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Budějovice, Czechia, 3College of Animal Science and Technology, Henan University of Science and Technology, Luoyang,

China, 4 Fisheries Department, Faculty of Natural Resources, University of Guilan, Rasht, Iran

Keywords: aquaculture, fish nutrition, aquafeed, metabolism, physiology

Editorial on the Research Topic

Fish Nutrition, Metabolism and Physiology

Aquatic foods from marine and freshwater play a significant role in nutrition of billions of people
globally, particularly during the COVID-19 pandemic which has jeopardized the global food
security (Tigchelaar et al., 2021). Moreover, aquatic foods are considered as unique and rich sources
of n-3 long-chain polyunsaturated fatty acids (LC-PUFA) such as EPA and DHA with beneficial
impacts in a range of human pathologies particularly cardiovascular diseases (Golden et al., 2021).
Aquatic foods include fish, crustaceans, and other aquatic animals/plants which can be cultured or
wild-caught. Traditional fisheries may no longer be the world’s most important provider of food
fish. According to FAO (2020), global fish production in 2018 reached about 179 million tons, and
the world aquaculture production was 114.5 million tons (valued USD 250 billion) accounting for
63.7% of the total production.

In the recent years, the rapid development of aquaculture has been overwhelmed due to the
shortage of marine resources for aquafeeds production (Bruni et al., 2021). Currently, fish meal
(FM) and soybean meal are the main sources of protein in aquafeeds. It has been estimated that
68.2% of the total fish meal and 88.5% of fish oil are utilized for aquafeeds production (Ghamkhar
and Hicks, 2020). FM is not environmentally and economically sustainable, so the replacement of
FM and research needs have been focused strongly. Soybeanmeal has been widely used in aquafeeds
to cope with the dwindling supply of fish meal. Substituting plant proteins for fish meal at low
levels has been relatively easy but their inclusion at higher levels compromises fish health through
inducing enteritis. Accordingly, promoting intestinal health of fish fed high soybean meal diets
through supplementation of bioactive compounds has also drawn increasing attention. Besides,
the animal origin proteins (e.g., poultry by-product meal) fermented with various microorganisms
have advantageous nutritional status compared to plant proteins due to their higher protein and
lower fiber contents.

The interaction between nutrients and physiological responses have gained much attention.
During the recent two decades, the limited supply and soaring price of fish oil have
urged the replacement of fish oil with the cheaper plant oil sources (Turchini et al.,
2011). However, the increased inclusion level of plant oils in aquafeeds has coupled with
decreasing n-3 LC-PUFA contents in farmed fish particularly in marine species. Also, the
inclusion of higher plant are often associated with research challenges for fish health
and welfare. Thus, identifying LC-PUFA biosynthesis in fish fed plant oils has pivotal
implication for aquafeeds formulation. Fatty acyl desaturases 2 (Fads2) and elongases of
very-long-chain fatty acid 5 (Elovl5) are the two key enzymes involved in biosynthesis
of LC-PUFA, and their activities determine the ability of LC-PUFA biosynthesis in
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teleosts (Xie et al.). Thus, selection efforts focused on adaptation
to plant-based diets, particularly the ability to synthesize LC-
PUFA, are now emerging in aquaculture. Studies have also
confirmed that there is a genetic basis behind the potential for
more efficient utilization of fish oil-free diets in some strains of
salmon (Colombo et al.).

In intensive aquaculture, using high-fat diets is an ongoing
trend due to the protein-sparing and growth-promoting effects
of lipids (Zhou et al., 2019). However, high-fat diets often trigger
fatty liver which retards growth and feed utilization, suppresses
immune function, and reduces stress tolerance (Jia et al.). Studies
on the molecular mechanism of fatty liver in high-fat diet
fed tilapia revealed the relationship between fat accumulation
and endoplasmic reticulum (ER) stress (Jia et al.). Accordingly,
some researchers suggested that therapies aiming ER could be

novel strategies for the prevention of fatty liver and protection
against excessive fat deposition. Quercetin, a flavonoid, is widely
present in various plants, such as tea, fruitage, and vegetables.
Many studies have evidenced its regulatory effects on ER under

metabolic disorders. Moreover, quercetin can attenuate excessive
fat deposition in fish through regulating ER (Dong et al.).

In summary, this Research Topic delivers new ideas for
future research in fish nutrition, metabolism, and physiology
accomplished up to date and provides insights into the future
pathways and directions of this discipline.
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Cloning and Characterization of
Cholesterol 25-Hydroxylase (ch25h)
From a Marine Teleost, Chinese
Tongue Sole (Cynoglossus
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Expressions in Response to Dietary
Arachidonic Acid
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Mengqing Liang1,2*

1 Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Qingdao, China, 2 Laboratory for Marine
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Our previous studies have shown that ARA regulated the gonadal steroidogenesis
and the synthesis of gonadotrophin-releasing hormone (GnRH) in the brain in a
gender-dependent manner in Chinese tongue sole, a marine teleost with typical sex
dimorphism. As a following up-study, the current study aimed to clone and characterize
a gene responding to dietary ARA differently between males and females, cholesterol
25-hydroxylase (ch25h), which has important roles in cholesterol and lipid metabolism
of mammals, but is rarely investigated in fish. The full-length cDNA of Chinese tongue
sole ch25h was cloned and characterized, and its transcription in the gonads, brain
and liver of both males and females in response to dietary ARA levels (0.34, 2.53, and
9.63% of TFA) was investigated. The Chinese tongue sole Ch25h, which putatively is
Ch25h subtype B, shared moderate identity to its known orthologs of other teleost and
lower identity to human Ch25h. It has high transcription levels in the gonads, followed
by skin and muscle, but low levels in the intestine, spleen, and kidney. High ARA levels
significantly increased the ch25h transcription in the gonads and brain of male fish,
but did not affect the transcription in the females. However, the effect of dietary ARA
on ch25h transcription in the liver showed an opposite gender-difference pattern to
those in the gonads and brain. To our knowledge, this is the first study in marine teleost
investigating the nutritional regulation of ch25h expression.

Keywords: Cynoglossus semilaevis, Ch25h, cloning, characterization, gene expression, arachidonic acid

INTRODUCTION

The membrane-associated enzyme cholesterol 25-hydroxylase (Ch25h) catalyzes the formation of
25-hydroxycholesterol (25HC, oxysterol) from cholesterol, and thereby plays important roles in
cholesterol and lipid metabolism (Lund et al., 1998; Horton et al., 2002; Joseph et al., 2002). It has
been reported that 25HC is a co-repressor that blocks sterol regulatory element binding protein
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(SREBP) processing and ultimately leads to inhibition of gene
transcription (Lund et al., 1998). 25HC also acts as a ligand of
liver X receptor (LXR). The regulation of LXR/SREBP signaling
pathway by 25HC reduces cholesterol synthesis and increases its
efflux and elimination (Janowski et al., 1996; Accad and Farese,
1998; Radhakrishnan et al., 2007). The regulation of LXR/SREBP
signaling pathway by 25HC also affects lipid metabolism in
other ways depending on the roles of SREBP and LXR in lipid
metabolism (Shimano, 2001; Oosterveer et al., 2010; DeBose-
Boyd and Ye, 2018). In addition to the well-known metabolic role
of oxysterols, some publications have also reported the function
of 25HC in immune regulation and virus resistance (Yi et al.,
2012; Shrivastava-Ranjan et al., 2016; Cagno et al., 2017; Doms
et al., 2018; Shawli et al., 2019; Zhang et al., 2019).

Compared to mammals, the functions of Ch25h or 25HC
in fish have been poorly understood. Only in zebrafish, the
interferon independent antiviral role of 25HC was validated
(Pereiro et al., 2017). In Chinese tongue sole, a recent
study of ours with feeding trial followed by transcriptomic
analysis has shown that ch25h transcription in the brain was
significantly affected by dietary arachidonic acid (ARA), which
plays important roles in fish reproduction (Izquierdo et al.,
2001; Norberg et al., 2017), and this effect was different between
male and female fish (Xu et al., 2019). Our previous studies
have also shown that dietary ARA differentially regulates the
gonadal steroidogenesis in Chinese tongue sole depending on
fish gender (Xu et al., 2017a). Chinese tongue sole have typical
characteristics of sex dimorphism. The different response of
cholesterol metabolism to dietary ARA in male and female
Chinese tongue sole seems interesting and is worth further
investigation. As a following-up study, the present study aimed to
clone and characterize the full-length mRNA of Chinese tongue
sole ch25h, as well as to investigate its transcription in response
to dietary ARA in different tissues of both male and female fish.
The results will contribute to the general knowledge of Ch25h
physiology in fish.

MATERIALS AND METHODS

Feeding Trial
Three experimental diets containing different levels of ARA were
used in the feeding trial (Table 1). In the control diet (Diet
C), tristearin was used as the main supplemented lipid source.
Diets with low (Diet ARA-L) and high (Diet ARA-H) ARA
level were prepared by replacing tristearin in diet C with ARA-
enriched oil. The ARA content in the three experimental diets
was 0.34, 2.53, and 9.63% of total fatty acids (TFA), respectively,
(Table 2). Constant levels of n-3 LC-PUFA enriched oil and
soya lecithin were supplemented to all the diets to meet the
requirement. The experimental diets were prepared following the
routine procedures in our laboratory (Xu et al., 2016).

A 10-week feeding trial was conducted to investigate the
effects of dietary ARA on the ch25h gene expressions in Chinese
tongue sole. Chinese tongue sole hatched in the last autumn was
used in the feeding trial. The fish have been fed a commercial
diet before the experiment. Fifteen male fish with an average

TABLE 1 | Formulation and composition of the experimental diets (g kg−1 dry
matter)a.

Ingredients C ARA-L ARA-H

Fish meal 400.0 400.0 400.0

Soybean meal 150.0 150.0 150.0

Casein 60.0 60.0 60.0

Corn gluten meal 50.0 50.0 50.0

Wheat meal 222.2 222.2 222.2

Vitamin premixb 2.0 2.0 2.0

Mineral premixc 5.0 5.0 5.0

L-ascorbyl-2-polyphosphate 5.0 5.0 5.0

Choline chloride 5.0 5.0 5.0

Monocalcium phosphate 10.0 10.0 10.0

Ethoxyquin 0.5 0.5 0.5

Betaine 3.0 3.0 3.0

Calcium propionate 0.5 0.5 0.5

Soya lecithin 20.0 2.00 2.00

n-3 LC-PUFA enriched oild 15.0 1.50 1.50

ARA enriched oile 0.0 6.1 25.7

Tristearinf 51.8 45.7 26.1

Proximate composition

Dry matter 926.2 912.5 915.5

Crude protein 496.1 496.1 495.6

Crude lipid 136.4 127.6 123.5

Ash 90.6 101.8 101.8

aAll the ingredients were purchased from Qingdao Great Seven Co., Ltd. bVitamin
premix (mg kg−1 diet): thiamin 25 mg; riboflavin, 45 mg; pyridoxine HCl, 20 mg;
vitamin B12, 0.1 mg; vitamin K3, 10 mg; inositol, 800 mg; pantothenic acid,
60 mg; niacin, 200 mg; folic acid, 20 mg; biotin, 1.2 mg; retinol acetate, 32 mg;
cholecalciferol, 5 mg; alpha-tocopherol, 120 mg; wheat middling, 661.7 mg.
cMineral premix (mg or g kg−1 diet): MgSO4 · 7H2O, 1200 mg; CuSO4 · 5H2O,
10 mg; ZnSO4 · H2O, 50 mg; FeSO4 · H2O, 80 mg; MnSO4 · H2O, 45 mg; CoCl2 ·
6H2O (1%), 50 mg; NaSeSO3 · 5H2O (1%), 20 mg; Ca(IO3)2 · 6H2O (1%), 60 mg;
zoelite, 3.485 g. dn-3 LC-PUFA enriched oil: containing 37% DHA and 21% EPA (of
total fatty acids); in the form of triglyceride; Hebei Haiyuan Health Biological Science
and Technology Co., Ltd., Changzhou, China. eARA enriched oil: containing 41%
ARA (of total fatty acids); in the form of triglyceride; Jiangsu Tiankai Biotechnology
Co., Ltd., Nanjing, China. fHUDONG Daily Chemicals Co., Ltd., Jiaxing, China.

initial body weight of 20.3 g and eight female fish with an
average initial body weight of 72.0 g were reared in each
polyethylene tank (200 L). At the beginning of the feeding trial,
the fish were fed the control diet for 7 days to acclimate to
the experimental conditions. The feeding trial was conducted
in a flow-through seawater system in Huanghai Aquaculture
Co., Ltd., (Haiyang, China). Each diet was randomly assigned to
triplicate tanks. Fish were hand-fed to apparent satiation twice
daily (9:00 and 17:00). The tanks were cleaned daily by siphoning
out residual feed and feces.

At the end of the feeding trial (late autumn), after being
anesthetized with eugenol (1:10,000), the developmental status
of fish gonads was determined before sampling. Most male fish
were mature. The maturity of male fish was confirmed by the
release of milt when handled. However, unfortunately, visual
observation and microscopic examination of oocyte morphology
showed that most female fish were immature, and the ovaries had
not developed at all. Five mature male fish and five immature
female fish per tank were dissected, and whole brain, gonad

Frontiers in Marine Science | www.frontiersin.org 2 January 2020 | Volume 6 | Article 8008

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00800 December 26, 2019 Time: 16:35 # 3

Xu et al. Cholesterol 25-Hydroxylase in Cynoglossus semilaevis

TABLE 2 | Fatty acids composition of experimental diets (% total fatty acids).

Fatty acids C ARA-L ARA-H

C14:0 2.61 2.42 2.19

C16:0 37.83 34.83 25.60

C18:0 19.35 18.58 13.39

C20:0 0.30 0.36 0.45

6SFA 60.09 56.19 41.63

C16:1n−7 1.71 1.63 1.70

C18:1n−9 4.90 5.45 7.12

C18:1n−7 1.08 1.10 1.20

6MUFA 7.69 8.19 10.02

C18:2n−6 10.51 11.17 13.65

C20:4n−6 0.34 2.53 9.63

6n-6 PUFA 10.86 13.70 23.28

C18:3n−3 1.25 1.26 1.27

C18:4n−3 0.70 0.67 0.67

C20:5n−3 5.36 5.46 5.45

C22:5n−3 1.35 1.35 1.49

C22:6n−3 9.00 9.17 9.53

6n-3 PUFA 17.65 17.92 18.40

6n-3/6n-6 1.63 1.31 0.79

ARA/EPA 0.06 0.10 1.77

SFA, saturated fatty acids; MUFA, mono-unsaturated fatty acids; n-6 PUFA, n-6
poly-unsaturated fatty acids; n-3 PUFA, n-3 poly-unsaturated fatty acid.

and liver samples were collected. All the tissue samples were
immediately frozen with liquid nitrogen, and stored at −86◦C
before analysis. All sampling protocols, as well as fish rearing
practices, were reviewed and approved by the Animal Care and
Use Committee of Yellow Sea Fisheries Research Institute.

RNA Extraction and cDNA Synthesis
Total RNA in livers was extracted using RNAiso Plus [TaKaRa
Biotechnology (Dalian) Co., Ltd., Dalian, China] and then
electrophoresed on 1.5% agarose gel to test the quality and
integrity. The concentration was determined with Colibri
Microvolume Spectrometer (Titertek-Berthold, Germany). The
RNA was then reversely transcribed with PrimeScriptTM RT
reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa)
according to the user manual.

Cloning and Sequencing of ch25h
The complete CDS of ch25h can be obtained from GenBank
(Accession No.: XM_008315046.3). The predicted sequence from
GenBank was validated with specific PCR and sequencing of the
product. The full-length cDNA of ch25h was cloned with rapid
amplification of cDNA ends (RACE). Specific primers for ch25h
were designed based on the known ch25h sequence to clone
the 5′- and 3′-end, respectively. The SMARTerTM RACE cDNA
Amplification Kit (Clontech, Mountain View, CA, United States)
was used to perform the RACE cloning, and the 3′- and 5′-
end cDNA templates were synthesized according to the user’s
manual. The primers were synthesized by TsingKe Biological
Technology, Co., Ltd., (Qingdao, China). PCR amplifications
were performed on peqSTAR (PEQLAB, Erlangen, Germany). All

PCR products were run on a 1.5% agarose gel, and then purified
by Zymoclean Gel DNA Recovery Kit (ZYMO RESEARCH,
Irvine, CA, United States). PCR products were cloned into
pEASY-T1 simple cloning vector (TransGen, Beijing, China)
and sequenced in TsingKe (Qingdao, China). Other details of
the PCR amplification were similar to our previous studies
(Xu et al., 2014).

Real-Time Quantitative Polymerase
Chain Reaction (qRT-PCR) Analysis
Real-time fluorescent quantitative PCR (qRT-PCR) was used
to assay the relatively quantitative mRNA expression of ch25h
in different tissues of Chinese tongue sole (10 3-year-old
fish used, six males and four females, all at phase II of
gonadal development), as well as the gene expression in fish
from different dietary groups. β-actin (GenBank Accession No.
KP033459.1) and β-2 microglobulin (β2M, GenBank Accession
No. FJ965563.1) were used as the reference genes (Vandesompele
et al., 2002). Specific primers for target genes and reference
genes were designed using Primer 5.0 (Table 3) and synthesized
by TsingKe Biological Technology Co., Ltd., (Qingdao, China).
The amplification efficiency for all primers, which was estimated
by standard curves based on a 6-step 4-fold dilution series
of target template, was within 95∼105%, and the coefficients
of linear regression (R2) were more than 0.99. SYBR R© Premix
Ex Taq TM [TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian,
China] and a quantitative thermal cycler (Roche LightCycler
96, Basel, Switzerland) were used for the real-time qPCR. The
reaction system consists of 2 µl cDNA template, 10 µl SYBR R©

Premix Ex TaqTM (2×), 0.8 µl forward primer (10 µM),
0.8 µl reverse primer (10 µM), and 6.4 µl sterilized water.
The program was as follows: 95◦C for 5 min followed by 40
cycles of “95◦C for 5 s, 55◦C for 20 s, 72◦C for 10 s.” Melting
curve analysis (1.85◦C increment/min from 58◦C to 95◦C)
was performed after the amplification phase for confirmation
of a sole product. Each sample was run in triplicate. The
mRNA expression levels were calculated with qRT-PCR method:
2−11CT (Livak and Schmittgen, 2001).

TABLE 3 | Sequences of the primers used in this work.

Primer Sequence (5′-3′) Type

ch25h-F0 TGAACTCCAGAGACGACATGGT CDS validation

ch25h-R0 TGTCCCTCAGACACTTCTGTCCT

ch25h-F1 GAGGACCACTGTGGCTACGA 3′ Race (outer)

ch25h-F2 CACCACCTCAAGTCCTCATG 3′ Race (inner)

ch25h-R1 CCAGTTTAGCACAGTGAGGGGGAA 5′ Race (outer)

ch25h-R2 CTGTGAGGCTGGAGCTTGTACTTGC 5′ Race (inner)

ch25h-F3 CTTCCAGCACAACTGAGCCT qPCR

ch25h-R3 GGACGGAAGAGTTTCTCACAAT

β-actin-F GGCTACTCTTTCACCACCACA qPCR

β-actin-R GCCACAGGACTCCATACCAA

β2M-F ACGTCCTCGTCTCTTCTGTGAT qPCR

β2M-R CCAACCTTCTGTTCGCATCT
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Statistical Analysis
Similarity searches of the sequenced cDNA of ch25hs were
done by blastn1. The multiple-sequence alignments of amino
acids were performed using BioEdit. The deduced amino acid
sequences were analyzed with DNAman and ExPASy Compute
pI/MW2. SMART program3 and PROSITE program4 were used
to predict the functional sites or domains in the amino acid
sequence. Phylogenetic analyses based on amino acid sequences
were carried out using the neighbor-joining method, and the trees
were constructed using MEGA 4.1.

All gene expression data were subjected to one-way analysis
of variance in SPSS 16.0 for Windows. Differences between
means were tested by Tukey’s multiple range test. The level of
significance was chosen at P < 0.05 and the results were presented
as means± standard error.

RESULTS AND DISCUSSION

Cloning and Characterization of ch25h
The full length of ch25h cDNA from Chinese tongue sole
(uploaded under GenBank Accession No. MN646884.1) was
1468 bp, including a 5′-untranslated region (UTR) of 372 bp, a 3′-
UTR of 340 bp, and an open reading frame of 756 bp encoding a
polypeptide of 250 amino acids with predicted molecular weight
of 28.7 KDa and theoretical isoelectric point of 8.22 (Figure 1).
The deduced protein sequence possessed a characteristic fatty
acid hydroxylase domain, containing three transmembrane

1www.ncbi.nlm.nih.gov/blast/
2http://web.expasy.org/compute_pi/
3http://smart.embl-heidelberg.de/
4http://kr.expasy.org/prosite/

regions (20–42, 74–91, and 106–128) and clusters of histidine
residues that are essential for catalytic activity (Figure 1). Unlike
most other sterol hydroxylases, Ch25h is not a cytochrome P450,
but rather it is a member of a small family of enzymes that utilize
diiron cofactors to catalyze the hydroxylation of hydrophobic
substrates (Lund et al., 1998). The deduced Chinese tongue sole
Ch25h has three potential phosphorylation sites (T-7, S-18, and
Y-23), but no predicted signal peptide sequence.

Multiple Sequences Alignment and
Phylogenetic Analysis
The multi-sequence alignment (Figure 1) revealed that the
Chinese tongue sole Ch25h shared moderate identity to its known
orthologs of other teleost (63–76% for the listed species in
Figure 1) and lower identity to human Ch25h (54.6%).

The phylogenetic analysis showed that Chinese tongue
sole Ch25h clusters closer to Ch25h subtype B of zebrafish,
compared to other subtypes of zebrafish Ch25h, Ch25hA,
Ch25hC1, Ch25hC2, and Ch25hD (Figure 2). The zebrafish
Ch25hB showed synteny conservation with its human homolog,
highlighting that this gene copy is probably the original gene
of the Ch25h teleost repertoire (Pereiro et al., 2017). In
contrast to fish, the mammalian genomes only possess one copy
of the CH25H gene.

Chinese tongue sole Ch25h clusters to Ch25h of other fish
species such as Nile tilapia, large yellow croaker, and gilthead
seabream, distant from Ch25h of frog, and further distant
from Ch25h of mammals (Figure 2). However, Chinese tongue
sole Ch25h clusters closer to human Ch25h than to other
Ch25h subtypes of zebrafish. This indicated that Ch25h subtypes
may have diverged from a common progenitor before the
fish/mammalian divergence.

FIGURE 1 | Comparison of the deduced Ch25h amino acid sequences from Chinese tongue sole, other fish, and human. The amino acid sequences were aligned
using ClustalX. Identical residues are shaded black and similar residues are shaded gray. Gaps (-) were introduced to maximize the alignment. Asterisk indicates
conserved clusters of histidine residues.
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FIGURE 2 | Phylogenetic tree of Chinese tongue sole Ch25h. The amino acid
sequences used in the phylogenetic tree included those from other teleost
and other animals: human (Homo sapiens) (NP_067065.1), mouse (Mus
musculus) (NP_034020.1), chicken (Gallus gallus) (NP_001264283.1), frog
(Xenopus tropicalis) (XP_002935478.1), zebrafish (Danio rerio) (subtype A,
ASU11038.1; subtype B, ASU11039.1; subtype C1, ASU11040.1; subtype
C2, ASU11041.1; subtype D, ASU11042.1), channel catfish (Ictalurus
punctatus) (NP_001188084.1), Nile tilapia (Oreochromis niloticus)
(XP_003449518.2), medaka (Oryzias latipes) (XP_004084712.1), large yellow
croaker (Larimichthys crocea) (XP_010750904.1), Atlantic cod (Gadus
morhua) (XP_030195643.1), and gilthead seabream (Sparus aurata)
(XP_030255276.1). The horizontal branch length is proportional to amino acid
substitution rate per site. The numbers represent the frequencies with which
the tree topology presented here was replicated after 1000 bootstrap
iterations.

Tissue Distribution of ch25h in Chinese
Tongue Sole
In mice, expression of ch25h is high in the lung, heart, and kidney
(Lund et al., 1998). Another study in mice showed that ch25h is
highly expressed in the liver and peritoneal macrophages (Liu
et al., 2018). In Chinese tongue sole, however, ch25h is highly
expressed in gonad, followed by skin and muscle, but is lowly
expressed in the intestine, spleen, and kidney (Figures 3, 4).

FIGURE 3 | Tissue distribution of ch25h in male Chinese tongue sole. Results
were expressed as relative mRNA expressions to the lowest expression
(means ± standard error, n = 6).

FIGURE 4 | Tissue distribution of ch25h in female Chinese tongue sole.
Results were expressed as relative mRNA expressions to the lowest
expression (means ± standard error, n = 4).

There is minor difference in tissue expression pattern of ch25h
between male and female Chinese tongue sole. It seemed that
the females have relatively higher ch25h expression in the brain
compared to males.

High expression of ch25h in the gonads indicated that Ch25h
may have important roles in reproductive physiology of Chinese
tongue sole. Recent data obtained in bovine sperm showed
that sperm capacitation is associated with the formation of
oxysterols (Brouwers et al., 2011). Another recent study with
human semen also supports a role for 25HC in sperm function
(Zerbinati et al., 2017). Results of that study showed that CH25H
was detected in human spermatozoa at the neck and the post
acrosomal area, and that the 25HC concentration positively
correlated with spermatozoa number (Zerbinati et al., 2017).
High expression of ch25h in both testis and ovary of Chinese
tongue sole indicated that Ch25h may have important functions
in genesis of both sperm and egg.

Unexpectedly, the liver of Chinese tongue sole only has a
moderate level of ch25h transcription, lower than skin and
muscle, irrespective of fish gender. Liver is a very important
organ for lipid and cholesterol metabolism. The present results
indicate that Ch25h or 25HC may have special functions in skin
and muscle of flatfish, but this speculation needs to be validated
by future studies.

The Chinese Tongue Sole ch25h mRNA
Expression in Response to Dietary ARA
In the present study, we analyzed the ch25h mRNA expression in
the gonad, liver and brain of Chinese tongue sole fed diets with
different ARA levels. We analyzed the ch25h mRNA expression
in the gonads for two reasons: (1) As mentioned above, ch25h is
highly expressed in the gonads; (2) Reproductive physiology is
a focus of this study and its previous studies. A very interesting
result of this study was that ch25h responded to dietary ARA
differently between the testes and ovaries. The relative mRNA
expression of ch25h in the testes significantly (P < 0.05) increased
with increasing dietary ARA levels, but the transcription in the
ovaries was not affected by dietary ARA (Figure 5).
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FIGURE 5 | Effects of experimental diets on mRNA expression of ch25h in the
gonad of Chinese tongue sole. Results are expressed as means ± standard
error. Different letters above the bars denote significant (P < 0.05) differences
among dietary groups.

FIGURE 6 | Effects of experimental diets on mRNA expression of ch25h in the
brain of Chinese tongue sole. Results are expressed as means ± standard
error. Different letters above the bars denote significant (P < 0.05) differences
among dietary groups.

This result was similar to the ch25h transcription in the
brain in response to dietary ARA (Figure 6). The brain ch25h
expression was significantly (P < 0.05) higher in male fish
fed the high-ARA diet compared to fish fed the low-ARA diet
or the control diet. However, the brain ch25h transcription in
female fish was not affected by dietary ARA. This result validated
the previous transcriptomic results which indicated the gender-
difference in brain ch25h transcription in response to dietary
ARA and inspired the current study.

The differential regulation of gonadal steroidogenesis and
brain GnRH synthesis by dietary ARA between male and female
Chinese tongue sole has been shown in our previous studies
(Xu et al., 2017a, 2019). Those results showed that dietary
ARA supplementation stimulated the testosterone and GnRH
production in males, but reduced the estradiol production in the
females. ARA supplementation significantly reduced the mRNA
expression of aromatase in ovaries but significantly increased the
gene expression of 3β-hydroxysteroid dehydrogenase (3β-HSD)
in testes. Moreover, this gender-dependent differential regulation

was in accord with the different ARA abundance in testes and
ovaries (Xu et al., 2017a,b).

In the present study, it is interesting to validate another
target gene, ch25h, for the differential ARA action between
male and female Chinese tongue sole. The present results
indicated that ch25h may have more active function in male fish.
Considering the roles of ch25h in sperm mentioned previously
(Brouwers et al., 2011; Zerbinati et al., 2017), the more positive
roles of ARA in male Chinese tongue sole may stimulate
the gene expression of ch25h in male fish by accelerating the
overall reproductive performance. Also, mammal studies showed
that Leydig cells can directly metabolized 25HC enzymatically
produced by testicular macrophages to testosterone (Lukyanenko
et al., 2001, 2002). Moreover, liver X receptors (LXRα and LXRβ),
receptors of oxysterols, have been shown to present crucial
activities in reproductive organs of male animals such as testis
and epididymis, as well as prostate [well-reviewed by El-Hajjaji
et al. (2011)]. 25HC, the product of Ch25h, may function in the
testis and brain of male animals in LXR-dependent mechanisms
(Liu et al., 2018).

In spite of the potential different functions of Ch25h between
male and female animals, another important factor contributing
to the current gender-difference in Ch25h transcription in
Chinese tongue sole was the asynchronous gonadal development.
In the present study, most of the male fish was mature but the
females were immature. However, whether this asynchronous
gonadal development resulted in gender-difference in Ch25h
transcription or vice versa cannot be concluded based on the
current information. In addition, considering that both ARA and
Ch25h are involved in immunity (McDonald and Russell, 2010;
Xu et al., 2010; Li et al., 2012; Cyster et al., 2014; Shahkar et al.,
2016; Adam et al., 2017; Nayak et al., 2017; Wu et al., 2018),
Ch25h-mediated immune response could be another process
differently responding to dietary ARA between male and female
Chinese tongue sole.

In the liver of Chinese tongue sole, a more interesting result
was that the response of ch25h transcription to dietary ARA
was obviously different from those in the gonad and brain.

FIGURE 7 | Effects of experimental diets on mRNA expression of ch25h in the
liver of Chinese tongue sole. Results are expressed as means ± standard
error. Different letters above the bars denote significant (P < 0.05) differences
among dietary groups.
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The ch25h expression in the liver of male fish was not significantly
affected by dietary ARA (Figure 7). However, the hepatic ch25h
expression in female fish was significantly (P < 0.05) higher in the
low-ARA group compared to the control group, while the high-
ARA group had an intermediate expression level (Figure 7). This
result indicated that Ch25h may function differently between
liver and gonad/brain of Chinese tongue sole. Liver plays a
crucial role in maintaining cholesterol homeostasis by regulating
absorption and synthesis (Goldstein and Brown, 1990; Goldstein
and DeBose-Boyd, 2006; Lu et al., 2017). Due to the lipid nature
of the ligands (oxysterol), the physiological roles of LXRs have
been extensively detailed in the homeostasis of cholesterol in
the gut-liver axis (D’Errico and Moschetta, 2008). However,
no information is available about the difference between males
and females in Ch25h-mediated hepatic cholesterol metabolism,
neither in mammals nor in fish. Gender-difference in correlation
between cholesterol level and liver inflammation (Comhair
et al., 2011) or response of hepatic cholesterol level to dietary
nutrients (Kishida et al., 2006) has been reported in rodents,
but no results can be used to explain the present results.
In fish, studies in freshwater fish Notopterus notopterus have
shown that the hepatic cholesterol content changes differently
between males and females during the gonadal development
and reproductive process (Shankar and Kulkarni, 2005, 2007).
Therefore, a possible explanation of the current result could be
the different reproductive phases the male and female Chinese
tongue sole stayed when sampled.

CONCLUSION

In conclusion, as a following-up study of previous studies which
showed the differential function of ARA between male and female
Chinese tongue sole, the current study cloned and characterized
a gene responding to ARA in a gender-dependent manner, ch25h.

This gene was highly expressed in gonads, followed by skin and
muscle. Its mRNA expression in the gonad and brain of male fish
was significantly increased by high dietary ARA levels, but the
transcription in female fish was not affected by dietary ARA. The
ch25h expression in the liver in response to dietary ARA showed
an opposite gender-difference pattern to those in the gonad and
brain. The interaction among Ch25h, ARA, and sex dimorphism
of Chinese tongue sole warrants further studies.
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The aim of the present study was to examine the effects of dietary inclusion of fermented

poultry by-product meal (FPBM) on growth performance, digestive enzymes activity,

innate immunity, and antioxidant capacity in Nile tilapia (Oreochromis niloticus). A basal

diet containing fish meal and soybean meal was considered as a control (Con), and

four other diets were produced by inclusion of 10, 20, 30, or 40% FPBM (FPBM10,

FPBM20, FPBM30, and FPBM40 diets). The experiment was done in triplicates (20

fish per replicate) and the fish were fed the test diets to visual satiety twice daily for

8 weeks. The groups of fish fed the FPBM10 and FPBM20 diets showed significantly

(P < 0.05) higher weight gain and specific growth rate, and lower feed conversion

ratio than those fed the Con and FPBM40 diets. Moreover, inclusion of 40% FPBM led

to significant reduction of feed intake compared to the other treatments. FPBM at all

the tested levels improved intestinal protease activity and lipase activity was enhanced

at 10–30% inclusion levels. Furthermore, the FPBM10 and FPBM20 groups revealed

significantly higher amylase activity than the other treatments. The FPBM10 group

exhibited significantly higher phagocytic activity than the control group and phagocytic

index was enhanced by dietary inclusion of 10–30% FPBM. However, inclusion of over

30% FPBM led to significant reduction of lysozyme, phagocytic, and bactericidal activities

compared to the control group. Further, FPBM10 and FPBM20 diets increased the serum

IgM levels, while NBT was significantly increased by feeding FPBM10 diet compared

with FPBM30 and FPBM40 groups (P < 0.05). The group fed the FPBM30 diet showed
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significantly higher glutathione peroxidase activity than the control group. According to

the analysis of the data by the polynomial regression, the inclusion of FPBM at 11.17–

25.14% can be applied effectively in the diets of tilapia for better growth performance

and health condition.

Keywords: digestive enzymes, immunity, Nile tilapia, oxidative status, poultry by product meal, yeast fermentation

INTRODUCTION

The global supply of fish for human consumption has outpaced
population growth in the past five decades (1). This has raised
attention to increasing the development of the aquaculture
industry leading to advanced production technologies and
culture systems worldwide (2). Therefore, the industry would
soon run out of sufficient quantities of fish oil and fishmeal
(FM) (3, 4). As a result of increasing demand, limited supply,
and a dramatic increase in FM price, suitable alternative protein
sources for fish feed have recently been intensively studied (5).
Any reduction in feed costs with a preserved health status of
fish is bound to have a direct positive effect on the profitability
of aquaculture.

The use of protein sources of animal origin as FM replacement
in fish feed is a growing trend in the aquaculture industry (6).
In this context, among commercially available animal protein
alternatives, poultry by product meal (PBM) has been one of
the best nutritional value and amino acid balances (lipids, 12–
15% and proteins, 58–65%), except for the low level of lysine
and methionine (7, 8). It is widely available at competitive prices
and is therefore one of the main dietary protein alternatives to
FM in the feed of cultured species (9–11). Potential problems
in PBM feeding exist due to the existence of fibers and high
levels of lipids, which can cause high oxidation, malnutrition,
and lower palatability (12, 13). To reduce the costs of the feed
and environmental pollution, PBM can be treated with suitable
microorganisms with beneficial effects (14, 15). Recently, the
fermentation strategy has been applied to balance the nutritional
value of animal protein sources (16). The microorganisms can
be active under anaerobic conditions in order to dissimilate
the ingredients organic contents (5). By this way the long
chain amino acids and fatty acids can be shortened to be more
available for absorption in the gastrointestinal tract of fish (17–
19). It has been reported that the animal proteins (e.g., poultry
feather meal, fish meal, and animal protein blend) fermented
with various microorganisms such as fungus (Aspergillus sp.),
bacteria (Lactobacillus sp.), and yeast (Saccharomyces cerevisiae)
shown to have an enhanced nutritional status in terms of higher
protein and lower fiber fractions in comparison to the respective
untreated ones (5, 16, 20).

Though fermented animal proteins showed better
performance than the respective untreated ones, still their
inclusion level by substituting FM is not yet at the satisfied level.
Samaddar et al. (16) concluded that there was no negative effect
on growth of Labeo rohita when dietary FM was substituted up
to 75% using a fermented animal protein blend. Mondal (20)
was also able to substitute 75% FM with fermented PBM (FPBM)
in the diet of Indian major carp (Catla catla). To date, no data

available about using FPBM on the growth performance and
health condition of Nile tilapia (Oreochromis niloticus).

Based on records of fish growth, palatability, digestive
enzymes activity, apparent digestibility coefficients of nutrients,
nutrient retention, blood biochemistry, and histopathologic
aspects (21–23), FPBM appears to attribute benefits on fish
quality and nutrients retention efficiency without indications of
negative physiological impacts for the fish in short term studies.
As a principal species, Nile tilapia is cultured widely as the second
major candidate for aquaculture (24). Though the productivity of
tilapia is rapidly increasing, profitability of the tilapia production
is being decreased due to the progressive increase in feed cost (25,
26). Thus, the present study was conducted to evaluate the effects
of dietary inclusion levels of FPBM on growth performance,
digestive enzymes activity, and immunity of Nile tilapia.

MATERIALS AND METHODS

The experimental procedure was approved by the Institutional
Animal Care and Use Committee in Kafrelsheikh University
(Kafrelsheikh, Egypt).

Fermentation and Diet Preparation
Fine powder of PBM was kindly provided by Elsodor company
(Al-Sadat city, Egypt). PBM was adjusted to a moisture content
of 60–65% using de-ionized water in a 1 L glass container with six
sets of replications for each. They were autoclaved at 121◦C (105
kPa) (20min) then cooled to room temperature. Cane molasses
was collected from the local market and used as a source of
fermentable carbohydrates for S. cerevisiae activation. To the
sterilized ingredients, actively growing culture (2.27 × 1010 CFU
per g) of S. cerevisiae (Shanghai Gosun Biotechnologies CO. LTD,
China) was inoculated and thoroughly mixed using a sterile glass
rod manually. All the inoculated samples were incubated at 30±
2◦C for 4 days to carry out the fermentation process. Prior to this,
the fermentation conditions were optimized for moisture (50, 55,
60, 65, and 70%), temperature (28, 30, 32, and 36◦C), inoculums
rate (1, 2.5, 5, 7.5, and 10%), pH (5.5, 6, 6.5, 7, 7.5), and incubation
period (1, 2, 3, 4, and 5 days). The optimized conditions of 60–
65% moisture, 28–30◦C temperature, 5% inoculum rate, 6.5–7
pH, and 4-day incubation period were applied in the present
investigation. All the fermentation samples were mixed with a
sterile glass rod two times every day (7.00 a.m. and 6.30 p.m.)
for proper homogenization. After the fourth day, all the materials
were transferred to a little higher temperature of 35◦C to stop the
fermentation process and allow to dry at the same temperature
until the moisture content of fermented samples become <10%.

Frontiers in Veterinary Science | www.frontiersin.org 2 January 2020 | Volume 6 | Article 51616

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Dawood et al. Fermented Poultry By-Product Meal for Tilapia

TABLE 1 | Formulation of the experimental diets (%) used to fed Nile tilapia with

varied levels of FPBM for 60 days.

Ingredient FPBM (%)

0 10 20 30 40

Fish meala 18 11 8 5 2

Soybean meala 32 30 20 10 0

Fermented poultry by-productb 0 10 20 30 40

Corn glutena 4 2 2 2 2

Wheat brana 11 13 17 21 24

Rice brana 12 12 12 12 12

Yellow corna 15 15 15 15 15

Fish oila 2 2 2 1 1

Sunflower oila 3 2 1 1 1

Vitamin mixturec 1 1 1 1 1

Vitamin mixtured 1 1 1 1 1

Di-calcium phosphatee 1 1 1 1 1

Threoninee 0 0.04 0.12 0.16 0.22

Lysinee 0 0.15 0.36 0.5 0.68

Methioninee 0 0.05 0.11 0.16 0.21

Tryptophane 0 0.06 0.16 0.23 0.31

aSupplied by Feed Control Co., Ltd. (Damro, Sidi Salem, Kafrelsheikh, Egypt); fish meal,

66% crude protein, 7.9% crude lipid; soybean meal, 45.6% crude protein, 0.7% crude

lipid; corn gluten, 60% crude protein, 2.1% crude lipid; wheat bran, 12.8% crude protein,

3.6% crude lipid; rice bran, 12.5% crude protein, 5.2% crude lipid; yellow corn, 7.5%

crude protein, 3.5% crude lipid; Fish oil and sunflower oil (98–99% crude lipid).
bPoultry by-product meal was kindly provided by Elsodor company (Al-Sadat city, Egypt);

fish meal, 60.2% crude protein, 7.9% crude lipid.
cVitamin mixture (mg/kg premix): vitamin A (3,300 IU), vitamin D3 (410 IU), vitamin

E (2,660mg), vitamin B1 (133mg), vitamin B2 (580mg), vitamin B6 (410mg), vitamin

B12 (50mg), biotin (9,330mg), colin chloride (4,000mg), vitamin C (2,660mg), inositol

(330mg), para-amino benzoic acid (9,330mg), niacin (26.60mg), pantothenic acid

(2,000 mg).
dMineral mixture (mg/kg premix): manganese (325mg), iron (200mg), copper (25mg),

iodine, cobalt (5 mg).
eDicalcium Phosphate, methionine, L-lysine, threonine, tryptophan (DSM in Animal

Nutrition and Health, Heerlen, the Netherlands).

The proximate and essential amino acid composition of FPBM is
given in Table 2.

Five isonitrogenous (30.8% crude protein) and isolipidic
(6.5% crude lipid) diets were formulated as shown in Table 1.

The experimental diets were formulated to contain 0, 10, 20,
30, and 40% FPBM (Con, FPBM10, FPBM20, FPBM30, and
FPBM40 diets) and were further balanced for crude protein,
using FM, soybeanmeal, and other plant protein mixes (Table 1).
Methionine, lysine, threonine, and tryptophan were added to
obtain an equivalent indispensable amino acid profile. All
ingredients were completely mixed, then added to produce a stiff
dough and pelleted in a tabletop pelletizer with a 1–2mm die,
then the pellets were air dried. The diets obtained were stored at
−20◦C until they were used.

Fish and Experimental Protocol
Fingerlings of Nile tilapia were obtained from a local farm
(Kafrelsheikh, Egypt), and transported to Animal Production
Department, Faculty of Agriculture, Kafrelsheikh University
(Kafrelsheikh, Egypt). Fish was acclimatized for 2 weeks then

distributed (10.6 ± 0.3 g) into 15 glass aquaria (60 L) at stocking
density of 20 fish per aquarium. All the experimental aquaria
were fixed with continuous aeration through single air-stone. The
feeding rate was 3% of fish weight and the respective test diets
were provided twice daily (8 and 15:30) for 60 days (28). After
feeding time, the uneaten feed, if any were removed and 50% of
water was replaced with freshly dechlorinated water. The water
quality parameters including temperature, dissolved oxygen, pH,
and total ammonia were carefully monitored and maintained at
24.2 ± 1.6◦C, 66.32 ± 0.3 mg/L, 7.05 ± 0.6, and 0.32 ± 0.01
mg/L, respectively.

Sample Collection
All fish were fasted 24 h before the sampling. Before sampling,
all fish were anesthetized with tricaine methane sulphonate
(MS-222) at 25 mg/L, after which they were counted and
weighed for growth and biometric indexes. Fish were measured
individually for the final body weight and length. Blood
samples were collected from the caudal vein of Nile tilapia
(3 fish/aquarium) and pooled together. A portion of the
blood was put into EDTA coated vials for whole blood and
another part in non-coated vials for serum collection. Serum
samples were separated by centrifugation of the coagulated
blood at 3,000 rpm for 15min and stored at −20◦C for
further analysis.

The whole intestine was then sampled from nine fish/group in
an ice bath for the analysis of digestive enzymes. The collected
intestine samples were pooled and immediately homogenized
with cold PBS (pH 7.5; 1 g per 10mL) and centrifuged at 8,000
ppm for 5min at 4◦C and the supernatants were kept at −80◦C
until assayed.

Chemical Analysis
AOAC (29) standard method was used to confirm the nutritional
profile of each diet, PBM, and FPBM (Table 2). Amino Acid
Analyzer (Biochrom 30) used for identifying the amino acid
profile (EAA) by following the protocol of the manufacturer.

Growth Performance Calculations
All fish per tank were weighed and counted separately during the
final sampling.

Digestive Enzymes Activity
The total protein content was measured by Lowry et al. (30)
method, in which BSA was used as a standard. According to
Anson (31), Folin and Ciocalteus Phenol Reagent was used for
measuring protease activity and iodine solution for measuring
amylase activity to detect non-hydrolyzed starch according to
Jiang (32) and Worthington (33). The protease and amylase
activities were expressed as “U per mg of protein.” On the basis
of the protocol described by Borlongan (34) and Jin (35) with
olive oil as substrate, the specific activity of lipase was assessed.
The activity of lipase was expressed as intestinal content “U per g
intestine content.”

Immunological Assays
The RA-50 chemistry analyzer (Bayer) used the total serum
protein using ready-made kits of Spinreact Company Spain.
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TABLE 2 | Proximate composition (%, dry matter basis) of PBM, FPBM, and the experimental diets (%) used to fed Nile tilapia with varied levels of FPBM for 60 days.

Item PBM FPBM FPBM (%) Requirementsb

0 10 20 30 40

Crude protein 60.2 65 31.38 31.32 31.54 31.76 31.88

Ether extract 7.9 8.1 6.04 6.3 6.46 6.55 6.54

Ash 10.6 4.6 7.23 7.45 7.65 7.16 7.21

Gross energy (kcal/g)a 470.68 508.73 445 451 449 448 446

Essential amino acid

Arginine 6.6 6.9 2.72 2.63 2.67 2.65 2.63 1.18

Histidine 1.8 2.1 1.12 0.96 0.95 0.89 0.88 0.48

Isoleucine 3.9 4.2 1.32 1.32 1.21 1.18 1.13 0.78

Leucine 7 7.3 2.04 2.02 2.14 2.31 2.43 0.95

Lysine 4.2 4.7 2.48 2.33 2.26 2.25 2.31 1.43

Methionine 1.22 1.7 1.41 1.25 1.18 1.21 1.23 0.75

Phenylalanine 3.7 4.2 0.95 0.93 0.89 0.91 0.89 1.05

Threonine 3.65 4.2 2.28 2.11 2.08 2.21 2.12 1.05

Tryptophan 0.7 1 1.01 0.95 0.93 0.94 0.92 0.28

Valine 5.22 5.7 0.96 0.92 0.89 0.82 0.85 0.78

aGross energy was calculated as 5.65, 9.45, and 4.11 kcal per g for protein, lipid, and carbohydrates, respectively.
bNile tilapia requirements based on the recommendations of National Research Council (27).

ELISA kit of Cusabio; Wuhan, Hubei, China was used for
immunoglobulin M (IgM) determination. The IgM result was
expressed in mg per dl. According to Secombes (36), the
nitro-blue-tetrazolium (NBT) was used for the detection of the
respiratory burst activity of the blood using a micro-plate reader
(Optica, Mikura Ltd., UK) at 630 nm.

The activity of lysozyme was measured by following Parry
et al. (37). The result was expressed as “a 0.001/min reduction
in absorption.” Following Rainger and Rowley (38), serum
bactericidal activity against Aeromonas hydrophila was detected.
As a survival index (SI), the results were recorded by
this equation.

SI= CFU at the end/CFU at the beginning/100.
By following Kawahara et al. (39), the phagocytic activity and

phagocytic index were determined by these equations:
Phagocytic activity = macrophages containing

yeast/macrophages total number× 100.
Phagocytic index = phagocytized cells number/phagocytic

cells number.

Oxidative Status
Serum activities of antioxidant enzymes [superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx)] and
concentration of lipid peroxidation [malonaldehyde (MDA)]
were determined by using kits of Cusabio Biotech Co., Ltd; China.

Statistical Analysis
All data obtained were analyzed by using one-way ANOVA SPSS
version 22 except quadratic effects of various dietary FPBM levels
on the observed response variables by polynomial contrasts and
the optimum FPBM level by polynomial regression analysis (40).

RESULTS

Nutrient Composition of PBM, FPBM, and
Formulated Diets
Data of PBM, FPBM, and formulated diets analysis (Table 2)
revealed that crude protein and ether extract contents are higher
in FPBM (65 and 8.1%) compared to non-fermented PBM (60.2
and 7.9%). Similar trend was observed for gross energy between
FPBM and non-fermented PBM and was in the range of 470.68–
508.73 kcal/g. Though experimental diets were formulated to be
balanced in protein (31.32–31.88%) and lipid (6.04–6.55%), the
analyzed essential amino acids showed relatively higher values
in FPBM compared to non-fermented PBM. The dietary change
had a slight deviation in essential amino acids quantity, the
nutritional requirement of Nile tilapia in essential amino acids
was fulfilled even at higher substitution of FM in our study.

Tilapia Growth Performance and
Biometrics
All growth performance parameters demonstrated in Table 3

where rates of the survival were 93.3 and 98.6% without
significant (P > 0.05) alterations. The condition factor also was
not significantly affected by the inclusion of FPBM (P > 0.05).

It was observed that the inclusion of FPBM has a significant
influence on fish performance parameters including FBW, WG,
SGR, FI, and FCR where P-value was 0.003, 0.003, 0.002,
0.005, and 0.04, respectively (Table 3). The groups of fish fed
the FPBM10 and FPBM20 diets showed significantly (P <

0.05) higher weight gain and specific growth rate, and lower
feed conversion ratio than those fed the Con and FPBM40
diets. Moreover, inclusion of 40% FPBM led to significant
reduction of feed intake compared to the other treatments. The
growth performance and dietary FPBM levels were expressed by
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TABLE 3 | Growth performance and nutrient utilization of Nile tilapia fed FPBM diets for 60 days*.

Item FPBM (%) P value

0 10 20 30 40

IBW (g) 10.6 ± 0.00 10.6 ± 0.02 10.6 ± 0.02 10.5 ± 0.01 10.6 ± 0.00 0.17

FBW (g) 40.9 ± 0.39a 44.4 ± 0.88b 45.2 ± 0.95b 43.1 ± 0.58ab 40.5 ± 0.52a 0.003

WG (%) 286 ± 3.70a 318 ± 8.60b 327 ± 9.77b 308 ± 5.20ab 281 ± 4.93a 0.003

SGR (% IBW/day) 2.25 ± 0.02a 2.39 ± 0.03b 2.42 ± 0.04b 2.34 ± 0.02ab 2.23 ± 0.02a 0.002

FI (g/fish/60 day) 41.4 ± 0.66b 41.9 ± 0.42b 42.1 ± 0.08b 41.5 ± 0.32b 39.4 ± 0.15a 0.005

FCR (g FI/g WG) 1.37 ± 0.04c 1.24 ± 0.02ab 1.22 ± 0.04a 1.28 ± 0.03abc 1.32 ± 0.02c 0.04

Survival (%) 94.6 ± 3.53 93.3 ± 3.53 98.6 ± 1.33 98.6 ± 1.33 93.3 ± 4.81 0.6

CF (%) 2.12 ± 0.21 2.27 ± 0.12 2.14 ± 0.15 2.18 ± 0.12 2.23 ± 0.22 0.26

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for each pairwise comparison between treatments. Weight gain (WG) = (FBW–

IBW) × 100/IBW, specific growth rate (SGR) (BW/day) = 100 ((LnFBW–LnIBW)/T), feed efficiency ratio (FER) =WG/FI, feed conversion ratio (FCR) = FI/WG, survival = (final number of

fish/initial number) × 100, condition factor (CF) = weigh of fish (g)/(length of fish)3 (cm)3 × 100, FBW, final body weight; IBW, initial body weight; T, trial duration in days; WG, weight

gain; and FI, feed intake.

TABLE 4 | Intestinal digestive enzymes activities of Nile tilapia fed FPBM diets for 60 days*.

Item FPBM (%) P value

0 10 20 30 40

Lipase activity (U/g intestine) 22.1 ± 0.12a 34.5 ± 0.87c 34.6 ± 1.17c 27.5 ± 1.44b 21.3 ± 0.88a 0.04

Amylase activity (U/mg protein) 31.5 ± 0.47a 35.0 ± 0.97b 36.0 ± 1.15b 31.8 ± 0.20a 30.3 ± 0.47a 0.001

Protease activity (U/mg protein) 29.1 ± 0.48a 32.3 ± 0.86b 33.0 ± 0.78b 33.6 ± 0.30b 32.0 ± 0.68b 0.001

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for each pairwise comparison between treatments.

TABLE 5 | Immune responses of Nile tilapia fed FPBM diets for 60 days*.

Item FPBM (%) P value

0 10 20 30 40

Lysozyme activity (unit/ml) 30.5 ± 0.75bc 33.0 ± 1.03c 31.1 ± 0.55bc 28.8 ± 0.59ab 26.8 ± 0.88a 0.03

Phagocytic activity (%) 51.9 ± 0.95b 60.2 ± 2.59c 53.5 ± 0.94b 47.6 ± 0.60b 39.5 ± 1.25a 0.005

Phagocytic index 2.12 ± 0.05a 2.60 ± 0.03c 2.52 ± 0.05c 2.33 ± 0.06b 2.12 ± 0.05a 0.032

IgM (mg/dl) 4.03 ± 0.03ab 4.60 ± 0.12b 4.50 ± 0.12b 3.63 ± 0.19a 3.30 ± 0.25a 0.021

Blood total protein (g/dl) 3.90 ± 0.06 4.03 ± 0.03 4.07 ± 0.07 3.93 ± 0.07 3.90 ± 0.06 0.06

NBT (OD at 630 nm) 0.23 ± 0.01ab 0.26 ± 0.01b 0.24 ± 0.01ab 0.22 ± 0.01a 0.21 ± 0.01a 0.042

Bactericidal activity (%) 42.6 ± 0.36b 45.3 ± 0.62b 43.1 ± 0.64b 41.7 ± 0.60b 29.6 ± 2.71a 0.035

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for each pairwise comparison between treatments.

polynomial regression equations where, FBW (y = −0.0108x2 +
0.4121x + 41.113, R² = 0.9699, optimal dose = 19.08%), WG (y
= −0.1047x2 + 3.9733x + 287.63, R² = 0.9795, optimal dose =
18.97%), SGR (y = −0.0004x2 + 0.0164x + 2.2576, R² = 0.9829,
optimal dose = 20.5%), and FCR (y = 0.0003x2 – 0.0127x +

1.3555, R²= 0.9049, optimal dose= 21.17%) (Table 7).

Digestive Enzymes Activity
FPBM at all the tested levels improved intestinal protease activity
and lipase activity was enhanced at 10–30% inclusion levels
(P < 0.05) (Table 4). Furthermore, the FPBM10 and FPBM20
groups revealed significantly higher amylase activity than the
other treatments (P < 0.05). The lipase, amylase, and protease
and dietary FPBM levels were expressed by regression equations

(quadratic) where, amylase (y = −0.0108x2 + 0.377x + 31.913,
R² = 0.8208, optimal dose = 17.45%), lipase (y = −0.0318x2 +
1.1851x + 23.374, R² = 0.8936, optimal dose = 18.63%), and
protease (y = −0.0069x2 + 0.3469x + 29.239; R² = 0.9711,
optimal dose= 25.14%) (Table 7).

Immune Responses
The FPBM10 group exhibited significantly (P < 0.05) higher
phagocytic activity than the control group and phagocytic index
was enhanced by dietary inclusion of 10–30% FPBM (Table 5).
However, inclusion of over 30% FPBM led to significant
reduction of lysozyme, phagocytic, and bactericidal activities
compared to the control group (P < 0.05). Further, FPBM10 and
FPBM20 diets increased the serum IgM levels, while NBT was
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TABLE 6 | Oxidative status of Nile tilapia fed FPBM diets for 60 days*.

Item FPBM (%) P value

0 10 20 30 40

SOD (IU/L) 29.3 ± 0.65 30.5 ± 0.35 30.8 ± 0.40 30.3 ± 0.36 29.3 ± 0.46 0.06

CAT (IU/L) 29.1 ± 0.48 30.8 ± 0.47 31.0 ± 0.58 30.4 ± 0.49 29.2 ± 1.11 0.12

GPx (IU/L) 26.1 ± 0.60a 27.5 ± 0.79ab 28.0 ± 1.00ab 28.7 ± 0.27b 26.7 ± 0.56ab 0.021

MDA (nmol/ml) 17.0 ± 0.58 16.3 ± 0.88 16.6 ± 0.31 17.2 ± 0.37 18.3 ± 1.36 0.14

*Values expressed as means ± SE (n = 3). Different superscript letters indicate significant differences for each pairwise comparison between treatments.

TABLE 7 | Regression analysis based on different parameters of Nile tilapia fed FPBM diets for 60 days*.

Indexes Regression equation R2 P value Optimal dose (%)

FBW (g) y = −0.0108x2 + 0.4121x + 41.113 0.9699 0.003 19.08

WG (%) y = −0.1047x2 + 3.9733x + 287.63 0.9795 0.003 18.79

SGR (% IBW/day) y = −0.0004x2 + 0.0164x + 2.2576 0.9829 0.002 20.5

FI (g/fish/60 day) y = −0.0042x2 + 0.1244x + 41.301 0.9647 0.005 14.81

FCR (g FI/g WG) y = 0.0003x2 – 0.0127x + 1.3555 0.9049 0.04 21.17

Amylase (unit/mg) y = −0.0108x2 + 0.377x + 31.913 0.8208 0.001 17.45

Lipase (unit/mg) y = −0.0318x2 + 1.1851x + 23.374 0.8936 0.04 18.63

Protease (unit/mg) y = −0.0069x2 + 0.3469x + 29.239 0.9711 0.001 25.14

Lysozyme activity (unit/ml) y = −0.0067x2 + 0.15x + 31.087 0.893 0.03 11.19

Phagocytic activity (%) y = −0.0229x2 + 0.5396x + 53.515 0.9086 0.005 11.76

Phagocytic index y = −0.0011x2 + 0.0396x + 2.1834 0.8365 0.032 17.9

IgM (mg/ml) y = −0.0018x2 + 0.049x + 4.1333 0.8607 0.021 13.61

NBT (OD at 630 nm) y = −5E−05x2 + 0.0014x + 0.2355 0.7548 0.042 14

Bactericidal activity (%) y = −0.0206x2 + 0.5275x + 42.285 0.9521 0.035 12.8

GPx (IU/L) y = −0.0046x2 + 0.2094x + 26.038 0.8513 0.021 22.76

*The parameters showed significant differences (P < 0.05) are selected to be represented in the table.

significantly increased by feeding FPBM10 diet compared with
FPBM30 and FPBM40 groups (P < 0.05) (Table 5). However,
the blood total protein was non-significantly affected by FPBM
inclusion in tilapia diet (P > 0.05). The relationships between
the immune responses and dietary FPBM levels were, lysozyme
activity (y = −0.0229x2 + 0.5396x + 53.515, R² = 0.9086,
optimal dose = 11.76%), IgM (y = −0.0018x2 + 0.049x +

4.1333, R² = 0.8607, optimal dose = 13.61%), lysozyme activity
(y = −0.0067x2 + 0.15x + 31.087, R² = 0.893, optimal dose =
13.61%), and NBT (y = −5E−05x2 + 0.0014x + 0.2355, R² =
0.7548, optimal dose= 14%) (Table 7).

Oxidative Status
The blood oxidative parameters (SOD, CAT, GPx, and MDA) of
tilapia fed FPBM were displayed in Table 6. The group fed the
FPBM30 diet showed significantly higher GPx than the control
group (P < 0.05). The relationship between GPx and dietary
FPBM levels is y = −0.0046x2 + 0.2094x + 26.038, R² = 0.8513,
optimal dose= 22.76% (Table 7).

DISCUSSION

Tilapia Growth Performance
The intensification of using a blend of fermented animal proteins
has been made it necessary to formulate the most cost-effective

balanced feed with the sound nutrition. Most of the studies
concluded that the growth performance retardation was detected
in the fish fed 75% of FM substitution, irrespective of the
inclusion of PBM (10, 12, 13, 27, 41–46). In contrast, the results of
the present study revealed that FPBM was successfully included
up to 40% in the diet and did not impair Nile tilapia feed
efficiency (FI and FCR) and growth performance. Moreover, by
including FPBM at 20%, fish obtained better growth performance
compared to control. Similarly, Juvenile L. rohita tolerates up to
75% replacement of FM with FPBM (16).

In this study, the survival rate of fish fed diets with FPBM
remained high during the trial. This agrees with numerous
studies that tested FPBM protein in the diets of L. rohita
(16) and Indian major carp (20). The obtained results in the
current study revealed that growth parameters of fish were
increased at 19.1–25.14% levels of FPBM. However, fish fed the
diet with high level of FPBM (40%) showed reduced growth
performance and feed utilization. In the case of high inclusion
level (40%), the low digestive enzyme activity and feed palatability
are among the factors, which could reduce the feed efficiency
and accordingly the growth of fish (46). Fuertes et al. (6)
reported that low feed intake and low feed efficiency ratio
(increased FCR) resulted from high PBM inclusion levels in
crayfish (Pacifastacus leniusculus). The fermentation process can
increase the apparent digestibility of nutrients in animals (5,
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47). The improved feed efficiency in FPBM20 level could be
attributed to the level of peptides which increased as a result of
the fermentation process by enzymatic degradation, where small-
size peptides resulted from protein fractions degradation. These
small-size peptides can be absorbed more efficiently by cells of
the intestine (48).

The lowest FCR was observed for fish fed the diet with FPBM
where 20% was included and did not significantly different from
those obtained for the groups fed FPBM10 and FPBM30 levels,
suggesting beneficial role of using S. cerevisiae to ferment PBM.
However, the highest inclusion level of FPBM significantly (P <

0.05) increased FCR similar to the control group. It also indicates
that the inclusion of high level of FPBM (40%) would not produce
any stress or negative impact on the feed efficiency of Nile tilapia.

Digestive Enzymes Activity
The digestive enzymes activity can increase the feed utilization
of diet in the fish intestine (49). FPBM in the experimental
diets increased the amylase, lipase, and protease activities.
Numerically, the highest amylase and lipase values were in
FPBM10 and FPBM20 groups, while the protease activity
was increased up to 40% of FPBM inclusion. However, the
poorest values were noticed with the groups fed with Con. It
is believed that the production of metabolites like enzymes,
antimicrobial substances is not only higher in quantity during
fermentation and would also be more beneficial in enhancing
the nutritive values of ingredients (5, 50, 51). High levels
of inclusion may weaken the digestion and use of feed by
affecting digestive enzyme activity. The decreased amylase and
lipase activities in fish fed FPBM40 in the current study
compared to those fed the lowest levels due to the high
levels of fibers and non-digestible nutrients. The effect of
experimental diets, in relating to FPBM inclusion, on the
activity of digestive enzymes is scarce. However, it is a
necessity for further investigation in digestive enzymes at gene
transcriptional level.

Immune Responses
Fermentation of PBM resulted in improved immune components
measured in the current study. In this study, fish fed FPBM30
diet did not impair the measured immune responses “e.g.,
activities of lysozyme, phagocytosis, and bactericidal,” while the
IgM and NBT levels increased in fish fed FPBM10 and FPBM20
diets. Lysozyme is a proteolytic enzyme with the double role
of killing bacteria by disrupting their cell wall and triggering
other immune responses such as the complement system and
phagocytic cells (52). Lysozyme plays thus an important role
in the innate immune system and higher lysozyme levels
have been related to better fish immune status. Phagocytosis
and bactericidal activity are vital cellular immune responses
that can protect fish from pathogens through discovering the
existing of infectious pathogens (53, 54). The lysozyme activity
increased in Con, FPBM10, and FPBM20 groups and started
to decrease by feeding more than 30% FPBM. A similar
improvement in blood phagocytic and bactericidal activities
were observed in the current study by feeding Con, FPBM10,

FPBM20, and FPBM30 diets when compared to fish fed
FPBM40 diet.

Natural antibodies such as immunoglobulins (IgM) play a key
role in both innate and adaptative immunity, producing specific
antibody responses against various antigens (55). The activity of
respiratory bursts (NBT) is also necessary for the assessment of
the fish general health (36, 56). Respiratory burst has a critical
role in fish immune system by increasing the levels of phagocytes
which can release the high levels of ROS in fish cells (54, 57).
In this study, we observed that FPBM10 and FPBM20 diets
increased the serum IgM levels, while NBT was significantly
increased by feeding FPBM10 diet compared with FPBM30 and
FPBM40 groups in Nile tilapia.

The measured immune responses (lysozyme, phagocytosis,
bactericidal, and NBT activities as well as IgM level) were
decreased in fish the highest inclusion level of FPBM (FPBM40),
which could be as a result from impaired immunity and increased
oxidative stress caused by low protein quality and higher fiber
fractions in FPBM40 diet, agreeing with previous studies on
the importance of optimum animal protein source used in diet
formulation (5, 16, 20).

Oxidative Status
The oxidative emphasis normally happens when the creation
and elimination of free radicals (ROS) are unbalanced since
the oxidative damage of cultured species is directly related to
the quality of diet (58). MDA is a product of lipid peroxides
and high levels of ROS, which can cause damage to cell’s
DNA, protein, and cytoplasm (59). In this experiment, fish
fed FPBM30 diet showed improved GPx without affecting the
MDA level indicating improved antioxidant activity which can
be attributed to the presence of bioactive compounds that
may improve the antioxidant enzyme activity and regulate the
ROS production (60). As an antioxidant, GPx mainly exists
in cell metabolism, playing a protective role in cells by the
disproportionation of toxic ROS to inactive hydrogen peroxide
and oxygen molecules (61).

CONCLUSION

In conclusion, appropriate dietary FPBM level improved the
general performances of Nile tilapia. Based on the measured
parameters, the recommended inclusion levels of dietary FPBM
for Nile tilapia is 11.17–25.14% diet. Fermented PBM shown
to have an enhanced nutritional status in terms of higher
protein and essential amino acids in comparison to the respective
untreated ones. Therefore, it is believed that FPBM would be
more effective rather using PBM in tilapia feed, with a great
potential in reducing the pressure on FM.
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Affects Estrogen Synthesis,
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Xiaochuan Zheng, Wenbin Liu, Jiadai Liu, Caiyan Zhang, Ling Zhang, Fan Gao,
Dingdong Zhang and Cheng Chi*

Key Laboratory of Aquatic Nutrition and Feed Science of Jiangsu Province, National Experimental Teaching Center
for Animal Science, College of Animal Science and Technology, Nanjing Agricultural University, Nanjing, China

In Eriocheir sinensis aquaculture, crabs feeding on an artificial diet without steroid
hormones available in ice-fresh fish or snails show delayed ovarian maturation and
late listing. Icariin (ICA), a safe plant-derived monomer compound, can effectively
promote estradiol (E2) synthesis and ovarian development in mammals, but its effect
in crustaceans has not been reported. We investigated the effects of ICA on estrogen
synthesis, vitellogenesis, and oocyte development in Chinese mitten crabs fed with one
of four diets containing 0, 50, 100, and 200 mg/kg ICA, respectively, for 8 weeks.
Results showed that vitellogenin (VTG) contents, gonadosomatic indexes (GSIs), and
oocyte volumes in ICA50 and ICA 100 crabs were significantly higher than those
in the control. The highest upregulated expression of VTG in hepatopancreases
and ovaries was detected in ICA100 crabs. Hemolymph E2 contents were also
significantly increased in ICA100 crabs. Enzyme-linked immunosorbent assay (ELISA)
and western blot analysis indicated that the increase in E2 concentrations was
attributable to an elevation in aromatase protein levels in ovaries through the cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA)/cAMP response element
binding (CREB) protein pathway. These findings suggest that ICA could serve as a
natural additive to resolve the problem of delayed ovarian maturation of crabs raised
in ponds.

Keywords: Eriocheir sinensis, icariin, estrogen synthesis, vitellogenesis, oocyte development

INTRODUCTION

The Chinese mitten crab, Eriocheir sinensis, is a commercially important cultured freshwater species
with a huge consumer market in China. Annual production of E. sinensis has increased steadily
in the past few years, reaching 812,103 tons in 2016 (Chinese Fishery Statistical Yearbook, 2017),
reflecting strong market demand and popularity among Chinese consumers. To date, the dominant
E. sinensis aquaculture feeding model remains the traditional feeding of crabs with natural diets
such as ice-fresh fish and snails. However, the long-term overfishing has led to a growing shortage
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of ice-fresh fish resources and an increase in breeding costs.
In addition, the improper feeding of natural baits is likely to
cause eutrophication and water pollution, and even outbreak of
diseases. By contrast, artificial formula feed has the advantages
of comprehensive nutrients, controllable quality and safety, easy
storage, and low cost. Therefore, it is urgent to popularize
and apply artificial formula feed at a large scale. Furthermore,
in China, consumers prefer to consume the gonads and
hepatopancreas of E. sinensis because of their distinctive
aroma and taste, and the maturity and fullness of ovaries
determine market prices when crabs are on sale. Consumers
also prefer to consume crabs during traditional holidays such
as the Mid-Autumn Festival and the National Day, which
generally fall in September or October. However, during this
same period, harvested crabs fed an artificial diet show poor
ovarian development and delayed ovarian maturation, which
is characterized by lower gonadosomatic index (GSI) and less
vitellin (Vn) deposition in ovaries (Wu et al., 2010). This leads
to a delay in listing, and ultimately, lower prices for these crabs
in contrast to those fed with a traditional diet of ice-fresh fish
and snails. This also represents a technical bottleneck for wide-
spread adoption of artificial crab feed. The key to overcoming
this bottleneck is to find a functional feed additive that can
promote the ovary development of crabs; however, to date,
research on this field is limited. Therefore, we chose the critical
period before listing (form early August to early October) to
carry out this study to find a functional feed additive that can
promote ovarian development in E. sinensis for use in the crab
aquaculture industry.

Vitellogenesis is a key process in the development and
maturation of ovaries in female crustaceans, and occurs in
two stages in E. sinensis: early vitellogenesis mainly occurs
in ovaries and is called the endogenous vitellogenic stage,
and late vitellogenesis mainly occurs in hepatopancreas and
is called the exogenous vitellogenic stage (Chen et al., 2004).
The main yolk protein stored in oocytes is Vn, composed
of carbohydrates, phospholipids, carotenoid components, and
protein; its precursor is vitellogenin (VTG) (Chen et al.,
2004). During the exogenous vitellogenic stage, abundant VTG
synthesized by the hepatopancreas is transported through the
hemolymph and internalized in developing oocytes via receptor-
mediated endocytosis. Eventually, VTG is enzymolyzed and
modified into Vn (Okuno et al., 2010). The synthesis and rapid
accumulation of yolk protein directly result in a significant
increase in GSI and the accumulation of nutrients, including
amino acids, carbohydrates, vitamins, and trace elements in
developing oocytes, thereby promoting ovarian development
(Tsukimura, 2001). The exogenous vitellogenic phase occurs
from September to November, and the GSI of E. sinensis
changes from 0.5 to 11% during this critical physiological process
(Wu et al., 2014).

