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Xanthophyll has multiple physiological functions to improve the quality of farmed animals. The present
study aimed to investigate the effects of xanthophyll on the growth performance, antioxidation, immunity,
pigmentation and meat quality of southern catfish (Silurus soldatovi meridionalis Chen). Juvenile southern
catfish (18.35 + 0.04 g) were randomly allocated into 24 cages (30 juveniles per cage), and fed diets with
different dietary xanthophyll levels (at 14, 42, 80, 108, 126 and 152 mg/kg, dry matter of diet) twice daily
for 8 weeks. Results indicated that the diet with 80 mg/kg xanthophyll induced a higher specific growth
rate (SGR), feed efficiency ratio and protein productive value. Moreover, the 80 mg/kg xanthophyll diet also
increased complement 3, immunoglobulin M (IgM) and lysozyme content more than the other groups. The
mRNA expression level of inflammation-related genes and antioxidant enzyme activities further confirmed
the effects of 80 mg/kg dietary xanthophyll on improving immune response. The present study also found
that the 126 mg/kg xanthophyll diet significantly enhanced the content of total carotenoids and
xanthophyll, hydroxyproline, collagen and amino acid in muscle. The diet with 126 mg/kg xanthophylls
also induced lower drip loss, thawing loss, centrifugal loss, cooking loss and higher muscle adhesiveness,
cohesiveness, springiness, gumminess and chewiness than the other treatments. In conclusion, quadratic
regression model analysis based on SGR and IgM revealed that the optimum xanthophyll level in the diet
was 86.78 and 84.63 mg/kg, respectively. Moreover, broken line regression analysis based on xanthophyll
content in dorsal skin and chewiness in muscle demonstrated that the optimal xanthophyll level was
between 89.73 and 108.66 mg/kg in the diet of southern catfish (S. soldatovi meridionalis Chen).
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

xanthophyll is an effective functional compound with many
biological properties that benefit the health and meat quality of

Xanthophyll is a natural carotenoid synthesized only by plants animals (Bédécarrats and Leeson, 2006; Rajput et al., 2013; Xu
(Do et al, 2022). Previous studies have demonstrated that et al, 2014; Yuan et al, 2021; Yang et al.,, 2022). Nowadays, it
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has been widely used in diverse fields, especially in the feed
industry (Breithaupt, 2007). Lutein and zeaxanthin are two active
components of xanthophyll which have showed good perfor-
mance in enhancing health status and body color (Yi et al., 2014;
Herath et al., 2016; Wang et al., 2020; Yesilayer et al., 2020).
Therefore, revealing the effects of xanthophyll on improving
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immune response and pigmentation in skin will provide a
theoretical basis for improving its application in the feed
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Xanthophyll is an active compound that participates in mul-
tiple physiological functions in humans to invertebrates (Thomas
and Johnson, 2018). Previous studies have reported that lutein,
the active ingredient of xanthophyll, has great effects on stimu-
lating immune and antioxidant systems, as well as reducing feed
consumption. Wang et al. (2020) showed that dietary xantho-
phyll supplementation significantly enhanced the stress response
by regulating the activities and mRNA expression of the key
enzymes and regulators involved in antioxidant capacity in Chi-
nese soft-shelled turtle (Pelodiscus sinensis). Moreover, zeax-
anthin is an excellent pigment to improve skin color. Some
researchers conducted experiments in animals to elucidate the
effects of zeaxanthin on improving the yellowness and carot-
enoid content both in abdominal and dorsal skin (Sun et al.,
2012; Wang et al,, 2012; Yi et al,, 2014; Yesilayer et al., 2020).
Turkey meat quality could also be improved by dietary protein-
xanthophyll supplementation (Dolatowski et al., 2008). On the
whole, although some related studies have been carried out in
aquatic animals, the effects of xanthophyll on the regulation of
growth, metabolism and health in fish species remains to be
elucidated.

Southern catfish (Silurus soldatovi meridionalis Chen) is a
commonly cultured species of catfish due to its high nutritional
value, rapid growth, strong reproduction and disease resistance
abilities (Wei et al., 2014). It is mainly distributed in the southern
region of the Yangtze River in China (Li and Xie, 2019). However,
intensive farming brings a series of problems. An increasing rate of
disease outbreaks and decline in the quality of products has
severely restricted the development of this industry (Zhang et al.,
2018; Fu et al,, 2019a and b). Therefore, developing new additives
to solve these problems has become a key factor to overcome these
challenges in the aquaculture industry. In the present study, the
effects of xanthophyll addition in the diet as a new additive regu-
lating the growth, health and quality of fish were evaluated,
providing a solution to solve the problems in the aquaculture
industry.

2. Materials and methods
2.1. Ethics statement

Procedures used in this study strictly complied with the regu-
lations of the University Animal Care and Use Committee of South
China Normal University (approval reference number 1002019-02-
0016).

2.2. Experimental diets

The basal diet was formulated using fish meal, poultry by-
product meal and cottonseed meal as the main protein sources,
and soybean oil and soybean phospholipid oil as the main
sources of lipids (Table 1). Meanwhile, methionine, lysine and
threonine were added to balance the amino acid requirements.
Different levels (0.0%, 0.3%, 0.6%, 0.9%, 1.2% and 1.5%, dry matter
of diet) of xanthophyll (lutein 2%, zeaxanthin 35%; Guangzhou
Lidar Biotechnology Co., Ltd., Guangzhou, China) were added to
the basal diet to formulate 6 experimental diets. The tested
contents of xanthophyll in the 6 diets were 14, 42, 80, 108, 126
and 152 mg/kg, respectively. Raw materials were thoroughly
mixed and sieved through 320 um mesh screens. After the
addition of water and oil, the diets were homogenized using a
blender. After that, the mixture was wet-extruded into particles
using a granulator (F-26, South China University of Technology,
China). All diets were dried at 40 °C for 24 h, then stored
at —20 °C until use.
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2.3. Experiment and sample collection

The culture system was an outdoor pool (length 20.0 m x width
3.0 m x depth 2.0 m) with a water inlet and outlet system, a
microporous oxygenation system which contained a 1.5-kW Roots
blower and 36 microporous oxygenation facilities, in which 24
breeding cages (length 1.0 m x width 1.0 m x depth 1.0 m) were
suspended inside. Water temperature, dissolved oxygen content,
pH and the ammonia nitrogen content were detected by a water
quality testing meter (U fish, 959, Guangzhou, China). After 2 weeks
adaptation to the experimental conditions, 720 juvenile southern
catfish (IBW = 18.4 + 0.02 g) with good vibrancy were selected and
randomly divided into 24 cages at the stocking density of 30 fish
per cage. The 24 cages were randomly divided into 6 groups, each
fed a different experimental diet. Fish were fed twice daily for 8
weeks (07:30 and 17:30) to apparent satiety for 25 to 35 min. For
the whole experimental period, the water temperature was
controlled at 25—30 °C, the dissolved oxygen content was >5.0 mg/
L, the pH was 7.5-8.0, and the ammonia nitrogen content was
maintained at <0.08 mg/L.

