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Abstract: This research aimed to evaluate the reproductive potential of hatchery-reared (F1) pike-
perch (Sander lucioperca) broodstock fed a commercial diet with low levels of long-chain polyunsat-
urated fatty acids (Lc-PUFA) and wild (F0) pike-perch broodstock fed forage fish. Reproductive
parameters, including pseudogonadosomatic index (PGSI), egg size, latency time, hatching rate,
embryo survival, and eggs’ fatty acid (FA) composition, as well as plasma sex hormone, glucose
and immunoglobulin levels after hormone injection, were analyzed. The results showed low PGSI
(10% in F1 vs. 14% in F0) and embryo survival (24% in F1 vs. 61% in F0) in F1 broodstock, but a
satisfactory hatching rate (63% in F1 vs. 78% in F0) and larval size (4.6 mm in F1 vs. 4.7 mm in F0). A
low arachidonic acid (ARA) percentage in F1 fish eggs (1.32%), along with increased immunoglobulin
levels (17.31 g/L), suggests that immune system activation might have depleted the reserves of
ARA in F1 fish, which is the key fatty acid for successful oocyte maturation. We assumed that the
administration of more sustainable diets, based on terrestrial plant ingredients, is not inferior to
higher-quality diets based on marine ingredients.

Keywords: pike-perch; maternal nutrition; sustainable feed; fatty acids

Key Contribution: This research demonstrated that docosahexaenoic (DHA) and eicosapentaeonic
acid (EPA) in broodstock diets may not be critical for the reproductive performance of hatchery-
reared pike-perch broodstock. It further showed intense immunological reaction to external stimuli
of hatchery-reared pike-perch. Strategies to improve F1 broodstock’s reproductive potential through
diet and fish’s immunological status corrections are proposed.

1. Introduction

Rising interest in percid cultivation across Europe has urged the need for complete
control of the life cycle of these species. Due to their great adaptability to indoor farming,
which is mainstream in resource-sparing fish production, percids—and particularly pike-
perch (Sander lucioperca)—have been identified as key fish species for the diversification of
European aquaculture [1]. Pike-perch has reached level four of domestication, but wild
broodstock are still used as the source of reproductive material [2]. The reasons behind
the inferior reproductive performance of farmed pike-perch and other fish species have
not been elucidated so far, though nutritional factors are suspected to play a critical role in
oocyte growth and larval survival [3,4].
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Oocytes’ lipid content is one of the main predictors of fish fertility. Lipids and fatty
acids (FA) are the most important nutrients from the aspect of fish reproduction [5]. De-
position of FA in finfish oocytes occurs during the previtellogenesis state when neutral
lipids (NL) are deposited, and during the vitellogenesis state, when phospholipid (PL)
accumulation occurs [6]. Arachidonic acid (ARA) is the most important FA linked to gamete
quality, and a deficit in this FA in cultured broodstock’s oocytes has been demonstrated
in numerous fish species [4,7]. ARA is synthesized through desaturation and elongation
reactions from linoleic acid (LA). It serves as a substrate for cyclooxygenase (COX) and
5-lipooxigenase (LOX), giving rise to prostaglandins (PG) and leukotrienes (LT), respec-
tively. Aside from both pro- and anti-inflammatory activities, products of COX activity
play a significant role in fish reproduction, though the exact mechanisms have not been
elucidated yet [8].

Fatty acids (FA) in oocytes come from dietary sources and de novo synthesis [8]. In
general, feed supplied to hatchery-reared fish throughout the on-growing and maturation
periods is deficient in polyunsaturated fatty acids (PUFA), particularly ARA [9]. Hence,
deficiency in the feed may be one of the reasons for lower ARA accumulation reported
in hatchery-reared broodstock’s oocytes [7]. However, in a study performed in 2017, the
reproductive potential of wild and hatchery pike-perch broodstock fed forage fish high in
ARA [10] was assessed. Although this study can have substantial implications in evaluating
the role of fish physiology and/or feeding history in reproductive efficiency, it does not
account for the lower feeding efficacy of F1 broodstock in comparison to F0 fish, due to
different cognition and preying capacities between the two fish populations [11,12] Anyway,
it indicated the potentially lower intrinsic capacity of F1 fish to accumulate ARA in oocytes.
This finding was further confirmed when hatchery fish were fed with feed enriched with
ARA at the same percentage as was present in live feed [13].

Aside from ARA, docosahexaenoic (DHA) and eicosapentaenoic acid (EPA) have been
considered to affect oocyte quality in maturing fish, which is the reason why broodstock
diets are supplemented with DHA- and EPA-rich ingredients, predominantly fish oil [14].
However, even formulated diets rich in DHA and EPA fail to provide satisfactory repro-
ductive performance of hatchery-reared pike-perch broodstock, as shown in the previous
study [13]. Moreover, due to competition between DHA, EPA, and ARA for incorporation
into membrane phospholipids and/or enzymes involved in eicosanoid synthesis [15,16],
DHA/EPA/ARA ratios in diets may be more important than their absolute levels, both for
fish growth and reproductive success [17,18]. Ratio 3:2:2 was found to be optimal for satis-
factory egg and larval quality in Eurasian perch [19], and diets high in marine ingredients
do not necessarily meet this requirement [13]. Hence, the application of high-cost diets may
unduly increase farming costs, without any advantage to lower-cost, more sustainable diets
with a lower inclusion of marine ingredients. The present study therefore aimed to assess
the reproductive performance of hatchery pike-perch broodstock fed locally produced
commercial feed with a significant substitution of fishmeal with vegetable protein sources,
and to compare it to the performance of wild fish fed forage fish. It further aimed to
estimate the potential influence of FA content in diet on the FA profile in oocytes after
ovulation and to interpret the obtained results in the light of present and recent findings on
fish adaptation to the farming environment.

