
Aquaculture Reports 28 (2023) 101468

Available online 12 January 2023
2352-5134/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Effect of crowding stress on growth performance, the antioxidant system 
and humoral immunity in hybrid sturgeon 

Baoliang Bi a,b, Yin Yuan a, Yao Zhao a, Mingyi He a, Haoqing Song a, Lingfu Kong a,b, 
Yu Gao a,b,*,1 

a College of Animal Science and Technology, Yunnan Agricultural University, Kunming 650201, China 
b Key Laboratory for Plateau Fishery Resources Conservation and Sustainable Utilization of Yunnan Province, Yunnan Agricultural University, Kunming 650201, China   

A R T I C L E  I N F O   

Keywords: 
Crowding stress 
Growth performance 
Antioxidant capacity 
Innate immunity 
Metabolome 

A B S T R A C T   

To evaluate effects of crowding stress on the physiological mechanisms of juvenile hybrid sturgeon (♀Acipenser 
baerii×♂Acipenser schrenckii, 23 ± 1 g body weight), an experiment was assigned to three initial stocking den
sities in flowing water ponds (LD = 100 and 150 fish/m3; MD = 200 and 250 fish/m3; and HD = 300 and 350 
fish/m3) for 60 days. Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) was 
used to identify differential metabolites between different stocking densities. The final weight, weight gain rate 
(WGR) and specific growth rate (SGR) decreased significantly as the stocking density increased (P < 0.05). Gill 
filaments incurred injury in the MD and HD groups. Crowding stress increased significantly serum cortisol and 
glucose levels (P < 0.05), and inhibited the antioxidant capacity. However, stocking density did not affect innate 
immunity parameters in fish, including complement c3, immunoglobulin M (IgM) and lysozyme (LZM). These 
negative growth performances to crowding stress mainly involved pathways associated with ascorbate and 
aldarate metabolism, butanoate metabolism, and fatty acid degradation. The gluconeogenesis and glycogenolysis 
were activated by the glucagon signaling pathway in order to meet the increased energy expenditure of fish 
under stress, which played a protective role against lipid peroxidation. Assessment of these factors allows for a 
more comprehensive understanding of the underlying physiological mechanisms associated with crowding stress 
in hybrid sturgeon.   

1. Introduction 

The hybrid sturgeon (♀Acipenser baerii×♂Acipenser schrenckii) is one 
of the most popular species of sturgeon to be cultivated around the world 
and has low oxygen tolerance, a growth rate and strong disease resis
tance (Hao et al., 2021). However, with the development of intensive 
artificial breeding, the production of sturgeon is also faced with some 
key problems, including low growth rate, a deterioration of quality and 
the frequent occurrence of diseases; consequently, it is vital that we 
investigate new and healthy stocking technologies (Ni et al., 2014a, 
2014b; Yang et al., 2011). 

Stocking density, as a key production parameter, can improve our 
utilization of the aquatic environment and directly influence the eco
nomic benefits of production. However, stocking density also causes 
fierce competition for dissolved oxygen, food consumption and the 
ecological niche in aquatic environments. Previous studies have shown 

that high stocking density inhibits growth and can reduce the immunity 
and survival rate of aquatic species; final weight, survival rate, weight 
gain rate, specific growth rate and feed utilization rate have all been 
shown to decrease significantly as stocking density increases (Çelikkale 
et al., 2005; Dediu et al., 2021; Long et al., 2019; Ni et al., 2014a, 
2014b). Therefore, stocking density has been proven to be a chronic 
source of stress in sturgeon culture; it is crucial that we identify the most 
appropriate stocking density for the healthy aquaculture of sturgeon. 

The secretion of cortisol, as an important glucocorticoid secreted by 
inter-renal tissues, can be rapidly regulated through the hypothalamic- 
pituitary-interrenal axis (HPI) when the fish is subjected to external 
stress or stimulation, and activate key enzymes of gluconeogenesis, such 
as glucose-6 phosphatase, to cope with the increased energy demand of 
the body under stress (Khani and Tayek, 2001). Therefore, an increase of 
cortisol level is often regarded as a signal of crowding stress in fish 
(Ramsay et al., 2006; Ray and Sinha, 2014). As liver is the main organ in 
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the homeostatic adjustments to stress, fish can clear excessive levels of 
reactive oxygen species (ROS) via their own antioxidant system; how
ever, when fish are stressed, the rate of ROS generation exceeds the 
clearance rate of the antioxidant system, thus resulting in the accumu
lation of ROS, thus resulting in tissue damage and the production of lipid 
peroxides (Regoli et al., 2002). Crowding stress may also affect mortality 
and can exert a negative influence on the innate immune response while 
increasing apoptosis (Lin et al., 2018; Ortuño et al., 2001). Complement 
and lysozyme are regarded as an essential humoral system involved in 
the innate immunity of fish and are ubiquitously expressed in living 
organisms (Nakao et al., 2011; Saurabh and Sahoo, 2008). Metab
olomics technologies have been recently applied to study the physio
logical response to crowding stress. For example, gut microbiome and 
the pentose phosphate pathway involved in the adaption of crowding 
stress and played potential role in the regulation of glucose metabolism 
in Wuchang bream (Megalobrama amblycephala) (Du et al., 2019). Given 
this, it is evident that the homeostasis of the glucocorticoid and anti
oxidant system systems, along with innate immunity, can experience 
deleterious effects when fish are placed under crowding stress; however, 
little is known about the specific effects of crowding stress on the 
physiological mechanisms controlling metabolism. 

