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Effects of three different protein
levels on the growth, gonad
development, and physiological
biochemistry of female Pengze
crucian carp (Carassius auratus
var. Pengze) broodstock
Jun Xiao, Fan Long, Liyun Ding*, Yuan Yao, Weihua Wu,
Yilong Fu and Wenjing Chen

Jiangxi Fisheries Research Institute, Nanchang, China
A 56-days feeding experiment was conducted to evaluate the effect of dietary

protein levels on fish growth, gonad development, and physiological

biochemistry of female Pengze crucian carp (Carassius auratus var. Pengze)

broodstock. Three isoenergetic diets were formulated, and the crude protein

levels were 26.85%, 35.73% and 44.38%, the lipid levels were 7.39%, 7.92% and

7.91%, respectively. The results showed that the weight gain rate (WGR), the

specific growth rate (SGR) and the protein efficiency ratio (PER) of the female

Pengze crucian carp broodstock increased significantly and the feed conversion

ratio (FCR) decreased significantly when the dietary protein level was 35.73% (P <

0.05). The WGR, the SGR and the PER were significantly higher in the 35.73% and

44.38% protein groups than in the 26.85% protein group (P<0.05). Increasing

dietary protein levels led to a significant increase in the gonad index and the egg

menstrual length of the female Pengze crucian carp broodstock (P<0.05). The

higher protein levels resulted in a significant increase in total amino acids, total

essential amino acids, and total nonessential amino acids (P<0.05). The varying

ovaries of each group of total saturated fatty acids, total highly unsaturated fatty

acids, and total polyunsaturated fatty acids all increased significantly with

increasing protein levels (P<0.05). Furthermore, the aspartate transaminase

(AST), low-density lipoprotein cholesterol (LDLC), and malondialdehyde (MDA)

contents in plasma were significantly lower in the 35.73% and 44.38% groups

than in the 26.85% group (P < 0.05). The 35.73% group exhibited the highest

plasma superoxide dismutase (SOD) activity,. The plasma vitellogenin (VTG),

estradiol 2 (E2), and progesterone (PROG) in plasma of female Pengze crucian

carp broodstock were significantly higher in the 35.73% and 44.38% protein

groups than in the 26.85% protein group (P<0.05). The results showed that the
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addition of an appropriate amount of protein to the feed can significantly

improve the growth, gonadal development, and health of female Pengze

crucian carp. In this study, the effect of 35.73% protein concentration was

better than in the other two groups.
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1 Introduction

The high-quality seedlings required for modern aquaculture are

primarily dependent on the reproduction and seedling cultivation of

broodstock under artificial breeding conditions. Therefore, conducting

nutritional research on broodstock to enhance their reproductive

performance and offspring quality has become an important area of

research in aquatic animal nutrition. However, due to the complex

biological mechanisms involved, such as gonadal maturation,

broodstock nutrition remains one of the least studied areas

(Coldebella et al., 2010; Asadi et al., 2021). Relevant studies have

shown that the physiological processes and nutritional needs of

breeding animals differ significantly from the nutritional needs

of young animals growing. For freshwater fish, nutritional supply

during the reproductive stage is crucial for the development of

broodstock gonads, gamete quality, and larvae growth. Factors such

as the sexual maturity of broodstock, gonadal development, egg

diameter, fertilization rate, hatching rate, quality, and survival rate of

fry are all closely related to feed nutritional status (Izquierdo et al.,

2001; Coldebella et al., 2010).

Proteins are essential in fish nutrition, not only supporting bodily

functions, but also serving as a crucial energy source that significantly

impacts egg quality, especially during the development of yolk oocytes

and ovaries (Chen et al., 2022). However, fish have limited ability to

synthesize protein de novo, so most of the required protein must be

provided through their diet (Ibim and Sikoki, 2014). Research on Nile

tilapia has shown that higher protein levels in the feed can reduce the

spawning interval and enhance reproductive efficiency (El-Sayed et al.,

2003). Similarly, higher protein levels can enhance yellowtail (Seriola

quinqueradiata) reproductive performance, leading to increased total

egg weight and egg count (Santiago et al., 1991). Investigated the effects

of different protein levels in isocaloric diets on Nile tilapia

(Oreochromis niloticus) eggs revealed that fish fed higher protein

levels grew faster, entered the vitellogenesis stage earlier, and showed

faster egg growth and maturation, resulting in significantly larger egg

diameters compared to those fed lower protein levels (Gunasekera

et al., 1995). Studies on Xiphophorus helleri (Poeciliidae) (Chong et al.,

2004), Labeo rohita (Hamilton) (Khan et al., 2005), Poecilia sphenops

(Valenciennes) (Pandey et al., 2016), greater amberjack (Seriola

dumerili, Risso, 1810) (Sarih et al., 2018), and yellow catfish

(Pelteobagrus fulvidraco) (Chen et al., 2022), have also confirmed
02
that appropriate dietary protein levels can improve egg hatching rates,

while insufficient dietary protein levels can reduce broodstock fertility

(Izquierdo et al., 2001).

Pengze crucian carp (Carassius auratus var. Pengze) is a newly

discovered species in China that has been successfully bred by

artificial means using wild crucian carp. Recent research has

focused on the genetic diversity of crucian carp resources in

China, as well as the origins and evolution of different crucian

carp species (Pan et al., 2016). It has been observed that Pengze

Crucian carp exhibits significant genetic variation and has great

potential for breeding (Du et al., 2014). Proper nutrition for

broodstock is essential for successful breeding, and it is important

to understand and meet the specific nutritional requirements of the

species. Studies have shown that a dietary protein level of 35.1%

results in optimal growth for juvenile Pengze crucian carp (Ding

et al., 2022). However, the nutritional needs of broodstock differ

from those of juvenile fish, and the nutritional status of the

broodstock directly impacts the health of their offspring.