2. Materials and Methods

Fish manipulation was carried out as written in the regulations of the Animal Ethical
Panel of the Research Center of Fisheries and Aquaculture (HAKI), Hungarian University
of Agriculture and Life Sciences (MATE), established according to Hungarian State law
(10/1999.I.27.).

2.1. Diet Analysis

Two diets were used in this research: forage fish and locally purchased commercial
feed having low levels of marine ingredients (COM diet). Formulation of this feed is not
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presented here due to intellectual property issues; nevertheless, the ingredients are in
descending order as follows: wheat, rice bran, soybean meal (C.P. 46), extruded soymeal,
fish meal (C.P. 60%), poultry meal, poultry hydrolyzed protein, blood meal, corn gluten (C.P.
60%), animal fat, CARGILL premix. The premix composition (quantity/kg) used is as follows:
vitamin A—1,000,000 IU; vitamin D3—80,000 IU; vitamin E—5000 mg; vitamin K3—334 mg;
vitamin B6—200 mg; vitamin C (ascorbic acid monophosphate)—11,300 mg; Ca—114 g;
P—78 g; Na—1 g; Fe—670 mg; Zn—1070 mg; Mn—160 mg; Cu (CuSO4*5H2O)—200 mg;
Se—20 mg; lysine—70 g; methionine—198 g.

Proximate compositions of the diets were analyzed by standard methods of the AOAC [20]
and are presented in Table 1. Forage fish (n = 10) were homogenized, and four aliquots
were involved in the analysis. In the case of formulated feed, measurements were performed
in duplicate. The FA compositions of the diets were analyzed using the gas chromatography
method. Lipids were extracted from the samples using a 2:1 mixture of chloroform and methanol.
The extracts were purified according to the method of Folch et al., 1957 [21]. Aliquots of total
lipid samples were transesterified using a methanolic solution of HCl [22]. Fatty acid methyl
esters (FAME) were separated on fused silica capillary columns (DB-225) in an AGILENT (HP)
gas chromatograph system (type ‘6890N’) equipped with a flame ionization detector (FID)
and a mass spectrometer (MS) detector (MSD, type ‘5973N’). FAMEs were identified using
authentic primary (SUPELCO, Bellefonte, NJ, USA) or secondary standards (e.g., linseed oil,
cod liver oil) and employing the relationship between the logarithms of relative retention
times and the carbon number (Cn) of fatty acids. Fatty acid concentrations are expressed
as a weight percentage of the FA sample, as assessed by the retention factor and molar
concentration of FAME [23,24]. Data on fatty acid composition of forage fish and COM diet
are presented in Table 2.

Table 1. Proximate composition (% wet weight basis) and gross energy (KJ g−1 wet weight basis) of
the feeds utilized during wintering.

Nutrient/Feed Forage Fish (n = 4) COM Diet (n = 2)

dry matter 22.26 ± 0.02 92.18 ± 0.10
crude protein 13.92 ± 0.12 40.63 ± 1.09
crude fat 13.18 ± 0.02 10.66 ± 0.04
crude fiber 0 2.57 ± 0.36
crude ash 3.87 ± 0.16 8.42 ± 0.11
gross energy (GE) * 4.75 19.43
Lysine ** nd 2.618
Methionine ** nd 1.062
Ca ** nd 1.883
P ** nd 1.229

* The diets’ gross energy (GE) values were calculated by using formula GE = 39.5 × crude fat + 23.6× total
carbohydrates + 17.2 × crude protein ((KJ g−1), [25] total carbohydrate = 100 − (crude protein + crude fat + crude
fiber + ash). ** Calculated values published by the feed producer.

Table 2. Fatty acid composition (% of total fatty acids) of the feed offered to F0 fish (forage fish) and
F1 fish (COM diet) during wintering.

Fatty Acid Forage Fish (n = 4) COM Diet (n = 2)

14:0 1.57 ± 0.10 0.84 ± 0.02
16:0 (PA) 15.39 ± 0.56 18.82 ± 0.16
16:1ω9 0.83 ± 0.05 0.29 ± 0.0
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Table 2. Cont.

Fatty Acid Forage Fish (n = 4) COM Diet (n = 2)

16:1ω7 (POA) 8.47 ± 0.29 3.34 ± 0.03
17:0 0.60 ± 0.04 0.23 ± 0.0
18:0 (SA) 3.75 ± 0.39 6.28 ± 0.09
18:1ω9 (OA) 22.7 ± 0.12 25.41 ± 0.24
18:1ω7 3.49 ± 0.17 1.67 ± 0.16
18:2ω6 (LA) 10.4 ± 1.08 34.9 ± 0.08
18:3ω6 (GLA) 0.51 ± 0.03 0.0 ± 0.0
18:3ω3 (ALA) 4.20 ± 0.42 3.01 ± 0.03
20:0 0.22 ± 0.02 0.17 ± 0.00
20:1ω9 1.02 ± 0.18 0.49 ± 0.05
20:2ω6 0.61 ± 0.10 0.20 ± 0.0
20:3ω6 (DGLA) 0.61 ± 0.08 0.10 ± 0.01
20:4ω6 (ARA) 3.41 ± 0.31 0.61 ± 0.0
20:3ω3 0.42 ± 0.01 0.0 ± 0.0
20:4ω3 (ETA) 0.57 ± 0.02 0.06 ± 0.0
20:5ω3 (EPA) 3.88 ± 0.15 0.47 ± 0.01
22:4ω6 0.33 ± 0.06 0.09 ± 0.13
22:5ω6 0.70 ± 0.07 0.05 ± 0.08
22:5ω3 1.48 ± 0.12 0.19 ± 0.01
22:6ω3 (DHA) 6.47 ± 0.48 1.09 ± 0.0
DHA:EPA:ARA 1.9:1.1:1 2.3:1:1.3

PA = palmitic acid, POA = palmitoleic acid, SA = stearic acid, OA = oleic acid, LA = linoleic acid, GLA = gamma-
linolenic acid, ALA = alpha-linolenic acid, DGLA = dihomo-gamma-linolenic acid, ARA = arachidonic acid,
ETA = eicosatetraenoic acid, EPA = eicosapentaenoic acid, DHA = docosahexaenoic acid.