In this study, we analyzed a range of parameters associated with 
growth performance, stress, the antioxidant system and innate immu
nity in hybrid sturgeon when cultured at different stocking densities for 
60 days. Changes in protein expression are known to cause amplified 
changes in metabolism (Taylor et al., 2002). Therefore, we also applied 
ultra-performance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) to investigate the influence of crowding stress on key 
metabolites associated with growth, the antioxidant capacity and the 
immune system of hybrid sturgeon. In addition, metabolomics tech
nology was used to identify metabolites as potential biomarkers of 
crowding stress in hybrid sturgeon. The assessment of these factors al
lows for a more comprehensive understanding of the mechanisms un
derlying the effect of crowding stress on the aquaculture of hybrid 
sturgeon. 

2. Materials and methods 

2.1. Ethics statement 

The use of hybrid sturgeon (♀Acipenser baerii×♂Acipenser schrenckii) 
in this study complied with animal welfare laws, guidelines, and pol
icies, as approved by the Scientific Ethics Committee of Yunnan Agri
cultural University, Kunming, China. To minimize the stress response to 
sampling, hybrid sturgeon were anesthetized with 100 mg/L tricaine 
methanesulfonate (MS222, Sigma-Aldrich, MO, USA) prior to all sam
pling techniques. 

2.2. Fish culture 

From August to October 2021, we obtained juvenile hybrid sturgeon 
from the same batch of artificially bred juveniles from Yunnan Dianze 
Aquaculture Co., Ltd. (Qujing, China) The hybrid sturgeon were 
cultured in flowing water obtained from a nearby river in ponds that 
were 7 m2 (2.65 × 2.65 m) with a water depth of 0.35 m and an effective 
volume of 2.45 m3. A separate water intake was located in the center of 
each pond using bottom drainage; the rate of water intake was 0.546 
m3/s. To prevent man-made influences, a heat preservation shed created 
above the ponds. 

The juvenile hybrid sturgeon were fasted for 24 h before the exper
iment. Fish of a uniform size (body weight: 23 ± 1 g), with no de
formities, no disease, and strong vitality were selected. According to the 
previous studies (Ni et al., 2014; Ni et al., 2016) and production 
requirement of aquaculture company, the fish were then randomly 
assigned to three groups for 60 days of culture: low density (LD, 100 and 
150 fish/m3, T100 and T150, respectively), medium density (MD, 200 

and 250 fish/m3, T200 and T250, respectively) and high density (HD, 
300 and 350 fish/m3, T300 and T350, respectively) including 6 density 
groups with 3 biological replicates. Fish were fed daily every morning 
and evening (08:00 and 18:00) at average 1.7 % of the total weight of 
fish. Fish were weighed every 2 weeks to regulate the feeding rates ac
cording to the total weight of fish. We used a commercial compound feed 
produced by Kunming Hengda Feed Co., Ltd. (crude protein ≥ 42.0 %, 
crude lipid ≥ 12.0 %, crude fiber ≤ 6.0 %, crude ash ≤ 18.0 %). The 
ponds were inspected three times daily to observe the status of fish 
health. Deaths were recorded and the survival rate was calculated. 
Water parameters were recorded and checked daily, including non-ionic 
ammonia, pH, water temperature and dissolved oxygen. 

2.3. Sample collection 

The fish were fasted for 24 h before sampling. Total 450 fish were 
randomly selected for the body weight and body length measurement 
(75 fish for each density group). Then, we calculated the mean body 
weight and body length, the rate of weight gain rate and the specific 
growth rate for each group. 

Serum samples were collected from another ten fish from each group 
from the caudal vein with a sterile 1 mL syringe and withdrawn into 
microcentrifuge tubes without anticoagulant. After standing in a 
refrigerator at 4 ◦C for 6 h, the samples were centrifuged at 4500 rpm at 
4 ◦C for 10 min; then, we removed the supernatant which was then 
stored at − 80 ◦C for the analysis of biochemical parameters. 