Currently, there is a lack of research focusing on the nutritional

needs of female Pengze crucian carp broodstock both domestically

and internationally. Therefore, it is crucial to conduct research on

protein levels for female Pengze crucian carp broodstock. Drawing

from the recommended protein levels for freshwater fish growth

outlined by the NRC in 2011 (NRC, 2011), which fall between 29%

and 40%, this study aimed to investigate the effects of high, medium,

and low protein levels on growth, gonad development, and

physiological and biochemical aspects of female Pengze crucian

carp. This research is intended to establish a foundation for future

studies on the mechanisms of gonad development and the seed

cultivation of female Pengze crucian carp.
2 Materials and methods

2.1 Experimental diets

Three isoenergetic diets were formulated in which fish meal and

soybean meal were used as protein sources, fish oil was used as a

lipid source, and corn starch was used to adjust the protein gradient

(Table 1). Dietary protein levels were 26.85%, 35.73% and 44.38%,

lipid levels were 7.39 %, 7.92% and 7.91%, respectively. All
frontiersin.org

https://doi.org/10.3389/fmars.2024.1459412
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xiao et al. 10.3389/fmars.2024.1459412
ingredients were ground through an 80 mesh screen, weighed

according to the proportion of the formula, and then mixed with

oil and water to make sinking granular diets with a diameter of 2

mm. The pellets were dried and stored at -20°C until use.
2.2 Fish and feeding management

The female Pengze crucian carp broodstock used in this

experiment was purchased from Jiujiang Liangsheng Ecological

Agriculture Development Co., Ltd. All fish were reared in a

circulating water system for four weeks to adapt to the breeding

environment and feed specifications. Before initiating the feeding

trial, the fish were fasted for 24 h. A total of 135 healthy and

energetic female Pengze crucian carp broodstocks (mean initial

weight: 253.78 ± 5.34 g) were collected and divided into 3 groups,

each group having 3 parallels. Each parallel consisted of 15 fish. The

circular breeding barrel used in the experiment had a size of ¢800

mm×650 mm, and each parallel had a breeding cycle of 56 days.

During the trial, the fish were fed to apparent satiation, twice a day

at 9:00 and 17:00. Throughout the test period, the water quality was

monitored. The water temperature was maintained at 20 ± 2°C, the
Frontiers in Marine Science 03
dissolved oxygen concentration was maintained above 7 mg/L, the

pH was maintained at 7.53 ± 0.12, and the ammonia nitrogen and

nitrite concentrations were not allowed to exceed 0.1 mg/L,

measured by handheld water quality analyzer (Octadem, W-II,

USA). The photoperiod followed the natural period.
2.3 Sample collection and
chemical analysis

When the feeding trial ended, the fish were fasted for 24 h prior

to sampling. All the fish in each barrel were weighed, and the total

number of fish was counted. After the fish were anaesthetized with

MS-222 (Sigma, St. Louis, MO, USA, 120 mg/L), six fish per barrel

were randomly collected and stored (-20°C) to determine the

approximate body composition. Another six fish were randomly

selected from each barrel to determine their body weight and body

length for calculating the condition factor (CF). Blood was collected

from the caudal vein of the female fish with a sterile 1.0 ml syringe

and stored in a sodium heparin anticoagulant tube. The samples

were then rested at 4°C for 12 h and centrifuged for 10 min at

4000×r·min-1 (4°C) to test biochemical indexes and hormone

content. Then, the fish were placed on a dissection tray for

dissection, and the complete female fish gonads were removed,

and the fish were weighed to calculate the gonad somatic index. The

gonad tissues from the fish were sampled and fixed in 4%

formaldehyde for the determination of egg diameter, and 20 eggs

were measured per female. All the samples were stored at -80°C.

After fixation of the female gonads with 4% paraformaldehyde,

the sections were subjected to a series of steps, including immersion

in xylene I for 20 minutes, xylene II for 20 minutes, anhydrous

ethanol I for 5 minutes, anhydrous ethanol II for 5 minutes, and

75% alcohol for 5 minutes, followed by washing with tap water.

Subsequently, the sections were subjected to hematoxylin staining

for 3-5 minutes, differentiated in hydrochloric acid aqueous

solution, reversed to blue in ammonia aqueous solution, and

finally washed with water. Dehydration in 85% and 95% gradient

alcohol was followed by staining with eosin staining solution for 5

minutes. The slices were then treated with anhydrous ethanol I for 5

minutes, anhydrous ethanol II for 5 minutes, anhydrous ethanol III

for 5 minutes, dimethyl for 5 minutes, and xylene II for 5 minutes to

achieve transparency before being sealed with neutral gum. The

process was concluded with microscopic examination, image

acquisition, and analysis.