2.4. Sample collection

Before sampling, all fish were weighed and counted after 24 h of
starvation. Six fish were randomly selected from each cage, then
photographed, and body weight was recorded individually after
anesthesia with 100 mg/L MS-222 (Jinjiang Aquatic Supplies Co.,
Ltd., China). Blood samples were collected by using the caudal
venipuncture method, and placed into anticoagulation tubes (so-
dium heparin) for plasma and blood cell preparation. Visceral mass
and liver were dissected and weighed, while liver, midgut, dorsal
kidney, dorsal muscle, dorsal skin and abdominal skin were
dissected and placed in RNA-free enzyme tubes and frozen in liquid
nitrogen immediately. Additionally, 2 fish randomly selected from
each cage was dissected to obtain the dorsal muscle of the same
position and size (3 cm x 3 cm x 0.5 cm). The whole fish were also
collected to analyze the nutrient composition.

2.5. Proximate composition of whole fish and muscle

Proximate composition of whole body and muscle were
measured using standard methods (AOAC, 2005). The moisture
content was detected by continuously drying the samples at 105 °C
to a constant weight. Crude protein content was estimated using
the Dumas nitrogen determination apparatus (Dumatherm DT N
PRO, Gerhart Analytical Systems, Germany). The Soxtec 2055
extraction (Soxtec 8000, FOSS Co., Ltd., Denmark) by using petro-
leum ether (boiling point 30—60 °C for 3 h) was used for crude lipid
determination. Ash content was analyzed by combusting samples
in a muffle furnace (FO610C, Yamato Scientific Co., Ltd., Japan) at
550 °C for 8 h until samples reached a constant weight.

2.6. Biochemical analysis of plasma

Physiological and biochemical parameters of plasma indices
were measured according to the method of Wang et al. (2020) and
Yang et al. (2020). An automated biochemical analyzer (CHEMIX
800, Sysmex Corporation, Japan) was used to determine albumin
(ALB), globulin (GLOB), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), aspartate aminotransferase (AST), glutamate
aminotransferase (ALT), alkaline phosphatase (ALP) and lactate
dehydrogenase (LDH) contents.
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Table 1

Ingredients and proximate composition of experimental diets (%, dry weight).
Item Diets

X14 X42 X80 X108 X126 X152

Ingredients
Fish meal’ 25.0 250 250 250 25.0 25.0
Poultry by-product meal® 24.0 240 240 240 24.0 24.0
Cottonseed meal® 10.0 10.0 10.0 10.0 10.0 10.0
Corn gluten meal* 8.50 850 850 8.0 8.50 8.50
Soybean meal® 2.00 2,00 2.00 2.00 2.00 2.00
Wheat meal® 17.30 17.3 17.3 173 17.3 17.3
Soybean oil” 4.20 420 420 420 420 4.20
Soybean lecithin oil® 3.50 3,50 3,50 350 3.50 3.50
Monocalcium phosphate® 1.50 150 150 1.50 1.50 1.50
Choline chloride!® 040 040 040 040 040 040
Mineral premix!’ 0.50 050 050 050 050  0.50
Vitamin premix'? 050 050 050 050 050 050
Lysine'® 025 025 025 025 025 025
Methionine'* 0.15 0.15 015 0.15 0.15 0.15
Threonine'® 015 015 015 015 015 015
Xanthophyll'® 0.00 030 060 090 120 150
Ethoxyquin'’ 0.01 0.01 0.01 0.01 0.01 0.01
Propionic acid'® 007 007 007 007 007 007
Microcrystalline cellulose’ 197 167 137 107 077 047
Total 100 100 100 100 100 100
Proximate composition
Dry matter 89.7 88.1 89.6 88.7 89.1 89.4
Crude protein 47.3 471 469 471 46.8 46.9
Crude lipid 141 14.0 141 139 13.9 14.0
Xanthophyll, mg/kg 14.0 42,0 80.0 108 126 152

Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and
152 xanthophyll (mg/kg, dry matter of diet), respectively.

! Fish meal (crude protein: 66.8%, crude lipid: 7.80%) obtained from TASA Fish
Product Co., Ltd., Peru.

2 Poultry by-product meal (crude protein: 65.8%, crude lipid: 12.4%) obtained
from American Proteins Inc., USA.

3 Cottonseed meal (crude protein: 60.7%, crude lipid: 7.20%) obtained from Xin-
jiang Jinlan Plant Protein Co., Ltd., Shihezi, Xinjiang, China.

4 Corn gluten meal (crude protein: 60.5%, crude lipid: 0.93%) obtained from
Heilongjiang Golden Elephant Biochemical Co., Ltd., Harbin, Heilongjiang, China.

5 Soybean meal (crude protein: 43.2%, crude lipid: 0.00%) obtained from China
National Textile Group Co., Ltd., Beijing, China.

6 Wheat meal obtained from Yihai Jiali Golden Dragon Fish Grain, Oil and Food
Co., Ltd., Shanghai, China.

7 Soybean oil obtained from Cargill Cereals and Oils (Yangjiang) Co., Ltd., Yang-
jiang, Guangdong, China.

8 Soybean lecithin oil obtained from Tianbao Animal Nutrition Technology Co.,
Ltd., Chuxiong, Yunnan, China.

9 Monocalcium phosphate obtained from Dahai Grain and Oil Industry (Fang-
chenggang) Co., Ltd., Fangchenggang, Guangxi, China.

10 Choline chloride obtained from Guangdong Haida Group Co., Ltd., Guangzhou,
Guangdong, China.

™ Mineral premix (Guangdong Haida Group Co., Ltd., Guangzhou, Guangdong,
China) provides the following (mg/kg, dry matter diet): Cu (CuSOy4), 2.00; Zn
(ZnS04), 34.40; Mn (MnSO4), 6.20; Fe (FeSO4), 21.10; Ca (Ca (I03),), 1.63; Se
(NaySe0s3), 0.18; Co (COCly), 0.24; Mg (MgS04-H,0), 52.70.

12 vitamin premix (Guangdong Haida Group Co., Ltd., Guangzhou, Guangdong,
China) provides the following (mg/kg, dry matter diet): Vitamin A, 16,000 IU;
vitamin D3, 8,000 IU; vitamin K3, 14.72; vitamin B4, 17.80; vitamin B,, 48; vitamin
Bg, 29.52; vitamin By, 0.24; vitamin E, 160; vitamin C, 800; niacinamide, 79.20;
calcium pantothenate, 73.60; folic acid, 6.40; biotin, 0.64; inositol, 320; L-carnitine,
100.