At the end of the experiment, livers were dissected from every 18 fish 
in each density group (6 fish for each pond). To prepare a 10 % tissue 
homogenate, we took 0.1 g of liver and 0.9 mL of 0.65 % normal saline 
which was then homogenized. After centrifugation at 4000 rpm at 4 ◦C 
for 10 min, the supernatant was removed and stored at − 80 ◦C.We 
subsequently pooled equal amounts of the total protein from every 6 
livers sample in the same pond for the analysis of enzyme activity. 

One section of the gill was stored in 4 % paraformaldehyde solution 
for histological analyses from every 18 fish. 

2.4. Serum stress-related parameters 

Serum glucose levels were measured using commercially available 
kits (Shanghai Rongsheng Biological Pharmaceutical Co., Ltd., 
Shanghai, China). The levels of cortisol and adrenocorticotropic hor
mone (ACTH) in the serum were determined by commercially available 
ELISA kits (Jiangsu Jingmei Biotechnology Ltd., Yancheng, China). Re
sults were determined with a microplate reader (Rayto RT-6100 system, 
Shenzhen, China). 

2.5. Antioxidant-related parameters 

The serum levels of malondialdehyde (MDA) were determined by the 
thiobarbituric acid method (Ohkawa et al., 1979). Superoxide dismutase 
(SOD), catalase (CAT), glutathione (GSH) and glutathione peroxidase 
(GSH-Px) activities in the liver were determined with a microplate 
reader (Rayto RT-6100 system, Shenzhen, China) at 550, 405, 420, 412, 
nm, respectively. MDA and antioxidant-related parameter detection kits 
(SOD, CAT, GSH and GSH-Px) were purchased from NanJing JianCheng 
Bioengineering Institute, Nanjing, China. Total protein levels in the su
pernatant was determined using a BCA protein concentration assay kit 
(Biosharp, Hefei, China). 

2.6. Thyroid hormone measurement 

The levels of serum T3, T4, free T3 (FT3), and free T4 (FT4) were 
determined by radioimmunoassay (XH-6080 radioimmunoassay γ 
counter, Xi’an, China) in accordance with the manufacturer’s in
structions (Beijing North Institute of Biotechnology Co., Ltd, Beijing, 
China). The detection limits of these assays were 0.5–8 ng/mL for T3, 
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20–320 ng/mL for T4, 2–32 pmol/L for FT3 and 4–64 pmol/L for FT4, 
respectively. 

2.7. Innate immunity-related parameters 

The levels of immunoglobulin M (IgM) in serum were determined by 
immune turbidimetry using commercially available ELISA kits (Jiangsu 
Jingmei Biotechnology Ltd., Yancheng, China). The levels of comple
ment C3, C4 and lysozyme (LZM) in liver tissue were determined by 
commercial kits (NanJing JianCheng Bioengineering Institute, Nanjing, 
China). Total protein levels in the supernatant were determined using a 
BCA protein concentration assay kit (Biosharp, Hefei, China). Results 
were acquired with a microplate reader (Rayto RT-6100 system, 
Shenzhen, China). 

2.8. Determination of the metabolomic profiles of serum samples 

Serum samples from the LD (100 fish/m3, T100), MD (250 fish/m3, 
T250) and HD (350 fish/m3, T350) groups were selected for metab
olomics analysis (N = 18). In brief, 50 μL of each serum sample was 
mixed with 250 μL of 20 % acetonitrile/methanol and then centrifuged 
at 12,000 rpm for 10 min at 4 ◦C. Some of the supernatants were re- 
centrifuged and then transferred through a Protein Precipitation Plate 
into an UPLC-MS/MS system (UPLC, ExionLC AD; MS, QTRAP® 6500 +
System). 

The analytical conditions were as follows: 
T3 method：HPLC: column, Waters ACQUITY UPLC HSS T3 C18 

(100 mm × 2.1 mm i.d.′1.8 µm); solvent system, water with 0.05 % 
formic acid (A), acetonitrile with 0.05 % formic acid (B). The gradient 
was started at 5 % B (0 min), increased to 95 % B (8–9.5 min) and finally 
ramped back to 5 % B (9.6–12 min); flow rate, 0.35 mL/min; tempera
ture, 40 ◦C; injection volume: 2 μL. 

Amide method: HPLC: column, ACQUITY UPLC BEH Amide (i.d.2.1 
×100 mm, 1.7 µm); solvent system, water with 10 mM ammonium ac
etate and 0.3 % ammonium hydroxide (A), 90 % acetonitrile/water (V/ 
V)(B); The gradient was started at 95 % B (0–1.2 min), decreased to 70 % 
B (8 min), 50 % B (9–11 min) and finally ramped back to 95 % B 
(11.1–15 min); flow rate, 0.4 mL/min; temperature, 40 ◦C; injection 
volume: 2 μL. 