The levels of triglycerides (TG), total cholesterol (TC), high-

density lipoprotein cholesterol (HDLC), and low-density lipoprotein

cholesterol (LDLC) in pooled serumwere determined by an automatic

chemistry analyser (Hitachi 7600, Tokyo, Japan). All indexes of

plasma hematological parameters and enzyme activities, including

alanine transaminase (ALT, C009-2-1), aspartate transaminase (AST,

C010-2-1), superoxide dismutase (SOD, A001-3-2), malondialdehyde

(MDA, A003-1-2), lysozyme (LZM, A050-1-1), alkaline phosphatase

(ALP, A059-2-2), Acid phosphatase(ACP, A060-1-1), Estradiol 2(E2,

H102-1-1), progesterone (PROG, H089-1-1), and Vitellogenin (VTG,

H362-1), were determined using commercial kits (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China). The fatty acids were
TABLE 1 Formulation and proximate composition of the experimental
diets (g/100 g dry matter).

Ingredients 26.85% 35.73% 44.38%

Soybean meal 1 30 45 50

Fish meal 1 10 15 25

Gluten 1 5 5 5

Corn starch 1 35 25 10

Fish oil 5 5 5

Calcium
dihydrogen phosphate

1 1 1

Vitamin premix 2 0.5 0.5 0.5

Mineral premix 3 1 1 1

Choline chloride 0.5 0.5 0.5

Microcrystalline
cellulose

12 2 2

Total 100 100 100

Nutritional

Dry matter 91.33 91.89 91.56

Crude protein 26.82 35.73 44.38

Crude lipid 7.39 7.92 7.91

Crude ash 5.61 6.93 8.82
1Proximate composition as % dry-weight basis (fishmeal (71.8% crude protein, 9.3% crude lipid);
soybean meal (44.6% crude protein, 1.7% crude lipid); gluten (85.2% crude protein, 1.0% crude
lipid); corn starch (1.2% crude protein, 0% crude lipid). 2Vitamin premix (mg kg-1 diet):
thiamine, 15; riboflavin, 25; pyridoxine, 15; cyanocobalamine, 0.2; folic acid, 5; calcium
patotheniate, 50; inositol, 500; niacin, 100; biotin, 2; ascorbic acid, 100; vitamin A, 100;
vitamin D, 20; vitamin E, 55; vitamin K, 5. 3Mineral premix (mg kg-1 diet): MgSO4.7H2O,
4500; FeSO4.7H2O, 950; CuSO4.5H2O, 10 mg; ZnSO4.7H2O, 108 mg; MnSO4.4H2O, 40 mg; KI,
1.5; NaCl, 600 mg; NaH2PO4.2H2O, 8500; KH2PO4, 13500; CoSO4.4H2O, 0.50. The nutritional
level was measured.
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determined with reference to GB T5009.168-2016, and separated on

gas chromatograph Agilent 7890 (Agilent Technologies, USA) with

ULTRA-2 capillarycolumn and with flame-ionization detector (FID).

In the course of analysis, use chloroform-methanol (2:1, v/v) extracted

fat, then esterified by adding KOH-methanol (0.5 mol/L) and boron

trifluoride-methanol (1:3, v/v), and the reaction was thermally reacted

for 3 min, and then cooled down, and then extracted by n-hexane for

detection on the machine. The amino acids were determined with

reference to GB T5009.124-2016 (acid hydrolysis method), and the

samples were hydrolyzed by 6 mol/L hydrochloric acid solution at

110°C for 24h, and then analyzed with LA8080 amino acid auto

analyzer (Hitachi, Japan).
2.4 Statistical analyses

All data were subjected to analysis of variance using SPSS 25.0

(SPSS Inc., Chicago, IL, USA) for Windows. One-way analysis of

variance (ANOVA) was used to determine whether there were

significant differences between treatments. The results are expressed

as the mean ± S.D. Tukey’s multiple range test was used to detect

significant differences between groups, and the significance level

was established at P <0.05.
3 Results

3.1 Growth performance

The growth performance results for female Pengze crucian carp

broodstock fed different levels of protein are listed in Table 2. The

weight gain rate (WGR), specific growth rate (SGR) and protein

efficiency ratio (PER) of the female Pengze crucian carp broodstock

significantly increased and feed conversion ratio (FCR) significantly
Frontiers in Marine Science 04
decreased when the dietary protein level was 35.73% (P < 0.05).

However, with further increases to 44.38% in the dietary protein

level, no significant increases were observed (P > 0.05).
3.2 Ovarian morphological parameters and
ovarian histology

As shown in Table 3, the 26.85% group had the lowest CF, GSI

and egg diameter, and the GSI and egg diameter were significantly

lower than those of the 35.73% and 44.38% groups (P < 0.05), while

the group with the highest dietary protein (44.38% group) had the

highest total egg production (P < 0.05). Hematoxylin and eosin

staining of the ovarian tissue of female Pengze crucian carp (Figure 1)

revealed that as the dietary protein level increased, the number of

nuclei gradually decreased, the number of oocytes significantly

increased, and the number of yolk granules significantly increased,

indicating increased developmental maturity.
3.3 Amino acid composition of ovaries

Table 4 shows the amino acid compositions and contents of the

ovaries of female Pengze crucian carp broodstocks with different

dietary protein levels. Seventeen common amino acids were

detected in each group. The glutamic acid content was the

highest, followed by the alanine, leucine, glycine, aspartic, and

lysine acid contents. The contents of amino acids, total essential

amino acids (∑EAA), total nonessential amino acids (∑NEAA), and

total amino acids (∑AA) increased significantly with increasing

dietary protein levels (P < 0.05), except for histidine, phenylalanine,

methionine, tryptophan, aspartic acid and glycine acid in the

44.38% protein group, which were not significantly different from

those in the 35.73% protein group (P > 0.05).
3.4 Fatty acid composition of the ovaries

A total of 7 saturated fatty acids (SFAs), 4 monounsaturated

fatty acids (MUFAs) and 8 polyunsaturated fatty acids were

detected in the female Pengze crucian carp broodstock (Ovarian)
TABLE 2 Growth performance of female Pengze crucian carp
broodstock fed the experimental diets with varying protein levels.