2.2. Fish Origin

Two stocks were used in the present research (Figure 1): wild breeders (F0), harvested
from the oxbow of the river Körös; and F1 stock, originating from artificially reproduced
wild breeders harvested earlier from the same location. While being reared in flow-through
tank from three months old (mo), these fish (F1) were transferred to RAS in October 2015
(30 mo). The age of the F1 group at the time of artificial reproduction was 36 mo, while
the age of wild breeders was unknown. Considering the common thermal regime that
these groups of fish experienced and also their similar size, an age disagreement between
the groups is less likely; nevertheless, it cannot be fully excluded. RAS was composed of
three 4 m3 tanks and supplied with a window of 0.5 × 1.2 m in order to maintain natural
photoperiod, while the water temperature was manipulated as shown in Figure 2. The
range of the light intensity on the tanks’ water surface was 1–40 lux. From July 2015, F1 fish
were fed the COM diet. During the autumn (cooling), breeders were fed 2–5 times per week
with 0.7% biomass daily rate, depending on the temperature. Wild breeders (F0) were
harvested in mid-November of 2015 and transported to a 700 m2 earthen pond supplied
with 25 % of total pike-perch biomass, with prey fish harvested at the same occasion. This
kind of broodstock maintenance, where the breeders can hunt live prey during autumn
and winter, presents a traditional strategy in this region. In early February 2016, six males
and females were transported to the indoor facility of MATE HAKI for one week of slow
water equilibration at 13 ◦C. Afterwards, fish were stocked in the separated 4 m3 tank of
the same broodstock’s RAS where the F1 group was maintained, and kept at a stable 13 ◦C
for the next two weeks.
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2016, while both groups were under the natural photothermal regime. On 11 February 2016, wild 
pike-perch breeders were stocked in one separate identical tank in the recirculation system. 

2.3. Artificial Reproduction Procedure 
On 23 February 2016, hormonal stimulation of final oocyte maturation (FOM) and 

ovulation took place. In total, six females and six males were treated with 500 IU/kg and 
250 IU/kg, respectively, of human chorionic gonadotropin (hCG) (Choragon, Ferring 
International Center S.A., Saint-Prex, Switzerland). At the moment of the hormonal 
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Figure 2. Weekly water temperature manipulation conducted from mid-October 2015 in a recircula-
tion facility (RAS) where F1 broodstock was maintained and temperature measured in the outdoor
wild F0 broodstock POND until hormonal stimulation and ovulation in early March of 2016, while
both groups were under the natural photothermal regime. On 11 February 2016, wild pike-perch
breeders were stocked in one separate identical tank in the recirculation system.

2.3. Artificial Reproduction Procedure

On 23 February 2016, hormonal stimulation of final oocyte maturation (FOM) and
ovulation took place. In total, six females and six males were treated with 500 IU/kg and
250 IU/kg, respectively, of human chorionic gonadotropin (hCG) (Choragon, Ferring Inter-
national Center S.A., Saint-Prex, Switzerland). At the moment of the hormonal stimulation,

https://www.flaticom.com
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the sample of oocytes was taken using a catheter (size CH06, infant feeding tube), and upon
clarification in Serra solution (96% alcohol, 35% formalin, and glacial acetic acid in a ratio of
6:3:1 v/v, respectively), the FOM stage was evaluated as described in Zarski et al., 2012 [26].
Once the oocytes were found in stage VI (germinal vesicle breakdown), the genital papilla
of the respective female was sutured to prevent the spontaneous discarding of eggs in the
tank following ovulation [27]. Upon suture, the fish was evaluated for ovulation every
four hours. Once the ovulation was noticed by a flow of the eggs from the genital papilla
upon the gentle massage of the fish’s abdomen, the eggs were stripped. Upon collection
of the eggs, both weights of the eggs and females were assessed. Accordingly, pseudog-
onadosomatic index (PGSI) was calculated as the ratio of total egg mass to individual
fish weight. Further on, the fresh sperm of the two males from the respective group were
stripped via a catheter. The sperm of two males were used per each female; nevertheless,
the sperm of all males were used during reproduction to fertilize the eggs of all females
in the respective group. In a timeframe of up to 15 min from stripping, the gametes were
mixed at the ratio of 1 mL of sperm per 100 g of eggs, and further activated using the
hatchery freshwater. To prevent egg clumping in the incubation jar, egg de-adhesion was
performed using the milk + kaolin method, as explained by Ljubobratovic et al., 2019 [28].
Upon de-adhesion, the eggs of each female were placed in a separate Zug jar, and their
volume was assessed. During incubation, dead eggs were regularly siphoned from the
incubator, and 72 h postfertilization, eggs were left to settle, and their volume was assessed,
as well as the percentage of alive eggs, via two samples of about 100 eggs per jar. Using
these data, the fertilization rate was calculated as follows:

Embryo survival =
volume of eggs 72 h after fertilization

volume of eggs at the time of stocking into Zug jar
∗mean percentage of live eggs

