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Abstract: As an endangered animal species, the Chinese sturgeon (Acipenser sinensis) has been
artificially cultured during recent years. In the present experiment, the performance of a common
formulated feed and a mixed natural feed on the growth and blood physiology of Chinese sturgeon
were compared during one year of indoor culture. In terms of specific growth rate, the formulated
diet group showed a higher value (4.2%) compared with the natural food group (—1.8%) during
one year of indoor culture. Alanine aminotransferase activities of the sturgeons in formulated diet
group was significantly higher than that in the natural food group throughout whole experiment
period (p < 0.05). The total protein albumin, albumin and globulin contents of the natural food group
were significantly higher than that of the formulated diet group in February and May (p < 0.05). The
C-reactive protein contents of the formulated diet group were significantly higher than that of natural
food group in May and August (p < 0.05). The activities of total cholesterol, high-density cholesterol,
and low-density cholesterol were significantly higher in the natural food group than those in the
formulated diet group (p < 0.05). The activities of triglycerides were significantly higher in the natural
food group than those in the formulated diet group in February and May (p < 0.05). Almost half of
the biochemical indicators examined show significant seasonal fluctuations, indicating that seasons
have a substantial impact on the Chinese sturgeon. Overall, these results indicate that natural food
exerted a positive impact on physiological indicators compared to the formulated diet.

Keywords: Chinese sturgeon; natural food; formulated diet; growth; blood physiology

1. Introduction

The Chinese sturgeon (Acipenser sinensis) was a large anadromous species in China [1].
In the 1970s, the Yangtze River had more than 10,000 Chinese sturgeon breeding popu-
lations, but by the 1980s, that number had decreased to 2176, then to 363 in 2000, and
afterward to 57 in 2010 [2,3]. The Chinese sturgeon has been now classified as critically
endangered by the International Union for Conservation of Nature (IUCN), and listed in
Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES) [4]. In 2012, a full captive breeding experiment of Chinese sturgeon
was successfully conducted [5]. As the scale of artificial conservation of Chinese sturgeon
continues to expand, the quantity and quality of natural feed cannot be guaranteed, and
artificial formulated diet must be used. Healthy aquaculture requires a supply of feeds
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that meet nutritional requirements. The Chinese sturgeon is an omnivorous fish that feeds
mainly on pelagic and demersal fish, followed by crustaceans and mollusks [6].

Faced with the absence of specific data on the nutritional requirements and utilization
of Chinese sturgeon [7-9], more attention is required through research for the management
and conservation. Artificial feeds for the sturgeon family were used in the captive breeding
of Chinese sturgeon, but they cannot fully meet their specific physiological needs. The
main sturgeon feeds on the market were Tianbang brand, Shengsuo brand, Jianma brand.
Tianbang brand sturgeon feed is more in compliance with the nutritional requirements
of Chinese sturgeon. Some studies have demonstrated that unbalanced feed nutrition
can directly lead to the development of nutritional diseases such as fatty liver, enteri-
tis, and nutritional anemia [10-12]. As feed, chilled fish can accelerate the growth rate
of aquatic animals [13,14]. Natural foods are attractive, palatable, and easily digested
with balanced nutrition [15]. In a previous study, the SGR values of juvenile Chinese
sturgeon fed with formulated diets were significantly lower than those fed with water
earthworms [16]. Systematic studies are needed for optimizing the nutritional requirements
and main ingredients of formulated diets for Chinese sturgeon.

Available sturgeon diets provide the normal survival of most sturgeon, but there were
variances in the energy, protein, lipid, carbohydrate, vitamin, and mineral requirements
and utilizations of different sturgeons. The optimization of dietary requirement of Chinese
sturgeon was an urgent demand from aquaculture departments. Growth performance and
feed utilization have been used as a useful tool for aquaculture species feed formulation
and feed optimization [17].