Items 26.85% 35.73% 44.38%

IBW 1 (g) 252.92
± 5.17

253.78 ± 5.34 261.03 ± 0.34

FBW 2 (g) 284.95
± 9.56a

344.12
± 21.67b

350.57
± 21.89b

WGR 3 (%) 12.70 ± 4.56a 35.58 ± 7.65b 34.31 ± 8.51b

SGR4(%) 0.27 ± 0.03a 0.54 ± 0.10b 0.52 ± 0.11b

Feed intake5 (g/100 g
ABW6/d)

0.82 ± 0.04 1.13 ± 0.18 1.12 ± 0.24

PER7 (%) 1.20 ± 0.06a 1.74 ± 0.05b 1.77 ± 0.04b

FCR 8 3.11 ± 0.14b 2.15 ± 0.06a 2.10 ± 0.04a
The values are expressed as the mean ± S.D. (3 replicates, 15 fish/group); different letters indicate
statistically significant differences (P < 0.05). 1IBW, initial body weight (g); 2FBW, final mean
body weight (g); 3WGR, weight gain rate (%) = 100 × (total final body weight - total initial body
weight)/total initial body weight; 4SGR, specific growth rate (%/d) = 100 ×[ln (final body weight) -
ln (initial body weight)]/days; 5Feed intake(g/100 g ABW/d) = feed consumption (g)/[ABW(g) ×
feeding days]; 6ABW, average body weight (g) =[final body weight (g) + initial body weight (g)]/2;
7PER, protein efficiency ratio(%)=100×(final body weight- initial body weight)/(dry feed fed ×
feed protein content); 8FCR, feed conversion ratio = dry feed fed (g)/weight gain (g).
TABLE 3 Ovarian morphological parameters of female Pengze crucian
carp broodstocks fed the experimental diets with varying protein levels.

Items 26.85% 35.73% 44.38%

CF 1 (g·cm−3) 2.86 ± 0.10 3.11 ± 0.04 3.11 ± 0.15

GSI 2 (%) 6.09 ± 0.58a 8.15 ± 0.25b 12.03 ± 0.86c

egg diameter (mm) 472.63 ± 71.48a 646.48 ± 44.40b 720.44 ± 60.86c

Total egg
production3(eggs)

29631.26
± 7235.61a

47657.30
± 7580.44ab

50884.86
± 12387.64b
The values are expressed as the mean ± S.D. (3 replicates, 15 fish/group); different letters
indicate statistically significant differences (P < 0.05). 1CF, condition factor = 100 × (body
weight)/(body length) 3. 2GSI, gonad somatic index = 100 × (ovary weight)/(body weight);
3Total egg production=number of eggs per unit weight in the ovary ×weight of ovary.
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at different protein levels (Table 5). The contents of C20:4n6 (ARA),

C20:5n3 (EPA), C22:6n3 (DHA), total saturated fatty acids (∑SFA),

total highly unsaturated fatty acids (∑HUFAs), total

polyunsaturated fatty acids (∑PUFAs), total n-3 polyunsaturated

fatty acids (∑n-3PUFAs), and total n-3 polyunsaturated fatty acids/

total n-6 polyunsaturated fatty acids (∑n-3/∑n-6) increased

significantly with increasing dietary protein levels, and at 44.38%

protein level, the peak was reached (P < 0.05). However, total

monounsaturated fatty acids (∑MUFAs) and total n-6

polyunsaturated fatty acids (∑n-6PUFAs) decreased significantly

with increasing dietary protein levels among any of the treatments

(P < 0.05). C16:0 was the dominant fatty acid within the SFAs, while

C18:1n9c was the most abundant fatty acid within the MUFAs.

C18:2n6c was the dominant fatty acid within the PUFAs.
3.5 Serum physiological and
biochemical parameters

Serum biochemical indexes are presented in Table 6. AST,

LDLC, and MDA levels were significantly lower in the 35.73%

and 44.38% groups than in the 26.85% group (P < 0.05).

Additionally, there was a significant increase in SOD activity with

increasing dietary protein levels (P < 0.05). The 35.73% group

exhibited the highest SOD activity, while the 44.38% group showed

a significant decrease (P < 0.05). Moreover, the MDA content in the

35.73% group was significantly lower than in the 26.85% group (P <

0.05). However, as the protein level increased to 44.38%, the MDA

content tended to increase (P > 0.05). On the other hand, ALT, TC,

TG, HDLC, LZM, AKP, and ACP did not differ significantly

between the groups (P > 0.05).
3.6 Serum hormone content

As shown in Table 7. The contents of E2, PROG and VTG first

significantly increased and then slowly increased with increasing

dietary protein levels. The contents of E2, PROG and VTG at the

35.73% and 44.38% protein levels were significantly higher than

those at the 26.85% protein level (P < 0.05). The 44.38% protein
Frontiers in Marine Science 05
level was slightly greater than the 35.73% protein level, but the

difference was not significant (P >0.05).
4 Discussion

Numerous studies have demonstrated the significant impact of

dietary protein on the gonadal development of broodstock,

particularly in relation to body size. For instance, research on

Nile tilapia (Oreochromis niloticus) revealed that a high-protein

diet facilitated the passage of developmental stages more easily and

led to increased oocyte maturation, highlighting the influence of

feed on tilapia growth (Marinez et al., 2014). Similarly,

investigations of female climbing perch (Anabas testudineus)

indicated that a high-protein diet exhibited greater body weight

and produced more yolk-containing oocytes, potentially resulting in

higher spawning rates (Satheesh et al., 2023). The present study

revealed a notable increase in weight gain rate (WGR), specific

growth rate (SGR) and protein efficiency ratio (PER) with

increasing dietary protein levels from 26.85% to 44.38% (P< 0.05).