In view of the importance of vitellogenesis to ovary
maturation, many studies have focused on exploring the
regulation of vitellogenesis in crustaceans. Reproductive
hormones are important physiological indicators in regulating
ovarian development and vitellogenesis. Previous studies have
shown that wild broodstock tends to have healthy ovarian

development because they ingest natural foods such as Artemia
Nauplii and polychaetes Perinereis that contain sex steroid
hormones. In contrast, feeding of artificial diets that lack steroid
hormones may result in delayed ovarian maturation in pond-
reared crustaceans (Wouters et al., 2001; Meunpol et al., 2007).
Reproductive hormones such as methyl farnesoate (Rodríguez
et al., 2002), ecdysteroid (Dong et al., 2009), progesterone
(Reddy et al., 2006), and gonad inhibition hormone (Urtgam
et al., 2015) have been found to play a vital role in gonadal
development and vitellogenesis of crustaceans. Among them,
estradiol (E2), whether endogenous or exogenous, is particularly
important to promoting ovarian development and vitellogenesis
(Warrier et al., 2001). Numerous reports have shown that
exogenous E2 could shorten the ovarian maturation period of
crustacean species such as Cherax albidus (Coccia et al., 2010),
Penaeus monodon (Merlin et al., 2015), Panulirus interruptus
(Nan et al., 2005), Marsupenaeus japonicus (Yano and Hoshino,
2006), and E. sinensis (Shen et al., 2010). The effects of E2
are dose-dependent and stage-specific, with higher E2 levels
required in ovaries and hemolymph when oocytes are transiting
from endogenous vitellogenesis to exogenous vitellogenesis. E2
strictly regulates VTG gene transcription mainly by binding to
ligand-dependent transcription factors, estrogen receptors (ERs),
in the target organ of vertebrates (Nelson and Habibi, 2013),
and the promoter region of the VTG gene contains a specific
E2 receptor binding site, designated as estrogen-responsive
elements (EREs) (Evans et al., 1987; Klein-Hitpass et al., 1988).
This ER gene has been lost during the evolution of arthropods,
and no functional equivalents for this gene have been identified
in crustaceans (Thornton et al., 2003). However, the mechanism
of E2-ER signaling during ovarian development in crustaceans is
still unknown, and it is unclear whether ER plays an important
role in crustacean E2-VTG signaling.

Estrogen biosynthesis is catalyzed by aromatase, which is the
final and unique rate-limiting enzyme in estrogen biosynthesis.
Aromatase is encoded by the CYP19 gene (Means et al., 1989),
and the transcriptional regulation of the CYP19 gene is tissue-
specific because different promoters are present (Simpson et al.,
2002). Multiple signaling pathways are involved in the regulation
of aromatase activity and CYP19 gene transcripts through
specific promoters and different cohorts of transcription factors
(Simpson et al., 1997). In ovarian tissues, CYP19 expression
is mediated primarily at promoter II by a cyclic adenosine
monophosphate (cAMP) response element-like sequence (CLS)
and the downstream steroidogenic factor-1 (SF-1) motif, which
bind to the transcription factor, cAMP response element
binding (CREB) protein, and SF-1, respectively, as well as by
gonadotropin follicle-stimulating hormone (FSH), through the
classical cAMP/protein kinase A (PKA)/CREB pathway (Gore-
Langton and Dorrington, 1981; Michael et al., 1995; Guiguen
et al., 2010). To sum up, the key criterion for selecting a functional
feed additive for ovarian development in E. sinensis is the
ability to promote estrogen synthesis and vitellogenesis. How to
promote ovarian development, vitellogenesis, and reproductive
hormone expression, and to shorten gonad maturation time
in crustaceans remain to be explored. Previous studies on
crustacean ovarian development and vitellogenesis have focused
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mainly on the effects of various lipids and exogenous hormones
(Reddy et al., 2006; Wu et al., 2007a; Zmora et al., 2009; Lu et al.,
2010; Liu et al., 2018). However, the effects of Chinese herbal
medicine additives on ovarian development and reproductive
hormones in crustaceans are rarely reported.

Epimedium brevicornum is a traditional Chinese herbal
medicine plant used to treat reproductive diseases such as sexual
dysfunction, anestrus, infertility, and estrogen deficiency-related
diseases in Chinese veterinary practice and human medicine
(Zhang et al., 2007). Icariin (ICA) is the most abundant bioactive
component and main flavonoid in E. brevicornum (Li et al., 2015).
Previous studies have confirmed that ICA and E. brevicornum can
promote estrogen biosynthesis in human ovarian granulosa-like
KGN cells and osteoblastic UMR-106 cells in a concentration-
and time-dependent manner by enhancing aromatase mRNA
and protein expression (Yang et al., 2013), similar to forskolin,
which is well known to activate AC to increase intracellular cAMP
production, in turn, resulting in the activation of PKA/CREB
for aromatase transcription (Watanabe and Nakajin, 2004).
However, whether ICA can promote ovarian tissue estrogen
biosynthesis and aromatase expression in crustaceans through
interacting with the cAMP/PKA/CREB pathway is still unknown.

In this study, we focused on the classical cAMP/PKA/
CREB/aromatase signaling pathway to explore the effects of ICA
on estradiol synthesis and aromatase expression by western blot
analysis. We also investigated the effects of ICA on synthesis
and deposition of VTG and oocyte development in female
Chinese mitten crabs using molecular biological and histological
methods, respectively. We focused on the critical period before
listing (form early August to early October), with the aim of
developing a new additive to solve the problem of delayed
ovarian maturation and late listing of pond-reared E. sinensis and
promoting the application of artificial formula feed in the crab
breeding industry.

MATERIALS AND METHODS

Ethics Statement
The procedures involving animal care in this study were
approved by the Animal Care and Use Committee of Nanjing
Agricultural University (Nanjing, China) [Permit Number: SYXK
(Su) 2017-0007].

Diets, Crab Management, and Sample
Collection
Icariin (purity = 98%) purchased from Nantong Feiyu Biological
Technology Co., Ltd. (Nantong, China) was supplemented at 50,
100, and 200 mg/kg feed weight (designated as ICA 50, ICA 100,
and ICA 200, respectively). A diet without ICA was used as the
control (CON). The ingredients and proximal composition of
the CON diet are the same as those reported previously (Zheng
et al., 2019). The 32% fishmeal, 20% soybean meal, 13% peanut
meal, 4.5% blood powder, and 2% rapeseed meal served as protein
sources, and equal portions of fish oil and soybean oil (2.4%)
were included as lipid sources. The crude protein and lipid
contents of the diet were 41.96 and 7.03%, respectively. All dry

ingredients were finely ground, thoroughly mixed, and squeezed
into strips by a single-screw meat grinder extruder with a 2.5 mm
diameter die, and then air-dried with ventilation, ground, and
sieved to appropriate sizes (2 cm length and 2 mm diameter)
for feeding crabs. The food was stored at −20◦C in sealed black
plastic bags until use.

Non-precocious female crabs with similar size and initial
weight (the average weight was about 28.93 g), and the same
ovary maturation status were caught in the same locality at the
same time. In this study, the method for judging whether the
ovarian development stage of these crabs with uniform weight is
roughly in synchronization was to dissect the ovarian tissues from
30 crabs randomly and conduct morphological and histological
observations in strict conformity with the staging criteria of a
previous study (Pan et al., 2017). Morphological observation
revealed that these ovary tissues were thin and translucent, and
thus were difficult to recognize. The mean value of these GSIs
was about 0.26. Histological observation of the ovary showed
that the dominant type of gametocytes was oogonia, followed
by previtellogenic oocytes and endogenous vitellogenic oocytes.
According to the random sampling results of morphological
and histological observation, and GSI values, we concluded that
these crabs were all in the early stage of ovarian development
(Stage I). Prior to the experimental period, intermolt crabs were
acclimated to experimental conditions for 1 week of hand-feeding
with a commercial diet thrice daily (6:30, 15:30, and 19:30)
(Haipurui Feed Co., Ltd., Jiangsu, China). After environmental
acclimatization, a total of 200 healthy crabs (initial weight:
33.58 ± 0.05 g) were randomly classified into four treatment
groups with 10 individuals per cement pool (1.0 × 1.0 × 0.8 m,
L: W: H) and five replicates each. There were in total 20 cement
pools. During the experimental period, water temperature, pH,
and dissolved oxygen were monitored daily using a YSI 556 MPS
multi-probe field meter (Geotech, United States). To maintain
these indicators within the normal range, we changed the water
every other day, and the water temperature ranged from 24 to
28◦C, pH fluctuated between 8.5 and 8.6, and dissolved oxygen
was maintained approximately at 5.0 mg/L by using an AIR 1000
oxygenation pump (EHIEIM, Germany) during the feeding trial.

At the end of the 2-month feeding trial, crabs were deprived of
food for 24 h and then put on ice for hypothermia anesthesia.
Each sampled crab was gently blotted by a towel to remove
surface moisture and weighed using a standard electric balance
with 0.0001 g accuracy. Then the ovaries and hepatopancreas
of each crab were dissected aseptically and weighed. The
hepatosomatic index (HSI) and GSI of each crab were calculated
as the percentage of tissue wet weight to body wet weight.
Subsequently, a small piece of fresh ovary tissue was collected
and fixed in Bouin’s solution for ovarian histological analysis,
and the remaining ovarian tissue and all the hepatopancreas
tissue were quick-frozen in liquid nitrogen and stored at -80◦C
for further analysis. Next, 0.5 mL of hemolymph was collected
from each crab’s second last pair of walking legs using a 1-
mL sterile syringe, and mixed with pre-inhaled precooling crab
anticoagulant solution at the ratio of 1:1 (Zheng et al., 2019),
and immediately centrifuged at 9000 r/min and 4◦C for 20 min.
The supernatant was collected and stored at -20◦C for later
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determination of VTG and gonadotropin releasing hormone
(GnRH), FSH, and E2 contents.

Histological Analysis of Ovaries
The ovarian tissues fixed in Bouin’s solution for 24 h were
progressively dehydrated in ascending concentrations of ethanol
solutions and then cleared with xylene before being embedded
in paraffin wax (melting point: 56–58◦C). Sections (5–7 µm)
of ovaries were prepared with a microtome (Leica 2016, Leica
Microsystems Inc., Bannockburn, IL, United States) and then
stained with hematoxylin-eosin (H&E), as previously reported
(Zhou et al., 2018). Eight individuals were analyzed from
each group. Histological observations and measurements were
performed under a light microscope (Olympus BX-41, Olympus
Corporation, Shinjuku-ku, Tokyo, Japan) equipped with an
automated digital camera system (Nikon IDXM 1200, Nikon Co.,
Shinagawa-ku, Tokyo, Japan). Only dominant oocytes with nuclei
were used for measurement of oocyte sizes. The long diameter of
an oocyte (LO), shorter diameter of an oocyte (SO), long diameter
of a nuclei (LN), shorter diameter of a nuclei (SN), volume of
an oocyte (VO), and volume of a nuclei (VN) were measured
using Image-Pro Plus 6.0 (Media Cybernetics Inc., Bethesda,
MD, United States). The nucleo-cytoplasmic ratio (NCR) was
calculated as the percentage of volume of nucleus to volume of
cell, where volume = 0.523 × W2

× L (W, maximum width; L,
maximum length) (Wu et al., 2007b). Fifty oocytes from eight
replicate crabs and eight slides were analyzed, and the relative
frequency of the most advanced oocytes appearing in the ovarian
sections was used for ovarian staging (Wu et al., 2014).

Measurement of Reproductive
Hormones and Vitellogenin
Concentrations in Hemolymph
Levels of FSH, E2 and VTG in the hemolymph supernatants
were quantified by magnetic particle-based enzyme-linked
immunosorbent assay (ELISA) kits (Mouse FSH ELISA Kit
RGB and CHN lot: 20190505. 60341M; Mouse E2 ELISA
kit RGB and CHN lot: 20190505. 60307M and Crab VTG
ELISA kit RGB and CHN lot: 20200103. 60520CR, respectively)
according to the manufacturer’s instructions (Beijing Rigor
Bioscience Development Ltd., China). Optical densities were read
at 450 nm by a microplate reader (Spectramax M5 Molecular
Devices, United States) within 15 min of the addition of a
color development reagent. The ELISA sensitivities for FSH,
E2, and VTG were 0.1 mIU × mL−1, 1 ng × L−1, and 0.05
µg/mL, respectively.

Measurement of E2 Synthesis-Related
Enzyme Activities in the Ovaries
Approximately 0.3 g of ovarian tissue was minced and
homogenized in ice-cold 0.86% stroke-physiological saline
solution (w/v, 1:9) using an Ultra-Turrax homogenizer (Tekmar
Co., Cincinnati, OH, United States), and then centrifuged at
5000 r/min at 4◦C for 10 min to obtain the supernatant for
further analysis. Total protein content of the ovarian tissue was
measured using the Biuret method (Kingsley, 1939). Levels of

AC, cAMP, and PKA in ovarian supernatants were quantified by
ELISA according to the kit manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, China). Levels of aromatase
in the ovarian supernatants were quantified by ELISA according
to the kit manufacturer’s instructions (Shanghai Enzyme-linked
Biotechnology Co., Ltd., China). The levels of ovarian AC, cAMP,
PKA, and aromatase were expressed as nmol/mg protein.

Real-Time Quantitative Real-Time
(RT-qPCR)
Total RNA was isolated from ovary and hepatopancreas samples
from E. sinensis using TRIzol (Invitrogen, CA, United States)
according to the manufacturer’s protocols, and then treated
with RQ1 RNase free DNase (Takara Co., Ltd., Japan) to
remove genomic DNA. RNA integrity was tested by 1%
agarose gel electrophoresis. RNA concentration and purity
were determined based on OD 260/280 readings (ratio > 1.8)
using a Nano Drop ND-1000 UV Spectrophotometer (Nano
Drop Technologies, Wilmington, DE, United States). cDNA was
synthesized using a Perfect Real Time SYBR Prime Script TM
RT Reagent Kit (TaKaRa Biotechnology, Dalian, China) as per
the manufacturer’s instructions and stored at −20◦C. RTqPCR
was conducted in the ABI Step One Plus TM Real Time PCR
System (Applied Biosystems, Grand Island, NY, United States)
as follows: pre-run at 95◦C for 15 min, followed by 40 cycles of
denaturation at 95◦C for 15 s and a 60◦C annealing step for 34 s.
The reaction mixture comprised 2 µL cDNA, 0.4 µL forward
primer, 0.4 µL reverse primer, 10 µL SYBR Premix Ex TaqTM
(TaKaRa, Dalian, Liaoning, China), 0.4 µL ROX Reference Dye
(TaKaRa, Dalian, Liaoning, China), and 6.8 µL double-distilled
water. Each sample was tested in triplicate. The gene-specific
primers of VTG (F: 5′-CGCTCCCTGCTGACAAACA-3′ and
R: 5′-TGGGGCGAAATAGGAAAGG-3′) (Pan et al., 2018) and
reference gene S27 (F: 5′-GGTCGATGACAATGGCAAGA-
3′ and R: 5′-CCACAGTACTGGCGGTCAAA-3′) (Huang
et al., 2017) were synthesized by Shanghai Generay Biotech
Co., Ltd. (Shanghai, China). The relative levels of mRNA
expression were calculated using the 2−1 1 CT method
(Livak and Schmittgen, 2001).

Western Blot
Hepatopancreas and ovarian tissues were homogenized using
a glass Tenbroeck tissue grinder (Kimble Chase) on ice and
lyzed with 50 mM Tris·HCl, 150 mM NaCl, 0.5% NP-40,
0.1% SDS, and 1 mM EDTA (pH 7.5), supplemented with
protease and a phosphatase inhibitor cocktail (Roche Diagnostics
GmbH, Penzberg, Germany) at 4◦C for 1 h and then cleared
by centrifugation at 4◦C and 12,000 × g for 15 min. Protein
concentrations were quantified using a BCA protein assay
kit (Tiangen, China). Heat denatured protein lysates (20 µg
of protein) were loaded into each well, separated on 5–10%
gradient sodium dodecyl sulfate-polyacrylamide electrophoresis
gels for 1–2 h at 100 V using a Mini-Protean System (Bio-
Rad, United States), and transferred to 0.45 µm polyvinylidene
fluoride (PVDF) membranes (Millipore, MA, United States).
Each PVDF membrane was rinsed three times in TBS for 10 min,
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blocked with 5% non-fat milk in TBST buffer (20 mM Tris·HCl,
500 mM NaCl, 0.1% Tween 20) for 1 h at room temperature,
and then incubated overnight at 4◦C with primary antibodies
against AC (#AF9001, Affinity), cAMP (#ab76238, Abcam),
PKA (#ab75991, Abcam), CREB (#ab31387, Abcam), p-CREB
(#ab32096, Abcam), SF-1 (#AF7895, Affinity), ARO (#ab124776,
Abcam), VTG (#abs119855, Absin), and β-actin (#ab8226,
Abcam). The next day, secondary antibodies conjugated with
horseradish peroxidase (HRP) (#ab6789, Abcam and # ab6271,
Abcom) were added and visualized using ECL reagents (Beyotime
Biotechnology, China). Western blot images were captured with
a digital camera (EOS D60; Canon, Tokyo, Japan), and the
intensity of immunoreactive bands was quantified using Image
J 1.44p software (U.S. National Institutes of Health, Bethesda,
MD, United States).

Statistical Analysis
All data were expressed as treatment means with SEMs. Before
statistical analysis, all data were tested for the normality of
distribution and homogeneity of variances with the Levene test.
Then, one-way ANOVA and Tukey’s honest significant difference
(Tukey’s HSD) test were used to analyze differences between the
four groups, and a P-value < 0.05 was considered significant
difference. All statistical analyses were performed using SPSS 20.0
software (Chicago, IL, United States; Version 20.0).

RESULTS

Calculation of HSI and GSI
The HSI and GSI of E. sinensis subjected to different levels of
dietary ICA for 8 weeks are presented in Figure 1. Compared to
the CON group (HSI ∼8.41%), no significant differences were
found in HSI of crabs fed with ICA50 (HSI ∼8.25%), ICA100
(HSI ∼7.89%), or ICA200 diets (HSI ∼8.36%) (P > 0.05). The
GSI increased significantly in both the ICA50 (GSI ∼3.81%) and
ICA100 (GSI∼4.65%) groups compared to that in the CON (GSI
∼2.02%) group (P < 0.05). Contrastingly, there was no significant

difference in GSI (GSI ∼2.33%) of crabs fed with ICA200 diets
compared to that in the CON group (P > 0.05).

Ovary Histological Observations and
Measurements
Ovarian histological observation was used to evaluate and
compare the ovarian development stage, and the deposition
status of yolk granules (YGs) in the oocytes. As shown in
Figure 2, all crabs were in the exogenous vitellogenesis stage
of ovary development, which is characterized by eosinophilic
exogenous vitellogenic oocytes surrounded by follicular cells.
The oocytes were oval or irregular in shape at this stage,
and many eosinophilic YGs were present in the cytoplasm of
oocytes, and only a small amount of basophilic endogenous
vitellogenic oocytes existed. Under the same photomicrographic
magnification (10×), the numbers of exogenous vitellogenic stage
oocytes in the ICA50 and ICA100 groups were obviously less
than those in the ICA200 and CON groups. By contrast, the
oocytes and YGs in crabs fed with ICA50 and ICA100 diets were
obviously bigger than those in the CON group. Further, oocytes
in crabs in the ICA50 and ICA100 groups appeared to be in a state
of mutual extrusion and deformation.

Histological measurements of oocytes were used to analyze
and compare the parameters of oocytes. As shown in Table 1,
the parameters, LO, SO, and VO were significantly increased in
the ICA50 and ICA100 groups compared to those in the control
group (P < 0.05), and peaked in the ICA100 group. LN and VN
were significantly increased in the ICA100 group as compared
with that in the CON group (P < 0.05). In terms of NCR, the
highest NCR was found in the CON group, and there were no
significant differences among the ICA50, ICA100, and ICA200
groups (P > 0.05).

Determination of FSH, Estradiol, and
Vitellogenin Concentrations in
Hemolymph
As shown in Figure 3, the levels of FSH were increased in the
ICA50 and ICA100 groups compared to those in the CON group,

FIGURE 1 | Hepatosomatic index (HSI, A1) and gonadosomatic index (GSI, A2) of E. sinensis subjected to different levels of dietary ICA for 8 weeks. Each datum
represents the mean of twenty replicates. Bars assigned different superscripts are significantly different (P < 0.05).
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FIGURE 2 | H&E staining of ovarian tissue from E. sinensis subjected to different levels of dietary ICA. Images from the CON (fed the basal diet without ICA), ICA50,
ICA100, and ICA200 (fed the basal diet supplemented with 50, 100, and 200 mg/kg ICA, respectively) groups. Eight replicates were performed for each group. EN,
endogenous vitellogenic oocyte; EX, exogenous vitellogenic oocyte; NO, nearly mature oocyte; FC, follicle cell; YG, yolk granule; N, nucleus. Photomicrographs
(10×) with scale bars (100 µm).

TABLE 1 | Sizes of oocytes and nuclei in E. sinensis subjected to different levels of dietary ICA.

CON ICA50 ICA100 ICA200

LO (µm) 235.72 ± 15.54a 309.06 ± 8.17b 338.18 ± 7.30b 263.16 ± 3.75a

SO (µm) 187.53 ± 14.66a 269.67 ± 14.40b 309.16 ± 4.35c 223.08 ± 3.57a

VO (105 µm3) 60.83 ± 12.21a 136.89 ± 12.79b 185.42 ± 8.00c 81.09 ± 3.11a

LN (µm) 25.66 ± 0.72ab 28.34 ± 1.34ab 29.30 ± 1.71b 24.70 ± 0.97a

SN (µm) 21.46 ± 0.63a 20.01 ± 2.05a 22.45 ± 1.84a 19.15 ± 0.77a

VN (105 µm3) 0.075 ± 0.006ab 0.085 ± 0.011ab 0.110 ± 0.018b 0.063 ± 0.006a

NCR 0.0017 ± 0.0003b 0.0007 ± 0.0002a 0.0006 ± 0.0001a 0.0008 ± 0.0009a

LO, long diameter of an oocyte; SO, short diameter of an oocyte; VO, volume of an oocyte; LN, long diameter of a nucleu; SN, short diameter of a nucleu; VN, volume of
a nucleu; NCR, nucleus-cytoplasmic ratio. Fifty replicates were performed for each group. Values are means ± SEM of 50 replicates. Means with different superscripts in
the same line are significantly different (P < 0.05).

albeit no significant difference (P > 0.05). E2 concentrations in
hemolymph increased with ICA supplementation levels from 50
to 100 mg/kg, and ICA100 crabs showed significantly higher E2
concentrations than those in the CON group (P < 0.05). VTG
concentrations in hemolymph were significantly increased both
in the ICA50 and ICA100 groups (P < 0.05). No significant
differences were found in E2 and VTG concentrations in crabs
fed with the ICA200 diet compared to those in the CON
group (P > 0.05).

The Relative mRNA Quantification of
VTG Gene in Hepatopancreas and
Ovarian Tissues
As shown in Figure 4, ICA50 and ICA100 supplementation
induced VTG gene expression in both hepatopancreases and
ovaries compared to those in the CON group (P < 0.05). The

highest levels of VTG mRNA in both organs were observed in
the ICA100 group. By contrast, there was no significant difference
between the ICA200 and CON groups (P > 0.05).

Assessment of VTG Protein Expression
in Hepatopancreas and Ovarian Tissues
Vitellogenin protein expression in hemocytes and
hepatopancreases is presented in Figure 5. Compared to that
in the CON group, VTG protein was significantly upregulated
in the ovaries of crabs with ICA supplementation levels of 50
and 100 mg/kg (P < 0.05), and showed the highest levels in the
ICA100 group. VTG protein expression in hepatopancreases of
crabs fed with the ICA100 diet was higher than that in the CON
group (P < 0.05). There was no significant difference in VTG
expression between crabs fed with the ICA200 diet and those in
the CON group (P > 0.05).
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FIGURE 3 | Determination of follicle-stimulating hormone (FSH), estradiol, and vitellogenin concentrations (FSH, (A1); Estradiol, (A2); Vitellogenin, (A3)) in
hemolymph of E. sinensis subjected to different levels of dietary ICA. Each datum represents the mean of eight replicates. Bars assigned different superscripts are
significantly different (P < 0.05).

FIGURE 4 | Gene expression of VTG in hepatopancreas (A1) and ovary (A2) of E. sinensis subjected to different levels of dietary ICA. The relative expression levels
of VTG were normalized to that of S27. Values represent means ± SEM (n = 8). Bars assigned with different superscripts are significantly different (P < 0.05).

Determination of Aromatase and AC,
cAMP, and PKA Levels in Ovarian
Tissues
As shown in Figure 6, the ELISA results showed that levels of AC,
cAMP, and PKA in ovarian tissues of crabs in both the ICA50
and ICA100 groups were significantly higher than those in the
CON group (P < 0.05), with the highest levels observed in the
ICA100 group. Aromatase levels in ovarian tissues increased with
increasing ICA supplementation levels of 50 to 100 mg/kg, and
ICA100 crabs showed significantly higher aromatase levels than
those in the CON group (P < 0.05). There were no significant
differences in these four parameters in crabs fed with the ICA200
diet compared to those in the CON group (P > 0.05).

Protein Expression of Aromatase and
AC/cAMP/PKA/CREB/SF-1 Pathway in
Ovarian Tissue
As shown in Figure 7, ovary aromatase protein levels were
upregulated with increasing ICA supplementation levels

increasing of 0 to 100 mg/kg; only ICA100 crabs showed
significantly higher aromatase protein levels than those in the
CON group (P < 0.05). The ICA200 group showed no difference
in aromatase protein expression levels compared with the CON
group (P > 0.05). Ovary AC, cAMP, PKA, and SF-1 proteins
levels in both the ICA50 and ICA100 groups were significantly
increased compared to those in the CON group (P < 0.05).
Ovary p-CREB/CREB ratios were upregulated with increasing
ICA supplementation levels of 50 to 100 mg/kg; only ICA100
crabs showed significantly higher ratios than those in the CON
group (P < 0.05).

DISCUSSION

In crustaceans, ovary maturation is marked by increases in GSI,
oocyte volume, and VTG level, with GSI and HSI being the two
critical indicators of maturity and stage of ovarian development
in female crustaceans (Lee and Chang, 1997; Boucard et al., 2002;
Okumura et al., 2007). A previous study showed that, with the
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FIGURE 5 | Protein expression of VTG in ovary and hepatopancreas of E. sinensis subjected to different levels of dietary ICA. The relative expression levels of VTG
protein in ovary and hepatopancreas were normalized to that of β-actin (ovary, A1; hepatopancreas, A2). Values represent means ± SEM (n = 3). Bars assigned
different superscripts are significantly different (P < 0.05).

development and maturation of ovaries, the HSI of E. sinensis
gradually decreased, while GSI dramatically increased, especially
during the exogenous vitellogenic stage, which is characterized
by GSI levels of approximately 0.5–11% and HSI levels of 7–
10% (Li et al., 2001). In the present study, significant increases
in GSI were found in crabs fed with ICA50 (GSI ∼3.81%) and
ICA100 (GSI∼4.65%) diets compared to those in the CON group
(GSI ∼2.02%), but crabs fed with ICA200 (GSI ∼2.33%) did not
show any difference in GSI compared with those in the CON
group. A previous study showed that the mean GSI ranged from
0.52 to 4.74 during the stage III of E. sinensis ovary development
(Pan et al., 2017), and it is noteworthy that the final mean GSIs
of each group in this study ranged from 2.02 to 4.65%. This
suggested that all crabs were in the stage III of ovary development,
and that certain doses of ICA (50–100 mg/kg) could accelerate
the ovary development of E. sinensis. Notably, however, a high
dose of ICA (200 mg/kg) did not increase GSIs in E. sinensis.
Similar results have been reported from previous studies on
sexually mature female rats; these studies showed that ICA can
increase ovarian indexes and uterine weight in a dose-dependent
manner (Zhang et al., 2007; Kang et al., 2012). Previous studies
on ICA for cell proliferation by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cell viability assay may
explain this. Research on SKBr3 ER-negative breast cancer cells
showed that ICA at doses of 10−9–10−5 M could stimulate
cell proliferation in a dose-dependent manner; the maximal cell
proliferative effect was exerted at a dose of 10−7 M ICA, and then
began to decline with higher concentrations (Ma et al., 2014).
Another research on MC3T3-E1 osteoblastic cells showed that
ICA treatment could increase cell viability as compared to that

of an untreated control group in a dose-dependent manner; the
maximal cell viability was observed at 10 nM ICA, and a higher
dose led to decreased cell viability (Song et al., 2013). These results
suggest that ICA might have a diphasic regulatory action in a
dose-dependent manner; and that overdose of ICA may have a
cytotoxic effect on cells.

In terms of GSI, a previous study also showed that there was a
significantly positive correlation between GSI and LO (Pan et al.,
2017). Similarly, in this study, mean LO, SO, and VO values
were significantly increased in the ICA50 and ICA100 groups,
whereas NCR showed an opposite trend. This result was expected
because NCR gradually decreased with oocyte development in
E. sinensis (Pan et al., 2017). Meanwhile, histological observations
of oocytes showed that oocytes and YGs in the cytoplasm were
bigger, and consequently the numbers of oocytes were less in a
visual field in the ICA50 and ICA100 groups than in the CON
group. Therefore, we inferred that the appropriate dose of ICA
could promote the synthesis of VTG, as well as the transport and
deposition of nutrients into oocytes. This was supported by the
rapid increase in GSI and oocyte size, which could be directly
attributed to the transportation of abundant nutrients by a carrier
of VTG from hepatopancreases to developing ovaries and rapid
accumulation of yolk protein and other essential nutrients such as
carotenoids, steroid hormones, and phospholipids in E. sinensis
oocytes (Pan et al., 2018).

Vitellogenin is considered as a vital biomarker of vitellogenesis
in oviparous animals, including crustaceans (Gerber-Huber et al.,
1987; Coccia et al., 2010). In E. sinensis, vitellogenesis is divided
into two stages, endogenous and exogenous vitellogenesis, with
the ovary and hepatopancreas, respectively, serving as the major
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FIGURE 6 | Determination of AC (A1), cAMP (A2), PKA (A3), and Aromatase (A4) levels in ovarian tissue of E. sinensis subjected to different levels of dietary ICA.
Each datum represents the mean of eight replicates. Bars assigned different superscripts are significantly different (P < 0.05).

sites of VTG synthesis. During exogenous vitellogenesis, VTG
synthesis is very active in the hepatopancreas. VTG is then
transported through the hemolymph to developing oocytes via
endocytosis, when the cytoplasms of exogenous vitellogenic
oocytes are filled with YG (Chen et al., 2004; Pan et al.,
2018). In the present study, significantly elevated hemolymph
VTG concentrations were found in the ICA50 and ICA100
groups compared with those in the CON group, but a high
dose of ICA (200 mg/kg) showed no significant effect on VTG
synthesis. This result was consistent with the up-regulation of
VTG mRNA and protein expression in both hepatopancreases
and ovaries. This suggested that only an appropriate dose of
ICA supplementation can promote endogenous and exogenous
vitellogenesis in E. sinensis by promoting VTG expression at
both the transcriptional and translation levels and transportation
of VTG from the hepatopancreas to ovaries. Moreover, similar
trends in E2 levels in hemolymph were found in this study.
Thus, we concluded that the increase in vitellogenesis in

ICA-supplemented crabs was attributable to stimulation of E2
biosynthesis and elevated E2 contents in circulation. This view is
supported by results of prior studies, which found that E2 levels
were positively correlated with VTG contents in the hemolymph
(Huang et al., 2009; Zhang, 2011), and were closely associated
with vitellogenesis during different ovary developmental stages
in crustaceans. The changes of both E2 and VTG levels showed
the following trend: an initial increase, reaching a peak in the
exogenous vitellogenesis stage, and then a decline (Fairs et al.,
1990; Martins et al., 2007; Liu et al., 2017; Pan et al., 2018).
In addition, numerous studies of crustaceans have shown that
exogenous 17β-E2 can significantly induced vitellogenesis in
E. sinensis, P. monodon, and M. japonicus (Yano and Hoshino,
2006; Shen et al., 2010; Merlin et al., 2015). In some oviparous
vertebrates, E2 activates VTG expression at the transcriptional
level by binding to ERs and specific EREs in the VTG promoter
(Evans et al., 1987; Klein-Hitpass et al., 1988). Based on the above
findings, we conclude that ICA may indirectly affect vitellogenesis
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FIGURE 7 | Protein expression of Aromatase and AC/cAMP/PKA/CREB/SF-1 pathway in ovarian tissue of E. sinensis subjected to different levels of dietary ICA. The
relative expression levels of aromatase were normalized to that of β-actin. Values represent means ± SEM (n = 3). Bars assigned different superscripts are
significantly different (P < 0.05).

by promoting E2 biosynthesis, but the precise mechanism
underlying this relationship will require further study.

E2 biosynthesis is specifically catalyzed by a unique rate-
limiting enzyme called aromatase, which is encoded by the
CYP19 gene (Simpson et al., 1994). To explore the mechanism
by which ICA regulates E2 biosynthesis in E. sinensis, we
investigated the effects of different doses of ICA on aromatase
protein expression and its potential regulatory role. In this
study, ELISA and western blot analysis results showed that only
100 mg/kg of ICA supplementation significantly increased gene
and protein expression levels of aromatase in ovarian tissue;
and that doses beyond 100 mg/kg did not exhibit similar effects
to the 100 mg/kg dose, which was in line with findings on
the E2 levels. The decline of aromatase mRNA and protein
expression levels at 200 mg/kg of ICA likely represents a
cytotoxic effect. These results indicate that ICA can promote
the biosynthesis of E2 by stimulating aromatase expression in a
concentration-dependent manner. This conclusion is supported
by previous studies in human ovarian granulosa cells (KGN
cells), human osteoblastic cells (UMR-106 cells), rat ovarian
granulosa cells, and TGF-β1-treated rat Leyding cells that showed
that ICA promotes E2 biosynthesis by enhancing aromatase
mRNA and protein expression in a concentration-dependent
manner (Yang et al., 2013, 2016; Nie et al., 2018). In this
study, to investigate the potential mechanism by which ICA
regulates aromatase expression, we focused on proteins in
the cAMP/PKA/CREB pathway because CYP19 expression in
ovaries is mediated by the classical cAMP/PKA/CREB pathway
(Gore-Langton and Dorrington, 1981; Guiguen et al., 2010).
Our results showed that supplementation with 50–100 mg/kg
ICA increased AC, cAMP, and PKA mRNA levels in ovarian
tissues, and that at the translational level, ICA activated
the AC/cAMP/PKA/CREB pathway by increasing intracellular
cAMP and PKA expression and CREB phosphorylation.
These findings were consistent with those of several previous
studies, which showed that ICA treatment could activate

AC/cAMP/PKA/CREB signaling by increasing intracellular
cAMP levels and facilitating phosphorylation of both PKA and
CREB in rat calvarial osteoblasts (Shi et al., 2017) and human
ovarian granulosa-like KGN cells (Zaccolo and Movsesian,
2007; Li et al., 2017). Together, these results suggest that ICA
may promote E2 synthesis by promoting aromatase expression
through cAMP/PKA/CREB signaling in ovaries of E. sinensis in a
concentration-dependent manner.

CONCLUSION

In conclusion, the results obtained in this study indicated that
ICA supplementation at 100 mg/kg can efficiently promote
estrogen biosynthesis, vitellogenesis, and oocyte development in
female E. sinensis. Therefore, ICA has the potential to serve
as an additive that promotes ovarian development in pond-
reared crabs. However, hepatopancreas and oocyte cell models
must be constructed to thoroughly evaluate the exact molecular
mechanisms underlying the effect of ICA in indirectly stimulating
vitellogenesis by promoting E2 biosynthesis. In addition, it
is necessary to further compare the efficacy between feeding
with artificial diets, including ICA as an ovarian development
regulator, and natural diets such as ice-fresh fish and snails by
conducting further experiments in aquaculture.
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Fatty acyl desaturases 2 (Fads2) and elongases of very-long-chain fatty acid 5 (Elovl5)
are two key enzymes involved in the biosynthesis of long-chain polyunsaturated fatty
acids (LC-PUFAs), and their activities determine the LC-PUFA biosynthetic ability of
teleost. In order to investigate the relation of enzymic activities with fish’s feeding habits
and ecological habits, the activities of Fads2 and Elovl5 were compared among six
teleosts, namely, freshwater carnivorous mandarin fish (Siniperca chuatsi), freshwater
herbivorous grass carp (Ctenopharyngodon idellus), marine carnivorous orange-spotted
grouper (Epinephelus coioides), marine herbivorous rabbitfish (Siganus canaliculatus),
anadromous Atlantic salmon (Salmo salar), and catadromous Japanese eel (Anguilla
japonica). Among them, the enzymatic features of Fads2 and Elovl5 from the last five
fish species have been characterized, whereas those of S. chuatsi were unknown.
And thus, the coding sequences (CDSs) of S. chuatsi fads2 and elovl5 (elovl5a and
elovl5b) were isolated, and their functions were further characterized by heterologous
expression in yeast. The results showed that S. chuatsi Fads2 has a monofunctional
16 desaturase and that Elovl5a has a higher activity toward C18–C20 PUFAs than has
Elovl5b, which showed a noteworthy activity toward C22 PUFAs. The comparison of
enzymatic activities among the six teleosts showed that the 16 Fad and Elovl5 activities
varied markedly among fish species; in particular, the activity of 16 Fad in C. idellus,
S. canaliculatus, and A. japonica was significantly higher than that in S. chuatsi, S. salar,
and E. coioides. For C18 PUFA substrates, A. japonica Elovl5 has a higher elongation
than has the other tested fish, and it exhibits a higher activity toward the C20 PUFAs.
The results suggest that the 16 Fad activity is influenced by both feeding habits and
ecological habits, whereas the Elovl5 activity was more affected by the feeding habits.
These data enrich our knowledge on LC-PUFA biosynthesis diversity of fatty acid
desaturation and elongations in teleosts and provide guidance for the choice of dietary
PUFA precursors for farmed fish.
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INTRODUCTION

The health benefits of fish consumption are derived from
n–3 long-chain polyunsaturated fatty acids (n–3 LC-PUFA),
eicosapentaenoic acid (EPA; 20:5n–3) and docosahexaenoic acid
(DHA; 22:6n–3). These above-mentioned bioactive molecules are
involved in maintaining the normal development of the nervous
system (Uauy et al., 2001) and improving in lipid metabolism,
inflammatory response, and cardiovascular and neurological
health (Delgado-Lista et al., 2012; Awada et al., 2013). Farmed
fish are becoming an increasingly important source of LC-PUFA
in the human diet, because the wild fishery stocks are declining
(FAO, 2014). Fish oils (FOs), rich in digestible energy and n–3
LC-PUFA, are considered as the most important raw materials
for aquafeeds (especially for carnivorous fish feed). During the
recent two decades, the supplementation of C18 PUFA-rich plant
oils [vegetable oils (VOs), devoid of n–3 LC-PUFA] was increased
to replace FOs in fish formula feed, because of the limited and
increasingly expensive FO resources (Turchini et al., 2011; Lu
et al., 2017). Consequently, the increasing supplementation of
VO in aquafeeds has resulted in decreasing the levels of n–3 LC-
PUFA in farmed fish, especially in marine fish (Hossain, 2011;
Sprague et al., 2016).

To efficiently use dietary VO and maximize endogenous
n–3 LC-PUFA biosynthesis, much attention has been focused
on illuminating the regulation mechanisms of LC-PUFA
biosynthesis in farmed fish (Tocher, 2010; Castro et al.,
2012; Oboh et al., 2017). Studies conducted in teleosts have
demonstrated that the LC-PUFA biosynthesis pathway involves
sequential desaturation and elongation steps from C18 PUFA
substrates catalyzed by fatty acyl desaturase (Fads) and elongation
of very-long-chain fatty acids (Elovl) enzymes, such as 16
Fad, 15 Fad, 14 Fad, Elovl5, Elovl4, and Elovl2 (Li et al.,
2010; Castro et al., 2012; Janaranjani et al., 2018; Ferraz et al.,
2019). Conventionally, teleosts, like freshwater fish and salmonid
species, expressed all necessary desaturase and elongase activities
(Castro et al., 2012; Monroig et al., 2013; Fonseca-Madrigal
et al., 2014; Kuah et al., 2015; Oboh et al., 2017). However,
even with genome sequencing, the 15 fad gene has not been
found in any marine carnivorous teleost (Leaver et al., 2008),
and no Elovl2 has been isolated from any marine fish species
(Tocher, 2010). Therefore, marine carnivorous teleost having
limited capacity for LC-PUFA biosynthesis probably depends on
their genome complement appearing to lack 15 Fad and Elovl2
(Monroig et al., 2013).

The extent to which fish species have the LC-PUFA
biosynthetic capability varies with species and is associated
with not only their complement of fads and elovl genes but also
the activities of those key enzymes (Fonseca-Madrigal et al.,
2014). 16 Fad and Elovl5 have been cloned and characterized
from all fish so far investigated including marine carnivorous
fishes (Tocher, 2010). However, it remained unclear whether
the enzymatic activities of 16 Fad and Elovl5 are linked to the
habitat, trophic level, and ecology of fish species. To this end,
the coding sequences (CDSs) of putative 16 Fad and Elovl5
were isolated from the freshwater carnivorous fish, mandarin
fish (Siniperca chuatsi), and functionally characterized by

heterologous expression in yeast (Saccharomyces cerevisiae). The
enzymic activities of 16 Fad and Elovl5 among six fish species
with different habitats and trophic ecologies, namely, freshwater
herbivorous fish grass carp (Ctenopharyngodon idellus),
S. chuatsi, marine carnivorous fish orange-spotted grouper
(Epinephelus coioides), marine herbivorous fish rabbitfish
(Siganus canaliculatus), anadromous fish Atlantic salmon (Salmo
salar), and catadromous fish Japanese eel (Anguilla japonica),
were determined by heterologous expression in the yeast. The
results were expected to identify the relationships between
the enzymatic activities of 16 Fad and Elovl5 and the habitat,
trophic level, and ecology of fish species and to increase our
knowledge of the molecular basis of LC-PUFA biosynthesis and
its regulation in teleosts.

MATERIALS AND METHODS

Molecular Cloning of Fish Putative 16
Fad and Elovl5 Coding Sequences
Siniperca chuatsi
In order to clone the fads2 and elovl5 CDSs of S. chuatsi,
liver samples were collected from three S. chuatsi individuals
(about 250 g) brought from the local fish market, after the fish
were anesthetized with 0.01% 2-phenoxyethanol. Tissue samples
were frozen in liquid nitrogen immediately after collection
and stored at –80◦C until RNA extraction. The liver tissue of
S. chuatsi was sampled, and the total RNA extracted using TRIzol
reagent (Invitrogen, United States) was reverse transcribed into
cDNA using random primers and an appropriate RT-PCR kit
(Invitrogen, United States). The CDS-specific primers of 16 fad
and elovl5 containing restriction sites BamHI and XbaI were
designed on the basis of S. chuatsi 16 fad (EU683737) and elovl5
(EU683736) (Table 1). PCR was performed using high-fidelity
DNA polymerase (TianGen, Beijing, China). For all genes, PCR
consisted of an initial denaturation at 94◦C for 4 min, followed
by 30 cycles of denaturation at 94◦C for 30 s, annealing at 55◦C
for 30 s, and extension at 72◦C for 1 min, followed by a final
extension at 72◦C for 10 min. The resulting PCR fragments were
sequenced (Sangon, Shanghai, China).

Ctenopharyngodon idellus, Siganus canaliculatus,
Epinephelus coioides, Salmo salar, and Anguilla
japonica
The recombinant plasmids containing 16 fad and elovl5 CDSs
of Ctenopharyngodon idellus, Siganus canaliculatus, Epinephelus
coioides, S. salar, and Anguilla japonica were constructed and
kept in our laboratory (Wang et al., 2014). The 16 fad and
elovl5 CDSs of C. idellus, S. canaliculatus, E. coioides, S. salar
(elovl5a and elovl5b), and A. japonica were cloned from the
corresponding recombinant plasmids with CDS-specific primers
(Table 1). For all genes, PCR was performed using high-fidelity
DNA polymerase (TianGen, Beijing, China) under the following
conditions: initial denaturation at 94◦C for 4 min, followed by 30
cycles of denaturation at 94◦C for 30 s, annealing at 55◦C for 30 s,
and extension at 72◦C for 1 min, followed by a final extension at
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TABLE 1 | Primers used for CDS cloning of 16 fad and elovl5 from six fish
species.

Species Primer Primer sequences (5′–3′) Accession no.a

Primers for 16 fad CDS cloning

Grass carp GF6F CTTAAGCTTGATCAGT
GATGGGCGGAGGA

FJ641974

GF6R GGCTCTAGAAGGTTTTTATT
TGTTGAGGTATGCATCCA

Mandarin fish MF6F CCGAAGCTTGAGCA
TGGGAGGCGGAG

ACH53604

MF6R CCGTCTAGATAGAATTGGT
CATTTATGGAGATACG

Rabbitfish RF6F GTTAAGCTTGAAGAT
GGGAGGTGGAGGT

ABR12315

RF6R GGCTCTAGAGAGTTCATTTA
TGGAGATATGCATCAAG

Orange-spotted
grouper

OF6F CCGAAGCTTAGGA
TGGGAGGTGGAGG

ACJ26848

OF6R CCGTCTAGAAAACTGGT
CATTTATGGAGATATGC

Atlantic salmon AF6F CCGAAGCTTCGAG
GATGGGGGGCGGAG

NP_001165251

AF6R CCGTCTAGATTATTTATGG
AGATATGCATCTAGCCAC

Japanese eel JF6F CCGAAGCTTAAGAG
CGATGGGAGGCGGAG

ACI32415

JF6R CCGTCTAGACCACCA
GGAGGCAGGCTTGAG

Primers for elovl5 CDS cloning

Grass carp GE5F CCGAAGCTTAAGATGGA
GGCCCTTAATCAC

HQ637463

GE5R CCGTCTAGAATGAACT
GCCGTCAATCTGC

Mandarin fish ME5F CCGAAGCTTGTGACA
AATGGAGAGCATCAAT

EU683736

ME5R CCGTCTAGATGTCAGT
CCACCCTCAGTTTC

Rabbitfish RE5F CCGAAGCTTCAAATGG
AGGACTTCAATCGT

GU597350

RE5R CCGTCTAGAAATCCACC
CTCAGCTTTTTGT

Orange-spotted
grouper

OE5F CCGAAGCTTACAAA
TGGAGACCTTCAATCAT

KF006241

OE5R CCGTCTAGAGTTTCTC
AAATGTCAATCCACCCT

Atlantic salmon AE5aF CCGAAGCTTGGTCAGA
AATGGAGACTTTTAATTAT

GU238431

AE5aR CCGTCTAGATTCAGTC
CCCCCTCACTTTCC

AE5bF CCGAAGCTTCAGAGGTTA
GAAATGGAGGCTT

FJ237531

AE5bR CCGTCTAGA TCAGTCCACC
CGCACTTTCC

Japanese eel JE5F CCGAAGCTTGGACAT
GGAAATGTTTAACCAC

EU719614

JE5R CCGTCTAGATCTCAG
TCTACCCTCAGTT

aGenBank (http://www.ncbi.nlm.nih.gov/). Forward and reverse primers contain
restriction enzyme sites for BamHI and, XbaI, respectively. CDS, coding sequences.

72◦C for 10 min. The PCR fragments were sequenced (Sangon,
Shanghai, China).

Sequence and Phylogenetic Analysis of
16 Fad and Elovl5
The amino acid (aa) sequences of the cloned 16 Fad and Elovl5
were aligned among the six species by ClustalW2.1 Alignments
and similarity matrices were calculated using the EMBOSS
Needle Pairwise Sequence Alignment tool.2 Phylogenetic analysis
was performed by constructing a tree using the neighbor-
joining method (Saitou and Nei, 1987). Confidence in the
resulting phylogenetic tree branch topology was measured by
bootstrapping through 1,000 iterations.

Functional Characterization of the
Putative 16 Fad and Elovl5 of Siniperca
chuatsi in Yeast
The 16 fad and elovl5 CDS fragments of S. chuatsi were purified
and digested with the corresponding restriction endonucleases
(New England Biolabs, United Kingdom) and ligated into the
yeast episomal plasmid pYES2 (Invitrogen). The recombinant
plasmids (pYES2-Sc16 fad or pYES2-Scelovl5) were transformed
into yeast (strain INVSc1, Invitrogen) using the S.C. Easy Comp
Transformation kit (Invitrogen).

The functional characterization of the putative 16 Fad and
Elovl5 was determined according to the methods we previously
described (Li et al., 2010). Briefly, for testing the 16 Fad activity,
linolenic acid (LNA; 18:3n–3), linoleic acid (LA; 18:2n–6),
eicosatetraenoic acid (20:4n–3), dihomo-γ-linolenic acid (20:3n–
6), docosapentaenoic acid (DPA; 22:5n–3), and docosatetraenoic
acid (DTA; 22:4n–6) were used as substrates; for testing the Elovl5
activity, stearidonic acid (18:4n–3), γ-linolenic acid (18:3n–6),
EPA (20:5n–3), arachidonic acid (ARA; 20:4n–6), DPA, and
DTA were used as substrates. All the fatty acids were purchased
from Cayman Chemicals, Co. (Ann Arbor, MI, United States).
The PUFA substrates were added at final concentrations of 0.5
(C18), 0.75 (C20), and 1.0 (C22) mM. After 2 days of culture in
SCMMuracil, yeast cells were harvested and washed as described
previously (Li et al., 2010; Xie et al., 2014).

Heterologous Expression of 16 Fad and
Elovl5 Coding Sequences in Yeast
To maximize the reliability of results, the comparison of Fads2
and Elovl5 conversion rates among the six species was performed
in the same experimental conditions. Briefly, the recombinant
plasmids (0.8 µg) containing 16 fad and elovl5 CDS of C. idellus,
S. canaliculatus, E. coioides, S. salar (elovl5a and elovl5b), and
A. japonica were sequenced and transformed into yeast (strain
INVSc1, Invitrogen) using the S.C. Easy Comp Transformation
kit (Invitrogen, United States). Recombinant yeast solution
(100 µl) was coated on the SCMMuraci plate and cultured
for 3 days; a single colony was picked and propagated in the

1https://www.ebi.ac.uk/Tools/msa/clustalw2/
2http://www.ebi.ac.uk/Tools/psa/emboss_needle/
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SCMMuracil culture. For determining the 16 Fad activity, the
recombinant yeast was cultured in SCMMuracil and supplemented
with C18 PUFA substrates, LNA or LA. For testing the Elovl5
activity, the transgenic yeast was supplemented with one of the
PUFA substrates from among the following: 18:3n–6, 18:4n–
3, ARA, and EPA. The PUFA substrates were added at final
concentrations of 0.5 (C18) and 0.75 (C20) mM. After 2 days
(the OD600 of bacterium solution reached 10), recombinant yeast
cells were harvested and washed as described previously (Li et al.,
2010; Xie et al., 2014).

Lipid Extraction and Fatty Acid Analysis
The total lipid of yeast samples was extracted by homogenization
in chloroform/methanol (2:1, v/v) containing 0.01% BHT
(Sigma, United States) (Folch et al., 1957). Fatty acid methyl
esters (FAMEs) from yeast total lipids were prepared by
transesterification with boron trifluoride etherate (ca. 48%, Acros
Organics, Morris Township, NJ, United States) as described
previously (Li et al., 2010). FAMEs were determined by the gas
chromatograph GC2010-plus (Shimadzu, Japan). The parameters
were the same as we used before (Li et al., 2010). The conversion

rates of genes were calculated as follows: 100 × [product
areas/(product area+ substrate area)] (Li et al., 2010).

Statistical Analysis
Genes conversion rates were presented as means± standard error
of the mean (n = 3). Differences among the six fish species were
tested using one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison. Differences were considered
significant at P < 0.05. All analyses were conducted using SPSS
v17.0 (SPSS, Inc., Chicago, IL, United States).

RESULTS

Sequence and Phylogenetic Analysis of
16 Fad Coding Sequences
The sequence characteristics of Ctenopharyngodon idellus,
Siniperca chuatsi, Siganus canaliculatus, Epinephelus coioides,
Salmo salar, and Anguilla japonica 16 fad CDS was 1,335,
1,338, 1,332, 1,338, 1,365, and 1,335 bp (including stop codons)
in length encoding peptides of 444, 445, 443, 445, 454, and

FIGURE 1 | Alignment of the deduced amino acid (aa) sequences of fatty acyl desaturases 2 among Anguilla japonica, Siganus canaliculatus, Ctenopharyngodon
idellus, Siniperca chuatsi, Epinephelus coioides, and Salmo salar using ClustalW2. Identical and similar residues are marked with an asterisk and a colon,
respectively. The cytochrome-b5-like domain is underlined with a fine line and the heme-binding motifs with a short bold line. The three histidine boxes are
highlighted with frames.
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444 amino acids, respectively (Supplementary Figure 1). The
16 Fad polypeptides of C. idellus, S. chuatsi, E. coioides, and
A. japonica deduced from their CDS obtained in the present study
showed 1, 3, 1, and 1 aa differences, respectively, compared with
previously published results (Li et al., 2010, 2014; Du et al., 2011;

Wang et al., 2014). The polypeptides of S. canaliculatus and
S. salar 16 Fad obtained in this study showed the same sequences
as previously published (Li et al., 2010; Monroig et al., 2010).

The 16 Fad polypeptide of C. idellus had 65.86, 68.99,
69.21, 69.59, and 71.91% sequence identities with other 16

FIGURE 2 | Phylogeny of deduced amino acid (aa) sequences of Fads2 of different fish species. The tree was constructed using the neighbor-joining (N-J) method
(Saitou and Nei, 1987) using CLUSTALX and MEGA 7.0. The horizontal branch length is proportional aa substitution rate per site. The numbers represent the
frequencies with which the tree topology presented here was replicated after 1,000 bootstrap iterations.
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Fad from S. salar, S. chuatsi, E. coioides, A. japonica, and
S. canaliculatus, respectively (Figure 1). Higher identity scores
(79.78∼88.54%) were obtained when the E. coioides 16 Fad was
compared with other 16 Fad sequences from S. canaliculatus,
S. salar, A. japonica, and S. chuatsi. All polypeptide sequences
contained typical conserved features of front-end desaturases
including a putative cytochrome b5-like domain, HPGG,
and three histidine boxes (HXXXH, HXXHH, and QXXHH)
(Hashimoto et al., 2008).

Phylogenetic analysis compared all the deduced amino acid
sequences of Fads2 along with a variety of 14 Fad, 15 Fad,
and 16 Fad desaturases from different fish species (Figure 2).
The result showed that teleost Fads2 sequences cluster according
to accepted habitat ecology as displayed in the phylogenetic
tree, with all the marine fish Fads2 sequences clustered together
and more closely related to migration fish Fads2 sequences

than freshwater fish species sequences. The salmonid sequences
clustered together with the other diadromous fish species,
A. japonica. Interestingly, the Nile tilapia and S. chuatsi sequence
clustered closer to the marine fish than to the other freshwater
fish, clarias leather (Clarias gariepinus), carp, and zebrafish
(Danio rerio), which clustered together.

Sequence and Phylogenetic Analysis of
Elovl5 Coding Sequences
In the present study, the Elovl5 CDS characteristics of C. idellus,
S. chuatsi (Elovl5a and Elovl5b), S. canaliculatus, E. coioides,
S. salar (Elovl5a and Elovl5b), and A. japonica were 876, 885,
885, 876, 885, 888, 885, and 885 bp (including stop codons) in
length encoding peptides of 291, 294, 294, 291 294, 295, 294,
and 294 aa, respectively (Supplementary Figure 2). Interestingly,

FIGURE 3 | Alignment of the deduced amino acid (aa) sequences of elongases Elovl5 among Anguilla japonica, Siganus canaliculatus, Ctenopharyngodon idellus,
Siniperca chuatsi (Elvol5a and Elovl5b), Epinephelus coioides, and Salmo salar (Elvol5a and Elovl5b) using ClustalW2. Identical and similar residues are marked with
an asterisk and a colon, respectively. The conserved histidine box HXXHH is highlighted with frames, five putative transmembrane domains are dash-underlined, and
the putative ER retrieval signal is solid underlined.
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two CDS sequences were cloned in S. chuatsi Elovl5 (Elovl5a
and Elovl5b) in the present study, and the Elovl5a sequences
showed the same sequence as previously published (EU683736).
On the other hand, the S. chuatsi Elovl5b, compared with Elovl5a,
showed 7 aa differences. The Elovl5 polypeptides of A. japonica
deduced from its CDS showed 3 aa differences compared with
those of previously published work (Wang et al., 2014). The
obtained Elovl5 polypeptides of C. idellus, S. canaliculatus,
E. coioides, and S. salar in this study showed the same sequence
as previously published (Du et al., 2011; Monroig et al., 2012;
Carmona-Antoñanzas et al., 2013; Li et al., 2016).

The Elovl5 polypeptide of C. idellus had 70.45, 70.75, 73.56,
76.53, and 78.57% sequence identities with other Elovl5 from

S. canaliculatus, S. chuatsi, S. salar, E. coioides, and A. japonica,
respectively (Figure 3). E. coioides Elovl5 shares aa sequence
identities of 76.53–87.76% with Elovl5 from other teleosts,
C. idellus, A. japonica, S. canaliculatus, S. salar, and S. chuatsi. The
Elovl5 polypeptide sequences contained all the typical structural
characteristics, including a conserved histidine box HXXHH, five
putative transmembrane domains, and a putative ER retrieval
signal (Jakobsson et al., 2006).

A neighbor-joining phylogenic tree was constructed based
on the deduced Elovl5 aa sequences from different species
(Figure 4). Our results showed that the phylogenic tree of Elovl5
homologs is almost in accordance with the affinity of those fish.
The phylogenic tree of Elovl5 homologs does not really cluster

FIGURE 4 | Phylogeny of deduced amino acid (aa) sequences of Elovl5 of different fish species. The tree was constructed using the neighbor-joining (N-J) method
(Saitou and Nei, 1987) using CLUSTALX and MEGA 7.0. The horizontal branch length is proportional aa substitution rate per site. The numbers represent the
frequencies with which the tree topology presented here was replicated after 1,000 bootstrap iterations.
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according to habitat ecology as displayed in the phylogenetic tree
of teleosts Fads2. The salmonid sequences clustered together with
a freshwater fish, Esox lucius, but not with the other diadromous
fish species, A. japonica. Interestingly, Oreochromis niloticus and
S. chuatsi Elovl5 sequences clustered more closely to the marine
fish than to the other freshwater fish.

Functional Characterization
The functional characteristics of putative 16 Fad and Elovl5
isolated from S. chuatsi were determined by heterologous
expression in yeast S. cerevisiae grown in the presence of potential
FA substrates. The FA profiles of control yeast transformed with
the empty pYES2 vector was 16:0 and 16:1 isomers (16:1n–9 and
16:1n–7), 18:0 and 18:1n–9, and any exogenously added PUFA
substrate (data not shown).

The FA profile of yeast transformed with S. chuatsi putative
16 Fad cDNA additionally showed extra peaks when grown in
the presence of 18:2n–6 and 18:3n–3, which corresponded to
18:3n–6 and 18:4n–3, respectively, whereas 15 and 14 activities
were not detected (Figure 5 and Table 2). These data show
clearly that the cloned S. chuatsi putative Fads2 had 16 Fad
specificities. When the S. chuatsi putative Elovl5a/b cDNA was
expressed in the yeast cells, evidence of elongation of all fatty
acids was observed (Figures 6, 7 and Table 2). Generally, n–3
PUFAs were elongated to a greater extent compared with their
corresponding n–6 isomers. Moreover, S. chuatsi Elovl5a had an
apparent preference for C18 and C20 over C22 FA substrates.

Interestingly, the Elovl5b more effectively converted C22 PUFA
substrates than did C18 and C20 substrates.

Comparison of Enzymatic Activities
The enzymatic activity of 16 Fad and Elovl5 was determined
by heterologous expression in yeast S. cerevisiae, grown in the
presence of a variety of fatty acid substrates including 16 Fad
substrates (18:2n–6 and 18:3n–3) and Elovl5 substrates (18:3n–6,
18:4n–3, ARA and EPA) (Tables 3, 4). The enzymatic activity of
all 16 Fad were more active toward the n–3 substrate with 79.23,
68.22, 76.92, 52.61, 76.71, and 68.02% of 18:3n–3 being converted
to 18:4n–3 in the case of C. idellus, S. chuatsi, S. canaliculatus,
E. coioides, S. salar, and A. japonica, respectively (Table 3 and
Supplementary Figure 3). The conversion of 18:3n–3 and 18:2n–
6 in C. idellus, S. canaliculatus, and A. japonica was significantly
higher than that in S. chuatsi, S. salar, and E. coioides. In
comparison, the lowest conversion of 18:3n–3 and 18:2n–6 was
shown in E. coioides 16 Fad (Supplementary Figure 4).

For the six teleosts, the conversion rates of Elovl5 toward
fatty acid substrates are shown in Table 4 and Supplementary
Figures 5–8. Generally, high elongations were obtained with
n–3 compared with n–6 PUFAs. For C18 PUFA substrates
(Supplementary Figures 5, 6), A. japonica Elovl5 had higher
elongations than those in other fish species but exhibited lower
activities toward the C20 PUFAs (Supplementary Figures 7, 8).
Particularly interesting was the difference in the conversion
function observed between S. chuatsi Elovl5a and Elovl5b,

FIGURE 5 | Functional characterization of Fads2 of mandarin fish in Saccharomyces cerevisiae. Fatty acids were extracted from yeast transformed with pYES2
vector containing the putative fatty acid desaturase coding sequence (CDS) inserts from mandarin fish. The added FA substrates (*) were 18:2n–6 (A), 18:3n–3 (B),
20:3n–6 (C), 20:4n–3 (D), 22:4n–6 (E), and 22:5n–3 (F). The first four peaks in (A–F) are the main endogenous fatty acids of S. cerevisiae, namely, 16:0 (1), 16:1n–7
(2), 18:0 (3), and 18:1n–9 (4). Based on retention times, additional peaks (arrowed) were identified as 18:3n–6 (A) and 18:4n–3 (B). Vertical axis, flame ionization
detector (FID) response; horizontal axis, retention time.
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but the conversion function of S. salar Elovl5a and Elovl5b
showed no difference.

DISCUSSION

The present study provided evidence for the existence of both
fads2 and elovl5 encoding cDNAs and demonstrated their role
in the LC-PUFA biosynthesis of the freshwater carnivorous
Siniperca chuatsi. The aa sequence of S. chuatsi Fads2 possesses
all the main structural features common for Fads protein family
members, including N-terminal cytochrome-b5-like domains,
the heme-binding motif HPGG, three histidine boxes, and four
predicted transmembrane domains (Hashimoto et al., 2008).
Phylogenetic analysis revealed that S. chuatsi Fads2 shares high
homology with other teleosts, and the Fads2 of representatives
basically cluster together by their habitats. However, S. chuatsi
Fads2 is not closely related to that of the other freshwater
fish species but rather to the marine carnivorous fish species
(Figure 2). Consistently, the S. chuatsi Fads2, like the majority
of Fads2 isolated from marine carnivorous fish (Tocher et al.,
2006; Morais et al., 2012), has a monofunctional 16 desaturase
and does not appear to possess 15 or 14 activities as in
striped snakehead (Kuah et al., 2015). Attempts have been
made to search another fads2 gene from S. chuatsi genome
data, but these have so far been unsuccessful. Although the
S. chuatsi seems more like a marine fish without LC-PUFA
biosynthesis ability, a feeding trial demonstrated that total
replacement of dietary FOs with alternative VO has no negative
impact on the growth performance and health of mandarin fish
juvenile, which indirectly suggested this species could bioconvert
C18 PUFA to their corresponding LC-PUFA (Sankian et al.,
2019). Collectively, these findings highlight that teleosts have
an adaptive plasticity and diversity of LC-PUFA biosynthesis
mechanism (Fonseca-Madrigal et al., 2014).

In the present study, two elovl5 CDSs (elovl5a and elovl5b)
were identified in S. chuatsi, the likes of which have been
seen in Atlantic salmon and common carp (Cyprinus carpio
var. Jian) (Morais et al., 2009; Ren et al., 2012). Analysis of
the deduced aa sequences of S. chuatsi Elovl5a and Elovl5b
showed that they both have all the typical characteristic
features of the predicted transmembrane domains, the
histidine box, and the canonical C-terminal ER retrieval
signal (Jakobsson et al., 2006). Phylogenetic analysis showed
that the Elovl5 homologs are in accordance with the order
of fish but not with their feeding habits and habitat. All
the Elovl5 sequences of Pereiformes, Salmoniformes, and
Cypriniformes clustered together (Figure 4). A similar
phylogenetic grouping was observed previously for the
sequences of elongases from a range of teleosts (Agaba
et al., 2005). The results of the functional characterization
revealed that the capability of S. chuatsi Elovl5a and Elovl5b,
similar to the other Elovl5 homologs, exhibits an effective
ability to elongate both C18 and C20 PUFA and displays a
preference to elongate n–3 PUFA substrates compared with
n–6 PUFA substrates (Monroig et al., 2011; Kuah et al.,
2015; Xie et al., 2016; Janaranjani et al., 2018; Ferraz et al.,

2019). Interestingly, S. chuatsi Elovl5a has a higher activity
toward C18–C20 FAs than has Elovl5b, whereas Elovl5b
showed a noteworthy activity toward C22 FAs (60.47%
conversion of 22:5n–3) as the Elovl2 does (Morais et al.,
2009; Gregory and James, 2014; Oboh et al., 2016). As for
most fish species, S. chuatsi elovl2 cDNA has not been isolated
successfully (data not shown), whereas in these teleost, the
conversion of C22 FAs by other elongases, such as Elovl5 and
Elovl4, potentially compensates for the absence of Elovl2 in
DHA biosynthesis (Morais et al., 2009; Wang et al., 2014;
Xie et al., 2016).

To date, fads2 cDNAs have been identified in numerous
fish species, and all tested Fads2 enzymes showed the ability
to operate as 16 Fad, which is likely the primary function
of Fads2 for teleosts (Castro et al., 2016; Janaranjani et al.,
2018; Ferraz et al., 2019). In the present study, the 16 Fad
activity of six tested fish species was performed in the same
yeast expression system, which showed high efficiency, with
conversion rates of 18:2n–6 and 18:3n–3 ranging at 30.38–
60.6 and 52.61–79.23%, respectively. However, the activities of
desaturases varied markedly among these species. The conversion

TABLE 2 | Conversion rate of Fads2 and Elovl5 of mandarin fish toward fatty
acid substrates.

Enzyme FA substrate Product Conversion (%) Activity

Fads2 18:2n–6 18:3n–6 31.40 16 Fad

18:3n–3 18:4n–3 54.98 16 Fad

Elovl5a 18:3n–6 20:3n–6 44.13 C18–20

22:3n–6 3.46 C20–22

Total 47.59

18:4n–3 20:4n–3 52.01 C18–20

22:4n–3 28.82 C20–22

Total 80.83

20:4n6 22:4n–6 42.05 C20–22

24:4n–6 2.62 C22–24

Total 44.67

20:5n–3 22:5n–3 61.06 C20–22

24:5n–3 13.48 C22–24

Total 74.54

22:4n–6 24:4n–6 4.28 C22–24

22:5n–3 24:5n–3 16.82 C22–24

Elovl5b 18:3n–6 20:3n–6 18.19 C18–20

22:3n–6 11.53 C20–22

Total 29.72

18:4n–3 20:4n–3 16.41 C18–20

22:4n–3 24.68 C20–22

Total 41.09

20:4n–6 22:4n–6 28.29 C20–22

24:4n–6 45.68 C22–24

Total 73.97

20:5n–3 22:5n–3 12.25 C20–22

24:5n–3 63.32 C22–24

Total 75.57

22:4n–6 24:4n–6 48.61 C22–24

22:5n–3 24:5n–3 60.47 C22–24
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FIGURE 6 | Functional characterization of Elovl5a of mandarin fish in Saccharomyces cerevisiae. Fatty acids were extracted from yeast transformed with pYES2
vector containing the elovl5a CDS inserts from mandarin fish and grown in the presence of polyunsaturated fatty acid (PUFA) substrates 18:3n–6 (A), 18:4n–3 (B),
20:4n–6 (C), 20:5n–3 (D), 22:4n–6 (E), and 22:5n–3 (F). Based on retention times, substrates (*) and their corresponding elongated products (↓) are indicated
accordingly. The first four peaks in (A–F) are the main endogenous fatty acids of S. cerevisiae, namely, 16:0 (1), 16:1n–7 (2), 18:0 (3), and 18:1n–9 (4). Vertical axis,
FID response; horizontal axis, retention time.

FIGURE 7 | Functional characterization of Elovl5b of mandarin fish in Saccharomyces cerevisiae. Transformed yeast with pYES2 vector containing the elovl5b CDS
inserts from mandarin fish grown in the presence of polyunsaturated fatty acid (PUFA) substrates 18:3n–6 (A), 18:4n–3 (B), 20:4n–6 (C), 20:5n–3 (D), 22:4n–6 (E),
and 22:5n–3 (F). Based on retention times, substrates (*) and their corresponding elongated products (↓) are indicated accordingly. The first four peaks in panels A–F
are the main endogenous fatty acids of S. cerevisiae, namely, 16:0 (1), 16:1n–7 (2), 18:0 (3), and 18:1n–9 (4). Vertical axis, FID response; horizontal axis, retention
time.
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TABLE 3 | 16 Fad conversion rates of 18:2n–6 or 18:3n–3 substrate among different fish species.

Substrates Products Conversion rate %

Grass carp Mandarin fish Rabbitfish Orange-spotted grouper Japanese eel Atlantic salmon

18:2n–6 18:3n–6 49.49 ± 0.88b 35.10 ± 0.94a 51.83 ± 1.51b 38.62 ± 1.35a 60.6 ± 0.40c 30.38 ± 0.87a

18:3n–3 18:4n–3 79.23 ± 0.90c 68.22 ± 3.36b 76.92 ± 1.02c 52.61 ± 0.31a 76.71 ± 1.41c 68.02 ± 2.35b

Values (mean ± SEM of three replicates) in each row with different superscript letters are significantly different (P < 0.05).

TABLE 4 | Elovl5 conversion rates of PUFA substrates among different fish species.

Substrates Products Conversion rate %

Grass carp Mandarin fish
Elovl5a

Mandarin fish
Elovl5b

Rabbitfish Orange-spotted
grouper

Japanese eel Atlantic
salmon
Elovl5a

Atlantic
salmon
Elovl5b

18:3n–6 20:3n–6 21.78 ± 1.08b 42.58 ± 1.79c 18.05 ± 1.64a 34.95 ± 1.65b 47.49 ± 1.52c 47.24 ± 1.85c 36.18 ± 1.21b 40.60 ± 1.33bc

18:4n–3 20:4n–3 28.16 ± 0.87b 49.44 ± 1.53d 15.85 ± 1.26a 37.19 ± 0.54c 53.72 ± 1.79d 68.03 ± 1.13e 39.83 ± 1.73c 38.15 ± 1.02c

20:4n–6 22:4n–6 56.30 ± 0.85a 40.74 ± 1.68c 29.42 ± 1.58b 65.79 ± 1.95d 50.96 ± 1.76d 30.59 ± 1.62b 23.32 ± 1.65b 31.75± 1.81bc

20:5n–3 22:5n–3 65.49 ± 1.88de 58.18 ± 2.45d 13.49 ± 1.51a 73.63 ± 1.87e 61.69 ± 1.26d 18.83 ± 1.40a 29.16 ± 1.75b 38.09 ± 1.68c

Values (mean ± SEM of three replicates) in each row with different superscript letters are significantly different (P < 0.05). PUFA, polyunsaturated fatty acid.

efficiency of 16 Fad in marine carnivorous fish Epinephelus
coioides is significantly lower than that in other fish species.
Previous studies reported that the conversion rates of 16 Fad
in grouper, rabbitfish, salmon, and eel were 4.4–9.78% (Li et al.,
2014), 35–59% (Li et al., 2010), 25–47% (Monroig et al., 2010),
and 20.7–60.8% (Wang et al., 2014), respectively. Although
these data of genes conversion rates in the present study are
somewhat different from those in the previous studies; the
order of genes conversion rates in grouper, rabbitfish, salmon,
and eel is consistent in the present study and previous works.
Consistently, nutritional trials have shown that VO can satisfy
the essential fatty acid (EFA) requirements of Ctenopharyngodon
idellus, Siganus canaliculatus, Anguilla japonica, S. chuatsi, and
Salmo salar; and their 16 fad gene expression was increased by
dietary VO (rich in C18 PUFA) (Takeuchi et al., 1980; Monroig
et al., 2011; Lei et al., 2017; Xie et al., 2018; Sankian et al.,
2019), whereas E. coioides 16 Fad had a low enzymatic activity
in converting LNA and LA because of the deficiency of binding
site for the stimulatory protein 1 (Sp1) in its promoter (Li
et al., 2014; Xie et al., 2018). Among the freshwater species,
herbivorous C. idellus has a higher 16 Fad activity than has
carnivorous S. chuatsi, and the similar effect of feeding habit on
the desaturase’s activity was also exhibited between the marine
species. Among the carnivorous fish species, the highest 16 Fad
activity was detected in the catadromous A. japonica, followed
by freshwater and anadromous species, and the lowest in marine
species, whereas the influence of habitats on the 16 Fad activity
was little in the herbivorous fish species. Those results suggested
that the 16 Fad activity of fish is under the influence of both
feeding habits and habitats. Furthermore, the 18 activity of
Fads2 varied notably among the different fish species, and a
higher 18 capability was detected in marine fish compared
with freshwater/diadromous species (Monroig et al., 2011). On
the other hand, those results confirmed that the functions and
capabilities of teleost Fads2 have diversified remarkably as a result

of environmental factors including habitat, trophic level, and
ecology (Castro et al., 2016).