Linear ion trap (LIT) and triple quadrupole (QQQ) scans were ac
quired on a triple quadrupole-linear ion trap mass spectrometer 
(QTRAP) operating in both positive and negative ion modes. 

All metabolites were collated by Analyst 1.6.3 software (Sciex, Fra
mingham, MA) and quantified with Multiquant 3.0.3 software (Sciex). 
Principal component analysis (PCA) was performed by the statistical 
function ‘prcomp’ within the R environment (www.r-project.org). Var
iable importance in the projection (VIP) values were extracted from 
OPLS-DA data and score plots and permutation plots were generated 
using the R package MetaboAnalystR (V1.0.1). Significantly regulated 
metabolites among different density groups were determined by specific 
criteria: VIP > 1, P < 0.05, and |log2FC = < 1. The identified metabo
lites were then annotated and mapped to the KEGG Pathway database 
(http://www.kegg.jp/kegg/pathway.html). Pathways in which P < 0.05 
were accepted as significantly regulated metabolites and were then 
mapped into metabolite sets enrichment analysis (MSEA). 

2.9. Statistical analysis  

Weight gain rate (WGR, %) = 100 % × (final body weight (g) - initial body 
weight(g))/initial body weight(g)                                                               

Specific growth rate (SGR, %) = 100 %× (InWf - InWi) /feeding days           

lnWf = the natural logarithm of the final weight                                          

lnWi = the natural logarithm of the initial weight                                        

Mortality (%) = death fish number /initial fish number×100 %                      

All statistical analyses were performed using Excel 2016 (Microsoft 
Corp., Redmond, WA, USA) and SPSS 22.0 (IBM SPSS Statistics for 
Windows, Version 22.0, Armonk, NY, USA). Data are presented as mean 
± standard error (S.E.). The normal distribution and variance homoge
neity of measurement data were measured. Significant differences were 
identified by one-way analysis of variance followed by Duncan’s test. 
Differences were considered statistically significant at P < 0.05. 

3. Results 

3.1. Effects of crowding stress on growth performance 

During the 60-day period of culture, there were no significant dif
ferences in terms of water parameters when compared between different 
stocking density groups, including non-ionic ammonia ≤ 0.1 mg/L, pH 
7.4–7.8, water temperature 16 ± 1 ◦C and dissolved oxygen > 6 mg/L in 
each pond. However, there were significant differences in growth per
formance among the different density groups. The growth curve be
tween final body weight and feeding days showed a simple linear 
regression relationship rather than a logistic regression relationship over 
the 60 days. The correlation equations were Y = 0.7759X+ 20.20 (R2 =

0.9841), Y = 0.7443X+ 21.70 (R2 = 0.9867), Y = 0.7253X+ 21.37 (R2 =

0.9869), Y = 0.6627X+ 21.72 (R2 = 0.9833), Y = 0.5443X+ 23.19 (R2 =

0.9991) and Y = 0.4881X+ 22.25 (R2 = 0.9992) in T100, T150, T200, 
T250, T300 and T350, respectively (Fig. 1). 

The final body weight, WGR and SGR of the hybrid sturgeon 
decreased significantly as the stocking density increased over the 60-day 
period of culture (Table 1, P < 0.05). The final body weight/ length, 
WGR and SGR were lowest after 60-days of feeding at a culture density 
of T350. The final body weight did not differ significantly when 
compared among the culture densities of T100, T150, T200 and T250. 
However, the mortality rate increased significantly in T350 when 
compared with densities of T100, T150 and T200 (P < 0.05). 

3.2. Effects of crowding stress on gill pathology 

The gills of fish from the LD group had an intact structure and the gill 
lamellae were uniformly arranged as a whole and all there was good 
integrity in terms of cellular integrity (Fig. 2). However, both the MD 
and HD groups showed different degrees of gill injury when compared 
with the LD group. As density increased, the pathological changes in the 

Fig. 1. Growth curve of hybrid sturgeon estimated using simple linear regres
sion when cultured at different densities (T100, T150, T200, T250, T300 and 
T350) for 60 days. 
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gills became more obvious; the gill lamellae were rod-shaped and 
twisted and swollen on the top. We also observed adhesion and hyper
plasia at the base of the gill lamellae. 

3.3. Effects of crowding stress on the serum levels of ACTH, cortisol and 
glucose 

As culture density increased, the serum levels of cortisol and glucose 
first increased and then decreased (Fig. 3A). The levels of cortisol peaked 
at 138.5 ± 7.62 ng/mL and 134.84 ± 7.52 ng/mL at culture densities of 
T250 and T300, respectively (P < 0.05). The levels of glucose were 
significantly higher in the HD group (P < 0.05). However, the levels of 
ACTH were not significantly different when compared across the 
different density groups. 