However, with the increase in dietary protein levels, the feed

conversion ratio (FCR) exhibited a pattern of initially decreasing

and then stabilizing at a lower level. This phenomenon has also been

observed in previous studies on the protein requirements of giant

grouper (Epinephelus lanceolatus) (Gao et al., 2019), grass carp

(Ctenopharyngodon idellus) (Wang et al., 2022), giant grouper

(Epinephelus lanceolatus) (Gao et al., 2019), and mandarin fish

(Siniperca scherzeri) (Sankian et al., 2019). The improved fish

growth rate and the reduced feed coefficient can be attributed to the

higher protein content in the feed. The enhanced protein supply

stimulates growth and minimizes feed wastage (McGoogan and

Gatlin, 2000). In conclusion, a dietary protein level of 26.85%

minimally affected the growth of the female Pengze crucian carp

broodstock, while a level of 44.38% did not further enhance growth.

Therefore, for optimal growth considerations, the protein requirement

for female Pengze crucian carp broodstock can reach 35.73%.

Proteins play a crucial role as energy sources for the

development of embryos and larvae. Adequate energy reserves are

essential for the maturation of gonads in broodstock. The process of

egg formation requires substantial energy and material resources to

ensure the provision of nutrient stores for the eggs (Lochmann
FIGURE 1

Ovarian histology of female Pengze crucian carp broodstock fed the experimental diets with varying protein levels. (A–C) were fed with 25%, 35% and
45% dietary protein, respectively, in the female Pengze crucian carp ovarian tissue sections. NU, nucleus; OC, oocytes; YG, yolk granules, 200 mm.
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et al., 2007). Gonads must closely align with specific ecological

conditions to develop and enhance effectively. Egg size and parental

body size are interconnected during development (Camille et al.,

2011; Jonsson and Jonsson, 2014). This study demonstrated that

increased dietary protein levels could promote reproductive

performance and resulted in larger body size and higher gonad

index, egg length, and egg production of female Pengze crucian carp

and influenced the maturity of ovarian development. This effect can

be attributed to increased protein intake providing more raw

materials for vitellogenin synthesis in gonadal tissue, thereby

accelerating oocyte growth and gonadal development. Similar

results were observed in studies involving Asian catfish (Clarias

batrachus) (Singh et al., 2009) bagrid catfish (Mystus nemurus Cuv.

& Val.) broodstock (Abidin et al., 2006) and tilapia (Oreochromis

niloticus) (Marinez et al., 2014) broodstock. Some research has

indicated that a 20% protein level in the diet can limit body size, egg

maturation, and reproductive capacity in tilapia, although

successfully hatched fry quality remains unaffected. Furthermore,

some experiments revealed that increasing protein levels did not
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significantly affect body length of hatched larvae, suggesting that the

growth rate, protein content, and water content of fry are not

correlated with the protein level in the diet (Gunasekera et al., 1996;

Marinez et al., 2014). This experiment also revealed that an increase

in protein level had no significant effect on the body length of the

hatched larvae, which was consistent with the above results. Similar

results have been found in other fish studies (Milton and

Arthington, 1983). In summary, a high-protein diet significantly

promoted the gonadal development of female Pengze crucian carp.
TABLE 5 Fatty acid composition of the ovaries of female Pengze crucian
carp broodstock fed the experimental diets with varying protein
concentrations (% total fatty acids).