Once the hatching was noticed in the jar, a sample of 100 live eggs per jar was taken
into the bowl filled with incubation water and maintained at an ambient temperature of
15 ◦C for the next 48 h when the hatching rate was assessed by counting the number of
hatched larvae every 12 h. Upon swelling, and before the kaolin treatment, a sample of
30 eggs was washed from milk solution and photographed for the evaluation of egg size.
Likewise, upon hatching, a sample of 30 larvae was taken from each jar and photographed
for the evaluation of the length of the newly hatched larvae. Pictures were made under the
Nikon ShuttlePix P-400R microscope (Nikon Corporation, Tokyo, Japan) at 20× magnification,
while images of eggs and larvae were later processed using Nikon ShuttlePix Editor Ver3.4.0.
Water temperature during the incubation was kept at 16.5 ± 1.0 ◦C, while the water oxygen
saturation was in the range of 80–100%.

2.4. Eggs’ FA Profile Analysis

For eggs analysis, freshly stripped dry eggs were taken from 4–6 females per group, (5 g
per female) placed into separate vials (one vial per female), and stored at −80 ◦C. Extraction
of total lipids was performed as described above. After extraction, lipids were separated
into polar (mainly phospholipids—PL) and neutral lipids (mainly triglycerides—NL) using a
silica cartridge packed with aminopropyl bonded phases (500 mg/3 mL SIGMA Supelclean
SPE-NH 2 cartridge), according to the method described by Kaluzny et al., 1985 [29].
A thin-layer chromatography (TLC) purity check was also conducted. The percentage of
FAs in polar and neutral lipid fractions was assessed after transesterification and the same
gas chromatography system as above.

Indirect desaturase indices in eggs were evaluated as described in Pérez-Torres et al.,
2021 [30], with the exception that calibration to the ratios of relevant fatty acids in the total
lipid of feeds was performed. Delta5 desaturase indices were calculated as ARA/DGLA
(a) and EPA/ETA (b) ratios and delta6 desaturase index was calculated as GLA/LA ratio,
while delta9 desaturase indices were calculated as POA/PA (a) and OA/SA (b) ratios.
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2.5. Plasma Glucose and Immunoglobulin (Ig) Analysis

Plasma samples of fish were collected 48 h post-hormone injection and at the moment
of ovulation. Fish were anesthetized using clove oil, and 0.5 mL of blood from the caudal
veins was drawn using heparinized needles. After centrifugation at 1375× g, +4 ◦C
for 20 min, supernatants were transferred to 1.5 mL tubes and stored at −20 ◦C until
further analyses.

Quantities of glucose and Ig in plasma samples were analyzed at 48 h after hormone
injection and at the moment of ovulation. Four to six samples per group were analyzed
at each time point. For total Ig measurement, Ig was precipitated by mixing 50 µL of
plasma with 50 µL of polyethylene glycol (PEG) [31]. After 2 h at RT, samples were
centrifuged to pellet Ig and protein concentration in the supernatant was analyzed using
FLUITEST Total Protein Kits (Analyticon Biotechnologies AG, Lichtenfels, Germany). This
value was subtracted from the initial amount of proteins before Ig precipitation. Glucose
concentrations were estimated using a commercially available assay based on enzymatic
colorimetric reaction (FLUITEST Glucose Kit, Analyticon Biotechnologies AG, Lichtenfels,
Germany), using the protocol described by the manufacturer. Glucose levels were expressed
as nmol/L, while Ig levels were expressed as g/L of plasma volume.

2.6. Plasma Sex Hormone Analysis

The sex hormones estradiol (E2) and testosterone (T) were analyzed in plasma samples
obtained from blood collected at 48 h post-hormone injection and at the moment of ovula-
tion. Six samples per group at each time point were analyzed using E2 levels expressed as
pg/mL, while T levels were analyzed as ng/mL of plasma volume. Estradiol (E2, ng/mL)
was assayed on 50 µL of plasma using the DIAsource E2-ELISA kit (DIAsource, KAP0621).
A dilution of 1:20 of the plasma samples was applied. Sensitivity was 5 pg/mL. Intra-assay
coefficients of variation (CV) ranged from 2.6% to 3.1% and interassay CV ranged from
2.4% to 4.7% for low and high E2 levels, respectively. Testosterone (T, ng/mL) was assayed
on 25 µL of plasma using the DIAsource Testosterone ELISA kit (DIAsource, KAPD1559).
When necessary, a 1:2 or 1:8 dilution of the plasma samples was applied. Sensitivity was
83 pg/mL. Intra-assay CV ranged from 1.5% to 9.5% and interassay CV ranged from 7.6%
to 8.7% for low and high testosterone levels, respectively.

2.7. Data Presentation and Analysis

Data are presented in tables as means ± standard deviations (SD). Nonparametric
Mann–Whitney test was used for analysis of eggs’ FA profiles and desaturase indexes.
Similar to the FA profiles, the Mann–Whitney test was used to analyze differences in sex
hormone, glucose, and Ig levels, as well as basic reproductive parameters between F0 and
F1 fish. Results were considered to be statistically significant if p < 0.05. Statistical analysis
was performed using SPSS 21, IBM Corp. 2012 [32].