Under defined environmental conditions and treatments, fish blood can provide a
comprehensive picture of the endocrine, immune, reproductive, and genetic functions
of fish [18,19]. Blood collection was the common sample collection method for health
monitoring of captive-bred Chinese sturgeon, which has the advantage of rapid, efficient,
and minimally invasive [20]. In recent years, blood parameters have been often measured
s0 as to determine the health status in many fish [21]. Li et al. (2017) found that weight gain
and special growth rate of the hybrid Siniperca chuatsi fed live baits were significantly higher
than those of fish fed artificial feeds [22]. However, the special Chinese sturgeon feeds have
not been developed yet in the domestic markets, whereas no investigations on the effects of
formulated feed on growth, lipid metabolism, and immune function of Chinese sturgeons
have been documented. Studies on the effects of seasonal changes on Chinese sturgeons
are still scarce, with only a few reports on the reduction or cessation of feeding by Chinese
sturgeons at high temperatures. Male Chinese sturgeon showed negative specific growth
rates from spring to fall, whereas females had positive specific growth rates [23]. In the
present experiment, the effects of a common formulated feed and a mixed natural feed on
the blood physiology and effects of seasonal changes on behavioral and morphological
aspects of Chinese sturgeon were compared. Our work provides scientific data to support
the development of high-quality formulated diets that meet the indoor aquaculture of
Chinese sturgeon.

2. Materials and Methods
2.1. Experimental Fish

The experimental site located in the Shanghai Aquatic Wildlife Conservation and
Research Center (Shanghai, China). Sturgeons were raised in four concrete ponds (long:
8 m, wide: 8 m, deep: 1.8 m), each contained 14 fish. As an endangered animal species,
experimental samples are restricted. The Chinese sturgeon is a large fish, requiring a large
amount of bait. The natural food is too expensive for the one-year experimental cycle,
so the number of fish in natural food group was less. A total of 56 numbers of fish were
randomly stocked in 2 treatments, with 14 fish in a natural food group and 42 fish in a
formulated diet group. All experimental sturgeons were captive-bred offspring (F1) and
above 15 years old. The experimental fish were tagged by PIT RF markers, in order to track
their growth and physiology. The experimental period lasted one year, according to the
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seasonal changes of the aquaculture site, spring (February to April), summer (May to July),
fall (August to October), and winter (November to January), and all experimental fish were
sampled in February, May, August, and November.

2.2. Feeding Management

Before the start of the experiment, an area in the pond was selected as a fixed feed-
ing place. Filtered groundwater continuously flowed into and out of the tank, and oxy-
gen was supplied using in situ-water oxygenator (NR-A212 type, Ranrong Shanghai,
China). Water temperature and dissolved oxygen were measured with HQ30d portable dis-
solved oxygen meter (Hach, Loveland, CO, USA). Ammonia-N and nitrite were measured
with Nova 60 and the accompanying reagent kit (Merck, Darmstadt, Germany). Water
conditions were maintained as follows, temperature: 20.7 £ 4.18 °C, dissolved oxygen:
7.88 £ 0.48 mg/L. The annual ammonia-N content (0.01-0.15) mg/L and nitrite content
(0.01-0.09) mg/L meet the “GB 11607-1989 Fishery Water Quality Standards” in China.
During the feeding trial, the fish were under natural photoperiod conditions.

2.3. Experimental Diet

The experiment was started in January. Chinese sturgeons were fed at regular in-
tervals, three times a day at 7:00, 13:00 and 19:00 at a rate of 1% of their body weight.
Feeding was dynamically adjusted according to the amount of food intake. Crucian carp
(Carassius auratus) and largemouth bass (Micropterus salmoides) were used as natural food
and sterilized with 3% brine for 15-20 min before feeding. The whole crucian carp (50-150 g)
and small pieces of largemouth bass (250-500 g). Natural food was fed to sturgeons in
the natural food treatment, and the remaining fresh bait was collected after 30 min. The
sturgeons were fed with equivalent formulated sturgeon diet by Ningbo Tianbang Feed
Co., Ltd. (Zhejiang, China), in which the crude protein was not less than 40%. Formulated
diet were fed to sturgeons in the formulated diet treatment, and the remaining formulated
diet was fished out after 30 min (Table 1).

Table 1. The composition of natural food and formulated diet (% matter).

Diet Treatment

Ingredient
Crucian Carp Diet Largemouth Bass Diet Formulated Diet
Crude protein 15.03 £ 0.16 18.19 +£ 1.51 >40
Crude lipid 10.32 £ 0.26 6.32+0.83 >12
Ash 3.57 £ 0.03 1.01 £0.02 <18
Moisture 67.00 £ 0.37 84.59 £0.21 <12

Main ingredients of formula diet: Fish meal; Soya bean meal; Wheat flour; Fish oil;
Vitamin premix; Mineral premix; Soybean phospholipid oil; phosphate etc. The contents
and concentration are not disclosed as it contains commercially relevant information.

Muscle composition of natural foods (by wet weight); the composition of formulated
diet (dry matter) [24,25].