3.4. Effects of crowding stress on thyroid hormone 

The levels of T4 were higher than those of T3 in the serum from 
hybrid sturgeon. The serum levels of T4 and FT3 decreased significantly 
as crowding stress increased (P < 0.05). The levels of T4 and FT3 were 

higher in the LD group than that in the HD group (P < 0.05). T3 and FT4 
levels did not change significantly after crowding stress for 60 days 
(Fig. 3B). 

3.5. Effects of crowding stress on antioxidant-related parameters 

As the culture density increased, the stress caused by crowding 
increased and the antioxidant capacity was inhibited in the liver and 
serum (Fig. 4). The SOD activity, GSH-PX activity and MDA content only 
showed a significant change in the serum (P < 0.05). SOD activity in the 
T100 was significantly higher than that in the HD group (P < 0.05); 
GSH-PX activity was significantly higher in the T150 compared with 
other density groups (P < 0.05). CAT activity showed a significant 
decrease in both the serum and liver as crowding stress increased 
(P < 0.05). 

However, the contents of MDA and GSH showed an increase trend as 
crowding stress increased (P < 0.05) and were highest in the T350 
group. 

Table 1 
Effects of crowding Stress on growth performance and feed conversion efficiency of sturgeon.   

T100 T150 T200 T250 T300 T350 

Initial body weight (g) 22.61 ± 0.40 23.74 ± 1.55 23.67 ± 0.50 23.74 ± 1.14 23.33 ± 1.10 22.39 ± 0.98 
Initial body length (cm) 19.73 ± 0.36 19.6 ± 0.45 19.15 ± 0.43 19.71 ± 0.27 19.9 ± 0.44 19.69 ± 0.43 
Final body weight (g) 69.31 ± 0.31a 68.7 ± 3.13a 66.91 ± 0.76a 63.68 ± 3.22a 56.25 ± 2.08b 51.81 ± 1.97c 
Final body length (cm) 27.9 ± 0.26b 28.27 ± 0.33b 30.02 ± 0.50a 28.00 ± 0.30b 27.75 ± 0.34b 26.40 ± 0.34c 
Weight gain rate (%) 206.73 ± 4.17a 190.21 ± 7.45b 182.86 ± 5.32 BCE 168.16 ± 2.00c 141.37 ± 4.86d 131.62 ± 4.09d 
Specific growth rate (%) 1.87 ± 0.02a 1.77 ± 0.04b 1.73 ± 0.03 BCE 1.64 ± 0.01c 1.47 ± 0.03d 1.4 ± 0.03d 
Mortality (%) 0.38 ± 0.13a 0.32 ± 0.11a 0.36 ± 0.12a 0.53 ± 0.02ab 0.48 ± 0.07ab 0.73 ± 0.06b 

Notes: Feed ingredients were provided by Kunming Hengda Feed Co., Ltd. (crude protein ≥ 42.0 %, crude lipid ≥ 12.0 %, crude fiber ≤ 6.0 %, crude ash ≤ 18.0 %). 
T100 and T150 indicated the low density group (LD, 100 and 150 fish/m3); T200 and T250 indicated the medium density group (MD, 200 and 250 fish/m3); T300 and 
T350 indicated the high density group (HD, 300 and 350 fish/m3) 
Values are presented as mean ± SE (n = 3). Values in the same column with different superscript letters are significantly different (P < 0.05). 
Weight gain rate (WGR, %) = 100 %× (final body weight (g)–initial body weight(g)) / initial body weight(g) 
Specific growth rate (SGR, %) = 100 %× (InWf–InWi) /feeding days, lnWf = the natural logarithm of the final weight, lnWi = the natural logarithm of the initial 
weight, feeding days between lnWf and lnWi 
Mortality (%)=death fish number /initial fish number× 100 %. 

Fig. 2. Histological analysis of the gills in hybrid sturgeon cultured at different densities (T100, T150, T200, T250, T300 and T350) for 60 days. The dashed line box 
indicates pathological changes in the gills. (1) The gill lamellae were rod-shaped and twisted. (2) The gill lamellae were swollen on the top. (3) Adhesion and 
hyperplasia at the base of the gill lamellae. Scale bar = 100 µm. 
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3.6. Effects of crowding stress on parameters related to innate immunity 

As culture density increased, only C4 content showed a significant 
decrease in the liver (P < 0.05, Fig. 5). C4 content was significantly 
higher in the T150 than that in the HD group (P < 0.05). Other majority 
of parameters related to innate immunity, C3, IgM and LZM, in the liver 
and serum did not change significantly over the period of culture, thus 
indicating that the HD condition had no effect on the innate immunity of 
sturgeon at the biochemical level (Fig. S1). 