13 Lysine obtained from Guangzhou Haida Feed Co., Ltd., Guangzhou, Guangdong,
China.

14 Methionine obtained from Guangzhou Haida Feed Co. Ltd., Guangzhou,
Guangdong, China.

15 Threonine obtained from Guangzhou Haida Feed Co., Ltd., Guangzhou, Guang-
dong, China.

16 Xanthophyll (Dry matter of product, mg/g) obtained from Guangzhou Lidar
Biotechnology Co., Ltd., Guangzhou, Guangdong, China. Lutein, 20; Zeaxanthin, 350.
17 Ethoxyquin obtained from Yixing Tianshi Feed Co., Ltd., Wuxi, Jiangsu, China.
18 Propionic acid obtained from Shandong Tongtai Weirun Food Technology Co.,

Ltd., Zaozhuang, Shandong, China.
19 Microcrystalline cellulose obtained from Shandong Liujia Pharmaceutical Ac-
cessories Co., Ltd., Jining, Shandong, China.
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2.7. ROS and apoptosis rate of blood cells

Reactive oxygen species (ROS) content and apoptosis rate of
blood cells were determined using a reactive oxygen species assay
kit (SO03SS; Beyotime, Nantong, China) and annexin V-FITC
apoptosis detection kit (CLO62L; Beyotime, Nantong, China). After
passing through a 70-um cell sieve, blood cells were processed
according to the manufacturer’s instructions and analyzed by flow
cytometry (LSR Fortessa X-20, BD, Biosciences, US). The average
fluorescence intensity was used to indicate the content of ROS in
blood cells, and the proportion of cells in apoptotic periods was
used to indicate the apoptosis rate.

2.8. Immunoproteins and antioxidant enzymes in plasma

Plasma immunoglobulin M (IgM), complement 3 (C3), comple-
ment 4 (C4) contents and lysozyme (LZM) activity were determined
using the immunoprotein assay kit (H109-1-1, H186-1-1, H186-2-1,
A150-1-1; Jiancheng Bioengineering Institute, Nanjing, China) by
enzyme linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions. The contents of IgM, C3 and C4 were
calculated by the standard curve method and LZM activity was
determined using the turbidimetric method. The activities of total
antioxidant capacity (T-AOC) and superoxide dismutase (SOD),
glutathione (GSH), catalase (CAT) and content of malondialdehyde
(MDA) in plasma were determined by using the kits (A105-1-1,
A001-1-2, A006-1-1, A0O07-2-1, A003-1-2; Jiancheng Bioengineering
Institute, Nanjing, China). T-AOC and SOD, GSH, CAT and MDA of
plasma were determined by the ferric ion reducing antioxidant
power (FRAP) method, hydroxylamine method, spectrophotometric
method and thiobarbituric acid (TBA) method, respectively.

2.9. RT-PCR for immune factor genes

According to the method of Qin et al. (2021) and W Wang et al.
(2021), total mRNA was extracted by using RNA isolator total
extraction reagent (R401-01; Vazyme, Nanjing, China). RNA was
dissolved in diethyl pyrocarbonate (DEPC) treated water, and then
was tested for purity and integrity by using a NanoDrop 2000
spectrophotometer (NanoDrop Technologies, Thermo, US) and 1.2%
agarose gel electrophoresis. One microgram RNA was sucked and
reverse transcribed into cDNA by using the Prime Script RT kit
(R223-01; Vazyme, Nanjing, China). A 20-uL g-PCR system was
formulated with a cDNA template, quantitative primers (Table 2),
ddH;0 and the fluorescent quantitative enzyme SYBR qPCR Master
Mix (R311-02; Vazyme, Nanjing, China). Then, RT-PCR was per-
formed using a real-time PCR machine (CFX96, BIO-RAD, USA) to
determine the target gene expression levels. Melting curve analysis
was executed to confirm that only a single product was present in
the reaction. Relative expression levels of target genes were
calculated using the 2 22t method.

2.10. Total concentration of carotenoids and xanthophyll in tissues

The total carotenoids in skin and muscle were determined ac-
cording to the method of Yanar et al. (2004). A 200 mg sample and
100 mg of homogenized anhydrous sodium sulfate were added to
1.5 mL of acetone, and stored at 4 °C for 3 days. Then, 200 pL su-
pernatant was separated and measured at 480 nm by using an
enzyme marker (M200 PRO, TECAN, Switzerland). The xanthophyll
in diets, skin and muscle was analyzed according to the method of
Quackenbush and Miller (1972). A 200 mg sample was mixed with
1.5 mL of extraction solution (hexane:acetone:anhydrous
ethanol:toluene = 10:7:6:7) in a brown stopper sample bottle for
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1 min with full rotation. Then 200 pL 40% potassium hydroxide-
methanol solution was added with rotation and shaking for
1 min. After being heated up in a water bath at 55.5 °C for 20 min,
the sample was then cooled down in the dark for 1 h. After adding
1.5 mL of hexane and shaking for 1 min, the volume was kept at
5 mL by using 10% sodium sulfate solution and shaken vigorously
for 1 min. After keeping in the dark for 1 h, 0.5 mL of supernatant
was separated and diluted with hexane. The absorbance value was
measured at 474 nm and the total xanthophyll content was calcu-
lated according using a standard curve.

2.11. Muscle pH and water-holding capacity (WHC)

Muscle pH was determined according to Wei et al. (2016). Fresh
muscle samples were placed in plastic sealed pockets and put in the
4 °C refrigerator for 45 min, then the meat infusion was prepared by
using ultrapure water. WHC was determined referring to the
methods of Wei et al. (2016), Brinker and Reiter (2011) and Su et al.
(2022). Fresh muscle samples were weighed and hung in bags,
placed in a refrigerator at 4 °C for 24 h, then dried and weighed to
calculate the drip loss. Fresh muscle samples were weighed and
wrapped in filter paper and centrifuged (500 x g, 10 min at 10 °C) in
a centrifuge tube (with filter paper at the bottom of the centrifuge
tube) to calculate the centrifugal loss. After that, fresh muscle
samples were weighed and cooked at 70 °C for 20 min to calculate
the cooking loss.

2.12. Muscle texture

Muscle texture was tested using a texture analyzer (TA. XT Plus,
Stable Micro Systems, English) at room temperature and a flat-
bottomed column probe P/36, simulating human teeth chewing
food, and by performing 2 compression texture profile analysis
tests on fresh samples. The test conditions were as follows: pre-test
rate 5 mm/s, test rate 1 mm/s, post-test rate 5 mmy/s, compression
level 60%, dwell interval 5 s, weighted probe type auto-5 g, and data
collection rate 200 times/s.

2.13. Muscle hydroxyproline (Hyp) and collagen content

Hyp was determined using a test kit (A030-2-1; Jiancheng
Bioengineering Institute, Nanjing, China). Samples were processed
according to the instructions using the alkaline hydrolysis method.
Collagen determination was performed according to Crouse et al.
(1986). Hyp content in collagen was 13.4%, and the conversion of
collagen content was performed.

2.14. Muscle amino acid composition

Fresh muscle samples were fully dried by a freeze dryer
(GAMMA 1-16/2-16LSC, Christ, Germany), and 2 g of freeze-dried
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muscle samples were hydrolyzed with 6 mol/L hydrochloric acid.
After digestion, vacuum drying and dilution, samples were ground
through a 0.22-pm filter membrane and measured by amino acid
analyzer (L-8900, Hitachi, Japan).