2.4. Blood Sample Collection and Pre-Treatment

To avoid effects of feeding on blood physiological and biochemical indicators, ex-
perimental fish were stopped feeding 24 h before sample collection. Capture of Chinese
sturgeons requires tools such as snares, drag nets, and stretchers. In order to reduce the
stress, the capture of Chinese sturgeon was controlled within a short time out of water.
Sturgeons were captured and placed on a stretcher, with their ventral side upward, head
submerged in water to ensure normal breathing. Blood samples were collected using a
10-mL unheparinized syringe from the caudal vein. Blood samples were collected from
each fish and immediately packed into 2 mL centrifuge tubes and allowed to clot at room
temperature for 4 h. Blood samples were clotted at 4 °C and centrifuged at 4000x g for
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10 min using a benchtop microfuge (Microfuge 22R, Backman, CA, USA). The supernatant
was transferred to centrifuge tubes and sealed. All treated serum samples were stored at
2-8 °C under refrigeration. Within 24 h, biochemical indexes were detected.

2.5. Serum Biochemical Index Test

Routine biochemical indicators, including alanine aminotransferase (ALT, IFCC In-
ternational Federation of Clinical Chemistry rate method), aspartate aminotransferase
(AST, IFCC rate method), lactate dehydrogenase (LDH, IFCC rate method), alkaline phos-
phatase (ALP, AMP 2-Amino-2-Methyl-1-Propanol buffer method), total protein (TP, biuret
method), albumin (ALB, bromocresol green method), globulin (GLO, immunoturbidimet-
ric method), triglycerides (TG, GPO-PAP glycerol phosphate oxidase-p-aminophenazone
method), cholesterol (CHOL, COD-PAP method), high-density lipoprotein cholesterol
(HDL, direct method), low-density lipoprotein cholesterol (LDL, direct method), and
C-reactive protein (CRP, immunoturbidimetric method) contents in serum, were deter-
mined using Rittal Selectra E fully automated biochemical analyzer (Vital Scientific, Dieren,
Netherlands) under 37 °C. Calibration standards and quality control products were Randox
reagents (Randox Laboratories Ltd. Ardmore, Crumlin, UK) and test kits by Shanghai
Deacon Biotechnology Co., Ltd. (Shanghai, China).

2.6. Growth Performance

During the experimental period, the experimental fish were examined for growth
each season, and body weight and growth-related indexes such as total length (TL), fork
length (FL), body length (BL), pectoral fin body circumference (PFBC), maximum body
circumference (MBC), and abdominal fin body circumference (AFBC) (with a weight
accuracy of 0.1 kg and a length accuracy of 1 cm) were measured (Figure 1). Specific growth
rates (SGR) and total length specific growth rate (SGRL) were used to assess morphological
growth information based on measurement data from February.

SGR (0/0) =100 x (lTl Wﬁnal —In Winitial)/t

SGRL (0/0) =100 x (ll’l TLﬁnal —In TLinitial)/t
where, W is body weight (g), TL is total length (mm), and t is study duration (days).

TL >

ATTTTTATTARATTA
M
(e

Figure 1. Measurement diagram of main growth indexes of Chinese sturgeon (Chen, 2007) [26].
Total length (TL); Fork length (FL); Body length (BL); Measurement position of pectoral fin body
circumference (PFBC); Measurement position of Maximum body circumference (MBC); Measurement
position of abdominal fin body circumference (AFBC).

2.7. Statistical Analysis

The data were expressed as mean =+ standard deviation (SD). Normal distribution
and homogeneity of variances were checked with the Levene’s test and Shapiro-Wilk test,
respectively. Two-way ANOVA was applied to examine the significant differences due to
the feed type, time, and their interaction. If there was a significant interaction between
the feed type and season, ¢-test was used to analyze the effects of different feed types on
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Chinese sturgeon indexes in the same season, and a repeated measures ANOVA was used
to detect same feed type the difference between each index in different seasons, followed
by the post hoc Duncan’s multiple range test. Biplot of principal component analysis (PCA)
was performed on the biochemical indicators by using Origin 2021. Statistical significance
was determined at p < 0.05. All the data were statistically analyzed using SPSS Software
(ver. 26.0) and data were plotted by Origin (ver. 2021) and GraphPad Prism (ver. 9.3),
respectively.2.8. Ethics Statement

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Shanghai Ocean University Animal Care and Use Committee with approval number
SHOU-2021-118.