Besides Fads2, the above-mentioned environmental factors
have also been suggested as potential drivers modulating the
elongation capabilities of teleosts (Agaba et al., 2005; Carmona-
Antoñanzas et al., 2013; Wang et al., 2014; Janaranjani et al.,
2018). In a comparison of Elovl5 activities on C18–C22 PUFA
substrates among seven fish species, Elovl5 activities were more
likely to elongate n–3 substrates than n–6 substrates, with the
exception of the Atlantic cod (Gadus morhua, Gadiformes)
elongase, which was more active toward the n–6 homologs
(Agaba et al., 2005). Simiarly, Elovl5 activities of all fish from
different ecological backgrounds were high toward n–3 PUFAs,
whereas the S. chuatsi Elovl5b exhibited a preference for n–
6 substrates. The pattern of activities on different PUFAs
substrates showed that the Elovl5 from A. japonica and S. salar
exhibited a rank order of C18 > C20, which was very similar
to those of most fish species (Castro et al., 2016; Xie et al.,
2016; Janaranjani et al., 2018; Ferraz et al., 2019). The Elovl5
from S. chuatsi and E. coioides showed a similar activity with
C18 and C20 PUFAs. Interestingly, herbivorous C. idellus and
S. canaliculatus elongases were less active toward C18 substrates
than were the other elongases, but they displayed higher activities
toward the C20 PUFAs (Monroig et al., 2012), which might
be linked to the abundance of C18 PUFAs and limited C20
PUFAs in their food web. In general, the trophic level and
ecology have a bigger impact on the Elovl5 activity of teleosts
than the habitat.

CONCLUSION

The present study demonstrated S. chuatsi Fads2 with 16
Fad capabilities, and its Elovl5a showed a preference toward
n–3 C18–C20 PUFAs, whereas the Elovl5b showed substrate
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specificity toward C22 PUFAs. Furthermore, the desaturation
and elongation capabilities of 16 Fad and Elovl5 were
compared among six fish species from different ecological
backgrounds, which indicated that the 16 Fad activity of
fish is under the double influence of feeding habits and
habitats, whereas the Elovl5 activity of teleosts was affected
more by the trophic level and ecology. Those differences
in the functional competences of the 16 Fad and Elovl5
from different fish species may contribute to the different
LC-PUFA biosynthesis abilities of the species. These results
increase our knowledge of the molecular basis of LC-PUFA
biosynthesis and its regulation in teleosts and provide guidance
on choosing suitable dietary PUFA precursors for those
farmed fish species.

This study has a drawback. The present study compared the
conversion rates of Fads2 and Elovl5 among the six teleosts
under the same in vitro conditions, which is not enough to
explain the difference of Fads2 and Elovl5 activities in vivo. The
enzymatic activities are related to the enzymatic kinetics, such
as the Michaelis constant (Km) and maximum velocity of the
reaction (Vmax). Therefore, more studies are needed to fully
investigate the enzymatic kinetics of Fads2 and Elovl5.
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Proteins of Turbot (Scophthalmus
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and Recovery of Enteritis Induced by
Dietary β-Conglycinin
Jing Zheng1,2, Pei Yang1,2, Jihong Dai1,2, Guijuan Yu1,2, Weihao Ou1,2, Weiqi Xu1,2,
Kangsen Mai1,2,3 and Yanjiao Zhang1,2,3*

1 The Key Laboratory of Aquaculture Nutrition and Feed (Ministry of Agriculture), College of Fisheries, Ocean University
of China, Qingdao, China, 2 The Key Laboratory of Mariculture (Ministry of Education), College of Fisheries, Ocean University
of China, Qingdao, China, 3 Laboratory for Marine Fisheries Science and Food Production Processes, Qingdao National
Laboratory for Marine Science and Technology, Qingdao, China

This study was conducted to investigate the dynamic characterization of enteritis of
juvenile turbot (Scophthalmus maximus L.) during the development of enteritis induced
by dietary β-conglycinin (7S) and the recovery by fish meal (FM). Two isonitrogenous and
isolipidic experimental diets were formulated, FM diet and FM supplemented with 8% 7S
diet. The feeding trial consists of three groups, turbot fed FM and 7S diet for 10 weeks,
respectively, and turbot fed 7S diet for 3 weeks and then fed FM diet for another 7 weeks
(7S&FM). The distal intestines and serum of turbot in the 7S&FM group were sampled
at the zeroth day, third day, first week, second week, third week, sixth week, and tenth
week. At the end of the feeding trial, the growth performance and feed utilization of
turbot in the FM and 7S&FM group were significantly higher than that of turbot in the
7S group. According to the observation of intestinal histology, the typical symptoms of
enteritis were observed at the third week and then mitigated by FM gradually until the
tenth week. The activities of diamine oxidase (DAO) and content of D-lactate in serum
showed a similar trend in 10 weeks. The gene expression of pro-inflammatory cytokines
IL-1β, IL-8, IL-22, and IFN-γ was significantly increased by 7S in the first 3 weeks and
then significantly decreased by FM since the sixth week, as well as the expression of
NF-κB p65. The opposite trend of gene expression was observed in anti-inflammatory
cytokine TGF-β. The gene expression of tight junction proteins claudin-3, claudin-4,
claudin-like, occludin, and ZO-1 was significantly decreased during the first 3 weeks and
then the gene expression of claudin-4 and occludin was significantly increased by dietary
FM since the sixth week. Meanwhile, the gene expression of myosin light chain kinase
(MLCK) increased significantly during the first 3 weeks and then significantly declined at
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the tenth week. Collectively, dietary 8% 7S could induce the serious enteritis of turbot
in 3 weeks and the mitigation progress could be observed when turbot are fed with FM
diet. The intestinal inflammatory cytokines and tight junction proteins showed different
responses during the development and recovery of enteritis.

Keywords: inflammatory cytokines, tight junction proteins, β-conglycinin, enteritis, turbot

INTRODUCTION

The intestine of animals is not only the organ for digestion and
absorption of nutrients but also an important place to defend
against foreign invaders. The intestinal mucosal barriers, mainly
including the immune barrier and physical barrier, are the most
important defensive barriers of gut health in animals (Oshima
and Miwa, 2016). The intestinal immune barrier is of vital
importance in response to enteritis, which consists of a variety
of cytokines. Cytokines are key mediators of cellular interactions
in the intestine in both physiology and pathophysiology and
could be mainly divided into pro-inflammatory cytokines and
anti-inflammatory cytokines (Friedrich et al., 2019). During
enteritis, the activation of intestinal immune cell may proceed
unchecked and lots of cytokines may be released to promote
a persistent enteritis (Quintans et al., 2019). The intestinal
physical barrier is mainly composed of intestinal epithelial cells
and tight junction. Tight junction forms a complex protein
structure maintained by transmembrane proteins (e.g., claudins
and occludin) and cytoplasmic proteins (e.g., ZO-1) between
adjacent epithelial cells (Balda and Karl, 2008). The decreased
gene expression of tight junction proteins usually represents the
weakened intestinal physical barrier function, which facilitates
more pathogen invasion in intestine (Takiishi et al., 2017).
The secretion of inflammatory cytokines and the reassembly
of tight junction structure are thought to be important in the
initiation and/or development of enteritis (Hee, 2015). Evidences
in grass carp (Ctenopharyngodon idella) (Luo et al., 2014; Chen
K. et al., 2018; Wu et al., 2018), Jian carp (Cyprinus carpio)
(Jiang et al., 2015), and turbot (Scophthalmus maximus) (Chen
Z. et al., 2018; Liu et al., 2018) have shown that the up-
regulated gene expression of pro-inflammatory cytokines occurs
along with the down-regulated gene expression of tight junction
proteins in enteritis. However, the nature of inflammatory
cytokines and tight junction dynamics during enteritis remains
poorly understood.

During rapid growth of aquaculture, soybean meal has been
widely used in fish feed due to the limited supply and high price
of fish meal. However, application of soybean meal in feeds for
marine fish generally induced enteritis (Li et al., 2017; Chen
Z. et al., 2018; Liu et al., 2018). 7S is known to be a main

Abbreviations: 7S, β-conglycinin; DAO, diamine oxidase; FER, feed
efficiency ratio; FI, feed intake; FM, fish meal; GAPDH, glyceraldehyde-3-
phosphatedehydrogenase; GC, goblet cell; H&E, hematoxylin and eosin; IFN-γ,
interferon-γ; IL-1β, interleukin-1β; IL-8, interleukin-8; IL-22, interleukin-22; LP,
lamina propria; MF, mucosal fold; MLC, myosin II regulatory light chain; MLCK,
myosin light chain kinase; MM, muscularis mucosa; MV, microvilli; NF-κB,
nuclear factor-kappa B; SGR, specific growth rate; SML, submucous layer; TGF-β,
transforming growth factor-β; TNF-α, tumor necrosis factor-α; ZO-1, zonula
occludens-1.

allergenic protein in soybean that favors the development of
mammal enteritis (Lamia and Boye, 2007; Krishnan et al., 2009).
In mice and piglets, the supplementation of 7S in diet inhibited
the growth performance and impaired the histological structure
and mucosal barrier of intestine (Guo et al., 2007; Liu et al., 2008;
Hao et al., 2009; Xu et al., 2010; Sun et al., 2013; Zhao et al., 2014).
However, very few studies are available regarding the effects of
7S on intestinal health of fish despite the widely reported studies
with mammals. In fish, it has been reported that soy preparations
with high levels of 7S in diet caused inferior growth performance
in rainbow trout (Oncorhynchus mykiss) (Rumsey et al., 1994).
Zhang et al. (2013) reported that 8% dietary 7S (purity, 80%)
induced intestinal oxidation lesions and dysfunction of intestinal
digestion and absorption of Jian carp and finally suppressed fish
growth performance. Li et al. (2017) reported that turbot fed a
diet contained 8% 7S (purity, ∼78%) showed obvious intestinal
mucosal lesions and inferior feed utilization. However, the studies
on the effect of dietary 7S on intestinal health usually followed
a long period of feeding trial. The action mechanism of 7S on
intestinal tract during the development of enteritis is urgently in
need of clearer survey.

Turbot has been farmed as a valuable marine fish worldwide.
The present study was aimed to further elucidate the dynamics
of intestinal inflammatory cytokines and tight junction proteins
during the development and recovery of enteritis of turbot
induced by dietary 7S. The current results are beneficial to find
targets in mitigation of 7S-induced enteritis of fish.

MATERIALS AND METHODS

Ethical Clarification
All sampling protocols, as well as fish-rearing practices, were
reviewed and approved by the Animal Care and Use Committee
of Ocean University of China.

Experimental Diets
Purified 7S was offered by Prof. Shuntang Guo at China
Agricultural University (the purified protein was made by
fractional salting-out method with sodium and potassium salts
of different pH, Patent No. 200410029589.4, China). The crude
protein content of 7S was 96.0% (determined by the Kjeldahl
method) and the protein profile of 7S fraction was revealed
by the SDS-PAGE analysis (Figure 1). Quantitative analysis of
the gel image was performed using Quantity One (Bio-Rad,
Hercules, CA, United States), which shows that the purity of 7S
fraction is 81.3% 7S, the rest being 5.8% glycinin and 12.9% non-
allergenic proteins. The immunologically active 7S in the diet
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FIGURE 1 | The SDS-PAGE profile of purified β-conglycinin fraction. Lane 1:
protein marker; Lane 2: β-conglycinin fraction. α′, α, and β are subunits of
β-conglycinin, and Ax and Bx are acidic and basic subunits of glycinin (see
Supplementary Figure S2 for the original blots).

was determined by a commercial kit (National Feed Engineering
Technology Research Center, Beijing, China) and it was 5.91%.

The results of our previous research in turbot (Li et al., 2017)
showed that diet with 4–8% 7S (purity, ∼78%) can cause the
typical enteritis of turbot after a 12-week feeding trial. In addition,
another study in turbot showed that diet with 6% 7S (purity,
∼75.87%) could damage the intestinal histology after a 4-week
feeding trial (Gu et al., 2016). Also, enteritis was observed after a
12-week feeding trial in turbot fed diet with 37.9% soybean meal
(about 6% 7S) (Chen Z. et al., 2018; Liu et al., 2018). Based on
these researches in turbot and the purpose of our study, a level
of 8% 7S (purity, 81.3%) in diet was chosen to ensure that the
7S-induced enteritis can occur in turbot in a short time.

Two isonitrogenous and isolipidic diets were formulated to
contain 52% crude protein and 11% crude lipid (Table 1).
The basal diet used fish meal, casein and gelatin as the main
protein sources (FM). 7S was included into the basal diet to
replace 8% casein and gelatin (7S). Crystalline amino acids were
supplemented to obtain the same essential amino acid profile
across all the diets. Dietary ingredients were ground into fine
powder through 320-µm mesh. All ingredients were thoroughly
mixed with fish oil, and then water was added to produce stiff
dough. The dough was then pelleted with an experimental single-
screw feed mill. After being pelleted, the feeds were dried in a

TABLE 1 | Formulation and proximate composition of the experimental diets
(% dry matter).

Ingredients FM 7S

Red fish meala 43 43

Casein 12 5

Gelatin 3 1.25

Wheat flour 32.55 33.3

Fish oil 4 4

Soybean oil 2 2

Soybean lecithin 1 1

Vitamin premixb 1 1

Mineral premixc 0.5 0.5

Ca(H2PO4)2 0.5 0.5

Choline chloride 0.2 0.2

Calcium propionate 0.1 0.1

Ethoxyquin 0.05 0.05

Yttrium oxide 0.10 0.10

Arginine 0.08 0.00

Leucine 0.00 0.11

Lysine 0.00 0.07

Methionine 0.00 0.10

Threonine 0.00 0.12

Valine 0.00 0.15

Nutrient composition (% dry matter)

Crude protein 52.77 51.18

Crude lipid 11.22 10.96

Ash 9.09 8.88

β-Conglycinind 0 5.91

aRed fish meal (dry matter,%): crude protein 73.38, crude lipid 10.42; casein
(dry matter%): crude protein 96.90, crude lipid 0.53; gelatin (dry matter,%): crude
protein 99.30, crude lipid 0.21; wheat flour (dry matter,%): crude protein 17.05,
crude lipid 2.29. bVitamin premix (mg kg−1 diet): retinyl acetate, 32; vitamin D3,
5; DL-α-tocopherolacetate, 240; vitamin K3, 10; thiamin, 25; riboflavin (80%), 45;
pyridoxine hydrochloride, 20; vitamin B12 (1%), 10; L-ascorbyl-2-monophosphate-
Na (35%), 2000; calcium pan-tothenate, 60; nicotinic acid, 200; inositol, 800; biotin
(2%), 60; folic acid, 20; cholinechloride (50%), 2500; cellulose, 2473. cMineral
premix (mg kg−1 diet): FeSO4·H2O, 80; ZnSO4·H2O, 50; CuSO4·5H2O, 10;
MnSO4·H2O, 45; KI, 60; Co Cl2·6H2O (1%), 50; Na2SeO3 (1%), 20; MgSO4·7H2O,
1200; calcium propionate, 1000; zeolite, 2485. dDetermined by a commercial kit
(National Feed Engineering Technology Research Center, Beijing, China).

ventilated oven at 45◦C for about 12 h and then stored in a freezer
at−20◦C.

Fish, Experimental Procedure, and
Conditions
Disease-free and healthy juvenile turbots were obtained from
a commercial fish farm in Penglai, Shandong Province, China.
They were fed FM diet for 2 weeks to acclimate to the
experimental conditions before the start of feeding trial. Then,
turbots with similar sizes (initial mean weight, 8.29± 0.13 g) were
randomly distributed to 12 fiberglass tanks (300 L) with 40 per
tank; fish in three tanks were fed FM and 7S diet, respectively,
and fish in six tanks were fed 7S diet for the first 3 weeks and
FM diet for another 7 weeks (7S&FM). They were carefully
hand-fed until apparent satiation twice daily (08:00 and 17:00).
Uneaten feed was collected from the tank outlets and dried for
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the calculation of FI. Each aquarium was supplied with free-
flowing water. Seawater was pumped from the adjacent coast to
the experiment base; passed through sand filters, froth separator,
and biofilter in turn; and finally flowed into each tank at a rate
of 2 L min−1. The system water was exchanged at 50% each day
with new water. Continuous aeration was supplied with a single
air-stone connected to a central air blower. During the feeding
trial, the water temperature ranged from 15 to 17◦C; salinity was
about 35h; dissolved oxygen was higher than 6 mg L−1.

Sample Collection
According to the relevant references and our previous study on
soybean-induced enteritis of fish, 3 weeks of the development
of enteritis and 3 weeks of the recovery of enteritis can be seen
clearly when 33% soybean meal was added in the diet of Atlantic
salmon (Baeverfjord and Krogdahl, 1996). There is also a similar
research investigating the histological evaluation of the distal
intestine at the first day, second day, third day, fifth day, and
seventh day when 20% soybean meal was used in the diet of
Atlantic salmon, and the first signs of enteritis were revealed at
the fifth day (Sahlmann et al., 2013). In turbot, Liu et al. (2018)
found that the expression of intestinal tight junction proteins
was suppressed by soybean meal since the second week. Indeed,
we sampled the intestines of turbot fed diet with 7S at the
zeroth day, first day, third day, fifth day, first week, second week,
third week, sixth week, eighth week, and 10th week. Then, the
representative time points, according to the results in the present
study, including the zeroth day, first day, third day, first week,
second week, third week, sixth week, and 10th week, were used in
this manuscript to give a clearer change.

The serum and distal intestines were taken at the zeroth day,
third day, first week, second week, third week, sixth week, and
10th week after anesthetizing with eugenol (1:10,000) (purity
99%, Shanghai Reagent Corp., Shanghai, China) from three of
six tanks fed 7S&FM. At the termination of the experiment, fish
were fasted for 24 h before harvest. Total number and body
weight of turbot in the FM group (three tanks), the 7S group
(three tanks), and the other three tanks in the 7S&FM group were
counted and measured. Six distal intestinal tissue samples from
six fish were taken and fixed at neutral formalin solution (10%)
for histological evaluation and another nine distal intestinal
tissue samples from nine fish were taken and frozen in liquid
nitrogen immediately and stored at −80◦C for gene expression
analysis. All distal intestinal tissue samples were dissected from
the middle part of distal intestines (about 1 cm in length). Blood
was withdrawn using a syringe from the caudal vein of fish
and stored at 4◦C until it clotted. Serum was collected after
centrifugation (4000 g, 10 min, 4◦C) and stored at −80◦C as
separate aliquots until analysis.

Intestinal Histology
Distal intestine was fixed routinely in the neutral formalin
solution (10%) for 24 h and then transferred to 70% ethanol for
better long-term preservation. According to standard histology
procedures, distal intestine tissues were dehydrated in ethanol,
equilibrated in xylene, and embedded in paraffin wax. Tissue
sections with approximate thickness of 5 µm were cut and stained

with H&E. In addition, the slides were examined under a light
microscope (DP72; Olympus, Tokyo, Japan) equipped with a
camera (E 600, Nikon, Tokyo, Japan) and an image acquisition
software (CellSens Standard, Olympus, Tokyo, Japan) for the
presence of degenerative changes of epithelial cells. Intestinal
histology was evaluated mainly according to the following
criteria: (1) the widening of the central LP within the intestinal
folds, with increased amounts of connective tissue; (2) the
infiltration of a mixed leukocyte population in the LP; (3) the
infiltration of a mixed leukocyte population in the submucosa
layer; (4) the disorder arrangement of MV; and (5) the increase of
the number of GCs. The degree of change of the distal intestine
histological features was graded into normal structure; slight
enteritis; moderate enteritis; and severe enteritis for more concise
statistics of the state of enteritis in all samples (Baeverfjord
and Krogdahl, 1996; Krogdahl et al., 2003; Silva et al., 2015;
Gu et al., 2016).

The Activity of DAO and the Content of
D-Lactate in Serum
According to the manufacturer’s instructions, plasma DAO
activity was measured by DAO assay kit (A088-1, Nanjing
Jiancheng Bioengineering Institute, China). A total of 80 µL
of plasma was added to the test tube, mixed with 800 µL
of the reaction mixture, and incubated at 37◦C for 10 min.
The optical density was measured at 340 nm. The results were
expressed as unit per liter. The level of D-lactate in plasma
was measured by D-lactate ELISA kit (H263, Nanjing Jiancheng
Bioengineering Institute, China) according to the manufacturer’s
instructions. The test samples were prepared with assay buffer
in a 96-well plate and then mixed with the reaction mixture for
30 min at room temperature. The optical density was measured
at 450 nm. A standard curve was generated by serial dilution
of a D-lactate standard solution, and the concentrations of the
samples were calculated. The results were expressed as nanomole
per milliliter.

Quantitative Real-Time PCR (qPCR)
To extract and purify the total RNA, distal intestine tissues were
ground to powder in liquid nitrogen and added to RNAiso Plus
(9109; Takara Biotech, Dalian, China). The integrity of RNA
was evaluated by electrophoresis using 1.2% denatured agarose
gel and then followed by concentration determination with
Nano-Drop R©ND1000 (Nano-Drop Technologies, Wilmington,
DE, United States). The 260/280 nm absorbance ratios of all
samples were close 2.0, and ratios were similar and stable,
indicating a satisfactory purity of the RNA samples. Then,
RNA was reversed transcribed to cDNA by PrimeScript R©RT
reagent Kit with gDNA Eraser (Perfect Real Time, Takara, Japan)
following the manufacturer’s instructions (Lu et al., 2017; Xu
et al., 2017).

The gene expression stability of reference gene GAPDH was
assessed, whose mRNA levels in the distal intestine are stable
among all the samples in all the time points of the 7S&FM
group. Specific primers for target genes and housekeeping genes
(Table 2) were synthesized by Qingke (Shandong, China) and
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TABLE 2 | Primers used for quantitative real-time PCR analysis.

Target gene Sequences of primers (5′–3′) Type GenBank no.

TNF-α-F GGACAGGGCTGGTACAACAC qPCR AJ276709.1

TNF-α-R TTCAATTAGTGCCACGACAAAGAG qPCR

IFN-γ-F GCTTTCCCGATCATCTTCTG qPCR DQ400686.1

IFN-γ-R GGTTTCCCAGATTCCCATTC qPCR

IL-1β-F CGCTTCCCCAACTGGTACAT qPCR AJ295836.2

IL-1β-R ACCTTCCACTTTGGGTCGTC qPCR

IL-8-F GGCAGACCCCTTGAAGAATA qPCR DQ400690.1

IL-8-R TGGTGAACCCTTCCCATTAT qPCR

IL-22-F GCTGCAGCGTGACTCACTA qPCR JQ349070.1

IL-22-R CTGCAGGTACGTGAAGAGGA qPCR

NF-κB p65-F TGTCGTAGATGGGGTTGGA qPCR MF370855

NF-κB p65-R AGGAGCTGGGGAAGGTGAT qPCR

TGF-β-F TCAGCATTCCAGATGTAGGTG qPCR KU238187.1

TGF-β-R GGAGAGTGGCTTCAGTTTTTC qPCR

ZO-1-F CGCCACCAGCAAAACCAGTC qPCR KU238184.1

ZO-1-R CGATGAAGATGCCCACGTCG qPCR

Occludin-F ACTGGCATTCTTCATCGC qPCR KU238182.1

Occludin-R GGTACAGATTCTGGCACATC qPCR

Claudin-3-F ATCTGGGAGGGCCTGTGGAT qPCR KU238180.1

Claudin-3-R TCTTGGGAGAGGGCGAGCAT qPCR

Claudin-4-F ATGTGGAGTGTGTCGGCTT qPCR MF370857

Claudin-4-R AGACCTTGCACTGCATCTG qPCR

Claudin-like-F ATGTGGAGGGTGTCTGCC qPCR KU238181

Claudin-like-R CTGGAGGTCGCCACTGAG qPCR

MLCK-F TGTGCTGGGAAGTTCTACAAAGG qPCR MF370856

MLCK-R CAATCTCAGGCTTGTGGTCGTAG qPCR

GAPDH-F AGCAGCAGCCATGTCAGACC qPCR AY008305.1

GAPDH-R TTGGGAGACCTCACCGTTGTAAC qPCR

TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; IL-1β, interleukin-1β; IL-8,
interleukin-8; IL-22, interleukin-22; TGF-β, transforming growth factor-β; ZO-1,
zonula occludens-1; NF-κB p65, nuclear factor-kappa B p65; MLCK, myosin
light-chain kinase; GAPDH, glyceraldehyde-3-phosphatedehydrogenase.

then assessed to determine the application efficiency. Real-
time PCR was conducted in a quantitative thermal cycler
(Mastercyclerep realplex, Eppendorf, Germany) in a final volume
of 25 µL containing 12.5 µL of 2 × SYBR Green Real-time
PCR Master Mix [SYBR R© Premix Ex TaqTM (Tli RNaseH Plus)]
(TaKaRa, Japan), 1 µL (10 µM) of each forward and reverse
primer, 1 µL of 200 ng/µL complementary DNA template, and
9.5 µL of dH2O. PCR conditions began with 2 min at 95◦C,
followed by 35 cycles of 15 s at 95◦C, 15 s at 58◦C, and
20 s at 72◦C. A melting curve analysis (1.85◦C increment/min
from 58 to 95◦C) was performed after each amplification
phase to confirm amplification of one product only. The gene
expression levels were calculated using the 2−11CT method
(Livak and Schmittgen, 2001).

Calculations and Statistical Analysis
Survival (%) = 100× final amount of fish/initial amount of
fish
SGR (% day−1) = 100× (lnWt − lnW0)/t
FI (% day−1) = 100× feed consumed× 2/(W0 +Wt)/t
FER = (W0 −Wt)/feed consumed

Where Wt and W0 are final and initial fish weight, respectively; t
is the duration of experimental days; feed and protein consumed
are calculated on a dry matter basis.

For data not analyzed in the previous section, one-way
ANOVA was performed using SPSS 17.0 for Windows, followed
by the Tukey’s multiple-range test. Tank means were used as
the statistical unit in the analyses. Differences were regarded
as significant when P < 0.05 and the results are presented as
means± standard error.

RESULTS

Growth Performance and Feed
Utilization
The survival of experimental fish was greater than 99% in
each group. The SGR, FER, and final weight in the FM and
7S&FM group were significantly higher than that in the 7S group
(P < 0.05); however, the FI in the 7S group was the highest
(P < 0.05). There is no significant difference of final weight,
SGR, FER, and FI between the FM group and the 7S&FM group
(P > 0.05) (Table 3).

Intestinal Histology
The first signs of enteritis are visible at the third day, which
are the slight widening of LP and the disordered arrangement
of MV in one of six fish. All fish showed the widening of LP,
the disordered arrangement of MV, and the increased number of
GCs at the first and second week. At the third week, all sampled
fish showed profound inflammatory cell infiltration of LP. At the
sixth week, the symptoms of enteritis were the widening of LP in
two of six fish and the slight widening of LP in four of six fish;
meanwhile, the disordered arrangement of MV was obviously
improved. At the 10th week, only the slight widening of LP was
observed (Figure 2, Supplementary Figure S1, and Table 4).

DAO (Diamine Oxidase) Enzymes
Activities and D-Lactate Content in
Serum
The activity of serum DAO and the content of D-lactate
significantly increased from the zeroth day to the third week and

TABLE 3 | Effects of growth performance and feed utilization of the FM group,
7S&FM group, and 7S group.

Parameter FM 7S&FM 7S

Initial weight (g) 8.16 ± 0.11 8.42 ± 0.15 8.36 ± 0.20

Final weight (g) 31.17 ± 1.49a 27.77 ± 0.50b 17.02 ± 0.41c

Survival (%) 99.19 ± 0.81 100.00 ± 0.00 99.17 ± 0.83

SGR (% day−1) 1.91 ± 0.09a 1.70 ± 0.05a 1.02 ± 0.04b

FI (% day−1) 1.35 ± 0.94b 1.05 ± 0.92b 1.88 ± 0.11a

FER 1.25 ± 0.12a 1.46 ± 0.04a 0.52 ± 0.02b

Values are means ± standard error, and values within the same row with different
letters are significantly different (P < 0.05). SGR: specific growth rate; FI: feed
intake; FER: feed efficiency ratio.
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FIGURE 2 | Histological changes of the distal intestine section from turbot in the 7S&FM group at the zeroth day (a), the third day (b), the first week (c), the second
week (d), the third week (e), the sixth week (f), and the 10th week (g). MV, microvilli (black arrows); GC, goblet cells (blue arrows); infiltration of mixed leukocytes (red
arrows); LP, lamina propria. Scale bar, 50 µm. Staining: H&E.

then showed continuous declination till the 10th week (P< 0.05)
(Figure 3).

Relative mRNA Expression of Intestinal
Mucosal Immunological Barrier-Related
Molecules in the Distal Intestine
During the first 3 weeks, the gene expression of IL-1β, IL-8,
IL-22, and NF-κB p65 was significantly increased (P < 0.05),
whereas the gene expression of TGF-β was significantly decreased
(P < 0.05). The gene expression of IFN-γ was significantly
increased from the second week to the sixth week (P < 0.05).
Compared with the zeroth day, the gene expression of IL-1β, IL-8,

TABLE 4 | Distal intestinal histology changes statistics in the 7S& FM group.

Time
points

Normal
structures

Slight
enteritis

Moderate
enteritis

Severe
enteritis

Overall

Day 0 6 – – – 6

Day 3 5 1 6

Week 1 – 4 2 – 6

Week 2 – 3 3 – 6

Week 3 – – – 6 6

Week 6 – 4 2 – 6

Week 10 – 6 – – 6

The numbers in the table display the distribution of all samples in different degrees
of enteritis condition at different time points in the 7S&FM group. The intestinal
histology changes were classified according to the criteria described by Baeverfjord
and Krogdahl (1996); Krogdahl et al. (2003), Silva et al. (2015), and Gu et al. (2016).

IL-22, and IFN-γ, as well as NF-κB p65, all showed no difference
at the 10th week (P > 0.05) (Figure 4).

Relative mRNA Expression of Intestinal
Mucosal Physical Barrier-Related
Proteins in the Distal Intestine
The gene expression of occludin, claudin-like, and claudin-4
significantly declined during the first 3 weeks (P < 0.05). The
gene expression of claudin-3 was significantly down-regulated
from the third week to the 10th week (P < 0.05). At the second
and third week, the gene expression of ZO-1 was significantly
decreased (P < 0.05) and the gene expression of MLCK was
significantly increased (P < 0.05). Then, at the 10th week, the
gene expression of occludin, claudin-like, claudin-4, claudin-3,
and ZO-1 was still significantly lower than that of the zeroth day
except for MLCK (P < 0.05) (Figure 5).

DISCUSSION

In this study, the turbot got enteritis when fish was fed 7S
diet in the first 3 weeks. The mild symptoms of enteritis
were observed in the distal intestines at the first week and
all samples of distal intestine exhibited typical symptoms
of enteritis at the third week. The relief of enteritis was
observed after feeding FM diet in the next 7 weeks. Similar
research in Atlantic salmon showed that diet with 33%
soybean meal induced severe enteritis of distal intestine within
the first week and the symptoms continued to be worse
until the third week; however, enteritis was alleviated after
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FIGURE 3 | The activity of DAO and the content of D-lactate in serum at different time points in the 7S&FM group. Results are expressed as means ± standard error.
Different letters above the broken lines denote significant (P < 0.05) differences at different time points.

converting to FM diet for another 3 weeks (Baeverfjord
and Krogdahl, 1996). The faster enteritis development and
recovery in Atlantic salmon than that in turbot might be
because of the difference in fish species and the use of
soybean meal or 7S in diet. In carp, when 20% soybean
meal was added in diet, the symptoms of enteritis got
worse from the first week to the fourth week but the
symptoms got better spontaneously at the fifth week (Urán
et al., 2008). The higher adaptability of plant ingredients of
omnivorous fish may be the main reason for their recovery
from enteritis spontaneously. Results above showed a clear
process of the development and recovery of enteritis in
turbot induced by 7S.

Diamine oxidase is an intracellular enzyme that is mainly
found in the intestinal epithelial cell, and D-lactate is a metabolic
product of bacteria that is mainly found in the intestinal mucosa
(Luk et al., 1980; Nielsen et al., 2011). The intestine provides an
intact mucosal barrier function to prevent DAO and D-lactate
infiltrating the portal blood; therefore, they could be used as the
symbols of intestinal mucosal injury (Luk et al., 1980; Wu et al.,
2016). In the current study, the activity of DAO and the content
of D-lactate in serum remarkably increased in the first 3 weeks
and then significantly decreased till the 10th week. The previous
research showed that the activity of DAO and the content of D-
lactate in serum of piglet fed with diet 7S gradually increased from
the third week to the fifth week (Wu et al., 2016). Collectively, the
results of the histological structure of distal intestine as well as the
activity of DAO and the content of D-lactate in serum showed the
accordance tendency during the 10 weeks.

Cytokines are a group of biologically active molecules, which
act as modulators of the immune responses (Tarakanov et al.,
2005; Rauta et al., 2012). In general, the pro-inflammatory
cytokines, such as IL-1β, IL-8, IL-22, and IFN-γ, and the
anti-inflammatory cytokines, such as TGF-β, are all involved
in both the initiation and amplification of enteritis (Opal
and Depalo, 2000; Al-Sadi et al., 2012; Wang J. et al.,
2017). NF-κB is considered to play an important role in

regulating inflammatory response (Peng et al., 2018). In
mice and piglets, the secretion of IFN-γ and IL-8 as well
as the activation of NF-κB were remarkably induced by
dietary 7S (Hao et al., 2009; Sun et al., 2013; Peng et al.,
2018). Similar results were observed in the present study;
the excessive expression of IL-1β, IL-8, IL-22, IFN-γ, and
NF-κB p65 of turbot was induced by dietary 8% 7S in
the first 3 weeks. Meanwhile, the gene expression of TGF-
β was remarkably reduced. Li et al. (2017) also showed the
excessive expression of IL-1β and the decreased expression
of TGF-β in the distal intestine of turbot fed with the
diet containing 4% 7S for 12 weeks. Consistent with the
results of intestinal histology, the gene expression of IL-
1β, IL-8, IL-22, IFN-γ, and NF-κB p65 was significantly
decreased after feeding FM diet, and the opposite trend was
observed in the gene expression of TGF-β. Consequently, the
secretion of cytokines induced by 7S was mitigated effectively
by FM. However, the results of intestinal tight junction
proteins were different.

Generally, tight junction serves as an important physical
barrier to protect the intestine, and the damaged structure of
the tight junction could facilitate the invasion of pathogen
and pathogenic bacteria from intestinal lumen (Le et al.,
2008; Turner, 2009; Sturgeon and Fasano, 2016; Takiishi et al.,
2017). Claudins are the major barrier-forming proteins of
tight junction structure (Wang Y. et al., 2017). Occludin is
essential for some mechanisms of tight junction regulation and
responsible for part of the structural function of tight junction
(Buckley and Turner, 2017). ZO-1 is a scaffolding protein
that anchors the tight junction transmembrane proteins to the
actin cytoskeleton to regulate the recruitment and assembly
of tight junction (Fanning et al., 2002; Umeda et al., 2004;
Odenwald et al., 2018). It has been reported that the gene
expression of occludin and ZO-1 was decreased by dietary
7S in piglet (Zhao et al., 2014). In the present study, dietary
7S remarkably suppressed the gene expression of claudins,
occludin, and ZO-1. Meanwhile, the results showed that the
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FIGURE 4 | The gene expression of IL-1β, IL-8, IL-22, IFN-γ, TGF-β, and NF-κB p65 at different time points in the 7S&FM group. Results are expressed as
means ± standard error. Different letters above the broken lines denote significant (P < 0.05) differences at different time points.

response of occludin and claudins is faster than that of ZO-
1. The difference is largely unknown at present; however,
claudins are outermost proteins of tight junction that might
be easier disrupted than other tight junction proteins in the
pathological complex intercellular environment. For instance,
research on human gastrointestine showed that some claudins
might be functionally incapacitated by binding to pathogens
through extracellular receptors (Shrestha and Mcclane, 2013).
MLCK regulates the contraction of the perijunctional actin
ring by causing phosphorylation of MLC, which could induce
disruption of tight junction (Zolotarevsky et al., 2002; Clayburgh
et al., 2004; Shen and Turner, 2005). It has been confirmed
that the reduction of the expression of ZO-1 is related to the

activation of MLCK (Shen et al., 2006), and the recovery of ZO-
1 following the inhibition of MLCK activity has been reported
as well (Yu et al., 2010). Interestingly, at the sixth and 10th
week, the gene expression of MLCK had declined remarkably,
while the gene expression of ZO-1 still showed no increase.
The reason is largely unknown presently; furthermore, there
is a research showing that the damage of tight junction was
not correctable by the inhibition of MLCK, which might be
due to intestinal epithelial apoptosis (Zolotarevsky et al., 2002).
The research in piglets showed that apoptosis was a probable
way of the disruption of intestinal tight junction caused by 7S
both in vivo and in vitro (Chen et al., 2011). In this study, the
expression of intestinal tight junction proteins did not increase
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FIGURE 5 | The gene expression of occludin, claudin-like, claudin-4, claudin-3, ZO-1, and MLCK at different time points in the 7S&FM group. Results are expressed
as means ± standard error. Different letters above the broken lines denote significant (P < 0.05) differences at different time points.

significantly after feeding FM diet. Besides, research on the
dynamic regulation of tight junction is inadequate, and more
researches are needed to investigate the impaired and recovery
mechanism of tight junction.

CONCLUSION

In summary, the present results first showed a clear process of
enteritis induced by dietary 8% 7S and the recovery by FM in
turbot. During the process, the dynamic responses of intestinal
inflammatory cytokines and tight junction proteins were quite
different, especially the responses of different tight junction
proteins. Besides, both NF-κB p65 and MLCK were involved

in enteritis. The present results provided new insight into the
mitigation methods of 7S-induced enteritis in fish.
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FIGURE S1 | Histological changes of the distal intestine section from turbot in
7S&FM group at the zero day (A), the third day (B), the first week (C), the second
week (D), the third week (E), the sixth week (F) and the tenth week (G). MF:
mucosal fold; MM: muscularis mucosa; SML: submucous layer; Scale bar, 500
µm. Staining: H & E.

FIGURE S2 | The original blots of SDS-PAGE. The lines from left to right are 7S,
11S, protein marker, 7S, 11S, protein marker, 11S and 11S. The part in the frame
was used in the article.
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The study was conducted to explore the improvement function of marine protein
hydrolyzates on nutritive values of diets for largemouth bass. The diet with no inclusion
of marine protein hydrolyzate was considered as the control (NC), and four other
diets were formulated with fish soluble (FS), squid paste (SqP), shrimp paste (ShP),
or a mixture of FS, SqP, and ShP (Mix). Triplicate tanks of fish were fed to apparent
satiation twice daily for 81 days. Results showed that the growth performance was
elevated due to the inclusion of marine protein hydrolyzates along with significantly
elevated feed intake and protein digestibility. Thereinto, the inclusion of FS and ShP
significantly improved the growth performance compared to NC. The supplementation
of marine protein hydrolyzates elevated the protein content and lysozyme activity
of serum, but significantly decreased the activity of liver alanine transaminase and
aspartate transaminase. The gene expression analysis revealed that marine protein
hydrolyzate inclusion up-regulated the expression of insulin-like growth factor I (IGF-I)
with increased expression of TOR pathway-related genes including protein kinase B
(AKT) 1 and ribosomal protein S6. However, the expression of activating transcription
factor 4 (ATF4) and regulated in development and DNA damage responses 1 (REDD1)
involved in the amino acids response (AAR) pathway was depressed with the addition
of marine protein hydrolyzates. The activation of the TOR pathway and depression of
the AAR pathway may be beneficial for the improved performance of fish. In the above,
the marine protein hydrolyzate, especially FS and ShP, can elevate nutritive values of
diets for largemouth bass.

Keywords: marine protein hydrolyzates, growth performance, gene expression, nutrient-sensing pathway,
largemouth bass

INTRODUCTION

Fish meal has been recognized as an indispensable protein source in the feed for carnivorous fish
with high protein requirement because of its abundant protein content, excellent amino acid profile,
and high palatability (Tacon and Metian, 2008). However, the reduced resource and rising price of
fish meal seriously limit its use (FAO, 2016), and therefore, alternative protein sources have been
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widely explored to reduce the use of fish meal in aquafeed (Gatlin
et al., 2007; Lim and Webster, 2008).

In general, high inclusion of plant protein in aquafeed
commonly produces negative effects on digestive physiology and
further reduces the growth performance of farmed fish, mainly
due to their shortcomings in enriched anti-nutritional factors,
unbalanced amino acid composition, and poor palatability (Burel
et al., 2000; Barros et al., 2002; Colburn et al., 2012; Song
et al., 2014). The marine by-products, such as the by-products
of shrimp, squid, scallop, and fish, could be effectively converted
to biologically functional products via enzymatic hydrolysis
(Shahidi, 1994; Gildberg and Stenberg, 2001). The study in red sea
bream (Pagrus major) has demonstrated the improving nutritive
values of low fish meal diet with the inclusion of small amounts
(10%) of some crude ingredients including fish soluble, krill meal,
and squid meal (Kader et al., 2010). In addition, the mixture of
seafood by-products and soybean proteins realizes the complete
substitution of fish meal in the diet for red sea bream (Kader et al.,
2012). Accordingly, marine protein hydrolyzates, containing
balanced amino acids and high trace elements including taurine
and free amino acids similar to fish meal, have been confirmed
to improve the growth performance of farmed fish fed with high
plant protein diets (Cahu et al., 2004; Kader et al., 2010, 2012;
Kader and Koshio, 2012).

The nutritional status effectively affects the growth hormone
(GH)/insulin-like growth factor (IGF) system to regulate the
development and growth of vertebrates (Thissen et al., 1994;
Duan, 1998; Reinecke et al., 2005). In general, high replacement
of fish meal commonly produces negative effects on growth
performance of fish species with depressed expression of IGF-
I (Gómez-Requeni et al., 2004; Luo et al., 2012; Men et al.,
2014; Wang et al., 2017). The mechanistic target of rapamycin
(TOR) pathway and amino acids response (AAR) pathway
act as the main cellular nutrient-sensing pathway to regulate
protein synthesis and downstream metabolism (Kimball and
Jefferson, 2002). The activation of the TOR pathway promotes
protein synthesis and inhibits autophagy to regulate organismal
growth (Laplante and Sabatini, 2012), while the AAR pathway
could be activated by amino acid deficiency to repress global
protein synthesis (Kilberg et al., 2005). In the study of teleost,
the replacement of fish meal with soybean meal or meat
and bone meal resulted in the down-regulation of the TOR
pathway and activation of the AAR pathway, and this accounted
for the reduced growth performance of turbot, Scophthalmus
maximus (Song et al., 2016; Xu et al., 2016). Available literatures
have reported that the marine protein hydrolyzates act as
attractants in high plant protein-based diets for maintaining
normal feeding behavior and growth performance (Hidaka et al.,
2000; Toften et al., 2003; Kofuji et al., 2006; Kousoulaki et al.,
2009; Kader et al., 2010, 2012), while it is unclear whether the
improved growth performance is mediated by the TOR pathway
and AAR pathways.

Largemouth bass (Micropterus salmoides) has been widely
cultured in China and its production is approximately 432,000
tons in 2018 in China (Yearbook, 2019). This carnivorous fish
possesses high dietary protein requirement (48%) with fish meal
as major protein source (Huang et al., 2017). A previous study

in our lab has demonstrated that soybean meal could reduce
the use of fish meal in the diet for largemouth bass to 35%
without negative effect on growth performance (Chen et al.,
2013). The present study was conducted to evaluate the effect
of marine protein hydrolyzate inclusion, fish soluble (FS), squid
paste (SqP), and shrimp paste (ShP), on the growth performance
and feed utilization of largemouth bass fed the diet with relative
low fishmeal. In addition, the response of IGF-1 expression, TOR
pathway, and AAR pathway was investigated at the transcription
level in the present study.

MATERIALS AND METHODS

Experimental Diets and Experimental
Procedure
Five isonitrogenous (crude protein 48%) and isolipidic (12%)
diets were formulated, where diet was with no inclusion of
marine protein hydrolzsate (NC) or with 10% FS, SqP, ShP, or
a mixture of the above three protein hydrolyzate each at the
3.33% (Mix) (Table 1). The contents of amino acids and free
amino acids in experimental diets were presented in Tables 2, 3,
respectively. The marine protein hydrolyzate, FS, SqP, and ShP,
used in the present study was supplied by Zhejiang Yifeng
Marine Biological Products Co., Ltd (Zhejiang, China). The
addition of marine protein hydrolyzate was conducted at the
expense of fermented soybean meal and corn gluten meal to
maintain consistent crude protein content. Fish oil content was
changed to adjust the lipid content caused by the addition
of marine by-product, and soybean oil was used to maintain
the consistent of crude lipid content. Cr2O3 was added as
an indicator to evaluate the apparent digestibility coefficients
(ADCs) of nutrients. The formulated process of experimental
diets was conducted following the description of Li et al.
(2019). Briefly, the low-lipid ingredients, after being grounded
through 75-µm mesh, were blended thoroughly, followed by
the mixture with lipid ingredients. Then, water was added to
make a stiff dough, which was then extruded by a pelleting
machine. The extruded pellets were stored at −20◦C after
being cooked for starch gelatinization and dried in a ventilated
oven until used.

The animal study was reviewed and approved by the
Animal Care and Use Committee of Shanghai Ocean University.
The experimental largemouth bass were obtained from a
commercial hatchery (Suzhou, China) and then reared in an
indoor temperature-controlled recirculating freshwater system
(Shanghai, China) for 4 weeks’ domestication with commercial
feed. After acclimatization, the fish with uniform size (initial
body weight, 10.68 ± 0.01 g), after being fasted for 24 h, were
selected and allocated into 15 glass reinforced plastic tanks with a
density of 40 fish per tank. Triplicate tanks were fed to apparent
satiation twice daily (8:00 and 16:00 h) for 81 days. During the
feeding trial, the water in the system was recirculated after being
deposited, filtered by sponges and coral sand, and sterilized by
ultraviolet light. In addition, water quality was monitored: water
temperature was 27 ± 1◦C, pH was 7.2 ± 0.2, dissolved oxygen
was ≥6 mg/L, and ammonia nitrogen content was ≤0.2 mg/L.
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TABLE 1 | Ingredient composition and proximate analysis of the experimental diet
(% dry matter).

Ingredients Marine protein hydrolyzates

NC FS SqP ShP Mix

Fish meala 35 35 35 35 35

Fermented soybean meala 12.5 7 8.5 6.5 7

Corn gluten meala 17.5 11 13.5 11.5 12.5

Blood meala 5 5 5 5 5

Wheat gluten meala 2 2 2 2 2

Beer yeasta 2 2 2 2 2

α-Starch 5 5 5 5 5

Soybean oil 1.8 2.4 2.2 2.4 0.8

Fish oil 3.6 2.6 0 3 3.4

Lecithin oil 2.5 2.5 2.5 2.5 2.5

Vitamin mixtureb 1 1 1 1 1

Mineral mixturec 1 1 1 1 1

Ca(H2PO4)2 1 1 1 1 1

Cr2O3 0.5 0.5 0.5 0.5 0.5

Carboxymethyl cellulose 1.5 1.5 1.5 1.5 1.5

Zeolite powder 7.8 10.2 9 9.8 9.6

Fish solubled 0 10 0 0 3.3

Squid pasted 0 0 10 0 3.3

Shrimp pasted 0 0 0 10 3.3

Phytase 0.3 0.3 0.3 0.3 0.3

Proximate composition (% dry matter basis)

Crude protein 49.74 49.71 49.66 49.71 49.74

Crude lipid 12.21 12.11 12.19 12.48 12.29

Ash 19.36 20.77 19.53 20.96 20.51

Gross energy (kJ g−1) 18.82 18.44 18.58 18.79 18.62

aSupplied by Zhejiang Xinxin Tianen Aquatic Feed Corporation (Jiaxing, China):
white fish meal, crude protein, 67.44%, crude lipid, 8.83%; wheat gluten meal,
crude protein, 76.56%; fermented soybean meal, crude protein, 51.62%, crude
lipid, 0.54%; corn gluten meal, crude protein, 63.01%, crude lipid, 7.57%; blood
meal, crude protein, 78.12%, crude lipid, 1.53%; brewer’s yeast meal, crude
protein, 45.99%, crude lipid, 0.40%. bVitamin Premix (mg kg−1diet): vitamin A,
16000 IU; vitamin D3, 8000 IU; vitamin K3, 14.72; vitamin B1, 17.80; vitamin
B2, 48; vitamin B6, 29.52; vitamin B12, 0.24; vitamin E, 160; vitamin C, 800;
niacinamide, 79.20; calcium-pantothenate, 73.60; folic acid, 6.40; biotin, 0.64;
inositol, 320; choline chloride, 1500; L-carnitine, 100. cMineral Premix (mg kg−1

diet): Cu (CuSO4), 2.00; Zn (ZnSO4), 34.4; Mn (MnSO4), 6.20; Fe (FeSO4), 21.10; I
[Ca(IO3)2], 1.63; Se (Na2SeO3), 0.18; Co (COCl2), 0.24; Mg (MgSO4·H2O), 52.70.
dSupplied by Zhejiang Yifeng Marine Biological Products Co., Ltd (Zhejiang,
China): fish soluble, crude protein, 31.43%, crude lipid, 4.51%; squid paste,
crude protein, 31.22%, crude lipid, 23.14%; shrimp paste, crude protein, 29.54%,
crude lipid, 2.43%.

Sample Collection
Fifteen juveniles were randomly collected prior to the feeding
trial for the analysis of initial body composition. Feces samples
were collected with the collection column fixed to the bottom of
experimental tanks following the description of Lee (2002) after
4 weeks’ feeding. When the feeding trial was finished, fish number
per tank was counted and final body weight was recorded after
fish being fasted for 24 h. Then, five fish per tank were randomly
picked for whole body composition analysis, and another 12
fish of each tank were randomly selected for the measurement
of body length and weight to calculate condition factor (CF)
followed by the collection of blood samples with syringes. The

TABLE 2 | Amino acid content of the diets (g 100 g−1 dry matter)*.

Amino acids Marine protein hydrolyzates

NC FS SqP ShP Mix

Essential amino acid (EAA)

Threonine 2.11 2.21 2.13 2.19 2.16

Valine 2.56 2.63 2.56 2.66 2.59

Methionine 1.16 1.25 1.17 1.17 1.16

Isoleucine 1.81 1.88 1.99 1.90 1.77

Leucine 4.60 4.46 4.70 4.40 4.45

Phenylalanine 2.18 2.23 2.26 2.19 2.14

Histidine 1.73 1.73 1.73 1.71 1.74

Lysine 3.09 3.46 3.12 3.30 3.26

Arginine 2.50 2.40 2.76 2.45 2.49

Total EAA 21.72 22.26 22.42 21.97 21.75

Non-essential amino acid (NEAA)

Proline 3.09 3.04 3.3 3.17 3.04

Aspartic acid 4.53 4.72 4.66 4.55 4.69

Glutamic acid 8.35 8.33 8.39 8.08 8.53

Serine 2.52 2.45 2.60 2.43 2.54

Glycine 2.32 2.60 2.28 2.58 2.59

Alanine 3.14 3.22 3.02 3.12 3.20

Cystine 0.51 0.49 0.49 0.45 0.49

Tyrosine 1.48 1.46 1.56 1.42 1.45

Total NEAA 25.94 26.31 26.29 25.79 26.54

Total AA 47.66 48.57 48.71 47.76 48.29

*Tryptophan was not determined in the present study.

TABLE 3 | Free amino acid content of the diets (g 100 g−1 dry matter)*.

Amino acids Marine protein hydrolyzates

NC FS SqP ShP Mix

Essential amino acid (EAA)

Threonine 0.03 0.12 0.06 0.12 0.10

Valine 0.04 0.17 0.08 0.15 0.13

Methionine 0.01 0.09 0.02 0.07 0.06

Isoleucine 0.03 0.16 0.06 0.14 0.12

Leucine 0.07 0.31 0.13 0.24 0.23

Phenylalanine 0.05 0.21 0.08 0.16 0.14

Histidine 0.16 0.15 0.16 0.15 0.15

Lysine 0.06 0.18 0.1 0.14 0.15

Arginine 0.05 0.05 0.08 0.05 0.06

Total EAA 0.50 1.44 0.76 1.22 1.13

Non-essential amino acid (NEAA)

Taurine 0.24 0.42 0.33 0.45 0.43

Proline 0.06 0.15 0.13 0.24 0.18

Aspartic acid 0.04 0.19 0.07 0.15 0.13

Glutamic acid 0.07 0.31 0.11 0.18 0.19

Serine 0.03 0.03 0.06 0.07 0.05

Glycine 0.03 0.17 0.05 0.19 0.14

Alanine 0.12 0.22 0.15 0.21 0.22

Cystine 0.01 0.02 0.01 0.01 0.01

Tyrosine 0.04 0.16 0.05 0.13 0.11

Total NEAA 0.65 1.66 0.97 1.63 1.45

Total AA 1.15 3.10 1.73 2.85 2.58

*Tryptophan was not determined in the present study.
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blood samples were then centrifuged at 4000 × g for 10 min
(4◦C) to separate the serum to evaluate the non-specific immune
response. After that, liver samples of six fish were sampled for
gene expression analysis and enzymatic activity analysis. Another
six fish were sampled to dissect and weight the viscera and
liver to calculate viscerosomatic index (VSI) and hepatosomatic
index (HSI), respectively, and the liver and muscle samples were
obtained for proximate composition analysis.

Chemical Analysis
The moisture, ash, and crude protein content were detected
following the method described by AOAC (2003). Briefly,
moisture was measured by the weight loss method through
drying samples to constant weight at 105◦C, and ash was
measured by the burning method with muffle furnace (AOAC,
2003). Crude protein was determined by the Kjeldahl method
(N × 6.25) (Kjeltec 2200, FOSS, Denmark) (AOAC, 2003). Crude
lipid was measured with the chloroform–methanol extraction
method (Folch et al., 1957). Oxygen bomb calorimeter (6200,
Parr, United States) was used to determine the gross energy of
diets. The Cr2O3 content of diet and feces was analyzed with the
wet-acid digestion method based on the description of Divakaran
et al. (2002). Amino acid content was determined by an automatic
amino acid analyzer (S-433D, Sykam, Germany) following the
method of Llames and Fontaine (1994), and free amino acid
content was analyzed using the o-phthaldialdehyde precolumn
derivatization method (Antoine et al., 1999).

Non-specific Immune Response and
Transaminase Activities
The activity of serum lysozyme was evaluated following
the method of Ellis (1990), and serum protein content
was determined with the Coomassie Brilliant Blue method
(Bradford, 1976). The obtained liver simples were homogenized
in ice-cold phosphate buffer (1:9, w/v) and then centrifuged
(3000 rpm, 10 min, 4◦C) to separate the supernatant. Then,
the isolated supernatant was maintained at −20◦C until
it is used for the measurement of transaminase activities.
The activity of alanine transaminase (ALT) and aspartate
transaminase (AST) was measured with the Reitman–Frankel
method (Reitman and Frankel, 1957).

RNA Extraction and Real-Time
Quantitative PCR
The total RNA of liver samples was extracted using Trizol
Reagent (Takara, Japan) followed by quality measurement with
denaturing agarose gel. Then, first-strand cDNA was synthesized
through reverse transcription reaction with Prime ScriptTM RT
kit (Takara, Japan). Specific primers used in the present study
were designed based on the obtained nucleotide sequences
(Table 4). The β-action was used as housekeeping gene following
the verification of its stability, and the amplification was
conducted in a quantitative thermal cycler (Mastercycler EP
Realplex, Eppendorf, Germany) with the following procedure:
95◦C for 2 min, followed by 40 cycles of 95◦C for 10 s, 57◦C for
10 s, and 72◦C for 20 s. Melting curve analysis was conducted,

TABLE 4 | Specific primer used in the present study.

Gene Forward sequence (5′-3′) Reverse sequence (5′-3′)

IGF-I CTTCAAGAGTGCGATGTGC GCCATAGCCTGTTGGTTTACTG

TOR TCAGGACCTCTTCTCATTGGC CCTCTCCCACCATGTTTCTCT

AKT1 CACCGTAGAACCGAGCCCGCT CGCCATGAAGATCCTAAAGAA

S6 GCCAATCTCAGCGTTCTCAAC CTGCCTAACATCATCCTCCTT

eIF2α TAAGTCCAGCCCATCCAAAA CACCCGAGGAGGCCATCAAG

ATF4 GGAGACCAGGAAGATGCGTAG TGTCCAGCAGCAGTGATGACA

REDD1 TGACCTGTGTCCCTCTAATGA ATGTGCTCCAGAAGTTTCTCA

β-Actin ATCGCCGCACTGGTTGTTGAC CCTGTTGGCTTTGGGGTTC

IGF-I, insulin-like growth factor I; TOR, target of rapamycin; AKT, protein kinase
B; S6, ribosomal protein S6; eIF2α, elongation initiation factor 2α; ATF4,
activating transcription factor 4; REDD1, regulated in development and DNA
damage responses 1.

after the reaction, to confirm the single PCR product in the
reactions. The relative gene expressions were calculated with the
2−11Ct method (Livak and Schmittgen, 2001).

Calculations and Statistical Methods
The following variables were calculated:

Survival rate (SR,%) = final fish number/initial fish
number × 100.
Specific growth rate (SGR,%/day) = (Ln final body weight –
Ln initial body weight) × 100/days.
Condition factor (CF) = final body weight (g)/length
(cm)3

× 100.
Hepatosomatic index (HSI,%) = liver weight/final body
weight × 100.
Viscerosomatic index (VSI,%) = viscera weight/final body
weight × 100.
Feed efficiency ratio (FER) = Increased body weight/dry
feed consumed;
Protein efficiency ratio (PER) = Increased body
weight/protein intake.
Feed intake (g/day) = (Feed offered – feed discarded or
uneaten feed)/days.
Nutrient retention rate (NRR,%) = Nutrient
retention/nutrient intake × 100.
Apparent digestibility coefficient (ADC) of nutrient
(%) = 100 – 100 × (tracer in diet/tracer in
feces) × (nutrient in feces/nutrient in diet).

The results were expressed as the mean ± standard error of
the mean (SEM). All data were compared with one-way analysis
of variance (ANOVA) using SPSS. Turkey’s multiple range test
was chosen as multiple comparison test, and P < 0.05 was
considered significantly.

RESULTS

Growth Performance and Feed
Utilization
No significant difference was observed in survival rate (SR) with
the inclusion of marine protein hydrolyzates (P> 0.05) (Table 5).
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TABLE 5 | Growth performance and feed utilization of largemouth bass fed the experimental diets for 81 days*.

Parameters Marine protein hydrolyzates

NC FS SqP ShP Mix

IBW (g) 10.68 ± 0.01 10.68 ± 0.01 10.68 ± 0.01 10.68 ± 0.01 10.68 ± 0.01

FBW (g) 100.52 ± 2.41b 107.84 ± 0.29a 106.24 ± 0.87ab 110.06 ± 0.31a 104.3 ± 0.62ab

SR (%) 96.67 ± 2.20 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00 100.00 ± 0.00

SGR (%/day) 2.80 ± 0.02b 2.89 ± 0.00a 2.87 ± 0.01ab 2.92 ± 0.00a 2.85 ± 0.01ab

CF 2.11 ± 0.02 2.13 ± 0.02 2.16 ± 0.03 2.08 ± 0.02 2.07 ± 0.01

HSI (%) 2.49 ± 0.20 2.63 ± 0.28 2.37 ± 0.05 2.72 ± 0.14 2.79 ± 0.01

VSI (%) 8.96 ± 0.52 8.10 ± 0.18 8.43 ± 0.12 8.78 ± 0.40 8.88 ± 0.41

FI (g/fish/day) 0.98 ± 0.01c 1.14 ± 0.01a 1.07 ± 0.00b 1.14 ± 0.01a 1.05 ± 0.01b

FER 1.14 ± 0.01a 1.07 ± 0.01c 1.11 ± 0.01ab 1.08 ± 0.01bc 1.11 ± 0.01ab

PER 2.15 ± 0.06 2.04 ± 0.01 2.14 ± 0.02 2.07 ± 0.02 2.12 ± 0.02

PRR (%) 38.73 ± 1.08 36.73 ± 0.20 39.14 ± 0.44 38.45 ± 0.45 39.63 ± 0.21

LRR (%) 67.75 ± 2.26 70.24 ± 2.08 66.95 ± 1.92 67.52 ± 0.87 70.70 ± 0.34

ADC of protein (%) 91.40 ± 0.18c 93.62 ± 0.20a 91.34 ± 0.24c 92.57 ± 0.19b 92.67 ± 0.25ab

ADC of lipid (%) 92.57 ± 0.16b 94.32 ± 0.18a 93.54 ± 0.18a 93.79 ± 0.16a 91.78 ± 0.28b

*Values (means ± SEM, N = 3) within a row with a common superscript letter are not significantly different from the other dietary groups (P > 0.05). IBW, initial body
weight; FBW, final body weight; SR, survival rate; SGR, specific growth rate; CF, condition factor; HSI, hepatosmatic index; VSI, viscerosomatic index; FI, feed intake;
FER, feed efficiency ratio; PER, protein efficiency ratio; PRR, protein retention rate; LRR, lipid retention rate; ADC, apparent digestibility coefficient.

Meanwhile, the addition of marine protein hydrolyzates elevated
growth of largemouth bass, and the final body weight (FBW) and
specific growth rate (SGR) in fish fed the diets with FS and ShP
were significantly higher than that of NC (P < 0.05) (Table 5).
However, marine protein hydrolyzates produced no significant
influence on morphological index including CF, HSI, and VSI
(P > 0.05) (Table 5).

The inclusion of marine protein hydrolyzates significantly
elevated the feed intake (FI) (P< 0.05), and meanwhile, the value
in fish fed the diet with FS and ShP were remarkably higher
than that of SqP and Mix (P < 0.05) (Table 5). However, the
feed efficiency ratio (FER) was significantly reduced due to the
inclusion of FS and ShP compared to NS (P < 0.05) (Table 5).
The marine protein hydrolyzates did not cause any significant
difference on protein efficiency ratio (PER) and protein retention
rate (PRR), which was consistent with the variation of lipid
retention rate (LRR) (P > 0.05) (Table 5). However, the ADC
of protein in fish fed the diet with FS, ShP, and Mix was
significantly higher than that of NC with the highest value in
FS group (P < 0.05), while the inclusion of SqP did not lead
to any significant difference on ADC of protein (P > 0.05)
(Table 5). The fish fed the diet with FS, SqP, and ShP obtained
significantly higher ADC of lipid than the other two groups
(P < 0.05) (Table 5).

Body Composition Analysis
The inclusion of protein hydrolyzates caused no significant
difference on the proximate composition except the ash content
(P > 0.05) (Table 6). The ash content in fish fed the diet with FS,
ShP, and Mix was significantly higher than that of NC (P < 0.05)
(Table 6). However, the inclusion of marine protein hydrolyzates
significantly decreased the hepatic lipid content without any
significant difference on the content of moisture, protein, and
ash in liver (P < 0.05) (Table 6). The moisture, protein, and

lipid content of muscle in fish fed the diet with marine protein
hydrolyzates showed no significant difference than that of NC
(P > 0.05) (Table 6). However, the ash content in muscle of fish
fed the diet with Mix was significantly higher than that of ShP
(P < 0.05) (Table 6).

Non-specific Immune Response and
Transaminase Activities
The activity of serum lysozyme was elevated with the inclusion
of marine protein hydrolyzates, and fish fed the diet with FS and
Mix significantly improved its activity compared to that of NS
(P< 0.05) (Table 7). Meanwhile, the marine protein hydrolyzates
increased the serum protein content, and the inclusion of Mix
resulted in a significant serum protein content compared to
that of NC (P < 0.05) (Table 7). The activity of hepatic
ALT was significantly decreased with the inclusion of marine
protein hydrolyzates (P < 0.05) (Table 7), and the variation
of AST activity followed a similar pattern with that of ALT
(P < 0.05) (Table 7).

Gene Expression Analysis
The inclusion of marine protein hydrolyzates elevated the
expression of IGF-I, and its expression in fish fed the diet with
FS was significantly higher than that of NS (P < 0.05) (Figure 1).
No significant difference was observed in the expression of TOR
with the inclusion of marine protein hydrolyzates (P < 0.05)
(Figure 2). However, the supplementation of marine protein
hydrolyzates significantly up-regulated the expression of protein
kinase B (AKT) 1 (P < 0.05), and meanwhile, the expression of
AKT1 in the FS group was significantly higher than that of SqP
and Mix (P < 0.05) (Figure 2). The marine protein hydrolyzates
including FS, SqP, and ShP elevated the expression of ribosomal
protein S6 (S6), and the inclusion of FS significantly elevated its
expression compared to that of NC (P < 0.05) (Figure 2). The
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TABLE 6 | Whole-body, liver proximate composition, and muscle proximate composition of largemouth bass fed the experimental diets for 81 days*.

Marine protein hydrolyzates

NC FS SqP ShP Mix

Whole body

Moisture (%) 69.30 ± 0.32 69.39 ± 0.33 69.59 ± 0.61 68.97 ± 0.42 68.39 ± 0.31

Crude protein (%) 18.01 ± 0.16 18.02 ± 0.20 18.30 ± 0.38 18.55 ± 0.37 18.72 ± 0.25

Crude lipid (%) 7.73 ± 0.01 8.16 ± 0.18 7.67 ± 0.15 8.17 ± 0.13 8.25 ± 0.12

Ash (%) 3.87 ± 0.05c 4.58 ± 0.17ab 4.21 ± 0.06bc 4.79 ± 0.05a 4.56 ± 0.04ab

Liver

Moisture (%) 68.35 ± 0.32 68.85 ± 0.36 68.19 ± 0.27 68.23 ± 0.43 67.51 ± 0.41

Crude protein (%) 9.58 ± 0.16 9.26 ± 0.11 9.28 ± 0.06 9.59 ± 0.07 9.76 ± 0.27

Crude lipid (%) 3.32 ± 0.09a 2.57 ± 0.13bc 2.77 ± 0.07b 2.1 ± 0.14cd 1.97 ± 0.1d

Ash (%) 0.94 ± 0.08 1.04 ± 0.03 1.04 ± 0.01 1.00 ± 0.03 1.00 ± 0.04

Muscle

Moisture (%) 76.50 ± 0.27 76.47 ± 0.19 76.82 ± 0.23 77.04 ± 0.13 77.21 ± 0.03

Crude protein (%) 21.22 ± 0.11 21.19 ± 0.18 20.71 ± 0.21 20.51 ± 0.08 20.76 ± 0.04

Lipid (%) 1.53 ± 0.07 1.49 ± 0.03 1.47 ± 0.04 1.43 ± 0.03 1.55 ± 0.06

Ash (%) 1.63 ± 0.05ab 1.51 ± 0.03ab 1.72 ± 0.07ab 1.51 ± 0.07b 1.73 ± 0.02a

*Values (means ± SEM, N = 3) within a row with a common superscript letter are not significantly different from the other dietary groups (P > 0.05).

TABLE 7 | Non-specific immune response and hepatic transaminase activities of largemouth bass fed the experimental diets for 81 days*.

Marine protein hydrolyzates

NC FS SqP ShP Mix

Lysozyme activity (U/µl) 4.69 ± 0.37b 7.57 ± 0.70a 7.00 ± 0.35ab 7.07 ± 0.76ab 7.40 ± 0.46a

Serum protein content (mg/ml) 40.71 ± 0.46b 41.67 ± 0.63ab 41.35 ± 0.66ab 41.73 ± 0.23ab 43.83 ± 0.73a

ALT (U/gprot) 15.92 ± 0.32a 10.27 ± 0.56b 10.16 ± 0.35b 11.32 ± 0.08b 11.7 ± 0.45b

AST (U/gprot) 27.06 ± 0.91a 18.47 ± 0.44c 21.94 ± 0.41b 22.57 ± 0.56b 22.71 ± 0.23b

*Values (means ± SEM, N = 3) within a row with a common superscript letter are not significantly different from the other dietary groups (P > 0.05). ALT, alanine
transaminase; AST, aspartate transaminase.

FIGURE 1 | Relative expression of hepatic insulin-like growth factor I (IGF-I)
gene of largemouth bass fed the experimental diets for 81 days. Values
(means ± standard error of the mean, SEM) in bars that have the same letter
are not significantly different (P > 0.05; Tukey’s test) among treatments (N = 3).

inclusion of marine protein hydrolyzates did not result in any
significant difference on the expression of elongation initiation
factor 2α (eIF2α) (P > 0.05) (Figure 3). However, the expression

of the activating transcription factor 4 (ATF4) was decreased
with the supplementation of marine protein hydrolyzates, and
ATF4 expression of fish fed the diet with ShP was significantly
lower than that of NC (P < 0.05) (Figure 3). Additionally,
the expression of regulated in development and DNA damage
responses 1 (REDD1) was significantly down-regulated with the
inclusion of marine protein hydrolyzates (P < 0.05), and SqP
and Mix supplementation significantly reduced the expression of
REDD1 compared to the FS and ShP (P < 0.05) (Figure 3).

DISCUSSION

The replacement of fish meal with alternative protein sources
is essential for sustainable aquaculture due to the limited fish
meal resources. The fish meal content could be reduced to 35%
with plant protein source in the diet for largemouth bass without
negative effects on growth performance (Chen et al., 2013).
Previous studies have demonstrated that the supplementation of
some marine protein hydrolyzates could benefit for improving
nutritive values of low fish meal diet (Toften et al., 2003;
Kousoulaki et al., 2009; Kader et al., 2010, 2012; Kader and
Koshio, 2012; Bui et al., 2014; Wu et al., 2018). In the present
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FIGURE 2 | The expression of TOR pathway-related genes, target of rapamycin (TOR), protein kinase B (AKT) 1, and ribosomal protein S6 (S6) of largemouth bass
fed the experimental diets for 81 days. Values (means ± standard error of the mean, SEM) in bars that have the same letter are not significantly different (P > 0.05;
Tukey’s test) among treatments (N = 3).