2.15. Heat stress test

After the 8-week experiment, 8 fish from each cage were selected
to do the heat stress test. They were put into a recirculating water
system with temperature control equipment. The water tempera-
ture rose from 28 to 34 °C in 2 days. The volume of each tank was
about 500 L. The water source was urban tap water, which was used
after full aeration. The flow rate of the water inlet of each tank was
about 363 L/h. After the water temperature reached 34 °C, heat
stress test began. During this experiment, the experimental fish
were fed until apparent satiety. All fish were put into high water
temperature tanks (34 + 1 °C) for 1 week. The number of fish was
recorded every day to calculate mortality. A blood sample was ob-
tained after a 1-week challenge for physiological and biochemical
analysis.

2.16. Statistical analysis

Data were analyzed by SPSS 26.0 (IBM SPSS Statistics, Version
26.0, Armonk, NY, USA). Results were presented as
mean + standard error of mean (SEM), and significant differences
among treatment groups were analyzed by one-way analysis of
variance (ANOVA), followed by Tukey's multiple range test, with
the level of significance set at P < 0.05. Meanwhile, representative
data were used to simulate the best curve of the effects of different
xanthophyll levels on the growth, immunity, body color and meat
quality of southern catfish.

3. Results
3.1. Growth performance and body proximate composition

The growth performance and body proximate composition after
feeding with different diets is presented in Table 3. The final body
weight (FBW), weight gain rate (WGR), special growth rate (SGR),
feed efficiency ratio (FER), protein efficiency ratio (PER) and protein
productive value (PPV) significantly improved with increased di-
etary xanthophyll level up to 80 mg/kg diet, and then decreased.
Whereas the hepatosomatic index (HSI), viscerasomatic index (VSI)
and condition factor presented a decreased pattern after xantho-
phyll was gradually added, and the 152 mg/kg group had the lowest
HIS and VSI out of all groups (P < 0.05). Moreover, xanthophyll
supplementation had no effects on changing the feed intake (FI)
(P > 0.05). The crude protein content also increased with dietary
xanthophyll and the highest was in the group fed with 126 mg/kg
diet (P < 0.05). Meanwhile, the crude lipid content showed a

Table 2
The sequences of the primers used in the RT-PCR.
Gene Forward sequence (5'—3’) Reverse sequence (5'—3') Reference
G-actin GGCATCACACCTTCTACAACGA ACGCTCTGTCAGGATCTTCA Dong et al. (2013)
IL-16 GAACATCCAGTCCACCGAGT GGAAGATTCTCCTTCCGTACCA Cloned by degenerate PCR strategy
C4 ATTCTGGCGTATGTCTCGCA ATGGTTTGTTCTGCACAGCC Cloned by degenerate PCR strategy
Cc3 TGTGCCAAAACAGTCGGAAGTC GCTGAACCTTGTCTGAGCGTGT Fu et al. (2019a)
c9 GGGCATCGGGGAAGGTCAG GAAATCAAAGACCCAAAGAAGACG Fu et al. (2019b)
Hsc70 CAAGATCAGTGACGAGGACAAG GGTTACAGACTTTCTCCAGTTCC (Refaey and Li, 2018)
Hsp70 CTTGATGTTACCCCTCTGTCTCT TCAGAGTAGGTGGTGAAAGTCTG (Refaey and Li, 2018)
Hsp90 ATCTGAAGGAGGATCAGACAGAG CGCTCCTTCTCTACAAAGAGTG (Refaey and Li, 2018)
IkB-a TGAACGAGGAGCCGAGGATTA GCCGTCTGTCTCTGGTAGTTC Cloned by degenerate PCR strategy

IL-16 = interleukin 1B; C4 = complement 4; C3 = complement 3; C9 = complement 9; Hsc70 = heat shock cognate 70; Hsp70 = heat shock protein 70; Hsp90 = heat shock

protein 90; IkB-a = nuclear factor k B inhibitory protein .
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Table 3

Growth performance and proximate composition of whole fish of southern catfish fed different xanthophyll levels for 8 weeks.
Item Diets P-value

X14 X42 X80 X108 X126 X152

Growth performance
IBW, g 18.4 + 0.02 18.4 + 0.01 18.4 + 0.01 18.4 + 0.01 18.4 + 0.01 18.4 + 0.01 0.980
FBW, g 149 + 4.49° 160 + 2.122° 181 +5.33° 162 + 1.58%° 167 + 7.60%° 152 +3.37° 0.005
WGR, % 712 + 24.9° 774 + 10.8% 884 + 28.6" 781 + 8.07% 810 + 41.6%° 730 + 17.9° 0.005
SGR, %/d 4.19 + 0.06° 4.34 +0.02%° 457 + 0.06° 4.36 + 0.02%° 441 + 0.09% 431 + 0.05%° 0.011
FER 1.06 + 0.04° 1.22 + 0.01%° 1.28 + 0.06° 1.23 + 0.01* 1.13 + 0.02%° 1.12 + 0.01%° 0.002
Fl, g/d 249 +0.16 235+ 0.05 2.54 +0.12 234 +0.01 2.66 + 0.08 238 +0.10 0.193
PER 1.06 + 0.04? 1.18 + 0.02%> 1.28 + 0.06¢ 1.23 + 0.01> 1.17 + 0.03%° 1.13 + 0.01%® 0.006
PPV, % 352 + 1.08% 38.9 + 0.92%¢ 423 +1.64° 40.5 + 0.19%¢ 38.1 + 0.56%"¢ 36.5 + 0.18%° 0.038
HSI, % 1.99 + 0.03° 1.90 + 0.064¢ 1.79 + 0.02¢¢ 1.70 + 0.03* 1.59 + 0.06% 1.50 + 0.04° 0.000
VSI, % 7.69 +0.19° 7.44 + 0.14° 7.29 + 0.07%° 7.22 + 0.10®° 7.19 + 0.04%° 6.80 + 0.18° 0.012
CF, g/cm® 0.75 + 0.01° 0.66 + 0.00° 0.69 + 0.01° 0.67 + 0.00° 0.68 + 0.01° 0.69 + 0.00° 0.000
Moisture, % 74.2 + 024 73.8 + 0.31 74.0 + 0.18 74.5 + 0.41 74.4 + 0.06 74.7 £ 0.32 0.261
Proximate composition of whole fish
Crude protein, % 15.4 + 0.06° 15.5 + 0.04%° 15.6 + 0.07%° 15.7 + 0.072>¢ 15.9 + 0.05¢ 15.8 + 0.01°¢ 0.001
Crude lipid, % 7.47 +0.17° 7.04 + 033 6.97 + 0.14%® 6.88 + 0.05" 6.62 + 0.03? 6.65 + 0.03% 0.034
Ash, % 2.68 + 0.01 2.70 + 0.01 2.72 + 0.00 2.74 + 0.04 2.76 + 0.02 2.75 + 0.02 0.113

IBW = initial body weight; FBW = final body weight; WGR = weight gain rate; SGR = special growth rate; FER = feed efficiency ratio; FI = feed intake; PER = protein efficiency
ratio; PPV = protein productive value; HSI = hepatosomatic index; VSI = viscerasomatic index; CF = condition factor.

Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively.

Data are presented as the mean + SEM (n = 4), values in the same row with different superscripts are significantly different (P < 0.05).