3. Results
3.1. Changes in Water Quality

During the experiment, monthly mean water temperature ranged from 13.6 to 26.5 °C,
and dissolved oxygen from 7.42 to 8.93 mg/L. In particular, the mean water temperature
of the indoor tank increased slowly from February (13.6 °C) to reach a peak in August
(26.5 °C), and then decreased to November (18.1 °C) (Figure 2).

aalk —e— Room temperature | 12.00
30.0 —&— Water temperature
“r " i . - 10.00
—— Dissolved oxygen
25.0
-1 8.00
_.200 f =
4 - 6.00 g,
= 0 r
15.0 2
- 4.00
100
5.0 } < 2.00
0.0 1 1 1 1 1 1 1 1 1 o.w
Feb Mar Apr May Jun Jul. Aug Sep Oct Nov
Month

Figure 2. The changes of room temperature, water temperature, and dissolved oxygen (Mean + SD).

3.2. Effect of Diet Type and Seasons on Blood Physiological Indicators

During the experiment, ALT content was significantly affected by feed type and season
(p < 0.05), but their interaction had no significant effect on ALT content (Table S1). However,
ALT of the formulated diet group was significantly higher than that of natural food group
(p <0.05). ALT was significantly higher in February than other months in both natural food
group and formulated diet group (p < 0.05) (Figure 3a). During the experiment, AST content
was significantly affected by season (p < 0.05), but their feed type and season interaction
had no significant effect on AST content (Table S1). Both AST started a downward trend
from February and reached the lowest values in August (Figure 3b). During the experiment,
(AST/ALT) ratio was significantly affected by feed type and season (p < 0.05), but their
interaction had no significant effect on AST/ALT (Table S1). The transaminase (AST: ALT)
ratio of both feed types appeared to be comparable (p < 0.05). The AST:ALT ratio in
February, May, and August was significantly higher in natural food than formulated diet
(p < 0.05). This ratio demonstrated a decreasing trend with increasing time (Figure 3c).

During the experiment, LDH and ALP content was significantly affected by season
(p < 0.05), while the interaction between feed type and season had no significant effect on
LDH and ALP content (Table S1). However, a significant increase (p < 0.05) in LDH from
February to May was registered in formulated diet groups. The LDH content in natural food
groups reached the maximum in November (Figure 4a). Feed type did not significantly
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affect ALP levels throughout whole experiment period (p > 0.05). The ALP value of
both feed types increased in February to May. Subsequently, the ALP level decreased in
August, but peaked with an increase for the natural food group and formulated diet group,
respectively, in November (Figure 4b).
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Figure 3. Variation of metabolic enzyme (a) ALT, (b) AST, and (c¢) AST/ALT activities between
months under two feeds. * indicates significant difference between different dietary groups, different
letters represent significant difference between different sampling months for the same diet, p < 0.05.

During the experiment, TP, ALB, and GLO content was significantly affected by feed
type, season, and their interaction (p < 0.05, Table S1). TP, ALB, and GLO contents in
February and May were significantly higher in natural food group than that of formulated
diet group (p < 0.05). The lowest level of TP and GLO was observed in February with
formulated diet, which was significantly lower than those in other months (p < 0.05). The
TP and GLO values in formulated diet group declined after increasing from February to
May (Figure 5a,c). Natural food did not significantly affect ALB levels throughout whole
experiment period. The ALB values in formulated diet group increased from February to
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August, which reached their maximum in August. ALB was significantly higher in August
than other months in formulated diet group (p < 0.05) (Figure 5b).

R natural food [ artificial feed
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Figure 4. Variation of metabolic enzyme (a) LDH and (b) ALP activities between months under two
feeds. Different letters represent significant difference between different sampling months for the
same diet, p < 0.05.

During the experiment, (ALB: GLO) ratio and CRP content was significantly affected
by feed type and season (p < 0.05), but their interaction had no significant effect on (ALB:
GLO) ratio and CRP content (Table S1). Both feed types illustrated significant difference
in the albumin to globulin ratio (ALB: GLO) (Figure 6a). In May and August, the CRP
level of the formulated diet group was significantly higher than that of the natural food
group (p < 0.05). CRP level was significantly higher in August than in other months under
formulated diet feeding (p < 0.05) (Figure 6b).