FIGURE 3 | The expression of AAR pathway-related genes, elongation initiation factor 2α (eIF2α), activating transcription factor 4 (ATF4), and regulated in
development and DNA damage responses 1 (REDD1) of largemouth bass fed the experimental diets for 81 days. Values (means ± standard error of the mean, SEM)
in bars that have the same letter are not significantly different (P > 0.05; Tukey’s test) among treatments (N = 3).

study, the effect of three marine protein hydrolyzates (FS, SqP,
and ShP) inclusion on the overall performance of largemouth
bass was investigated at the fish meal level of 35%, which could
determine the optimal marine protein hydrolyzate and provide
basis for further reducing the use of fish meal in the diets for
largemouth bass.

The growth performance was elevated with the inclusion of
marine protein hydrolyzates in the present study. The promotion
effect of marine protein hydrolyzates on growth performance has
also been observed in red sea bream (Kader et al., 2010, 2012;

Bui et al., 2014), rainbow trout Oncorhynchus mykiss (Toften
et al., 2003), Atlantic salmon Salmo salar (Kousoulaki et al.,
2009), and yellow catfish Pelteobagrus fulvidraco (Wu et al., 2018).
Meanwhile, the inclusion of marine by-products in the present
significantly elevated the FI in accordance as described previously
(Toften et al., 2003; Kofuji et al., 2006; Kousoulaki et al., 2009;
Kader et al., 2010, 2012), and this mainly related to the increased
SGR. Some free amino acids, such as alanine and glycine, have
been considered as feeding stimulant to enhance the appetite
of fish (Shamushaki et al., 2007). Additionally, taurine exhibits
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the function of promoting feeding in fish (Kim et al., 2005;
Chatzifotis et al., 2008). Therefore, the elevated free amino acids
and taurine may partly account for the elevated FI and SGR with
the inclusion of marine protein hydrolyzates. Meanwhile, fish fed
the diet with FS and ShP showed relative higher growth and feed
intake than that of SqP and Mix, which also followed a similar
pattern with the content of taurine and free amino acids in diets.

The improvement in the non-specific immune response has
been reported with the inclusion of marine protein hydrolyzates
in some previous studies (Bui et al., 2014; Khosravi et al., 2015;
Siddik et al., 2019). Lysozyme is an essential component of innate
immune system, and its activity effectively reflects the innate
immune response to pathogen infection (Saurabh and Sahoo,
2008). The activity of lysozyme was significantly elevated with the
inclusion of marine protein hydrolyzates in red sea bream (Bui
et al., 2014; Khosravi et al., 2015) and barramundi Lates calcarifer
(Siddik et al., 2019). Similarly, in the present study, the inclusion
of marine protein hydrolyzates significantly elevated the serum
lysozyme activity. The major components of serum protein
are albumin and immunoglobulin, and the supplementation of
marine protein increased the immunoglobulin content in red
seabream (Bui et al., 2014; Khosravi et al., 2015). Meanwhile,
the serum protein content was significantly increased with
the marine protein hydrolyzate inclusion in the present study,
indicating the immunostimulatory effect of marine protein
hydrolyzates. Aminotransferases, such as AST and ALT, are
capable of catabolizing amino acids and transferring amino to
α-keto acids, commonly used for the detection of liver damage
or organ dysfunction in fish species (Lin and Luo, 2011; Luo
et al., 2012; Li et al., 2014; Lu et al., 2017). In general, high
fish meal replacement with plant protein significantly decreased
the activity of AST and ALT with negative effects on growth
performance (Lin and Luo, 2011; Luo et al., 2012; Li et al.,
2014). However, in the present study, the inclusion of marine
protein hydrolyzates significantly decreased the activity of AST
and ALT, which seemed to be in conflict with the improved
performance with the marine protein hydrolyzate inclusion. The
marine protein hydrolyzates are also rich in soluble protein,
peptides, and low-molecular-weight components (Harnedy and
FitzGerald, 2012), and the more digestible protein hydrolyzates
may account for the decreased transaminase activities and the
elevated ADC of protein in fish fed the diet with marine
protein hydrolyzates.

It is well known that IGF-I is essential in regulating the
development and growth of vertebrates (Moriyama et al., 2000).
In general, the expression of IGF-I could partly illustrate the
variation in growth performance induced by feed intake (Duan,
1998), and meanwhile, a positive relationship between IGF-I
and growth has been observed in Japanese flounder Paralichthys
olivaceus (Zheng et al., 2012), gilthead seabream Sparus aurata
(Gómez-Requeni et al., 2004), Japanese seabass Lateolabrax
japonicus (Men et al., 2014), and hybrid grouper Epinephelus
lanceolatus × E. fuscoguttatus (Luo et al., 2016). The inclusion
of fish protein hydrolyzates has been confirmed to promote liver
IGF-I mRNA expression and serum IGF-I content (Zheng et al.,
2012). Similarly, in the present study, the expression of IGF-I was
improved with the inclusion of marine protein hydrolyzates, and

the elevated IGF-I expression could partly account for the better
growth performance in those groups.

The IGF system has been considered as the main nutrient-
sensing pathway, which develops its function in regulating
protein synthesis through the integration of phosphatidylinositol
3-kinase (PI3K)/AKT/TOR pathways (Fuentes et al., 2013). In
the present study, the expression of AKT1 was elevated with
the inclusion of marine protein hydrolyzates, which may be
associated with the increased expression of IGF-1. Meanwhile,
the activation of TOR directly induces the expression of
translation regulators eukaryotic initiation factor 4E (elF4E)
binding protein 1 (4EBP1) and S6 to promote protein synthesis
(Ma and Blenis, 2009). The up-regulation of S6 in the present
study revealed the activation of the TOR pathway to some
extent. Meanwhile, the TOR pathway is necessary to perceive
the amino acid abundance at the cellular level (Gallinetti et al.,
2013). The significantly enhanced ADC of protein in the marine
protein hydrolyzate groups may produce the variation in amino
acid abundance, which partly accounted for the activation of
the TOR pathway. Additionally, in mammals, the inclusion of
taurine could also activate the TOR pathway (Li et al., 2012;
Solon et al., 2012), and therefore, the increased taurine content
caused by the inclusion of marine protein hydrolyzates may
also be responsible for the activation of the TOR pathway. The
AAR pathway commonly functions in opposition to the TOR
pathway, and the scarce or imbalanced amino acids commonly
leads to the phosphorylation of eIF2α to reduce protein synthesis
and the promotion of translation of ATF4 (Kilberg et al., 2009;
Castilho et al., 2014). Previous studies in turbot suggest that the
activation of the AAR pathway partly accounts for the protein
synthesis with high replacement of fish meal (Song et al., 2016;
Xu et al., 2016). In the present study, the inclusion of marine
protein hydrolyzates significantly decreased the expression of
ATF4, which indicated the inhibition of the AAR pathway to
some extent. However, no significant difference was observed
in the expression of eIF2α, which may be regulated at the
phosphorylation level as in mammals. The phosphorylation of
eIF2α induces the expression of REDD1 in an ATF4-dependent
manner (Jin et al., 2009; Whitney et al., 2009). In the present
study, the expression of REDD1 was significantly decreased
with the inclusion of marine protein hydrolyzates, and this
confirmed the down-regulation of the AAR pathway in those
groups. In addition, REDD1 acts as a negative regulator of
the TOR pathway in mammals (Ma and Blenis, 2009), and
the down-regulation of REDD1 and activation of the TOR
pathway indicated the existence of similar regulation mechanism
in fish species.

In the above, the inclusion of marine protein hydrolyzates
improved the growth performance of largemouth bass with
enhanced non-specific immunity, and fish fed the diet with
FS and ShP obtained significantly higher growth than that of
NC. The promotion of growth was partly associated with the
elevated feed intake and protein digestibility. In addition, with the
supplementation of marine protein hydrolyzates, the expression
of IGF-I was up-regulated along with the activation of the
TOR pathway and depression of the AAR pathway. Further
studies would be conducted to replace the use of fish meal with
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suitable marine protein hydrolyzates, FS and ShP, in the diet of
largemouth bass.
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Excess DHA Induces Cell Cycle
Arrest by Activating the P53/Cycling
Pathway in Blunt Snout Bream
(Megalobrama amblycephala)
Cong-cong Wang1,2, Wen-bin Liu1,2, Xiu-fei Cao1,2, Yang-yang Huang1,2, Xi Wang1,2,
Kang Xiao1,2, Xiang-fei Li1,2, Ding-dong Zhang1,2 and Guang-zhen Jiang1,2*

1 Key Laboratory of Aquatic Nutrition and Feed Science of Jiangsu Province, College of Animal Science and Technology,
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A previous study showed that diets with high levels of docosahexaenoic acid (DHA)
cause growth retardation in Megalobrama amblycephala. In order to explore the
mechanisms involved, a feeding trial and a primary hepatocyte culture experiment were
designed. In vivo, fish (average weight 26.40 ± 0.11 g) were randomly divided into
groups and were fed three levels of DHA (0, 0.2, and 1.6% diets, respectively.) for
8 weeks. The results showed that the final body weight and weight gain of fish fed 1.6%
DHA were significantly lower than those of fish fed 0.2% DHA (P < 0.05). P53 gene
and protein expression levels were significantly increased (P < 0.05), while expression
of downstream Cyclin D1 and Cyclin E1 was significantly inhibited in the 1.6% DHA
group when compared with the 0 and 0.2% DHA groups (P < 0.05). In vitro, primary
hepatocytes isolated from Megalobrama amblycephala incubated with 500 µM DHA
showed significantly increased cell cycle arrest and apoptosis (P < 0.05), significantly
increased P53 gene and protein levels (P < 0.05), and significantly decreased Cyclin
D1 and Cyclin E1 levels (P < 0.05) when compared with other groups. When primary
hepatocytes were incubated with DHA and a P53 inhibitor (pifithrin-α), P53 expression
and P53-mediated signaling were inhibited, cell cycle progression recovered, and
apoptosis was reduced. In summary, high levels of DHA activated the P53/Cyclin
pathway to induce cell cycle arrest. Inhibition of P53 activity may be a potential way
of reducing the side effects of DHA on the growth of Megalobrama amblycephala.

Keywords: docosahexaenoic acid, cell cycle arrest, apoptosis, P53, cycling family, Megalobrama amblycephala

INTRODUCTION

Docosahexaenoic acid (C22:6n-3; DHA) is an essential n-3 polyunsaturated fatty acid (n-3 PUFA)
that is commonly used as a feeding supplement for aquatic animals (Hossain et al., 2012; Hong et al.,
2017; Wang et al., 2019), pigs (Gabler et al., 2007; Li et al., 2009), chickens (Allen and Danforth,
1998; Howe et al., 2002), and other species. DHA is also an important health product for human
use (Holub, 2001). Conversion of α-linolenic acid (C18:3n-3, ALA) into DHA is almost negligible
in the human body, so DHA must be obtained directly from foods (Plourde and Cunnane, 2007).
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DHA supplementation at appropriate levels is beneficial to
animals and humans, but an excess may produce adverse effects.
DHA, a highly unsaturated fatty acid, is susceptible to attack by
active free radicals, resulting in lipid peroxidation, cell membrane
damage, and various physiological abnormalities and disease
(Tappel, 1973). Some studies have focused on the damage caused
by the peroxidation of DHA. A previous study reported that
high DHA levels led to increased plasma urea concentration and
fish redness (Glencross and Rutherford, 2011). MedihaYildirim-
Aksoy et al. (2007) showed that fish fed excessive amounts of
fish oil had abnormally high red and white blood cell counts
and suffered from infection or disease. However, there have been
very few studies focusing on the damage caused by unoxidized
DHA. Our previous study found that a high level of DHA
reduced growth performance, indicating that excessive DHA, not
oxidized, may be harmful to fish growth (Wang et al., 2019).
Investigating whether there is possible damage from high levels of
unoxidized DHA is important for human and animal nutrition.

P53, a tumor suppressor, is a key transcriptional regulator
that affects various physiological functions, such as apoptosis
(Yonish-Rouach et al., 1991; Chipuk and Green, 2004), cell
cycle progression (Livingstone et al., 1992; Agarwal et al.,
1995) and antiviral immunity (Takaoka et al., 2003; Munoz-
Fontela et al., 2008), by regulating relevant genes (Lane, 1992;
Francis et al., 2007). When cells are stimulated by the external
environment, P53 can become activated to maintain a stable
internal environment by regulating a series of related genes (Lane,
1992). P53 has been widely studied in mammals, where it plays
an indispensable role (Levine, 1997; El-Deiry, 1998), but there
have been few studies on the physiological functions of P53
in lower vertebrates (such as fish). Mai et al. (2012) reported
that P53 is cooperatively activated via the ataxia telangiectasia
mutated (ATM)-P53 pathway in response to stress and DNA
damage signals in Tilapia. On the other hand, Guo et al. (2016)
showed that P53 plays a critical role in the immune and antiviral
responses of mandarin fish (Siniperca chuatsi).

The blunt snout bream (Megalobrama amblycephala) is an
herbivorous freshwater fish and teleost species (Wang et al., 2019)
that is vulnerable to oxidative stress and hepatocyte apoptosis
when it is fed high-fat diets (Lu et al., 2017). This is because it
has an herbivorous instinct and a relatively small hepatosomatic
index (HSI) (Zhang et al., 2014; Cao et al., 2019a). Hence,
this species is a suitable model to study fatty acid toxicity.
To investigate why high levels of DHA reduced the growth of
M. amblycephala (Wang et al., 2019) and to explore the causes
of problems caused by excessive fish oil in fish farming, in
this study we exposed fish and hepatocytes to high levels of
DHA and investigated its effects in vivo and in vitro, which
will be beneficial for elucidating the DHA nutrition of other
animals and humans.

MATERIALS AND METHODS

All experimental procedures involving animals were conducted
following the Guidance for the Care and Use of Laboratory
Animals in China. This study was approved by the Animal Care

and Use Committee of Nanjing Agricultural University (Nanjing,
China) [Permit number: SYXK (Su) 2011–0036].

Diets, Feeding Trial, and Sample
Collection
Three diets containing different DHA levels were prepared.
The dietary DHA levels were 0, 0.2, and 1.6%, respectively.
The 0% DHA diet was given to the control group. The
three diets contained 31% crude protein and 6% crude lipids.
Proteins were supplied by defatted fishmeal (3.5% lipid),
soybean meal, rapeseed meal, and cottonseed meal. Lipids
were supplied by soybean and DHA oils (DHA content,
50% of oil). Ethoxyquin was used as an antioxidant. Freshly
prepared diets were kept out of direct sunlight, dried by
ventilation, and stored at –20◦C. The fatty acid composition of
soybean oil and DHA oil and the formulation of six diets is
referenced in our previous study (Supplementary Table S1, S2;
Wang et al., 2019).

M. amblycephala was obtained from the Fish Hatchery of
Yangzhou (Jiangsu, China). The fish were fed commercial diets
for 2 weeks to allow them to adapt to the environment. A total
of 240 fish (average initial body weight 26.40 ± 0.11 g) were
randomly distributed into 12 floating net cages (2 × 1 × 1 m,
L: W: H), with four cages per group and with 20 fish in each cage.
All fish were hand-fed to satiation thrice a day (8:00, 12:00, and
16:00) for 8 weeks. The presence of dead fish, water temperature
(28–34◦C), dissolved oxygen (5.0 mg L−1), and pH (7.4–7.6)
were recorded daily.

After 8 weeks, fish were anesthetized with MS-222 (100 mg
L−1, tricaine methanesulfonate, Sigma, United States). The
quantity and weight of the fish in each cage were recorded.
Three fish were randomly sampled per cage (total per group, 12
fish). Livers were collected, frozen in liquid nitrogen, and stored
at –80◦C for molecular analyses.

Primary Hepatocyte Culture
The primary hepatocyte culture was performed according to
Cao et al. (2019a). Briefly, the liver was carefully removed
under sterile conditions and rinsed with sterile phosphate buffer
saline (PBS) supplemented with streptomycin (100 µg mL−1)
and penicillin (100 IU mL−1). The liver was cut into pieces
(1 mM3) with sterilized tweezers and scissors, and the liver pieces
were digested with 0.25% trypsin in a thermostatic water bath
at 28◦C for 40 min; the liquid was shaken every 5 min. The
digested liver solution was filtered with a nylon cell strainer
(200 mesh) and collected into a sterilized 50-mL centrifugal
tube. Next, the filtrate was centrifuged (300 × g, 10 min) to
obtain the cell pellet. The pelleted hepatocytes were resuspended
in DMEM/F12 medium containing glutamine (1 mmol L−1),
10% FBS, streptomycin (100 µg mL−1), and penicillin (100 IU
mL−1). The hepatocytes were cultured at a density of 106 cells
mL−1 in a 5% CO2 incubator at 28◦C for 48 h. After 24 h of
DHA treatment, the cells were collected for subsequent analysis.
The reagents were prepared as follows: DHA (Sigma, D2534,
United States) and the P53 inhibitor, pifithrin-α (Apexbio,
A4206, United States), were dissolved in dimethyl sulfoxide
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FIGURE 1 | Growth of M. amblycephala fed the experimental diets. Values are means ± SEM of four replicates (n = 4) represented by vertical bars. Different
superscript letters indicate significantly different values (P < 0.05). Final weight (g) = total final weight/total number. Weight gain rate (WGR,%) = (Final body weight -
initial body weight) × 100/initial body weight.

(DMSO) and mixed thoroughly with cell media containing FBS,
following the procedure described by Ferguson et al. (2018). The
final concentrations of DHA were 100, 500, and 1,000 µM, and
the final concentration of pifithrin-α was 10 µM. Media and
vehicle alone were added to the controls. All the solutions were
stored in the dark at –20◦C.

We designed a small experiment to test whether DHA was
oxidized. Cells were collected and lysed 0 h and 24 h after
being exposed to 500 µM DHA. Media and vehicle were the
control groups. The DHA content was measured with the GC/MS
(Trace ISQ, United States) method. The results are shown in
Supplementary Figure S1.

Quantitative Real-Time PCR
Total RNA was extracted from liver and hepatocytes with Trizol
reagent (Invitrogen, United) and treated with RQ1 RNase-free
DNase (Promega, United States) to eliminate genomic DNA
contamination. The concentration of the extracted RNA was
determined by spectrophotometric analysis, and the purity was
assessed based on the OD260/OD280 ratio (1.8–2.0). cDNA
was generated from 500 ng of DNase-treated RNA using the
ExScriptTM RT-PCR kit (Takara, Japan). The PCR protocol is
described in Cao et al. (2019b), and the target cDNA was diluted
and amplified using the SYBR Green II Fluorescence Kit (Takara,
Japan). Following Livak and Schmittgen (2001), relative gene
expression was calculated using the 2−1 1 CT method.

The normalized gene expression of the control groups (0%
DHA in vivo; media alone in vitro) was set to 1. Normalized gene
expression of the control group (0% DHA in vivo; Media group
in vitro) was set to 1. The ATM, Checkpoint kinase 2 (Chk-2), P53,
Cyclin D1, Cyclin E1, Cyclin A2, Cyclin B1, and Elongation factor
1α (EF1α) primers used are shown in Table 1. EF1α was used as
the reference for relative quantification.

Western Blot Analysis
RIPA lysis buffer (#ab156034, Abcam, United Kingdom) was
added to the liver and hepatocytes, and total proteins were
extracted on ice with a glass tissue grinder (Kimble Chase,

United States). Protein concentration was quantified using a
BCA protein assay kit (Tiangen, China). Heat-denatured protein
lysates (20 µg of protein) were separated by reducing SDS-
PAGE electrophoresis and transferred to a PVDF membrane.
The primary antibodies used had the following specificities:
β-Actin (ABclonal, AC004, China), ATM (ABclonal, A18257,
China), Chk-2 (ABclonal, A2145, China), P53 (ABclonal,
A0263, China), Cyclin D1 (ABclonal, A11310, China), Cyclin
E1 (ABclonal, A14225, China), Cyclin A2 (ABclonal, A2891,
China), and Cyclin B1 (ABclonal, A2056, China). The secondary
antibodies used were the following: goat anti-rabbit (IgG H + L:
ABclonal, AS003, China) and goat anti-mouse (IgG H + L:
ABclonal, AS014, China). The bands were visualized by adding
electrochemiluminescence (ECL) reagents (GoodHere, China)
and with a luminescent image analyzer (Fujifilm LAS-3000,
Japan). Protein levels were quantified using Image J software
(National Institutes of Health, United States).

Cell Cycle Assay
Five treatments (Media, Vehicle, Pifithrin-α, 500 µM DHA, and
500 µM DHA + Pifithrin-α) were added to hepatocytes for
24 h, then the hepatocytes were collected and rinse twice with
cold PBS. The hepatocytes were resuspended in 400 µL PBS,
after which 300 µL cold absolute 75% ethanol was added to
the cell suspensions, which were then fixed overnight at 4◦C.
Precipitated cells were collected by centrifugation the next day.
Next, 400 µL propidium iodide (50 µg mL−1 PI) solution
was added to incubate for 30 min (4◦C, light avoided). Cells
were immediately detected with an Accuri C6 II flow cytometer
(Beckman, United States). Hepatocytes were exposed to five
different conditions (media alone, vehicle, pifithrin-α, 500 µM
DHA, and 500 µM DHA + Pifithrin-α) for 24 h. After 24 h,
hepatocytes were collected, rinsed twice with cold PBS, and
resuspended in 400 µL PBS. Next, 300 µL of ice-cold 75% ethanol
was added to the cell suspensions, for overnight fixation at 4◦C.
The precipitated cells were collected by centrifugation the next
day, 400 µL of propidium iodide (PI) solution was added, and
the cell suspensions were incubated for another 30 min at 4◦C in
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TABLE 1 | Nucleotide sequences of the primers for real-time quantitative PCR.

Target gene Forward (5′–3′) Reverse (5′–3′) Accession number

ATM ATGGGAAGAAACCTCAGC CAAGCATCCAGGTCCAA′ NW_017542480.1

Chk2 CAGGGATAGAAAAGAAACG AGGTGTATCATTGTCCGAG XM_019072142.1

P53 CCATCCTCACAATCATCAC TGCTCTCCTCAGTTTTCCT NM_131327.2

Cyclin E1 GGGCTGAAGTGGTGTGATTTG GAGCTGCCTGCTTCACGAA NM_130995

Cyclin D1 CAAGCCCTCCCTCCATGAT GCAACTGTCGGTGCTTTTCAG NM_131025

Cyclin A2 GCTTTTGGCTTCGAAGTTTGA TTGTGTACGTGTCGTCAGTGATG NM_152949

Cyclin B1 GCTTATGCCCTGACCCTGAA GCATCACAGGAACCAGCTCAT NM_131513

EF1α CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC X77689.1

ATM, Ataxia telangiectasia mutated; Chk2, Checkpoint kinase 2; EF1α, Elongation factor 1α.

the dark. Cells were analyzed with an Accuri C6 II flow cytometer
(Beckman, United States).

Apoptosis Assay
Cellular apoptosis was measured by annexin V-FITC/PI staining
and flow cytometry (FCM) analysis. Hepatocytes were exposed
in triplicate to five different conditions (media alone, vehicle,
pifithrin-α, 500µM DHA, and 500µM DHA + pifithrin-α) for
24 h. After removing the medium, the hepatocytes were rinsed
twice with cold PBS and collected in a flow tube, and 400 µL of
1X annexin V binding buffer was added to resuspend the cells
(106 cells mL−1). Next, 5 µL of annexin V-FITC solution was
added, and the cells were incubated for 15 min at 4◦C in the dark,
followed by 10 µL of PI and an additional 5 min incubation at 4◦C
in the dark. Cells were immediately analyzed with the Accuri C6
II flow cytometer (Beckman, United States). After fluorescence
compensation, the annexin V-FITC (FL1) fluorescence was set
as the abscissa, and the PI (FL2) fluorescence was set as the
ordinate. Results are shown as quadrant dot plots and percentage
of stained cells.

Statistical Analysis
The normality and homogeneity of the data were evaluated by the
Kolmogorov-Smirnov and Levene tests. All data were analyzed
by one-way ANOVA using SPSS 16.0 (SPSS, United States)
for Windows. Significant differences between groups were
determined by the Tukey multiple range test. The level of
significance was set at P < 0.05. All results are expressed as the
mean ± S.E.M. (standard error of the mean) of four replicates
(n = 4) in vivo experiments and three replicates (n = 3) f in vitro.

RESULTS

Results in vivo
Growth Performance
As shown in Figure 1, the final body weight and weight gain of
fish fed 1.6% DHA was significantly lower than that of fish fed
0.2% DHA (P < 0.05).

Gene Expression in Liver
As shown in Figure 2, ATM, Chk-2, and P53 gene expression
levels were significantly higher (Figures 2A–C), while Cyclin D1

and Cyclin E1 gene expression levels were significantly lower, in
the 1.6% DHA group when compared with the control and 0.2%
DHA groups (P < 0.05; Figures 2D,E). There were no significant
differences in Cyclin A2 and Cyclin B1 gene expression between
treatments (P > 0.05; Figures 2F,G).

Protein Expression in Liver
Compared with the control group, fish fed 1.6% DHA
showed significantly higher hepatic ATM and P53 protein
levels (Figures 3A,C), whereas Cyclin D1, Cyclin E1, and
Cyclin A2 protein levels were significantly lower (P < 0.05;
Figures 3D,E,G). No significant differences were observed in
Chk-2 and Cyclin B1 protein levels between the three groups
(P > 0.05; Figures 3B,F).

Results in vitro
Three concentrations of DHA (100, 500, and 1,000 µM) were
tested for toxic effects in hepatocytes (Supplementary Figure S2).
DHA significantly influenced the ATM and P53 gene expression
levels, which peaked at 500 µM DHA and decreased when the
DHA concentration was increased to 1,000 µM.

Cell Cycle Arrest
Treatment with 500 µM DHA significantly increased the ratio
of hepatocytes in the G1 phase and decreased the ratio of
hepatocytes in the S phase (P < 0.05; Figure 4). On the
other hand, treatment with both 500 µM DHA and pifithrin-
α significantly decreased the ratio of hepatocytes in the G1
phase when compared with the 500 µM DHA group (P < 0.05;
Figure 4).

Apoptosis in Primary Hepatocytes
Figure 5 shows apoptosis in DHA-treated hepatocytes. The
apoptosis rate (early and late) was significantly increased in
hepatocytes treated with 500 µM DHA when compared with
other groups (P < 0.05; Figures 5-1D). Treatment of cells with
pifithrin-α significantly decreased the DHA-induced apoptosis
rate (P < 0.05; Figures 5-1E, 5-2).

Gene Expression in Hepatocytes
ATM and P53 gene expression levels were significantly
increased (Figures 6A,C), while downstream Cyclin D1
and Cyclin E1 gene expression levels were significantly
reduced, in hepatocytes treated with 500 µM DHA when
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FIGURE 2 | Relative gene expression of ATM, Chk-2, P53, CyclinD1, CyclinE1, CyclinA2, and CyclinB1 in the liver of M. amblycephala fed the experimental diets
(A–G). Values are means ± SEM of four replicates (n = 4) represented by vertical bars. Different superscript letters indicate significantly different values (P < 0.05).
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FIGURE 3 | Western blot analysis of ATM, Chk-2, P53, CyclinD1, CyclinE1, CyclinA2, and CyclinB1 in the liver of M. amblycephala fed the experimental diets (A–G).
Values are means ± SEM of four replicates (n = 4) represented by vertical bars. Different superscript letters indicate significantly different values (P < 0.05).
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FIGURE 4 | Effects of DHA on hepatocytes cell cycle. The cell cycles of the hepatocytes exposed to Media, Vehicle, Pifithrin-α, 500 µM DHA, and 500 µM
DHA + Pifithrin-α, respectively (A–E). The ratio of cells at the G1, S, and G2 phases were measured by flow cytometry (F). Values are means ± SEM of three
replicates (n = 3) represented by vertical bars. RMS: root mean square. Different superscript letters indicate significantly different values (P < 0.05).

compared with the control and co-treated (500 µM
DHA + pifithrin-α) groups (P < 0.05; Figures 6A,C–E).
There were no significant differences in Chk-2 and Cyclin
B1 gene expression levels between treatments (P > 0.05;
Figures 6B,F).

Protein Expression in Hepatocytes
P53 protein levels were significantly upregulated (P < 0.05;
Figure 7B), while Cyclin D1 and Cyclin E1 protein levels
were significantly downregulated, in hepatocytes treated
with 500 µM DHA when compared with other groups
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FIGURE 5 | Effects of DHA on hepatocyte apoptosis. The apoptosis of hepatocytes exposed to Media, Vehicle, Pifithrin-α, 500 µM DHA, and 500 µM
DHA + Pifithrin-α, respectively (A–E). The percentages of apoptotic cells were measured by flow cytometry (F). Values are means ± SEM of three replicates (n = 3)
represented by vertical bars. Different superscript letters indicate significantly different values (P < 0.05).

(P < 0.05; Figures 7C,D). On the other hand, P53 protein
levels were significantly reduced (Figure 7B), whereas
Cyclin D1 and Cyclin E1 protein levels were significantly
increased, in hepatocytes treated with both 500 µM DHA

and pifithrin-α when compared with the 500 µM DHA
group (P < 0.05; Figures 7C,D). There were no significant
differences in Chk-2 and cyclin B1 protein levels (P > 0.05;
Figures 7A,E).
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FIGURE 6 | Relative gene expression of ATM, Chk-2, P53, CyclinD1, CyclinE1, and CyclinB1 in the hepatocytes exposed to Media, Vehicle, Pifithrin-α, 500 µM
DHA, and 500 µM DHA + Pifithrin-α, respectively (A–F). Values are means ± SEM of three replicates (n = 3) represented by vertical bars. Different superscript letters
indicate significantly different values (P < 0.05).
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FIGURE 7 | Western blot analysis of Chk-2, P53, CyclinD1, CyclinE1, and CyclinB1 in the hepatocytes exposed to Media, Vehicle, Pifithrin-α, 500 µM DHA, and 500
µM DHA + Pifithrin-α, respectively (A–E). Values are means ± SEM of three replicates (n = 3) represented by vertical bars. Different superscript letters indicate
significantly different values (P < 0.05).
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DISCUSSION

DHA plays an important role not only regulating the growth
(Villalta et al., 2005; Moran et al., 2018), dietary oil source
selection (Haak et al., 2008), and nutritional qualities (Raes et al.,
2004; Moreno-Indias et al., 2012) of commercially important
species but also in human health (Conquer and Holub, 1998;
Holub, 2001). This study and our previous study found that
excess DHA caused growth retardation in blunt snout bream
(Wang et al., 2019). Glencross and Rutherford (2011) also
found that high doses of DHA decreased growth and led to an
increase in plasma urea concentration and fish redness in juvenile
barramundi (Lates calcarifer). DHA has been well investigated
as a health supplement, but why would fish fed high levels
of DHA show such effects? This is an interesting result that
needs to be explored.

The cell cycle is divided into cellular interphase and mitosis.
In turn, the cellular interphase is divided mainly into gap1 (G1),
DNA synthesis (S), and gap2/mitosis (G2/M) phases (Ishikawa
et al., 2006; Chen et al., 2017; Dai et al., 2019). The cyclin family
plays a pivotal role in regulating the timing and progression
of the cell cycle (Ohki et al., 2000). P53 is a potent cyclin-
dependent kinase inhibitor that regulates the expression of genes
associated with cell growth and the cell cycle (Ohki et al., 2000;
Francis et al., 2007). Previous studies reported that multiple
inflammatory factors could activate the ATM-Chk2-P53 signaling
pathway to induce cell cycle arrest (Chen et al., 2017; Dai et al.,
2019). Also, Mai et al. (2012) reported that P53 was cooperatively
activated by the ATM-P53 pathway in response to stress and
DNA-damaging signals in Oreochromis niloticus. In this study,
the effects of DHA on cell cycle regulation in Megalobrama
amblycephala were analyzed, including the P53 pathway (P53,
Chk2, and ATM), G1 phase (Cyclin D1, Cyclin E1), S phase
(Cyclin A2), and G2/M phase (Cyclin B1) (Huang et al., 2010).
The feeding trial showed that ATM and P53 were activated in
response to 1.6% DHA, indicating the possibility of DNA damage
and apoptosis. On the other hand, downstream Cyclin D1 and
Cyclin E1, which promote G1/S phase progression (Cunningham
et al., 2009), were inhibited. These results indicate that high levels
of DHA affect the cell cycle, resulting in decreased growth of
M. amblycephala. To better understand the negative effects of
high levels of DHA, we conducted in vitro experiments with
primary hepatocytes.

When primary hepatocytes were incubated with DHA, 1,000
µM DHA has a lower effect on the gene expression of ATM
and P53 than 500 µM, but they were all significantly higher
than the control group. This result may indicate that 500 µM
caused cell damage. The reason for the downward trend at 1,000
µM is still worthy of further study. When primary hepatocytes
were incubated with 500 µM DHA, the ratio of cells in the G1
phase was significantly increased, a result that was consistent
with the observed reduction of cyclin D1 and cyclin E1gene
and protein expression levels. These results indicate that high
levels of DHA induce cell cycle arrest in the G1 phase. Other
compounds that can influence the cell cycle have been reported.
For example, Chen et al. (2017) reported that cyclin E1 and cyclin
A1 mRNA levels decreased in male zebrafish treated with 229.05

µg/L TDCPP, suggesting cell cycle arrest at the G1 to S phase.
Cell cycle arrest is usually accompanied by increased apoptosis
(Slotkin and Seidler, 2012). For example, a previous study found
that tris (1,3-dichloro-2-propyl) phosphate (TDCPP) induced
cell cycle arrest and caused cell apoptosis in zebrafish (Huang
et al., 2010). Saquib et al. (2012) showed that it induced cell cycle
arrest and apoptosis, adversely affecting normal cellular function
in rats. In this study, 500 µM DHA induced cell cycle arrest
and apoptosis, indicating that excess DHA could affect normal
cellular function in Megalobrama amblycephala. Similar results
have been reported in previous studies using tumor cell lines,
demonstrating that apoptosis is a common response to DHA
(Fasano et al., 2012; Sam et al., 2016; Song and Kim, 2016).
However, very few studies have investigated the negative effects
of high DHA levels on normal organisms or cells. Although DHA
is a common health supplement and has excellent anti-cancer
effects (Conquer and Holub, 1998), our results indicate that
excessive DHA is likely to have adverse effects on normal cellular
function. This is worthy of attention and should be verified in
other animal species.

P53 and downstream (cyclin D1 and cyclin E1) gene
and protein expression levels were significantly affected by
500 µM DHA in our in vitro experiments, which was
consistent with the results of the in vivo trial. When primary
hepatocytes were incubated with a P53 inhibitor, P53-mediated
signaling was inhibited, cell cycle progression recovered, and
apoptosis decreased, suggesting that DHA-induced cytotoxicity
is mediated by P53. Hence, high levels of DHA caused
negative effects in Megalobrama amblycephala, which may
be attributed to the activated P53/cyclin pathway. Similarly,
Zand et al. (2007) documented how DHA induced apoptosis
through P53. Another study with zebrafish also showed that
cell cycle arrest and apoptosis were induced through the
activation of P53 (Zhu et al., 2015). Thus, inhibition of P53
activity could be a potential approach to reduce cell damage
in fish fed DHA.

CONCLUSION

In summary, the feeding trial showed that 1.6% DHA in the diet
has no “growth-promoting” effect in Megalobrama amblycephala
when compared with 0% DHA. In primary hepatocytes, 500
µM DHA treatment significantly induced cell cycle arrest in
the G0/G1 phase and, consequently, apoptosis. In vivo and
in vitro, high levels of DHA significantly upregulated P53 gene
and protein expression and decreased downstream cyclin D1
and cyclin E1 expression. Thus, DHA can activate the P53/cyclin
pathway to induce cell cycle arrest. Inhibiting P53 activity could
be a potential way of reducing the side effects of DHA on the
growth of Megalobrama amblycephala.
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Hepatic steatosis is the most common phenomenon of lipid metabolism disorder in
farmed fish, but its molecular mechanism is poorly understood. Therefore, the present
study was aimed to investigate hepatic steatosis induced by high-fat diet (HFD) and
explore underlying mechanism in tilapia. The fish were fed on control diet or HFD
for 90 days. The blood and liver tissues were collected to determine biochemical
parameter, gene expression and protein level after 30, 60, and 90 days, and analyzed
lipid accumulation, endoplasmic reticulum (ER) stress and autophagy. After 30 days of
feeding, the plasmatic and hepatic lipid content (TG, TCH, LDL-C, and HDL-C) and
fatty acid (FA) transportation (fabp1 and CD36) were enhanced significantly in HFD-fed
tilapia. After 60 days, HFD feeding increased TG synthesis and free CH formation, and
decreased FAs β-oxidation and biosynthesis in liver of tilapia. Further, with increasing
lipid accumulation, ER stress was induced, which worsened hepatic steatosis via
activating IRE1 signaling pathway in liver of HFD group after 90 days. Meanwhile,
HFD feeding suppressed autophagy via impairing AMPK and TFEB pathways in tilapia
liver after 90 days. Our results demonstrated that HFD feeding induced extensive lipid
deposition, promoted ER stress, suppressed autophagy in tilapia liver. Interestingly,
these pathological features were positively correlated with the duration of HFD feeding.

Keywords: steatosis, endoplasmic reticulum (ER) stress, autophagy, high-fat diet, Oreochromis niloticus
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CHOP, C/EBP-homologous protein; CPT-1, carnitine palmitoyltransferase 1; CYP7a1, sterol 7a hydroxylase; DGAT1,
diacylglycerol acyltransferase 1; EIF2α, eukaryotic translation initiation factor 2 α; ER, endoplasmic reticulum; FABP1,
fatty acid binding protein 1; FAs, fatty acids; FASN, FA synthase; FFA, free fatty acid; FXR, farnesoid X receptor; GPAT1,
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INTRODUCTION

Steatosis is the most common phenomenon of lipid metabolism
disorder in liver of cultured fish, which results in reduction
of growth, feed utilization rate, immunity, stress tolerance, etc.
(Dai et al., 2019; Xu et al., 2019). Various predisposing factors
for hepatic steatosis have been reported, such as nutritional
imbalance, environmental stress and physiological dysfunction
(Du, 2014). Among them, excessive lipid intake is a primary
factor in the majority of cultured fish (Cao et al., 2019). Lipid, as a
non-protein energy substitute, is essential for aquatic animal, and
therefore, high-fat diet (HFD) has been frequently fed to farmed
fish to provide more energy or replace partial protein (Watanabe,
1982; Boujard et al., 2004; Kim et al., 2006; Morais et al., 2007).
Indeed, reasonable high fat in diet can improve the growth of fish
(Vergara et al., 1999; Ghanawi et al., 2011).

In fish, the adverse effects induced by HFD have garnered
much attention from researchers in recent years. Dietary high
fat (15 and 16%) suppressed growth performance, reduced
immune capacity and altered lipid metabolism in grass carp
(Ctenopharyngodon idella) and tilapia (Oreochromis niloticus)
(Ma et al., 2018; Tang et al., 2019). The lipid peroxidation and
oxidative stress were caused by high dietary lipid levels (17–
19.5%) in various fish species such as turbot (Scophthalmus
maximus) and black seabream (Acanthopagrus schlegelii) (Jia
et al., 2017; Jin et al., 2019). Moreover, HFD (11 or 12%
fat) activated endoplasmic reticulum (ER) stress to mediate
hepatic lipid secretion in blunt snout bream (Megalobrama
amblycephala) (Cao et al., 2019), and worsen intestinal heath in
tilapia (Limbu et al., 2019). Despite this, our knowledge about
the underlying mechanisms of lipotoxicity induced by HFD is
still very limiting.

Autophagy, a basic cellular process, is involved in the
degradation of cell constituent, such as unfolded protein and
damaged organelle. In the past decade, the key molecular
pathways that regulate autophagy have be proposed, which
consist mainly of autophagy (Atg) proteins (Martinez-Lopez
and Singh, 2015). In mammalian cells, unc-51 like autophagy
activating kinase 1 (ULK1) and Beclin 1 are required in initiation
of autophagosome biogenesis, and Atg7, Atg5, Atg3 and LC3b
(microtubule-associated protein 1 light chain-3B) are involved
in autophagosome formation (Wu et al., 2018). The last phase of
autophagic process is mediated by lysosomal pathway including
transcription factor EB (TFEB) (Ide et al., 2011). Moreover,
in response to cellular stress, AMP-activated protein kinase
(AMKP) directly activates ULK1 to promote autophagy, while
mammalian target of rapamycin (mTOR) suppresses autophagy
by inhibiting ULK1 (Lavallard and Gual, 2014). It has been
reported that HFD feeding impairs hepatic autophagic function
to accelerate lipid accumulation (Tanaka et al., 2016), but
activation of hepatic autophagy alleviates liver steatosis in mice
(Lin et al., 2013). Unfortunately, in cultured fish, there are
no published reports to investigate the relationship between
autophagy and liver steatosis.

Tilapia (Oreochromis niloticus), a fast-growing, low-cost and
well-studied fish species, is widely cultured in China, Asia,
and Africa. In the intensive aquatic environment, it is a very

common phenomenon that tilapia is overfed or fed on high-
fat/high-sugar diet in order to improve growth, which may
lead to frequent occurrence of fat deposition (Huang et al.,
2007). Existing research has confirmed that HFD induces
oxidative stress, reduces immune capacity and damages liver
tissue in tilapia (Lin et al., 2018; Ma et al., 2018; Qiang
et al., 2018; Xu et al., 2019). The lipid metabolic adaptation
mechanisms have also evaluated in tilapia under high or low-
fat diet feeding (He et al., 2015). However, the molecular
mechanisms of hepatic steatosis induced by HFD are not
entirely known in tilapia. Also the key molecules or signaling
pathways which were involved in lipid metabolism are not
well elucidated.

In this study, we evaluated possible molecular mechanism of
hepatic steatosis in HFD-fed tilapia, and explored relationship
between lipid accumulation and ER stress and autophagy
after HFD feeding for 30, 60, and 90 days. Meanwhile, we
analyzed multiple signaling pathways which mediated ER stress
and autophagy including inositol-requiring enzyme 1 (IRE1),
TFEB and AMPK pathways. Our results constituted novel
insights into lipid accumulation induced by HFD in tilapia,
which might be helpful for prevention and treatment of fatty
liver injury in fish.

MATERIALS AND METHODS

Ethics Statement
The experiment was performed taking into consideration the
welfare of animal, and the use of fish was approved by the
Freshwater Fisheries Research Centre (FFRC) of the Chinese
Academy of Fishery Sciences, Wuxi, China.

Animal and Experimental Design
Juvenile tilapias (weight 35 ± 1.2 g) were provided by the farm
in Freshwater Fish Research Center of Chinese Academy of
Fishery Sciences (Wuxi, China). The fish were acclimated to
lab condition in a recirculation system (temperature 29 ± 2◦C;
dissolved oxygen > 6 mg/L; pH 7.4–8.1) for 2 weeks, and fed on
a control diet twice per day.

After acclimation, the fish were weighed and randomly
distributed into two groups: control group and HFD group. Each
group contained 40 fish tested in duplicate. The fish were fed on
control diet (6% fat) or HFD (21% fat) at approximately 4% of
their body weight twice per day (9:00 and 16:00) for 90 days. The
formation of experimental diet is presented in Supplementary
Table S1, and the diet preparation is based on previous reports
(He et al., 2015; Sheng et al., 2016; Qiang et al., 2017).

After 30, 60, and 90 days of feeding, all fish were weighed
and 10 fish were randomly netted from each group to get liver
and blood tissues under anesthesia (100 mg/L MS-222, Sigma
Diagnostics INS, St. Louis, MO, United States). The plasma was
separated from blood by centrifugation (5000 rpm, 4◦C, and
10 min) for analysis of blood biochemical parameters. The liver
samples were flash-frozen in liquid nitrogen for measurement of
enzymatic activity, gene and protein levels.
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Biochemical Parameters Analysis
Plasma lipid parameters including triacylglycerol (TG), total
cholesterol (TCH), free fatty acid (FFA), low density lipoprotein
cholesterol (LDL-C), and high density lipoprotein cholesterol
(HDL-C) were measured using commercially available kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
The TG, TCH and free CH were also tested in liver.

Histological Evaluation
Histopathology of hepatic steatosis induced by HFD was
evaluated by observing pathological section of hematoxylin and
eosin (H&E) staining, Oil red O staining and transmission
electron microscope (TEM). The H&E staining was performed
as previously described by Jia et al. (2019). Liver tissues were
fixed in Bouin’s solution for 24 h, then dehydrated with gradient
alcohol and cut into thin slices (5–6 µm) after embedding in
paraffin. The sections were deparaffinized, rehydrated, stained
with H&E (Nanjing Jiancheng Bioengineering Institute), and
examined under a light microscope. For Oil red O staining,
flash-frozen liver was cut into 10–12 µm-thick sections, stained
with Oil red O solution (Sigma-Aldrich) and photographed
using microscope according to the method reported by Annika
et al. (2013). For electron microscopy, liver samples were fixed
with 2.5% glutaraldehyde solution for 2 h, posfixed with 1%
osmium tetraoxide solution for 1h, and dehydrated in graded
concentrations of ethanol. After dehydration, samples were
embedded in epoxy resin, cut into ultra-thin sections (80 nm),
and observed with Hitachi H7650 electron microscope (Hitachi
High-Technologies, Japan) after staining with aqueous uranyl
acetate and lead citrate (Matsumoto et al., 2010).

Fatty Acid Analysis
Liver fatty acids (FAs) were prepared as described by Chun-
Yan et al. (2015) and Fan et al. (2019). Total lipids of liver
were extracted with chloroform/methanol 2:1 (vol/vol) by Folch’s
procedure (Folch et al., 1957). Fatty acid methyl esters were
produced by incubating in 14% boron trifluoride-methanol
solution at 60◦C for 40 min. Methylated FAs were analyzed
using gas chromatography (GC–MS; Shimadzu QP 2010 Ultra)
equipped with A 100 m × 0.25 mm ID × 0.2 µm fused silica
capillary column. Heneicosanoic acid (C21:0; Sigma-Aldrich)
was used as the internal standard. Individual FA concentration
was expressed as g/100 g.

Real-Time Quantitative PCR
Total RNA was extracted from liver using RNAiso Plus kit
(Takara, Beijing, China). Complementary DNA (cDNA) was
synthesized from total RNA (1 µg) by PrimeScript RT reagent
Kit with gDNA Eraser (Takara). The relative expression of specific
genes was detected using quantitative real-time PCR (qPCR) kit
(TB Green Premix Ex Taq II, Takara). The reaction condition
was as follows: one cycle 95◦C for 30 s, then 40 cycles of 95◦C
for 5 s and 60–64◦C for 1 min. Specific primers used for qPCR
were listed in Supplementary Table S2. The values of genes
expression were normalized by ubiquitin-conjugating enzyme
(UCBE) (Chang et al., 2013), and the relative mRNA level was

calculated by the 2−11Cq method (Livak and Schmittgen, 2001;
Bustin et al., 2009).

Western Blotting
The procedure of western blotting was performed as previous
method described by Madamanchi and Runge (2001). Each
protein sample from liver was subjected to SDS-PAGE gel
(Beyotime) electrophoresis and transferred to polyvinylidene
fluoride (PVDF) membrane (Beyotime). After blocking with
QuickBlock buffer (Beyotime), the membrane was incubated
with the specific primary antibody (overnight at 4◦C) and
secondary antibody (2 h), and then visualized using ECL reagent
(Beyotime). The following primary antibodies or secondary
antibody were used in this study: β-actin (Absin, abs119600),
GRP78 (Proteintech, 11587-1-AP), EIF2α (Abcam, ab70542), and
IgG (Beyotime, A0208).

Statistical Analysis
All data in this study are expressed as mean ± SEM (standard
error of mean), calculated by SPSS software (version 20.0). Two-
tail Student’s t-test was used for comparisons between control
group and HFD group. P < 0.05 was considered statistically
significant. Relationship between hepatic lipid content, ER stress
and autophagy were analyzed based on Pearson correlation
coefficient. Principal component analysis (PCA) was used
to detect any correlation between experimental groups and
performed by using Origin 2018 (Originlab, MA, United States).
The standardized scores of the first two components which
explained the highest variation were used to make biplots.

RESULTS

Gross Phenotype and Histopathology
Observation
To investigate steatosis in liver of tilapia fed on HFD, we
observed liver appearance (Figures 1A,B), H&E-stained section
(Figures 1C,D), oil red O-stained section (Figures 1E,F) and
electron microscopic image (Figures 1G,H). As shown in
Figure 1B, there was a presence of white and swollen liver in
HFD group. Compared with control group, considerable steatosis
was observed in liver of tilapia fed on HFD after 90 days
(Figures 1C,D). The symptom of steatosis or fat accumulation
was also proved by oil red O staining (Figure 1F). Electron
microscopic examination further revealed the presence of lipid
droplets in hepatocytes of HFD-fed tilapia (Figure 1H).

Lipid Content in Liver and Plasma
In plasma, the levels of TG, TCH, FFA, LDL-C, and HDL-
C were significantly increased in HFD-fed fish from 30 days
of feeding onward, except FFA at 30 days (Figures 2A–E).
In liver, the contents of TG, free CH and TCH were also
significantly increased in HFD-fed fish after 30 or 60 days of
feeding (Figures 3E–G). As shown in Table 1, 28 kinds of FAs
were detected in the liver of tilapia after 90 days of feeding under
control diet and HFD administration. In HFD group, 14 kinds of
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FIGURE 1 | Gross phenotype and histopathology in tilapia fed on control diet
and HFD at 90 day. (A,B) gross appearance of liver; (C,D) hematoxylin and
eosin (H&E)-stained section of liver; (E,F) oil red O-stained section of liver;
(G,H) electron microscopic image of liver, the black arrows indicates lipid
droplets.

FAs levels were higher than that in control group. Similarly, the
levels of total saturated fatty acid (SFA), total monounsaturated
fatty acid (MUFA), total polyunsaturated fatty acid (PUFA), n-3
PUFA, n-6 PUFA and total lipid were also clearly elevated in HFD
group. Moreover, the body weight, survival, feed efficiency and
LW/BW were not influenced by HFD feeding (Figures 3A–D).

Fatty Acid Metabolism in Liver
To examine the effects of HFD on lipid metabolism in tilapia
liver, we assessed the expression of lipid metabolism-related
genes including hepatic TG metabolism, and FA uptake, synthesis
and β-oxidation (Figure 4). HFD feeding enhanced mRNA
levels of fatty acid binding protein 1 (fabp1) and cluster of
differentiation 36 (CD36), which promoted FAs uptake in liver

after 30 days and subsequent feeding (Figure 4A). Whereas
the lower mRNA levels of lipoprotein (lpl) and low density
lipoprotein receptor (ldlr) showed an inhibition in TG and
FAs influx after 90 days of feeding (Figure 4A). The de
novo synthesis of hepatic FAs was blocked in HFD group,
where the mRNA levels of acetyl-CoA carboxylase (accα), FA
synthase (fasn) and peroxisome proliferator-activated receptor
γ (ppar-γ) were markedly downregulated after 30 or 60 days
(Figure 4B). The data from Figure 4C revealed that TG
synthesis genes including glycerol-3-phosphate acyltransferase 1
(gpat1), diacylglycerol acyltransferase 1 (dgat1) and dgat2 were
obviously upregulated in liver of fish fed on HFD after 60
or 90 days. However, TG hydrolysis genes including adipose
triglyceride lipase (atgl) and hormone sensitive lipase (hsl) were
clearly downregulated in HFD-fed tilapia after 60 or 90 days
(Figure 4C). HFD inhibited the expression of FA β-oxidation
genes including ppar-α, carnitine palmitoyltransferase 1 (cpt-
1), acyl-CoA oxidase (acox-1) in liver of fish after 60 and
90 days (Figure 4D). Moreover, HFD administration suppressed
VLDL assembly via downregulating the genes expression of
apolipoprotein (apoB-100) and microsomal triglyceride transfer
protein (mttp) (Figure 4E). In addition, the genes related lipid
droplet formation were not changed by HFD feeding (Figure 4F),
despite abundant lipid droplets were observed in HFD-fed tilapia
(Figure 1H). These data indicated that the fatty acid metabolism
was disturbed in liver of HFD-fed tilapia.

Cholesterol Metabolism in Liver
In FHD-treated tilapia, the cholesterol synthesis and uptake
in liver were inhibited, as validated by lower mRNA levels of
hepatic lipase (lipc), 3-Hydroxy-3-methylglutaryl-CoA reductase
(hmgcr) and sterol regulatory element binding protein 2
(srebp-2) after 30, 60, or 90 days (Figure 5A). The data of
cholesterol efflux showed a conflicting results (Figure 5B). HFD
feeding upregulated the expression of sterol 7a hydroxylase
(cyp7a1), but downregulated the expression of acetyl-co-enzyme
A acetyltransferase 2 (acat2) and apolipoprotein A1 (apoa1) in
the liver after 30, 60, or 90 days. Moreover, the liver X receptor
(LXR) and farnesoid X receptor (FXR) were not altered by
HFD administration (Figure 5C). These data indicated that HFD
induced dysregulation of cholesterol metabolism in liver.

Endoplasmic Reticulum Stress
ER stress participates in multiple physiological process including
lipid metabolism (Kaplowitz et al., 2007), and thus, we detected
several ER indicators. The mRNA levels of ire1, 78 kDa glucose-
regulated protein (grp78), spliced X box binding protein 1 (xbp1s)
and C/EBP-homologous protein (chop) were increased in the
liver of HFD-fed tilapia after 90 days (Figures 6A–D). Similarly,
the GRP78 protein expression was upregulated in the liver of
HFD-fed tilapia after 90 days (Figure 6J). In addition, the mRNA
levels of grp78, chop and calreticulin (crt) were also increased by
FHD feeding after 30 or 60 days, whereas, the crt mRNA level was
decreased by FHD feeding after 90 days (Figure 6E). Moreover,
the mRNA levels of perk, eif2α, atf4 and atf6 were not influenced
by HFD feeding (Figures 6F–I).
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Autophagy
Lysosome-mediated autophagy plays an important role in hepatic
physiology and pathogenesis of fatty liver. Compared with

control group, HFD feeding caused a marked downregulation
of tfeb, and its target genes including UV radiation resistance
associated gene (uvrag) and mucolipin-1(mcoln-1) after 90 days
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TABLE 1 | Fatty acid composition in the livers of control diet or HFD-fed tilapia after 90 days.

Fatty acid (g/100 g) Control HFD P-value

C12:0 0.0074 ± 0.0019 0.005 ± 0.0007 0.293

C14:0 0.4422 ± 0.0761 0.2702 ± 0.0485 0.129

C14:1 0.0104 ± 0.0032 0.0077 ± 0.0023 0.537

C15:0 0.0158 ± 0.0023 0.0431 ± 0.0017 0.001

C16:0 2.5454 ± 0.3274 4.8858 ± 0.1637 0.003

C16:1 0.3355 ± 0.0948 0.5354 ± 0.1214 0.264

C17:0 0.0247 ± 0.0015 0.0577 ± 0.0062 0.007

C17:1 0.0201 ± 0.0040 0.0523 ± 0.0021 0.002

C18:0 0.4553 ± 0.1313 0.1691 ± 0.0389 0.105

C18:1n9c 3.2821 ± 0.3099 10.775 ± 0.1946 <0.001

C18:2n6t 0.0023 ± 0.0003 0.0094 ± 0.0013 0.007

C18:2n6c 1.8105 ± 0.2133 5.9322 ± 0.2471 <0.001

C20:0 0.0344 ± 0.0018 0.0535 ± 0.0096 0.125

C18:3n6 0.1582 ± 0.0380 0.2718 ± 0.0553 0.166

C20:1n9 0.1198 ± 0.0219 0.3605 ± 0.1828 0.261

C18:3n3 0.0967 ± 0.0143 0.5317 ± 0.1982 0.094

C21:0 0.0033 ± 0.0004 0.041 ± 0.00442 0.001

C20:2 0.1154 ± 0.0226 0.6186 ± 0.0634 0.002

C22:0 0.0078 ± 0.0008 0.0318 ± 0.0110 0.095

C20:3n6 0.108 ± 0.02212 0.3942 ± 0.0451 0.005

C22:1n9 0.0031 ± 0.0006 0.027 ± 0.00248 0.001

C20:3n3 0.019 ± 0.00298 0.137 ± 0.02433 0.009

C20:4n6 0.393 ± 0.07291 0.7509 ± 0.0513 0.016

C22:2n6 0.0038 ± 0.0009 0.0336 ± 0.0051 0.005

C20:5n3 0.0104 ± 0.0011 0.0131 ± 0.0017 0.274

C24:0 0.0075 ± 0.0027 0.0126 ± 0.0007 0.147

C24:1n9 0.0022 ± 0.0001 0.0061 ± 0.0005 0.003

C22:6n3 0.3313 ± 0.0417 0.5388 ± 0.1082 0.148

Total SFA 3.0942 ± 0.2297 5.2945 ± 0.1756 <0.001

Total MUFA 3.7731 ± 0.4226 11.764 ± 0.4962 <0.001

Total PUFA 3.0487 ± 0.3897 9.2313 ± 0.2097 0.022

n-3 PUFA 0.4575 ± 0.0520 1.2206 ± 0.2025 <0.001

n-6 PUFA 2.4758 ± 0.3267 7.3921 ± 0.26289 0.002

n-3:n-6 ratio 0.1847 ± 0.01223 0.1651 ± 0.01125 0.125

Total lipid 12.533 ± 1.6374 33.033 ± 2.8013 0.003

All values are expressed as mean ± SEM, (n = 10). SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. Values marked in red
showed a significant increase.

(Figure 7A). Meanwhile, the data from Figures 7B,C revealed
that the mRNA levels of ampk, becin1, lc3b, p62, atg7, and atg3
were clearly restrained in HFD-fed tilapia after 90 days of feeding,
indicating that autophagy was suppressed by HFD treatment in
liver of tilapia.

Correlation Analysis and Principal
Component Analysis (PCA)
Correlation analysis showed that hepatic TG accumulation was
positively related to IRE1-XBP1s pathways, but negatively
related to AMPK and TFEB pathways (Figure 8A).
Meanwhile, there was a significant correlation between
TCH and AMPK and TFEB pathways (Figure 8A). PCA
showed the pathological changes induced by HFD were
connected with the duration of feeding, and the adverse

effects were more serious in tilapia fed on HFD for
90 days (Figure 8B).

DISCUSSION

Effects of HFD on Lipid Metabolism in
Tilapia
Liver is the central organ that regulates the uptake, synthesis,
secretion, catabolism and storage of lipid. The dysregulation of
FAs and TG is a major reason of steatosis (Day and James, 1998;
Bass and Merriman, 2005). This phenomenon was observed in
the present study, where HFD feeding induced lipid deposits
and steatosis in tilapia liver. One of the reasons for steatosis is
excessive uptake of FAs from plasma (Bradbury, 2006). In this
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FIGURE 4 | Expression of fatty acids metilapia fed on control diet and HFD for 90 days. (A) Expression of fatty acid uptake-related genes including fabp1, fatp1,
CD 36, lpl, ldlr and lpr; (B) expression of fatty acid synthesis-related genes including accα, fasn, ppar-γ and srebp1c; (C) expression of hepatic triglyceride
metabolism-related genes including gpat1, dgat1, dgat2, atgl and hsl; (D) expression of fatty acid β-oxidation-related genes including pparα, cpt-1 and acox-1;
(E) expression of VLDL assembly-related genes including mttp and ApoB100; (F) expression of lipid droplet formation-related genes including cideb and cidec. The
values are normalized to control values and expressed as means ± SEM (n = 10); ∗P < 0.05 and ∗∗P < 0.01 versus control at same time.
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study, lipid content such as TG and FFA was raised in plasma
after HFD feeding, which promoted FAs uptake into liver (Bass
and Merriman, 2005). Meanwhile, HFD enhanced the genes
expression of transporter proteins, such as FABP1, CD36 and
FATP1 in liver, accelerating FAs influx into liver (Lu et al., 2014;
An et al., 2017).

Another reason for steatosis is lower FA β-oxidation. In
tilapia, our data displayed that HFD feeding downregulated
genes expression of β-oxidation rate-limiting enzymes (CPT-
1and ACOX-1), and pparα (a key regulator of β-oxidation)
in the liver. Similar results were described in FHD-fed
medaka (Oryzias latipes) and blunt snout bream (Matsumoto
et al., 2010; Lu et al., 2014, 2017). Conversely, HFD feeding
increased FA β-oxidation in zebrafish and grass carp (Dai
et al., 2015; Li et al., 2016). Also, in human non-alcoholic
fatty liver disease (NAFLD), the mixing results were reported
(Reviewed by Kawano and Cohen, 2013). The potential reasons

for these conflicting results are still unclear. It is possible
that increased β-oxidation is an adaptive protection against
FA-mediated hepatotoxicity, whereas, decreased β-oxidation
shows a dysregulation of hepatic FAs, which accelerates lipid
accumulation, and induces liver injury.

De novo lipogenesis is a major source of FA in hepatocyte,
which is regulated by two rate-liming enzymes ACC and FASN.
In rat and human liver, HFD boosted the FA de novo synthesis
via upregulating ACC and FASN, and accelerated occurrence of
NAFLD (Matsumoto et al., 2010; Tanaka et al., 2016; An et al.,
2017). The upregulated acc and fasn were also observed in HFD
fed medaka (Matsumoto et al., 2010). Nevertheless, in tilapia liver,
we found that the de novo synthesis of FAs were limited by HFD
feeding via downregulating accα and fasn genes expression, which
was consistent with the results discovered in HFD-fed zebrafish
(Dai et al., 2015). It is possible an adaptive protection mechanism
against FAs accumulation in liver.
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FIGURE 6 | Expression of endoplasmic reticulum stress-related genes or proteins in liver of tilapia fed on control diet and HFD for 90 days. (A–I) Expression of
endoplasmic reticulum stress-related genes (n = 10). (J) Representative immunoblotting and relative protein expression of GRP78 and EIF2α (n = 3). The values are
normalized to control values and expressed as means ± SEM; ∗P < 0.05 and ∗∗P < 0.01 versus control at same time.

In liver, FAs can synthesize TG for storage in the form of lipid
droplets or export in combination with VLDL. The high hepatic
TG content occurred more frequently in HFD-induced NAFLD
model (Dai et al., 2015; An et al., 2017). Here, we also provided
evidence that HFD feeding increased TG content in tilapia liver,

which is related to the dysregulation of hepatic TG. In HFD-
treated tilapia, the mRNA levels of gpat1, dagat1, and dgat2 (three
key enzymes for TG synthesis) were upregulated, but the mRNA
levels atgl and hsl (two rate-limiting enzymes for TG lipolysis)
were downregulated in liver. Meanwhile, the genes expression
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FIGURE 7 | Expression of autophagy-related genes in liver of tilapia fed on control diet and HFD for 90 days. (A) Expression of lysosomal pathway-related genes
including mcoln-1, uvrag, tfeb, and lamp1; (B,C) expression of autophagy-related genes mTOR, ampkα, becin1, lc3b, p62, ulk1, atg7, atg5, atg3 and atg13. The
values are normalized to control values and expressed as means ± SEM (n = 10); ∗P < 0.05 versus control at same time.

FIGURE 8 | Correlation analysis and principal component analysis (PCA). (A) Relationship between hepatic lipid content and ER stress and autophagy, hepatic lipid
mainly consisted of TG and TCH. (B) PCA score plot for all markers measured in tilapia fed control diet and HFD after 30, 60, and 90 days.
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FIGURE 9 | Possible mechanisms of lipotoxicity induced by HFD in tilapia. HFD feeding increased fatty acids (FAs) and free CH (cholesterol) via uptake from plasma.
Meanwhile, suppression of FAs β-oxidation, VLDL assembly and CH efflux induced by HFD feeding also enhanced the hepatic FAs and CH content. Increased FAs
and CH promoted TG formation which induced hepatic steatosis. Excessive FFA and free CH could cause ER stress and further accelerated steatosis by
IRE1-XBP1s signaling pathway. In HFD-induced fatty liver, the decreased AMPK pathway inhibited formation of UKL1 and Atg13 complex, hampered autophagy
proteins expression, and ultimately resulted in low autophagy. Moreover, the low autophagy was related to depressed lysosomal biogenesis mediated by TFEB
pathway. Suppressed autophagy blocked decomposition of lipid droplets and worsened steatosis.

of mttp and ApoB100 (two key regulators of VLDL assembly)
was obviously restrained by HFD in tilapia liver. These data
suggested that HFD feeding promoted TG synthesis, inhibited
TG lipolysis, and blocked TG export in tilapia liver, which may
be the third reason of excessive lipid deposition and steatosis
in tilapia liver (Buzzetti et al., 2016). Altogether, the FAs and
TG overload in tilapia liver mainly resulted from increased FAs
uptake, impaired FAs β-oxidation and blocked VLDL assembly
under HFD feeding.

Apart from FAs and TG, the CH, more specifically, free CH is
also a major lipotoxic molecule in the fatty liver injury. Hepatic
free CH accumulation can induce ER stress, mitochondrial
dysfunction, oxidative damage, inflammation and liver injury
(Reviewed by Musso et al., 2013). Excess dietary fat or/and CH
has been shown to cause high free CH content in liver, as well
as steatosis, NAFLD and liver injury in different animal models
(Subramanian et al., 2011; Savard et al., 2013; Dai et al., 2015;
An et al., 2017). Our results were consistent with previous studies
revealing higher hepatic CH content in HFD-fed tilapia.

In hepatocytes, CH homeostasis is maintained through a
complex pathway including cholesterol uptake, de novo synthesis
and efflux. Uptake from plasma lipoproteins is a source of
hepatic CH, which is mediated by several membrane receptors
including LDLR, and the scavenger receptor class B type I
(SCARB1). In this study, decreased ldlr gene expression signified
suppression of CH uptake from plasma in HFD-fed tilapia,

which was supported by previous reports in mice (Savard
et al., 2013). In addition, new production of CH, regulated by
HMGCR and SREBP-2, is another source of hepatic CH. It is
a potential reason for hepatic free CH accumulation in setting
of NAFLD (Caballero et al., 2009; Min et al., 2012). However,
some investigation observed opposite results that the genes
expression of hmgcr and srebp-2 was downregulated and hepatic
CH synthesis was limited in HFD-induced NAFLD models
(Savard et al., 2013; Dai et al., 2015). In HFD-fed tilapia, we also
found the decreased genes expression of hmgcr and srebp-2 in
liver, indicating a limited hepatic CH synthesis. The inhibition
of CH synthesis and uptake in HFD-fed tilapia liver may be an
adaptive adjustment.

Hepatic CH efflux is associated with multiple pathways,
including conversion to bile acids via catalysis of CYP7A1,
export incorporation into VLDL, and secretion combination
with nascent HDL particles with the assistance of Apoa1
(Ioannou, 2016). Our study discovered that upregulation of
cyp7a1 gene expression promoted CH conversion to bile acids,
but downregulation of acat2, apoa1, mttp, and apoB-100 genes
expression restrained CH efflux in the liver of HFD-fed tilapia.
Thus we speculated that the accumulation of hepatic CH
mainly resulted from impaired VLDL assembly and HLD
particles formation in HFD-fed tilapia liver. Our data partially
confirmed early reports in NAFLD models (Min et al., 2012;
Savard et al., 2013).
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Effects of HFD on ER Stress in Tilapia
The ER is pivotal organelle with major function in hepatic
lipid metabolism including lipid synthesis, storage and export.
Unfolded protein response (UPR), a highly conserved pathway
in ER, monitors the status of ER protein assembly and lipid
metabolism, and serves to restore ER homeostasis (Gentile
et al., 2011). It starts with the activation of three ER-localized
proteins (IRE1, ATF6 and PERK), following the release of
the chaperone GRP78 (Cnop et al., 2012). IRE1 activation
promotes the XBP1s mRNA and subsequent transcription of
molecular chaperones (e.g., CHOP). Activation of PERK causes
phosphorylation of EIF2α, and upregulates ATF4 and molecular
chaperones. Activation of ATF6 leads to its release from ER
membrane and enters nuclear to target molecular chaperones.
Notably, in mice and human, the lipid overload induced ER stress
in liver, which led to chronic UPR, and then resulted in oxidative
stress, apoptosis and inflammation (Urra et al., 2013). ER stress
also promoted lipid accumulation and steatosis via inhibiting FAs
β-oxidation in liver (Lebeaupin et al., 2018). In HFD-fed fish liver,
IRE1-XBP1 pathway-mediated ER stress and ATF6 regulated ER
dysfunction were observed, which brought about abnormal lipid
metabolism (Dai et al., 2015; Cao et al., 2019). In this study, the
upregulated mRNA levels of ire1, grp78, xbp1s, and chop, and
protein level of GRP78 indicated that ER stress was a consequence
of lipotoxicity induced by HFD in tilapia. As such, we surmised
that ER stress participated in lipid accumulation and further fatty
liver injury in tilapia via activating IRE1 pathway.

Effects of HFD on Autophagy in Tilapia
Autophagy plays important roles in regulation of hepatic lipid
metabolism. In hepatocyte, LDs can be engulfed to form
autophagosomes, and then generate autolysosomes by fusing to
lysosome (Singh et al., 2009). Autolysosomes are hydrolyzed by
lysosomal enzymes, and lipid products are released into cytosol to
participate in other cellular process (Martinez-Lopez and Singh,
2015). In dietary models of NAFLD, autophagy was suppressed
in liver, which accelerated hepatic steatosis and aggravated liver
injury in NAFLD (Wu et al., 2018). Here, our results also
revealed that HFD feeding impeded autophagy, which might
be a mechanism of lipid accumulation and lipotoxicity induced
by HFD in tilapia.

TFEB is a master regulator in lysosome biogenesis and
function. Impaired TFEB inhibited lysosome biogenesis and
autophagy, which deteriorated liver injury and steatosis (Chao
et al., 2018). In HFD-induced mice hepatic steatosis, tfeb and
its target genes (lamp1, mcoln, and uvrag) involved in lysosomal
pathway were downregulated (Su et al., 2018). The similar results
were also seen in HFD-fed tilapia liver. These data suggested that
HFD feeding inhibited TFEB-mediated lysosomal pathway, and
then suppressed autophagy in HFD-fed tilapia.

Autophagy can be regulated through different pathways
including the classic AMPK pathway. Activation of AMPK
induced autophagy to attenuate HFD-induced liver steatosis,
but inhibition of AMPK abolished the improvement of liver
steatosis and autophagy activation (Ren et al., 2019). In NAFLD

mice, AMPK pathway was interfered by HFD treatment and
affected the development of fatty liver injury (Qiang et al.,
2016; Chen et al., 2019). These evidence was further confirmed
in HFD-fed tilapia, where the mRNA levels of ampkα and
ulk1 were significantly declined. Thus we speculated AMPK
mediated autophagy via directly phosphorylating ULK1 in the
liver of tilapia after HFD feeding, which accelerated the lipid
accumulation and lipotoxicity.