For the following equations, W, and W, represented the body weight (g) of initial fish and final fish, respectively, while t represented the rearing days of this experiment.

Weight gain rate (WGR, %) = 100 x (W, — Wy)/W,.

Specific growth rate (SGR, %/day) = 100 x (LnW, — LnW))/t.
Feed intake (FI, g/d) = dry feed intake/t.

Feed efficiency ratio (FER) = (W, — Wp)/(dry feed intake).

Protein efficiency ratio (PER) = (W; — Wp)/(dry feed intake x protein percent in dry diet).
Protein productive value (PPV, %) = 100 x (W; x final carcass protein content — W, x initial carcass protein content)/protein intake.

Hepatosomatic index (HSI, %) = 100 x (liver wet weight/whole wet weight).
Viscerosomatic index (VSI, %) = 100 x (viscera wet weight/body wet weight).
Condition factor (CF, g/cm®) = 100 x (final body weight/body length®).

decreased trend after fish were gradually supplemented with
xanthophyll, resulting in the 126 mg/kg group having lowest crude
lipid content compared with the other groups (P < 0.05). No sig-
nificant differences were observed in moisture and ash contents
among all groups (P > 0.05). The quadratic regression model based
on SGR showed that the optimum xanthophyll supplementation
level was 86.78 mg/kg (Fig. 1).

3.2. Plasma biochemistry

The plasma biochemical indices of the catfish fed the test diets
are presented in Table 4. The fish fed 80 mg/kg diet had higher
activities of ALB and lower ALP in plasma than the fish fed 14 mg/kg

4.6-
3=-0.00003082x2+0.005349x+4.184
R’=0.72
4.5+ .
E .
\g L ]
< 444 ;
& 1
Q '
2 1
4.3 :
1
: ' x=86.78
42 v
o 1 1 1 1
0 40 80 120 160

Dietary xanthophyll levels (mg/kg)

Fig. 1. Quadratic regression model analysis based on special growth rate (SGR)
providing the optimal xanthophyll levels of southern catfish.
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diet (P < 0.05). However, a higher levels xanthophyll supplemen-
tation increased the AST and ALT concentration in plasma (P < 0.05).
The highest activities of AST and ALT were found in the 126 and
152 mg/kg groups (P < 0.05).

3.3. ROS production and apoptosis rate in blood cells

The ROS production and apoptosis rate of blood cells in each
group are presented in Fig. 2. The concentration of ROS production
in blood cells was significantly enhanced as the xanthophyll level
increased up to 80 mg/kg diet, and then decreased. Conversely, the
apoptosis rate of blood cells showed the opposite pattern with the
lowest in fish fed with xanthophyll at 80 mg/kg diet.

3.4. Antioxidative parameters

The antioxidant parameters in the plasma are presented in
Fig. 3. The concentration of T-AOC was decreased with increased
levels of xanthophyll, and lowest in the 152 mg/kg xanthophyll
group. While the MDA level significantly decreased as the
xanthophyll level increased up to 80 mg/kg diet, and then increased
(P < 0.05). On the contrary, the SOD and CAT levels showed the
opposite pattern being the highest in fish fed xanthophyll at a level
of 80 mg/kg diet. Moreover, the GSH level gradually increased with
higher levels of xanthophyll, and was highest in the 152 mg/kg
xanthophyll supplementation group (P < 0.05).

3.5. Mortality and plasma biochemical changes after heat stress test

The mortality and plasma biochemical changes after the heat
stress test are shown in Table 5. Reared in 34 + 1 °C for 1 week, the
mortality rate was significantly reduced as the xanthophyll level
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Table 4

Plasma physiological and biochemical indices of southern catfish after feeding different xanthophyll levels for 8 weeks.
Item Diets P-value

X14 X42 X80 X108 X126 X152

ALB, g/L 10.1 + 0.03? 10.9 + 0.03¢ 11.2 + 0.03¢ 10.9 + 0.00¢ 10.5 + 0.03° 10.5 + 0.00° 0.000
AST, U/L 68.3 + 0.33° 74.7 £ 0.33¢ 743 + 0.33¢ 68.3 + 0.88° 77.7 +0.33¢ 61.3 + 0.33° 0.000
ALT, U/L 10.7 + 0.88° 15.7 + 033" 15.0 + 0.00" 15.0 + 0.00° 14.0 + 0.00° 18.0 + 0.00° 0.000
ALP, U/L 433 +0.33° 5.67 + 033 2.67 +0.33° 6.00 + 0.00¢ 5.00 + 0.00°¢ 4,67 +0.33% 0.000

ALB = albumin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = alkaline phosphatase.
Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively.
Data are presented as the mean + SEM (n = 4), values in the same row with different superscripts are significantly different (P < 0.05).

increased up to 108 mg/kg diet, and then elevated. For the
biochemical changes, the activities of ABL, GLOB, AST, HDL and LDL
in plasma were markedly increased as the xanthophyll level
increased up to 80 mg/kg diet, and then decreased. The activities of
LDH and ALT also increased as the xanthophyll level increased up to
42 and 126 mg/kg diet, respectively, and then decreased.

A

3.6. Plasma complement, immunoglobulin contents and lysozyme
activity

As shown in Fig. 4, the content of C3, C4, IgM and LZM activity in
plasma were significantly increased as the xanthophyll level
increased up to 80 mg/kg diet, and then decreased. Furthermore,
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Fig. 2. Effects of dietary xanthophyll supplementation levels on (A, C) the content of ROS and (B, D) apoptosis rate in blood cells. Diets X14, X42, X80, X108, X126 and X152
contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively. Values in the same bars with different superscripts are significantly different
(P < 0.05). ROS = reactive oxygen species; DCFH-DA = dichlorodihydrofluorescein diacetate; PI = propidium iodide; FITC = fluorescein isothiocyanate.
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Fig. 2. Continued

the activity of C3, C4, IgM and LZM showed a quadratic response to
dietary xanthophyll levels. The optimum dietary xanthophyll dose
for southern catfish juveniles was estimated to be 84.63 mg/kg diet
by quadratic regression analysis based on the content of IgM in
plasma.

3.7. Inflammation-related gene expression

The mRNA expression of inflammation-related genes in the
kidney and intestine are shown in Fig. 5. In the intestine, the gene
expression levels of interleukin 1B (IL-18), C4, C3, complement 9
(€9), heat shock cognate 70 (Hsc70), heat shock protein 70 (Hsp70),
heat shock protein 90 (Hsp90) and nuclear factor « B inhibitory
protein a (IkB-«) were significantly up-regulated as the xanthophyll
level increased up to 80 mg/kg diet, and then down-regulated. In
kidney, the gene expression of C3, (4, C9, Hsc70, Hsp70, Hsp90 and
IkB-o were significantly up-regulated as the xanthophyll level
increased up to 80 mg/kg diet, and then down-regulated. Mean-
while IL-13 expression level was up-regulated with the increased
levels of xanthophyll, and the highest expression level was pre-
sented in 152 mg/kg xanthophyll group.