During the experiment, TG and LDL content was significantly affected by feed type,
season, and their interaction; CHOL and HDL content was significantly affected by feed
type and their interaction (p < 0.05, Table S1). During the whole experiment period,
CHOL, HDL, and LDL levels were significantly higher in natural food group than that
of formulated diet group (p < 0.05). There was no significant change in the TG, CHOL,
HDL, and LDL levels in natural food group (p > 0.05). In February and May, TG content
of the formulated diet group was significantly higher than that of the natural food group
(p < 0.05) (Figure 7a). When formulated diet was fed, the content of TG, CHOL, HDL, and
LDL reached the maximum in August (Figure 7).

3.3. Effect of Diet Type on Growth

There were no significant changes in the TL, FL, BL, MBC, and body weight in natural
food group (p > 0.05). In February, PFBC of the natural food group was significantly higher
than that in other months (p < 0.05, Table 2). When natural food was fed, AFBC reached the
minimum in November (Table 2). There were no significant changes in the BL and body
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weight in formulated diet group (p > 0.05). When formulated diet was fed, FL, PFBC, MBC,
and AFBC in the formulated diet group declined from February to May, which reached
their minimum in May (Table 3). In terms of SGR, the formulated diet group showed a
higher value (4.2%) compared with the natural food group (—1.8%) during one year of
indoor culture. Both groups showed negative SGRL throughout whole experiment period

(Table 4).
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Figure 5. Variation of protein (a) TP, (b) ALB, and (c¢) GLO content between months under two
feeds. * indicates significant difference between different dietary groups, different letters represent

significant difference between different sampling months for the same diet, p < 0.05.
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Figure 6. Variation of protein (a) A/G and (b) CRP content between months under two feeds.
* indicates significant difference between different dietary groups, different letters represent significant
difference between different sampling months for the same diet, p < 0.05.
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Figure 7. Variation of metabolites (a) TG, (b) CHOL, (c¢) HDL, and (d) LDL between months under two
feeds. * indicates significant difference between different dietary groups, different letters represent
significant difference between different sampling months for the same diet, p < 0.05.
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Table 2. The effects of seasonal changes on morphological (Natural food group).
G Natural Food
roups February May August November
TL (cm) 2488 + 1844  2441419.04 2453 + 1754 2403 + 1894
FL (cm) 243 +1714 2193+ 1734 2228 +16.04 219.8 +16.04
BL (cm) 201.6 £ 1524  199.3 +1534 200.3 + 15.04 199.3 + 1424
PFBC (cm) 107.8 £9.24 98.6 £ 698 99.4+83B 98.8 +£9.7B
MBC (cm) 116.1 + 10.7 4 109.8 £9.84 107.4 + 10.6 A 106.4 +10.8 4
AFBC (cm) 984+ 11.2B 91.8 £9.54B 89.5+9.14 86.3 £9.74
Body weight (kg) 1152 +£2894 1124 +2844 110.4 +26.7 A 1104 + 2744
The same capital letter represents, and there was no significant difference at different times (p < 0.05).
Table 3. The effects of seasonal changes on morphological (Formulated diet group).
Groups Formulated Diet
P February May August November
TL (cm) 214 + 1604 2124+1598 2117 +£ 1534 210.8 +16.4 A
FL (cm) 194 4+ 14.8 4 185.9 +14.2B 191.7 £ 142 4B 1932 + 143 4B
BL (cm) 1742 +13.6 A 168.6 +12.94 171.6 £ 12.8 A 1719 + 1854
PFBC (cm) 88.6 £6.1C 82.0+6.64 83.8 + 6.4 4B 85.8 + 7.4 BC
MBC (cm) 92.7+728 86.4+ 694 88.8£7.04 90.0 + 7.9 AB
AFBC (cm) 757 £ 534 704 +6.08 72.4 + 5.7 BC 73.8 + 6.8 AC
Body weight (kg)  60.1 +£12.14 612+ 13.04 635+ 1344 659 +17.84

The same capital letter represents, and there was no significant difference at different times (p < 0.05).

Table 4. The effects of natural and formulated feeds on the growth of Chinese sturgeon.