Items 26.85% 35.73% 44.38%

C14:0 1.09 ± 0.11 1.04 ± 0.00 1.02 ± 0.10

C15:0 0.15 ± 0.01 0.17 ± 0.03 0.2 ± 0.02

C16:0 15.22 ± 0.40 b 16.36 ± 0.84 b 18.59 ± 0.79 a

C17:0 0.17 ± 0.01 0.24 ± 0.06 0.26 ± 0.02

C18:0 3.2 ± 0.03 c 4.01 ± 0.31 b 4.84 ± 0.38a

C20:0 0.09 ± 0.01 0.09 ± 0.01 0.08 ± 0.00

C21:0 0.13 ± 0.03 0.17 ± 0.04 0.13 ± 0.03

∑SFA 1 20.05 ± 0.48 b 22.09 ± 1.22 b 25.11 ± 1.24 a

C16:1 3.41 ± 0.56 3.33 ± 0.31 3.74 ± 0.32

C18:1n9c 43.84 ± 0.89 a 40.1 ± 0.84 b 34.14 ± 0.97 c

C20:1 2.27 ± 0.06 a 1.99 ± 0.12 b 1.81 ± 0.11 b

C22:1n9 0.37 ± 0.02 a 0.28 ± 0.06 ab 0.23 ± 0.02 b

∑MUFA 2 49.89 ± 1.27 a 45.7 ± 0.80 b 39.92 ± 0.89 c

C18:2n6c (LA) 3 24.35 ± 1.70 a 21.15 ± 1.64 a 14.7 ± 2.24 b

C18:3n6 (GLA) 4 0.26 ± 0.02 0.26 ± 0.01 0.23 ± 0.03

C18:3n3 (ALA) 5 1.55 ± 0.09 a 1.28 ± 0.09 a 0.85 ± 0.18 b

C20:2n6 0.55 ± 0.03 0.55 ± 0.03 0.61 ± 0.03

C20:3n6 0.79 ± 0.08 c 1.05 ± 0.06 b 1.46 ± 0.09 a

C20:4n6 (ARA) 6 0.85 ± 0.22 c 2.02 ± 0.19 b 2.91 ± 0.41 a

C20:5n3 (EPA) 7 0.48 ± 0.10 b 0.69 ± 0.15 b 1.33 ± 0.09 a

C22:6n3
(DHA) 8 1.23 ± 0.30 c 5.21 ± 0.79 b 12.88 ± 1.56 a

∑HUFA 9 3.36 ± 0.66 c 8.97 ± 1.07 b 18.59 ± 2.13 a

∑PUFA 10 30.06 ± 1.73 b 32.21 ± 0.83 ab 34.97 ± 0.92 a

∑n-3PUFA 3.26 ± 0.30 c 7.18 ± 0.85 b 15.07 ± 1.47 a

∑n-6PUFA 26.8 ± 1.79 a 25.03 ± 1.60 a 19.9 ± 1.77 b

∑n-3/∑n-6 0.12 ± 0.02 b 0.29 ± 0.05 b 0.77 ± 0.14 a
The values are expressed as the means ± S.D.s; different letters indicate statistically significant
differences (P < 0.05).
1∑SFA (total saturated fatty acids): C14:0, C15:0, C16:0, C17:0, C18:0, C22:0, C21:0; 2∑MUFAs
(total monounsaturated fatty acids): C16:1, C18:1n-9c, C20:1, C22:1n-9; 3LA, linoleic acid;
4GLA, g-linolenic acid; 5ALA, a-linolenic acid; 6ARA, arachidonic acid; 7EPA,
eicosapentaenoic acid; 8DHA, docosahexaenoic acid; 9∑HUFAs (total highly unsaturated
fatty acids): C20:2n-6, C20:3n-6, C20:4n-6, C20:5n-3, C22:6n-3; 10∑PUFAs (total
polyunsaturated fatty acids): C18:2n-6, C18:3n-3, C18:2n-6c, C18:3n-6, C18:3n-3, C20:2n-6,
C20:3n-6, C20:4.
TABLE 4 Amino acid composition of the ovaries of female Pengze
crucian carp broodstock fed the experimental diets with varying protein
concentrations (g/100 g, dry weight).

Items 26.85% 35.73% 44.38%

Arg 1 0.68 ± 0.05 c 1.02 ± 0.07 b 1.17 ± 0.05 a

His 2 0.55 ± 0.05 b 0.69 ± 0.02 a 0.75 ± 0.01 a

Val 3 0.54 ± 0.02 c 0.82 ± 0.05 b 0.99 ± 0.05 a

Phe 4 0.44 ± 0.21 b 0.76 ± 0.04 a 0.86 ± 0.03 a

Leu 5 1.04 ± 0.05 c 1.61 ± 0.09 b 1.89 ± 0.10 a

Ile 6 0.36 ± 0.03 c 0.59 ± 0.04 b 0.74 ± 0.06 a

Thr 7 0.61 ± 0.05 c 0.86 ± 0.03 b 1.03 ± 0.04 a

Met 8 0.12 ± 0.02 b 0.31 ± 0.06 a 0.38 ± 0.01 a

Lys 9 0.89 ± 0.02 c 1.23 ± 0.05 b 1.41 ± 0.06 a

Trp 10 0.14 ± 0.01 b 0.18 ± 0.02 a 0.20 ± 0.01 a

∑ EAA11 5.38 ± 0.43 c 8.08 ± 0.41 b 9.44 ± 0.39 a

Asp 12 1.28 ± 0.06 b 1.60 ± 0.06 a 1.73 ± 0.05 a

Ser 13 1.02 ± 0.09 c 1.41 ± 0.07 b 1.62 ± 0.04 a

Glu 14 2.59 ± 0.15 c 3.42 ± 0.18 b 4.01 ± 0.15 a

Ala 15 1.09 ± 0.10 c 1.74 ± 0.08 b 1.98 ± 0.07 a

Gly 16 1.30 ± 0.16 b 1.56 ± 0.05 a 1.80 ± 0.04 a

Tyr 17 0.58 ± 0.02 c 0.79 ± 0.04 b 0.90 ± 0.03 a

Pro 18 0.68 ± 0.05 c 0.98 ± 0.08 b 1.12 ± 0.03 a

∑ NEAA19 8.55 ± 0.59 c 11.51 ± 0.54 b 13.16 ± 0.37 a

∑ AA20 13.93 ± 0.98 c 19.58 ± 0.95 b 22.60 ± 0.76 a
The values are expressed as the means ± S.D.s; different letters indicate statistically significant
differences (P < 0.05).
1Arg, arginine; 2His, histidine; 3Val, valine; 4Phe, phenylalanine; 5Leu, leucine; 6Ile, isoleucine;
7Thr, threonine; 8Met, methionine; 9Lys, lysine; 10Trp, tryptophan; 11∑ EAA: total essential
amino acids; 12Asp, aspartic acid; 13Ser, serine; 14Glu, glutamic acid; 15Ala, alanine; 16Gly,
glycine; 17Tyr, tyrosine; 18Pro, proline; 19∑ NEAA, total nonessential amino acids; 20∑ AA,
total amino acids.
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Embryo and prehatchling development is dependent on yolk

nutrition, which provides essential nutrients for growth and

development. Fish protein needs are met through amino acids,

which are crucial for various physiological processes (Asadi et al.,

2021). Dietary amino acids have been shown to have an impact on

hormone production and gonadal development in aquatic animals

(Chen et al., 2007). Increased dietary protein levels have been found

to elevate essential and non-essential amino acid levels of yellow

river carp (Cyprinus carpio haematopterus) (Wang et al., 2023).