3. Results
3.1. FA Content of Eggs

Analysis of the polar lipid fraction of eggs revealed higher OA, dihomo-gammalinolenic
acid (DGLA, 20:3 ω6), and eicosadenoic acid (EA) levels in F1 fish, but lower percent-
ages of vaccenic acid (VA, 18:1ω7), arachidic acid (AA), ARA, EPA, adrenic acid (ADA),
n-3 docosapentaenoic acid (DPA, 22:5ω3), n-6 DPA (22:5ω6), and docosahexaenoic acid
(DHA, 22:6ω3) in comparison to F0 fish (Table 3). This was associated with lower indirect
delta5 and higher delta9 desaturase indices in the F1 group (Table 4). In addition to ALA,
myristic acid (MyA, 14:0), margaric acid (MA, 17:0), and VA, the neutral lipid fraction of
F1 fish’s eggs had lower levels of all analyzed polyunsaturated 20C acids, in comparison to
F0 fish. Only LA percent was higher in the neutral lipid fraction of F1 fish’s eggs (Table 3).
Although indirect delta5 desaturase indices in the F1 fish’s neutral lipid fraction seemed
to be higher in comparison to the F0 group, statistical significance was reached only with
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the ARA/DGLA ratio. No significant differences between the groups were reached for
delta9 desaturase indices (Table 4).

Table 3. Fatty acid composition (w %) of polar (PL) and neutral (NL) lipid fraction of eggs of fish
with different origin (F0 and F1); n =number of fish.

Lipid Fraction PL NL

Fatty Acids F0 (n = 4) F1 (n = 6) F0 (n = 4) F1 (n = 6)

14:0 (MyA) 1.09 ± 0.14 1.18 ± 0.21 * 0.37 ± 0.04 0.20 ± 0.04
16:0 (PA) 22.3 ± 0.58 24.1 ± 3.75 6.16 ± 2.66 3.91 ± 1.58
16:1ω9 2.04 ± 0.49 2.26 ± 0.36 3.46 ± 2.63 1.93 ± 1.23
16:1ω7 (POA) 1.35 ± 0.90 1.97 ± 0.43 12.2 ± 6.70 9.29 ± 6.52
17:0 (MA) 0.21 ± 0.17 0.10 ± 0.11 * 0.63 ± 0.21 0.01 ± 0.03
18:0 PL (SA) 5.93 ± 0.56 7.22 ± 1.27 1.78 ± 1.17 1.33 ± 0.64
18:1ω9 (OA) * 7.88 ± 0.77 12.73 ± 2.01 13.07 ± 3.94 15.3 ± 1.14
18:1ω7 (VA) * 1.99 ± 0.07 1.74 ± 0.13 * 2.16 ± 0.30 0.97 ± 0.09
18:2ω6 (LA) * 5.23 ± 0.67 11.26 ± 5.92 * 14.98 ± 1.02 24.4 ± 5.34
18:3ω6 (GLA) * 0.13 ± 0.12 0.48 ± 0.44 4.72 ± 3.31 10.34 ± 7.2
18:3ω3 (ALA) 1.01 ± 0.17 1.28 ± 0.36 * 3.33 ± 0.33 1.76 ± 0.2
20:0 (AA) * 0.24 ± 0.21 0.12 ± 0.16 0.13 ± 0.15 0.05 ± 0.05
20:1ω9 0.29 ± 0.34 0.05 ± 0.13 0.14 ± 0.17 0.04 ± 0.07
20:2ω6 (EA) * 0.53 ± 0.05 0.66 ± 0.21 * 0.36 ± 0.08 0.15 ± 0.05
20:3ω6 (DGLA) * 0.93 ± 0.14 2.07 ± 0.66 * 0.97 ± 0.08 0.65 ± 0.09
20:4ω6 (ARA) * 5.7 ± 0.35 1.32 ±1.00 * 1.71 ± 0.16 0.17 ± 0.06
20:3ω3 0.13 ± 0.15 0 ±0 * 0.27 ± 0.06 0.00 ± 0.01
20:4ω3 (ETA) 0.29 ± 0.11 0.32 ± 0.19 * 0.46 ± 0.07 0.10 ± 0.04
20:5ω3 (EPA) * 3.87 ± 0.31 1.55 ± 0.60 * 1.82 ± 0.16 0.28 ± 0.12
22:4ω6 (ADA) * 0.85 ± 0.33 0.38 ± 0.33 * 0.37 ± 0.01 0.04 ± 0.06
22:5ω6 * 1.85 ± 0.24 0.95 ± 0.55 * 0.72 ± 0.06 0.11 ± 0.08
22:5ω3 * 2.25 ± 0.14 1.05 ± 0.23 * 1.36 ± 0.17 0.26 ± 0.1
22:6ω3 (DHA) * 26.2 ± 1.63 18.01 ± 2.19 * 7.58 ± 1.05 3.22 ± 0.63

* significant differences between fish of different origin (F0 and F1); MyA = myristic acid, PA = palmitic acid, POA
= palmitoleic acid, MA = margaric acid, SA = stearic acid, OA = oleic acid, VA = vaccenic acid, LA = linoleic acid,
GLA = gamma-linolenic acid, ALA = alpha-linolenic acid, AA = arachidic acid, EA = eicosadenoic acid, DGLA =
dihomo-gamma-linolenic acid, ARA = arachidonic acid, ETA = eicosatetraenoic acid, EPA = eicosapentaenoic
acid, ADA = adrenic acid, DHA = docosahexaenoic acid.

Table 4. Indirect desaturase indices in polar (PL) and neutral (NL) lipid fractions of eggs of fish of
different origin (F0 and F1), calibrated to the ratio of relevant fatty acids (FA) in feed.