Diet Natural Food Formulated Diet
Initial weight (kg) 115.2 £ 289 60.1 £12.1
Final weight (kg) 1104 + 27.4 659 +17.8
Initial TL (cm) 248.8 +-18.4 214 +£16.0
Final TL (cm) 240.3 +18.9 210.8 +16.39
SGR(%) -1.8 4.2
SGRL(%) —147 —0.63

3.4. Principal Component Analysis and Correlation Analysis

When natural food was fed, PCA results showed that the two principal components
accounted for 50.6% of the total components. PC1 accounted for 35.8% and PC2 accounted
for 14.8%. The axis of PC1 separated the different time points (February, May, August, and
November). PC1 was mostly influenced by parameters of AST activity, ALT activity, ALB
content, and TP content. PC2 was mostly influenced by ALT activity, A/G and AST/ALT
(Figure 8a). When formulated diet was fed, principal component analysis results showed
that the two principal components accounted for 46.1% of the total components. PC1
accounts for 31.5% of the total variance. This axis separated the time points (February, May,
August, and November). PC1 was mostly influenced by parameters of AST activity, ALT
activity, TG content, and TP content. PC2 accounts for 14.6% of the total variance, which
was mostly influenced by LDH activity, A/G and GLO content (Figure 8b).

PC1 and PC2 represent 48.5% of the total variance. PC1 explained 34.8% of the overall
variance. This axis represented the reaction of natural food group and formulated diet
group. PC1 was mostly influenced by parameters of ALT activity and TG content. While
the PC2 explained 13.7% of the total variance, which was mostly influenced by TG content,
A /G and GLO content (Figure 8c).
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Figure 8. Biplot originating from principal component analysis integrates all measured variables
(ALT, AST, LDH, ALP, TP, ALB, GLO, TG, CHOL, HDL, LDL, and CRP) for (a) natural food groups,
(b) formulated diet groups at four time points (e: February, e: May, «: August, »: November). and
(c) two styles of feeds (e: natural food, e: formulated diet).

4. Discussion

The growth performance of fish feeding on natural food was superior to that of
formulated diets such as in Clown Knife (Notopterus chitala) [17], and Greater Amberjack
(Seriola dumerili) [27]. In disagreement with previous reports, formulated diet group showed
better growth performance in comparison with natural food group in this study.
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In terms of specific growth rate, the formulated diet group showed a higher value
(4.2%) compared with the natural food group (—1.8%) during one year of indoor culture.
In a previous study, the SGR values of juvenile Chinese sturgeon fed with formulated
diets were significantly lower than those of fed with water earthworms [16]. We speculate
that there are significant differences in the nutritional requirements of Chinese sturgeon
at different ages. Nutritional composition and ratio of diets play important roles in fish
growth [28-30]. As the scale of artificial conservation of Chinese sturgeon continues to
expand, quantity and quality of natural feed cannot be guaranteed, and an artificially
formulated diet must be used. This requires a detailed study of nutritional requirements of
Chinese sturgeon and formulation of a quality-formulated diet suitable for its growth, thus
providing a guarantee for aquaculture of Chinese sturgeon. In the current captive breeding
process of Chinese sturgeon, we can feed a mixture of natural foods and formula diets in
different proportions with feed additives. In a previous study, the addition of appropriate
olive leaf extract to the feed improved growth performance and health of the common carp
(Cyprinus carpio) [31].

This study found that Chinese sturgeon could be fed formulated diets, the growth was
significantly higher compared with the natural foods. On the one hand, the formulated diet
contained >40% dry matter crude protein and >12% dry matter crude lipid. Nutritional
composition and ratio of diets may be optimal for the growth of Chinese sturgeon. On the
other hand, pellet feed was easier to digest than natural food. In this study, both groups
showed negative body length specific growth rate. Previous studies have shown that the
average body length of Chinese sturgeon at all ages does not increase regularly according
to age but rather decreases at some ages [26].

Various biochemical indicators in serum can rapidly reflect health status of tissues
and metabolic functions of body. In clinical settings, levels of ALT, AST, and ALP activities
were established as indicators of liver damage [32,33]. Aminotransferases were universally
present in living organisms and mainly catalyze transfer of amino acids to keto acids [34],
allowing for interconversion between carbohydrate and protein metabolism based on de-
mand [35]. When hepatocyte damage occurs, ALT and AST were released into extracellular
area of blood, causing level of transaminase activity in serum to increase [36]. Signifi-
cant increases in ALT and AST activities indicate enhanced transaminase processes and
reflect considered general indicators of tissue damage in Tiger Puffer (Takifugu rubripes) [37].
Roychowdhury et al. (2020) also observed increasing levels of ALT and AST activities
caused confirming disturbance in hepatic panel [38]. Observed AST and ALP concentra-
tions were notably higher during the spring/summer period and at their lowest levels
in autumn/winter in black scorpionfish (Scorpaena porcus) [39]. In the present study, ALT
activity of Chinese sturgeon in formulated diet group was significantly higher than that
of natural food group. Formulated diet negatively affected liver function based on the
change of enzymes. However, feed types did not significantly affect AST levels. The levels
of AST started a downward trend in February and reached their lowest values in August,
and AST enzyme activity showed an opposite trend to the change in water temperature.
The influence of water temperature on enzyme activities in fish blood is primary therefore,
activities of AST varied depending on the influence of seasons. On the one hand, the
AST/ALT ratio was commonly employed as biomarker in clinical medicine. In humans,
this ratio was an obvious indicator of liver dysfunction, while ratio greater than 1 indicates
a significantly damaged liver. On the other hand, this ratio increases or decreases under
different stressful conditions in fish [40,41]. In the present study, transaminase (AST: ALT)
ratio in natural food group was significantly higher than that of formulated diet group. The
transaminase ratio was much greater than 1 for both feed types. In our analysis we find
(AST: ALT) ratio cannot accurately reflect Chinese sturgeon health status.