CONCLUSION

In summary, the current study demonstrated that HFD feeding
could induce steatosis via increasing FAs uptake, impairing
FAs β-oxidation, blocking VLDL assembly and enhancing HDL
particles formation (Figure 9). Meanwhile, HFD feeding induced
ER stress via IRE1 pathway and suppressed autophagy via TFEB
and AMPK pathways to worsen lipotoxicity in liver (Figure 9).
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The productivity of the Eastern Baltic cod (EBC) has been severely reduced over the last
25 years, for reasons that remain unclear. The size distribution of EBC has become
increasingly truncated, condition and health status have deteriorated, and sexual
maturation has started to occur at increasingly smaller sizes. Despite an increasing
trend in recruitment during this period, reduced growth or increased mortality rates after
the recruitment phase have resulted in decreasing landing levels and low profitability
in the cod fishery, whereas the scientific community has difficulties in disentangling
the causes of the decline of EBC. We studied changes in metabolic status in EBC
between the capture years of 1995 and 2015, by investigating two aspects of fish
metabolism that can be extracted retrospectively from otolith (earstone) morphometry
and nitrogen content. Changes in relative otolith size to fish size are related to the
metabolic history of the individual fish, and the otolith nitrogen content reveals the level
of protein synthesis and feeding rate. Because otoliths accrue continuously on their
surface and are biological stable (inert), the chemical content of the otolith trajectory
reflects the timeline of the fish. We measured the N/Ca ratio as a proxy for protein
content in EBC otolith along distal radius traverses from the core to the edge of the
otolith by using secondary ion mass spectrometry (SIMS). Here we show that the
otoliths have become smaller at a given fish size, and the ratio of N/Ca has increased
over the studied period. These proxies reveal significant metabolic changes during
the same period as the condition, and stock productivity has declined. We discuss
potential mechanisms behind the metabolic changes, including elevated temperature
and compensatory feeding due to nutrient deficiencies. Such changes in food quality
may, in turn, relate to still unrecognized but on-going ecosystem shifts, where climate
change could be the ultimate driver.
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INTRODUCTION

The Baltic Sea is a large, and in geological terms, young (about
9 KY) brackish watershed (Figure 1). The restricted number
of animal and plant species, often with unique adaptations
(Johannesson et al., 2011), reflects its challenging environment.
On an intermediate time-scale, the hydrographic development
of the Baltic Sea shows large-scale cyclic variation, influenced
by the frequency of inflows of saline water from the North Sea
(Mohrholz, 2018). Regime shifts due to such climate-induced
alternations in the frequency of saltwater inflows from the
Atlantic in combination with eutrophication (Savchuk, 2018),
may have long-lasting effects on ecosystem structure and function
(Österblom et al., 2007; Möllmann et al., 2015). The inflow of
salt leads to a stratification of the water column, which may
also promote the development of hypoxic conditions in the
deepwater, as a consequence of organic matter originating from
the surface waters sedimenting to the deeper parts of the sea
(Fonselius, 1972). Eutrophication has raised primary productivity
of phytoplankton in the Baltic Sea over the last century, leading
to more widespread hypoxia (Carstensen et al., 2014; Andersen
et al., 2017).

Eastern Baltic cod (Gadus morhua; EBC) is a former
commercially and ecologically important fish stock (e.g.,
Hammer et al., 2008; Lindegren et al., 2009). EBC shows
adaptations necessary for reproducing and thriving in the low-
saline Baltic Sea environment (Westin and Nissling, 1991; Berg
et al., 2015), and is genetically well-separated from the western
Baltic cod stocks (Poćwierz-Kotus et al., 2015). The stock is
suggested to have benefited from the eutrophication of the Baltic
Sea during the 20th century, as its food base was enlarged
(Eero et al., 2011). EBC biomass increased massively from
the 1940s to the beginning of the 1980s. This development
was followed by shrinkage of recruitment and biomass due
to the loss of spawning sites as the Baltic deepwater became
increasingly hypoxic (MacKenzie et al., 2000), leading eventually
to lower landings (Eero et al., 2007, 2011). The continued high
fishing pressure in the 1990s further reduced the biomass at
the remaining spawning area around the island of Bornholm
(Hammer et al., 2008).

Improved recruitment and lower fishing effort resulted in a
remarkable recovery in abundance in the late 2000s (Köster et al.,
2017). However, the enhanced recruitment was not, transformed
into higher biomass, as landings continued to wane through the
2000s and 2010s. Body condition and hepatosomatic index (HSI)
started to decline in the mid-1990s (Eero et al., 2012), while the
size distribution of EBC became increasingly truncated (Svedäng
and Hornborg, 2017) and the fish mature at progressively smaller
sizes (ICES, 2019a). Due to the deteriorated status of EBC, a
fishing ban was eventually introduced in 2019.

There is no common understanding on why and how the
productivity of EBC has declined (Eero et al., 2015). Several
hypotheses have been put forward connecting the decreased
productivity to a reduced feeding rate, which could stem from
(a) regionally unbalanced fishing (Eero et al., 2012), (b) density-
dependent feeding competition due to selective fishing (Svedäng
and Hornborg, 2014, 2017), (c) the spread of hypoxic seafloor

leading to density-dependent growth and lower condition
(Casini et al., 2016), and substantially higher natural mortality
(Neuenfeldt et al., 2019), or (d) that spread of hypoxic or
low oxygen-saturated water may affect metabolism and thereby
reducing the rate of digestion and hence food consumption
in EBC (Limburg and Casini, 2018, 2019; Brander, 2020).
Other hypotheses instead point at the increase of seal parasites,
impairing growth and health status (e.g., Horbowy et al., 2016),
or at the occurrence of thiamin deficiency affecting EBC among
other Baltic animal populations (Engelhardt et al., 2020).

Reduced individual growth may be one of the proximate
causes behind declining landings and truncated size distribution,
including decreases in the length class diversity and the mean
length in the survey catches between 1995 and 2015 (Eero et al.,
2012; Svedäng and Hornborg, 2014, 2017). However, increased
opacity and less distinct annuli (similar to the combination of
one dark and light growth band observed in cross-section of a
tree) have made EBC cod otoliths difficult to read (Hüssy et al.,
2016). Age readings are, therefore, considered as unreliable by
ICES (2015). Consequently, it is still unknown whether growth
has declined or not, or if just condition (e.g., Casini et al.,
2016) and health status (Statens veterinärmedicinska anstalt
[SVA], 2016) has become weaker. Moreover, recent modeling
work by ICES (2019b) suggests that exceptional increases in
natural mortality might also result in truncated size distributions,
assuming in the modeling that individual growth and survival
rates are inversely related to each other. Because high, or normal,
growth must be weighed against lower survival rates and vice
versa in the modeling, it is unknown to what degree the truncated
size distribution is related to reduced growth or higher natural
mortality, or at which stage of the life cycle these processes may
have been altered (ICES, 2019a; Neuenfeldt et al., 2019). As most
of the proposed factors behind lower productivity in EBC suggest
metabolic changes, it is crucial to determine when and how such
metabolic alterations may have occurred in the stock.

Fisheries biologists take advantage of the morphometric and
chemical properties of otoliths (earstones), in particular, the
sagitta, which in Gadus morhua is the largest of three pairs
located in the inner ear of fish (Campana, 1999). Analysis and
interpretation of the chemistry of otoliths can inform us about
origin and movements, thermal regimes, and salinities faced by
fish over their lifetimes (e.g., Elfman et al., 2015). Further, otolith
growth/size and opacity patterns can help us to extract records
on experienced fish growth, metabolism, and protein uptake
(Campana, 1983; Fablet et al., 2011; Pecquerie et al., 2012).

Otoliths are composed of crystalline calcium carbonate
(CaCO3) in aragonite form which is enzymatically precipitated
on a protein matrix that controls the shape and growth of the
otolith (Söllner et al., 2003). The protein content accounts for
0.45–2.3% of otolith weight (Hüssy et al., 2004). Because otoliths
accrue continuously on their surface and are biologically stable
(inert), the chemical content of the otolith reflects the timeline as
they have grown (Campana, 1999). This accretionary process is a
three-dimensional succession of concentric layers of translucent
and opaque materials, whose physicochemical properties vary
from a daily to a seasonal basis due to endogenous and exogenous
factors (Høie et al., 2008 and the references therein). Opaque
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FIGURE 1 | The Baltic Sea is shown with the borders and numbers of the ICES subdivisions (SD) (www.ices.dk). The Baltic cod reproduction takes place around of
the Bornholm island. A map over Europe is inserted for orientation purposes.

zones absorb more light than translucent zones. Opaque zones,
therefore, appear dark when viewed with transmitted light and
bright when viewed with reflected light, and vice versa for
translucent zones.

Aragonitic calcium crystals dominate translucent zones, while
opaque structures contain a higher amount of protein (Mugiya,
1965; Campana, 1999). Both temperature and metabolism are
hypothesized to affect the formation of opaque and translucent
zones (Fablet et al., 2011). It has been suggested that the secretion
of protein into the endolymphatic sac of the inner ear, and hence
the incorporation into the otolith, is proportional to the overall
body [global] protein synthesis (Hüssy and Mosegaard, 2004).
Rearing experiments on cod have shown that opacity is linked
to the feeding level at constant temperature, while at higher
temperature the otoliths become more translucent (Høie et al.,
2008). In other words, otolith opacity is likely to mirror the level
of protein content, but is also affected by changes in thermal

regimes where both increases and decreases lead to less opacity.
Translucent structures are formed at low feeding conditions
or during seasonal changes in temperature regimes, as a result
of the associated decrease of the global protein synthesis and
incorporation to otolith (Fablet et al., 2011).

While a relationship between otolith size and fish size is often
evoked, for instance, in back-calculation practices, otolith growth
is, in fact, seldom proportional to body growth (somatic growth)
over time (Mosegaard et al., 1988 and the references therein).
Slow, or null somatic growth leads to a decoupling between
somatic and otolith growth; even if body growth has ceased due
to low/high water temperature or starvation, otolith growth may
still occur (Mosegaard et al., 1988; Hüssy and Mosegaard, 2004;
Høie et al., 2008). This lack of correspondence is because otolith
growth is better ascribed to metabolic activity than somatic
growth alone (Mosegaard et al., 1988; Hüssy and Mosegaard,
2004; Fablet et al., 2011; Pecquerie et al., 2012). Otolith growth
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could thus be seen as an integral of fish metabolism, which, in
turn, are dependent on food intake and the surrounding water
temperature (Hüssy and Mosegaard, 2004; Fablet et al., 2011).

Otoliths thus may become bigger in older fish compared
to younger at similar body sizes, as they integrate the total
metabolism over a more extended period (Mosegaard et al.,
1988; Hüssy and Mosegaard, 2004). It means that slow-growing
fish have larger otoliths than fast-growing fish at the same
body size, even though fast-growing fish have a higher otolith
growth than slow-growing fish due to a higher instantaneous
rate of metabolism (Mosegaard et al., 1988; Campana, 1990).
On the other hand, at different temperature regimes but at
similar somatic growth rates, otoliths may differ in size between
fish of the same body size and age, due to the differences in
experienced metabolic history (Mosegaard et al., 1988). However,
additional factors may be at play as it seems not possible
to describe the relationship between otolith growth and total
metabolism as a simple proportionality (Grønkjær, 2016, and the
references therein).

Nevertheless, the relationship between otolith and fish size
may inform us about the experienced growth and metabolic
history considering that there is a close correlation between
otolith growth and O2-consumption (Wright et al., 2001). Fish
of similar body size but different otolith size and age have
experienced different growth rates. In contrast, fish of the same
size and age but with different otolith size may have experienced
different metabolic history due to differences in temperature
or another factor.

Here, we aim at retrospectively reconstructing the metabolic
status of EBC by estimating otolith size to fish size and otolith
protein content, i.e., how fish growth and global protein synthesis
in EBC may have changed between the capture years of 1995
and 2015, as the productivity of EBC deteriorated. We thereby
assume that the otolith N-content reflects the protein feeding
rate (Hüssy and Mosegaard, 2004). We also intend to investigate
whether the observed increased opacity in EBC otoliths is due
to increased protein content. Thus, instead of using the indirect
proxy on otolith protein content by estimating opacity, we chose
to measure the ratio between nitrogen (N) and calcium (Ca) as a
better and a more direct proxy on otolith protein content.

By obtaining new insights into EBC metabolism and feeding
rates over the period between the capture years of 1995 and 2015,
we may confront hypotheses that relate the reduced productivity
of EBC to lower feeding rates (Eero et al., 2012; Svedäng and
Hornborg, 2014, 2017; Casini et al., 2016; Limburg and Casini,
2018, 2019; Karlson et al., 2019; Neuenfeldt et al., 2019; Orio et al.,
2019; Brander, 2020). Finally, by finding when a shift in feeding
rates has occurred, it is also possible to evaluate if the spread of
seal parasites is a potential driver behind changed metabolism in
EBC (e.g., Horbowy et al., 2016).

MATERIALS AND METHODS

The Study Material
This project studied fish metabolism in EBC retrospectively by
exploring stored sagittal otoliths, through analyzing the nitrogen

FIGURE 2 | The measured morphometry of the otolith. OC – otolith core,
DA – dorsal axis, VA – ventral axis, DR – distal radius, PR – proximal radius.

(N) content and measuring otolith size relative to fish size.
It thereby allowed us to follow both individual growth in
relative terms and protein synthesis, which we assumed to be
proportional to feeding rate over the studied period (Hüssy
and Mosegaard, 2004). We used otoliths from the regular
Swedish part of Baltic International Trawl Survey (BITS) in ICES
subdivision (SD) 25 in the southern Baltic Sea (Figure 1), saved
for age determination purposes (ICES, 2012). Information on
date of capture, depth, fish length, weight, gonad developmental
status, estimated age was obtained from the Swedish BITS
(Supplementary Table S1). Since we wanted to study changes in
feeding rates, we tried to avoid unnecessary variance in growth
by choosing otoliths from fish that were similar at size-at-age. In
total, we selected 100 otoliths from fish divided into 20 otoliths
per the following capture years: 1995, 2000, 2005, 2010, and 2015
at the nominal age groups 2–5, i.e., five per age group and capture
year (Supplementary Table S2 and Supplementary Figure S1).
However, age was only treated as a nominal factor in the analyses,
since age readings are no longer considered to be valid for EBC
(ICES, 2015). All otoliths were sectioned in the transverse plane
by micro-saw. The cut through the core to the edge represents
the timeline of the fish; its first part forms during embryonic
stage before hatching and the otolith then grows continuously
until death. The study is thus investigating the relative otolith
N-content retrospectively up to 5 years before capture.

The otolith sections were polished, cast in groups of four
into 25 mm epoxy pucks, polished once more, and coated with
a 30 nm layer of gold (Au) to prevent charging during the
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FIGURE 3 | A merged photo of an otolith showing the spots taken on a transverse from the core along the distal radius toward the edge.

analysis process. The morphometrics of the prepared otoliths
were measured (Figure 2). The width of the otolith (OW), i.e.,
the sum of the dorsal axis from the core to edge (DA), and the
ventral axis in the opposite direction (VA) is a consistent way of
measuring otolith size (Mosegaard et al., 1988). The ratio between
otolith and fish length (OW/FL) was used to normalizing otolith
size relative to fish size and thereby to compare otolith growth
between individuals and year classes.

The Otolith Chemistry Analysis
We carried out the otolith N/Ca analysis at the Vega Centre,
the Swedish Museum of Natural History, using a large geometry
CAMECA ims1280 secondary ion mass spectrometer (SIMS) at
the NordSIMS Laboratory, Stockholm. A critically focused, circa
0.6 nA Cs+ primary beam with 20 kV impact energy was utilized
to sputter the otoliths, with a 10 µm raster applied to homogenize
the beam density over the analyzed area. A low energy, normal
incidence electron flooding gun was used to counteract charge
build-up on the sample surface. Secondary ions were admitted
to the mass spectrometer using a high-transmission transfer lens
configuration and analyzed at a mass resolution (M/1M) of 8000.
The two ionic species 12C14N− and 40Ca− were measured in
a single, low noise ion counting electron multiplier, by peak
switching between the two masses, with integration times of 2
and 4 s, respectively. Analyses were performed in automated
sequences comprising a 20 µm pre-sputter to remove the gold
coating, centering of the secondary ion beam in the field aperture,
and optimization of the mass calibration, followed by 12 cycles of
data acquisition.

We determined the 12C14N−/40Ca− ratios along a traverse
at the distal radius (DR) from the otolith core to the edge of
each studied otolith, i.e., perpendicular to the transversal axis
and to the opaque and translucent ring structures (Figure 3).
The distance was measured in µm, starting at the core while
ending at the last spot along the transect. Deviations from DR
occurred due to cracks and irregularities in the otolith, which
have been accounted for. In total, 55 otolith were analyzed
for the 12C14N−/40Ca− ratios (Table 1). The otoliths were
selected to obtain an even coverage of all age groups by year of
capture within the constraints of casting the otoliths together on
the epoxy pucks.

The small-scale of the analyzed area (ca. 10 µm in diameter),
allowed us to measure ∼15 spots along each traverse (Table 1).
Assuming a relatively constant C and Ca content in the
otoliths, given that these are crystallographic matrix elements,
the 12C14N−/40Ca− ratio acts as a proxy for relative N
concentration. The precision on the measured 12C14N−/40Ca−
ratio was generally better than 5% (1s), typically averaging around
1%, which translates directly to the precision in relative N
concentration. The absence of a calibrated reference material
for determining N concentration in CaCO3, however, precludes
converting this ratio to an accurate N concentration in the otolith
targets. Still, the relative variations both between analyses along
each traverse and between otoliths will be valid. For this reason,
we henceforth use the term “N-content,” to discuss our results,
either as N-content per spot (NPS) or as mean value per otolith
for one or more ontogenic stages (see below).

Ontogenic Stages
Since we wanted to study changes in protein uptake over time,
it is important to discount for the effects of ontogenic changes
from year effects, because opacity is usually highest at the core
and then declines slowly (Pecquerie et al., 2012). The spots
measurements were assigned into four different ontogenic stages
(egg, larval, juvenile, and adult) according to the distances from
the core since DR represents an otolith timeline. The egg stage
was defined according to the radius of the sagitta at hatching,
i.e., <15 µm (e.g., Geffen, 1995). OW at settling in Baltic cod
has been estimated to∼1000 µm (Fey and Linkowski, 2006). The
relative proportion of DR to OW was established, using on the
studied otolith material (mean ± s.d.: 22 ± 2.7%; n = 98). The
larval stage or pelagic phase until settling was thus defined by
the distance from core between 16 and 220 µm. The division
between juvenile and adult stages was arbitrarily set at 900 µm
(data not shown) since DR of studied cod at ages 2 and 3
fluctuated around this size, which is the age at maturity in EBC
(ICES, 2019b), i.e., the size intervals of the juvenile and adult
stages were set at 221–899 and ≥900 µm, respectively. Since we
assumed that the otolith accretion was similar over time, while
the relative otolith size to fish size found to become smaller,
this procedure may have exaggerated the juvenile stage for latter
years of capture.
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We noted that NPS varied strongly for the ontogenetic stages
1 and 2 (egg and larval), displaying high and low values (Table 2).
The low values may be due to the transverse cut that had not
gone through the structure or that the first spot may have been
put outside the nucleus. Because of these methodological issues
connected with the ontogenic stages 1 and 2, we excluded them
from the mixed linear analysis.

Condition Factor
We estimated changes in fish body condition by analyzing the
development in Fulton’s condition factor CF (Ricker, 1975):

CF = W/L3
× 100 (1)

where W is the weight of the fish in gram, and L is
the length in cm.

Statistical Analysis
To analyze changes in the N-content per spot (NPS) over time,
we applied linear mixed models to account for the hierarchical
structure in our study. Because the N-content was measured
repeatedly on the same otoliths, NPS was nested within otoliths.
Since the distances from the otolith core were used to assign
individual NPS to an ontogenic stage, the otoliths were also
nested within the ontogenic stage. Only two ontogenic stages
were included: 3 (juvenile) and 4 (adult). We, therefore, chose to
test four models, which assumed either (a) random intercept with
fixed mean (i.e., models 1 and 3), (b) intercept varying among
the grouping factor 1 (ontogenic stage) and grouping factor 2
(otolith) within grouping factor 1 (i.e., models 2 and 4). NPS were
logarithmically transformed to attain better approximation to
normality. Also, we included models with and without covariates,
including interaction terms. The following formulations were
thus tested by using “lme4” package for R (Bates et al., 2015):

1. NPS∼ Year + (1 | Otolith)
2. NPS∼ Year + (1 | Ontogenic stage/Otolith)
3. NPS∼ Year + Ontogenic stage+ (1| Otolith)
4. NPS∼ Year + Ontogenic stage + (1| Ontogenic

stage/Otolith)

where Year is the year of capture, which was considered as
a fixed factor. Ontogenic stage is life history stage (juvenile or
adult) defined by the distance from the otolith core to the
spot measured was considered as both covariate (treated as a
continuous variable) and grouping factor, and Otolith was the
grouping variable representing different otoliths. It should be
observed that the “lme4” package for R provides no p-value in
ANOVA tests (Bates et al., 2015), but are indicative regarding
the relative importance of different sources of variation. To
test for differences between individual years while taking the
repeated measurements into account, we used the Tukey HSD
post hoc test after applying sequential Bonferroni correction,
using the “multcomp” package for R (Hothorn et al., 2008).
The information criteria AIC and BIC were used to select the
best models (Wang and Liu, 2006 and the references therein).
It should also be observed that the relatively small sample TA
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TABLE 2 | The mean (±s.d.), minimum and maximum values, and c.v. of NPS per year of capture and ontogenic stage.

Year of capture

Ontogenic stage 1995 2000 2005 2010 2015

(1) Egg stage: mean ± s.d. 94.0 ± 55.4 65.8 ± 37.1 72.9 ± 32.9 60.3 ± 47.4 96.4 ± 63.0

Min-max 14.5–150 34.9–145 30.7–132 23.4–154 43.5–166

c.v. 59% 56% 45% 79% 65%

(2) Larval stage: mean ± s.d. 35.8 ± 21.4 50.7 ± 48.7 42.1 ± 22.7 54.4 ± 43.1 58.0 ± 37.1

min-max 12.5–100 13.3–183 11.5–91.1 24.6–148 22.6–149

c.v. 60% 96% 54% 79% 64%

(3) Juvenile stage: mean ± s.d. 22.7 ± 5.6 24.4 ± 8.9 23.6 ± 8.1 27.6 ± 9.0 37.3 ± 17.1

min-max 13.5–37.1 12.6–59.4 11.7–52.9 6.4–55.6 12.2–115

c.v. 24% 37% 34% 33% 46%

(4) Adult stage: mean ± s.d. 38.4 ± 10.2 36.9 ± 10.6 37.2 ± 20.1 47.4 ± 18.3 55.9 ± 11.8

min-max 13.8–58.1 22.3–73.9 14.6–128 19.9–105 30.6–84.1

c.v. 27% 29% 54% 39% 21%

FIGURE 4 | The N-content per spot (NPS), i.e., the ratio of 12C14N−/40Ca−,
versus the distance (µm) from the otolith core to the edge of the otoliths, for
the capture years 1995–2015. Egg stage (<15 µm), larval stage (16–220 µm),
juvenile (221–900 µm), and adult (>900 µm).

size in this study may lead to type 2 error, i.e., the power to
detect a change is weak, leading to the non-rejection of a false
null hypothesis.

For analysis of the otolith N-content in relation to FL and
CF, we applied linear regression modeling by using the “stats
v3.6.2” package for R1. As a dependent variable, the arithmetic
mean value of the post-larval N-content of all spots per otolith
was used, i.e., except for the egg and larval stages. These spots
were excluded due to the large variability in the estimated relative
N-content (Table 2 and Figure 4).

To analyze the changes in ratio OW/FL over time, we
applied an ANOVA model with fixed effects for Year (model
1) by using the “stats v3.6.2” package for R (see text footnote
1). The response variable was logarithmically transformed, to
attain better approximation to normality. To test for differences
between individual years, we used the Tukey HSD post hoc test
after applying sequential Bonferroni correction.

1https://www.R-project.org

FIGURE 5 | Boxplot of the post-larval mean N-content per otolith for capture
years 1995–2015. Boxplots show median, interquartile ranges (box), ranges
(vertical lines) and outliers (points). No trend is indicated in post-larval
N-content between 1995 and 2005, while rising since 2010.

RESULTS

The Otolith N-Content
The accuracy of our estimations of the 12C14N−/40Ca− ratios
was supported by the fact that the Ca-content over the transverse
was stable with a mean coefficient of variation (c.v.) per otolith
of 2.7% ± 3.0 (Supplementary Table S3 and Supplementary
Figure S2), while the N-estimation showed more than 20 times
higher variability (mean c.v. = 51%± 23). The N-content per spot
(NPS) varied systematically between ontogenic stages over time
(Figure 4 and Table 2). NPS varied strongly for the ontogenetic
stages 1 and 2 (egg and larval), displaying the highest recorded
NPS (the maximum value of 166 for stage 1 in 2015) but also
low values (e.g., the minimum value of 14.5 for stage 1 in 1995,
and 11.5 for stage 2 in 2005). Because of methodological issues
connected with the ontogenic stages 1 and 2 that may have
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TABLE 3 | The comparison between different mixed linear regression models with post-larval NPS as the dependent variable and Year and Ontogenic stage as fixed
factors and Otolith and Ontogenic stage as grouping variables.

DF AIC BIC logLik deviance Chisquare Df Pr(>Chisq)

Model 1 7 648.89 680.88 −317.45 634.89

Model 2 8 250.08 286.63 −117.04 234.08 400.818 1 <2.2e-16 ***

Model 3 8 294.27 330.83 −139.14 278.27 0.000 0 1

Model 4 9 242.17 283.29 −112.08 224.17 54.107 1 1.899e-13 ***

Models 1 and 3 assume a random intercept with fixed mean, whereas models 2 and 4 assume intercepts varying among the grouping factor 1 (Ontogenic stage) and
grouping factor 2 (Otolith) within grouping factor 1. Models tested: (1) NPS∼ Year + (1 | Otolith) (2) NPS∼ Year + (1 | Ontogenic stage/Otolith) (3) NPS∼ Year + Ontogenic
stage + (1| Otolith) (4) NPS∼ Year + Ontogenic stage + (1| Ontogenic stage/Otolith) Significance codes: “***” 0.001 “.” 0.1 “ 1.

given rise to this variation, we excluded them from the mixed
linear analysis.

For ontogenic stage 3 (juvenile) and, in particular, stage 4
(adult), the mean value of NPS (increasing over the study period
from 22.7 to 37.3 for stage 3, and from 38.4 to 55.8 for stage
4) showed an increasing trend since the capture year of 2010,
i.e., the increase in N-content started before 2010 (Figure 4 and
Table 2). The median of the mean post-larval N-content per
cod otolith per year of capture were scattered below 30 before
2010, while increased in 2010 to around 38 (Figure 5). In the
following capture year, 2015, the variability in mean post-larval
N-content, was also high.

The comparison between different mixed linear regression
models with NPS as the dependent variable showed the best fit for
model 4, where the intercepts are assumed to be varying among
the grouping factor 1 (Ontogenic stage) and grouping factor 2
(Otolith) within grouping factor 1 (Table 3). This model indicated
that the Ontogenic stage as a grouping factor was the dominating
source of variation for the random effects, while the fixed effects
of Year were significantly more important than Ontogenic stage
(Table 4). Pairwise comparisons (Tukey multiple comparisons of
means) between years, confirmed that NPS was lowest at the start
of the time series in 1995 (mean: 22.7 and 38.4 for stages 3 and 4,
respectively) and highest in 2015 (mean: 37.3 and 55.9 for stages
3 and 4, respectively), and that a shift in N-content occurred
between the capture years of 2005 and 2010 (from 37.2 to 47.4
for stage 4, Figure 5 and Table 2).

There was no trend in the mean post-larval N-content with
increasing fish length for the period 1995–2005, while the mean
N-content was positively related to fish length for the capture
years 2010–2015 (Figure 6). The mean post-larval N-content
showed no correlation with the condition factor for neither
the whole time series nor the separate periods of 1995–2005
(mean± s.d.: 28.4± 5.9) and 2010–2015 (mean± s.d.: 40.2± 9.2,
Figure 7).

Morphometrics
The otoliths tended to become smaller over time, i.e., the ratio
between otolith width (OW) and fish length (FL) (Table 5 and
Figure 8). This pattern was more discernable in older age groups.
The relationship between OW and FL showed a clear bimodality
over time (Figure 9). All otoliths from the first 2 years of capture,
1995 and 2000, exhibited a similar relationship between OW and
FL, while most of the otoliths from the years 2005–2015 were
smaller at a given fish length. There was some overlap between

otoliths from the 2 years of capture, 2005 and 2010, but not for
2015. ANOVA results and pairwise comparisons (Tukey multiple
comparisons of means) confirmed that OW/FL changed sharply
in the mid-2000s while being of similar sizes within the two
periods 1995–2000 and 2005–2015 (Table 6).

The two proxies used to study metabolic changes, OW/FL,
and mean post-larval N-content, were found to be negatively
related (linear regression, p < 0.001, adjusted r2 = 0.28,
Supplementary Figure S3).

DISCUSSION

This study on the metabolic status of EBC shows that the
N-content per spot (NPS) has increased since the end of the
2000s and that the otolith sizes relative to fish size (OW/FL)
became smaller since the mid-2000s. These observations show
that significant metabolic changes occurred during the same
period as when the productivity of EBC declined dramatically
(ICES, 2019a). Given that the otolith N-content is a reliable
measure of the otolith protein content (Mugiya, 1965; Campana,
1999), our results suggest a marked increase in protein content
between 2005 and 2010. This observation may explain why EBC
otoliths have become opaquer and hence less readable around
2010 (Hüssy et al., 2016) since protein-richer otoliths are opaquer
than protein-poorer ones (c.f. Fablet et al., 2011, and references
therein). Such change in otolith protein content indicates a shift
in internal global protein synthesis, which depends on individual
feeding rates (Hüssy and Mosegaard, 2004).

We also found for the period between 1995 and 2005 that the
NPS was highest at the core, and then, after a sharp decline, slowly
increased through ontogeny. This observation is partly similar
to what is commonly observed in the development of otolith
opacity over the ontogeny (Pecquerie et al., 2012), where opacity
is highest at the core and then declines slowly. However, here
we found that the pattern in NPS over the life-time of the fish
has become much more erratic since the end of the 2000s, which
signals metabolic disturbances.

Changes in OW/FL suggests that EBC either has decreased in
metabolic rate or increased growth rate. The otoliths in relatively
fast-growing fish are smaller than in slow-growing fish at similar
body sizes (Mosegaard et al., 1988; Fablet et al., 2009, 2011).
However, otoliths may also become smaller due to decreased
metabolic rate even though they are expressing identical growth
rates. In other words, if the growth rate indeed has increased,
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TABLE 4 | Summary of linear mixed regression model for logarithmically
transformed post-larval NPS with year of sampling (Year) and Ontogenic stage as
fixed factors.

Linear mixed model fit by REML:

Groups Name Variance Std. Dev.

Random effects:

Otolith: Ontogenic stage (Intercept) 0.05061 0.2250

Ontogenic stage (Intercept) 15.81817 3.9772

Residual 0.06189 0.2488

Estimate Std. Error t-value

Fixed effects:

(Intercept) 1.66210 19.88684 0.084

Year_2000 −0.00967 0.07720 −0.125

Year_2005 −0.04752 0.07825 −0.607

Year_2010 0.23593 0.07922 2.978

Year_2015 0.40992 0.08023 5.109

Ontogenic stage 0.48321 5.62483 0.086

Df Sum Sq Mean Sq F value

Analysis of Variance:

Year 4 3.2635 0.81587 13.1816

Ontogenic stage 1 0.0005 0.00046 0.0074

Tukey multiple comparisons of means (Tukey HSD, test = adjusted with Bonferroni
correction for the linear mixed regression model:
NPS ∼ Year + Ontogenic stage + (1 | Ontogenic stage/Otolith)).

Estimate Std. Error z value Pr(>| z|)

Linear Hypotheses:

2000–1995 = = 0 −0.00968 0.07720 −0.125 1.00000

2005–1995 = = 0 −0.04752 0.07825 −0.607 1.00000

2010–1995 = = 0 0.23593 0.07922 2.978 0.02898*

2015–1995 = = 0 0.40992 0.08023 5.109 3.23e-06***

2005–2000 = = 0 −0.037848 0.07329 −0.516 1.00000

2010–2000 = = 0 0.24560 0.07435 3.303 0.00955**

2015–2000 = = 0 0.41959 0.07540 5.565 2.63e-07***

2010–2005 = = 0 0.28345 0.07542 3.759 0.00171**

2015–2005 = = 0 0.45744 0.07642 5.986 2.15e-08***

2015–2010 = = 0 0.17399 0.07747 2.246 0.24714

Number of observations: 713, groups: Otolith: Ontogenic stage, 106;
Ontogenic stage, 2. Significance codes: 0 “***” 0.001; “**’ 0.01; “*” 0.05; “.”
0.1; “ “ 1. The intercepts are assumed to be varying among the grouping
factor 1 (Ontogenic stage) and grouping factor 2 (Otolith) within grouping factor
1, according to the model: NPS∼ Year + Ontogenic stage + (1| Ontogenic
stage/Otolith). p-values are not given for fixed effects, nor for the ANOVA results,
t-values and F-values are, therefore, to be seen as indicative (Bates et al., 2015).
Pairwise comparisons between means of Years (Tukey HSD, the test is adjusted
with Bonferroni correction for the linear mixed regression model) are presented
with p-values.

it also would imply that the age readings are wrong for all, or
at least, since 2005. Further, the observed bimodality in OW/FL
over time, tells us that this shift in growth rate or metabolism is
non-gradual and more similar to a switch.

Since we have not chosen fish in proportion to their frequency
in the catch size distribution, it is not possible to tell whether
individual growth on a population level has been stable or not.

FIGURE 6 | The mean value of the post-larval N-content per otolith in relation
to fish length (cm) for all sampled cod. There is a significant increase in mean
value of N-content in relation to fish length for the period 2010–2015
(p < 0.05, r2 = 0.19), while not for the previous period 1995–2005.

FIGURE 7 | The mean value of the post-larval N-content per otolith in relation
to condition factor for all sampled fish.

On the other hand, estimates based on accurately aged material
comprising ages 1–3 as well as length-frequency analysis, support
the view of moderately reduced individual growth in EBC over
the last two decades (Hüssy et al., 2018). Also, the continued
decline in the length class diversity and the mean length in
the survey catches between 1995 and 2015 indicates lower
individual growth (Svedäng and Hornborg, 2017) or increased
natural mortality for fish above 30 cm (c.f. ICES, 2019a).
Therefore, it seems more plausible that the present observations
indicate lower metabolic rates rather than a generally higher
individual growth rate.

Even though most observations support a decreased rather
than increased individual growth in EBC, the changes in the
maturation pattern indicate the opposite. Over the last 30 years,
EBC has started to mature at increasingly smaller sizes; the
maturity ogive, i.e., the size at which 50% of the stock attains
maturity, has decreased from 40 to 20 cm (ICES, 2019a). Other
studies have shown that faster growth, or an increased energetic
surplus (Rowe and Thorpe, 1990), may lead to earlier maturation
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TABLE 5 | The mean (±s.d.), minimum, and maximum values of the ratio between otolith width and fish length (OW/FL) are shown by year of capture.

Year of capture

Age 1995 2000 2005 2010 2015

Age 2: mean ± s.d. 152.6 ± 12.8 157.3 ± 13.7 135.6 ± 37.3 123.9 ± 42.6 110.9 ± 5.6

Min-max 139–171 147–177 95.9–200 100–200 105–119

Age 3: mean ± s.d. 139.8 ± 13.5 148.9 ± 11.1 121.3 ± 34.1 91.4 ± 33.6 92.3 ± 4.3

Min-max 120–156 137–161 80.7–161 65.7–150 86.0–95.4

Age 4: mean ± s.d. 148.4 ± 16.7 150.0 ± 6.7 84.3 ± 5.8 96.6 ± 11.9 93.1 ± 10.0

Min-max 130–172 141–157 77.0–90.6 75.9–106 83.4–108

Age 5: mean ± s.d. 123.9 ± 4.1 127.1 ± 11.7 94.0 ± 21.3 90.6 ± 9.8 84.9 ± 7.6

Min-max 121–129 108–137 70.7–128 78.0–100 76.4–92.5

FIGURE 8 | Boxplot of the otolith width (µm) in relation to fish length (cm) for
all cod included in the study. Boxplots show median, interquartile ranges
(box), ranges (vertical lines) and outliers (points).

FIGURE 9 | The ratio between otolith width (OW) and fish length (FL) by the
year of capture.

both in the wild and in reared cod (Hüssy et al., 2018). It is
hence possible that we are witnessing enhanced growth/energetic
surplus in size groups around 20 cm, i.e., in size groups whose
condition has remained stable (Casini et al., 2016).

Our results give new insights to the decreasing productivity
in EBC in the whole southern distribution area in the Baltic Sea,

TABLE 6 | Summary of ANOVA results for logarithmically transformed
OW/FL-values with year of sampling (Year) as fixed factor.

Df Sum Sq Mean Sq F value Pr(>F)

Year 4 3.306 0.8265 22.58 4.71e-13 ***

Residuals 93 3.404 0.0366

Fixed effects (Year)

Factor 1995 2000 2005 2010 2015

0.210 0.226 −0.096 −0.162 −0.195

repetition 20 20 20 19 19

Table of Tukey multiple comparisons of means (Tukey HSD, test = adjusted
(type = "Bonferroni") for ANOVA model: log (OW/FL) ∼ Year.

Year Difference Lower C.I. Upper C.I. p-level
adjusted

2000–1995 0.01646 0.15184 0.18477 0.9987757

2005–1995 −0.30590 −0.47420 −0.13759 0.0000208

2010–1995 −0.37172 −0.54223 −0.20121 0.0000003

2015–1995 −0.40432 −0.57483 −0.23381 0.0000000

2005–2000 −0.32236 −0.49067 −0.15405 0.0000068

2010–2000 −0.38818 −0.55869 −0.21767 0.0000001

2015–2000 −0.42078 −0.59129 −0.25028 0.0000000

2010–2005 −0.06582 −0.23633 0.10468 0.8193920

2015–2005 −0.09843 −0.26894 0.07208 0.4974504

2015–2010 −0.03260 −0.20528 0.14008 0.9845743

Pairwise comparisons between means of Year are tested with Tukey HSD (adjusted
with Bonferroni correction for the ANOVA model). Significance codes: 0 “***”
0.001; “.” 0.1; “ 1. 2 observations deleted due to missingness. 95% confidence
level of is shown.

manifesting as lower body condition (Casini et al., 2016), an
increasing truncated size distribution (Svedäng and Hornborg,
2017), poor health status (Statens veterinärmedicinska anstalt
[SVA], 2016), and dwindling landings (ICES, 2019a). We found
that the N-content was higher in the capture years from 2010
than up to 2005 for both the juvenile and adult stages, at
the same time as EBC became increasingly unproductive (Eero
et al., 2012; Svedäng and Hornborg, 2014; ICES, 2019a). From
2010 the mean post-larval N-content tended to increase with
fish size and was higher in the adult compared to the juvenile
stage. If the increased N-content is indicative of an increased
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feeding rate, it is clear that the feeding rate has increased mostly
in larger and older fish. Thus, the results do not support the
hypothesis that the lower productivity of EBC is related to food
limitations (e.g., Eero et al., 2012; Svedäng and Hornborg, 2014,
2017, Casini et al., 2016; Karlson et al., 2019; Neuenfeldt et al.,
2019; Orio et al., 2019). Neither does our study corroborate the
conjectures of lower metabolic rates due to physiological stress,
as a consequence of encounter hypoxic or low oxygen-saturated
water (Limburg and Casini, 2018, 2019), reducing the rate of
digestion and hence food consumption in EBC on a systemic level
(Brander, 2020).

Another possible mechanism behind the change in
metabolism is changed in food quality rather than quantity.
Analyses of cod stomach data suggest substantial changes
in dietary composition of EBC during the time period from
1990 to 2013, including an increased proportion of sprat
(Sprattus sprattus) and slightly decreased proportion of herring
(Clupea harengus; Kulatska et al., 2019). Because the sprat
abundance increased over the period while the herring stock
declined, Kulatska et al. suggested that EBC showed a strong
preference for herring over sprat. Moreover, according to the
“food-quality-limitation hypothesis” (Litzow et al., 2006), a
climate-induced shift in prey for pelagic fish may have occurred
in the Baltic Sea. Food quality changes are one of the few
agents to affect EBC in a systemic way, which is in line with
the observed change throughout the area (c.f. Gorokhova,
2019, and the references therein). Such changes in the food
chain are most likely related to large-scale ecosystem changes,
where primary producers are likely to play a critical role as
producers of essential bio-molecules (Sylvander et al., 2013).
Variability in phytoplankton production, such as increased
cyanobacteria blooms, could hence be a crucial factor (Kahrua
et al., 2020). Alternations in phytoplankton production may
then affect the transfer of essential biomolecules in the food-
chain (Sylvander et al., 2013; Snoeijs and Häubner, 2014;
Fridolfsson et al., 2018). The eutrophic status of the Baltic Sea
may be a prerequisite for the present intense cyanobacteria
blooms (Andersen et al., 2017). However, increased summer
temperatures due to climate warming could be the actual driver
(Kahrua et al., 2020).

Engelhardt et al. (2020) proposed that the declining condition
and health status in EBC are due to thiamin deficiency, as the
thiamin content declined with fish size in a recent investigation
on EBC. However, to avoid circularity, it remains to be shown
whether the thiamin content in EBC deviates from a regular
pattern, or whether the lower thiamin content could be due to
some other perturbation, i.e., rather the effect than the cause
of the EBC impaired condition. It is nonetheless reasonable to
suggest that EBC could be suffering from lower food quality
than previously encountered, i.e., it is limited by a complex
molecule which it cannot produce on its own. The individual
fish could then be trying to compensate for such a limiting
nutrient by increasing feeding rates (c.f. Soengas, 2014). Higher
feeding rates would hence lead to initially higher growth rates
if the essential nutrient requirements are fulfilled by enhanced
feeding, or higher energetic status, but could eventually also lead
to increased natural mortality. The increasingly truncated size

distribution would then be due to increased natural mortality
(c.f. Neuenfeldt et al., 2019), in size groups above 30 cm, inflicted
by malnutrition.

Changes in thermal regime may affect otolith growth even
at similar individual [somatic] growth rates (Mosegaard et al.,
1988). Otoliths may become relatively larger at both low and
high suboptimal temperatures in comparison to more optimal
temperatures (Hüssy and Mosegaard, 2004; Fablet et al., 2011).
The progressively higher water temperature in the Baltic Sea since
the mid-1990s due to climate change (Kniebusch et al., 2019) may
have led to a thermal habitat closer to the optimum, i.e., between 7
and 15◦C (Righton et al., 2010) which has the potential to reduce
OW/FL. Because Baltic cod make large daily vertical movements,
experiencing wide thermal ranges (Righton et al., 2010), changes
in thermal regime in the Baltic Sea in different water strata will
unavoidably affect their metabolism.

In conclusion, since we cannot find that N-content has
declined, nor that condition is related to the N-content, this study
gives no evidence that lower feeding rates is the prevailing driver
behind the decline in EBC productivity, either by food limitation
(Eero et al., 2012; Svedäng and Hornborg, 2014, 2017; Casini
et al., 2016; Orio et al., 2019) or physiological stress (Limburg and
Casini, 2018, 2019; Brander, 2020). Furthermore, because these
metabolic changes occurred well before the prevalence of seal
parasites became higher (e.g., Horbowy et al., 2016), then these
changes in metabolism in the EBC cannot be attributed to higher
abundance of gray seals (Halichoerus grypus) in the southern
Baltic Sea. Further studies are needed to understand better the
driver of the metabolic changes documented here and how they
are connected to the decreased productivity of the EBC. The study
raises several questions on N-content and OW/FL relationships in
fish stocks where thermal and nutritional regimes have changed,
which may be interesting to explore in other fish stocks.
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Taste is an important trait of sea urchin quality. Highly contained alanine in gonads of the
sea urchin Mesocentrotus nudus results in desirable taste. Past studies hypothesized
that high levels of glutamic acid and/or alanine in feed increase the alanine content in
the gonads. To identify the amino acids in feed that increase the alanine content in the
gonads, the free amino acid content in the gonads of M. nudus of the following five
treatment groups were compared at the start and end of the feeding experiment during
May–July: sea urchins fed one of four experimental diets, in which glutamic acid (Glu
S), alanine (Ala S), aspartic acid (Asp S), or glycine (Gly S) was supplemented, or a
control diet without supplementation (Control). The alanine content in the gonads of Ala
S increased significantly from the start. The content in the gonads of Glu S increased
without significance. There was no significant difference in the alanine content in the
gonads between Ala S and Glu S. The content in the gonads of Ala S was significantly
higher than that of Asp S, Gly S, and Control. There were no significant differences in
the aspartic acid and glutamic acid contents in the gonads among treatments at the
end of the experiment. The higher alanine content in the gonads of Ala S than that in
Glu S indicates that direct accumulation of alanine from the feed is effective. This study
first identified the amino acids in feed that are closely associated with improvement in
the taste of sea urchin gonad.

Keywords: sea urchin, gonad taste, alanine, glutamic acid, Mesocentrotus nudus

INTRODUCTION

From 1961 to 2016, the average annual increase in global fish and shellfish consumption
(3.2%) outcompeted population growth (1.6%) and exceeded the consumption of meat from all
terrestrial animals combined (2.8%) (FAO, 2018). In per capita terms, the annual fish and shellfish
consumption increased from 9.0 kg in 1961 to 20.2 kg in 2015 (FAO, 2018). Sea urchin gonads
are considered a delicious seafood with high commercial value (Walker et al., 2015). The average
price increased from 7,363 yen/kg (US$70.5/kg at a 104.46 yen/US$ exchange rate) in 2008 to 14,661
yen/kg (US$131.6/kg at a 111.43 yen/US$ exchange rate) in 2018 at the Tokyo Metropolitan Central
Wholesale Market (Metropolitan Central Wholesale Market, 2019), where the largest amount of
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sea urchins are sold worldwide (Sun and Chiang, 2015). Since
2012, the import of live, fresh or chilled sea urchins to European
and Oceanian countries has been underway (FAO, 2019a),
indicating an increase in their worldwide popularity. In contrast,
global sea urchin production has been decreasing from 109,736
t in 1995 to 70,833 t in 2017 (FAO, 2019b) due to overfishing
(Andrew et al., 2002). In response to market demands, many
studies on the enhancing growth and gonad production of
hatchery-raised larvae, post-settled juveniles and adults have been
conducted worldwide (McBride, 2005; Pearce, 2010). Recently,
with the decline of the natural population of the sea urchin
Paracentrotus lividus, research papers focusing on sea urchin
aquaculture in the Mediterranean regions have been published
(e.g., Baião et al., 2019; Zupo et al., 2019). In northern Japan,
studies focusing on the short-term culture of Mesocentrotus
nudus adults, which are densely distributed in crustose coralline
red algal communities (barrens) without erect macrophytes
(reviewed by Agatsuma, 2013), have been advancing (e.g., Unuma
et al., 2015; Inomata et al., 2016). Sea urchins on barrens have
small gonads; exhibit undesirable gonad color, texture and taste;
and are of no commercial value (e.g., Agatsuma et al., 2005;
Takagi et al., 2017). The gonad of M. nudus is the most expensive
in the world. The wholesale price per wooden tray with 250–300 g
gonads of M. nudus can exceeds 100,000 yen (US$1,000) (Nukui,
2018), whereas the average price of all imported sea urchins
is approximately 6,000 yen/kg (US$60/kg) at a 100 yen/US$
exchange rate (Unuma, 2015). There are no quantitatively ranked
classes of sea urchin gonad in Japan. Takagi (2020) concluded
that M. nudus gonads with 56.0–60.7 of L∗ value, 0.11–0.14 N
of hardness, 235–595 mg/100 g of alanine content and 215–
334 mg/100 g of arginine content can have commercial value by
sensory evaluation and quantitative measurements and analyses
of gonad quality of M. nudus.

Studies on development of artificial feeds have been conducted
with the sea urchins Evechinus chloroticus (e.g., James et al.,
2007; Phillips et al., 2009, 2010), Heliocidaris erythrogramma
(e.g., Senaratna et al., 2005), Loxechinus albus (e.g., Lawrence
et al., 1997), Lytechinus variegatus (e.g., Watts et al., 1998; Heflin
et al., 2012, 2016), Mesocentrotus franciscanus (e.g., McBride
et al., 1997, 1999, 2004), P. lividus (e.g., Cook and Kelly, 2007;
Cook et al., 2007; Prato et al., 2018), Psammechinus miliaris (e.g.,
Cook and Kelly, 2007; Suckling et al., 2011), Strongylocentrotus
droebachiensis (e.g., Pearce et al., 2002a,b; Siikavuopio et al.,
2007), and Tripneustes gratilla (e.g., Cyrus et al., 2014, 2015).
Past studies revealed that high protein and β-carotene in feed
enhance gonad production (e.g., de Jong-Westman et al., 1995;
Hammer et al., 2012) and improve gonad color (e.g., Robinson
et al., 2002; Shpigel et al., 2005), respectively, by feeding trials
with artificial diets. However, feeds with high protein content
lead to undesirable color and taste (e.g., Agatsuma, 1998; Pearce
et al., 2002a), low sweet-tasting amino acid (alanine and glycine)
contents and high bitter-tasting amino acid (lysine and valine)
contents in gonads (Hoshikawa et al., 1998; Liyana-Pathirana
et al., 2002; Phillips et al., 2010; Inomata et al., 2016).

Of sea urchin gonad qualities, taste is an important trait.
Takagi et al. (2019) first succeeded in improving the gonad taste
of sea urchin to a more desirable level than the gonad taste of

sea urchin from a fishing ground by feeding fresh Saccharina
japonica kelp to M. nudus during May–July. The gonads of
M. nudus, which was collected from a barren and fed the
basal frond portion of S. japonica or the sporophyll of Undaria
pinnatifida kelp during May–July, reached an acceptable level
for the sushi restaurants with three or two Michelin stars in
Tokyo (Takagi et al., 2020a). Komata (1964) identified umami-
tasting glutamic acid, sweet-tasting alanine and glycine, and
bitter-tasting methionine and valine as the “taste essential” amino
acids in sea urchin gonads by omission test. Our previous studies
on M. nudus revealed that the gonad taste can be improved due
to the strong sweetness of a high alanine content, a strong umami
flavor, and a low arginine content (Takagi et al., 2017, 2019).
Phillips et al. (2009) reported that the taste of gonads from the
sea urchin E. chloroticus fed feeds containing high amounts of
glutamic acid and glycine was sweeter than that of those fed
diets containing high amounts of valine and methionine. Takagi
et al. (2020c) suggested that a high alanine content in gonads of
M. nudus fed the basal frond portion of S. japonica is synthesized
from glutamic acid, which is highly contained in the frond
portion. Feeding of the sporophyll of U. pinnatifida, which has
a markedly high alanine content, increased the alanine content in
the gonads of M. nudus, suggesting that the excess alanine in the
sporophyll was directly accumulated in the gonads (Takagi et al.,
2020b). These studies generated a hypothesis that high levels of
glutamic acid and alanine in feed increase the alanine content in
the gonads of sea urchins.

In the present study, we prepared artificial diets in
which glutamic acid, alanine and glycine were individually
supplemented. We also prepared a diet supplemented with
aspartic acid, which is highly abundant in S. japonica fronds and
the sporophyll of U. pinnatifida along with the above-mentioned
amino acids (Takagi et al., 2020b), and diet without any amino
acid supplementation was used as a control. Mesocentrotus nudus
adults from a barren were fed each of the diets during May–July,
and the free amino acid contents in the gonads were compared at
the end of the experiment. This study aimed to identify the amino
acids in feed that increase the alanine content in gonads and
verify the hypothesis that high levels of glutamic acid and alanine
in feed increase the alanine content in the gonads of sea urchins.

MATERIALS AND METHODS

Ethics Statement
The present study does not involve any vertebrate or specified
invertebrate animals. Mesocentrotus nudus were collected from
a site in the Shizugawa Bay, Miyagi Prefecture, Japan that is
not privately-owned or protected in any way. All experimental
procedures on animals were in compliance with the guidelines of
Miyagi Fisheries Cooperative Association and Miyagi Prefectural
Government.

Experimental Design and Rearing
Conditions
The feeding experiment was designed with the initial group
(Initial) and five treatment groups: sea urchins fed one of the
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experimental diets in which glutamic acid (Glu S), alanine
(Ala S), aspartic acid (Asp S), or glycine (Gly S) were
supplemented, and sea urchins fed a control diet without these
supplements (Control).

On 27 April 2018, a total of 96 M. nudus adults (47–
53 mm diameter) were collected from a barren by scuba dive at
depths of 2.4–3.9 m off Nojima Island, Shizugawa Bay, Miyagi
Prefecture, Japan (38◦40′N, 141◦30′E). After collection, the sea
urchins were placed in a cool box containing moist urethane
mats immersed in seawater and transported to Miyagi Prefecture
Fisheries Technology Institute in Ishinomaki, Miyagi Prefecture
(38◦24′N, 141◦22′E) within an hour. The rearing equipment was
prepared according to Taylor et al. (2017) with modifications.
Immediately after transportation, sea urchins were individually
held in vertical cylindrical cages (10 cm diameter× 45 cm height)
made of polyethylene with a 2 cm mesh, and the cages were
randomly placed in 300 L tanks (inside dimension, 116.5 cm
length × 78.0 cm width × 38.2 cm high) with a 35 cm water
level (Supplementary Figure S1). Each cage was cleaned and
randomly relocated every 3–4 days. The sea urchins were reared
with running, filtered seawater, which was exchanged two or
three times per hour. The seawater was pumped up from offshore
waters and aerated. To avoid losing feed through the cage walls,
the outside of the bottom and sides (up to a 12 cm height from the
bottom) of the cages were enclosed using a polyethylene net with
5 mm mesh. Each enclosed cage was separated by fitting the lower
side into PVC pipes (4 cm in length, 11.4 cm outer diameter).
The cages were elevated 1 cm above the bottom of tanks using
the pipes to defecate sea urchin feces. Furthermore, these were
elevated 0.5 cm using polyethylene nets with 2 cm meshes to allow
for water circulation beneath the cages. The sea urchins were
reared without food for 11 days until the start of the experiment.
Of them, 80 sea urchins were used for the feeding experiment
from 8 May to 10 July 2018. The seawater temperature in the
tanks was measured every 10 min using a wireless data logger
(RTR-52A, T&D, Nagano, Japan) and the daily water temperature
was calculated as an average of 144 data points over 24 h. The
average daily water temperature in the tanks during the rearing
was 16.2◦C and increased from 11.4◦C at the start of the rearing
to a maximum of 22.4◦C at the end (Supplementary Figure S2).

Five types of artificial diets were fed to the sea urchins
ad libitum every 3–4 days during the experiment (16 individuals
each). From observation of the amount of uneaten diets, we
regulated the amount of diets fed to the sea urchins. The 16
remaining sea urchins at the start of the experiment (Initial) and
all sea urchins in the five treatment groups at the end of the
experiment were used for measurements and analyses of gonad
size, development and free amino acid content.

Artificial Diets
Five types of artificial diets: four types of experimental diets, in
which glutamic acid (≥99.0% glutamic sodium, Kt Msg Co., Ltd.,
Bangkok, Thailand), alanine (≥98.5% L-alanine, Anhui Huaheng
Bioengineering Co., Ltd., Anhui, China), aspartic acid (≥99.0%
L-aspartic acid, FUJIFILM Wako Pure Chemical Corporation,
Tokyo, Japan) or glycine (≥99.0% glycine, Yuki Gousei Kogyo,
Co., Ltd., Tokyo, Japan) was supplemented, and a control

diet without amino acid supplementation were prepared at the
Fisheries Research Laboratory of Marubeni Nisshin Feed Co., Ltd.
in Tahara, Aichi Prefecture, Japan (34◦39′N, 139◦09′E). Ecklonia
maxima, which belongs to the order Laminariales, and alginic
acid, which is a major structural polysaccharide of brown algae,
were chosen as the main ingredient and the binder, respectively.
The flowchart of the production of the artificial diets was shown
in Supplementary Figure S3. Dried E. maxima (Andes Trading
Co., Ltd., Tokyo, Japan) was pulverized using a mill (160Z,
Hosokawa Micron Corporation, Osaka, Japan). A total of 400 g
of pulverized E. maxima was mixed with 1,200 ml of tap water
and processed using a chopper (Chopper, Hirai Kousakujo Ltd.,
Kobe, Japan) with a 2 mm diameter die. Then, this solution was
mixed with 590 g of alginic acid sodium salt (Maya Trading Co.,
Ltd., Osaka, Japan) and 1,000 ml of tap water. To prepare the
four experimental diets, 10 g of each amino acid was added to the
1,000 ml of tap water before mixing it with the alginic acid sodium
salt. The mixture was processed twice using a chopper with a
3 mm die. After processing, the mixture was pressed and cut into
moist sheets (approximately 1–8 cm in length, 1.6 cm in width,
and 0.4–0.5 cm thick) using a die plate of the chopper. To prepare
the control diet, the mixture of Ecklonia, alginic acid sodium salt
and tap water was processed twice using the chopper with a 3 mm
die, then pressed and cut into moist sheets same as experimental
diets. The surface of the diets was coated with a 10% CaCl2
solution to prevent the formation of a ball shape. Then, the diets
were immediately frozen at −30◦C after blotting excess water.
The whole process was conducted ca. 25◦C room temperature.
This process was repeated 3 times within 60 min. A total of 11
times for each diet was repeated. The percentages of Ecklonia and
alginic acid sodium salt in the diets were chosen to coincide with
the proximate composition of the sporophyll of U. pinnatifida
and the frond of S. japonica (Agatsuma et al., 2002).

Measurements of Body Size and Gonad
Index and Histological Observation of
Sea Urchins
The test diameters (TDs) (0.1 mm accuracy) and wet body
weights (BWs) (0.1 g accuracy) of the sea urchins in each
treatment were measured at the start and end of the experiment
using a vernier caliper and an electronic balance, respectively.

The gonadal wet weight was measured after blotting excess
water, and the gonad index (gonad wet weight × 100/BW) was
calculated. A portion of each individual gonad was preserved
in 20% formalin. Using standard histological techniques, serial
cross-sections (6 µm) were cut and stained with Mayer’s
hematoxylin and eosin. Sections were classified based on the stage
of development of the germinal cells and the nutritive phagocytes
(NPs): stage I, recovering; stage II, growing; stage III, premature;
stage IV, mature; stage V, partly spawned; stage VI, spent (Byrne,
1990; King et al., 1994).

Free Amino Acid Content of Gonads
Approximately 1.0 g of gonadal tissue from each animal was
quickly frozen at −30◦C, and the free amino acid (FAA)
contents in the tissue were analyzed using the method of
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Murata et al. (1994) improved by Takagi et al. (2020c). FAAs can
be categorized into four groups: umami-tasting (aspartic acid and
glutamic acid), sweet-tasting (alanine, glycine, serine, proline,
and threonine), bitter-tasting (arginine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, tyrosine, and valine)
amino acids and others according to Kaneko et al. (2009).

Proximate Composition and Total and
Free Amino Acid Contents in Artificial
Diets
Before use in the feeding experiment, a total of 100 g of the
control diet was weighed and freeze-dried using a freeze-dryer
(FDU-1200, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) for 72 h,
and the crude protein, crude lipid, carbohydrate and ash contents
in the diet (n = 5) were analyzed according to AOAC methods
(AOAC, 1990). The total amino acid (TAA) (total of FAAs and
amino acids in proteins and peptides) content of the control diet
was analyzed according to Takagi et al. (2020c).

For the determination of residual FAA contents in each
artificial diet until the next feeding, on 15 June 2018, the midpoint
of the experiment, 8 g of each of the five artificial diets was
immersed into seawater in tanks outside of the cages in which
sea urchins were reared. Half of the immersed diet sample was
collected after 1 h and the remaining half was collected after
3 days (on 18 June). The average daily seawater temperature
during 15–18 June was 16.4◦C. These samples were frozen at
−30◦C and had four replicates. The FAA content of each of the
artificial diets before the feeding experiment and after immersion
for 1 h and 3 days were analyzed using the same method as that
for the gonads (n = 4).

Statistical Analyses
All analyses were conducted using JMP 10 (SAS Institute Inc.,
Cary, NC, United States). The data were tested for homogeneity
of variance (Levene’s test). Data that did not show homogeneity
of variance were log-transformed. Significant differences in the
TD and BW of the sea urchins among the initial values and
those of the treatment groups at the start and end of the
experiment, in the gonad indices and the FAA contents of
gonads among the initial values and those of the treatment
groups, and in the supplemented amino acid contents among
experimental diets were analyzed using one-way analysis of
variance (ANOVA). Tukey’s multiple comparison test was
performed as a post hoc test.

RESULTS

Proximate Composition and the Total
and Free Amino Acid Contents in the
Artificial Diets
The average protein and carbohydrate contents in the control
diet were 6.5% and 56.7%, respectively (Table 1). The aspartic
acid content was the highest among the amino acids in the
control diet, followed by those of glutamic acid, lysine and
tyrosine (Table 1). The free glutamic acid, alanine, aspartic acid

TABLE 1 | Proximate composition (% in dry weight) and total amino acid contents
(mg/100 g in wet weight) (mean ± SE) in the artificial diet without amino acid
supplementation (control diet) (n = 5).

Artificial diet

Proximate composition (%)

Protein 6.45 ± 0.11

Carbohydrate 56.74 ± 0.27

Fat 0.49 ± 0.05

Ash 36.32 ± 0.22

Total amino acid content (mg/100 g)

Total 1028.76 ± 51.74

Aspartic acid 166.00 ± 9.57

Glutamic acid 106.29 ± 5.64

Alanine 52.96 ± 2.20

Glycine 49.80 ± 2.01

Proline 43.99 ± 2.35

Serine 52.76 ± 2.37

Threonine 59.25 ± 3.25

Arginine 30.24 ± 1.68

Histidine 11.10 ± 0.57

Isoleucine 25.64 ± 1.45

Leucine 53.25 ± 2.88

Lysine 87.67 ± 6.15

Methionine 8.02 ± 0.76

Phenylalanine 36.43 ± 2.05

Tyrosine 66.92 ± 4.56

Valine 54.25 ± 3.22

Taurine 1.51 ± 0.13

α-Aminobutyric acid 9.09 ± 0.31

β-Aminoisobutyric acid 1.73 ± 0.12

Cysteine 4.64 ± 0.49

Cystathionine 0.43 ± 0.04

Hydroxyproline 4.94 ± 1.16

Ornithine 0.55 ± 0.04

Phosphoserine 47.04 ± 2.73

EOHNH2 0.74 ± 0.13

NH3 53.64 ± 2.52

and glycine contents in the control diet were 1.5 mg/100 g,
5.0 mg/100 g, 1.0 mg/100 g, and 0.2 mg/100 g, respectively. More
than 50% of these FAAs were depleted 1 h after immersion.
The average content of amino acids supplemented in each
diet was 107.1 mg/100 g wet weight. There was no significant
difference in the content of supplemented amino acids among
the diets (df = 3, MS = 0.016, F = 1.309, p = 0.317). The FAA
content decreased to ca. 50.3 mg/100 g 1 h after immersion in
seawater (Supplementary Figure S4). Almost all amino acids
were depleted 3 days after immersion.

Sea Urchin Size and Gonad Development
At the start of the experiment, the average TD and BW of
the sea urchins in the five treatment groups were 49.8 mm
and 54.6 g, respectively. There were no significant differences
among the initial group and the treatment groups (TD, df = 5,
MS = 1.49, F = 0.499, p = 0.777; BW, df = 5, MS = 86.92,
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TABLE 2 | Test diameter (mm), body wet weight (g) and gonad indices of Mesocentrotus nudus of the initial group and in each treatment group at the end of the
experiment (mean ± SE) (n = 16).

Initial Control Glu S Ala S Asp S Gly S df MS F P

Test diameter 49.8 ± 0.2 49.3 ± 0.4 49.3 ± 0.5 50.2 ± 0.5 49.8 ± 0.6 49.8 ± 0.5 5 2.19 0.667 0.649

Body weight 54.6 ± 0.7 51.0 ± 1.1 53.3 ± 1.5 54.6 ± 1.5 53.5 ± 1.8 53.6 ± 1.5 5 39.52 1.108 0.359

Gonad index 8.1 ± 0.7 9.2 ± 0.9 9.2 ± 0.7 9.3 ± 0.6 9.0 ± 0.8 9.3 ± 1.0 5 3.28 0.316 0.902

Significance of values among the initial group and each treatment group determined by ANOVA are provided. Initial, Control, Glu S, Ala S, Asp S, and Gly S indicate sea
urchins dissected at the start of the experiment, and sea urchins fed artificial diets supplemented with no amino acids, glutamic acid, alanine, aspartic acid, and glycine,
respectively. The initial test diameter and body weight were replaced by the data obtained from the 80 sea urchins in the five dietary treatment groups at the start of the
experiment.

F = 2.049, p = 0.077). No significant differences in TD, BW
or gonad indices among the initial group and the treatment
groups at the end of the experiment were detected (Table 2).
Half of the gonads of sea urchins in the initial group were
either in the recovering stage or growing stage (Supplementary
Table S1). At the end of the experiment, 44–63% of gonads
of the sea urchins in each treatment group were in the
premature stage.

Free Amino Acid Content in Gonads
The alanine content in the gonads of Glu S and Ala S increased
from the start (Figure 1). There was no significant difference
in the alanine content in the gonads between Glu S and Ala
S. The alanine content in the gonads of Ala S was significantly
higher than that of the initial group and Control, Asp S, and Gly
S (p < 0.05). The glutamic acid and aspartic acid contents in
the gonads in each treatment increased significantly compared
to the initial contents (p < 0.001) (Figure 2). There were no
significant differences in these amino acid contents in gonads
among the treatments at the end. The glycine content in the
gonads of each treatment did not change significantly compared
to that at the start except for in Asp S (Figure 2). The contents of
bitter-tasting arginine, lysine, methionine and phenylalanine in
the gonads of Glu S, Ala S, Asp S, and Gly S decreased significantly
compared to those at the start of the experiment (p < 0.05)
(Supplementary Table S2). There were no significant differences

FIGURE 1 | Alanine content (mg/100 g in wet weight) in Mesocentrotus
nudus gonads of the initial group and each treatment group at the end of the
experiment (mean ± SE) (n = 16). An explanation of Initial, Control, Glu S, Ala
S, Asp S, and Gly S is provided in Table 2. Lower-case letters indicate
significant differences among groups (p < 0.05 by Tukey’s test).

in the contents of the bitter-tasting amino acids in the gonads
among treatments at the end.

DISCUSSION

Gonad Production
The high protein (e.g., de Jong-Westman et al., 1995; Hammer
et al., 2012) and carbohydrate (Heflin et al., 2012, 2016) contents
in feeds enhance gonadal production. In contract to no increase
in the gonad indices at the end of the experiment in the present
study, the approximate composition of each diet was similar
to that of S. japonica fronds and U. pinnatifida sporophyll,
which are known to enhance gonadal production (Agatsuma
et al., 2002). In addition, the gonads of M. nudus in each
treatment were shifted from the recovering–growing stages to the
growing–premature stages, when M. nudus gonads increase in
size (Agatsuma, 1997). The food consumption of sea urchins can
be decreased by feed-deterring chemicals (reviewed by Lawrence
et al., 2013). Phlorotannin, which is produced as a defensive
secondary metabolite (e.g., Taniguchi et al., 1991; Steinberg and
van Altena, 1992) in E. maxima (Kannan et al., 2013), might
lead to low food intake, resulting in the low gonad production
observed in the present study.

FAA Content in the Gonads
Phillips et al. (2009) reported that feeding artificial diets
that contained high amounts of glutamic acid and glycine to
E. chloroticus enhanced the sweetness of the gonads compared
to those of sea urchins fed diets with high contents of valine
and methionine. They suggested that the enhanced sweetness
of the gonads was attributed to the sweet-tasting glycine in the
diet because glycine is known to impart sweetness (Fuke and
Konosu, 1991), although the FAA contents in the gonads were
not analyzed in the past study. Feeding of S. japonica fronds
improves the taste of M. nudus gonads by enhancing the umami
taste and sweetness (a high alanine content) and decreasing the
arginine content (Takagi et al., 2017, 2019). Takagi et al. (2020c)
suggested that a high content of glutamic acid in the basal frond
portion of S. japonica could be converted to alanine through
digestion. No changes in the glycine and alanine contents in
the gonads of Gly S and an increase in the alanine content in
the gonads of Glu S indicate that a high glutamic acid content
in feed increases the alanine content in gonads. The results of
a significant increase in the alanine content in the gonads of
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FIGURE 2 | Glutamic acid, aspartic acid and glycine contents in
Mesocentrotus nudus gonads of the initial group and each treatment group at
the end of the experiment (mean ± SE) (n = 16). An explanation of Initial,
Control, Glu S, Ala S, Asp S, and Gly S is provided in Table 2. Lower-case
letters indicate significant differences among groups (p < 0.05 by
Tukey’s test).

Ala S supported the hypothesis that a high alanine content in
the gonads of M. nudus fed the sporophyll of U. pinnatifida
could be directly accumulated from that in the sporophyll (Takagi
et al., 2020b). The present study first identified the amino acids
in feed that are closely associated with improvement in the
taste of sea urchin gonads. The high alanine content in the
gonads of Ala S compared to that in the gonads of Glu S could
be due to the direct accumulation of alanine from the feed,
which is effective for increasing the alanine content in gonads
compared to the process of alanine synthesis from glutamic
acid. Past studies reported that feeds containing 19–36% protein

notably enhance gonad production (e.g., de Jong-Westman et al.,
1995; Pearce et al., 2002b; Inomata et al., 2016). However, these
feeds decrease the desirability of taste (e.g., Pearce et al., 2002a;
Inomata et al., 2016). Robinson et al. (2002) showed that gonads
of sea urchins fed diets containing 250 mg/kg β-carotene (dry
weight) are yellower than those fed 50 mg/kg β-carotene (dry
weight). Clarification of the correlation between the glutamic
acid and alanine contents in feeds, their digestibility and the
accumulation rate of alanine in gonads is needed to determine
the optimum composition of the amino acids, proteins and
β-carotene in feed for efficient improvement in overall gonad
quality. No significant difference in the umami and bitter-tasting
FAA contents in the gonads among treatments was observed at
the end of the experiment, indicating that glutamic acid, alanine,
aspartic acid and glycine in the feed did not affect the umami
or bitter tastes of the gonads. The cause of the increase in the
glutamic acid and aspartic acid contents and the decrease in the
bitter-tasting amino acid contents in gonads of all treatments
remains unclear.

From the results of the TAA content in the control diet and
the FAA content in each experimental diet, the experimental
diets supplemented with glutamic acid and alanine contained ca.
195 mg/100 g total glutamic acid and ca. 179 mg/100 g total
alanine, respectively. These contents were high when compared
with those of the central frond portion of S. japonica (total
glutamic acid, 180 mg/100 g; total alanine, 74 mg/100 g),
which increased the alanine content in the gonads of M. nudus
to > 400 mg/100 g (Takagi et al., 2020c). The leaching of amino
acids supplemented with diets after 3 days of immersion would
lower the alanine content in the gonads of the Glu S and Ala S
(< 200 mg/100 g). Past studies reported the stability of artificial
diets by calculating the percentage dry matter lost from diets in
seawater or observation on eyes (Pearce et al., 2002a; Senaratna
et al., 2005; Cyrus et al., 2015). Pearce et al. (2002a) reported there
were no significant differences in feed stability among diets with
various binders such as alginate, gelatin, guar gum and starch. It is
required to investigate the stability of soluble compounds in diets
among various binders or ingredients.