Consistent with the results of this study, as the dietary protein level

increased, the content of essential and non-essential amino acids in

the ovarian tissue increased significantly. Research suggests that

arginine supplementation can increase serum ketone

concentrations in Chinese mitten crab (Eriocheir sinensis) (Qi

et al., 2019), while the addition of 0.1% tryptophan to the diet

can stimulate early maturation of male ayu fish spermatozoa and

early ovulation in female fish (Akiyama et al., 1996). After the lysine

content in the gilthead seabream feed decreased, the protein content
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in the yolk decreased, resulting in a low survival rate of the larvae.

The results of the present study indicated that dietary protein

significantly affected amino acid composition (such as Arg, Trp,

Lys, Leu, and Met). In the ovary, most amino acids increased

significantly with increasing dietary protein levels. In summary,

high protein levels in diet can significantly promote the deposition

of amino acids in the ovaries, thereby significantly improving the

ovarian development of female Pengze crucian carp broodstock.

During gonad development, fat plays a crucial role as a cell

membrane material, supporting the growth of oocytes. Fatty acids

not only affect the synthesis of steroid hormones but also act as a

source of energy through oxidation, which is essential for gonad

development (Morais et al., 2014). Fat is utilized in the early stages of

fish development primarily through the egg itself, providing energy for

embryonic growth. Studies on various aquatic species, such as

Japanese flounder (Paralichthys olivaceus) (Furuita et al., 2000),

Siberian sturgeon (Acipenser baeri) (Luo et al., 2015) and female

hilsa (Tenualosa ilisha) (Kumar et al., 2023), have demonstrated the

importance of specific fatty acids, such as ARA, EPA, and DHA, in

promoting gonad development. Research indicates that higher levels

of these fatty acids result in improved gonad development and

offspring quality, underscoring their significant role in reproductive

success (Zhou et al., 2017). The regulatory impact of PUFAs on fish

reproductive performance is complex, with studies emphasizing the

influence of LC-PUFAs and sex steroid hormones on processes such

as yolk formation and ovarian maturation (Peng et al., 2015). During

gonad development, LC-PUFAs are transported from adipose tissue to

the liver, where they stimulate the synthesis of vitellogenin, a key

protein (Bransden et al., 2007). This synthesis relies not only on

sufficient levels of LC-PUFAs but also on the presence of sex steroid

hormones (Lubzens et al., 2010). Studies have shown that higher n-3

LC-PUFAs in ovaries can improve reproductive success in both male

and female Siberian sturgeon (Acipenser baerii), improving the quality

of their offspring (Luo et al., 2017). Similarly, research on Japanese

flounder (Paralichthys olivaceus) has indicated that LC-PUFAs can

boost reproductive performance and reduce larval deformities

(Furuita et al., 2000). This experiment demonstrated a positive

correlation between protein levels and concentrations of certain

fatty acids in the ovaries. This indicates that high-protein diets can

promote the accumulation of unsaturated fatty acids, thus supporting

ovarian development in female Pengze crucian carp broodstock.

Fish blood is intricately linked to the metabolism, nutritional

status, and diseases (Li et al., 2024). High-density lipoprotein and

low-density lipoprotein are crucial in the transportation of

cholesterol and triglycerides, and their levels reflect the body’s

ability to transport these substances to some extent (Deng et al.,

2010). In this study, the concentrations of low-density lipoproteins

in the 35.73% and 44.38% groups were significantly lower than

those of the 26.85% group. This finding aligns with previous

research on hybrid abalone(Haliotis discus hannai♀ × H.

fulgens♂) (Ma et al. , 2022) and grouper (Epinephelus

malabaricus) (Chen and Tsai, 1994). Alanine aminotransferase

(ALT) and aspartate aminotransferase (AST) are crucial

aminotransferases in fish liver (Foroud et al., 2021). Normally, its

serum activity is low but increases significantly with liver damage or

disease (Nyblom et al., 2004). In this study, AST levels were
TABLE 6 Plasma biochemical indexes and antioxidant activity indexes of
female Pengze crucian carp broodstock fed formulated diets with
varying protein levels.