Blood was a major carrier of lipids which bathes tissues and organs in the entire
body and functions as a liquid highway for lipids from different tissues [42]. Plasma
lipid fractions are composed of cholesterol esters, triglycerides, phospholipid, and free
fatty acids [43]. The experimental results demonstrated that content of fat metabolism
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indexes was higher in natural food group than in formulated diet group. Crucian carp diet
contained 10.32% wet weight crude lipid and largemouth bass diet 6.32% wet weight crude
lipid. Formulated diet contained >12% dry matter crude lipid. Although the fat content of
the formulated diet was greater than that of natural food, content of fat metabolism indexes
was higher in natural food group than in formulated diet group. The main explanation for
this could be the uneven content and ratio of fatty acids in formulated diet. Sontakke et al.
(2019) observed that Notopterus chitala fed with different diets were separated based on
their fatty acid composition, which was clearly influenced by different feeding regimes [17].
This may be due to increase in free fatty acids in sturgeon fed with natural food, which
increases CHOL and TG levels in serum. Within cells and plasma, triglycerides represent
the primary form of storage and transport of fatty acids. The liver is central organ for
fatty acid metabolism, and fatty acids are accumulated in liver by hepatocellular uptake
from plasma [44]. The increase in TG content indicates an increase in internal supply
and storage of energy. In February and May, TG content of formulated diet group was
significantly higher than that of natural food group. These intrinsic changes may be an
adaptation to increased extrinsic food conversion rate and feeding level. During the whole
experiment period, there was no significant change in the TG, CHOL, HDL, LDL levels
in natural food group. The effect of feeding natural food on lipid metabolism indicators
fluctuated less. Yun et al. (2021) revealed that moderate cholesterol was helpful for turbot
(Scophthalmus maximus L.) fed high plant protein diets to get significantly better growth
rate without negative effects [45]. In the formulated diet, the content of TG and CHOL
was higher in August than in other months. TG and CHOL increased in correlation with
the spawning period of the investigated species (August-November). In the reproduction
period of Chinese sturgeon, we can increase the feeding of natural food. The experimental
results demonstrated that content of HDL and LDL was higher in natural food group than
in formulated diet group. HDL-C and LDL-C in serum were responsible for cholesterol
transport in body. HDL-C transports cholesterol from peripheral tissues to liver for biliary
excretion and has the effect of reducing excess cholesterol in blood [46]. LDL-C transports
cholesterol from the liver to peripheral tissues for utilization [47]. During the whole
experiment period, CHOL, HDL, and LDL levels were significantly higher in natural food
group than that of formulated diet group. We found seasonal trends in cholesterol in
both types of feeds consistent with HDL and LDL. The CHOL, HDL, and LDL values in
formulated diet group increased from February to August, which reached their maximum
in August. Subsequently, the CHOL, HDL, and LDL decreased. Wallaert and Babin (1994)
have shown that the season and reproductive cycle are the two main factors affecting
basal lipid and lipoprotein levels in trout [48]. These seasonal changes could be influenced
by an endogenous biological clock that has an independent effect on plasma lipid and
lipoprotein levels. For the demonstration of a self-sustaining annual LDL cycle, more
research is required.