3.8. Carotenoid concentration in tissues

As shown in Fig. 6, total carotenoid and xanthophyll contents in
dorsal skin, abdominal skin and muscle progressively increased
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with higher levels of xanthophyll, and the highest expression level
was presented in the 152 mg/kg xanthophyll group. Moreover, the
content of total carotenoid and xanthophyll were higher in dorsal
skin than in abdominal skin and muscle (P < 0.05). The content of
total carotenoid and xanthophyll showed a broken line response to
dietary xanthophyll level. The optimum dietary xanthophyll for
juvenile southern catfish was estimated to be 89.73 mg/kg diet by
broken line regression analysis based on the content of xanthophyll
in dorsal skin.

3.9. The nutrient content in muscle

The effect of different proportions of xanthophyll supplemen-
tation on regulating muscle nutrient content is presented in
Tables 6 and 7. The Hyp, collagen and crude protein contents
significantly increased as the xanthophyll level increased up to
126 mg/kg diet, and then decreased. On the contrary, the crude
lipid content gradually decreased with increasing xanthophyll
supplementation levels, and the lowest level was presented in the
152 mg/kg xanthophyll group (P < 0.05). As presented in Table 7,
compared with other diets, the 152 mg/kg xanthophyll group had
significant effect on elevating the phenylalanine (Phe), methionine
(Met), tyrosine (Tyr) and cysteine (Cys) content in muscle. More-
over, the 80 mg/kg group also had the effects on enhancing the
content of lysine (Lys) and histidine (His) in muscle (P < 0.05). On
the other hand, xanthophyll supplementation decreased the



C. He, H. Geng, Y. Qin et al. Animal Nutrition 13 (2023) 101—115

n

(=3

(=}
L

)
5
g
—
2 400 -
o=
g b
2 300 -
<
2
E sy nXl14
Q
e m X42
n
O 100 4
(= X80
04 » EX]108
Treatment groups
D X126
&9 7 " X152
c
5.0 9 e T
b
o ab
=
= 4.0 1 a
[
8 3.0 -
v
R
e
g5
20 1
<
10 9
0.0 "
Treatment groups

Fig. 2. Continued

glycine (Gly) content of muscle (P < 0.05). No significant difference continuously with increasing xanthophyll supplementation levels,

was found in the content of other amino acids (P > 0.05). and the highest level was presented in the 152 mg/kg xanthophyll
group. While for drip loss, thawing loss, centrifugal loss and
3.10. Muscle pH, water-holding capacity (WHC) and texture cooking loss, all the indices significantly decreased as the xantho-

phyll level increased up to 126 mg/kg diet, and then increased.
The pH, WHC and texture in muscle across different groups are Apart from that, the muscle hardness gradually increased with
presented in supplementary Table S1. The pH in muscle increased increasing xanthophyll supplementation levels, and the highest
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Fig. 3. Effects of dietary xanthophyll levels on plasma antioxidative parameters in southern catfish. (A) T-AOC = total antioxidant capacity; (B) SOD = superoxide dismutase; (C)
GSH = glutathione; (D) CAT = catalase; (E) MDA = malondialdehyde. Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry
matter of diet), respectively. Values in the same bars with different superscripts are significantly different (P < 0.05).

level was presented in the 152 mg/kg xanthophyll group. Different
from hardness, the muscle adhesiveness, cohesiveness, springiness,
gumminess and chewiness significantly increased as the xantho-
phyll level increased up to 126 mg/kg diet, and then decreased.
Broken-line regression analysis based on the chewiness of muscle
analysis revealed that the optimum xanthophyll supplementation
level was 108.66 mg/kg (supplementary Fig. S1).

4. Discussion

Using feed additives to improve fish growth, meat quality and
maintain health is a vital way to achieve the healthy sustainable
development of aquaculture. Xanthophyll as a carotenoid pigment
which has multiple physiological functions including promoting
phenotype response, organoleptic properties, antioxidant capacity

Table 5

Mortality and plasma physiological and biochemical indices of southern catfish under high temperature conditions (34 + 1 °C) after feeding different xanthophyll levels for 8

weeks.
Item Diets P-value

X14 X42 X80 X108 X126 X152

Mortality', % 58.3 + 4.81° 36.1 +2.78% 333+ 4.81%° 25.0 + 0.00° 389+ 1.11%° 41.7 + 481 0.028
ALB, g/L 8.50 + 0.00% 9.50 + 0.00° 9.83 + 0.03¢ 9.27 + 0.33° 9.07 + 0.09° 9.63 + 0.03¢ 0.000
GLOB, g/L 24,5 + 0.06% 26.0 + 0.00° 26.8 + 0.03¢ 25.20 + 0.10° 25.3 +0.23° 26.3 + 0.07% 0.000
AST, U/L 118 + 0.58° 163 + 0.33¢ 183 + 0.33° 159 + 0.33¢ 167 + 1.20° 147 + 0.33° 0.000
ALT, U/L 17.0 + 0.00° 26.0 + 0.00° 22.0 + 0.00° 25.7 + 0.33¢ 29.0 + 0.00¢ 18.3 + 0.33° 0.000
LDH, U/L 646 + 1.15° 797 + 1.00° 512 + 0.88° 714 +2.03¢ 737 + 4519 394 + 0.88° 0.000
HDL, mmol/L 1.71 + 0.017 1.90 + 0.00° 2.01 +0.01¢ 1.82 + 0.00° 1.84 + 0.01° 1.88 + 0.00¢ 0.000
LDL, mmol/L 0.39 + 0.00% 0.53 + 0.00° 0.77 + 0.10¢ 0.49 + 0.03° 0.53 + 0.03° 0.47 + 0.03° 0.000

ALB = albumin; GLOB = globulin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; LDH = lactate dehydrogenase; HDL = high density lipoprotein;

LDL = low density lipoprotein.

Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively.
Data are presented as the mean + SEM (n = 4), values in the same row with different superscripts are significantly different (P < 0.05).

1 Mortality (%) = 100 x [1 — (final number of fish/initial number of fish)].
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Fig. 4. Plasma complement, immunoglobulin contents and lysozyme activity after fish were fed diets with different xanthophyll levels. (A) C3 = complement 3; (B)
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(P < 0.05).