Lipid Fraction PL NL

Desaturase indices F0 F1 F0 F1

Delta5a (ARA/DGLA) * 1.11 ± 0.13 0.11 ± 0.09 * 0.31 ± 0.01 0.05 ± 0.02
Delta5b (EPA/ETA) * 2.26 ± 0.94 0.47 ± 0.33 0.58 ± 0.05 0.38 ± 0.19
Delta6 (GLA/LA) 0.52 ± 0.48 ** 6.50 ± 4.78 **
Delta9a (POA/PA) * 0.11 ± 0.07 0.47 ± 0.11 5.25 ± 5.2 16.1 ± 13.6
Delta9b (OA/SA) * 0.22 ± 0.02 0.46 ± 0.14 2.15 ± 2.02 3.55 ± 1.9

* Significant differences between fish of different origin (F0 and F1); ARA = arachidonic acid, DGLA = dihommo-
gamma-linolenic acid, EPA = eicosapentaenoic acid, ETA = eicosatetraenoic acid, GLA = gamma-linolenic acid,
LA = linoleic acid, POA = palmitoleic acid, PA = palmitic acid, OA = oleic acid, SA = stearic acid. ** delta6 desat-
urase index could not be calculated because of total absence of GLA in feed for F1 fish.

3.2. Reproductive Performance

The pseudogonadosomatic index (PGSI) and embryo survival were higher in F0 fish.
Other reproductive performance indicators assessed in this research were not different
between the groups (Table 5).
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Table 5. Reproductive parameters of fish of different origin (F0 and F1).

Parameters F0 (n = 6) F1 (n = 6)

LT (h) 113.33 ± 20.2 124.67 ± 8.71
Fish weight (g) 880 ± 206.4 843.33 ± 199.32
PGSI * 14 ± 2 10 ± 0.3
Egg size (mm) 1.21 ± 0.05 1.21 ± 0.08
Hatching rate (%) 78 ± 11 63 ± 35
Embryo survival (%) * 61 ± 18 24 ± 23
Size of larvae (mm) 4.7 ± 0.08 4.6 ± 0.12

* significant differences between fish of different origin; LT = oocyte latency time, PGSI = pseudogonadosomatic index.

3.3. Sex Steroid Level, Stress, and Immune Response

Significantly higher E2 levels in F1 fish were seen at the moment of ovulation. Hormone
injection significantly increased E2 levels in F1 fish, while T levels were decreased (Table 6).

Table 6. Plasma glucose, immunoglobulin, and sex steroid levels after hCG injection in fish of
different origin (F0 and F1) at different time points after hormone injection (48 h and ovulation).

Parameters
48 h Postinjection Ovulation

F0 (n = 6) F1 (n = 6) F0 (n = 6) F1 (n = 6)

Glucose (nmol/L) 2.77 ± 0.42 3.41 ± 0.22 8.9 ± 1.21 22.13 ± 4.72 *
Ig (g/L) 9.03 ± 1.8 17.31 ± 5.02 * 25.15 ± 5.26 29.26 ± 4.12
E2 (ng/mL) 5.30 ± 4.50 9.08 ± 2.46 178 ± 35 228 ± 45 *
T (ng/mL) 62.24 ± 24.64 43.14 ±1 9.36 2.28 ± 0.92 2.22 ± 0.63

* significant difference in comparison to F0 fish.

Analysis of plasma glucose and total immunoglobulin (Ig) levels, as an indicator of
fish stress and immune response to external stimuli (here hormonal injection), respectively,
revealed higher levels of both glucose and Ig at the later time-point (ovulation) in compari-
son to 48 h postinjection in both F0 and F1 fish. F1 fish displayed higher glycemia and Ig
response to hormonal stimulation, but the statistical significance for Ig was evident only at
48 h postinjection, while for glucose, it was achieved at the moment of ovulation (Table 6).

4. Discussion

The present study corroborates the results of existing studies, demonstrating the
inferior reproductive capacity of F1 pike-perch broodstock in comparison to wild breeders.
However, the use of commercial feed, containing more plant products and low DHA and
EPA levels (~1.1. and 0.5%), did not substantially reduce F1 fish’s reproductive performance,
both in comparison to F1 fish administered a high-quality broodstock diet in the research
from 2020 (~4.2 and 3.1% DHA and EPA) and breeders administered forage fish during
the prespawn wintering in the research from 2017 (~6.5 and 3.9% DHA and EPA) (embryo
survival of 36 ± 17% in F1 broodstock fed a high-quality broodstock diet vs. 42 ± 34%
in F1 broodstock fed forage fish during wintering vs. 24 ± 23% in F1 broodstock fed a
COM diet in the current study) [10,13]. DHA and EPA accumulation in oocytes seems to
be directly affected by the levels of FAs in the diets (33.7 and 5.2% in F1 broodstock fed a
high-quality broodstock diet vs. 31.7 and 5.7% in F1 broodstock fed forage fish vs. 18.0 and
1.55% in F1 fish fed the diet in the present study, in the polar lipid fraction) (Supplementary
Material) [10]. Since F1 fish fed forage fish in the study from 2017 [10] were not inferior
in terms of DHA and EPA accumulation in comparison to F0 fish, there is possibly no
physiological predisposition of F1 fish for lower DHA and EPA accumulation, nor any
effects of feeding history during juvenile on-growth and maturation. There is, however,
the possibility that some ingredients in formulated feed, may have contributed to the poor
incorporation of DHA and EPA in oocytes’ lipids in the F1 fish, along with the lower levels
of these FA in respective diets. Commercial feeds in general are rich sources of linoleic
acid (LA), coming mostly from LA-rich vegetable oils incorporated in the diets [33]. In
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the diet used in this research, levels of LA in the total lipid fraction were higher (~35%) in
comparison to the high-quality broodstock diet (~15.6%) and forage fish (~10.4%) [13]. LA
may negatively affect DHA and EPA deposition through competition with alpha-linolenic
acid (ALA) for desaturases needed for DHA and EPA synthesis [34]. High levels of ALA,
regardless of LA levels, have been demonstrated to restore the synthesis of HUFA [35],
so the replacement of LA-rich vegetable oils, e.g., sunflower oil, with ALA-rich oils, such
as flaxseed oil, may potentially improve EPA and DHA deposition in hatchery-reared
broodstock oocytes [33].