CONCLUSION

Feeding diets supplemented with glutamic acid or alanine
increased the sweet-tasting alanine content in the gonads of
M. nudus, which is attributed to their desirable taste. The
higher alanine content in the gonads of sea urchins fed diets
supplemented with alanine than in those of sea urchins fed
diets supplemented with glutamic acid suggests that direct
accumulation of alanine from the feed is effective compared
to the process of alanine synthesis from glutamic acid. The
present study first identified the amino acids that are closely
associated with improvement in the taste of sea urchin gonads.
Clarification of the correlation between the glutamic acid and
alanine contents in feeds, their digestibility and the accumulation
rate of alanine in gonads is needed to determine the optimum
composition of amino acids in feed for efficient improvement
in gonad taste.
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The economic loss of intestinal inflammation by histamine in diet has caused concern
in eel culture; it is urgent to develop a natural feed additive to alleviate the negative
effects of high-level dietary histamine. Oligomeric proanthocyanidins (OPCs), as the
natural antioxidant to scavenge free radicals, were supplemented to alleviate the effects
of dietary histamine on parameters of growth, serum biochemistry, and liver metabolites
of juvenile American eels in the present study. Juvenile American eels with an initial body
weight of 10.84 ± 0.16 g per fish were divided into a control group fed commercial diet, a
HIS group fed commercial diet supplemented 300 mg/kg histamine, and an OPC group
fed commercial diet supplemented 300 mg/kg histamine and 300 mg/kg OPC. The
trial period was 11 weeks. Compared with the HIS group, the OPC group showed that
dietary OPC supplementation could alleviate growth retardation; decrease activities of
glutamic-pyruvic transaminase, glutamic-oxaloacetic transaminase, acid phosphatase,
and alkaline phosphatase; and lower levels of immunoglobulin and complement 3 in
serum. With the upregulation of L-cysteine and dihydrouracil involving cysteine and
methionine metabolism, beta-alanine metabolism, sulfur metabolism, pantothenate and
CoA biosynthesis, and pyrimidine metabolism in the liver, OPC supplementation could
alleviate the effects of high-level dietary histamine on growth and serum biochemical
parameters. There were no significant differences of growth performance and serum
biochemical parameters between the HIS group and control group. These results
indicated that OPC might act as a potential feed additive to effectively counteract the
negative effects of dietary histamine on juvenile American eel.

Keywords: American eel, oligomeric proanthocyanidins, liver, histamine, metabolomic

INTRODUCTION

The American eel (Anguilla rostrata) is a catadromous fish found in areas ranging from the Gulf
of Mexico and Caribbean Sea to southern Greenland (Benchetrit and McCleave, 2016). During the
past few years, this eel species has become one of the major eel species reared in southern China,
especially in Fujian Province. In eel cultivation, the main ingredient of eel diet is white fish meal,
which accounts for 60–70% (Tibbetts et al., 2000). However, with the global shortage and increasing
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price of white fish meal, brown fish meal was used to replace
part of white fish meal in eel diet. It is well known that
histamine content in brown fish meal is much higher than
that in white fish meal (Ricque-Marie et al., 1998; Tapia-Salazar
et al., 2001). The brown fish meal used in eel feed can greatly
increase the level of dietary histamine, which is considered to
be toxic. In previous studies, dietary histamine was found to
possibly decrease growth performance of some catadromous fish
species including American eel, Atlantic salmon (Salmo salar
L.), Japanese seabass (Lateolabrax japonicus), and rainbow trout
(Oncorhynchus mykiss) (Cowey and Cho, 1992; Opstvedt et al.,
2000; Hu et al., 2013, 2019; Ma et al., 2020) and to damage
some digestive organs of yellow catfish (Pelteobagrus fulvidraco)
and Chinook salmon (Oncorhynchus tshawytscha, Walbaum)
(Lumsden et al., 2002; Li et al., 2018). It was also found that
higher levels of dietary histamine could cause oxidative stress by
increasing the production of reactive oxygen species (Rada et al.,
2013; Ma et al., 2020), and this might be the major factor to exert
negative effects on those fish species.

Natural plant flavonoids supplemented in diet, as antioxidants,
have attracted considerable attention to prevent or subdue
oxidative stress and improve the health status in aquatic
animals (Kao et al., 2010; Zhai and Liu, 2013; Zhai et al.,
2018). Oligomeric proanthocyanidins (OPCs) are one of the
commonest bioflavonoids with a special molecular structure,
formed by oligomerization or polymerization of subunits
catechin, epicatechin, and their gallic acid esters primarily known
for their excellent antioxidant activity. It is widely reported that
OPC could prevent oxidative damage in tissues by reducing
lipid oxidation and/or inhibit production of free radicals (Sato
et al., 2001; Bagchi et al., 2014; Gao et al., 2017) and has
the ability to inhibit lipid peroxidation, platelet aggregation,
capillary permeability, and fragility (Zhai et al., 2014; Nie
and Stürzenbaum, 2019). In recent aquatic animal studies,
dietary OPC supplementation was found to alleviate oxidative
stress in juvenile tilapia (Oreochromis niloticus) and grouper (♀
Epinephelus fuscoguttatus × ♂ Epinephelus lanceolatus) under
dietary cadmium stress (Wang et al., 2018; Zhai et al., 2018;
Huang et al., 2019) and greenlip abalone (Haliotis laevigata
Donovan) under heat stress (Duong et al., 2016; Shiel et al.,
2017). There is no research about the effect of dietary OPC
supplementation on growth, physiology, and metabolism of fish
under stress of high-level dietary histamine. It was reported
that the OPC level should be at least at 300 mg/kg supplement
in diet to alleviate the retarded growth of some fish species
exposed to stress condition (Wang et al., 2018; Zhai et al., 2018;
Huang et al., 2019). In intensive eel culture, we observed that
more than 500 mg/kg histamine in diet could cause growth
retardation, intestinal inflammation, and economic loss; the same
results were also found in our previous study (Ma et al., 2020).
An approximate level of dietary histamine was used in the
present study to induce negative effects on juvenile American
eel. Therefore, the purpose of this study was conducted to
evaluate the alleviation effect of 300 mg/kg OPC supplemented
in diet on growth performance, serum biochemical parameters,
and liver metabolites of juvenile American eels under stress of
dietary histamine.

MATERIALS AND METHODS

Feeding Trial
One thousand Juvenile American eels were obtained from the
Beixi eel farm in Tong’an District, Xiamen, China. Before
the experiment, all fish were acclimatized in two PVC tanks
with bottom center drains (110 cm diameter, 80 cm height)
and about 1,000 L water volume supplied with 5 L/min of
degassed and dechlorinated municipal water and were fed a
commercial powder feed (Fuzhou Sea Horse Feed Co., Ltd.,
Fuzhou, China) two times daily (6:00 and 18:00). The powder
feed was mixed with 1:1 volume water to form a dough
shape, and then the dough feed was placed on a feeding
table for fish. The commercial diet mainly contained white
fish meal, brown fish meal, starch, yeast powder, extruded
soybean, and compound premix; the ratio of white fish meal
to brown fish meal was about 1:1. The common nutrient
composition of the commercial diet was crude protein 46.58%,
crude fat 6.70%, ash 12.35%, and moisture 7.36%. The histamine
level in the commercial diet was 217 mg/kg. According
to feedback from many eel farmers using this commercial
diet, no intestinal inflammation and growth retardation were
observed. This diet was also used in the formal trial. The
following water quality parameters were maintained during the
acclimation period: temperature 24–26◦C, pH 7.0–7.5, dissolved
oxygen 7.0–9.0 mg/L, total ammonia nitrogen <0.1 mg/L,
and nitrite <0.005 mg/L. The uneaten feed was siphoned out
1 h after feeding.

After 4 weeks of acclimation, 360 American eels with similar
body weight (10.84 ± 0.16 g per fish) were selected and
divided randomly into three treatment groups. There were four
replicates with 30 fish per replicate in each group. The three
treatment groups were the control group (fed the commercial
diet), HIS group (fed the commercial diet supplemented with
300 mg/kg histamine), and OPC group (fed the commercial
diet supplemented with 300 mg/kg histamine and 300 mg/kg
OPC). The trial period was 11 weeks. Histamine was provided
by Shanghai Yuanye Biotechnology Co., Ltd., grinded to powder,
and well mixed with the commercial diet. OPC was provided by
Nanjing Zelang Pharmaceutical Technology Co., Ltd., extracted
from grape seed with a content of 98%, powdered, and well mixed
with the basal diet and histamine. The trial fish were cultured in
12 circular PVC tanks (320 L water) with a water recirculation
system. An air pump was also provided for each tank. The fish
management and water quality during the formal trial period
were maintained the same as those in the acclimation period. The
consumption of diet in each tank was recorded.

Sample Collection
At the end of feeding trial, the feed of each tank was deprived
for 24 h, and then all the fish were anesthetized with eugenol at
2 g/L. All fish in each tank were weighed and counted to calculate
the growth performance parameters. The blood of nine eels from
each tank were sampled, treated, and mixed as one sample prior
to analysis of serum biochemical parameters according to the
procedure of Zhai et al. (2014). The eels were then dissected to
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obtain liver samples. The liver samples were quickly frozen in
lipid nitrogen and then stored at −80◦C prior to further analysis.

Growth Performance Parameter
Calculation
The growth parameters of initial body weight (IBW) and final
body weight (FBW) of fish, weight gain rate (WGR), feed
conversion ratio (FCR), feed intake (FI), and survival rate (SR)
were calculated as follows:

IBW (g/fish) = initial fish weight (g)/initial number of fish;
FBW (g/fish) = final fish weight (g)/final number of fish;
WGR (%) = 100 × [final wet weight (g) – initial wet weight
(g)]/initial wet weight (g);
FCR = FI (g)/weight gain (g);
FI (g/fish) = feed consumption (g)/number of fish; and
SR (%) = 100 × (final number of fish/initial number of fish).

Biochemical Parameter Analysis
Serum samples from each group (four samples per tank)
were selected for biochemical parameter analysis. Commercial
kits produced by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China) were used to measure glutamic-pyruvic
transaminase (GPT), glutamic-oxaloacetic transaminase (GOT),
total cholesterol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-
C), acid phosphatase (ACP), alkaline phosphatase (AKP),
immunoglobulin M (IgM), and complement 3 (C3) in serum of
American eels. Spectrophotometer methods were used according
to the manufacturers’ protocols.

Metabolite Extraction and LC-MS
Analysis
For metabolomic analysis, eight liver samples from each group
(two samples per tank) were selected for analysis of the liver
metabolome; the extraction and analysis of metabolites in liver
were assisted by the Beijing Allwegene Technology Co., Ltd.
(Beijing, China). LC-MS/MS analyses were performed using a
UHPLC system (1290, Agilent Technologies) with a UPLC BEH
Amide column (1.7 µm, 2.1 mm × 100 mm, Waters) coupled
to TripleTOF 6600 (Q-TOF, AB Sciex). The measurement steps,

TABLE 1 | Effects of OPC supplementation on the growth performance of juvenile
American eels fed a diet with a high level of histamine.

Items Control group HIS group OPC group

IBW (g/fish) 10.92 ± 0.04 10.77 ± 0.19 10.87 ± 0.05

FBW (g/fish) 25.86 ± 0.54b 21.19 ± 0.63a 25.63 ± 0.33b

WGR (%) 136.56 ± 4.61b 96.77 ± 3.21a 135.96 ± 2.29b

FCR 1.28 ± 0.05a 1.52 ± 0.13b 1.28 ± 0.02a

FI (g/fish) 19.06 ± 0.09b 16.28 ± 0.76a 18.89 ± 0.29b

SR (%) 99.17 ± 1.67 99.17 ± 1.67 100

Values are means ± SD (n = 4). a,bValues with different superscripts in the same
row are significantly different (P < 0.05). IBW, initial body weight; FBW, final
body weight; WGR, weight gain rate; FCR, feed conversion ratio; FI, feed intake;
SR, survival rate.

acquirement, and processing of UPLC-Q-TOF-MS data were
described in the previous studies of Ma et al. (2018) and
Zheng et al. (2020).

Statistical Analyses
The results of growth performance and serum biochemical
parameters were presented as means ± SD (n = 4). Data from
each group were subjected to one-way analysis of variance
(ANOVA) by SPSS 20.0 statistical software (SPSS, Chicago, IL,
United States). Duncan’s multiple range test was used to compare
the difference of mean values among three groups after overall
differences were significant (P < 0.05). For the data expressed
as percentages or ratios, square arcsine transformation was
subjected prior to further statistical analysis.

Partial least squares-discrimination analysis (PLS-DA) was
used as a supervised method to identify important variables
with discriminative power and employed with the first principal
component of variable importance in projection (VIP) values
(VIP > 1) combined with Student’s t-test (t-test) (P < 0.05)
to determine the significantly different metabolites between
the pairwise comparison groups. PLS-DA was conducted using
the SIMCA-P 14.0 commercial software (Umetrics, Umea,
Sweden). The metabolite pathways were searched by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway1, and
MetaboAnalyst was used for the pathway analysis2 (Hao et al.,
2018; Huo et al., 2019).

RESULTS

Growth Performance
The effects of dietary OPC supplementation on growth
performance of juvenile American eels fed a diet with a high level

1http://www.genome.jp/kegg/
2http://www.metaboanalyst.ca

TABLE 2 | Effects of OPC supplementation on the serum biochemical parameters
of juvenile American eels fed a diet with a high level of histamine.

Items Control group HIS group OPC group

GPT (U/mg prot) 12.49 ± 1.18a 15.3 ± 1.15b 13.93 ± 1.64a,b

GOT (U/mg prot) 24.59 ± 1.27a 33.51 ± 3.9b 28.26 ± 1.37a,b

TC (mmol/L) 22.42 ± 1.67 20.65 ± 3.55 20.06 ± 0.34

TG (mmol/L) 5.19 ± 0.8 4.83 ± 1.13 4.60 ± 0.56

LDL-C (mmol/L) 14.5 ± 1.69 12.92 ± 2.17 12.79 ± 1.56

HDL-C (mmol/L) 3.68 ± 0.29 3.70 ± 0.26 3.78 ± 0.53

ACP (U/L) 70.76 ± 13.78b 48.05 ± 2.57a 69.97 ± 3.17b

AKP (U/L) 22.85 ± 2.86b 16.28 ± 1.71a 23.06 ± 2.71b

IgM (µg/ml) 1.58 ± 0.36b 0.48 ± 0.15a 2.00 ± 0.75b

C3 (µg/ml) 1, 176.47 ± 256.27b 900.51 ± 77.48a 1, 260.67 ± 244.77b

Values are means ± SD (n = 4). a,bValues with different superscripts in the same
row are significantly different (P < 0.05). GPT, glutamic-pyruvic transaminase; GOT,
glutamic-oxaloacetic transaminase; TC, total cholesterol; TG, triglyceride; HDL-
C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
ACP, acid phosphatase; AKP, alkaline phosphatase; IgM, immunoglobulin M;
C3, complement 3.

Frontiers in Marine Science | www.frontiersin.org 3 September 2020 | Volume 7 | Article 549145123

http://www.genome.jp/kegg/
http://www.metaboanalyst.ca
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-549145 September 8, 2020 Time: 18:20 # 4

Zhai et al. Oligomeric Proanthocyanidins Counteracts Histamine Stress

of histamine are shown in Table 1. FBW, WGR, and FI of the HIS
group were significantly lower than those of the control group
(P < 0.05); these parameters of the OPC group were significantly
higher than those of the HIS group (P < 0.05). Compared with
that in the HIS group, FCR was significantly lower in the control
group and OPC group (P < 0.05). No significant differences of
SR were found among the three groups (P > 0.05).

Serum Biochemical Parameters
The effects of dietary OPC supplementation on serum
biochemical parameters of juvenile American eels fed high-
level histamine are shown in Table 2. Compared with the control
group, the HIS group had higher activities of GPT and GOT
(P < 0.05); these two transaminase activities of the OPC group
were similar with those of the HIS group (P > 0.05). The levels
of TC, TG, LDL-C, and HDL-C were not significantly affected in

the HIS group and OPC group (P > 0.05). Compared with the
control group, the HIS group had lower activities of ACP and
AKP and lower levels of IgM and C3 (P < 0.05); these parameters
of the OPC group were significantly higher in comparison with
those of the HIS group (P < 0.05). There were no significant
differences of all serum biochemical parameters between the
OPC group and control group (P > 0.05).

Liver Metabolomics Profiling
The score plots and validation plots of PLS-DA from liver
metabolite profiles of American eel between the control group
and HIS group and between the HIS group and OPC group
are shown in Figures 1, 2, respectively. Gross changes in the
metabolic physiology were easily detectable by using PLS-DA
of the entire set of measured analytes. The PLS-DA of the
metabolic profiles between the control group and HIS group

FIGURE 1 | The score plots and validation plots of PLS-DA from liver metabolite profiles of American eel in the control group and HIS group under positive ion mode
(A,B) and negative ion mode (C,D) (n = 8). D1 = control group, D2 = HIS group.
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FIGURE 2 | The score plots and validation plots of PLS-DA from liver metabolite profiles of American eel in the HIS group and OPC group under positive ion mode
(A,B) and negative ion mode (C,D) (n = 8). D2 = HIS group, D3 = OPC group.

showed significantly separated clusters in each score scatter plot
of the PLS-DA model under positive ion mode and negative ion
mode (Figures 1A,C). As shown in Figures 2A,C, there were
also clear separation and discrimination between the HIS group
and OPC group. As shown in Figures 1B,D, 2B,D, the validation
plots for the PLS-DA model showed that the permutation tests
were valid with the R2 values being close to 1 (from 0.7971 to
0.9479), and lower Q2 intercepts (from −0.7005 to −0.3258)
indicated the robustness of the models and showed a low risk of
overfitting and reliability. These findings implied that the PLS-
DA model could be utilized to identify the difference between
pairwise groups.

The results of volcano plots in the HIS group compared
with the control group and OPC group are shown in
Figures 3, 4, respectively. The volcano plots were used to
screen the differential metabolites based on the criteria of VIP
values > 1 and a false discovery rate-adjusted P-value < 0.05.

After summarizing the differential metabolites under positive
ion mode and negative ion mode, the HIS group had 101
upregulated metabolites and 42 downregulated metabolites in
comparison with the control group (Figure 3). Among all the
identified metabolites, there were 24 upregulated metabolites
and 13 downregulated metabolites classified mainly to aromatic
compounds, nucleoside, amino acids, lipid, unsaturated fatty
acids, saturated fatty acids, and vitamin (Table 3). Compared with
the HIS group, the OPC group had 24 upregulated metabolites
and 13 downregulated metabolites. Among all the identified
metabolites, there were eight upregulated metabolites and seven
downregulated metabolites classified mainly to amino acids and
nucleoside (Table 4).

The enriched KEGG pathways of significantly differential
metabolites in the HIS group compared with the control group
and OPC group are shown in Figures 5, 6, respectively. The main
pathways in the HIS group compared with the control group
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FIGURE 3 | Volcano plots for the potential differential metabolites in the liver of American eels of the HIS group in comparison with the control group under positive
ion mode (A) and negative ion mode (B). The point size represents the VIP value of the PLS-DA. Pink points indicate significantly upregulated metabolites, and blue
points indicate significantly downregulated metabolites. D1 = control group, D2 = HIS group.

were biotin metabolism, arachidonic acid (ARA) metabolism,
glutathione (GSH) metabolism, tyrosine metabolism, fatty acid
biosynthesis, histidine metabolism, and alanine, aspartate, and
glutamate metabolism. The main pathways in the OPC group
compared with the HIS group were cysteine and methionine
metabolism, beta-alanine metabolism, pantothenate and CoA

biosynthesis, pyrimidine metabolism, sulfur metabolism,
taurine and hypotaurine metabolism, thiamine metabolism,
and GSH metabolism.

The most relevant pathways based on the impact value
and P-value and their corresponding metabolites in the HIS
group compared with the control group and OPC group are
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FIGURE 4 | Volcano plots for the potential differential metabolites in the liver of American eels of the OPC group in comparison with the HIS group under positive ion
mode (A) and negative ion mode (B). The point size represents the VIP value of the PLS-DA. Pink points indicate significantly upregulated metabolites, and blue
points indicate significantly downregulated metabolites. D2 = HIS group, D3 = OPC group.

shown in Tables 5, 6, respectively. The ARA metabolism,
biotin metabolism, and GSH metabolism were characterized
as the most relevant pathways in the HIS group compared
with the control group. The 5(S)-hydroperoxyeicosatetraenoic
acid (5-HPETE), biocytin, and 5-L-glutamyl-L-alanine levels
were upregulated in ARA metabolism, biotin metabolism, and
GSH metabolism, respectively. The 20-hydroxyeicosatetraenoic

acid (20-HETE) was downregulated in ARA metabolism.
The cysteine and methionine metabolism, beta-alanine
metabolism, pantothenate and CoA biosynthesis, pyrimidine
metabolism, and sulfur metabolism were characterized as the
most relevant pathways in the OPC group compared with
the HIS group. The L-cysteine was upregulated in cysteine
and methionine metabolism and sulfur metabolism, and
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TABLE 3 | Identification of significant differential metabolites between the HIS group and control group.

Metabolite name Biological roles RT VIP P value FC

3-Methoxy-4-hydroxyphenylethyleneglycol Aromatic compounds 61.5035 2.3199 0.0361 0.4840

Aesculin Aromatic compounds 161.6120 1.8391 0.0418 0.5847

3-Methoxytyramine Aromatic compounds 487.6570 2.1107 0.0158 0.6555

Berberine Aromatic compounds 37.1480 1.9422 0.0482 0.7055

Procaine Aromatic compounds 355.9345 1.5215 0.0499 0.7752

3,3,4,5-Tetrahydroxy-trans-stilbene Aromatic compounds 155.9970 2.7754 0.0186 1.9340

Metanephrine Aromatic compounds 222.0865 1.2516 0.0413 1.2505

Benzyl butyl phthalate Aromatic compounds 310.5440 2.1983 0.0368 1.5966

6-Methylmercaptopurine Nucleoside 48.6410 2.1977 0.0251 0.5684

5-Methylcytidine Nucleoside 406.0200 1.0639 0.0418 1.1622

N-Acetylneuraminic acid Nucleoside 334.1435 1.6960 0.0149 1.2648

3,5-Cyclic guanosine monophosphate Nucleoside 453.5560 1.4411 0.0358 1.2831

Uridine 5-monophosphate (UMP) Nucleoside 429.6140 1.4977 0.0470 1.3006

Deoxyguanosine Nucleoside 272.8560 1.7921 0.0451 1.6898

3-Methyl-L-histidine Amino acids 46.6475 1.3772 0.0301 0.6420

Val–Val Amino acids 358.4565 1.6014 0.0367 0.7424

D-Aspartic acid Amino acids 384.0295 1.6249 0.0382 1.4170

5-L-Glutamyl-L-alanine Amino acids 388.7100 1.3446 0.0297 1.4174

Asp-pro Amino acids 411.3785 2.0718 0.0199 1.4922

1-Stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine Lipid 178.7080 4.4676 0.0385 0.2450

Picrotoxinin Lipid 339.6925 1.4139 0.0231 1.4616

25-Hydroxycholesterol Lipid 175.8450 2.0675 0.0108 1.6943

7-Dehydrocholesterol Lipid 175.9555 2.7526 0.0140 2.0311

20-Hydroxyeicosatetraenoic acid Unsaturated fatty acids 30.7100 4.5780 0.0034 0.1182

PGB1 Unsaturated fatty acids 46.6290 1.7451 0.0392 0.6816

5(S)-Hydroperoxyeicosatetraenoic acid Unsaturated fatty acids 45.3595 1.4905 0.0402 1.5343

Acetylvalerenolic acid Unsaturated fatty acids 159.7550 2.0665 0.0069 1.6925

Palmitic acid Saturated fatty acids 55.7910 1.3793 0.0174 1.1830

Myristic acid Saturated fatty acids 61.8515 1.7704 0.0295 1.3273

Sebacic acid Saturated fatty acids 348.6535 2.9812 0.0010 1.7477

delta-Tocotrienol Vitamin 48.7865 2.0602 0.0419 1.5976

Biocytin Vitamin 45.4630 1.9137 0.0180 1.7926

Trimethylamine N-oxide Others 314.2930 2.0383 0.0237 0.6289

Swainsonine Others 376.1420 1.4357 0.0337 0.7605

Mirtazapine Others 488.9585 1.9378 0.0278 1.4514

Acetazolamide Others 43.8785 1.8911 0.0243 1.7434

Nicotine Others 83.2530 4.9812 0.0001 5.0758

RT, retention time; VIP, variable importance in projection, this value was obtained from the PLS-DA model with a threshold of 1. The significance P-value was obtained
from the Wilcoxon rank sum test with a threshold of 0.05. FC, fold change, mean value of peak area obtained from the HIS group/mean value of peak area obtained from
the control group. If FC was <1, it indicated that the metabolite of the HIS group might be downregulated in comparison with the control group. If FC was >1, it indicated
that the metabolite of the HIS group might be upregulated in comparison with the control group.

dihydrouracil was upregulated in beta-alanine metabolism,
pantothenate and CoA biosynthesis, and pyrimidine
metabolism. The dihydrothymine was downregulated in
pyrimidine metabolism.

DISCUSSION

The histamine from feedstuff, one of biogenic amines, has
obvious toxicity to some carnivorous fish species; it could not
be removed by any methods at present (Lumsden et al., 2002; Li
et al., 2018; Hu et al., 2019; Ma et al., 2020). The way it damages

the digestive organs was by producing excessive reactive oxygen
species to cause oxidative stress (Rada et al., 2013; Ma et al., 2020).
The most common way to alleviate oxidative stress in vivo was to
scavenge those excessive free radicals by supplementing natural
antioxidants in fish diet (Bagchi et al., 2014; Gao et al., 2017). OPC
has been widely used as a natural antioxidant in animal feed to
counteract stress from different sources (Duong et al., 2016; Shiel
et al., 2017; Wang et al., 2018; Zhai et al., 2018; Huang et al., 2019).
In the present trial, growth depression and FI decrease were
observed in juvenile American eel fed higher dietary histamine
(517 mg/kg). Similar results were reported: dietary histamine
levels of 414 or 534 mg/kg decreased the WGR of American eel
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TABLE 4 | Identification of significant differential metabolites between the OPC group and HIS group.

Metabolite name Biological roles RT VIP P-value FC

Arg-Thr Amino acids 307.8320 1.9400 0.0280 0.6651

Thr-Glu Amino acids 374.7170 1.5813 0.0294 0.7102

Met-Lys Amino acids 396.7590 1.5266 0.0410 0.7591

L-Cysteine Amino acids 345.5310 1.4995 0.0132 1.2421

gamma-L-Glutamyl-L-phenylalanine Amino acids 327.6360 1.7167 0.0482 1.3639

Tyr-Val Amino acids 252.0910 1.7145 0.0429 1.3713

N2-Acetyl-L-ornithine Amino acids 159.2110 2.0029 0.0496 1.5144

N6-Methyladenine Nucleoside 171.3625 1.8522 0.0407 0.6186

Dihydrothymine Nucleoside 339.0525 2.3017 0.0115 0.6501

Dihydrouracil Nucleoside 39.8310 3.4075 0.0288 2.3153

Tryptamine Aromatic compounds 180.4220 1.9189 0.0209 1.3730

4-Pyridoxic acid Vitamin 41.7815 3.3001 0.0439 0.3427

Ribitol Carbohydrate 84.7835 1.9811 0.0330 0.6488

Oxyquinoline Others 45.5015 1.8303 0.0139 1.3270

Trimethylamine N-oxide Others 314.2930 2.7690 0.0087 1.9098

RT, retention time; VIP, variable importance in projection, this value was obtained from the PLS-DA model with a threshold of 1. The significance P-value was obtained
from the Wilcoxon rank sum test with a threshold of 0.05. FC, fold change, mean value of peak area obtained from the OPC group/mean value of peak area obtained
from the HIS group. If FC was <1, it indicated that the metabolite of the OPC group might be downregulated in comparison with the HIS group. If FC was >1, it indicated
that the metabolite of the OPC group might be upregulated in comparison with the HIS group.

FIGURE 5 | The scatter plot of the metabolic pathway impact and enrichment for all matching significant metabolites in the liver of juvenile American eels of the HIS
group in comparison with the control group. The colored points represent different metabolic pathways. The various color levels indicate different levels of
significance of metabolic pathways from low (white) to high (red). The different sizes of each point are based on the pathway impact values. Moreover, the most
relevant pathways’ names of points are labeled according to the significance and impact value of the metabolic pathway.
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FIGURE 6 | The scatter plot of the metabolic pathway impact and enrichment for all matching significant metabolites in the liver of juvenile American eels of the OPC
group in comparison with the HIS group. The colored points represent different metabolic pathways. The various color levels indicate different levels of significance of
metabolic pathways from low (white) to high (red). The different sizes of each point are based on the pathway impact values. Moreover, the most relevant pathways’
names of points are labeled according to the significance and impact value of metabolic pathway.

(Hu et al., 2019; Ma et al., 2020). The WGR of rainbow trout
was also decreased by supplementing 13.3 g/kg putrescine and
2 g/kg histamine in the diet (Cowey and Cho, 1992). A lower FCR
was observed in Atlantic salmon fed a diet containing 169 mg/kg
histamine and 195 mg/kg cadaverine (Opstvedt et al., 2000)
and Japanese seabass fed a diet with common brown fish meal
with a higher histamine level substituting for a high-quality fish
meal with an extremely low level of histamine (Hu et al., 2013).
Besides, decreased FI was found in the studies of American eel,
rainbow trout, and Japanese seabass, which was consistent with
the result of the present trial. The depressed growth of those fish
species might be related to the damage of the gastrointestinal
tract and liver caused by dietary histamine (Lumsden et al.,
2002; Li et al., 2018). Compared with the HIS group, the
growth performance of juvenile American eel was significantly
improved by OPC supplementation. The same alleviation effects
on growth performance of OPC supplementation in the diets
were also observed in other studies of some stressed fish. Dietary
800 mg/kg OPC could improve the WGR, FCR, and FI in
pearl gentian grouper exposed to 300 mg/kg dietary cadmium

(Wang et al., 2018), and 400 mg/kg OPC supplementation in the
diet could effectively improve the WGR, FCR, and FI and alleviate
hepatopancreas oxidative stress of juvenile tilapia exposed to
100 mg/kg dietary cadmium (Zhai et al., 2018). In the study
of greenlip abalone under heat stress, the FI was significantly
increased by feeding a commercial diet supplemented with OPC
(Duong et al., 2016; Shiel et al., 2017).

Blood biochemical parameters have been considered as good
indicators of health status in fish (de Pedro et al., 2005;
Satheeshkumar et al., 2012; Yu et al., 2019). The higher activities
of blood GPT and GOT might indicate the occurrence of liver
injury or dysfunction (Wells et al., 1986). In the present study, the
significant increase of serum GPT and GOT activities suggested
that the liver damage could be caused by histamine. Although
there were no statistical differences of serum GPT and GOT
activities between the OPC group and HIS group, the increasing
trend of GPT and GOT activities indicated that OPC might have
a protective effect on liver injury caused by dietary histamine,
which was in accordance with the results of studies on tilapia and
mice exposed to stress by dietary cadmium (Long et al., 2016;
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TABLE 5 | The most relevant metabolic pathways and corresponding differential metabolites in the liver of juvenile American eels of the HIS group in comparison with
the control group.

Pathway name Total Hits Up/Down

Glutathione metabolism 26 5-L-Glutamyl-L-alanine Up

Biotin metabolism 5 Biocytin Up

Arachidonic acid metabolism 31 20-Hydroxyeicosatetraenoic acid Down

5(S)-Hydroperoxyeicosatetraenoic acid Up

Total, the number of metabolites in a certain pathway. Hits, the metabolites hit in a certain pathway. Up/down, upregulation/downregulation of metabolites of the HIS
group in comparison with the control group.

TABLE 6 | The most relevant metabolic pathways and corresponding differential
metabolites in the liver of juvenile American eels of the OPC group in comparison
with the HIS group.

Pathway name Total Hits Up/Down

Cysteine and methionine metabolism 29 L-Cysteine Up

Sulfur metabolism 9 L-Cysteine Up

beta-Alanine metabolism 16 Dihydrouracil Up

Pantothenate and CoA biosynthesis 15 Dihydrouracil Up

Pyrimidine metabolism 41 Dihydrouracil Up

Dihydrothymine Down

Total, the number of metabolites in a certain pathway. Hits, the metabolites hit in a
certain pathway. Up/down, upregulation/downregulation of metabolites in the OPC
group in comparison with the HIS group.

Huang et al., 2019). The levels of TC, TG, LDL-C, and HDL-
C were relevant with lipid metabolism; there were no research
to study the effects of histamine on serum lipid levels. In the
present study, they were not affected by dietary histamine or
OPC. Under normal conditions without obvious stress, serum
lipid levels could be lowered by OPC supplementation (Bladé
et al., 2010; Zhai et al., 2014). Hypolipidemic effects of OPC
were not observed in this trial, the reason for which should
be clarified in a future study. In comparison with the HIS
group, the OPC group showed significantly increased ACP and
AKP activities. These two important phosphatase enzymes might
take part in several metabolic functions, uptake and transport
of nutrients (Guan et al., 2019). AKP was also involved in
immune defense mechanisms and immune competence. C3 and
IgM played an important role in the immune response in fish
(Habte-Tsion et al., 2016). In our study, levels of C3 and IgM
were significantly enhanced in American eels fed with OPC
supplementation in comparison with the HIS group. The higher
activities of ACP and AKP and higher levels of IgM and C3
indicated that OPC might improve the non-specific immunity
ability of juvenile American eels.

Metabolomic results of American eel liver showed that
high levels of dietary histamine could cause 5-L-glutamyl-L-
alanine upregulation, which is a dipeptide composed of gamma-
glutamate and alanine, derived from the decomposition of
GSH by γ-glutamyl transpeptidase (Hanes et al., 1950; Meister
and Tate, 1976). GSH is mainly produced and stored in the
liver, and it also acts as a major non-enzymatic antioxidant in
cells. The important role of GSH was widely documented as
protecting the liver from free radical-mediated oxidative damage

(Jia et al., 2015; Coutinho et al., 2017). Therefore, 5-L-glutamyl-L-
alanine upregulation might promote GSH metabolism to increase
GSH consumption and make the liver vulnerable to injury (Yuan
et al., 2015; Chen et al., 2019; Ming et al., 2019). Biocytin was an
important end product of the intraluminal digestion of dietary
protein-bound biotin (Said et al., 1993). The upregulated biocytin
in the HIS group might indicate that more biotin in fish might be
utilized and weaken the antioxidant defense in liver by lowering
the ability of scavenging free radicals and enzymatic antioxidant
capacity (Feng et al., 2014). In addition, 20-HETE was generated
from ARA through homolytic cleavage and removal of hydrogen
on the pro-S hydrogen at carbon-7 (Radmark et al., 2015); it
seemed that 20-HETE might participate in the regulation of liver
metabolic activity and hemodynamics (Elshenawy et al., 2017).
5-HPETE was the intermediate from ARA and converted to
biologically detrimental leukotrienes (Wang et al., 2019). The
downregulated 20-HETE and upregulated 5-HPETE acid from
ARA metabolism in the HIS group might disturb liver function
and lower the resistance to stress and disease (Bae et al., 2010;
Shahkar et al., 2016).

Compared with that in the HIS group, L-cysteine in the OPC
group was one of the upregulated differential metabolites, and
it could act as the precursor that might promote the synthesis
of GSH, which was helpful in detoxifying toxic substances
and exerting anti-inflammation effects by its antioxidant ability
(Han et al., 1997; O’Donovan and Fernandes, 2000; Lee et al.,
2015). In addition, L-cysteine was involved in cysteine and
methionine metabolism and sulfur metabolism. Cysteine and
methionine are both sulfur-containing amino acids, and sulfur
metabolism mainly occurs in hepatic tissues; both have a
hepatoprotective activity (Lee et al., 2013, 2015). So the liver
health status of American eel in the OPC group might be
improved by upregulation of L-cysteine involved in related
metabolism pathways; this could be confirmed by the changes in
GPT and GOT activities in the serum. A recent study on tilapia
showed that the oxidative stress-mediated liver damage by dietary
cadmium could be alleviated by OPC supplementation in the diet
(Zhai et al., 2018). Another differential metabolite in the OPC
group was dihydrouracil related to beta-alanine metabolism,
pantothenate and CoA biosynthesis, and pyrimidine metabolism.
Dihydrouracil is an intermediate breakdown product from
pyrimidine metabolism in the liver; it could be transformed into
beta-alanine and then into malonyl CoA by transamination to
participate in beta-alanine metabolism and pantothenate and
CoA biosynthesis (López-Sámano et al., 2020). Beta-alanine is
also one of the pantothenic acid ingredients. Pantothenic acid is a
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precursor of CoA and could protect the liver from injury caused
by oxidative stress (Wojtczak and Slyshenkov, 2003). So the
upregulation of dihydrouracil might be beneficial to protect
liver from the damage caused by oxidative stress of dietary
histamine. Dihydrothymine is an intermediate breakdown
product of pyrimidine metabolism; however, it was also believed
to represent the presence of potential DNA damage (Dawidzik
et al., 2004). Downregulation of dihydrothymine of the OPC
group suggested that DNA damage in the liver might be
alleviated by the improvements of antioxidant capacity by
OPC supplementation. It was found that higher levels of
dietary histamine could stimulate the generation of reactive
oxygen species to induce oxidative stress (Rada et al., 2013);
the changes of differential metabolites and related metabolism
pathways in the OPC group indicated that the liver health status
might be improved through the OPC’s role as an exogenous
antioxidant to maintain oxidant/antioxidant homeostasis under
the stress caused by dietary histamine (Pekkarinen et al., 1999;
Zhai et al., 2018).

CONCLUSION

In conclusion, there were counteracting effects of dietary
300 mg/kg OPC supplementation on the negative changes
of growth and some serum biochemical parameters caused
by 517 mg/kg histamine in the diet of juvenile American
eel, with the upregulation of L-cysteine and dihydrouracil
involved in cysteine and methionine metabolism, beta-
alanine metabolism, sulfur metabolism, pantothenate and
CoA biosynthesis, and pyrimidine metabolism and the
downregulation of dihydrothymine involved in pyrimidine
metabolism in the liver. These results suggested that OPC could

effectively counteract the negative effects of dietary histamine on
American eel.
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This study was designed to evaluate the effect of dietary lipid levels on the mRNA
transcripts of lipid metabolic regulatory genes. Nine combinations of experimental diets
containing graded lipid (80, 100, and 120 g/kg) and protein (450, 500, and 550 g/kg)
levels were fed to the Clarias magur (Indian walking catfish) larvae from 14 to 35 dph
(day post hatching). All the lipolytic genes, such as pancreatic triacylglycerol lipase (PL),
lipoprotein lipase (LPL), and bile salt-activated lipase (BAL), and genes for long-chain
polyunsaturated fatty acid (LC-PUFA) biosynthetic enzymes like fatty acyl desaturase-2
(FADS2), fatty acyl desaturase-5 (FADS5), and elongase (ELOV ) were expressed in a
wide range of tissues. A high abundance of mRNA transcript levels of lipolytic genes
was detected in the intestine and liver, and similarly, desaturases and elongase were
predominantly found to be expressed in the liver, brain, and intestine. Among the diets,
a significantly high expression of both lipolytic and LC-PUFA biosynthetic genes were
observed at 8% dietary lipid level. The mRNA expression of all the studied genes was
down-regulated at 12% dietary lipid contents. Hence, the present study concludes that
the efficient nutrient utilization and the lipid metabolic pathway occur at the optimum
dietary lipid level of 8% in C. magur larvae.

Keywords: dietary lipid, lipolytic, desaturase, elongase, transcript, Clarias magur

INTRODUCTION

Dietary lipids are considered to be the important source of energy and the essential fatty acids for
the fish among all the nutrients besides acting as the carriers of fat soluble vitamins (Liu et al.,
2018). Dietary lipids also have the property of protein sparing action where the optimum levels
of lipid inclusion in the diets results in the proficient utilization of dietary protein for improved
growth performance (Cho and Kaushik, 1990). The high dietary lipid level might lead to lipid
accumulation in the body which should not mislead to a pathological condition but could be a
strategy in the natural environment of fish in order to survive during the periods of starvation (Kjaer
et al., 2009; Han et al., 2011). However, in cultured conditions where fishes are fed continuously, fat
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accumulation in the body could be a problem and may affect the
feed intake and the lipid metabolic enzymes of the fish (Martino
et al., 2002; Du et al., 2008).

A plethora of reports revealed the impact of dietary lipid levels
on the lipid metabolic enzymes of fish (Alvarez et al., 2000; Wang
et al., 2005; Zheng et al., 2010). The high dietary lipid beyond the
optimal level leads to negative impact on the metabolic enzymes
like lipoprotein lipase (LPL), pancreatic lipase (PL), and hepatic
lipase (HL) during the early larval development of Darkbarbel
catfish (Zheng et al., 2010). Li et al. (2016) also concluded that
dietary lipid level had a great impact on the lipid metabolism
related genes in orange-spotted grouper.

Several lipases belonging to the same family are responsible for
the lipolytic breakdown of dietary lipids. LPL, PL, and BAL have
a significant level of structural resemblance and perform distinct
functions in lipid metabolism (Wong and Schotz, 2002). The LPL
plays a crucial role in the metabolism of plasma lipoproteins,
and its expression is regulated by the physiological, nutritional,
and developmental state of animals in a tissue-specific manner
(Tavangar et al., 1992; Wang et al., 2016). On the other hand, PL
and BAL are also important lipases secreted from pancreas which
are also essential for the metabolic breakdown of dietary lipids. PL
is substrate specific and leads to the breakdown of triacylglycerol
(TAG) into diacylglycerol (DAG), monoacylglycerol (MAG), and
eventually the free fatty acids. Whereas, BAL catalyzes the lysis
of carboxyl ester bonds of phospholipids, fat-soluble vitamin
esters, and cholesterol esters in addition to triglycerides and
has been revealed to be the most important digestive lipase
in teleosts (Gjellesvik et al., 1992; Wang and Hartsuck, 1993;
González-Félix et al., 2018).

Freshwater fishes have the ability to desaturate and elongate
linolenic (18:3n-3) and linolenic acid (18:2n-6) to produce
the n-3 and n-6 LC-PUFA, respectively with the help of
desaturase and elongase enzymes (Leonard et al., 2004; Zheng
et al., 2004; Bell and Tocher, 2009). The biosynthesis of
LC-PUFA is initiated by the insertion of double bonds
at selected positions, which is catalyzed by the fatty acid
desaturases (FADS), more specifically FADS6 and FADS5
(Sprecher, 1981). The desaturase FADS-6 enzyme is encoded
by the gene fatty acid desaturase-2 (FADS2) and is mainly
responsible for the rate-limiting step of fatty acid biosynthesis of
arachidonic acid (Nakamura and Nara, 2004; Gol et al., 2018).
The biosynthesis of highly unsaturated fatty acids like EPA
(eicosapentaenoic acid) requires FADS6 desaturase-mediated
desaturation of 18:3n-3 to produce 18:4n-3 and elongation
catalyzed by elongase followed by a desaturation by FADS5
(Cook, 1996). However, the synthesis of DHA (docosahexaenoic
acid) requires two additional steps viz. desaturation catalyzed
by 16 desaturase and a peroxisomal chain shortening step
(Sprecher et al., 1995).

Clarias magur is an important food fish of aquacultural
importance with good growth potential and excellent nutritional
profile due to its low fat (1%), high protein (15%), and high
iron (710 mg/100 g) contents (Hossain et al., 2006; Argungu
et al., 2013). The aim of the present study was to investigate the
effect of dietary lipid levels on the lipid breakdown and fatty
acid synthetic pathways at the molecular level and to determine

the optimal amount of lipids to be incorporated in the diets of
C. magur larvae.

MATERIALS AND METHODS

Experimental Design
A dietary strategy was designed containing graded levels of
lipids with constant protein contents among all the treatments
to elucidate their effect on the mRNA expression of lipid
metabolism-related genes of C. magur from 14 to 35 dph (days
post hatching). During the rearing period, different water quality
parameters like dissolved oxygen, temperature, and pH were
observed to be in the optimum ranges of 6–8 mg L−1, 28–30◦C
and 7.8–8.2, respectively. The experiment conducted from the 14
dph stage was based on the inference from our previous study
(Mir et al., 2019), where the C. magur was found to efficiently
utilize dietary lipids from 13 dph onward. Nine experimental
diets were prepared with combination of three lipids (8, 10, and
12%) and three protein levels (55, 50, and 45%). The protein
contents were decreased from 55 to 45% in all treatments (T1,
T2, and T3), since the requirement of dietary protein reduces as
the fish grows with age. The experimental design and the dietary
combinations followed are mentioned in Table 1. The feeding
trial was carried to evaluate the effect of the experimental diets on
the relative mRNA expression of lipid metabolism-related genes
viz. LPL, PL, BAL, fatty acyl desaturase-2 (FADS2), fatty acyl
desaturase-5 (FADS5), and fatty acyl elongase (ELOV).

Formulation and Preparation of
Experimental Diets
The experimental diets were prepared by using several
commercially available feed ingredients (Table 2). Soya
protein hydrolysate (SPH) and fish protein hydrolysate
(FPH) were procured from New Alliance Dye Chem Pvt. Ltd.
(Mumbai, India) and Jeevan chemical Pvt. Ltd. (Mumbai, India),
respectively. Nine experimental diets of variable lipid and protein
contents were formulated and prepared in the Fish Nutrition
and Feed Technology Laboratory of ICAR-Central Institute of
Fisheries Education. The diets were composed of 45% crude
protein (CP) and 8% lipid level (CL)-F1; 50% CP 8% CL (F2);
55% CP 8% CL (F3); 45% CP 10% CL (F4); 50% CP 10% CL (F5);
55% CP 10% CL (F6); 45% CP 12% CL (F7); 50% CP 12% CL
(F8); and 55% CP with 12% CL (F9) as displayed in Table 2.

All the selected ingredients were accurately weighed and
thoroughly mixed with adequate addition of water, except soya

TABLE 1 | Experimental design.

Age in day post
hatch (dph)

T1 (8% lipid) T2 (10% lipid) T3 (12% lipid)

14–21 55% CP 55% CP 55% CP

21–28 50% CP 50% CP 50% CP

28–35 45% CP 45% CP 45% CP

T1- Treatment 1; T2- Treatment 2; T3- Treatment 3. 14–21, 21–28, and 28–35
stands for rearing periods or age in dph. CP – Crude protein.
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TABLE 2 | Composition of the Experimental Diets (% DM).

Ingredients 45/8 F1 50/8 F2 55/8 F3 45/10 F4 50/10 F5 55/10 F6 45/12 F7 50/12 F8 55/12 F9

Level level level level level level level level level

Fish meal 32 32 32 32 32 32 32 32 32

Soybean meal 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5

Shrimp meal 8 8 8 8 8 8 8 8 8

Soya protein hydrolysate 10.6 14.5 18.5 10.6 14.5 18.5 10.6 14.5 18.5

Fish protein hydrolysate 10.6 14.5 18.5 10.6 14.5 18.5 10.6 14.5 18.5

Wheat flour 21.48 13.18 5.18 19.48 11.18 3.18 17.48 9.18 1.18

Sunflower: Fish oil mix (1:1) 3.5 4 4 5.5 6 6 7.5 8 8

Soy lecithin 3 3 3 3 3 3 3 3 3

Vitamin C 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Betaine 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Vit-min mix 3 3 3 3 3 3 3 3 3

BHT 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

CMC 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7

Total 100 100 100 100 100 100 100 100 100

lecithin, vitamin C, oil, and vitamin-mineral mix. The dough of
the mixture was steam-cooked for 15 min in autoclave and then
cooled to room temperature. Additives like butylated hydroxyl
toluene (BHT) dissolved in oil, premix of vitamin-mineral mix,
and vitamin C along with betaine and choline chloride were
mixed thoroughly to the dough for homogenous distribution of
the respective additives. The dough was then formed into pellets
by a pelletizer with 1 mm diameter die size and later transferred
to a spheronizer. The moist pellets were air-dried for some time
and then kept in a hot air oven at 40◦C until the moisture level
reduces to 10–12%. The dried pellets were crumbled to small size
particulate feeds and were packed in airtight zipper bags to be
used for the feeding trial.

Sampling
The collection of samples was done randomly in the morning
before the feeding of fishes. Gene expression analysis was carried
out by sampling six different pools of larvae from the three
experimental larval rearing tanks each stocked with 500 larvae.
The samples were taken at 21 dph (35 larvae numbers), 28 dph
(30 larvae), and 35 dph (19 larvae) in all the three treatments
for analysis after being euthanized with ice-cold water. Moreover,
the tissues such as liver, brain, stomach, intestine, muscle, and
gill were collected from adult fishes in triplicates for basal
distribution of the selected genes.

RNA Isolation and cDNA Synthesis
Total RNA was extracted from the whole larval samples taken
at the abovementioned time points of the study, using TrizolTM

reagent (Invitrogen, United States) as per manufacturer’s
instructions. The genomic DNA was removed from the extracted
RNA using DNase I (Thermo Scientific, United States) treatment
following our previously published study (Mir et al., 2018b). The
concentration of RNA as well as the purity was determined by
NanoDrop spectrophotometer (Thermo Scientific, United States)
at an optical density of 260/280. The cDNA were synthesized

from DNAse-treated RNA using the RevertAidTM First Strand
cDNA Synthesis kit (Thermo Scientific, United States) with
Oligo(dT) primer as per the protocol of manufacturer.

Molecular Cloning and Sequencing of
FADS2 and FADS5 Genes
The fatty acyl desaturases selected in the present study were first
cloned as no such earlier sequence of these genes was available
from the GenBank. Primers from the sequences of closely related
fish species were designed for FADS2 and FADS5 genes (Table 3),
using Gene Runner software (v. 4.0.9.62), for sequencing in
C. magur. Amplification reaction was carried out by using a
20-µL reaction volume under the conditions as follows: initial
denaturation or pre-heating at 94◦C for 4 min, followed by
35 cycles at 94◦C for 30 s, annealing at 57◦C (FADS2) and
59◦C (FADS5) for 30 s, 72◦C for 40 s and a post extension of
10 min at 72◦C by using 96-well PCR System (Takara, Japan).
The amplified PCR products with expected band sizes were
excised from gel, cloned into the pTZ57R/T vector (Thermo
Scientific, United States), then sequenced and confirmed by
NCBI BLAST analysis.

Sequence Similarity and Phylogenetic
Analysis of FADS2 and FADS5 Protein
The sequence similarity of the FADS2 and FADS5 putative
proteins was evaluated by using the BLASTP algorithm of the

TABLE 3 | Primers used for the amplification of FADS2 and FADS5 genes.

Primer name Primer sequence (5′-3′) Purpose

FADS2 F GATGGGCGGCGGAAGACACC Partial amplification

FADS2 R GCATGGTGCTGAAAGTGCCGA Partial amplification

FADS5 F GAGGGATGCGAGGTGGTGGACCG Partial amplification

FADS5 R GAACATGACGACAGGGTCAGCCAGC Partial amplification
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NCBI. The phylogenetic analyses of both the sequences were
done with sequences of other fishes and mammals deposited in
NCBI GenBank, using the MEGA 7.0 software.

Quantitative Real-Time PCR (qPCR)
Primers for qPCR analysis were listed in Table 4 and were
designed from the already submitted sequences to the GenBank.
The PCR efficiency (E) of primers was determined by using
the formula: E (%) = (10−1/slope

−1) × 100. The primers
with efficiency in the ranges of 95–105% were selected for
quantitative gene expression analysis (Kubista et al., 2006).
The mRNA transcript levels of respective genes were carried
out in a LightCycler R© Real-time PCR detection system (Roche,
United States). Beta actin (β-actin) was selected as internal
control for the expression analysis of lipid metabolism related
genes as per our previous report (Mir et al., 2018a).

The reaction volume (25 µL) comprising of 12.5 µL of
MaximaTM SYBR Green qPCR master mix (Thermo Scientific,
United States), 1 µL (10 pM) of each forward and reverse primer,
1 µL (100 ng) of cDNA, and 9.5 µL nuclease-free water was
used for the amplification in qPCR. Each sample was divided
into two wells each with 10-µL volume. The real-time PCR
program followed was pre-heating of 10 min at 95◦C, followed
by denaturation of 40 cycles at 95◦C for 20 s, annealing at 58◦C
(PL gene), 59◦C (LPL gene), 59◦C (BAL gene), 60◦C (FADS2
gene), 57◦C (FADS5 gene) and 59◦C (ELOV gene) for 30 s and
final extension of 30 s at 72◦C. The qPCR analysis was done by
following the 2−1Ct method (Livak and Schmittgen, 2001).

Statistical Analysis
One and two-way ANOVA was used for the analysis of data
at P < 0.05 significance level. Shapiro-Wilk’s test was used
for evaluating the normality, and equality of variances was
determined by Levene’s test before carrying out ANOVA. SPSS
22.0 software was used to conduct all the statistical analysis (SPSS
Inc., United States).

TABLE 4 | Primers used for the qRT-PCR analysis of lipolytic and long-chain fatty
acid biosynthesis related genes.

Primer name Primer sequence (5′-3′) Purpose

LPL F CAAGTTCGTGAACGTGATCGTGGT Quantitative PCR

LPL R GATGGCGGTGTTCTTGGTCAGC

PL F AGATGCCCAGAGCACACTGTCCC Quantitative PCR

PL R CTGGTCCATGTTTCTCAATCCTGTG

BAL F CGAAGGACACCAGGGCTTGGAA Quantitative PCR

BAL R GGCATCGCTGGGGTCCAGTC

FADS2 F GGAGGCACAGGGCTTATTCCGC

FADS2 R CCATCCAGCCTGAGCCTGTGCA Quantitative PCR

FADS5 F TACTCCCTACTCCTCATCCCCAAGG

FADS5 R GGCAGCCAGGAAGATCCTTAAAGG Quantitative PCR

ELOV F CTCGAATGGGGCGACTCCTAAAGAC

ELOV R GCAGTGTGTAGACTCGGGAAGTCGA Quantitative PCR

Beta Actin F TGCCCCAGAGGAGCACCCTG Internal control

Beta Actin R GACCAGAGGCGTACAGGGACAGC

RESULTS

Growth
The growth of the larvae on average wet weight basis was
assessed in all the treatments and was observed to be significantly
high at 8% dietary lipid level as shown in our previous report
(Mir et al., 2020).

Cloning of C. magur FADS2 and FADS5
Genes
Nucleotide sequences of 612 and 507 bp were acquired
from C. magur for FADS2 and FADS5 genes, respectively
(Figure 1). The size of the putative proteins were 204
(FADS2) and 169 (FADS5) amino acid residues. The respective
sequences were later submitted to the GenBank database
under the accession numbers MG654483.1 (FADS2) and
MG654484.1 (FADS5).

Homology and Phylogenetic Analysis
The protein sequence of C. magur FADS2 showed 65–95%
similarity with other fish species and around 57–62% with
mammals using protein BLAST of NCBI. On the other hand,
FADS5 putative protein of C. magur displayed 67–89% similarity
with other fish and 64–75% with mammalian species.

Phylogenetic neighbor joining tree analysis of C. magur
FADS2 showed more similarity with other catfish like Thai
magur, pangas, and marine catfishes and, hence, were
clustered in one clade (Figure 2). Similarly, the FADS5
putative protein exhibited higher similarity with other marine
catfish (Figure 3).

Tissue Distribution of Lipolytic Genes
Quantitative real-time PCR analysis showed that all the selected
genes related to lipolysis were broadly distributed and their
mRNA expression varied among the tissues (Figure 4). The
significantly high level of LPL mRNA expression was observed
in intestine and liver followed by muscle, and least transcript level
was found in gill and stomach. PL gene showed higher expression
in intestine followed by liver, and significantly low levels were
observed in brain, stomach, muscle, and gill tissues. In addition,
BAL transcript levels were significantly high in intestine followed
by liver and the rest of studied tissues.

Tissue Distribution of Desaturase and
Elongase Genes
In the present study, qPCR analysis of the desaturase and
elongase genes displayed a variable pattern of expression among
different tissues (Figure 5). C. magur FADS2 exhibited a
significantly high level of mRNA expression in liver followed by
brain, intestine, stomach, muscle, and gill. Furthermore, FADS5
transcript level was found to be highest in liver followed by brain
and intestine among the other tissues. However, the expression
of ELOV gene was high in the brain, liver, and intestine with no
significant difference, while a least transcript level was observed
in the rest of the tissues studied (stomach, muscle, and gill).
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FIGURE 1 | (A) PCR amplified product, Lane M; 100 bp plus ladder (Fermentas, United States) and Lane 1 fatty acid desaturase2 (FADS2) amplified product
(612 bp). (B) PCR amplified product, Lane M; 100 bp plus ladder (Fermentas, United States) and, Lanes 1 and 2; fatty acid desaturase5 (FADS5) amplified product
(507 bp).

FIGURE 2 | Phylogenetic analysis of C. magur FADS2 putative protein was done using MEGA 7.0 software. Phylogenetic relationship with other piscine and selected
mammalian FADS2 proteins. The evolutionary tree was formed using the neighbor-joining method and a bootstrap analysis with 1000 replicates was used to assess
the strength of nodes in the tree. Accession numbers are given in the brackets.

Quantitative Expression of Lipolytic
Genes
The mRNA expression of lipolytic genes in response to graded
dietary lipid levels was assessed in whole larval samples of
C. magur at different time points as displayed in Table 5.
Significant difference was observed among the relative expression
of lipolytic genes between all the combinations of lipid and
age groups within the treatments. The level of LPL mRNA

expression decreased significantly (P < 0.05) from 21 to 35 dph
in the treatments from T1 to T3. PL gene did not exhibit a
significant (P > 0.05) difference in the mRNA expression during
21 and 28 dph in T1 and T2 treatments. In T1, the relative
expression further declined in 35 dph, whereas in T2, it increased
significantly during 35 dph among all the other groups. However,
a significantly (P < 0.05) low expression level was observed in T3
group at all the time points. Similarly, the mRNA expression of
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FIGURE 3 | Phylogenetic analysis of C. magur FADS5 putative protein was done using MEGA 7.0 software. Phylogenetic relationship with other piscine and selected
mammalian FADS5 proteins. The evolutionary tree was formed using the neighbor-joining method and a bootstrap analysis with 1000 replicates was used to assess
the strength of nodes in the tree. Accession numbers are given in the brackets.

FIGURE 4 | Quantitative analysis of the relative mRNA expression levels of LPL (A), PL (B) and BAL (C) in different tissues of C. magur. Data (mean ± SEM, n = 3)
were expressed relative to expression of β-actin gene. Groups with different letters were significantly (P < 0.05) different.

BAL gene was found to be significantly high during the 21 dph
of T1 treatment among all the other groups. Although there was
no significant difference between T1 and T2 but, the expression
level declined from 21 to 35 dph in both the treatments. Like the
other two lipolytic genes, BAL gene showed a low expression level
in the treatment T3 (12% lipid level).

The individual effect of lipid and age revealed that 10%
lipid level exhibits a significantly high level of LPL expression
compared to the other two levels and 21 and 28 dph time

points did not show any significant difference and was higher
than 35 dph. Lipid has a significant influence on the mRNA
expression pattern of PL and BAL. There was no significant
difference in the level of PL gene expression in 8 and 10%
lipid levels and was observed to be higher than 12% lipid
level. Age of the larvae did not display any significant effect
on the mRNA expression pattern of PL gene. The BAL gene
expression was found to be significantly high at 8% lipid level
followed by 10 and 12%. Like the PL gene, the age has no
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FIGURE 5 | Quantitative analysis of the relative mRNA expression levels of FADS2 (A), FADS5 (B), and ELOV (C) in different tissues of C. magur. Data
(mean ± SEM, n = 3) were expressed relative to expression of β-actin gene. Groups with different letters were significantly (P < 0.05) different.

significant effect on the expression of BAL gene. The insignificant
difference due to age might be also due to level of protein
as the particular age represents a specific dietary protein level
as mentioned in the experimental design. The lipolytic genes
studied in the present study did not exhibit any interaction effect
between lipid and age.

Quantitative Expression of FADS2,
FADS5, and ELOV Genes
The regulation of expression of different genes related to
fatty acid synthesis in response to the feeding graded
levels of dietary lipid during different time points was
evaluated and is shown in Table 6. The expression of all
the genes vary in the three treatments with significantly
low expression level in T3 compared to T1 and T2. Dietary
lipid showed a significant effect on the mRNA transcript
level of FADS2, FADS5, and ELOV with high expression at
8% lipid content than 10 and 12% levels. So far as effect
of age is concerned, the mRNA expression of FADS2 gene
exhibited a significant increasing trend from 21 to 35 dph.
However, there was a significantly higher expression of
FADS5 at 35 dph and with no significant difference at 21 and
28 dph age groups.

A variable level of mRNA expression patterns of ELOV
gene were observed in different dietary treatments across
the age groups. The mRNA transcript level was significantly
(P < 0.05) high at 8% dietary lipid level, and it was declined
as the content of lipid was increased in the experimental
diets. Unlike the desaturases studied in the present study, the
expression of ELOV was not affected by age, and there was no
significant difference.

DISCUSSION

Lipid nutrition in fish has attracted the researcher’s interest
in particular with the diversity in requirements and lipid
metabolism, such as the mechanism and pathways of long-
chain polyunsaturated fatty acid (LC-PUFA) biosynthesis among
different species (Bell and Tocher, 2009). Fatty acid desaturases
and elongases form the important enzymes for biosynthesis of
LC-PUFA especially EPA, DHA, and AA. Among the desaturases,
15 and 16 fatty acid desaturases form key enzymes which lack
in marine fish along with the elongases (Sargent et al., 2002;
Tocher, 2003). However, delta-6-desaturase enzyme is encoded
by the fatty acid desaturase-2 (FADS2) gene, which is responsible
for the rate-limiting step in the biosynthesis of LC-PUFA (Gol
et al., 2018). Delta 5-Desaturase (FADS5) is a fatty acid metabolic
enzyme which is responsible for the biosynthesis of EPA and
DHA. FADS5 uses eicosatetraenoic acid (ETA, 20:4n-3) as a
substrate and leads to the insertion of a double bond for the
synthesis of EPA. On the other hand, lipolysis is also an important
biochemical pathway responsible for the breakdown of lipids
to make them usable for energy and several body functions.
Dietary lipids have a great impact on the biosynthetic and
lipolytic pathway of fish that varies with the type of species.
In the present study, the key desaturases (FADS2 and FADS5)
were characterized partially in order to elucidate the pattern of
expression in freshwater fish C. magur fed with variable level of
lipids. The putative proteins of FADS2 and FADS5 showed more
similarity to other catfish species as shown in the phylogenetic
neighbor joining tree analysis, which infer that genes are highly
conserved among the catfishes.

Tissue distribution studies revealed a variable pattern of
expression among the tissues taken in the present study. The
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TABLE 5 | Effects of dietary lipid levels and age on the expression of lipolytic
genes of C. magur.

Treatments LPL PL BAL

T1 8 × 55 × 21 1.41ab
± 0.40 1.76ab

± 0.48 3.02a
± 0.64

T1 8 × 50 × 28 1.13abc
± 0.22 1.84ab

± 0.15 2.04ab
± 0.34

T1 8 × 45 × 35 0.45bcd
± 0.18 0.78bc

± 0.26 2.25ab
± 0.44

T2 10 × 55 × 21 1.13abc
± 0.18 1.69ab

± 0.38 1.60b
± 0.06

T2 10 × 50 × 28 1.52a
± 0.25 1.77ab

± 0.35 2.24ab
± 0.13

T2 10 × 45 × 35 0.80bcd
± 0.55 2.71a

± 0.55 1.71b
± 0.21

T3 12 × 55 × 21 1.46a
± 0.38 0.70bc

± 0.37 1.47bc
± 0.4

T3 12 × 50 × 28 0.24cd
± 0.01 0.48c

± 0.27 0.50c
± 0.05

T3 12 × 45 × 35 0.11d
± 0.05 0.30c

± 0.07 0.54c
± 0.24

P value 0.0001 0.002 0.001

Effect of lipid

8 0.99ab 1.46a 2.44a

10 1.15a 2.06a 1.85b

12 0.61b 0.49b 0.84c

SEM 0.17 0.20 0.19

P value 0.10 0.0004 0.0005

Effect of age

21 1.33a 1.38 2.03

28 0.97a 1.36 1.59

35 0.45b 1.26 1.50

SEM 0.17 0.20 0.19

P value 0.007 0.91 0.14

Lipid × Age NS NS NS

Mean values in the same column with different superscript differ significantly
(P < 0.05). Data expressed as mean ± SEM, n = 6. T1 8 × 55 × 21- sample fed
with 8% lipid and 55% protein levels and collected at 21 dph. T1 8 × 50 × 28-
sample fed with 8% lipid and 50% protein levels and collected at 28 dph.
T1 8 × 45 × 35- sample fed with 8% lipid and 45% protein levels and
collected at 35 dph. T2 10 × 55 × 21- sample fed with 10% lipid and 55% protein
levels and collected at 21 dph. T210 × 50 × 28- sample fed with 10% lipid and 50%
protein levels and collected at 28 dph. T210 × 45 × 35- sample fed with 10% lipid
and 45% protein levels and collected at 35 dph. T3 12 × 55 × 21- sample fed with
12% lipid and 55% protein levels and collected at 21 dph. T312 × 50 × 28- sample
fed with 12% lipid and 50% protein levels and collected at 28 dph. T312 × 45 × 35-
sample fed with 12% lipid and 45% protein levels and collected at 35 dph.

lipolytic genes (LPL, PL, and BAL) primarily exhibited a high
relative expression in intestine. The high level of expression
of lipolytic genes in the intestine infers the maturation of gut
tissues responsible for the secretion of respective enzymes. The
high expression of lipolytic enzymes in the intestine was also
observed in the previous study in rohu and sardine fish (Nayak
et al., 2003). In contrast to our study, LPL mRNA expression was
significantly found high in liver in earlier reports on rainbow
trout and gilthead sea bream (Lindberg and Olivecrona, 2002;
Saera-Vila et al., 2005). On the other hand, desaturases and
elongase also exhibited a variable pattern of expression among
the different tissues. The higher transcript levels of FADS2 and
FADS5 were observed in liver followed by brain and intestine
among all the tissues, whereas significantly high ELOV mRNA
expression was found in brain followed by liver and intestine.
Aliyu-Paiko et al. (2013) also reported the highest expression of
desaturases and elongase in liver and brain of Channa striata.
The study is also corroborated by Zheng et al. (2009), with high
transcript level in liver and brain followed by intestine of cobia

TABLE 6 | Effects of dietary lipid levels and age on the expression of fatty acid
synthesis related genes of C. magur.

Treatments FADS2 FADS5 ELOV

T1 8 × 55 × 21 1.69bc
± 0.39 1.84bcd

± 0.25 1.51abc
± 0.27

T1 8 × 50 × 28 1.95ab
± 0.25 1.99bc

± 0.13 1.76ab
± 0.08

T1 8 × 45 × 35 2.55a
± 0.25 2.70a

± 0.34 1.97a
± 0.28

T2 10 × 55 × 21 1.21cd
± 0.22 1.33de

± 0.09 1.08bcd
± 0.19

T2 10 × 50 × 28 1.72bc
± 0.13 1.88bcd

± 0.05 1.43abc
± 0.09

T2 10 × 45 × 35 2.02ab
± 0.04 2.10b

± 0.01 1.45abc
± 0.33

T3 12 × 55 × 21 0.82d
± 0.08 1.07e

± 0.26 0.53d
± 0.09

T3 12 × 50 × 28 1.09cd
± 0.02 1.25e

± 0.08 0.91cd
± 0.05

T3 12 × 45 × 35 1.25cd
± 0.07 1.49cde

± 0.05 0.85cd
± 0.03

P value 0.002 0.0001 0.004

Effect of lipid

8 2.06a 2.18a 1.75a

10 1.65b 1.77b 1.32b

12 1.05c 1.27c 0.76c

SEM 0.11 0.10 0.12

P value 0.0001 0.0002 0.0001

Effect of age

21 1.24c 1.41b 1.04

28 1.59b 1.71b 1.36

35 1.94a 2.09a 1.42

SEM 0.11 0.10 0.12

P value 0.002 0.001 0.098

Lipid × Age NS NS NS

Mean values in the same column with different superscript differ significantly
(P < 0.05). Data expressed as mean ± SEM, n = 6. T1 8 × 55 × 21- sample fed
with 8% lipid and 55% protein levels and collected at 21 dph. T1 8 × 50 × 28-
sample fed with 8% lipid and 50% protein levels and collected at 28 dph.
T1 8 × 45 × 35- sample fed with 8% lipid and 45% protein levels and
collected at 35 dph. T2 10 × 55 × 21- sample fed with 10% lipid and 55% protein
levels and collected at 21 dph. T210 × 50 × 28- sample fed with 10% lipid and 50%
protein levels and collected at 28 dph. T210 × 45 × 35- sample fed with 10% lipid
and 45% protein levels and collected at 35 dph. T3 12 × 55 × 21- sample fed with
12% lipid and 55% protein levels and collected at 21 dph. T312 × 50 × 28- sample
fed with 12% lipid and 50% protein levels and collected at 28 dph. T312 × 45 × 35-
sample fed with 12% lipid and 45% protein levels and collected at 35 dph.

(Rachycentron canadum). Similarly, a widespread expression
pattern of desaturase and elongase was observed in the liver and
brain of rainbow trout, Oncorhynchus mykiss (Seiliez et al., 2001).
This indicates the liver has the central role in lipid metabolism,
where fatty acids are being synthesized and modified. The higher
expression of desaturases and elongase in the brain and liver
depicted the importance of LC-PUFA particularly DHA in neural
tissue development as suggested by Sargent et al. (2002).

Dietary lipid levels significantly influence the mRNA
expression of lipolytic genes. It was observed that 8 and 10%
lipid level exhibited high the expression level of LPL, PL, and
BAL genes compared to 12% lipid level. However, there was
no significant difference between 8 and 10% in the mRNA
abundance of LPL and PL, whereas, 8 and 10% lipid-fed groups
varied in the case of BAL expression. This suggests that there is
increased utilization of lipids at 8 and 10% dietary lipid levels
during larval development. Further, it revealed that BAL was
more responsive to dietary differences in lipid than LPL and PL.
It was reported that LPL mRNA expression level increased first
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and reached a plateau with increasing dietary lipid level from 5.8
to 19.9% in darkbarbel catfish larvae (Zheng et al., 2010), which
is in agreement with our study. Li et al. (2016) also found that the
LPL mRNA level of orange-spotted grouper larvae increased first
from 5.94 to 13.3% then remained constant and later declined
at 21.87% dietary lipid level. However, the mRNA expression of
LPL in different tissues like adipose tissue, liver, and muscle of
Megalobrama amblycephala was found to be high at 12% dietary
lipid levels (Li et al., 2013). This may be due to the different
optimum dietary requirement of lipids which varies from species
to species. Similarly, PL mRNA expression was also found to
decrease as the dietary lipid level increased from 13 to 23% in sea
bass (Cahu et al., 2003). Zheng et al. (2010) also reported that
PL activity decreased as the lipid content of diets was increased
in dark barbell catfish larvae. This decrease in activity can be
due to the nutritional regulation at transcriptional level. Bile
salt-activated lipase gene expression was found to be significantly
higher at 8% level and decreased further as the lipid level was
increased. It is clearly indicated that dietary lipid level affects the
expression of BAL, which is reported to be the common lipase
in teleosts (Patton et al., 1977). However, Hoehne-Reitan et al.
(2001) stated that the bile salt dependent lipase (BSDL) level of
turbot larvae was not significantly influenced by the lipid level
of the prey, which is a contrast statement with respect to our
results. Péres et al. (1996), on the other hand suggested that the
expression of digestive enzymes was affected by diet composition
at the transcriptional and translational levels. A decrease in
the efficiency or activity of digestive enzymes along with a
growth depressing effect due to high dietary lipid levels was
reported by Morais et al. (2007).