and meat quality in farmed animals (Hu et al., 2012; Rajput et al.,
2014; Mansour et al., 2020; P Wang et al., 2021). The results of a
previous study had confirmed the effects of dietary xanthophyll
supplementation on growth performance, antioxidant capacity and
meat quality in aquatic animals (Wang et al., 2017). However, the
optimal supplemental levels of xanthophyll in different aquatic
animals were not determined. Therefore, in the present study, the
optimal supplemental level of xanthophyll in Southern Catfish
(S. soldatovi meridionalis Chen) was evaluated based on organo-
leptic properties, antioxidant capacity and meat quality.
Xanthophyll significantly improved the WGR and SGR of
southern catfish. A quadratic regression model based on SGR
revealed that the optimal dietary xanthophyll level was 86.78 mg/
kg. Moreover, FER, PER and PPV were also increased after incre-
mental xanthophyll additions, with the 80 mg/kg xanthophyll
addition group reaching peak values. All the results were consistent
with previous studies on oriental river prawn (Macrobrachium
nipponense) fed a lutein supplemented diet (Ettefaghdoost and
Haghighi, 2021), Lake Kurumoi rainbow fish, Melanotaenia parva
(Allen) fed with astaxanthin, canthaxanthin or lutein supple-
mented diets (Meilisza et al., 2017) and Chinese soft-shelled turtle
(P, sinensis) fed with 80 mg/kg xanthophyll supplementation (Wang
et al,, 2020). The growth-promoting role of xanthophyll might be
related to the capability of carotenoids to inhibit nicotinamide
adenine dinucleotide phosphoric acid (NADPH) reductase, which
saves energy consumption, allowing for more energy to be used for
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growth in aquatic animals (Ohno et al., 2011). However, higher
xanthophyll supplementation decreased the WGR and SGR
compared with optimal xanthophyll addition. Furthermore,
xanthophyll had no effect on feeding attraction, since FI did not
change significantly when fish were fed with the different diets.
The growth performance results demonstrated that xanthophyll
supplementation could elevate feed efficiency and further promote
body nutrient deposition. Data on HSI and VSI showed that
xanthophyll supplementation significantly decreased both indices.
Moreover, body lipid composition also showed a downward trend
when fish were fed a diet with graded xanthophyll supplementa-
tion. This suggests that xanthophyll supplementation could
improve lipid metabolism, resulting in lower condition factor and
FBW and enhanced physical indicators. Therefore, lipid metabolism
should be investigated in further study.

Beyond growth performance, dietary xanthophyll also had great
effect on regulating antioxidant capacity and immune response.
Dietary xanthophyll levels significantly altered the content of
plasma ROS, apoptosis, AST, ALT and SOD in the current study,
which elucidated the regulatory effects of xanthophyll on antioxi-
dant capacity. A heat stress test further confirmed this effect.
Xanthophyll supplementation decreased mortality when fish were
reared at 34 + 1 °C. A level of 80 mg/kg xanthophyll in the diet
significantly elevated the concentration of plasma physiological
and biochemical indices. Similarly, a study on immune response
also showed that moderate xanthophyll supplementation markedly
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Fig. 5. The effects of dietary xanthophyll levels on the expression of regulators related to immune response in the (A) kidney and (B) intestine, respectively. Diets X14, X42, X80,
X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively. Values in the same bars with different superscripts are

significantly different (P < 0.05). IL-143 =
70; Hsp90 = heat shock protein 90; IkB-o = nuclear factor k B inhibitory protein a.

increased the concentration of plasma immunoproteins and mRNA
expression levels of key regulators involved in the immune
response. In the feeding trial of Luo et al. (2020), five immune and
antioxidant stress related proteins (leucocyte cell-derived chemo-
taxin 2 (LECT2), small ubiquitin-like modifier (SUMO), HSP70,
glutathione S-transferase (GST) and charged multivesicular body
protein 4C (CHMP4C)) were up-regulated after xanthophyll sup-
plementation. This effect was also observed in previous studies by
Alonso-Alvarez et al. (2008) and Li et al. (2014). All the results
demonstrated that moderate xanthophyll addition could stimulate
antioxidant and immune response, while excessive xanthophyll
supplementation might inhibit endogenous antioxidant and im-
mune homeostasis. Resistance to environmental stress was more
dependent on exogenous xanthophyll to provide higher antioxi-
dant capacity.

Carotenoids are often used as a pigment to improve fish color.
Generally, skin coloration is an important quality parameter to
reflect the freshness and health of fish species and is considered

m

interleukin 1B; C4 = complement 4; C3 = complement 3; C9 = complement 9; Hsc70 = heat shock cognate 70; Hsp70 = heat shock protein

one of the most important price criteria for southern catfish. In the
present study, total carotenoids and xanthophyll in the dorsal skin,
abdominal skin and muscle were examined after fish were fed diets
with different xanthophyll levels. Compared with the 14 mg/kg
diet, dietary xanthophyll supplementation significantly increased
the concentration of total carotenoids and xanthophyll in dorsal
skin, abdominal skin and muscle in a dose-dependent manner.
Carotenoids deposited in specific tissues and organs such as mus-
cle, gonad (Svensson et al., 2005) and some specific zones of the
skin. A previous study on discus fish (Symphysodon aequifasciatus)
found that carotenoids accumulated more in dorsal fin than in skin
and muscle (Song et al., 2017). A study in yellow catfish (Pelteo-
bagrus fulvidraco) by Liu et al. (2022) also showed that carotenoids
were more likely to be deposited in the skin than in the liver.
Consistent with these studies, we found that the concentration of
total carotenoids and xanthophyll were higher in dorsal skin than
abdominal skin and muscle. Combined with the above results,
broken-line regression analysis based on the xanthophyll in dorsal
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Fig. 6. The changes of total carotenoid and xanthophyll contents in dorsal skin, abdominal skin and muscle. (A) The skin color of southern catfish. (B) Broken-line regression model
based on xanthophyll contents of dorsal skin. (C, D) The effects of different xanthophyll levels on the contents of total carotenoids and xanthophyll in skin and muscle of southern
catfish, respectively. Parameters are defined as L = plateau, U = slope and R = breaking point. Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152
xanthophyll (mg/kg, dry matter of diet), respectively. Values in the same bars with different superscripts are significantly different (P < 0.05).

skin suggested that the optimal dietary xanthophyll level in
southern catfish was 108.66 mg/kg. The underlying mechanisms of
how dietary xanthophyll level regulates skin coloration should be
investigated in further study.

Studies on promoting meat quality with xanthophyll supple-
mentation have not been explored clearly. Wang et al. (2020) also
reported that in Chinese soft-shelled turtle, 80 mg/kg xanthophyll
diet had marked effects on increasing the total, essential, and de-
licious amino acids of muscle. Meanwhile, in turkeys and pigs,
Dolatowski (2008) obtained good quality meat and products after
applying 1.5% protein-xanthophyll concentrate from alfalfa. In this
study, increases in muscle pH, WHC and texture were found when
southern catfish were fed with the 126 mg/kg diet. However, no
significant effect was detected in total amino acid content of muscle
after different levels of xanthophyll supplementation. Notably,
xanthophyll supplementation decreased Gly content of muscle,
while the content of Hyp and collagen were elevated after

xanthophyll was added to the diet. A previous study on piglets
demonstrated that Gly could synthesize Hyp in different tissues
(Hu et al.,, 2021; Li and Wu, 2018). Based on these studies, we
deduced that dietary xanthophyll could stimulate Gly to synthesize
Hyp and increase collagen content. Beyond that, our data on anti-
oxidant capacity also showed that xanthophyll supplementation
worked significantly in regulating oxidative stress. Inhibition of
collagen production has been reported previously in fibroblasts
after exposure to oxidative stress environments (Siwik et al., 2001).
The effect of ROS in the reduction of collagen synthesis was due to
interference with extracellular matrix remodelling and alterations
in collagen biosynthesis by fibroblasts damaged by ROS (Archile-
Contreras and Purslow, 2011). Decreasing collagen solubility in
muscle possibly affected meat hardness. The present study indi-
cated that the 126 mg/kg xanthophyll diet could decrease the
concentration of ROS in plasma, and increase the content of
collagen of muscle.