Lower levels of DHA and EPA in the diet of F1 fish in this research did not appear to
significantly affect ARA incorporation in oocytes’ lipids (~0.5% in F1 breeders fed a high-quality
broodstock diet vs. ~2.8% in F1 breeders fed forage fish during prespawning vs. ~1.3% in F1 fish
fed the diet from the current study, in the polar lipid fraction of eggs), with ARA levels in
the total lipid fractions of respective diets being ~0.4%, ~3.4%, and ~0.6%. Since F1 fish were
shown to be inferior in ARA deposition in comparison to F0 fish fed the same diet (forage
fish), as stated above (~2.8% in F1 vs. ~5.6% in F0 fish in the polar lipid fraction), there may
be a possibility that aside of the levels of ARA in the diet, some physiological factors specific
to F1 fish may interfere with ARA deposition. In line with this, hCG injection, which was
reported to act as both an immune and stress stimulator in fish [36], caused a significantly
higher immunoglobulin response in the plasma of F1 fish in comparison to wild breeders,
implying an increased immunological response to external stimuli. This substantiates the
results of previous research (Péter et al., under review), showing that higher stress and
immunological response could be potential adaptive mechanisms of pike-perch to the
farming environment due to their highly cannibalistic nature, though this contradicts the
lower stress response generally observed in fish throughout the domestication process [37].
Although glucose levels in F1 fish in the current research were also increased, potentially
indicating a higher stress response, a firm conclusion on the difference in stress response
between F0 and F1 breeders cannot be made. Hence, investigation of cortisol levels is
needed to confirm this finding [38].

Immune system activation can be linked to a higher use of ARA for the production
of proinflammatory molecules, which can deploy ARA reserves. In support of this, a
decline in the incorporation of ARA into membranes was observed after infection of rabbit
cornea with the herpes virus [39]. The alternative scenario is that due to intense stress
and immunological reactions, F1 fish developed a protective mechanism to prevent the
overproduction of proinflammatory molecules from ARA through the inhibition of ARA
synthesis, as the enzymes involved in ARA synthesis have been attributed with potent
inflammation-resolving capabilities [40]. Indeed, in support of this assumption, the ARA
to di-homo-gamma-linolenic acid (DGLA) ratio in eggs’ polar (PL) and neutral lipids (NL),
standardized to the same ratio in food, was lower in hatchery-reared fish in comparison to
wild fish. Nevertheless, additional investigation on the role of the inflammatory status of
fish on oocytes’ ARA levels is needed.

Though intrinsic factors described above may potentially be involved in F1 brood-
stock’s inferior performance, both the diet administered during prespawn wintering and
dietary history (feed provided to fish during both juvenile and maturation periods) may
be important as well. In this sense, aside from the lower ARA percentage in commercial
feed in comparison to live food, we identified two additional dietary factors that may have
caused an ARA deficiency in hatchery broodstock’s oocytes:

1. Commercial feed is rich in oleic acid (OA), coming from plant oils or lard [41], which
can compete with ARA for binding sites in PL or can additionally inhibit the activities
of desaturases and/or elongases involved in ARA synthesis [42]. Hence, strategies to
reduce OA accumulation throughout oocyte growth could potentially increase ARA levels.
However, it seems that the different physiology of F1 fish may contribute to increased OA
deposition as well. Eggs from F1 fish exhibited a higher OA:SA ratio (calibrated to OA:SA
ratio in feed) in the PL fraction in comparison to wild fish. It is uncommon for OA to be
accumulated in PL, as it rather accumulates in NL [43]. Therefore, its high presence in PL
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seen in this study is probably the result of de novo synthesis in oocytes, which is believed
to be the major means of deposition of FA in fish oocytes’ PL fraction [6]. Interestingly,
the synthesis of OA from SA may be aggravated by lower levels of DHA and EPA in the
oocytes of F1 fish fed formulated feed during prespawn wintering, as reported by Bellenger
et al., 2004 [44].

2. LA, which is present in copious amounts in commercial feed, may be an additional
reason for poor ARA incorporation in fish oocytes. LA is the precursor of ARA, and it
can indirectly reduce ARA levels through stimulation of OA synthesis, which may be
aggravated in the state of DHA and EPA deficiency present in F1 fish fed commercial feed,
as stated above [35]. Aside from indirectly reducing ARA accumulation, LA was reported
to directly compete with ARA for acylation and incorporation in membrane PL [45,46].
Hence, the occupation of PL binding sites by LA may inhibit the accumulation of ARA,
even after the replacement of LA-rich commercial feed with live food before spawning, as
was the case in the study from 2017 [10]. Since—as stated in the above text—DHA and EPA
may suppress the conversion of SA to OA, and since ALA may restore the synthesis of
DHA and EPA, the replacement of LA-rich plant sources with ALA-rich oils in formulated
aqua feeds may be one of the solutions to potential interference of LA with ARA deposition.

OA accumulation in F1 fish, as noted in present study, may potentially lead to ad-
verse effects of ARA, especially when externally supplied in larger amounts. OA has
been described as an efficient competitive substrate for cyclooxygenase (COX), which is
involved in the production of prostaglandins (PG), attributed with numerous pro- and anti-
inflammatory activities, as well as hormone-like effects [47]. This is because the occupation
of COX by OA may leave more ARA substrate for 5-lipooxigenase (LOX), which produces
leukotrienes (LT), predominantly proinflammatory molecules, commonly associated with
various pathological processes [48,49]. This might have caused the observed detrimental
effects of ARA supplementation in previous research, when hatchery fish administered
commercial feed enriched with ARA had poorer performance in comparison to fish without
ARA enrichment [13]. This effect might have additionally been amplified by low levels
of EPA and DHA, which are the sources of anti-inflammatory resolvins, in the diet of
F1 fish [50].