The temporal variation in expression levels of lipolytic genes
was evaluated, and it was found that only LPL displayed
significant difference in the relative mRNA levels. The significant
decrease in the LPL gene expression can be correlated with the
results of our previous study (Mir et al., 2019), where it showed a
declining trend after 16 dph. Whether the effect on the lipolytic
gene expression was due to age or difference in dietary protein
level could not be differentiated as the three time points represent
the samples fed with different protein levels. However, Cai et al.
(2017) suggested that the mRNA expression levels of key lipases
were mainly controlled by age in early stage and by the exogenous
feeding in later stages during the ontogenetic development of
large yellow croaker larvae.

In the present study, the regulation of biosynthesis of LC-
PUFA involving FADS2, FADS5, and ELOV in C. magur fed with
graded level of dietary lipid varies significantly. The biosynthetic
pathway of LC-PUFA was inhibited as the dietary lipid levels were
increased from 8 to 12%, as depicted by the down-regulation of
desaturases and elongase genes. The down-regulation could be
due to enhanced concentration of LC-PUFA in the treatments
with higher dietary lipid levels. The study is supported by several
previous reports in freshwater fish and mammals (Christiansen
et al., 1991; Izquierdo et al., 2008; Ren et al., 2012; Xu et al.,
2014; Nayak et al., 2018). The increasing pattern of FADS
expression during the developmental ontogeny of C. magur
from 21 to 35 dph suggested the enhanced capacity of LC-
PUFA biosynthesis as the larvae grows. Similar increase in the

FADS expression during larval development was also reported
in Channa striata and zebrafish (Monroig et al., 2009; Tan et al.,
2010; Jaya-Ram et al., 2011).

CONCLUSION

The study suggested that the efficient nutrient utilization and
the metabolism of lipids occurs at an optimum dietary lipid
level of 8%. Based on our results, feeding C. magur larvae
with a diet containing a high lipid level (12%) significantly
reduces its efficiency in the breakdown of complex lipids and the
biosynthetic pathway of LC-PUFA. Hence, the present study can
be used as a model for the optimization of dietary lipids and with
the potential to synthesize the long-chain PUFA’s at a suitable
lipid level without affecting the growth of the fish. Furthermore,
the effect of dietary lipids on fatty acid composition needs to be
studied in future.
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This study aimed to investigate the benefit of dietary cecropin AD (CAD) on the intestinal

health of turbot (Scophthalmus maximus) fed diets with a high level of soybean meal.

A 12-week feeding trial was conducted with four isonitrogenous and isolipidic diets: a

fishmeal-based diet (FM), a diet replacing 40% fish meal protein of FM diet with soybean

meal protein (SBM), and the SBM diet supplemented with 0.5 g/kg (C1) and 1.0 g/kg

(C2) CAD, respectively. The results of histology of distal intestine (DI) showed that turbots

fed the SBM diet exhibited distinct symptoms of enteritis. However, fish fed diets with

CAD supplementation kept the normal appearance of the DI which was similar to that in

FM group. Compared with the SBM group, diet with CAD supplementation significantly

decreased the gene expression of intestinal pro-inflammatory cytokines tumor necrosis

factor-α (tnf-α), interleukin-1β (il-1β), interferon-gamma (ifn-γ ), and nuclear factor-kappa

B p65 (nf-κb p65), while up-regulated the gene expression of intestinal tight junction

proteins claudin-3, claudin-4, occludin, and zonula occludens-1 (zo-1). Besides, diet

C1 shaped the intestinal microbiota profile toward an anti-inflammatory phenotype

represented by the increased abundance of Blutia, Firmicutes/Bacteroides ratio, and

decreased Prevotellaceae. In conclusion, dietary CAD could positively modulate the

intestinal health of turbot from the impairment induced by soybean meal, which expands

its application to help fish better adapt to the increasing plant protein level in aquafeed.

Keywords: cecropin AD, intestinal inflammation, intestinal tight junction, intestinal microbiota, turbot
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INTRODUCTION

Soybean meal has been widely used in aquafeed to solve the
contradiction between the soaring requirement and the lacking
supply of fishmeal. However, dietary inclusion of soybean meal
often leads to soybean meal-induced enteritis (SBMIE) in marine
fish, resulting in inferior health conditions and poor growth
performance (Baeverfjord and Krogdahl, 1996; Krogdahl et al.,
2003; Chen et al., 2018a; Liu et al., 2018). The SBMIE in
fish is commonly featured by overexpressed pro-inflammatory
cytokines, disruption of barrier function, microbial dysbiosis, as
well as evident pathological changes (Baeverfjord and Krogdahl,
1996; Mansfield et al., 2010; Reveco et al., 2014; Zhou et al., 2018;
Liu et al., 2019). As an indispensable component of intestinal
barrier, tight junction (TJ) complex in terms of morphology
and gene expression analysis has been extensively investigated
in fish suffering from SBMIE (Merrifield et al., 2009; Liu et al.,
2019; Zhao et al., 2019), as a healthy TJ plays pivotal roles
in resisting the invasion of harmful substances (DeMeo et al.,
2002) and preventing intestinal inflammation from prolongation
and aggravation (Su et al., 2013). Meanwhile, a healthy gut also
depends on the balance of microbial ecosystem, which acts as
a defensive barrier combined with the role in aiding digestive
function and development of intestine (Luis Balcázar et al., 2006).
Given that intestinal microbial composition and barrier function
can be effectively modified by dietary ingredients, and their
significance in maintenance of intestinal homeostasis (Clements
et al., 2014; Li et al., 2017; Zhou et al., 2018), many nutritional
strategies such as functional amino acid/protein, probiotics,
prebiotics, and organic acid have been exploited to relief fish
SBMIE (Sealey et al., 2009; Refstie et al., 2010; Ulloa et al., 2016;
Chen et al., 2018b; Liu et al., 2018; Zhao et al., 2019).

Antimicrobial peptides (AMP) are important components of
innate immune defense with broad-spectrum antibiotic activity
and immunomodulatory activities (Reddy et al., 2004; Hancock
et al., 2016), hence various kinds of AMPs have been investigated
to improve immune response and enhance disease resistance
in fish (Zhou et al., 2008; Dong et al., 2015; Lin et al., 2015;
Su et al., 2019; Li et al., 2020). Cecropin AD (CAD) is an
artificial cationic amphipathic AMP possessing great potential
for commercial application as a functional additive due to
its relatively stable bioactivity, broad-spectrum antimicrobial
property, and easily acquisition as a well-designed Bacillus subtilis
expression system has been established (Chen et al., 2009).
Studies have shed light on the effectiveness of CAD in reducing
intestinal aerobic bacteria and potential pathogens in piglets and
broilers (Wen and He, 2012; Wu et al., 2012). Moreover, some
cecropin family peptides exert great anti-inflammatory activity
in mammal immune cells (Kim et al., 2011; Lee et al., 2015;

Abbreviations: CAD, cecropin AD; FE, feed efficiency; FI, feed intake; SGR,

specific growth rate; FM, fishmeal; SBM, soybean meal; tgf -β , transforming

growth factor-β; tnf -α, tumor necrosis factor-α; il-1β , interleukin-1β; nf -κb p65,

nuclear factor-kappa B p65; zo-1, zonula occludens-1; ifn-γ , interferon-gamma;

il-8, interleukin-8; il-22, interleukin-22; SBMIE, soybean meal-induced enteritis;

TJ, tight junction; AMP, antimicrobial peptide; OTU, operational taxonomic unit;

PCoA, principle coordinate analysis; DI, distal intestine; LEfSe, linear discriminant

analysis effect size.

Wu et al., 2015) and promote the expression of TJ proteins
in porcine jejunum epithelial cells (Zhai et al., 2018). More
recently, our previous study proved that dietary CAD reduced the
abundance of intestinal Bacteroides while increased Lactococcus
lactis, highlighting its role as an intestinal immunoenhancer in
turbot (Scophthalmus maximus) fed a diet whose composition
resembled commercial formulation (Dai et al., 2020). Therefore,
the present study was designed to clarify the beneficial effects of
dietary CAD to protect the intestine health from the soybean
meal-induced intestinal inflammation, barrier damage, and
microbial dysbiosis in turbot, which is an extensively cultured
marine carnivorous fish in the world.

MATERIALS AND METHODS

Ethical Clarification
All sampling protocols, as well as fish rearing practices, were
reviewed and approved by the Animal Care and Use Committee
of Ocean University of China.

Experimental Diets
A total of four isonitrogenous and isolipidic experimental
diets were formulated to contain 52% crude protein and 12%
crude lipid: fishmeal-based diet (FM); FM with 40% fish meal
protein replaced by soybean meal protein (SBM); SBM+0.5
g/kg CAD (C1) and SBM+1.0 g/kg CAD (C2) (Table 1). The
CAD used in this study was developed by the National Feed
Technology Development Research Center and purchased
from Peking Sinagri Yin Thai Bio-Technology (Beijing,
China). The amino acid sequence composition of CAD is
KWKLFKKIEKVGQRVRDAVISAGPAVATVAQATALAK with
biomass of 3.8 KDa. A Bacillus subtilis expression system was
used for the mass-production of CAD. Briefly, the CAD gene
was fused with a small ubiquitin-like modifier gene and a signal
peptide of SacB. B. subtilis expression system was constructed
based on B. subtilis cells genetically modified by introducing an
operon comprising a promoter, the SUMO protease gene, and a
signal peptide of amyQ (Chen et al., 2009). The process of diet
making followed our previous study (Dai et al., 2020).

Fish Husbandry
Apparently healthy juvenile turbots were obtained from a
commercial fish farm in Penglai (Shandong, China). Fish were
fed the FM diet for 14 days to adapt to the experimental
conditions before the initiation of the feeding trial. At the start of
the experiment, 4 groups of turbot with similar sizes (initial mean
weight 8.47 ± 0.04 g) were randomly distributed to 12 fiberglass
tanks (200L, 30 fish/tank). Each diet was randomly fed to three
replicate groups of turbot to apparent satiation twice daily (08:00
and 17:00). Uneaten pellets were collected by siphonage, then
dried and weighed for the calculation of feed intake. The tanks
were supplied with seawater collected from the adjacent coast
after sedimentation and sand filtration, with water flow rate at
about 3L/min; a temperature between 15◦C and 17◦C; salinity,
35%; pH ranged from 7.5 to 8.0; dissolved oxygen over 6mg L−1.
The fish were kept into a flow-through water system supplied
with continuous aeration.
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TABLE 1 | Formulations and chemical analyses of the experimental diets (% DM).

Ingredient (%) FM SBM C1 C2

Fishmeala 66 40 40 40

Soybean meala 0 35 35 35

Wheat meala 26 15.6 15.55 15.5

Fish oil 5 6.4 6.4 6.4

Soy lecithin 1 1 1 1

Monocalcium phosphate 0.5 0.5 0.5 0.5

Choline chloride 0.3 0.3 0.3 0.3

Vitamin and Mineral premixb 1 1 1 1

Calcium propionate 0.05 0.05 0.05 0.05

Ethoxyquin 0.05 0.05 0.05 0.05

Cecropin ADc 0 0 0.05 0.1

Y2O3 0.1 0.1 0.1 0.1

Chemical analysis

Crude protein (CP) 52.42 51.83 51.62 51.21

Crude lipid (CL) 12.47 12.09 11.95 11.69

aFishmeal (DM, %): CP 72.47, CL 9.00; Soybean meal (DM, %): CP 54.54, CL 1.92; wheat

meal (DM, %): CP 17.68, CL 2.05.
bVitamin and Mineral premix (mg kg-1): retinyl acetate, 150; vitamin D3, 3.75; DL-α-

tocopherol acetate, 4,000; vitamin K3, 500; thiamin, 500; riboflavin, 800; pyridoxine

hydrochloride, 600; vitamin B12, 2; L-ascorbyl-2-monophosphate-Na, 10,000; calcium

pantothenate, 2,000; nicotinic acid, 3,000; inositol, 10,000; biotin, 5; folic acid, 170,

moisture < 10%; Fe, 12,000; Zn, 6,000; Cu, 400; Mn, 3,000; I, 100; Co, 10; Se, 10;

Mg, 15,000.
cPurchased from Peking Sinagri Yin Thai Bio-Technology (Beijing China).

Sample Collection
On the day 84, all the fish were fasted for 24 h for the measuring
of biomass in each tank. On the day 85, all turbots were fed
5 h previous to sampling. All turbots were fed 5 h previous
to sampling to ensure the intestine was filled with contents.
The contents were collected but not for use in the present
study. Distal intestine (DI) of 3 fish per tank were dissected
and rinsed with phosphate-buffered saline (PBS) to get rid of
the contents before immersing in liquid nitrogen and storing
at −80◦C for gene expression analysis. For the analysis of
intestinal microflora, the abdomen surface of fish was cleansed
with 70% ethanol. Afterward, the hindguts of other 3 fish each
tank were collected with a sterile dissecting instrument near
an alcohol lamp. The digesta samples were collected aseptically
by squeezing the contents out of the DI into sterile containers
and transferred into storage at −80◦C. Then the remaining DI
tissues were rinsed 3 times softly for 1min in PBS to remove
the contents before transferred to 2mL sterile Axygen tubes and
immediately frozen in liquid nitrogen. On the day 86, Three fish
per tank were randomly picked for the analysis of proximate
composition. For the intestinal histological examination, short
segments (about 1 cm in length) of DI from other 3 randomly
selected fish were dissected and fixed in the 4% paraformaldehyde
(Solarbio, China).

Chemical Analysis
The proximate composition of feed ingredients, diets and fish
body were determined according to the standard methods

(AOAC, 1995). Dry matter was measured by drying samples at
105◦C to a constant weight; crude protein by the Kjeldahl method
(2300-Autoanalyzer, FOSS Tecator, Höganäs, Sweden); crude
lipid by the Soxhlet method (B-811, BUCHI, Flawil, Switzerland);
ash by combustion to a constant weight at 550◦C.

Histological Analysis
After fixation in the 4% paraformaldehyde for 24 h, DI
samples were dehydrated in ethanol, equilibrated in xylene,
and embedded in paraffin according to standard histological
techniques. Then the sections of 7µm were cut with a rotary
microtome (Lecia Jung RM 2016, Germany) and stained with
the hematoxylin-eosin method. The examination was conducted
with a light microscope (DP 72, Olympus, Tokyo, Japan)
equipped with a camera (E 600, Nikon, Tokyo, Japan) and an
image acquisition software (CellSens Standard, Olympus, Tokyo,
Japan) following the criteria suggested by krogdahl (Krogdahl
et al., 2003): length and fusion of mucosal folds, cellular
infiltration, and width of the lamina propria and submucosa,
enterocyte vacuolization, and nucleus position within the
enterocytes. The perimeter ratio (arbitrary units AU) between
the internal and external perimeter was determined using the
Image-Pro Plus R© software (Media Cybernetics, Silver Spring,
MD, United States) according to the method of Dimitroglou
(Dimitroglou et al., 2009), a schematic drawing showing the parts
served to calculate the intestinal PR value was described in our
previous study (Dai et al., 2018). A higher PR value indicates a
larger absorptive surface area resulting from increased length of
villi height and/or a number of mucosal folding.

Quantitative RT-PCR Analysis
Total RNA was extracted from DI using Trizol reagent (Takara,
Beijing) and electrophoresed on a 1.2% agarose gel to evaluate the
integrity, with RNA concentration assessed using NanoDrop R©

ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA,
United States). The first cDNA strand was synthesized by
reversely transcribing purified 1 µg total RNA using PrimeScript
RT reagent Kit with gDNA Eraser (RR047A; Takara Biotech)
according to the manufacturer’s indication. The real-time qPCR
(rt-qPCR) assays were performed in a total volume of 25 µL
consisted of 1 µL of 200 ng/µL complementary cDNA product, 1
µL of each specific primer (10µM), 12.5µL of TYBR Green PCR
Master Mix [c R© Premix Ex TaqTM (Tli RNase H Plus)] (Takara,
Japan), 9.5 µL of diethylpyrocarbonate-treated water (Sigma-
Aldrich). The reaction conditions of qPCR amplification were
employed as following conditions: 95◦C for 2min and then 40
cycles of 95◦C for 10 s, 60◦C for 20 s, and 72◦C for 20 s. A melting
curve analysis was performed after each amplification phase to
confirm that any product detected was specific to the desired
amplicon. Fold changes were calculated after normalization
to reference gene β-actin using relative quantitative method
(2−11CT). Primer sequences are listed in Table 2.

Intestinal Microbiota Profiling
Total bacteria DNA was extracted from the DI mucosa layer
of one fish on a super clean bench around alcohol flame using
a QiAamp DNA stool Mini Kit (Qiagen, Germany). 16S rRNA
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TABLE 2 | Primers used for real-time PCR analysis.

Target gene Forward primer Reverse primer Genebank No.

claudin-3 GCCAGATGCAGTGTAAGGTC CCGTCCAGGAGACAGGGAT KU238180.1

claudin-4 ATGTGGAGTGTGTCGGCTT AGACCTTGCACTGCATCTG MF370857

claudin-7 CTCCATCCTGCAGCTCAACA GGTGCACTTCATTCCCATGC MF370858

occludin ACTGGCATTCTTCATCGC GGTACAGATTCTGGCACATC KU238182.1

tricellulin GCCTACATCCACAAAGACAACG TCATTCCCAGCACTAATACAATCAC KU238183.1

zo-1 AGAGAACCTGTCACTGATAGATGC CTGTCGGAATTGTTGCCTGATG KU238184.1

tnf-α GGACAGGGCTGGTACAACAC TTCAATTAGTGCCACGACAAAGAG FJ654645.1

il-1β CGCTTCCCCAACTGGTACAT ACCTTCCACTTTGGGTCGTC AJ295836.2

tgf-β TCAGCATTCCAGATGTAGGTG GGAGAGTGGCTTCAGTTTTTC KU238187.1

ifn-γ GCTTTCCCGATCATCTTCTG GGTTTCCCAGATTCCCATTC DQ400686.1

il-8 GGCAGACCCCTTGAAGAATA TGGTGAACCCTTCCCATTAT HQ872499

il-22 GCTGCAGCGTGACTCACTA CTGCAGGTACGTGAAGAGGA JQ349070.1

nf-κb p65 ACACTGCTGAGCTGAAGATC CTCTGAGCCCATCAGGGTC MF370855

β-actin CGTGCGTGACATCAAGGAG AGGAAGGAAGGCTGGAAGAG EU686692.1

TABLE 3 | Effects of dietary supplementation of CAD on growth performance and feed utilization of turbot1.

FM SBM C1 C2

Weight gain (%) 369.81 ± 7.56c 269.78 ± 14.09a 347.37 ± 12.93bc 300.86 ± 18.34ab

SGR2 (% day−1) 1.84 ± 0.02b 1.56 ± 0.04a 1.78 ± 0.03b 1.65 ± 0.05ab

FE3 1.14 ± 0.02b 0.93 ± 0.03a 1.03 ± 0.01ab 0.93 ± 0.03a

FI4 (% day−1) 1.36 ± 0.02a 1.47 ± 0.02ab 1.47 ± 0.01ab 1.54 ± 0.03b

1Values represent means of 3 replicate tanks.
2SGR, specific growth rate.
3FE, feed efficiency.
4FI, feed intake.

Different superscript letters within a row denote significant differences (P < 0.05).

TABLE 4 | Effects of dietary supplementation of CAD on whole-body composition of turbota.

FM SBM C1 C2

Moisture (%) 76.29 ± 0.10 75.76 ± 0.09 76.03 ± 0.16 76.18 ± 0.43

Crude protein (%) 68.91 ± 0.54 67.00 ± 0.79 68.22 ± 0.29 68.08 ± 0.29

Crude lipid (%) 3.58 ± 0.11 3.49 ± 0.34 3.66 ± 0.14 3.65 ± 0.19

Ash (%) 4.06 ± 0.06 4.47 ± 0.16 4.07 ± 0.12 4.03 ± 0.04

aValues represent means of 3 replicate tanks. The approximate composition is dry weight based.

gene amplicon sequencing libraries of the V4 hypervariable
region were prepared with quality checked on the Qubit@
2.0 Fluorometer (Thermo Scientific), and pools of amplicons
were sequenced at Novogene Technology Co., Ltd. (Tianjin,
China) on an Ion S5TM XL platform. After data filtration
and chimera removal, clean reads were then imported into
Uparse software (Uparse v 7,0,1001). The reads were then
clustered to operational taxonomic units (OTUs) based on 97%
sequence similarity cut off value. Alpha diversity including
Shannon and observed species was calculated with QIIME
(v1.7.0) and displayed with R software (v 2.15.3). Principal
Coordinate Analysis (PCoA) displayed byWGCNA package, stat
packages, and ggplot2 package in R software (Version 2.15.3)
was performed to get principal coordinates and visualize from

complex, multidimensional data. Linear discriminant analysis
effect size (LEfSe) analysis was performed on the bacterial taxa
relative abundance values to determine the presence of bacterial
taxa with statistically significant changes in abundance in the
intestinal microbiome from different treatment groups.

Calculations and Statistical Analysis
The following variables were calculated:

Weight gain (%) = 100 × (final weight - initial weight) /
initial weight.

Specific growth rate (SGR, % day-1)= 100× (Ln final weight–
Ln initial weight)/days.

Feed efficiency (FE) = (final weight – initial weight) /
feed consumed.
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FIGURE 1 | Effects of dietary supplementation of CAD on morphology in the distal intestine (DI) of turbot. Scale bar of images at low power, 200µm; Scale bar of

enlarged images, 50µm. The red circle denotes the dilation of the lamina propria with the infiltration of eosinophilic granulocyte.

Feed intake (FI, % day-1)=100× feed intake / [(initial weight
+ final weight)/2]/days.

SPSS version 22.0 for OS X was used for statistics
analysis. Data except for microbiota analysis were subjected to
homogeneity test before one-way analysis of variance (ANOVA).
Differences between means were determined using Tukey’s
multiple-comparison test. Significance of results was determined
when P < 0.05, and the results are presented as means ±

SEM. Comparisons of 2 means were performed by using two-tail
Student’s t-test.

RESULT

Growth Performance and Body
Composition
After the 12-week feeding trial, significantly enhanced weight
gain and specific growth rate (SGR) were observed in FM and
C1 groups compared with the SBM group (P < 0.05). The feed
efficiency (FE) in fish fed diet C1 was higher than that in fish fed
diet SBM, showing no significant difference with the FM group
(P > 0.05) (Table 3). Whole-body composition was not affected
by CAD supplementation as no treatment-related difference of
crude protein, lipid, moisture, and ash were observed among all
diet groups (Table 4).

Intestinal Morphology
Dietary CAD improved the villi morphology of the distal
intestine (DI) both in quantity and the quality (Figure 1).
The increased intestinal perimeter ratio was observed in the

FIGURE 2 | Effects of dietary supplementation of CAD on perimeter ratio in

the DI of turbot. Arbitrary unit. Error bars of columns indicate standard error of

means (n = 9) and different letters among columns denote significant

differences as evaluated by Tukey’s HSD test.

CAD-supplemented group compared with the SBM group
(Figure 2). From the zoomed-in images, the broaden of lamina
propia and infiltration of eosinophilic granulocyte were clearly
observed in the SBM group, while the lamina propia slightly
widened and fewer eosinophilic granulocytes accumulated in the
DI in the C1 and C2 groups (Figure 1).
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FIGURE 3 | Effects of CAD supplementations on the gene expression level of inflammatory cytokines in the DI of juvenile turbot. Data were expressed as means ±

standard errors of means (n = 9). Bars not sharing the same letters denote significant (P < 0.05) differences in gene expression level.

FIGURE 4 | Effects of CAD supplementations on the gene expression level of tight junction protein in the DI of juvenile turbot. Data were expressed as means ±

standard errors of means (n = 9). Bars not sharing the same letters denote significant (P < 0.05) differences in gene expression level.

Quantitative RT-PCR Analysis of
Inflammatory cytokines in DI
Compared with the FM group, the SBM diet significantly
increased gene expression levels of nf-κb p65, ifn-γ , tnf-α,
and il1-β in DI. However, compared with diet SBM, the gene
expression level of these pro-inflammatory genes significantly
lowered in turbot fed the diet C1 (P < 0.05). The gene expression
levels of nf-κb p65 and ifn-γ decreased remarkably in the C2
group (P < 0.05). No diet-related differences were observed in
the gene expression levels of transforming growth factor-β (tgf-
β), interleukin-8 (il-8), and interleukin-22 (il-22) among all diet
groups (P > 0.05; Figure 3).

Quantitative RT-PCR Analysis of Tight
Junction Proteins in the DI
Compared with the FM group, the turbot subjected to
SBM treatment showed significantly decreased intestinal gene
expression level of occludin, claudin-3, claudin-4, and zo-1

(P < 0.05). The supplementation of CAD in SBM increased the
gene expression level of occludin, claudin-3, claudin-4, and zo-
1 compared with the SBM group and exhibited no significant
differences with the FM group. There are no remarkable changes
in the gene expression level of tricellulin and claudin-7 among all
dietary treatments (P > 0.05; Figure 4).

Intestinal Microbiota Composition
A total of 973,130 raw single-end reads was generated from 12
samples, resulting in the identification of 5,840 OTUs according
to 97% sequence similarity. The rarefaction curves reached the
plateau, indicating adequate sequencing depth for all the samples
(Figure 5). At the phylum level, Firmicutes, Bacteroidetes,
and Proteobacteria were detected as the predominant bacterial
phyla in the DI of turbot from all groups. At the genus level,
Mycoplasms, unidentified Clostridiales, Bacteroides, Lactobacillus,
Faecalibacterium, Rhodococcus, Subdoligranulum, unidentified
Ruminococcaceae, unidentified Cyanobacteria, and Bacillus
composed the top ten dominant genera of intestinal microbiota
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communities (Figure 6). Bacteria diversity (Shannon index)
did not differ among all treatments. However, fish in the SBM
group showed a trend toward higher bacterial richness (observed
species) compared with fish in the FM group, while dietary
CAD decreased the number of observed species compared
with the SBM group (Figure 7). Unweighted unifrac-based
principal coordinate analysis (PCoA) showed evident clustering
of intestinal microbiota samples according to different basic
diet composition. FM and SBM groups differed significantly in
principal coordinate 1 (PC1) (P = 0.015), while the intestinal
microbiota of SBM, C1, and C2 was not significantly different
from each other (Figure 8). As revealed by LEfSe analysis, the
relative abundance of Firmicutes and Blautia were significantly
higher in group FM compared with the SBM group (Figure 9).
Turbot fed C1 diet significantly decreased the abundance of
Proteobacteria and increased Firmicutes/Bacteroidetes ratio
compared with the SBM diet (P = 0.05; Figures 9, 10).

FIGURE 5 | Rarefied curves for the number of observed species in the DI of

turbot.

DISCUSSION

The present study showed that dietary CAD markedly alleviated
the symptom of the soybean meal-induced enteritis (SBMIE)
in turbot, which was evidenced by the decreased eosinophilic
granulocytes count in lamina propria and the reduced gene
expression of pro-inflammatory cytokines. In line with our study,
intake of porcine β-Defensin 2 attenuated the DSS-induced
colitis by inhibiting the production of inflammatory mediators
and preserving the integrity of colon in mice (Han et al.,
2015), and Cathelicidin-WAwas capable of attenuating intestinal
inflammation and diarrhea in weaned diarrheal piglets (Yi et al.,
2016). Moreover, it is fairly well elucidated that the development
of SBMIE in turbot is in connection with the activation of nf-
κb (Chen et al., 2018a; Liu et al., 2018), which in multiple
ways regulates the production of various inflammatory cytokines
via acting as the transcription factor binding sites (Liu et al.,
2003; Sahlmann et al., 2013). In this study, the significantly
decreased intestinal gene expression level of nf-κb p65 in fish
fed CAD diet indicated that CAD probably blocked the nf-κb-
triggered overexpression of intestinal inflammatory cytokines,
which is supported by the evidences that cecropin family peptides
efficiently inhibit LPS or pathogens-induced expression level of
nf-κb in mouse peritoneal macrophages (Wu et al., 2015; Wei
et al., 2018).

The present results concerning the perimeter ratio of intestinal
villi suggested that CAD contributed to a better preserved
morphological structure in turbot, implying an improved
absorbency of nutrients either by an increased intestinal villi
length and/or amount of mucosal folding (Dimitroglou et al.,
2009). As an important component of the intestinal epithelium,
tight junction (TJ) located most apical mucosa acting as a
selective physical barrier to defend against numerous harmful
substances (Tsukita et al., 2001). Dietary CAD increased the
gene expression level of intestinal claudin-3, claudin-4, zo-1,
and occludin in turbot, which is in line with the previous
study showing that the Cathelicidin-BF increased mRNA level
of zo-1, occludin, and claudin-1 in the colon of mice with
colitis induced by DSS (Zhang et al., 2015). Likewise, human
defensin 5 was able to block the ethyl alcohol and colitis-
induced disruption of colonic TJ complexes inmice (Shukla et al.,

FIGURE 6 | Top 10 most abundant taxa at phylum (I) and genus level (II) in the DI of turbot.
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FIGURE 7 | α-diversity represented by observed species (I) and Shannon diversity (II) in the DI of turbot.

FIGURE 8 | Unweighted unifrac-based principal coordinate analysis (PCoA)

analysis in the DI of turbot. Small dots represent individual samples.

2018). Since the destroy in intestinal TJ function would lead
to a paracellular influx of luminal antigens, which is a crucial
pathogenic factor in initiation and exacerbation of intestinal
inflammation (Groschwitz and Hogan, 2009), it is proposed that
the reduced intestinal inflammation in turbot fed dietary CAD
may be partly due to the improved of barrier function, although
the mechanism remains to be fully defined and understood.

Diets play a key role in shaping intestinal microbiota
composition, which in turn well-reflects host intestinal health

status (Brown et al., 2012; Pop, 2012). In the present study, the
number of observed species in the SBM group was significantly
increased compared with the FM group, which was in agreement
with the studies in rainbow trout (Oncorhynchus mykiss) (Desai
et al., 2012) and Atlantic salmon (Salmo salar) (AnneMarie et al.,
2007). However, this number was strongly decreased by dietary
CAD compared with the SBM group, which is in accordance
with our previous finding that a diet with high supplementation
of CAD significantly decreased the α-diversity of intestinal
microbiota in turbot (Dai et al., 2020). The descended number
of observed species clearly reflect the effective antimicrobial
property of CAD in fish intestine just as it has been found to
decrease the total aerobic bacterial counts in the jejunal and
caecal digesta in broilers (Wen and He, 2012) and piglets (Wu
et al., 2012). In terms of intestinal microbiota composition,
Proteobacteria, Bacteroidetes, and Firmicutes constitute the three
major members of bacteria at the phylum level in all treatment
groups. This result was in agreement with the previous findings
in turbot whose intestinal microbiome was unveiled by bacterial
Next-Generation Sequencing (Li et al., 2017; Dai et al., 2018,
2020; Yang et al., 2018). However, a significant decrease in
the relative abundance of Firmicutes was observed in SBM
group compared with FM group, which was mainly attributed
to losses of Blautia, while no such a difference was found
between C1 and FM group, suggesting the relative abundance
of Blautia was profitably increased by dietary CAD. Blautia
is well-recognized as part of the butyrate-producing bacteria
genus of the intestinal microbiota (Biddle et al., 2013; De
Filippis et al., 2016), and some of Blautia species were able
to reduce the ratio of pro- to anti-inflammatory cytokines
ratio in human mononuclear cells (Benítez-Páez et al., 2020).
Therefore, it is possible that the thriving of Blautia by diet
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FIGURE 9 | The Linear Discriminant Analysis (LDA score >4) of microbiota communities in the DI of turbot. (I) FM vs. SBM; (II) SBM vs. C1; (III) SBM vs. C2.

C1 might facilitate the inflammation regulation. Besides, diet
C1 markedly increased Firmicutes/Bacteroidetes ratio, which is
an indicator closely associated with human intestinal health,
significantly decreasing among people with various gut disorders
such as irritable bowel syndrome and inflammatory bowel
diseases (Tamboli et al., 2004; Collins, 2014). Additionally, there
is an obvious reduction in members of family Prevotellaceae
in the C1 group compared with the SBM group. Prevotellaceae
has been reported as a prominent representation in samples
from IBD patients (Kleessen et al., 2002; Lucke et al., 2006),
which may disrupt the mucosal barrier function by producing
sulfatases that actively degrade mucus oligosaccharide (Wright
et al., 2000). Taken together, these results point to a bacterial
component as being responsible for an inflammatory phenotype
in SBMIE in turbot, while the shaping of microbiota composition
by dietary CAD probably posed a positive effect on intestinal
inflammation status.

Collectively, diet with CAD supplementation could effectively
mitigate the intestinal enteritis of turbot induced by SBM, which
was evidenced by inhibiting the overexpression of intestinal
pro-inflammatory cytokines, enhancing the intestinal mucosal

FIGURE 10 | The Firmicutes/Bacteroides ratio compared the SBM group to

the C1 group in the DI of turbot. “P = 0.05” indicates a significant difference.

barriers, as well as improving the intestinal microbiota profiles.
The improved intestinal health eventually provides the increased
feed efficiency and a better growth performance of turbot.
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This study indicated that CAD could serve as an effective
additive to promote intestinal health in turbot fed high levels of
soybean meal.
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Lysine is known to be a functional nutrient from yeast to human beings. However,
the mechanisms for lysine to regulate body growth and metabolism in fish species
are far from fully illuminated. In order to elucidate the molecular effects of lysine on
growth performance and metabolism, largemouth bass (Micropterus salmoides), which
is extremely sensitive to protein composition, was chosen as the experimental model.
Juvenile largemouth bass (4.16 ± 0.02 g) were fed with the lysine control diet (LC diet),
the lysine supplementation diet (LS diet), and the low lysine diet (LL diet) for 8 weeks.
The results showed that the LS diet group significantly increased fish growth, feed
efficiency, and nutrient retention compared with those of the LL diet group in largemouth
bass. Moreover, compared to the LL diet, lysine supplementation also elevated the
plasma total protein, total EAA, total AA, and some individual AA concentrations.
Mechanistically, lysine supplementation had a significant effect to decrease the mRNA
expression levels of peptide and AA transporters induced by lysine restriction. Lysine
supplementation also had an important impact on regulating the target of rapamycin
(TOR) signaling pathway. More importantly, the key regulators in the amino acid response
(AAR) signaling pathway were also down-regulated by lysine supplementation. Our
results provide a clear elucidation of how dietary lysine affected growth performance,
physiological and biochemical responses, and signaling responses and represent a
sound foundation for using lysine to improve the nutrient utilization of poultry by-product
meal in largemouth bass.

Keywords: lysine, growth performance, nutrient-sensing signaling pathways, gene regulation, largemouth bass
(Micropterus salmoides)
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INTRODUCTION

Beyond acting as building blocks for proteins, amino acids (AA)
also have diverse physiological functions, such as regulating
body growth and metabolism, cell signaling, immunity, appetite
stimulation, stress responses, and reproduction (Li et al., 2009;
Wu et al., 2014). In 2010, Wu (2010) defined the AA that
played a vital role in regulating key metabolic pathways as a
new concept of “functional amino acids” (FAA). A restriction
in an FAA leading to AA imbalance not only impairs protein
synthesis but also disrupts whole body metabolism homeostasis
(Wu, 2010). Consequently, the ideal balances of dietary AA will
promote optimal growth, production, and health performance
(Reeds, 2000).

As an important FAA in both human beings and other
animals, lysine exerts extraordinary effects on body growth
and metabolism (Li et al., 2009). More surprisingly, data on
the AA composition of the ingredients used in animal feeds
show that lysine is one of most often limiting AA, especially
in plant protein sources (Mai et al., 2006). Therefore, lysine
supplementation represents a crucial way to improve the nutrient
utilization of low-lysine ingredients. Increasing evidences in
mammals had shown that dietary lysine concentration is the
top regulator of the metabolism in piglets (Shikata et al., 2007).
Consistent with mammals, studies on fish also revealed that lysine
restriction caused not only growth restriction and metabolic
obstruction (Marine et al., 2011) but also scoliosis, lordosis,
and immune problems (Khan and Abidi, 2015). Until now, a
large number of studies have only explored the effect of dietary
lysine on the phenotypic changes in the growth performance
of fish species, but the underlying molecular mechanism by
which lysine affects growth and metabolism still need to
be fully revealed.

Nutrient-sensing signaling pathway activation is the core
mechanism for AA to regulate body growth and metabolism
(Kimball, 2007). Target of rapamycin (TOR) and amino
acid response (AAR) are two complementary nutrient-sensing
signaling pathways that control body anabolism and catabolism
(Guo and Cavener, 2007; Trevino et al., 2008). A well-balanced
AA profile diet could activate the TOR signaling pathway to
promote protein synthesis and intermediary metabolism (Ma and
Blenis, 2009). In contrast, deficiency in any individual AA will
enhance the abundance of uncharged tRNAs, resulting in the
activation of general control non-derepressible 2 kinase (GCN2),
a key regulator involved in the AAR signaling pathway, and
the subsequent inhibition of total protein (TP) translation (Guo
and Cavener, 2007). Furthermore, peptide and AA transporters,
as the bridge connecting the internal and exterior cell milieu,
are the AA sensing mechanisms that lie upstream of the
TOR and AAR pathways (Castagna et al., 1997; Russell et al.,
2003). In recent years, peptide and AA transporters have
been considered as the first step for AA sensing and are
increasingly thought to play a pivotal role in body nutrient
sensing (Bröer, 2008; Song et al., 2017). In mammals, numerous
reports have revealed the regulatory mechanism of dietary
lysine levels on nutrient-sensing signaling pathways (Sato et al.,
2015). However, little is known about how lysine regulates

body growth and metabolism through nutrient-sensing pathways
in fish species.

In the present study, lysine supplementation to low lysine
diet was hypothesized to promote the body growth and
metabolism by affecting nutrient-sensing signaling pathways.
To test this hypothesis, largemouth bass, a carnivorous
fish species, was chosen as the experimental model to
explore the changes in body growth performance, nutrient
accumulation, plasma AA concentration levels, peptide and
AA transporters expressions, and TOR and AAR signaling
pathways after feeding different lysine level diets. This trial
should provide an improved mechanistic understanding of
the inner links among lysine, nutrient-sensing, and body
growth performance.

MATERIALS AND METHODS

Ethics Statement
The experimental procedures strictly complied with the
regulations of the University Animal Care and Use Committee of
the South China Normal University (approval reference number
1002019-02-0016).

Experimental Diets
All the components in the experimental diets are presented
in Table 1. Three isonitrogenous (approximately 54.8% crude
protein) and isolipidic (approximately 12.5% crude lipid) diets
were formulated using fishmeal (FM), poultry by-product meal
(PBM), and L-crystalline AA with different levels of lysine. The
lysine control diet (LC diet) contained 65% FM, the low lysine
diet (LL diet) contained 65% PBM, and supplementation with
all the EAA except lysine to match the EAA profile of the
LC diet, and the lysine supplementation diet (LS) contained
65% PBM and supplementation with all the EAA to match
the EAA profile of the LC diet. The ingredients used in
this experiment were finely grounded into powder through
a 320-µm screen. After that, all the compositions used in
the diets were individually blended in the mixer and further
homogenized after oil and water added. The pellets were wet-
extruded by using a pelletizer (F-26, South China University
of Technology, Guangzhou, China). All the experimental diets
were dried at 45◦C for 12 h and stored at −20◦C until used.
The AA compositions of the experimental diets are presented in
Table 2.

Fish and Experimental Conditions
Juvenile largemouth bass were purchased from Zengcheng
Fish Farm (Guangdong, China). Before the experiment, all
fish were fed commercial feed twice per day for 2 weeks
to apply experimental conditions. Afterward, the largemouth
bass were fasted for 24 h and weighed to obtain the initial
body weight. Fish with an initial weight of 4.16 ± 0.02 g
were randomly assigned into tanks with 300 L of freshwater.
Each diet was allocated in triplicate tanks, and each tank
contained 30 fish. Fish were fed twice (07:00 and 17:00)
daily to apparent satiation for 8 weeks. During the trial, the

Frontiers in Marine Science | www.frontiersin.org 2 December 2020 | Volume 7 | Article 595682158

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-595682 December 4, 2020 Time: 18:52 # 3

Wang et al. Molecular Regulations of Dietary Lysine

TABLE 1 | Experimental diet formulations.

Diets (% dry weight)

Ingredients LC LS LL

Fishmeal 65.00 0.00 0.00

Poultry by-product meal 0.00 65.00 65.00

Wheat meal 5.00 5.00 5.00

Wheat gluten meal 12.00 12.00 12.00

Fish oil 4.50 1.50 1.50

Soybean lecithin 1.50 1.50 1.50

AA mixture1 0.00 2.17 2.17

L-lysine-HCl 0.00 0.84 0.00

Alanine 3.01 0.00 0.84

Monocalcium phosphate 1.50 1.50 1.50

VC + VE (1:1) 0.10 0.10 0.10

Choline chloride 0.60 0.60 0.60

Vitamin premix2 0.50 0.50 0.50

Mineral premix3 1.50 1.50 1.50

Antioxidant 0.05 0.05 0.05

Mold inhibitor 0.10 0.10 0.10

Cellulose 4.64 7.64 7.64

Proximate composition

DM (%) 89.54 89.25 89.91

Crude protein (%) 54.49 54.96 54.82

Crude lipid (%) 12.13 12.80 12.74

Ash (%) 15.81 15.35 15.83

Lysine-HCl 3.11 2.27 2.97

LC, lysine control diet; LL, low lysine diet; and LS, LL diet with lysine
supplementation diet.
Fishmeal (produced in Peru): protein, 67.09%; crude lipid, 9.47%. Poultry by-
product meal (pet food grade, produced in United States): crude protein, 66.10%;
crude lipid, 12.06%; all the protein sources were obtained in Guangdong Yuehai
Feeds Group Co., Ltd.
1AA mixture (g/kg diet): L-histidine, 5.47; L-isoleucine, 2.18; L-leucine 2.59; L-
methionine; 3.62; L-phenylalanine, 1.00; L-threonine, 2.18; L-tryptophan, 0.19;
L-valine, 1.74; L-tyrosine, 1.38; and L-taurine, 1.30.
2Mineral Premix (mg/kg diet): Co (COCl2), 0.24; Cu (CuSO4), 2.00; Se (Na2SeO3),
0.18; Mn (MnSO4), 6.20; Fe (FeSO4), 21.10; Zn (ZnSO4), 34.4; I (Ca (IO3)2), 1.63;
and Mg (MgSO4·H2O), 52.70.
3Vitamin Premix (mg/kg diet): vitamin A, 16,000 IU; vitamin B1, 17.80; vitamin
B2, 48; vitamin B6, 29.52; vitamin B12, 0.24; vitamin C, 800; vitamin D3, 8000
IU; vitamin E, 160; vitamin K3, 14.72; niacinamide, 79.20; folic acid, 6.40;
calcium-pantothenate, 73.60; biotin, 0.64; inositol, 320; and L-carnitine, 100.

water temperature ranged from 24◦C to 27◦C, NH4–N ranged
from 0.07 to 0.10 mg/L, and dissolved oxygen ranged from
6.0 to 7.0 mg/L.

Sample Collection
At the beginning of the trial, 20 fish were randomly sampled
to obtain the initial whole body compositions. After 8 weeks
of feeding, the experimental fish were weighed and counted
after 24 h of fasting, and four fish from each tank were
randomly selected for final biochemical analysis. Meanwhile, 12
largemouth bass (4 per tank) from each treatment were quickly
collected. First, all the fish were euthanized with 100 mg/L
eugenol (Shanghai Medical Co., Ltd, Shanghai, China). The
caudal venipuncture method was used to obtain the blood
samples. Blood samples were centrifuged at 3,000 g for 5 min

TABLE 2 | Amino acid composition of experimental diets.

Diets (% dry weight)

LC LS LL

Essential amino acids

Lysine 3.11 2.97 2.27

Threonine 1.83 1.80 1.80

Valine 2.09 2.09 2.10

Methionine 1.21 1.16 1.15

Isoleucine 1.74 1.71 1.75

Leucine 3.19 3.19 3.18

Arginine 2.43 2.79 2.80

Phenylalanine 1.82 1.80 1.80

Histidine 1.36 1.31 1.32

Total EAA1 18.78 18.82 18.18

Non-essential amino acids

Aspartic acid 3.69 3.20 3.21

Serine 1.65 1.67 1.68

Glutamate 6.63 6.76 6.70

Glycine 2.57 4.00 4.03

Alanine 5.12 2.76 3.45

Tyrosine 1.42 1.55 1.57

Proline 2.05 2.93 2.90

Total NEAA2 23.13 22.87 23.54

TAA3 41.91 41.69 41.71

1EAA: sum of essential amino acids.
2NEAA: sum of non-essential amino acids.
3TAA: sum of amino acids.

at 4◦C immediately after the blood was drawn. The supernatant
plasma was transferred into the new tubes and immediately
placed into liquid nitrogen and then kept at −80◦C for analysis.
The livers and visceral mass of four fish from each tank
were weighed, and the ratios were expressed as a percentage
of body weight. At the same time, the liver, intestine, and
dorsolateral white muscle were dissected and pooled into RNase-
free tubes (Axygen), frozen in liquid N2 and then stored at
−80◦C until analysis.

Biochemical Analyses
Proximate composition analyses of the ingredients, diets, and
whole fish were performed following previous methods (Liu et al.,
2014). Whole fish were dried at 105◦C to a constant weight
to calculate the water content. Crude protein contents were
determined by the Kjeldahl method (Kjeltec TM 8400, FOSS,
Sweden) to measure nitrogen and then multiply a coefficient,
6.25. SoxtecTM 2055 extraction by using petroleum ether (B.P.
30–60◦C for 3 h) was used for lipid content measurement.
Moreover, fish samples were put into a muffle furnace (FO610C,
Yamato Scientific Co., Ltd., Tokyo, Japan) at 550◦C for 8 h
to analyze the ash content. For AA concentrations, all the
ingredients and diets were dried by a freezer dryer (ALPHA1-
2 LD plus, Christ Co., Ltd, Germany). After digesting with 6 M
HCl for 22 h, all the AA composition in ingredients and diets were
measured by an L-8900 AA analyzer (Hitachi, Japan; Blankenship
et al., 1989).
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TABLE 3 | Primer sequences used for real-time quantitative PCR.

Genes Forward prime Reverse prime Product size (bp) PCR efficiency (%)

TOR signaling pathway

TOR1 TCAGGACCTCTTCTCATTGGC CCTCTCCCACCATGTTTCTCT 208 95.5

AKT11 CACCGTAGAACCGAGCCCGCT CGCCATGAAGATCCTAAAGAA 236 97.4

S61 GCCAATCTCAGCGTTCTCAAC CTGCCTAACATCATCCTCCTT 156 96.0

4EBP11 AGCAGGAACTTTCGGTCATA GTCAATGGGCAGTCAGAAGA 168 94.1

AAR signaling pathway

eIF2α1 TAAGTCCAGCCCATCCAAAA CACCCGAGGAGGCCATCAAG 233 95.5

CHOP1 TGGTGGTGTTGATGGTGGTAA AGACGTGGGGTGAGGGTGTTC 298 96.8

ATF41 GGAGACCAGGAAGATGCGTAG TGTCCAGCAGCAGTGATGACA 209 96.2

REDD11 TGACCTGTGTCCCTCTAATGA ATGTGCTCCAGAAGTTTCTCA 165 97.5

Peptide and AA transporters

SLC7A5 (LAT1)1 CCAAAGCACGACAGACCTACA ACCAACCTGGCATATTTCACC 137 95.3

SLC7A8 (LAT2)1 GGTGACCACAGGGATAGAGATG TTGCTTACGGAGGCTGGAACTT 104 95.2

SLC38A2 (SNAT2)1 AATAGGGAAAAGCACCACGGG GTATGAGGAGCTCAAAGACCG 247 93.2

SLC15A2 (PEPT2)1 TGCACATCCCCTCTCAGTACG CAAGTCAGTTGGAGCCATTCC 249 97.1

1All these sequences of the target genes in largemouth bass were obtained through a degenerate PCR strategy.

Determination of Plasma Biochemical
Parameters
The concentration of plasma TP was measured by using
an Automatic Biochemical Analyzer (CHEMIX- 800, Sysmex

TABLE 4 | Growth performance and nutrient utilization after largemouth bass fed
different diets.

Diets P

LC LS LL

Initial body weight 4.18 ± 0.04 4.10 ± 0.07 4.22 ± 0.08 0.49

Final body weight 29.2 ± 0.21a 26.9 ± 0.14b 24.1 ± 0.32c 0.00

Specific growth
rate (%/day)

3.47 ± 0.03a 3.36 ± 0.02b 3.12 ± 0.03c 0.00

Weight gain ratio
(%)

598 ± 10.0a 557 ± 7.41b 473 ± 8.33c 0.00

Feed efficiency ratio 1.19 ± 0.01a 1.12 ± 0.01b 0.98 ± 0.01c 0.00

Protein efficiency
ratio

2.41 ± 0.02a 2.28 ± 0.01b 1.98 ± 0.03c 0.00

Protein retention
(%)

47.5 ± 0.80a 43.3 ± 0.55b 40.2 ± 0.71c 0.01

Fat retention (%) 88.9 ± 2.14a 79.0 ± 1.15b 72.4 ± 0.85c 0.01

Survival rate (%) 100 ± 0.00 100 ± 0.00 100 ± 0.00 –

Condition factor
(g/cm3)

2.09 ± 0.04 2.09 ± 0.03 2.01 ± 0.05 0.33

Viscerosomatic
index (%)

7.66 ± 0.12b 8.43 ± 0.11ab 8.98 ± 0.24a 0.00

Hepatosomatic
index (%)

4.60 ± 0.33 4.63 ± 0.15 4.28 ± 0.21 0.52

Proximate composition of whole body (wet weight%)
Moisture 72.8 ± 0.96 72.2 ± 0.83 72.8 ± 0.32 0.15

Crude protein 17.0 ± 0.04a 16.8 ± 0.05a 16.0 ± 0.10b 0.00

Crude lipid 6.73 ± 0.02a 6.81 ± 0.07a 6.42 ± 0.06b 0.00

Ash 3.38 ± 0.04 3.36 ± 0.08 3.48 ± 0.06 0.67

All the values show means ± SEM (n = 6). Significance was evaluated by one-way
ANOVA followed by Tukey’s multiple range tests. Superscripted letters “a, b, c” in
the same row means significant different (P < 0.05).

Corporation, Kobe, Japan). The concentrations of free AA in
the plasma were determined using the method described before
(Mente et al., 2003). Briefly, an ion-exchange AA analyzer (L8900;
Hitachi, Tokyo, Japan) was used to measure the concentration of
free AA; 1.2 ml of 10% sulfosalicylic acid solution and 400 µl of
each plasma sample were mixed well. After incubation for 5 min
at 4◦C, all samples were centrifuged at 13,000 rpm for 15 min at
4◦C. Supernatants were filtered through 0.22-µm filters for free
AA concentration analysis.

RNA Extraction and Quantitative
Real-Time PCR
Total RNA samples of different tissues were extracted using
TRIzol reagent (Vazyme Biotech Co., Ltd, China) following the
manufacturer’s instructions. The quality and quantity of isolated
RNA were detected by using a 1.2% denaturing agarose column
and a NanoDrop 2000 spectrophotometer, respectively. Intact
RNA (1 µg) was then reverse transcribed into cDNA by a Prime
Script RT reagent Kit (Vazyme Biotech Co., Ltd, China).

All the primers used in this study are listed in Table 3. There
were no changes in the expression of β-actin, elongation factor
1α (EF1α), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in the corresponding tissues among the treatments.
Therefore, the geometric means of these three reference genes
were used for the normalization of the samples. The Quantitative
Real-Time PCR (qRT-PCR) was performed in an ABI 7500 real-
time PCR machine (Applied Biosystems, United States) using
Hiff R© qPCR SYBR Green Master Mix (Yeasen, Shanghai, China)
according to the manufacturer’s instructions. The PCR efficiency
was determined by the slope of a standard curve using four serial
dilutions of cDNA. The qRT-PCR program was as follows: 95◦C
for 2 min and then 40 cycles at 95◦C for 15 s, 60◦C for 30 s, and
72◦C for 20 s. At the end of each PCR, melting curve analysis
was performed to confirm that only single amplified product was
present. Comparative CT method (2−11Ct method) was used
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TABLE 5 | Total protein and FAA concentration in the plasma after largemouth
bass intake different diets.

Nutrients Diets P

LC LS LL

Total
protein (TP;
µg/µl)

48.8 ± 0.32a 47.8 ± 0.067a 45.7 ± 0.10c 0.00

Free amino acids (µg/ml)

Threonine 25.4 ± 0.34a 19.1 ± 0.30b 17.6 ± 0.32c 0.00

Valine 26.4 ± 0.31 27.3 ± 0.18 26.3 ± 0.24 0.71

Methionine 16.2 ± 0.071a 14.9 ± 0.13b 11.7 ± 0.23c 0.00

Isoleucine 16.1 ± 0.21 16.3 ± 0.17 15.5 ± 0.23 0.84

Leucine 29.2 ± 0.46a 29.0 ± 0.24a 27.5 ± 0.14b 0.02

Phenylalanine 16.4 ± 0.061a 15.4 ± 0.13b 15.1 ± 0.055b 0.00

Lysine 29.8 ± 0.20a 29.3 ± 0.12a 21.2 ± 0.57b 0.00

Arginine 2.50 ± 0.15 2.70 ± 0.071 2.50 ± 0.26 0.55

Histidine 16.4 ± 0.25a 12.2 ± 0.22c 15.2 ± 0.27b 0.00

Total EAA 178 ± 1.5a 166 ± 0.87b 152 ± 0.37c 0.00

Serine 6.80 ± 0.093b 7.16 ± 0.019ab 7.36 ± 0.19a 0.04

Glutamate 12.7 ± 0.29 12.5 ± 0.094 12.3 ± 0.33 0.66

Glycine 83.2 ± 0.67a 76.5 ± 1.2b 77.5 ± 1.4b 0.01

Alanine 60.7 ± 0.71a 53.3 ± 1.2b 56.9 ± 0.48b 0.00

Cysteine 5.46 ± 0.16a 5.21 ± 0.057a 4.54 ± 0.14b 0.01

Tyrosine 19.5 ± 0.086a 19.2 ± 0.51a 17.8 ± 0.17b 0.02

Total NEAA 188 ± 1.8a 174 ± 2.6b 176 ± 0.70b 0.00

TAA 367 ± 3.1a 340 ± 3.0b 329 ± 0.58c 0.00

Data were expressed as means ± SEM. All the evaluations were analyzed by one-
way ANOVA followed by Tukey’s multiple range test. Superscripted letters “a, b, c”
in the same row means significant different (P < 0.05).

to calculate the relative expression level. Gene expressions were
represented as the fold change related to the LC diet group.

Western Blot Analysis
The expression level of protein kinase B (AKT), phosphor-AKT,
TOR, phosphor-TOR, ribosomal protein S6 (S6), phosphor-
S6, eukaryotic initiation factor 4E binding protein-1 (4E-BP1),
phosphor-4E-BP1, activating transcription factor 4 (ATF4),
eukaryotic initiation factor 2α (eIF2α), phosphor-eIF2α, and
β-tubulin were measured by using Western blot as previous
described (Song et al., 2016). After homogenization on ice,
muscle and liver were lysed in RIPA buffer (50 mM Tris–HCl,
1 mM EDTA, 150 mM NaCl, 0.1% SDS, 0.5% NP-40, and pH
7.5) with phosphatase inhibitor and protease cocktails (Roche,
United States) for 1 h. The protein concentrations of the samples
were measured by using the BCA protein assay kit (Beyotime
Biotechnology). Samples were separated by sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE) and transferred to 0.45-
µm PVDF membranes (Millipore). After blocking with 5% non-
fat milk in TBST buffer (20 mM Tris–HCl, 500 mM NaCl,
and 0.1% Tween-20) for 1 h, the membranes were incubated
with primary antibody (Cell Signaling Technology, United States,
and Santa Cruz Biotechnology Inc., United States) overnight
at 4◦C. Then, the membranes were incubated in horseradish
peroxidase-labeled secondary antibodies for 1 h and visualized

using ECL reagents (Beyotime Biotechnology). The Western blot
result bands were quantified with the NIH Image 1.63 software.
The antibodies used in present study were presented as follows:
phospho-Akt (Ser473, 9271), Akt (9272), phospho-TOR (Ser2448,
2971), TOR (2972), phospho-S6 (Ser235/236, 4856), S6 (2217),
phospho-4E-BP1 (Thr37/46, 9459), 4E-BP1 (9452), ATF4 (sc-
200), phosphor-eIF2α (Ser51, 3597), eIF2α (9722), and β-tubulin
(2146). All the antibodies in present study were confirmed to be
conserved and successfully used in fish species (Song et al., 2016;
Xu et al., 2016).

Calculations
Growth parameters were calculated as follows:

Specific growth rate (SGR,%/day) = 100× (Ln Wt-Ln W0)/t;
Weight gain rate (WGR,%) = 100× (Wt-W0)/W0;
Feed efficiency ratio (FER) = (Wt-W0)/(dry feed intake);
Protein efficiency ratio (PER) = (Wt-W0)/(dry feed

intake× protein percent in dry diet);
Nutrient retention (%) = 100 × (final body weight × final

carcass nutrient content-initial body weight × initial carcass
nutrient content)/nutrient intake;

Survival rate (SR,%) = 100 × final amount of fish/initial
amount of fish;

Condition factor (CF, g/cm3) = 100× (final body weight/body
length (cm)3);

Viscerosomatic index (VSI,%) = 100 × (viscera wet
weight/body wet weight);

Hepatosomatic indices (HSI,%) = 100 × (liver
weight/whole body weight).

W0 and Wt represented the body weight (g) of initial fish and
final fish, respectively, while t represented the rearing days of
this experiment.

Statistical Analysis
Data were expressed as means ± SEM. All the statistical
evaluations were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple range test with the SPSS
19.0 software. Differences were considered as significant when
P < 0.05.

RESULTS

Lysine Supplementation Increased Body
Growth and Nutrient Retention in
Largemouth Bass
As shown in Table 4, after 8 weeks of feeding, the fish fed the
LS diet gained significantly more body weight (26.9 ± 0.14 g)
than those fed LL diet (24.1 ± 0.32 g), but less body weight
than those the fed LC diet (29.2 ± 0.21 g). Compared with
the LL diet, the LS diet significantly increased the SGR, WGR,
FER, PER, protein retention, fat retention and body protein, and
lipid contents (P < 0.05). However, compared with the LC diet,
the LS diet significantly decreased the SGR, WGR, FER, PER,
protein retention, and fat retention (P < 0.05). Moreover, the
LL diet markedly increased the VSI compared with the LC diet
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FIGURE 1 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on peptide and AA transporters mRNA expression in muscle
(A) and intestine (B). Different superscript letter “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 6).

(P < 0.05). Dietary lysine levels did not affect the SR, CF, HSI,
and the body compositions, including moisture and ash content
(P > 0.05).

Dietary Lysine Levels Modified the
Plasma TP and AA Concentration
The concentration of TP and AA in plasma after feeding
different diets was assessed. As shown in Table 5, crystalline
lysine addition significantly elevated TP concentration in plasma
compared with the LL diet (P < 0.05). Meanwhile, lysine
supplementation also increased the concentration levels of

lysine in plasma. The concentrations of total EAA, total AA,
and individual AA, including threonine, methionine, leucine,
cysteine, and tyrosine, were significantly higher in fish fed the
LS diet than in fish fed the LL diet (P < 0.05). However,
supplementation with lysine to LC diet level still did not increase
the total EAA, total NEAA, total AA, threonine, methionine,
phenylalanine, glycine, and alanine concentration levels to those
of the LC diet group (P < 0.05). Moreover, compared to
the LC diet group, lysine supplementation had no significant
effect on increasing the plasma total NEAA concentration
(P > 0.05).
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FIGURE 2 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) mRNA expression levels of key
regulators involved in TOR signaling pathway. Different superscript letters “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 6).

Lysine Levels Acutely Varied the mRNA
Expression Levels of AA Transporters
The mRNA expression levels of peptide and AA transporters were
examined in both muscle (Figure 1A) and intestine (Figure 1B).
In muscle, fish fed the LL diet showed significantly enhanced
mRNA expression levels of the peptide transporter solute carrier
family 15 member 2 (SLC15A2, PepT2) and AA transporters,
including solute carrier family 7 member 5 (SLC7A5, LAT1),
solute carrier family 7 member 8 (SLC7A8, LAT2), and solute
carrier family 38 member 2 (SLC38A2, SNAT2), compared to
the fish fed the other two diets (P < 0.05). Compared with the
LL diet, lysine supplementation markedly reduced the mRNA
expression levels of these four transporters, which had no
significant differences with the LC diet group (P < 0.05). The AA

transporters in the intestine displayed various mRNA expression
patterns after the fish fed different diets. Compared with the fish
fed the LC diet, the fish fed the LL diet significantly increased
the mRNA expression levels of SLC15A2, SLC7A5, and SLC38A2
(P < 0.05). Lysine addition had a significant effect to decrease the
mRNA expression levels of SLC15A2 and SLC38A2 to the LC diet
group level (P < 0.05). No significant differences were observed
in SLC7A8 expression level among the three groups (P > 0.05).

Lysine Supplementation Altered the TOR
Signaling Pathway
The mRNA expression levels of key regulators involved in the
TOR signaling pathway were measured in both the muscle
(Figure 2A) and liver (Figure 2B). There is no doubt that among
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FIGURE 3 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) protein phosphorylation levels of key
regulators involved in TOR signaling pathway. Different superscript letters “a, b, c” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 3).

the three different treatments, the gene expression level of the
selected key regulators in the TOR signaling pathway showed
significantly high expression in the LC diet regardless of muscle
and liver (P < 0.05). Compared with the fish fed LL diet, the
fish fed the LS diet elevated the mRNA expression of TOR, S6,
and 4E-BP1 in muscle and S6 and 4E-BP1 in liver (P < 0.05).
No significant differences were detected in muscle and liver AKT
expressions between the LL and LS diet groups (P > 0.05).

Moreover, the TP and corresponding phosphorylation levels
of key regulators involved in the TOR signaling pathway were
also evaluated in muscle and liver (Figure 3). Consistent with
the mRNA expression profile, the LL diet group had significantly
lower phosphorylation levels of AKT, TOR, S6, and 4E-BP1
than the LC diet group in both muscle and liver (P < 0.05).
Lysine supplementation had a significant effect to increase the
phosphorylation levels of S6 in liver and AKT, TOR, S6, and
4E-BP1 in muscle (P < 0.05).

Lysine Supplementation Depressed the
AAR Signaling Pathway
The data describing the relative expression of key regulators in
the AAR signaling pathway are presented in Figure 4. The LL
diet activated the AAR signaling pathway in both the muscle and
liver (P < 0.05). Lysine supplementation significantly decreased

the gene expression level of key regulators including eIF2α, ATF4,
and regulated in development and DNA damage responses 1
(REDD1) to the expression levels observed with the LC diet
in muscle (P < 0.05). In the liver, lysine supplementation
significantly reduced the mRNA expression levels of ATF4 and
REDD1 induced by low lysine level (P < 0.05). No significant
differences were observed in the expression level of eIF2α,
ATF4, CHOP, and REDD1 between the LS and LC diet groups
(P > 0.05).

The phosphorylation levels of key regulators involved in the
AAR signaling pathway were also assessed in the present study
(Figure 5). Compared with the fish fed with the LC diet, the fish
fed with LL diet had significantly higher ATF4 expression level
in muscle, liver, and higher eIF2α phosphorylation level in liver
(P < 0.05). Lysine addition had a marked effect to decrease the
TP expression of ATF4 in both muscle and liver. Furthermore, in
liver, lysine supplementation had a different effect to decrease the
phosphorylation level of eIF2α in liver (P < 0.05).

DISCUSSION

Fishmeal replacement is an urgent and complicated problem
that directly affects the development of aquaculture (Gatlin
et al., 2007). Up to now, a large number of studies have
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FIGURE 4 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) mRNA expression levels of key
regulators involved in AAR signaling pathway. Different superscript letters “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 6).

been conducted to improve the utilization of non-fishmeal
protein sources in order to achieve the fishmeal replacement
(Hardy, 2010). Available evidences have shown that improving
feed efficiency by supplementing AA is becoming increasingly
important for all species, including mammals, poultry, and fish
(Wu et al., 2014; Regmi et al., 2017). Lysine as an EAA is
often limited in ingredients used for aquafeeds. Therefore, lysine
supplementation is becoming a pivotal method to improve the
effects of non-fishmeal protein source substitution in aquaculture
(Li et al., 2009; Huang et al., 2020). So far, many studies have
been tested and suggested that compared with other protein
sources, PBM is one of the most promising ingredients widely
used in aquafeeds industry due to its higher protein content
and good apparent digestibility (Zapata et al., 2016; Sabbagh
et al., 2019). However, the high percentage of PBM substituted
with FM often reduced body growth performance. The main
problem leading to this phenomenon is PBM, compared with FM,
contained lower levels of lysine and other AA. AA imbalance,

especially lysine restriction, has become one of the main limiting
factors of using PBM to replace FM. Previous studies showed
that the replacement of FM with PBM caused growth restrictions
of more than 50% in humpback grouper (Cromileptes altivelis;
Shapawi et al., 2007) and over 80% in white shrimp (Litopenaeus
vannamei; Cruzsuárez et al., 2007). Consistent with these studies,
our trial showed that the complete replacement of FM with
PBM reduced growth performance, nutrient retention, and
feed efficiency. Lysine supplementation could ameliorate these
problems caused by PBM replacement in largemouth bass. These
results further confirmed the effect of lysine in improving growth
performance in fish species. However, the underlying mechanism
for this phenomenon is still not fully revealed in fish species. In
the present study, the nutrient-sensing system was evaluated to
figure out how dietary lysine regulates growth performance and
nutrient metabolism.

The free AA concentration in the metabolic pool is considered
as the primary driving force to determine anabolism or

Frontiers in Marine Science | www.frontiersin.org 9 December 2020 | Volume 7 | Article 595682165

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-595682 December 4, 2020 Time: 18:52 # 10

Wang et al. Molecular Regulations of Dietary Lysine

FIGURE 5 | Effects of the LC diet, LL diet supplemented with dietary lysine (LS diet) and the LL diet on muscle (A) and liver (B) protein phosphorylation levels of key
regulators involved in AAR signaling pathway. Different superscript letters “a, b” indicated statistical significant differences (P < 0.05; mean ± SEM, n = 3).

catabolism. It is noteworthy that the concentrations of free
AA in plasma were easily influenced by nutritional state,
developmental stage, and endocrine status (Bos et al., 2003; Wu,
2013). Our previous study in turbot revealed that crystalline
AA addition could significantly increase the plasma free AA
concentration (Song et al., 2017). Consistent with the turbot
study, the present study showed that largemouth bass fed the
LL diet for 8 weeks presented significantly lower concentration
of total EAA, TAA, and individual AA than did fish fed
the LS diet. Lysine supplementation had a significant effect
to elevate these AA’s concentrations. Lysine restriction created
a nutritional environment in which other AA could not
successfully transport into plasma. Lysine supplementation
balanced the AA composition of the PBM and further promoted
the transport and absorption of various AA in plasma. Elevated
free AA increased the “building blocks” for protein synthesis and
ultimately promoted growth performance (Wu, 2018).

Peptide and AA transporters, as sensors of intracellular and
extracellular, play an important role in the absorption of AA in
both intestine and other tissues (Russell et al., 2003; Taylor, 2013).
To determine the underlying mechanisms by which dietary lysine
level changed the composition of free AA pools, the cellular
transporters in both intestine and muscle were measured in this
study. SLC15A2 is the major peptide transporter widely expressed
in intestinal and extraintestinal tissues (Gilbert et al., 2008). We
observed that SLC15A2 had significantly higher expression in the
LL diet group than in the LS diet group. Fish fed the LS diet had
decreased mRNA expression of SLC15A2, but not to the level of
fish fed the LC diet. These results were in accordance with studies
in blunt snout bream (Megalobrama amblycephala; Ahmed et al.,
2019) and turbot (Scophthalmus maximus L.; Xu et al., 2017). The
SLC7A5, SLC7A8, and SLC38A2, acting as the intermediates to
regulate FAA transportation, were also identified in fish species
(Xu et al., 2016, 2017). In both the muscle and intestine, lysine
supplementation down-regulated the mRNA expression levels of
AA transporters except SLC7A8 in intestine, but in muscle, the
AA transporter expression levels were still higher than those in
the LC diet. By combining the free AA concentrations results,

we could find a link between the gene expression of peptide and
AA transporters and free AA concentrations. Lysine restriction
reduced the free AA concentration in plasma; a lower AA
concentration stimulated transporters’ expression to transport
as many AA to the free AA pool as possible. This adaptation
mechanism could ensure the optimal growth when the body is
exposed to different nutritional environments.

Target of rapamycin and AAR are two distinct but
complementary pathways responsible for sensing AA
concentration at the cellular level (Peichuan et al., 2002;
Anne et al., 2003). Increasing evidences from yeast to mammals
demonstrated that aside from being the unit for protein
synthesis, lysine also acts as a signaling molecule that has a
profound effect on regulating the cellular nutrient sensing system
(Dann and Thomas, 2006; Wu, 2010). Moreover, our previous
studies in turbot also demonstrated that dietary AA availability
regulated body growth and metabolism through the TOR and
AAR signaling pathways (Song et al., 2016; Xu et al., 2016).
The phosphorylation site of Ser2448 for TOR, Ser473 for AKT,
Thr37/46 for 4E-BP1, Ser235/236 for S6, and Ser51 for eIF2α were
more sensitive to dietary nutrient composition (Seiliez et al.,
2011; Dai et al., 2013). The present study showed that low lysine
level diet activated the AAR pathway and inhibited the activity
of the TOR signaling pathway. These results are consistent with
previous studies that focused on the relationship between AA
and nutrient-sensing pathways (Jordan et al., 2013). Moreover,
our results demonstrated that in the TOR signaling pathway,
the phosphorylation site of Ser235/236 for S6 could be the most
sensitive regulator for dietary lysine availability. Muscle had a
stronger response to crystalline lysine addition. Dietary lysine
supplementation had a limited effect on regulating both mRNA
and protein expression of the key regulators involved in the TOR
signaling pathway. On the contrary, the limitation of individual
AA could activate the AAR pathway to repress global protein
synthesis but increased special protein translation including
some EAA, AA transporters, and so on (Kilberg et al., 2005; Guo
and Cavener, 2007). So, it was inferred that lysine restriction
is a powerful signaling method to activate the AAR signaling
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pathway, which then leads to the shutdown of protein anabolism
and an increase in the mRNA expression levels of peptide and AA
transporters to maintain body homeostasis in largemouth bass.
These results showed a noticeable correlation between the AAR
pathway and AA transporter activity in fish species.

CONCLUSION

Taken together, the present study indicated that lysine
supplementation in FM totally replaced by PBM diet improved
growth performance and body nutrient content not only by
balancing the AA profile of the diet but also by supplying a
signaling molecule to regulate the nutrient-sensing pathways.
A well-balanced AA composition of the diet improved the free
AA concentration and then inhibited the AAR signaling and
activated TOR pathway. Hypoactivated AAR signaling status
then decreased the mRNA expression of AA transporters in
turn to regulate free AA availability in fish. Our observations
confirmed that crystalline lysine supplementation was an
extremely effective method that could, through a nutrient-
sensing system, maintain the balance of the AA profile to improve
the utilization of PBM in largemouth bass.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by University
Animal Care and Use Committee of the South China
Normal University.

AUTHOR CONTRIBUTIONS

FS, SC, and KM designed the study. WW, YX, and PY performed
the study. YX and WW analyzed the data. FS wrote the
manuscript. All authors read and approved the final manuscript.