3.7. Effects of crowding stress on metabolism in serum 

Typical base peak chromatograms obtained by electrospray ioniza
tion are shown in Fig. S2A. PCA was performed to identify statistical 
differences between the LD, MD and HD groups. The differences in 
metabolism according to PC1 and PC2 were 36.79 % and 9.07 %, 
respectively (Fig. S2B). After constructing a venn for the total metabo
lites across the different density groups, a total of 65 different metabo
lites were identified; of these, 22 were significantly different for T100 vs 
T250, 34 for T100 vs T350 and 9 for T250 vs T350 (Fig. S2C). 

Based on the KEGG IDs of the differential metabolites, crowding 
stress altered several different pathways: ascorbate and aldarate meta
bolism (ko00053), butanoate metabolism (ko00650), fatty acid degra
dation (ko00071), bile secretion (ko04976), citrate cycle (ko00020), the 
glucagon signaling pathway (ko04922) and neuroactive ligand-receptor 
interaction (ko04080, P < 0.05) when compared between T100, T250 
and T350. However, tyrosine metabolism (ko00350) and the thyroid 
hormone signaling pathway (ko04919) were significantly enriched for 
T250 vs T350 (Fig. 6, P < 0.05). 

In addition, all metabolites and different density groups in the sig
nificant metabolic pathway were clustered into two branches (Fig. 7); 
the lowest density (T100) was separated from the crowding stress group 

(T250 and T350). The levels of L-palmitoylcarnitine and palmitoyl- 
ethanolamide were significantly down-regulated as density increased 
(VIP>1, P < 0.05, |log2FC= < 1). However, the levels of 3-hydroxytyr
amine, fumaric-acid, alpha-ketoglutaric-acid, glutaric-acid, xyluose-5- 
phosphate, 4-aminobutyric-acid, myo-inositol, dopa, and thyroxinen 
were up-regulated as density increased (VIP>1, P < 0.05, |log2FC= <

1). 

4. Discussion 

4.1. Effects of crowding stress on growth performance 

In intensive aquaculture, stocking density is considered to be one of 
the most important factors in determining fish survival, growth, welfare 
and health (Ni et al., 2014a, 2014b; Wunderink et al., 2011). In this 
study, the growth performance of hybrid sturgeon was negatively 
correlated with the crowding stress effect. These results are consistent 
with those of Salvelinus fontinalis, juvenile Russian sturgeon (Acipenser 
gueldenstaedtii) and another hybrid sturgeon (bester♀× beluga♂) (Çel
ikkale et al., 2005; Dediu et al., 2021; Wafa et al., 2004). With the 
extension of time, crowding stress was previously found to have a 
negative effect on the regulation of the growth axis of Chinese sturgeon 
(Acipenser sinensis) (Long et al., 2019). In this study, the mortality at the 
highest density (T350) was higher than that in the LD and MD (T200) 
groups; these findings were consistent with those reported previously for 
Nile tilapia (Oreochromis niloticus) and Labeo bata (Garcia et al., 2013; 
Karnatak et al., 2021). However, most indices of growth performance 
(WGR, SGR and SR) were not significantly difference when compared 
between the T300 and T350 groups. The reason for this may be that the 
hybrid sturgeon gradually adapted to this living environment under 
long-term crowding stress; this is supported by the reduction in cortisol 
levels in the serum over time. Sturgeon species have two pairs of barbels 

Fig. 3. Effects of crowding stress on ACTH, cortisol, glucose (A) and thyroid hormone (B) in serum of hybrid sturgeon cultured at different densities (T100, T150, 
T200, T250, T300 and T350) for 60 days. Values are presented as mean ± SE (n = 3). Values in the column with different letters are significantly different (P < 0.05). 
ACTH: adrenocorticotropic hormone; T3: triiodothyronine; T4: thyroxine; FT3: free triiodothyronine; FT4: free thyroxine. 

B. Bi et al.                                                                                                                                                                                                                                        



Aquaculture Reports 28 (2023) 101468

6

(feelers) that project from their lower jaw and are used to detect food 
(Vecsei and Peterson, 2004). Therefore, crowding stress mean that the 
upper barbels could not touch food; this affected growth performance in 
the HD group. 

Ascorbic acid is an essential antioxidant and plays functional roles in 
other enzymatic reactions and cellular processes, such as growth and 
mitosis (Noctor and Foyer, 1998; Smirnoff and Wheeler, 2000). Tyros
inase can convert tyrosine directly to dihydroxyphenylalanine (DOPA) 

Fig. 4. Effects of crowding stress on antioxidant capacity of hybrid sturgeon cultured at different densities (T100, T150, T200, T250, T300 and T350) for 60 days. 
Values are presented as mean ± SE (n = 3). Values in the column with different letters are significantly different (P < 0.05). SOD: superoxide dismutase; CAT: 
catalase; GSH-PX: glutathione peroxidase; GSH: glutathione; MDA: malondialdehyde. 