Table 6

Hydroxyproline (Hyp) and collagen contents and proximate composition of muscle in southern catfish fed different xanthophyll levels for 8 weeks.
Item Diets P-value

X14 X42 X80 X108 X126 X152

Hyp, mg/g 0.61 + 0.01° 0.73 + 0.00° 0.82 + 0.02¢ 0.83 + 0.00° 1.02 + 0.01¢ 0.94 + 0.00¢ 0.000
Collagen, mg/g 8.58 + 0.14% 103 + 0.03" 11.6 + 0.22¢ 11.8 + 0.03¢ 14.4 + 0.15¢ 13.2 + 0.18¢ 0.000
Proximate composition, %
Moisture 78.9 +0.16 78.6 + 0.25 78.7 +0.14 79.1 £ 0.11 78.8 +0.09 78.7 + 0.25 0.568
Crude protein 18.4 + 0.04° 18.5 + 0.05% 18.5 + 0.04%° 18.6 + 0.09%° 18.7 + 0.04° 18.6 + 0.03% 0.047
Crude lipid 1.43 + 0.08° 1.36 + 0.04%° 1.34 + 0.05% 1.26 + 0.01%° 1.22 + 0.05%° 1.18 + 0.06* 0.037
Ash 1.24 + 0.01 1.28 + 0.01 1.27 £ 0.01 1.23 + 0.02 1.25 + 0.01 1.26 + 0.01 0.065

Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively.
Data are presented as the mean + SEM (n = 4), values in the same row with different superscripts are significantly different (P < 0.05).
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Table 7
Amino acid composition of muscle in southern catfish fed different xanthophyll levels for 8 weeks (%, dry weight).
Item Diets P-value
X14 X42 X80 X108 X126 X152
Thr 430 + 0.08 414 + 0.04 437 +0.15 4.04 + 0.09 3.70 + 0.25 391 +0.18 0.050
Val 4.29 + 0.09 421 +0.03 449 +0.15 425 +0.08 413 +0.10 420 +0.12 0.267
lle 443 +0.11 4.17 + 0.05 4.46 + 0.14 4,05 +0.15 3.64 + 035 427 +0.22 0.090
Leu 7.50 + 0.14 7.08 + 0.01 7.55 + 030 6.98 + 0.09 6.93 + 0.09 7.00 + 0.21 0.074
Lys 8.97 + 0.16° 8.43 + 0.023° 8.94 + 0.33° 8.64 + 0.11% 8.02 + 0.14° 8.41 + 0.19%° 0.025
Phe 3.70 + 0.09°° 3.63 + 0.04%° 3.79 + 0.09° 3.62 + 0.06%° 3.45 + 0.05° 3.74 + 0.02° 0.024
Met 1.51 + 0.18% 1.08 + 0.112 0.97 + 0.04° 1.72 £ 0.27% 1.95 + 0.36° 229 + 0.22° 0.009
His 2.34 + 0.04"¢ 2.26 + 0.01%¢ 2.39 + 0.03¢ 2.13 + 0.07% 2.09 + 0.04% 2.31 + 0.05° 0.003
Arg 537 + 0.05 535+ 0.12 533 + 027 5.25 + 0.09 4.96 + 0.27 539 +0.11 0.217
Cys 0.63 + 0,03 0.58 + 0.01% 0.54 + 0.03? 0.67 + 0.03%° 0.71 + 0.03° 0.73 + 0.02° 0.002
Tyr 2.82 + 0.07%" 2.63 + 0.05% 2,51 + 0.05° 2.80 + 0.03% 2.81 £ 0.07%" 2.95 + 0.15° 0.022
Asp 9.04 +0.13 8.88 + 0.02 9.41 + 0.34 9.09 +0.13 8.68 + 0.12 8.97 + 038 0.387
Gly 474 £ 0.21° 411 + 0.07° 4.11 +0.14° 4.08 + 0.15% 421+ 0.15° 446 + 0.12%° 0.036
Ala 5.43 +0.13 523 + 0.10 551 +0.26 517 +0.12 4.73 +0.32 535+ 0.12 0.098
Glu 13.6 + 0.28 13.1 £ 0.10 13.8 + 0.51 13.1 £ 0.26 12.9 + 0.21 134 + 044 0.086
Ser 3.77 + 0.07 3.51 + 0.02 3.80 + 0.16 3.67 + 0.03 329 + 0.20 351 +0.12 0.067
Pro 2.94 + 0.09 2.87 +0.13 2.82+0.16 2.73 + 0.05 2.63 +0.13 2.93 + 0.01 0.388
TAA 835+ 1.17 82.2 + 1.30 83.2+135 82.0 + 1.37 80.8 + 1.46 83.3 + 236 0.863
EAA' 424 +123 40.9 + 0.82 415+ 0.74 40.9 + 0.63 402 +0.73 417 +1.21 0.672
NEAA? 38.8 +0.12 37.9 + 0.54 39.0 + 0.85 37.6 + 0.80 372 +0.72 38.1 + 1.08 0.620
DAA3 382 +0.58 36.8 + 0.49 373 +0.54 36.6 + 0.76 36.1 +0.70 37.0 + 1.04 0.493

Thr = threonine; Val = valine; Ile = isoleucine; Leu = leucine; Lys = lysine; Phe = phenylalanine; Met = methionine; His = histidine; Arg, arginine; Cys = cysteine;
Tyr = tyrosine; Asp = asparagine; Gly = glycine; Ala = alanine; Glu = glutamate; Ser = serine; Pro = proline; TAA = total amino acids; EAA = essential amino acid;
NEAA = nonessential amino acids; DAA = delicious amino acids.
Diets X14, X42, X80, X108, X126 and X152 contained 14.0, 42.0, 80.0, 108, 126 and 152 xanthophyll (mg/kg, dry matter of diet), respectively.

Data are presented as the mean + SEM (n = 4), values in the same row with different superscripts are significantly different (P < 0.05).

1 EAA = Thr + Val + Ile + Leu + Lys + Phe + Met + His + Arg.

2 NEAA = Asp + Gly + Ala + Glu + Ser + Pro.
3 DAA = Arg + Asp + Gly + Ala + Glu.
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5. Conclusion

In conclusion, current study indicated that an optimal level of
dietary xanthophyll supplementation could enhance growth,
antioxidant capacity, immune response, skin pigmentation and
meat quality through regulating phenotypic response to gene
expression (Fig. 7). A quadratic regression model based on SGR and
IgM found that the optimum xanthophyll supplementation level
was 86.78 and 84.63 mg/kg diet, respectively. Moreover, broken
line regression analysis based on xanthophyll content in dorsal skin
and chewiness revealed that the optimal xanthophyll level was
between 89.73 and 108.66 mg/kg in diet of southern catfish
(S. soldatovi meridionalis Chen). These results may have implica-
tions for using xanthophyll to eliminate oxidative stress and
improve fish quality in aquaculture industry.
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