences between the two rearing systems for TNA, TNSRC, and TNE, while no
significant differences were recorded for TNAN. Higher TNA and NTE and lower TNSRC
in RAS-grown fish were found.

Log 10 cfu/g
o

TNA TNAN TNSRC TNE

RAS = POND

Figure 2. Logarithmic abundance of intestinal microbiota in European catfish from the recirculating
aquaculture system (RAS) and earthen pond. Total number of aerobic germs (TNA), total number of
anaerobic germs (TNAN), total number of sulfite-reducing clostridia (TNSRC), and total number of
enterobacteria (TNE). * Significant differences for p < 0.05; ns—no significant differences (p > 0.05).
According to the Independent f test, p-values for TNA, TNAN, and TNSRC were 0.004, 0.207, and
0.002, respectively. The p-value for TNE was 0.001 according to the Mann-Whitney U test. n = 9.

4. Discussion

The development of a recirculating aquaculture system (RAS) has provided many
benefits to the aquaculture industry, such as the ability to control cultivation conditions and
predict production yields, more efficient use of water and space resources, and reduced
environmental impact. However, RAS technology is inherently complex and requires large
initial investment costs and specialized personnel to operate the system, which can be
a drawback for some operators [19]. The aim of this study was to compare the effects
of two cultivation systems, RAS versus pond, on the growth, flesh quality, biochemical
and hematological profiles of the blood, oxidative status, and intestinal microbiota of
Silurus glanis in the climatic conditions of north-eastern Romania. Regarding production
parameters, although no statistically significant differences were observed, weight gain
was greater in the RAS group (1232%) compared to the pond group (1150%), which could
indicate higher final production and economic value in the RAS. In fact, Silurus glanis, a
freshwater species commonly known as the European catfish or Wels catfish, can achieve
high production rates in intensive aquaculture systems. For instance, Mongirdas and
Kusta (2006) [30] reported production rates of up to 30 kg/m?3 in a RAS. Furthermore, other
parameters such as VSI, processing fillet yield, and fat were higher in a RAS when compared
to a flow-through system, according to Zdenek et al. (2015) [31]. The growth performance
of Silurus glanis can be influenced by various factors, including the rearing system, water
temperature, stocking density, and feeding regime. In recent years, the cultivation of
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Silurus glanis in a RAS has gained popularity due to its potential for high production
rates and reduced environmental impact. A RAS facilitates the efficient use of water and
the control of water quality parameters, resulting in improved growth rates and reduced
mortality. However, the cultivation of European catfish in a RAS also has challenges, such
as cannibalism and susceptibility to infestation with Ichthyophthirius multifiliis during the
fry-to-fingerling stage, requiring a prophylactic dimetridazole treatment of 56 mg/kg for
10 days after feeding initiation [2]. Silurus glanis is a highly sought-after species in the
European market, prized for its delicate flavor and texture. Its demand remains consistently
strong, with the species commanding higher prices than other freshwater fish in several
markets. However, in an earthen pond, the production rate of this fish is relatively low. For
instance, at a density of 30 fish/ha, the first-year culture yields up to 18.4 kg/ha, while in the
second year, a density of 130 fish/ha produces 61.3 kg/ha, and in the third year, a density
of 70 fish/ha produces 36.3 kg/ha [32]. The quality of the meat is directly influenced by
the cultivation conditions, and in this study, the proximate composition analyses showed
that RAS-grown fish had a significantly higher fat content. This could be attributed to
the feed composition being high in proteins and fat (45% and 12%, respectively) and a
reduced swimming space for the fish. Jankowska et al. (2007) [33] also reported a high fat
content in European catfish cultured in a RAS. However, the proximate composition of the
cooked meat did not show significant differences between the two rearing systems in this
study. Although the fat content was higher in the RAS group, sensory analysis of meat
taste using the triangle test did not show significant differences between the two rearing
systems, favoring cultivation in the RAS.

The blood’s biochemical composition and hematological profile provide valuable
information about the fish’s health status and the presence of disturbing factors in the
living environment [34]. This study found slight variations in both blood biochemical and
hematological profiles, indicating that the growth system, particularly the RAS, causes a
reduced level of stress. For example, the concentration of alanine aminotransferase, which
is involved in amino acid metabolism, was significantly higher in RAS-reared fish, with
values twice as high as those observed in pond-reared fish. This finding suggests a hepatic
cell injury or increased synthesis of the enzyme by the liver, given that it is predominantly
found in the liver, plasma, and various tissues. Conversely, total bilirubin (TBIL), alkaline
phosphatase (ALP), and creatine kinase (CK) levels were significantly higher in pond-
reared fish, indicating a stress response to the growing conditions. According to Hastuti
et al. (2019) [35], elevated levels of bilirubin, which is the final product of hemolysis, can
indicate an increase in haem breakdown and a decrease in total bilirubin intake by the
liver, leading to yellow pigmentation and a condition known as jaundice. In the case
of Clarias gariepinus, TBIL values were recorded as 7.9 in those affected by jaundice and
0.8 mg dL~! in healthy fish. However, considering the fact that the values of European
catfish grown in the earthen pond in this study were 1.86, which is close to the values of
healthy fish from the study by Hastuti et al. (2019) [35], we can conclude that although there
are significant differences compared to the RAS, there is no cause for concern. In contrast,
the CK values, which are involved in adenosine triphosphate homeostasis and considered
a biomarker for the presence of environmental stressors, such as drugs or pesticides that
affect the muscles [36], were approximately three times higher in the pond-reared fish,
suggesting the possible presence of some toxic compounds in the water. Regarding blood
hematological parameters, significant variations were observed in the case of blood cells
with immunological functions, such as white blood cells and neutrophils, which were four
times higher in RAS-reared fish, while hemoglobin and mean hemoglobin volume were
slightly higher in pond-reared fish. It is important to note that several factors can influence
the blood biochemistry and hematology of Silurus glanis, including age, sex, reproductive
status, diet, water quality, and disease status [37]. In this study, water quality and feed in
the two rearing systems were the factors that influenced the parameters mentioned above.