Serum proteins are commonly used as an indicator of fish health and immune status.
TP is composed of ALB and GLO [49]. Total serum globulin level was measured to
assess general specific immunity. ALB and GLO ensure a healthy system and function as
plasma carriers [50]. Healthy fish can maintain hemoprotein at normal levels. Brook trout
(Salvelinus fontinalis) infection with flavus resulted in significant decrease in TP content
in serum [51]. The addition of appropriate amounts of taurine to feed and significant
increase in TP, ALB, and GLO levels in blood after feeding fish are thought to reflect a
strong innate immunity [52]. With dietary protein level increase in large-size grouper
(Epinephelus coioides), its TP content rises rapidly [53]. In this study, TP, ALB, and GLO
contents in February and May were significantly higher in natural food group than that
of formulated diet group, indicating natural food enhanced the immunity and promotes
growth of sturgeon. The total serum protein content reflects the absorption and metabolism
of proteins in body. When body is supplemented with nutrients, metabolism is accelerated
and protein synthesis is vigorous. The formulated diets reduced protein absorption capacity
of sturgeon and adversely affected nutritional status. The TP and GLO levels in the
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formulated diet group increased from February to May, reaching their maximum in May,
following which they steadily decreased. TP and GLO concentration varied among seasons
and increased in spring after a long period of cessation of food intake. The ALB value
increased with the body weight of the fish and showed the same degree of variation as TP
in formulated diet group. Similar to our findings, IHUT et al. (2020) obtained higher TP
and ALB values as the body weight of fish increased [54]. ALB:GLB ratio is an index used to
track changes in plasma or serum composition. A /G changes significantly in fish diseases
and can be used as an indicator of health status. Serum samples of Persian Sturgeon
(Acipenser persicus) and Stellate Sturgeon (Acipenser stellatusin) in the wild were analyzed
and found that the ALB:GLB ratio of the two species was 0.05 to 0.65 and 0.18 to 0.52 [55],
respectively. In the present study, both feed types illustrated significant difference in the
ALB:GLO ratio, which was significantly higher in natural food group than in formulated
diet group. Lopez et al. (2015) observed that when totoaba (Tofoaba macdonaldi) was fed soy
protein concentrate [56], its ALB: GLO ratio decreased. In this study, the ALB:GLO ratio in
natural food group was higher than 1.0 from and low level was registered in formulated
diet group, implying a probable inflammatory process in formulated diet group. The
levels of ALB:GLO ratio in formulated diet group started a downward trend in February
and reached their lowest values in May. The current findings show that probable liver
function deterioration occurred in the formulated diet group as summer temperatures
rose. Increased blood protein levels were associated with enhanced feed and protein
utilization [57]. Extra hepatic production of CRP was observed from vascular smooth
muscle cells [58]. CRP increased distinctly in plasma concentration when organism was
infected or tissue damaged [59]. CRP can help detect infection status and chronic stress in
fish [60]. In this study, CRP level of formulated diet group was significantly higher than that
of natural food group in May and August. CRP level of formulated diet group in August
with the maximum value reaching 20, indicating that the liver function of Chinese sturgeons
was significantly impaired. Chinese sturgeon reared at water temperature of 26.5 °C in
August showed significantly higher CRP levels in formulated diet group than those other
months. Similarly, Rainbow trout (Oncorhynchus mykiss) reared at water temperature of
16.5-19.5 °C showed significantly higher CRP levels than those reared at 13 °C [61]. During
the whole experiment period, natural food group illustrated no significant change in CRP
level, and CRP presents in very trace amount. In the plasma of healthy fish, CRP is present
in a very small amount.

To integrate the changes of time points (February, May, August, and November)
and biochemical indicators with different feed types, PCA was used to distinguish the
combinatorial effects as a function of principal components. From PCA results, positive
and negative correlations among different measured variables were observed.

5. Conclusions

In conclusion, formulated diets were found to adversely affect the physiology of
captive Chinese sturgeons. Plasma ALT and CRP levels of formulated diet group increased
distinctly, indicating that the liver function of Chinese sturgeons was impaired. Through
analysis of innate immune indicators, such as serum TP, ALB, and GLO, we conclude
that natural foods enhance immune function. Natural foods also had an effect on lipid
metabolism parameters, including CHOL, HDL, LDL, and TG, indicating that natural foods
increase the internal supply and storage of energy. Almost half of the analyzed biochemical
indicators show significant seasonal patterns, so the results clearly show that seasons have
a pronounced effect on the Chinese sturgeon. Future work can focus on the optimization of
the formula and the development of feed additives.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fishes8010045/s1, Table S1: Summary of two-way ANOVA
results on effects of feed type and season on the biochemical indicators of Acipenser sinensis.
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