Fig. 5. Effects of crowding stress on complement C3 and C4 of hybrid sturgeon cultured at different densities (T100, T150, T200, T250, T300 and T350) for 60 days. 
Values are presented as mean ± SE (n = 3). Values in the column with different letters are significantly different (P < 0.05). C3: Complement component 3; C4: 
Complement component 4. 
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in the presence of ascorbic acid (Kurpejović et al., 2021). Butanoate 
metabolism increases fatty acid oxidation in the muscle and adipose 
tissue, thus inducing lipolysis and increased energy expenditure 
(Henagan et al., 2015; McNabney and Henagan, 2017). Therefore, 
negative effects on the regulation of growth in hybrid sturgeon in the 
MD and HD groups involved effects on ascorbate and aldarate meta
bolism, butanoate metabolism and fatty acid degradation. 
Xyluose-5-phosphate was expressed at high levels at the highest density 
of T350; this activated protein phosphatase and regulated glucose 
metabolism and fat synthesis (Kabashima et al., 2003). 

4.2. Effects of crowding stress in juvenile hybrid sturgeon 

With an increase of stocking density, the serum levels of cortisol and 
glucose increased significantly; the levels of adrenal corticotropic hor
mone (ACTH), as an upstream regulatory molecule, also increased 
(Angelousi et al., 2000). Cortisol is widely known as the “stress hor
mone”, its level was previously shown to be positively correlated with 
stocking density (Adineh et al., 2021; Fatima et al., 2018). In this study, 
the metabolite fumaric acid was also positively correlated with stocking 
density. Fumaric acid also involved in urea synthesis during the TCA 
cycle to reduce the ammonia-nitrogen stress (Natnan et al., 2021). Blood 

Fig. 6. KEGG pathways for differential metabolites in the serum of hybrid sturgeon. Rich factors indicate the ratio of metabolites enriched in the pathway among the 
metabolites annotated in the pathway. KEGG pathways with an asterisk were significantly enriched. *P value < 0.05. 
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glucose levels generally follow the same trend as cortisol; this is thought 
to promote gluconeogenesis or glycogen breakdown (Khani and Tayek, 
2001). We also found that the glucagon signaling pathway and citrate 
cycle was activated in T250; this accelerates glycogenolysis via the 
cAMP-PK system (La Sala and Pontiroli, 2021). The process of gluco
neogenesis and glycogenolysis can help to increase the energy expen
diture of fish under stress (Kleinert et al., 2019). The levels of glucose 
and cortisol exhibit a slight decreasing trend as crowding stress 
increased after the 60-day period of culture. The same trend was also 
observed previously under chronic crowding stress; this was considered 
to be an adaptive ability of fish under conditions of long-term stress (Ni, 
M. et al., 2014). Increased levels of 4-aminobutyric acid have been 
implicated as the main mechanism underlying metabolic depression 
during anoxia (Lardon et al., 2013). myo-inositol is a protective agent 
shared by all eukaryotes exposed to hypertonic stress (Bounedjah et al., 
2012) and has also been observed in crowding stress, thus suggesting 
that 4-aminobutyric acid and myo-inositol could be used as new in
dicators of crowding stress. 

4.3. Effects of crowding stress on the antioxidant capacity of juvenile 
hybrid sturgeon 

Previous study showed that the activities of SOD and GSH-PX in the 
serum were significantly reduced under crowding stress in Chinese 
sturgeon (Long et al., 2019). MDA is one of the final products of poly
unsaturated fatty acids peroxidation in the cells; an increase in free 
radicals causes overproduction of MDA (Gaweł et al., 2004). Similar 
with our study, the antioxidant enzyme activity (SOD and CAT) were 
decreased but levels of MDA were increased thus indicating that 
crowding stress inhibited the antioxidant capacity and caused lipid 
peroxidation in the livers of hybrid sturgeon (Liu et al., 2014; Long et al., 
2019; Yousefi et al., 2020). 

Alpha-ketoglutaric acid has been shown to affect the development 
and maturation of offspring of American minks (Neovison vison) 
(Dobrowolski et al., 2021), which is a well-known metabolic interme
diate of various processes and performs a protective role against lipid 
peroxidation (Velvizhi et al., 2002). Ascorbate and aldarate metabolism 
are known to be part of a pathway related to antioxidant defense that is 
able to effectively scavenge superoxide and prevent tyrosine nitration 
(Smirnoff, 2018; Zhao et al., 2018). Crowding stress is known to alter the 

pathways of ascorbate and aldarate metabolism; ascorbate cooperates 
with SOD to remove superoxide and reduce the formation of peroxini
trite (Smirnoff, 2018). Similar with other teleost, plasma levels of 
GSH-PX activity did not change but the levels of GSH were significantly 
higher under crowding stress (Djordjevic et al., 2021; Du et al., 2019). 
GSH is an important antioxidant and protects cells and enzymes from 
oxidative stress. GSH-PX is a cytosolic enzyme that catalyzes the 
reduction of hydrogen peroxide to protect cells (Fanucchi, 2014). 
However, the antioxidant capacity of ascorbate is more reactive than 
GSH and represents a preferred pathway because one electron donation 
by GSH produces the reactive and damaging thiyl radical (Gebicki et al., 
2010). Therefore, ascorbate and aldarate metabolism contributed part of 
the antioxidant capacity under crowding stress. 