Items 26.85% 35.73% 44.38%

ALT 1 (U·L-1) 3.32 ± 0.63 2.19 ± 0.82 3.56 ± 0.88

AST 2 (U·L-1) 520.10 ±
63.59 a

281.24 ±
64.62 b

239.65 ±
20.15 b

TC 3 (mmol·L-1) 8.10 ± 0.62 7.56 ± 0.60 6.95 ± 0.69

TG 4 (mmol·L-1) 3.16 ± 0.26 3.13 ± 0.44 2.58 ± 0.32

HDLC 5 (mmol·L-1) 2.22 ± 0.16 2.38 ± 0.14 2.2 ± 0.28

LDLC 6 (mmol·L-1) 5.73 ± 0.23 b 4.64 ± 0.28 a 3.96 ± 0.49 a

SOD 7 (U·ml-1) 188.58 ±
14.49 c 283.57 ± 17.37 a 243.91 ± 9.42 b

MDA 8 (nmol·ml-1) 32.71 ± 3.79 a 13.98 ± 3.06 b 18.37 ± 2.38 b

LZM 9 (U·ml-1) 43.14 ± 3.4 62.75 ± 14.8 52.14 ± 4.26

AKP 10 (KU·100 ml-1) 1.4 ± 0.12 1.88 ± 0.17 1.93 ± 0.53

ACP 11 (KU·100 ml-1) 450.47 ± 49.86 461.58 ± 41.76 419.88 ± 85.57
The values are expressed as the means ± S.D.s; different letters indicate statistically significant
differences (P < 0.05).
ALT, alanine transaminase; 2AST, aspartate transaminase; 3TC, total cholesterol; 4TG,
triglyceride; 5HDLC, high-density lipoprotein cholesterol; 6LDLC, low-density lipoprotein
cholesterol; 7SOD, superoxide dismutase; 8MDA, malondialdehyde; 9LZM, lysozyme; 10AKP,
alkaline phosphatase; 11ACP, acid phosphatase.
TABLE 7 Plasma hormone contents of female Pengze crucian carp
broodstock fed formulated diets with varying protein levels.

Items 26.85% 35.73% 44.38%

E2 1 (ng·L-1) 65.01 ± 9.99 a 86.51 ± 8.68 b 88.89 ± 10.41 b

PROG 2

(ng·ml-1) 4.29 ± 0.99 a 5.79 ± 0.39 b 6.25 ± 0.51 b

VTG 3 (mg·ml-1) 1.78 ± 0.33 a 2.24 ± 0.11 b 2.46 ± 0.20 b
The values are expressed as the means ± S.D.s; different letters indicate statistically significant
differences (P < 0.05).
1E2, estradiol 2; 2PROG, progesterone; 3VTG, vitellogenin.
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significantly lower in the 35.73% and 44.38% groups than in the

26.85% group. ALT did not differ significantly, but tended to

decrease with increasing protein levels in the diet, suggesting a

potential impact on hepatopancreatic function in the crucian carp

broodstock. More comprehensive research is necessary to validate

these findings. SOD has been shown to inhibit inflammatory factors

in fish, eliminate free radicals, and improve immune function

(Cristóbal and Esteban, 2021; Heng et al., 2021; Ribeiro de Souza

et al., 2021). Additionally, MDA is often used as a parameter to

measure oxidative damage (Lu et al., 2020). This study revealed a

significant increase in SOD activity in the serum of female Pengze

crucian carp with increasing dietary protein levels, followed by a

significant decrease. In contrast, the MDA content initially

decreased significantly and then increased. These findings are

consistent with previous studies on common carp (Cyprinus

carpio) (Ebrahimi et al., 2020) and yellow river carp (Cyprinus

carpio haematopterus) (Wang et al., 2023). The results suggest that

an appropriate level of dietary protein can enhance the antioxidant

capacity of female Pengze crucian carp broodstock, but excessive

protein intake can lead to damage.

Teleost fish are commonly used as a model for investigating the

impact of sex steroid hormones and the diversity of their receptors in

serum. These hormones are essential to promoting the development

andmaturation of oocytes throughmeiosis and are mainly produced in

granulosa and theca cells located outside follicle cells (Nagahama and

Yamashita, 2008). Vitellogenin (VTG) is a crucial component of the

fish reproductive process. It is produced primarily in the liver or

hepatopancreas and then transported to the developing oocyte through

the bloodstream. Once it reaches the oocyte, the VTG undergoes a

transformation process that results in the production of mature lecithin

proteins, which are vital nutrients and a source of energy for the growth

and development of offspring. VTG can also be synthesized in the

ovary and stored within the developing oocyte, serving as an important

source of nutrients and energy during embryonic development (Jiang

et al., 2023). Estradiol (E2) plays a key role in stimulating vitellogenin

synthesis in the liver during the stage of egg cell growth. After yolk

accumulation is complete, the follicle’s focus shifts to producing

progesterone (PROG) in the steroid hormone pathway, which then

stimulates sexual behavior in fish. Studies have shown that trace

amounts of progesterone can be detected in the environment during

estrus and play a role in oocyte development (Liu et al., 2012).

Progesterone is produced as an intermediate product during the

development of oocytes through the cleavage of prostaglandins by

P450-scc and 3b-HSD, eventually forming estradiol through enzymatic

action (Senthilkumaran et al., 2003). The change in steroid hormone

production categories during egg cell development is likely due to the

conversion of specific enzymes involved in steroid hormone synthesis.

This study revealed that VTG, E2, and PROG concentrations were

significantly higher at 35.73% and 44.38%, respectively, than at 26.85%,

with 44.38% showing a slightly higher concentration than 35.73%, but

the difference was not significant. Therefore, maintaining appropriate

dietary protein levels can enhance vitellogenin accumulation in the

hepatopancreas and ovaries, providing essential support for

gonad development.
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In conclusion, the present study revealed that dietary protein is

important in broodstock nutrition for both the growth and

reproductive performance of female fish. The 35.73% and 44.38%

of the protein groups showed better growth performance and

gonadal development than the 26.85% protein group. However,

the protein level of 44.38% did not improve significantly compared

to 35.73%, but the cost of the culture increased. Our results suggest

that a diet containing 35.73% protein concentration was better than

the other two groups.
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