Lower pseudogonadosomatic index (PGSI) and embryo survival rate in F1 fish were,
surprisingly, associated with higher estrogen (E2) levels after human chorionic gonadotropin
(hCG) injection. Though levels of E2 were not evaluated throughout the reproductive sea-
son, previous studies have reported lower estrogen and estrogen-releasing hormone levels
in farmed fish [4,51]. Given the importance of E2 in vitellogenesis, gonad development, and
FA deposition in oocytes, it can be assumed that the rise in E2 levels observed in F1 fish after
hCG injection does not reflect the real hormonal status of F1 fish [8]. So, the difference in
E2 secretion between the groups may rather be the consequence of slight desensitization of
hCG receptors in wild broodstock, which otherwise has higher endogenous gonadotropins
levels in a nonstimulated state, as mentioned above [52]. However, the observed elevation
of E2 after hCG injection was probably too late to positively regulate the PGSI and other
major FAs such as ARA, EPA, or DHA.

We note here that, although we failed to link DHA and EPA levels in the diets with the
reproductive performance of the fish, there is a possibility that the DHA:EPA:ARA ratio,
which was close to optimal in the COM (~2:1:1) and forage fish (~2:1:1) diets but far from
the ratio present in the high-quality broodstock diet (~11:8:1), may have counterbalanced
potential detrimental effects of low DHA and EPA availabilities from COM feed [16].
Anyway, additional research is needed to clarify the roles of dietary DHA, EPA, and DHA:
EPA:ARA ratios in the reproductive performance of pike-perch.

An illustration of the above-provided assumptions on the effects of FA composition of
the diets, as well as intrinsic factors, on ARA levels in eggs is given in Figure 3.
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The present study emphasized the role of FAs in pike-perch reproduction efficacy. It
did not evaluate the potential effects of other nutrients that may affect the reproduction,
which are mostly vitamins, including vitamin A, C, and E [53]. The COM diet was optimized
to meet the requirement of predatory fish in intensive rearing conditions for micronutrients,
including vitamins, minerals, and amino acids. The forage fish utilized may similarly
contain the required microelement, but this unfortunately was not determined from our
samples. According to the data provided by the COM feed manufacturer, the contents
of vitamin A, C, and E per 100 g of feed are 475 µg retinol equivalents (RE), 10 mg, and
7.7 mg per dry weight, respectively (Table 1). Forage fish commonly preyed by pike-perch
in the oxbow from which the breeders were harvested include common bleak (Alburnus
alburnus), roach (Rutilus rutilus), rudd (Scardinius erythrophthalmus), and bream (Abramis
brama). Though data on the nutritive values of the above fish are not available in the
literature, according to the studies that evaluated the nutritive values of various fish
species, mostly in fillets, the approximate levels of vitamin A and E per 100 g of wet weight
are 50 µg and 2 mg, respectively, while vitamin C is present in trace amounts [54–56]. Given
the conversion factor of four to account for the difference in dry matter content between the
COM and forage fish diets (Table 1), the approximate levels of the above vitamins per 100 g
of dry weight of forage fish are expected to be 200 µg and 8 mg, which is lower than or
close to the levels present in the COM diet. Nevertheless, a separate study to evaluate the
effects of proteins and vitamins should be set up, particularly because the protein content
is higher in forage fish than in COM diet (~52% vs. ~41% per dry weight).

A major drawback of the present research is the failure to address the role of physiol-
ogy in fish reproductive performance, though putative roles of different immunological
and stress responses in F0 and F1 fish have been assumed. There are two reasons why
clear differentiation between the roles of diet and physiology cannot be made: 1—the
impossibility to eliminate dietary history, which is different for wild and F1 fish and which
can significantly impact the deposition of FA in oocytes, particularly during the maturation
period; and 2—the impossibility to equalize nutrient intake between the two fish popula-
tions during the prespawn wintering because of the potentially lower preying capacity of
farmed fish, as stated above, and indigestibility issues related to use of dry diets by large
wild fish. To the best of our knowledge and experience, the oldest wild fish to be habituated
on a dry diet is a summer-old juvenile, and even so, with largely reduced success com-
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pared to the month-old pond-nursed fry. This goes along with different rearing conditions
(indoor vs. pond) in two fish populations, since different systems are more suitable for
different feeds (RAS for dry feed and pond for live food). Setting up the study with a
two-way interaction design, where the major and simple main effects of diets and fish
physiology are evaluated, would more closely reveal the effects of the two factors in fish
reproductive performance.

5. Conclusions

This research has shown that the use of a commercial diet for carnivorous fish grow-out
that is poor in marine ingredients leads to the low reproductive performance of intensively
reared pike-perch. Compared to wild breeders, these fish showed impeded egg quality,
lower PGSI, and a stronger immune response, while the postinjection plasma E2 levels
were higher. Nevertheless, in the light of the previous studies, it appears that low ARA
accumulation in the oocytes of hatchery-reared pike-perch is not necessarily affected by the
levels of DHA and EPA in the broodstock diet. Therefore, considering the outcome of the
present study, we recommend future studies to consider the effects of LA, ALA, and OA as
possible modifiers of HUFA metabolism, finally not leading to improved egg quality, as it
would be foreseen solely based on the DHA, EPA, and ARA levels and its ratios.
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