4.4. Effects of crowding stress on thyroid hormones in juvenile hybrid 
sturgeon 

We found that tyrosine metabolism and the thyroid hormone 
signaling pathway were significantly enriched in the HD group. The 
hypothalamic-pituitary-thyroid axis regulates energy metabolism by 
secreting thyroid hormone to ensure the normal development and 
growth of fish (Blanton and Specker, 2007). The metabolism of thyroid 
hormones alters iodothyronine deiodinase activity and gene expression 
with the HPT axis; these changes may affect the complement system 
(Gao et al., 2020). Previous studies found that the levels of thyroxine 
(T4) decreased with increasing stocking density; these findings were 
similar to those found with Labeo rohita (Fatima et al., 2018) and Puntius 
sarana (Upadhyay et al., 2022), thus suggesting that the activity of the 
HPT axis was suppressed, possibly due to the reduced food intake in the 
HD group. However, a weak link between the thyroid and appetite was 
previously reported in fish (Deal and Volkoff, 2021). Crowding stress 
plays a major role in the elevation of cortisol level which exhibits 
negative feedback on the hypothalamus-pituitary-inter-renal axis, thus 
reducing the peripheral circulation of T3 and T4 (Swain et al., 2022). 

4.5. Effects of crowding stress on innate immunity in juvenile hybrid 
sturgeon 

Previous studies have proved that high stocking density acts as a 
stressor and causes immunosuppression in fish such as common carp, 

Fig. 7. Hierarchical cluster analysis of differential metabolites. Hybrid sturgeon were cultured at densities of T100, T250 and T350 for 60 days. The horizontal axis 
shows the sample name while the vertical axis shows the metabolites; the signal intensities of metabolites were normalized by unit variance scaling. 
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turbot (Scophthalmus maximus), gilthead seabream (Sparus aurata), and 
grass carp (Adineh et al., 2021; Hoseini et al., 2019; Jia et al., 2016; Lin 
et al., 2018; Montero et al., 1999). In this study, the levels of several key 
immune parameters (C3, C4, IgM and LZM) did not change after chronic 
crowding stress. However, the circulating levels of IgM increased with 
increased water temperature and salinity (Dominguez et al., 2004), thus 
suggesting that the immune system can be altered by certain factors in 
the aquatic environment. One potential for this is that crowding stress 
represents a social factor involved in the stimulation of the 
hypothalamic-pituitary-adrenal axis (Bugajski, 1999). The number of B 
lymphocytes remain at normal levels under social stress and the immune 
system did not respond to secrete antibodies. 

We also found that the levels of two metabolites, L-palmitoylcarnitine 
and palmitoyl-ethanolamide, were decreased after crowding stress; 
these metabolites are known to be involved in processes related to im
mune response. Palmitoyl-ethanolamide has an anti-inflammatory effect 
and can relieve inflammatory and neuropathic pain, especially pain 
induced by mechanical hyperalgesia (Seol et al., 2017). Palmi
toylcarnitine is associated with the induction of both IL-6 and Ca2+

influx and alters the host response in the lymph nodes (Hulme et al., 
2017), thus suggesting the potential use of palmitoylcarnitine profiling 
as a biomarker for metabolic disturbance (Al-Bakheit et al., 2016). 
Therefore, the levels of L-palmitoylcarnitine and 
palmitoyl-ethanolamide decreased after crowding stress, thus suggest
ing metabolic disturbance and the induction of immunosuppression in 
hybrid sturgeon. 

5. Conclusion 

High stocking density negatively influence the growth performance 
of juvenile hybrid sturgeon for a 60-day culture period, which mainly 
involved pathways associated with ascorbate and aldarate metabolism, 
butanoate metabolism and fatty acid degradation. The gluconeogenesis 
and glycogenolysis were activated by the glucagon signaling pathway in 
order to meet the increased energy expenditure of fish under stress. The 
pathways of ascorbate and aldarate metabolism were activated in MD 
and HD group to scavenge ROS caused by crowding stress, played a 
protective role against lipid peroxidation in the liver. Therefore, the 
ascorbate and aldarate metabolism as one of the key metabolic pathways 
involved in the growth, energy expenditure and antioxidant capacity of 
juvenile hybrid sturgeon under crowding stress. 
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