Water recirculation systems are a reliable technological source being used in aquacul-
ture to intensify fish production. Depending on the species, it is known that one of the
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limiting factors in such systems is the oxygen concentration [30,38,39]. At the same time,
the fish’s defensive antioxidant system can be influenced by the oxygen concentration and
toxins in the water and the fish’s temperature, age, feeding behavior, stress, etc. Many
studies carried out in fish have focused on toxicological aspects and less on the relationship
that exists between the oxidative cycle and seasonal variations or between the oxidative
cycle and environmental conditions (recirculating system and earthen pond) [40]. Fish
are frequently exposed to episodes of environmental and physiological hypoxia and are
likely to produce high levels of reactive oxygen species (ROS), such as superoxide radical
(Oy.), hydrogen peroxide (H,0O;), and hydroxyl radical (OH-), as a result of oxidative
metabolism during physiological stress or the post-stress recovery period [41,42]. The
excessive accumulation of these derivatives of harmful oxygen causes oxidative stress,
whose direct effect is the peroxidation of important macromolecules. Thus, to reduce
the negative effects of ROS, fish and other vertebrates possess an antioxidant defense
system that includes enzymatic and non-enzymatic mechanisms. In addition, antioxidant
enzymes respond differently to the action of stressors; thus, in this sense, to indicate the
total oxyradical scavenging capacity, an overview of all these biochemical markers is neces-
sary [43,44]. Regarding our results, the detected values differ, on the one hand, depending
on the growth conditions and, on the other hand, depending on the type of analyzed tissue.
Higher values were recorded, in general, in the liver tissue, which is likely due to the close
connection with the intense metabolism that occurs at the level of this organ. In this aspect,
our data is correlated with data from the literature in this field [45,46]. In addition, other
studies [47-49] show the involvement of the lipid level and some vitamins in the daily
diet in the defense of the antioxidant system and oxidative status in fish, with the soluble
starch being involved in reducing the susceptibility of the fish to oxidation and potentially
enhancing the growth rate.

From a microbiological point of view, higher logarithmic values were obtained in Silu-
rus glanis RAS-grown than in pond-grown, except for the total number of sulfate-reducing
clostridia, where the logarithmic value was lower (log10 1.9) than that in pond-grown
(log10 2.3). Clostridia are commonly found in soil, aquatic environments, and the intestines
of animals [50]. These microorganisms form endospores that allow bacteria to survive in
almost any habitat, terrestrial or aquatic, by waiting for favorable growth conditions [51].
There is little bibliographic information on the density of sulfite-reducing Clostridia in the
gut microbiome of freshwater fish, although these anaerobic microorganisms (including
Clostridium perfringens), together with aerobic microorganisms from the Enterobacteriaceae
family (including Escherichia coli), are considered fecal indicators for assessing the microbi-
ological quality of water in the EU and UK [52-54]. Some authors hypothesized that the
presence and high density of Clostridium perfringens (a sulfite-reducing species) in the gas-
trointestinal mass of fish could be a consequence of adaptation to the specific gut conditions
of poikilotherms, giving fish the quality of a primary source of water contamination [55].
Since the effect of diet on the gut microbiota is known in humans and other species, we
can infer that the population of sulfite-reducing clostridia in the gut of Silurus glanis fish
from the RAS group was affected by the diet. Different dietary fats have different effects
on the composition of the gut microbiota due to their different fatty acid profiles [56]. The
results of our study are in agreement with other studies that have shown that members of
the phylum Firmicutes (mainly unclassified Clostridiales and Clostridium sensu stricto) and
Proteobacteria (Gammaproteobacteria) are the dominant taxa in the intestinal contents of
different fish species [29,57]. It is well known that the gut microbiota plays an important
role in host health by interacting with various physiological processes [58]. As long as the
diet is balanced and provides nutritional benefits, the overall health of the fish does not
suffer, and there are no economic losses. The cultivation technology of Silurus glanis can
be improved by adjusting the environmental and feeding conditions to meet the species’
needs. Such an improvement could encourage farmers to increase production, especially
given the high demand for this species. Silurus glanis is valued not only for its taste but also
for its nutritional qualities, including a favorable fatty acid profile and better sanogenic
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indices [59]. Compared to other commonly consumed freshwater fish species, catfish has
a significant proportion of polyunsaturated fatty acids (PUFA) and superior sanogenic
indices, which suggests that it is of better quality [59]. Based on the results of our study, we
recommend the adoption of RAS technology in European catfish aquaculture. The use of a
RAS can lead to higher production levels without compromising the nutritional quality or
welfare of the fish. Additionally, a RAS can offer a sustainable alternative to a traditional
pond rearing system, as it consumes less water and can minimize environmental impacts.

5. Conclusions

Overall, the results of this study suggest that RAS technology has the potential to
increase the yield of Silurus glanis in aquaculture as a sustainable alternative to cultivation
in an earthen pond. Additionally, the small and insignificant differences in cooked meat
composition and sensory analyses suggest that the fish raised in either system are com-
parable in terms of nutritional value and taste. Furthermore, the study found no adverse
impact on the intestinal microbiota of the fish in either system. However, it is important to
note that RAS cultivation is not without challenges, including maintaining water quality
parameters within optimal ranges. Overall, this study provides valuable insights into the
potential benefits and challenges of RAS technology for the cultivation of Silurus glanis.
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