FUNDING

This research was supported by the Foundation and
Applied Basic Research Fund project of Guangdong Province
(2019A1515110606), the Research and Development Fund
for Young Teachers of South China Normal University
(19KJ03), and the Research Start-Up Fund of South China
Normal University.

ACKNOWLEDGMENTS

We thank the Ocean University of China for helping with free
amino acid concentration measurement and Y.H. Chen and
Z.Z. Sun for their help during the experiment.

REFERENCES
Ahmed, M., Liang, H., Kasiya, H. C., Ji, K., Ge, X., Ren, M., et al. (2019). Complete

replacement of fish meal by plant protein ingredients with dietary essential
amino acids supplementation for juvenile blunt snout bream (Megalobrama
amblycephala). Aquac. Nutr. 25, 205–214. doi: 10.1111/anu.12844

Anne, B., Tee, A. R., Taylor, P. M., and Proud, C. G. (2003). Regulation of targets of
mTOR (mammalian target of rapamycin) signalling by intracellular amino acid
availability. Biochem. J. 372, 555–566. doi: 10.1042/bj20021266

Blankenship, D. T., Krivanek, M. A., Ackermann, B. L., and Cardin, A. D. (1989).
High-sensitivity amino acid analysis by derivatization with O-phthalaldehyde
and 9-fluorenylmethyl chloroformate using fluorescence detection: application
in protein structure determination. Anal. Biochem. 178, 227–232. doi: 10.1016/
0003-2697(89)90629-5

Bos, C., Metges, C., Gaudichon, C., Petzke, K. J., Pueyo, M. E., Morens, C., et al.
(2003). Postprandial kinetics of dietary amino acids are the main determinant
of their metabolism after soy or milk protein ingestion in humans. J. Nutr. 133,
1308–1315. doi: 10.1093/jn/133.5.1308

Bröer, S. (2008). Amino acid transport across mammalian intestinal and renal
epithelia. Physiol. Rev. 88, 249–286. doi: 10.1152/physrev 00018.2006

Castagna, M., Shayakul, C., Trotti, D., Sacchi, V. F., Harvey, W. R., and Hediger,
M. A. (1997). Molecular characteristics of mammalian and insect amino acid
transporters: implications for amino acid homeostasis. J. Exp. Biol. 200, 269–
286.

Cruzsuárez, L. E., Nietolópez, M., Guajardobarbosa, C., Tapiasalazar, M., Scholz,
U., and Ricquemarie, D. (2007). Replacement of fish meal with poultry by-
product meal in practical diets for Litopenaeus Vannamei, and digestibility of
the tested ingredients and diets. Aquaculture 272, 466–476. doi: 10.1016/j.
aquaculture.2007.04.084

Dai, W., Panserat, S., Mennigen, J. A., Terrier, F., Dias, K., Seiliez, I., et al. (2013).
Post-prandial regulation of hepatic glucokinase and lipogenesis requires the

activation of TORC1 signalling in rainbow trout (Oncorhynchus mykiss). J. Exp.
Biol. 216, 4483–4492. doi: 10.1242/jeb.091157

Dann, S. G., and Thomas, G. (2006). The amino acid sensitive TOR pathway from
yeast to mammals. FEBS Lett. 580, 2821–2829. doi: 10.1016/j.febslet.2006.04.
068

Gatlin, D. M., Barrows, F. T., Brown, P., Dabrowski, K., Gaylord, T. G., Hardy,
R. W., et al. (2007). Expanding the utilization of sustainable plant products in
aquafeeds: a review. Aquac. Res. 38, 551–579. doi: 10.1111/j.1365-2109.2007.
01704.x

Gilbert, E. R., Wong, E. A., and Webb, K. E. (2008). Board-invited review:
peptide absorption and utilization: implications for animal nutrition and health.
J. Anim. Sci. 86, 2135–2155. doi: 10.2527/jas.2007-0826

Guo, F., and Cavener, D. R. (2007). The GCN2 eIF2α kinase regulates fatty-acid
homeostasis in the liver during deprivation of an essential amino acid. Cell
Metabol. 5, 103–114. doi: 10.1016/j.cmet.2007.01.001

Hardy, R. W. (2010). Utilization of plant proteins in fish diets: effects of global
demand and supplies of fishmeal. Aquac. Res. 41, 770–776. doi: 10.1111/j.1365-
2109.2009.02349.x

Huang, D., Liang, H., Ren, M., Ge, X., Ji, K., Yu, H., et al. (2020). Effects of
dietary lysine levels on growth performance, whole body composition and
gene expression related to glycometabolism and lipid metabolism in grass
carp, Ctenopharyngodon idellus fry. Aquaculture 530:735806. doi: 10.1016/j.
aquaculture.2020.735806

Jordan, G., Eylul, H., and Mitchell, J. R. (2013). Amino acid sensing
in dietary-restriction-mediated longevity: roles of signal-transducing
kinases GCN2 and TOR. Biochem. J. 449, 1–10. doi: 10.1042/BJ2012
1098

Khan, M. A., and Abidi, S. F. (2015). Effect of dietary L-lysine levels on growth,
feed conversion, lysine retention efficiency and haematological indices of
Heteropneustes fossilis (Bloch) fry. Aquac. Nutr. 17, 657–667. doi: 10.1111/j.
1365-2095.2010.00815.x

Frontiers in Marine Science | www.frontiersin.org 11 December 2020 | Volume 7 | Article 595682167

https://doi.org/10.1111/anu.12844
https://doi.org/10.1042/bj20021266
https://doi.org/10.1016/0003-2697(89)90629-5
https://doi.org/10.1016/0003-2697(89)90629-5
https://doi.org/10.1093/jn/133.5.1308
https://doi.org/10.1152/physrev
https://doi.org/10.1016/j.aquaculture.2007.04.084
https://doi.org/10.1016/j.aquaculture.2007.04.084
https://doi.org/10.1242/jeb.091157
https://doi.org/10.1016/j.febslet.2006.04.068
https://doi.org/10.1016/j.febslet.2006.04.068
https://doi.org/10.1111/j.1365-2109.2007.01704.x
https://doi.org/10.1111/j.1365-2109.2007.01704.x
https://doi.org/10.2527/jas.2007-0826
https://doi.org/10.1016/j.cmet.2007.01.001
https://doi.org/10.1111/j.1365-2109.2009.02349.x
https://doi.org/10.1111/j.1365-2109.2009.02349.x
https://doi.org/10.1016/j.aquaculture.2020.735806
https://doi.org/10.1016/j.aquaculture.2020.735806
https://doi.org/10.1042/BJ20121098
https://doi.org/10.1042/BJ20121098
https://doi.org/10.1111/j.1365-2095.2010.00815.x
https://doi.org/10.1111/j.1365-2095.2010.00815.x
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-595682 December 4, 2020 Time: 18:52 # 12

Wang et al. Molecular Regulations of Dietary Lysine

Kilberg, M. S., Pan, Y. X., Chen, H., and Leungpineda, V. (2005). Nutritional
control of gene expression: how mammalian cells respond to amino acid
limitation. Annu. Rev. Nutr. 25, 59–85. doi: 10.1146/annurev.nutr.24.012003.
132145

Kimball, S. R. (2007). The role of nutrition in stimulating muscle protein accretion
at the molecular level. Biochem. Soc. Trans. 35, 1298–1301. doi: 10.1042/
BST0351298

Li, P., Mai, K., Trushenski, J., and Wu, G. (2009). New developments in fish amino
acid nutrition: towards functional and environmentally oriented aquafeeds.
Amino Acids 37, 43–53. doi: 10.1007/s00726-008-0171-1

Liu, Y., He, G., Wang, Q., Mai, K., Wei, X., and Zhou, H. (2014). Hydroxyproline
supplementation on the performances of high plant protein source based diets
in turbot (Scophthalmus maximus L.). Aquaculture 433, 476–480. doi: 10.1016/
j.aquaculture.2014.07.002

Ma, X. M., and Blenis, J. (2009). Molecular mechanisms of mTOR-mediated
translational control. Nat. Rev. Mol. Cell Biol. 10, 307–318. doi: 10.1038/
nrm2672

Mai, K., Zhang, L., Ai, Q., Duan, Q., Zhang, C., Li, H., et al. (2006). Dietary lysine
requirement of juvenile Japanese seabass, Lateolabrax japonicus. Aquaculture
258, 535–542. doi: 10.1016/j.aquaculture.2006.04.043

Marine, L., Stéphane, P., Elisabeth, P. J., Karine, D., Iban, S., and Sandrine, S. C.
(2011). L-leucine, L-methionine, and L-lysine are involved in the regulation of
intermediary metabolism-related gene expression in rainbow trout hepatocytes.
J. Nutr. 141, 75–80. doi: 10.3945/jn.110.124511

Mente, E., Deguara, S., Santos, M. B., and Houlihan, D. (2003). White muscle free
amino acid concentrations following feeding a maize gluten dietary protein
in Atlantic salmon (Salmo salar L.). Aquaculture 225, 133–147. doi: 10.1016/
s0044-8486(03)00285-0

Peichuan, Z., Mcgrath, B. C., Jamie, R., Olsen, D. A. S., Li, L., Sangeeta, G., et al.
(2002). The GCN2 eIF2alpha kinase is required for adaptation to amino acid
deprivation in mice. Mol. Cell. Biol. 22, 6681–6688. doi: 10.1128/MCB.22.19.
6681-6688.2002

Reeds, P. J. (2000). Dispensable and indispensable amino acids for humans. J. Nutr.
130, 1835S–1840S. doi: 10.1093/jn/130.7.1835S

Regmi, N., Wang, T., Crenshaw, M., Rude, B., and Liao, S. (2017). Effects of dietary
lysine levels on the concentrations of selected nutrient metabolites in blood
plasma of late-stage finishing pigs. J. Anim. Physiol. Anim. Nutr. 102, 403–409.
doi: 10.1111/jpn.12714

Russell, H., Taylor, P. M., and Hundal, H. S. (2003). Amino acid transporters: roles
in amino acid sensing and signalling in animal cells. Biochem. J. 373, 1–18.
doi: 10.1042/bj20030405

Sabbagh, M., Schiavone, R., Brizzi, G., Sicuro, B., Zilli, L., and Vilella, S.
(2019). Poultry by-product meal as an alternative to fish meal in the juvenile
gilthead seabream (Sparus aurata) diet. Aquaculture 511, 1–10. doi: 10.1016/j
aquaculture.2019.734220

Sato, T., Ito, Y., and Nagasawa, T. (2015). Dietary L-Lysine suppresses autophagic
proteolysis and stimulates Akt/mTOR signaling in the skeletal muscle of rats
fed a low-protein diet. J. Agric. Food Chem. 63, 8192–8198. doi: 10.1021/acs.
jafc.5b03811

Seiliez, I., Panserat, S., Lansard, M., Polakof, M., and Skiba-Cassy, S. (2011). Dietary
carbohydrate-to-protein ratio affects TOR signaling and metabolism-related
gene expression in the liver and muscle of rainbow trout after a single meal.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 300, 733–743.

Shapawi, R., Ng, W. K., and Mustafa, S. (2007). Replacement of fish meal with
poultry by-product meal in diets formulated for the humpback grouper,
Cromileptesaltivelis. Aquaculture 273, 118–126. doi: 10.1016/j.aquaculture.
2007.09.014

Shikata, N., Maki, Y., and Noguchi, Y. (2007). Multi-layered network structure
of amino acid (AA) metabolism characterized by each essential AA-deficient
condition. Amino Acids 33, 113–121. doi: 10.1007/s00726-006-0412-0

Song, F., Xu, D., Mai, K., Zhou, H., Xu, W., and He, G. (2016). Comparative study
on the cellular and systemic nutrient sensing and intermediary metabolism after
partial replacement of fishmeal by meat and bone meal in the diet of Turbot
(Scophthalmus maximus L.). PLoS One 11:e0165708. doi: 10.1371/journal.pone.
0165708

Song, F., Xu, D., Zhou, H., Wei, X., Mai, K., and He, G. (2017). The differences
in postprandial free amino acid concentrations and the gene expression of
PepT1 and amino acid transporters after fishmeal partial replacement by meat
and bone meal in juvenile turbot (Scophthalmus maximus L.). Aquac. Res. 48,
3766–3781. doi: 10.1111/are.13203

Taylor, P. M. (2013). Role of amino acid transporters in amino acid sensing. Am. J.
Clin. Nutr. 99, 223–230.

Trevino, J. G., George, S. A., Hughes, S. J., and Chellappan, S. P. (2008). An
in vivo and in vitro assessment of TOR signaling cascade in rainbow trout
(Oncorhynchus mykiss). Am. J. Physiol. 295, 329–335. doi: 10.1152/ajpregu.
00146.2008

Wu, G. (2010). Functional amino acids in growth, reproduction, and health. Adv.
Nutr. 1, 31–37. doi: 10.3945/an.110.1008

Wu, G. (2013). Amino Acids: Biochemistry and Nutrition. Boca Raton, FL: CRC
Press.

Wu, G. (2018). Principles of Animal Nutrition. Boca Raton, FL: CRC Press.
Wu, G., Bazer, F. W., Dai, Z., Li, D., Wang, J., and Wu, Z. (2014). Amino acid

nutrition in animals: protein synthesis and beyond. Annu. Rev. Anim. Biosci. 2,
387–417.

Xu, D., He, G., Mai, K., Wang, Q., Li, M., Zhou, H., et al. (2017). Effect of
fish meal replacement by plant protein blend on amino acid concentration,
transportation and metabolism in juvenile turbot (Scophthalmus maximus L.).
Aquac. Nutr. 23, 1169–1178. doi: 10.1111/anu.12486

Xu, D., He, G., Mai, K., Zhou, H., Xu, W., and Song, F. (2016). Postprandial
nutrient-sensing and metabolic responses after partial dietary fishmeal
replacement by soyabean meal in turbot (Scophthalmusmaximus L.). Br. J. Nutr.
115, 379–388. doi: 10.1017/S0007114515004535

Zapata, D. B., Lazo, J. P., Herzka, S. Z., and Viana, M. T. (2016). The effect
of substituting fishmeal with poultry by-product meal in diets for Totoaba
macdonaldi juveniles. Aquac. Res. 47, 1778–1789. doi: 10.1111/are.12636

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wang, Xu, Chi, Yang, Mai and Song. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 12 December 2020 | Volume 7 | Article 595682168

https://doi.org/10.1146/annurev.nutr.24.012003.132145
https://doi.org/10.1146/annurev.nutr.24.012003.132145
https://doi.org/10.1042/BST0351298
https://doi.org/10.1042/BST0351298
https://doi.org/10.1007/s00726-008-0171-1
https://doi.org/10.1016/j.aquaculture.2014.07.002
https://doi.org/10.1016/j.aquaculture.2014.07.002
https://doi.org/10.1038/nrm2672
https://doi.org/10.1038/nrm2672
https://doi.org/10.1016/j.aquaculture.2006.04.043
https://doi.org/10.3945/jn.110.124511
https://doi.org/10.1016/s0044-8486(03)00285-0
https://doi.org/10.1016/s0044-8486(03)00285-0
https://doi.org/10.1128/MCB.22.19.6681-6688.2002
https://doi.org/10.1128/MCB.22.19.6681-6688.2002
https://doi.org/10.1093/jn/130.7.1835S
https://doi.org/10.1111/jpn.12714
https://doi.org/10.1042/bj20030405
https://doi.org/10.1016/j
https://doi.org/10.1021/acs.jafc.5b03811
https://doi.org/10.1021/acs.jafc.5b03811
https://doi.org/10.1016/j.aquaculture.2007.09.014
https://doi.org/10.1016/j.aquaculture.2007.09.014
https://doi.org/10.1007/s00726-006-0412-0
https://doi.org/10.1371/journal.pone.0165708
https://doi.org/10.1371/journal.pone.0165708
https://doi.org/10.1111/are.13203
https://doi.org/10.1152/ajpregu.00146.2008
https://doi.org/10.1152/ajpregu.00146.2008
https://doi.org/10.3945/an.110.1008
https://doi.org/10.1111/anu.12486
https://doi.org/10.1017/S0007114515004535
https://doi.org/10.1111/are.12636
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-641824 July 1, 2021 Time: 16:13 # 1

ORIGINAL RESEARCH
published: 07 July 2021

doi: 10.3389/fmars.2021.641824

Edited by:
Kang-le Lu,

Jimei University, China

Reviewed by:
Binbin Shan,

South China Sea Fisheries Research
Institute (CAFS), China

Dizhi Xie,
South China Agricultural University,

China

*Correspondence:
Stefanie M. Colombo

scolombo@dal.ca

Specialty section:
This article was submitted to

Marine Fisheries, Aquaculture
and Living Resources,
a section of the journal

Frontiers in Marine Science

Received: 15 December 2020
Accepted: 31 May 2021
Published: 07 July 2021

Citation:
Colombo SM, Emam M,

Peterson BC, Hall JR, Burr G,
Zhang Z and Rise ML (2021)

Freshwater, Landlocked Grand Lake
Strain of Atlantic Salmon (Salmo salar

L.) as a Potential Genetic Source
of Long Chain Polyunsaturated Fatty

Acids Synthesis.
Front. Mar. Sci. 8:641824.

doi: 10.3389/fmars.2021.641824

Freshwater, Landlocked Grand Lake
Strain of Atlantic Salmon (Salmo
salar L.) as a Potential Genetic
Source of Long Chain
Polyunsaturated Fatty Acids
Synthesis
Stefanie M. Colombo1* , Mohamed Emam2, Brian C. Peterson3, Jennifer R. Hall4,
Gary Burr3, Zeyu Zhang1 and Matthew L. Rise2

1 Department of Animal Science and Aquaculture, Dalhousie University, Truro, NS, Canada, 2 Department of Ocean
Sciences, Memorial University of Newfoundland, St. John’s, NL, Canada, 3 United States Department of Agriculture,
Agriculture Research Service, National Cold Water Marine Aquaculture Center, Orono, ME, United States, 4 Aquatic
Research Cluster, CREAIT Network, Ocean Sciences Centre, Memorial University of Newfoundland, St. John’s, NL, Canada

Selection efforts focused on adaptation to plant-based diets, particularly the ability
to synthesize polyunsaturated fatty acids (PUFA), are now emerging in aquaculture.
Landlocked salmon (Grand Lake population; GL) may differ from the commercial Saint
John River (SJR) strain in terms of PUFA metabolism. The objective of this study was to
determine if GL salmon can contribute toward broodstock selection for enhanced PUFA
synthesis. Two diets containing either fish oil (FO) or plant-based oil (FO-free) were fed
to the SJR and GL strains (∼58 g/fish) for 16 weeks. Growth, liver, and muscle fatty
acid (FA) content, and transcript expression of lipid metabolism and inflammation-related
genes were evaluated. GL salmon fed the FO diet showed reduced growth compared
to SJR salmon (fed either diet); however, GL salmon fed the FO-free diet, growth was
not significantly different compared to any group. In liver, SJR salmon fed the FO-free
diet had higher levels of n-6 PUFAs (21.9%) compared to GL fed the same diet (15.9%);
while GL salmon fed the FO-free diet had higher levels of monounsaturated FAs (48.9%)
compared with SJR salmon fed the same diet (35.7%). 20:5n-3 and 22:6n-3 were the
same in GL and SJR salmon liver and muscle, respectively, fed the FO-free diet. In liver,
GL salmon fed the FO-free diet had higher acac and acly compared to all treatments
and had higher fasb compared to both strains fed the FO-diet. GL salmon fed the FO-
free diet had higher cd36c and fabp3b in liver compared to GL salmon fed the FO diet
and SJR salmon fed either diet. GL salmon fed the FO-free diet had higher lect2a and
pgds in liver compared to SJR salmon fed the FO-free diet. In muscle, GL salmon fed
the FO-free diet had higher fadsd5 and fadsd6b compared with both strains fed the FO
diet. These results suggest there is a genetic basis behind the potential for GL salmon
to utilize FO-free diets more efficiently than SJR salmon, with regards to FA metabolism.

Keywords: Atlantic salmon (Salmo salar L.), Grand Lake strain, Saint John River strain, Landlocked salmon, fatty
acid synthesis, omega-3, fish oil
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INTRODUCTION

In North America, the Saint John River (SJR) strain of Atlantic
salmon (Salmo salar L.) has been developed commercially since
1984 (Friars et al., 1995; Gjøen and Bentsen, 1997). Broodstock
selection efforts have focused on genetic improvement of this
anadromous strain, for pertinent production traits such as
harvest weight and growth (Schaeffer et al., 2018), disease
resistance (Holborn et al., 2018; Holborn et al., 2020), and late
sexual maturation (Boulding et al., 2019). However, selection
of other traits, such as improved nutrient utilization, has
yet to be included in commercial broodstock programs. The
generation of SJR salmon that more efficiently utilize the
nutrients provided in the diet is important from an aquaculture
sustainability perspective.

Diets for farmed Atlantic salmon have evolved considerably
over the past 30 years, for environmental and economic reasons,
from ones that were largely composed of wild-sourced fish meal
(FM) and fish oil (FO), to ones that are much higher (>70%
of the diet) in plant-based proteins and lipids (Ytrestøyl et al.,
2015; Colombo, 2020). Dietary FO typically supplies the omega-3
(n-3) long chain polyunsaturated fatty acids (LC-PUFA), namely
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid
(DHA; 22:6n-3), which are essential for vertebrates. They play
an important role in various physiological and biochemical
processes, with EPA involved in inflammation and DHA involved
in neural development and functioning (Arts et al., 2001; Tocher,
2015). These are normally acquired in the diet of wild Atlantic
salmon and are required at 1–2% of the diet for farmed salmon
(National Research Council [NRC], 2011; Bou et al., 2017; Qian
et al., 2020). FO derived from wild fisheries is rich in EPA and
DHA, hence why it is the major source of these essential LC-
PUFA in commercial salmon feeds. Terrestrial plants do not
naturally produce n-3 LC-PUFA (Hixson et al., 2015). This is
problematic for a carnivorous, anadromous species like Atlantic
salmon, as these essential nutrients, that are normally provided
by fish prey (in the wild) and FO (in aquafeeds), are lacking
in plant-based ingredients (Tocher, 2015; Colombo, 2020). In
aquaculture, this creates a mismatch between the nutrients in the
diet (particularly the lack of n-3 LC-PUFA) and what is required
by the fish for health and growth. With little to no opportunity
to naturally adapt to this change, this presents an opportunity to
explore the genetic potential to improve the SJR strain to better
adapt to sustainable, plant-based diets without compromising
health, growth, and other production traits. Production of
superior farmed fish that thrive on sustainable, plant-based diets,
without the need to source n-3 LC-PUFA from the wild, is a next
logical research area in salmon aquaculture.

In nature, the SJR population is an anadromous strain, with
migratory patterns beginning from hatch in the Saint John
River in New Brunswick, Canada, followed by smoltification
and migration to the Bay of Fundy before they return to
the Saint John River to spawn (McCormick et al., 1998;
Marshall, 2014). However, for some populations of Atlantic
salmon, anadromy became impossible thousands of years ago;
when glaciers retreated, rates of isostatic rebound were high,
rendering these populations stuck within newly formed lakes,

without access to marine waters (Lumme et al., 2016). Native
populations of these landlocked Atlantic salmon are distributed
in northeastern North America and northern Europe (Hutchings
et al., 2019). These populations are comparatively identified by
the lake to which landlocked salmon inhabit or migrate to feed
(Hutchings et al., 2019). It has been described that the life
history and phenotypic variation of wild, naturally reproducing
landlocked Atlantic salmon is extreme for a vertebrate, compared
to their wild, anadromous counterparts (Hutchings et al.,
2019). Wild anadromous and non-anadromous (i.e., landlocked)
Atlantic salmon differ considerably in terms of life history,
natural diet, and environmental conditions (Groot, 1996;
Hutchings et al., 2019).

One of the main differences in diet between landlocked
and wild anadromous salmon is that freshwater environments
have been characterized as possibly poorer in lipid and fatty
acid quality than marine environments (Pickova et al., 1999).
It is generally known that marine environments are richer in
proportion of EPA and DHA, while freshwater environments
are richer in proportion of omega-6 (n-6) PUFA (Hixson et al.,
2015; Colombo et al., 2017; Parzanini et al., 2020). These
differences are indicative of the food sources that are available
to salmon among marine and freshwater environments, such
as algae, zooplankton, other fish, as well as the influence of
terrestrial dietary sources (Gladyshev et al., 2018; Parzanini et al.,
2020). Consequently, marine and freshwater fish have specific
dissimilarities in their FA profiles (Parzanini et al., 2020). For
example, higher EPA and DHA contents in muscle are known
to be characteristic of anadromous salmon, in part due to
their role as activators of muscle cell metabolism to support
fast continuous swimming, especially during long migrations
(Gladyshev et al., 2018). On the other hand, freshwater fish (in
general) are characterized by relatively high contents of 18:2n-
6 (linoleic acid, LNA) and 20:4n-6 (arachidonic acid, ARA)
(Parzanini et al., 2020). Generally, the FA composition of fish
tissue is determined not only by the type of dietary lipid ingested,
but also the ability of the fish to modify that dietary input,
by oxidation and/or bioconversion (Tocher, 2010). Thus, the
ability of landlocked salmon populations to adapt to a freshwater
environment, with a diet that is lower in n-3 LC-PUFA and
higher in n-6 PUFA, is of interest as a selectable trait that may
prove useful for improving the commercial SJR strain, when fed
plant-based diets.

Previous studies suggest that landlocked salmon can
synthesize and store more LC-PUFA in muscle tissue compared
with their commercial strain counterparts when fed plant-
based diets. For example, significantly higher n-3 and n-6
PUFA conversion capacities were found in landlocked
parr (Penobscott strain from Maine, United States) than in
commercial, anadromous parr (Ormsary strain from Ormsary,
Scotland) when fed experimental diets containing various plant
oils in place of FO (Rollin et al., 2003). In a follow up study,
in which a 42-day feeding trial was conducted using the same
strains fed a commercial diet, landlocked salmon fry exhibited
a higher growth rate and feed conversion than the commercial
anadromous strain, due to higher fat retention (Peng et al.,
2003). The results of the study also indicated that DHA in
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phospholipid is under strong genetic control and that the
synthesis and storage capacity is higher in the landlocked strain
(Peng et al., 2003). Another study found that landlocked parr
(Lake Vanern/Gullspång Swedish strain) had a higher capacity
to synthesize n-3 LC-PUFA than the commercial anadromous
strain (Aquagen strain, Norwegian national farmed strain),
regardless of whether they were fed a FO-based or rapeseed
oil-based diet (Betancor et al., 2016). However, the increased
biosynthesis activity did not mean the enhancement of n-3
LC-PUFA storage, but notably, the 8-week study may not have
captured the full extent of storage potential (Betancor et al.,
2016). Taken together, these studies suggest that landlocked
populations could provide a highly valuable genetic resource
for enhancing farmed Atlantic salmon stocks when fed plant-
based diets. However, these studies all investigated various
comparisons of commercial European strains with landlocked
from different populations; there has yet to be an assessment
of the commercial North American SJR strain with a North
American landlocked strain.

The objective of this study was to determine if the North
American landlocked Atlantic salmon have a better capacity to
synthesize and store n-3 LC-PUFA, in the absence of dietary FO,
in comparison to the SJR strain. To investigate this, a 2 × 2
factorial nutritional trial was designed using two feeds containing
fish oil (FO) or plant-based oil (FO-free) as the added lipid and
was tested over 16 weeks in two populations of Atlantic salmon,
the commercial Canadian SJR strain and the landlocked strain
from Grand Lake, ME, United States (GL strain). Transcript
levels of lipid metabolism-relevant genes, FA content of liver and
muscle, and fish growth were determined.

MATERIALS AND METHODS

Experimental Diets
Diets were formulated as isonitrogenous (51.7–51.8%), isolipidic
(17.8–18.4%) and isoenergetic, and were produced at the Faculty
of Agriculture, Dalhousie University (Truro, NS, Canada). Two
experimental diets were produced: a FO control diet and a FO-
free diet (Table 1). All diets were extruded using a laboratory
extruder to produce 2 mm pellets and stored at −20◦C. Diets
were analyzed for proximate composition by the Nova Scotia
Department of Agriculture (Truro, NS, Canada; Table 1). The
FA content of the diets (% of total FA methyl esters, FAME) is
presented in Table 2. Overall, the FA profile was significantly
different between diets, with the range in FA content (% FAME)
dependent on FO inclusion. Total saturated FAs (SFA) were
higher in the FO diet (25%) than the FO-free diet (13%), while
total monounsaturated FAs (MUFA) were higher in the FO-free
diet (57%) compared with the FO diet (38%). Total PUFA was
not different between diets. The LC-PUFA (EPA, DHA, ARA)
were higher in the FO diet than the FO-free diet, while the 18-
carbon PUFA (ALA, LNA) as well as oleic acid (OA; 18:1n-9)
were higher in the FO-free diet. The n-3/n-6 ratio was higher in
the FO diet (1.33) compared with the FO-free diet (0.37). The
EPA/ARA ratio was higher in the FO diet (13.1) compared with
the FO-free diet (2.96).

TABLE 1 | Formulation of diets fed to each salmon strain for 16 weeks.

Ingredient (%)1 FO control FO-free

Fish meal 15 15

Fish oil (Menhaden) 10 0

Ground wheat 17 17

Empyreal (corn protein) 12 12

Canola oil 5 15

Poultry by-product meal 21 21

Blood meal (porcine) 16 16

Vitamin and mineral mix2 0.2 0.2

Dicalcium phosphate 2 2

Pigment mix3 0.25 0.25

Lysine HCl 0.5 0.5

Choline chloride 1.05 1.05

Chemical composition (as fed, %)

Dry matter 94.57 94.52

Crude protein 51.68 51.84

Crude fat 17.83 18.41

Calcium 2.17 2.11

Potassium 0.648 0.634

Magnesium 0.133 0.128

Phosphorus 1.65 1.61

Sodium 0.397 0.387

Copper (ppm) 12.88 10.27

Manganese 21.25 21.49

Zinc (ppm) 194.5 195.2

Ash 8.2 8.5

1All ingredients were supplied and donated by Northeast Nutrition (Truro, NS,
Canada).
2Vitamin and mineral premix contains (/kg): zinc, 77.5 mg; manganese, 125 mg;
iron, 84 mg; copper, 2.5 mg; iodine, 7.5 mg; vitamin A, 5000 IU; vitamin D, 4000 IU;
vitamin K, 2 mg; vitamin B12, 4 µg; thiamine, 8 mg; riboflavin, 18 mg; pantothenic
acid, 40 mg; niacin, 100 mg; folic acid, 4 mg; biotin, 0.6 mg; pyridoxine, 15 mg;
inositol, 100 mg; ethoxyquin, 42 mg; wheat shorts, 1372 mg.
3Pigment mix contains (/kg): selenium, 0.220 mg; vitamin E, 250 IU; vitamin C,
200 mg; astaxanthin, 60 mg; wheat shorts, 1988 mg.

Experimental Fish and Feeding Trial
The landlocked strain is from the Grand Lake Stream State Fish
Hatchery collected from 2003 to 2005. This is an unselected
strain of Atlantic salmon that is used to stock landlocked lakes in
Maine by the Maine Department of Inland Fisheries and Wildlife.
The current Grand Lake fish are located at the National Cold
Water Marine Aquaculture Center (United States Department of
Agriculture, Franklin, ME, United States). The commercial SJR
strain was originally obtained as eyed eggs from industry stocks
from 2003 to 2013. The current stocks have been selected for
weight and used in the National Cold Water Marine Aquaculture
Center (United States Department of Agriculture, Franklin, ME,
United States) broodstock program. The heritability of LC-PUFA
production for this stock has been estimated from 0.14 to 0.19,
based on three spawns estimating the breeding values. All fish
were fed BioTrout (BioOregon, Westbrook, ME, United States)
prior to the experiment, and subsequently fed either the FO
or FO-free diet. The experiment was set up as 4 strain/diet
treatments (2 strains × 2 diets per strain) × 6 tanks per
treatment × 40 fish (mean initial weight 57 to 60 g) per tank
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TABLE 2 | Fatty acid profiles (area% FAMES, dry weight) of diets fed to
each salmon strain.

Fatty acid FO control FO-free F-value p-value

14:0 3.18 ± 0.48a 0.46 ± 0.02b 94.89 0.001

14:1 0.089 ± 0.002a 0.045 ± 0.001b 1296 <0.0001

16:0 16.25 ± 2.69a 8.673 ± 0.17b 23.78 0.008

16:1n-9 0.24 ± 0.04a 0.13 ± 0.002b 24.14 0.008

16:1n-7 4.67 ± 0.32a 1.49 ± 0.03b 280.63 <0.0001

18:0 4.06 ± 0.95 2.81 ± 0.11 5.05 0.088

18:1n-9 25.21 ± 5.37b 48.72 ± 0.31a 57.32 0.002

18:1n-7 2.59 ± 0.11 2.56 ± 0.07 0.24 0.651

18:2n-6 (LNA) 13.18 ± 2.49b 21.02 ± 0.24a 29.53 0.006

18:3n-3 (ALA) 2.63 ± 0.60b 6.26 ± 0.09a 106.94 <0.0001

18:4n-3 1.144 ± 0.142a 0.10 ± 0.006b 163.07 <0.0001

20:0 0.297 ± 0.05b 0.45 ± 0.005a 24.21 0.008

20:1n-9 1.685 ± 0.37 1.653 ± 0.13 0.02 0.896

20:1n-7 0.188 ± 0.03a 0.08 ± 0.006b 34.24 0.004

20:2n-6 0.20 ± 0.04a 0.09 ± 0.008b 14.61 0.019

20:3n-6 0.155 ± 0.05a 0.047 ± 0.002b 9.99 0.034

20:4n-6 (ARA) 0.56 ± 0.02a 0.19 ± 0.008b 1251 <0.0001

20:4n-3 0.356 ± 0.018a 0.03 ± 0.002b 942.6 <0.0001

20:5n-3 (EPA) 7.26 ± 0.28a 0.576 ± 0.04b 1680.48 <0.0001

22:0 0.319 ± 0.01 0.299 ± 0.01 3.26 0.145

22:1n-9 2.22 ± 0.01 1.86 ± 0.21 5.67 0.098

22:1n-7 0.09 ± 0.01 0.07 ± 0.01 7.46 0.052

22:5n-6 0.17 ± 0.004a 0.016 ± 0.0001b 3307.3 <0.0001

22:5n-3 0.93 ± 0.05a 0.09 ± 0.004b 888.52 <0.0001

24:0 0.13 ± 0.05 0.156 ± 0.003 0.61 0.479

22:6n-3 (DHA) 6.64 ± 1.41a 0.88 ± 0.04b 50.08 0.002

24:1 0.465 ± 0.159a 0.192 ± 0.02b 8.67 0.042

6SFA 24.9 ± 3.17a 13.0 ± 0.31b 41.61 0.003

6MUFA 37.89 ± 6.49b 57.16 ± 0.28a 26.37 0.007

6PUFA 36.83 ± 3.29a 29.7 ± 0.29b 14.0 0.020

6n-3 19.42 ± 0.30a 7.97 ± 0.07b 4094.03 <0.0001

6n-6 13.11 ± 0.07b 21.45 ± 0.22a 2315.29 <0.0001

n-3/n-6 1.33 ± 0.24a 0.37 ± 0.002b 48.21 0.002

DHA/EPA 0.92 ± 0.23b 1.53 ± 0.04a 19.97 0.011

EPA/ARA 13.15 ± 0.21a 2.96 ± 0.01b 5052.92 <0.0001

1Data expressed as mean ± SD (n = 3). Different letters within a row
denote significant differences between diets determined by one-way ANOVA with
Bonferroni post hoc correction test (p < 0.05).

(n = 960 fish total) and were fed for 16 weeks (to ensure sufficient
growth, at least double the initial weight, and tissue turnover
to assess fatty acid storage). Salmon were randomly distributed
among the 24 experimental tanks (500-L volume), each tank with
40 fish, in the flow-through system. The SJR and GL strain were
separated into different tanks. Fish were fed multiple times daily
by automatic feeders, at a rate of 1.5% body weight per day.
The flow rate was 2–3 L/min, and the photoperiod was natural
day length. The dissolved oxygen and water temperature were
maintained at 10 mg/L and 12◦C, respectively, and monitored
daily. Fish were held at a maximum density of 12 kg/m3 by
the end of the experiment. Fish were cared for and handled
in accordance with the guidelines of the Canadian Council
of Animal Care (Dalhousie Institutional approved protocol

#2019-010) and the USDA Institutional Animal Care (approved
protocol #2019-001).

Fish Sampling
Ten fish per tank were randomly sampled at Week 0 and Week
16. Fish were fasted for 24 h prior to sampling to empty gut
contents for accurate weight measurement. Fish were euthanized
with an overdose of tricaine methane sulfonate at 150 mg/L
(MS222; Syndel, Ferndale, WA, United States), then fork length
and weight were measured. Skinless, dorsal white muscle and
liver were sampled from each fish (samples were stored in
separate vials for subsequent FA and transcript expression
analyses), immediately flash-frozen in liquid nitrogen, and then
stored at −80◦C. Tissue samples were transported on dry ice
directly from the USDA lab to Dalhousie University Agricultural
Campus (Truro, NS, Canada) and then stored at −80◦C. Tissue
samples for transcript expression analyses were later shipped on
dry ice to the Ocean Sciences Centre, Memorial University of
Newfoundland (St. John’s, NL, Canada) and directly stored at
−80◦C until RNA extraction.

Growth Performance
Weight and fork length were measured at week 0 and week 16.
Weight gain was calculated as final weight – initial weight (g) and
specific growth rate (SGR) was calculated as:

SGR (%BW/d) = 100 × [ln (final BW)− ln (initial BW)]/days.

Thermal growth coefficient (TGC) was calculated as:

TGC = [[(final weight)1/3
− (initial weight)1/3

]/

temperature in ◦C∗ time in days] ∗ 1000.

Recorded feed intake (weekly, dry matter) and weight gain in
each tank were used to calculate the feed conversion ratio (FCR),
according to the following formula:

FCR = (Feed intake g/fish)/(weight gain g/fish).

Individual final weight and fork lengths were used to calculate
the condition factor (CF), according to the following formula:

Condition factor = 100 × [Biomass/(length)3
]

Tanks 17 (GL strain, FO diet) and 9 (SJR strain, FO-free
diet) were eliminated from growth and downstream analyses
due to poor growth; they were considered outliers (Grubb’s test)
compared with the other tanks in their given group.

Fatty Acid Analysis
In addition to tanks 17 and 9, tanks 16 (GL strain, FO-free diet)
and 22 (SJR strain, FO diet) were also eliminated (at random; i.e.,
the highest numbered tank from each group was eliminated) to
keep the number of tanks per treatment group consistent. For
the week 0 fish, lipid was extracted from liver and muscle of the
first sampled fish (with the exception of tank 12 due to poor
quality of the liver sample) from each of the remaining 5 tanks
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(n = 10 per strain × 2 strains = 20). For the week 16 fish, lipid
was extracted from liver and muscle of the first two sampled fish
[n = 2 fish per tank × 5 tanks per treatment × 4 treatments (i.e.,
2 strains× 2 diets) = 40].

Muscle and liver tissues were freeze-dried and individually
ground to a fine powder in liquid nitrogen using a ceramic mortar
and pestle [which were washed with soap and water and lipid-
cleaned three times with 2 mL of chloroform:methanol (2:1; v/v)
between each sample], and the resulting powder was subsampled
and weighed to the nearest microgram. Total lipid was extracted
using a modified Folch method (Folch et al., 1957), as in Hixson
et al. (2017). Briefly, each sample was extracted three times, using
2 mL of chloroform/methanol (2:1; v/v) and then pooled (total
6 mL). Polar impurities were removed by adding 1.6 mL of
KCl solution (0.9% w/v). The organic layer was removed using
a lipid-cleaned glass pipette and pooled. The resulting lipid-
containing solvent was concentrated to 2 mL by evaporating
with nitrogen gas. The lipid extract was then prepared for gas
chromatography by derivatizing into FAME using the Hildich
reagent (1.5 H2SO4: 100 anhydrous MeOH) as the catalyst
(Christie, 2003). Reagents were added in the proportion of 1.5 mL
of reagent per 4–16 mg of lipid. Samples were heated at 90◦C for
90 min and vortexed halfway through the derivatization reaction.
The FAME were extracted twice using hexane: diethyl ether (1:1;
v/v), then dried under a gentle stream of nitrogen. The dry FAME
extract was re-dissolved in hexane and individual FAME were
separated using a gas chromatograph (GC). All solvents used in
the extraction and FAME derivatization procedures were of high
purity HPLC grade (>99%). A known concentration of 5 alpha-
cholestane (C8003, Sigma-Aldrich, St. Louis, MI, United States)
was added to each sample prior to extraction to act as the
internal standard to estimate extraction and instrument recovery
efficiency. FAME were analyzed by GC (SCION 436, SCION
Instruments, Livingston, United Kingdom) at the Marine Lipids
Lab at Dalhousie University (Halifax, NS, Canada).

RNA Preparation
The fish/tissues subjected to transcript expression analyses were
the same as those subjected to lipid analyses (see Fatty acid
analysis section for samples that were eliminated). For the 60
liver samples, approximately 100 mg tissue was added to a
1.5 mL RNase-free tube containing 400 µL of TRIzol reagent
(Invitrogen/Thermo Fisher Scientific, Burlington, ON, Canada)
and homogenized using a motorized Kontes RNase-Free Pellet
Pestle Grinder (Kimble Chase, Vineland, NJ, United States). An
additional 400 µL of TRIzol was added and mixed by pipetting.
For the 60 muscle samples, approximately 100 mg tissue was
added to a 2 mL RNase-free tube containing 400 µL of TRIzol
and a 5 mm stainless steel bead (QIAGEN, Mississauga, ON),
and then homogenized using a TissueLyser (QIAGEN) set at
a frequency (1/s) of 25 for 2.5 min. An additional 400 µL
of TRIzol was added to the tube and the homogenization
step repeated. Thereafter, for both tissues, the homogenates
were frozen on dry ice and stored at −80◦C. They were
further disrupted by thawing them on wet ice and then passing
them through QIAshredder (QIAGEN) spin columns following
the manufacturer’s instructions. Next, 200 µL of TRIzol was

added to each sample to make a total homogenate volume of
approximately 1 mL. The TRIzol total RNA extractions were then
completed following the manufacturer’s instructions.

The TRIzol-extracted liver RNA samples had low A260/230
ratios, which interferes with column purification. Therefore,
subsamples (150 µg) were re-extracted using the phenol-
chloroform phase separation method. Briefly, to separate the
TRIzol-extracted RNA from organic materials, an equal volume
of acid phenol:chloroform:isoamyl alcohol (125:24:1) (pH 4.5)
(AM9720; Ambion/Thermo Fisher Scientific) was added to each
sample, vortexed for 30 sec and centrifuged at 16,100 × g at
4◦C for 20 min. The RNA was then recovered from the aqueous
layer from the previous step by precipitation with 0.1 volumes
of 3 M sodium acetate (pH 5.5) (AM9740; Ambion/Thermo
Fisher Scientific) and 2.5 volumes of anhydrous ethyl alcohol
(Commercial Alcohols Inc., Brampton, ON) at −80◦C for 1 h,
followed by centrifugation at 16,100 × g at 4◦C for 30 min.
To wash the resulting RNA pellet, 1 ml of 75% ethanol was
added and centrifuged at 16,100 × g at 4◦C for 20 min. The
ethanol was removed, and the RNA pellet was air-dried at room
temperature for 10 min and resuspended in nuclease-free water
(Invitrogen/Thermo Fisher Scientific).

The acid phenol:chloroform:isoamyl alcohol extracted liver
and the TRIzol extracted muscle RNA samples (45 µg) were
then each treated with 6.8 Kunitz units of DNaseI (RNase-
Free DNase Set, QIAGEN) with the manufacturer’s buffer
(1X final concentration) at room temperature for 10 min to
degrade any residual genomic DNA. DNase-treated RNA samples
were column-purified using the RNeasy Mini Kit (QIAGEN)
following the manufacturer’s instructions. RNA integrity was
verified by 1% agarose gel electrophoresis, and RNA purity
was assessed by A260/280 and A260/230 NanoDrop UV
spectrophotometry for both the pre-cleaned and the column-
purified RNA samples. Column-purified liver RNA samples had
A260/280 ratios between 2.08 and 2.13 and A260/230 ratios
between 1.85 and 2.39, and column-purified muscle RNA samples
had A260/280 ratios between 2.06 and 2.14 and A260/230 ratios
between 1.87 and 2.33.

Real-Time Quantitative Polymerase
Chain Reaction (qPCR)
qPCR Overview
Expression levels of transcripts with functional annotations
related to lipid metabolism including elongation or desaturation
(elovl2, elovl5a, elovl5b, fadsd5, fadsd6a and fadsd6b), de novo FA
synthesis (acac, acly, scdb and fasb), Krebs cycle (csb), oxidation
(acox1), transcription regulation (srebp1 and pparaa), transport
(cd36c, fabp3a, fabp3b and fabp10a), cholesterol metabolism
(cyp7a1b) and inflammation (lect2a and pgds) were measured in
individual liver and muscle samples using qPCR. For each tissue,
a preliminary qPCR analysis was performed in which levels of 35
(liver) and 32 (muscle) transcripts were measured in cDNA pools
representing the six groups (i.e., GL week 0 and SJR week 0, and
GL week 16 FO diet, GL week 16 FO-free diet, SJR week 16 FO
diet and SJR week 16 FO-free diet) in this study (Supplementary
Figures 1, 2, respectively). This analysis was performed to help
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select the transcripts to be assessed in individual samples. In a
second qPCR analysis, transcript expression levels of the same
21 genes were measured in both liver and muscle tissues of 60
individual salmon (n = 10 per each of the six groups).

cDNA Synthesis and qPCR Parameters
First-strand cDNA templates for qPCR were synthesized in 20 µL
reactions from 1 µg of DNaseI-treated, column-purified total
RNA using random primers (250 ng; Invitrogen/Thermo
Fisher Scientific), dNTPs (0.5 mM final concentration;
Invitrogen/Thermo Fisher Scientific), M-MLV reverse
transcriptase (200 U; Invitrogen/Thermo Fisher Scientific) with
the manufacturer’s first strand buffer (1X final concentration)
and DTT (10 mM final concentration) at 37◦C for 50 min.
To generate the cDNA pools, a subsample of each individual
cDNA template (n = 10) from a given group (n = 6) was
included in that pool.

Polymerase chain reaction amplifications were performed in
13 µL reactions using 1X Power SYBR Green PCR Master
Mix (Applied Biosystems/Thermo Fisher Scientific), 50 nM of
both the forward and reverse primers, and the indicated cDNA
quantity (see below). Amplifications were performed using the
QuantStudio 6 Flex Real Time PCR system (384-well format)
(Applied Biosystems/Thermo Fisher Scientific). The real-time
analysis program consisted of 1 cycle of 50◦C for 2 min, 1 cycle
of 95◦C for 10 min and 40 cycles of 95◦C for 15 sec and 60◦C for
1 min, with fluorescence detection at the end of each 60◦C step,
and was followed by dissociation curve analysis.

Primer Design and Quality Assurance Testing
The sequences of all primer pairs used in qPCR analyses are
presented in Supplementary Table 1. Many of these primers were
designed previously (see references in Supplementary Table 1);
primers new to the current study were designed following the
same parameters. However, as the GL strain studied herein was
different from the SJR strain, which has been studied in our lab
previously (i.e., Xue et al., 2015; Hixson et al., 2017; Caballero-
Solares et al., 2018, 2017; Katan et al., 2019; Emam et al., 2020),
all primers pairs were (re)-subjected to quality control (QC)
testing, due to the possibility of single nucleotide polymorphisms
(SNPs) either within the primer sequence or amplicon. This
was performed separately for both liver and muscle tissues from
the same individual fish. Amplification efficiencies (Pfaffl, 2001)
were calculated for cDNA pools representing the two strains
studied herein to ensure they were comparable. Briefly, cDNAs
were synthesized for two individual RNA samples from each
of the three groups (i.e., Week 0, Week 16 FO diet, Week 16
FO-free diet) from GL and from SJR. The 6 cDNAs from each
strain were then pooled and standard curves generated using a
5-point 1:3 dilution series starting with cDNA representing 10
ng of input total RNA. For a given tissue, for all transcripts,
the efficiencies for both GL and SJR were comparable; therefore,
the average of the two values was utilized for data analyses.
Testing was also performed to ensure that a single product
with identical melting temperature between the two geographical
locations was amplified (dissociation curve analysis) and that
there was no primer-dimer present in the no-template control.

Amplicons were electrophoretically separated on 2% agarose
gels and compared with a 1 kb plus ladder (Invitrogen/Thermo
Fisher Scientific) to verify that the correct size fragment was
being amplified.

Endogenous Control (Normalizer) Selection
Endogenous control selection was performed as described below
for both liver and muscle separately. Expression levels of the
transcripts of interest (TOIs) were normalized to transcript levels
of two endogenous controls. These endogenous controls were
selected from six candidate normalizers [60S ribosomal protein
L32 (rpl32; BT043656), β-actin (actb; BG933897), elongation
factor 1-alpha 1 (ef1a1; AF321836), elongation factor 1-alpha
2 (ef1a2; BT058669), eukaryotic translation initiation factor 3
subunit D (etif3d; GE777139) and polyadenylate-binding protein
1 (pabpc1; EG908498)]. Briefly, the fluorescence threshold cycle
(CT) values of 30 samples (i.e., 5 samples from each of the six
groups) were measured (in duplicate) for each of these transcripts
using cDNA representing 4 ng of input total RNA, and then
analyzed using geNorm (Vandesompele et al., 2002). Based on
this analysis, ef1a1 (geNorm M = 0.193) and rpl32 (geNorm
M = 0.214) were selected as the two endogenous controls for liver;
ef1a1 (geNorm M = 0.244) and pabpc1 (geNorm M = 0.259) were
selected as the two endogenous controls for muscle.

Experimental qPCR Analyses
In both the pooled sample screen and individual sample
experimental qPCR analyses, cDNA representing 4 ng of input
RNA was used as template in the PCR reactions. On each
plate, for every sample, the TOIs and endogenous controls were
tested in triplicate and a no-template control was included. In
the individual sample qPCR study, since expression levels of
a given TOI were assessed across three plates, a plate linker
sample (i.e., a sample that was run on all plates in a given
study) was also included to ensure there was no plate-to-plate
variability. The relative quantity (RQ) of each transcript was
determined using the QuantStudio Real Time PCR Software
(version 1.3) (Applied Biosystems/Thermo Fisher Scientific)
relative quantification study application, with normalization to
both ef1a1 and rpl32 (liver) or ef1a1 and pabpc1 (muscle)
transcript levels, and with amplification efficiencies incorporated.
For each TOI, the sample with the lowest normalized expression
(mRNA) level was set as the calibrator sample (i.e., assigned an
RQ value = 1.0).

Statistical Analysis
For growth data (n = 6; mean ± SD), a one-way analysis
of variance (ANOVA) was conducted and where significant
differences occurred (p < 0.05), treatment means were
differentiated using the Tukey HSD multiple comparison.
A two-way ANOVA was also performed using the general
linear model to determine the explanatory power of diet factor
and strain factor, as well as the ‘diet × strain’ interaction.
For FA analysis, raw data were converted to percentages and
Anderson-Darling test was used to evaluate normality and
Levene’s test was used to evaluate equal variances. For diet and
tissue FA composition at week 0 and 16 (considered separately),
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a one-way ANOVA was performed, followed by Bonferroni
post hoc confidence intervals with appropriate correction of
the α-level for multiple comparisons to determine differences
among treatments. Residuals of the tests were examined for
homogeneity of variance and normality. Statistical analyses were
conducted using the general linear model in Minitab (Minitab 16
Statistical Software, State College, PA, United States).

For transcript expression data, the week 0 and week 16
transcript expression data were considered separately. For week
0, as there were some cases where values did not exhibit
homogeneity of variance, the Mann-Whitney test was used to
assess if there were any significant differences in expression levels
of a given TOI between the GL and SJR groups. For week 16, with
the exception of transcript expression data for elovl2 and elovl5b
in muscle (not expressed in fish 77 so untransformed data were
analyzed), data were log10 transformed, and a one-way and two-
way ANOVA, followed by Tukey’s B post hoc test, were used to
assess expression levels of a given TOI among the four treatments.
In all cases, p < 0.05 was considered statistically significant, and
treatments are referred to as different if a statistical difference
was found, unless otherwise stated. All data are expressed as
mean ± SD. To compare the magnitude of relative expression of
transcripts between strains, fold-change was calculated for each
strain, where the RQ value for the FO-free treatment was divided
by the RQ value of the FO treatment. Fold-change values were
compared using a t-test.

Principal Coordinate Analysis (PCoA) was used to provide a
representation of FA and transcript expression among treatments
at week 16, and permutational MANOVA (PERMANOVA) were
performed to study strength and significance level of variation
due to diet and strain factors. Vectors were included in the
plot that showed correlations > 0.75 (Pearson correlation).
PERMANOVA analyses were performed on resemblance
matrices, which were built upon the Bray-Curtis similarity
matrix. Multivariate statistics (i.e., PCoA and PERMANOVA)
were performed using Primer 7 with the PERMANOVA + add
on package (Primer-E version 7, Aukland, New Zealand).

Pearson correlation analyses were used to relate transcript
expression RQ data with tissue FA data. Strains were considered
separately to determine which strain had stronger relationships
between transcript expression and FA storage. Transcripts
directly involved in LC-PUFA synthesis (elovl2, elovl5a, elovl5b,
fadsd5, fadsd6a, fadsd6b) in the liver and muscle were compared
with n-3 and n-6 FA in the liver and muscle, respectively. In
addition, the same comparisons were made for liver RQ data
and muscle FA data, to relate liver FA synthesis to muscle
FA storage. Correlations were performed using SigmaPlot 14.0
(Systat Software, Inc., San Jose, CA, United States).

RESULTS

Growth Performance
Considering final weight, weight gain, weight increase and TGC,
one-way ANOVA indicated that there were significant differences
among the 4 treatments (Table 3). More specifically, for all
of these measurements, the GL strain fed the FO diet had

significantly lower levels than the SJR strain (fed either diet);
however, in the GL strain that were fed the FO-free diet, levels
were not significantly different compared to any group. Notably,
the GL strain fed the FO-free diet grew slightly more (final
weight 180.1 g/fish) than those fed the FO diet (167.5 g/fish),
although this difference was not significant. Results of the two-
way ANOVA showed that strain was a significant factor that
affected weight gain, weight increase and TGC (Table 3). Diet,
or the interaction between strain and diet, were not significant
factors in growth performance.

Tissue Fatty Acids
At week 0 in the liver, prior to feeding experimental diets,
there were significant differences in FA content due to strain
(diet was the same since post-hatch, prior to week 0 sampling;
Table 4). Liver FAs that were higher in proportion in the GL
strain compared to the SJR strain were: 14:0, 16:1n-7, 18:1n-9,
18:2n-6, 18:3n-3, 20:1n-9, 20:1n-7, 20:2n-6, 20:4n-3, MUFA, and
the DHA/EPA ratio. Conversely, liver FAs that were higher in
proportion in the SJR strain compared to the GL strain were: 16:0,
ARA, EPA, 24:1, SFA, and the n-3/n-6 ratio. In the muscle at week
0, 20:3n-6 was higher in the SJR strain compared to the GL strain;
however, there were no significant differences for the rest of the
FA profile (Table 5).

Overall, at week 16 in the liver, most of the differences in
FA were due to diet (∼70% of reported FA), although some FA
were different due to strain (∼40% of reported FA; Table 6).
Considering treatment effect only (one-way ANOVA results),
14:0, EPA, DHA, n-3 and n-3/n-6, were all significantly higher in
salmon that were fed the FO diet compared to salmon fed the FO-
free diet (both strains). Total n-6 was highest in the SJR strain fed
the FO-free diet, followed by the GL strain fed the FO-free diet,
and lowest in both the SJR and GL strains fed the FO diet. ARA
was highest in the SJR strain fed the FO-free diet compared to
any other treatment. Total SFA were higher in the SJR strain fed
the FO diet compared to any other treatment. Total MUFA were
highest in the GL strain fed the FO-free diet, followed by the SJR
strain fed the FO-free diet, and the GL and SJR strains fed the FO
diet were both lowest in MUFA. Total PUFA was lowest in the GL
strain fed the FO-free diet compared to any other treatment.

There were also significant differences in FA profiles that were
affected by diet, strain, and the interaction between diet and strain
(two-way ANOVA results; Table 6). The level of 16:1n-9, 18:1n-9,
ARA, 22:5n-6, DHA, MUFA, PUFA, n-3, n-6, and the DHA/EPA
ratio in the liver all depended on the interaction between strain
and diet. The level of 14:1, 16:0, 16:1n-7, 20:3n-6 in the liver all
depended on the strain and diet factor, independently. The level
of LNA, 18:4n-3, 20:4n-3, EPA, 22:5n-3 and 24:1 depended on the
diet factor alone. The level of 18:0 and 18:3n-3 were the only FAs
that depended on strain only.

Muscle FA content at week 16 largely depended on diet
(∼88% of reported FA), while some depended on both diet
and strain (∼20% of reported FA; Table 7). Based on treatment
effect only (one-way ANOVA results), the following FA were
higher in salmon that were fed the FO diet (both strains),
compared to salmon that were fed the FO-free diet (both strains):
14:0, 16:1n-7, 18:1n-9, 20:3n-6, EPA, 22:5n-3, and n-3/n-6. The
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TABLE 3 | Growth performance of the landlocked Grand Lake (GL) strain and commercial anadromous Saint John River (SJR) strain fed FO- and FO-free diets for
16 weeks1.

Grand Lake Saint John River p-values

FO FO-free FO FO-free Treatment Strain Diet Diet × Strain

Initial weight 60.3 ± 2.2 56.8 ± 4.6 56.8 ± 3.6 58.4 ± 1.7 0.877 0.66 0.66 0.36

Final weight 167.5 ± 2.8b 180.1 ± 3.3ab 199.2 ± 9.3a 202.6 ± 14.8a 0.002 0.10 0.41 0.63

Weight gain2 106.1 ± 15.8b 123.3 ± 8.4ab 142.4 ± 4.7a 144.1 ± 6.9a 0.038 0.01 0.33 0.42

Weight increase (%) 147.2 ± 13.4b 228.0 ± 27.1ab 253.5 ± 10.9a 249.9 ± 29.9a 0.012 0.04 0.29 0.23

TGC3 1.16 ± 0.06b 1.58 ± 0.09ab 1.74 ± 0.03a 1.72 ± 0.16a 0.001 0.02 0.34 0.25

CF4 1.74 ± 0.19 1.61 ± 0.14 1.43 ± 0.10 1.66 ± 0.11 0.442 0.70 0.38 0.43

FCR5 0.96 ± 0.04 1.00 ± 0.02 1.00 ± 0.02 1.00 ± 0.02 0.636 0.10 0.72 0.77

1Mean ± SD; n = 6 tanks/treatment. Different letters within a row denote significant differences among diet treatments determined by one-way ANOVA (where factor is
‘Treatment’ at four levels: GL/FO, GL/FO-free, SJR/FO, SJR/FO-free), p < 0.05 level.
2Weight gain (g fish−1) = Final weight–initial weight (calculated by tank means, n = 6).
3Thermal growth coefficient = [[(final weight)1/3–(initial weight)1/3]/temperature in◦C * time in days] * 1000.
4Condition factor = Body mass/length3 *100.
5Feed conversion ratio = (Feed intake, g)/(weight gain, g).

following FA were higher in salmon that were fed the FO-free
diet (both strains), compared to salmon that were fed the FO
diet (both strains): ALA, LNA, 18:4n-3, ARA, MUFA, and n-6.
DHA was highest in the GL strain fed FO diets compared to any
other treatment.

There were a few muscle FAs that were dependent on the
strain × diet interaction (two-way ANOVA results; Table 7),
including 14:0, 20:3n-6, ARA, 22:5n-6, DHA, and the EPA/ARA
ratio. There were also a few FAs that were significantly different
due to both diet and strain, which included 16:1n-9, 18:0, 20:4n-
3, 22:5n-6, and the DHA/EPA ratio. Most muscle FAs were
significantly different depending on diet only.

Liver Transcript Expression Analyses
At week 0, transcript levels of elovl5b, acac, scdb, acox1, pparaa,
cd36c, fabp3b, fabp10a and pgds were significantly higher in
the GL strain compared to the SJR strain; whereas levels of
fadsd6a were significantly lower in the GL strain compared to
the SJR strain (Figure 1 and Supplementary Table 2). The
remaining transcripts were not significantly different between
strains at week 0.

At week 16, some transcripts related to elongation or
desaturation (i.e., elovl2, fadsd5, fadsd6a, and fadsd6b) were
higher in salmon fed the FO-free diet compared to the FO diet, in
both strains (Figure 2A). The two-way ANOVA results showed
a significant diet effect for elovl2, elovl5a and elovl5b, fadsd5,
fadsd6a, and fadsd6b (Supplementary Table 3). Strain was a
significant factor for elovl5b and fadsd6a. Strain and diet were not
interacting factors for these transcripts (Supplementary Table 3).

Levels of transcripts related to de novo FA synthesis, acac
and acly, were higher in GL strain salmon fed the FO-free diet
compared to those fed the FO diet, and compared to the SJR strain
fed either diet (Figure 2B). Scdb transcript levels were lower in
the SJR strain fed the FO diet compared to all of the remaining
groups. Fasb transcript levels were higher in both strains fed the
FO-free diet. Strain and diet were both significant factors across
the de novo FA synthesis transcripts (Supplementary Table 3).

Strain and diet were not interacting factors for these transcripts
(Supplementary Table 3).

Levels of the Krebs cycle related transcript, csb, were not
different across groups in both strains, however, diet was a
significant factor in the two-way ANOVA (Supplementary
Table 3). Levels of the oxidation transcript, acox1, were higher
in the GL strain fed the FO-free diet compared to those fed the
FO diet in both strains (Figure 2C and Supplementary Table 3).
The levels of acox1 in the SJR strain fed the FO-free diet were
not different compared to all other groups. The diet effect was
significant for acox1 in the two-way ANOVA (Supplementary
Table 3). The transcription factor, srebp1, was higher in the GL
strain fed the FO-free diet compared to all other groups, while the
SJR strain fed the FO-free diet was higher than both strains fed the
FO diet (Figure 2D). Levels of the transcription factor, pparaa,
were lower in the SJR strain fed the FO-free diet compared to any
other group (Figure 2D). For both transcription factor encoding
transcripts, strain was a significant factor, while diet was only
significant for srebp1, and the interaction between strain and diet
was only significant for pparaa (Supplementary Table 3).

Levels of transcripts related to FA transport, cd36c and fabp3b,
were higher in both salmon strains fed the FO-free diet compared
to those fed the FO diet, and also higher in the GL strain
compared to the SJR strain fed the FO-free diet (Figure 2E).
Levels of fabp3a were higher in salmon fed the FO-free diet
compared to those fed the FO diet in both strains. Transcript
levels of fabp10a were higher in the SJR strain fed the FO diet
compared to the GL strain, regardless of diet. The diet and
strain factors were significant for cd36c and fabp3b, while fabp3a
was only significant for the diet factor and fabp10a was only
significant for the strain factor (Supplementary Table 3).

Cyp7a1b, involved in cholesterol metabolism, was higher in
the SJR strain fed the FO-free diet compared to the GL strain fed
the FO diet (Figure 2F). Both the diet and strain factors were
significant in the two-way ANOVA (Supplementary Table 3).
Transcript levels of the inflammation-relevant transcript, lect2a,
were higher in the GL strain fed the FO-free diet compared to
the SJR strain, regardless of diet (Figure 2G), and strain was
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TABLE 4 | Liver fatty acid content (area% FAMES, dry weight) of the Grand Lake
(GL) strain and Saint John River (SJR) strain at week 0 prior to feeding
experimental diets.

Fatty acid GL (initial) SJR (initial) F-value p-value
(Strain)

14:0 1.48 ± 0.19a 1.16 ± 0.18b 14.71 0.001

14:1 0.05 ± 0.01 0.04 ± 0.01 3.47 0.079

16:0 18.85 ± 1.11b 20.73 ± 1.91a 7.27 0.015

16:1n-9 0.36 ± 0.018 0.35 ± 0.066 0.45 0.510

16:1n-7 2.24 ± 0.45a 1.80 ± 0.27b 6.81 0.018

18:0 5.55 ± 0.41 5.68 ± 0.24 0.81 0.381

18:1n-9 12.52 ± 0.58a 10.66 ± 1.10b 7.48 0.014

18:1n-7 1.81 ± 0.18 1.68 ± 0.15 2.92 0.105

18:2n-6 (LNA) 5.97 ± 0.64a 4.98 ± 0.31b 19.0 <0.0001

18:3n-3 (ALA) 0.458 ± 0.06a 0.337 ± 0.05b 22.15 <0.0001

18:4n-3 0.213 ± 0.07 0.234 ± 0.02 0.33 0.574

20:1n-9 0.719 ± 0.13a 0.427 ± 0.14b 21.76 <0.0001

20:1n-7 0.091 ± 0.02a 0.062 ± 0.025b 7.62 0.013

20:2n-6 0.73 ± 0.11a 0.50 ± 0.11b 20.94 <0.0001

20:3n-6 0.79 ± 0.10 0.84 ± 0.14 0.71 0.410

20:4n-6 (ARA) 3.62 ± 0.379b 4.17 ± 0.66a 5.19 0.035

20:4n-3 0.43 ± 0.01a 0.36 ± 0.05b 16.74 0.001

20:5n-3 (EPA) 5.34 ± 0.54b 6.08 ± 0.67a 7.30 0.015

22:0 0.06 ± 0.02 0.19 ± 0.38 1.20 0.288

22:1n-9 0.128 ± 0.04 0.110 ± 0.04 0.90 0.356

22:1n-7 0.116 ± 0.09 0.092 ± 0.025 0.48 0.496

22:5n-6 0.458 ± 0.05 0.426 ± 0.067 1.44 0.246

22:5n-3 1.509 ± 0.50 1.576 ± 0.77 0.05 0.820

24:0 0.159 ± 0.503 0.448 ± 0.84 0.87 0.364

22:6n-3 (DHA) 30.66 ± 2.40 31.19 ± 1.96 0.29 0.596

24:1 1.44 ± 0.21b 1.72 ± 0.36a 4.29 0.043

6SFA 26.86 ± 1.09a 28.93 ± 2.5b 5.73 0.028

6MUFA 20.44 ± 2.44a 17.96 ± 1.55b 7.33 0.014

6PUFA 52.42 ± 2.46 52.87 ± 2.87 0.14 0.709

6n-3 39.16 ± 2.81 40.32 ± 1.97 1.15 0.298

6n-6 12.02 ± 0.39 11.5 ± 0.96 2.51 0.131

n-3/n-6 3.26 ± 0.29b 3.52 ± 0.20a 5.04 0.038

DHA/EPA 5.77 ± 0.62a 5.17 ± 0.54b 5.32 0.033

EPA/ARA 1.48 ± 0.15 1.48 ± 0.20 0.00 0.973

1Data expressed as mean± SD (n = 5 tanks per treatment). Different letters within a
row denote significant differences between strains determined by one-way ANOVA
(where factor is ‘Strain’) with Bonferroni post hoc correction test (p < 0.05).

a significant factor in the two-way ANOVA (Supplementary
Table 3). Transcript expression levels of another inflammation-
relevant gene, pgds, showed lower levels in the SJR strain fed the
FO-free diet compared to all other groups (Figure 2G), with diet
and strain being interacting factors (Supplementary Table 3).

Transcript fold-changes compared between strains (where the
RQ value of the FO-free treatment was compared to the RQ
value of the FO treatment) were significantly higher in the GL
strain compared to the SJR strain for pparaa, lect2a and pgds
(Supplementary Table 6). Other transcripts showed numerical
differences in fold-change values between strains, but they were
not statistically different. For example, fasb was expressed 4-
fold higher in the GL strain comparing the FO-free to the FO

TABLE 5 | Muscle fatty acid content (area% FAMES, dry weight) of the Grand
Lake (GL) strain and Saint John River (SJR) strain at week 0 prior to feeding
experimental diets.

Fatty acid GL (initial) SJR (initial) F-value p-value
(Strain)

14:0 2.51 ± 0.31 2.55 ± 0.48 0.06 0.815

14:1 0.08 ± 0.03 0.06 ± 0.04 1.82 0.195

16:0 20.34 ± 3.48 22.06 ± 3.49 1.23 0.283

16:1n-9 0.33 ± 0.03 0.29 ± 0.05 4.14 0.057

16:1n-7 4.21 ± 0.96 3.72 ± 1.11 1.10 0.309

18:0 5.62 ± 1.08 6.34 ± 1.15 2.04 0.170

18:1n-9 18.63 ± 3.53 16.50 ± 4.26 1.49 0.238

18:1n-7 2.51 ± 0.26 2.45 ± 0.28 0.18 0.637

18:2n-6 (LNA) 8.31 ± 1.53 7.41 ± 1.66 1.57 0.227

18:3n-3 (ALA) 0.79 ± 0.11 0.75 ± 0.11 0.89 0.357

18:4n-3 0.66 ± 0.11 0.69 ± 0.15 0.28 0.600

20:0 0.12 ± 0.02 0.12 ± 0.05 0.00 0.953

20:1n-9 1.05 ± 0.21 0.94 ± 0.26 0.94 0.346

20:1n-7 0.13 ± 0.02 0.12 ± 0.02 0.29 0.598

20:2n-6 0.49 ± 0.23 0.59 ± 0.08 1.44 0.245

20:3n-6 0.45 ± 0.03b 0.50 ± 0.03a 7.38 0.014

20:4n-6 (ARA) 1.18 ± 0.21 1.23 ± 0.08 0.32 0.576

20:4n-3 0.49 ± 0.07 0.45 ± 0.06 2.01 0.174

20:5n-3 (EPA) 4.77 ± 0.52 5.08 ± 0.83 0.94 0.345

22:0 0.09 ± 0.05 0.08 ± 0.04 0.06 0.814

22:1n-9 0.19 ± 0.02 0.21 ± 0.04 1.26 0.277

22:1n-7 0.37 ± 0.31 0.64 ± 0.38 2.99 0.101

22:5n-6 0.43 ± 0.11 0.42 ± 0.11 0.00 0.977

22:5n-3 1.78 ± 0.78 1.83 ± 0.23 0.37 0.553

22:6n-3 (DHA) 17.7 ± 3.09 17.8 ± 4.29 0.01 0.939

24:1 0.41 ± 0.05 0.45 ± 0.05 2.17 0.158

6SFA 29.3 ± 4.59 32.1 ± 4.94 1.62 0.219

6MUFA 29.3 ± 4.99 26.8 ± 6.01 1.00 0.332

6PUFA 40.6 ± 2.71 40.3 ± 4.17 0.03 0.861

6n-3 26.8 ± 3.41 27.1 ± 5.18 0.03 0.868

6n-6 11.1 ± 1.15 10.5 ± 1.36 1.33 0.263

n-3/n-6 2.45 ± 0.51 2.66 ± 0.77 0.52 0.479

DHA/EPA 3.69 ± 0.45 3.49 ± 0.49 0.96 0.340

EPA/ARA 4.14 ± 0.61 4.17 ± 0.52 0.01 0.931

1Data expressed as mean± SD (n = 5 tanks per treatment). Different letters within a
row denote significant differences between strains determined by one-way ANOVA
(where factor is ‘Strain’) with Bonferroni post hoc correction test (p < 0.05).

treatment, whereas in the SJR strain, the difference between
treatments was 5-fold.

Muscle Transcript Expression Analyses
At week 0, levels of transcripts related to elongation or
desaturation (elovl5a, fadsd5, and fadsd6b; Figure 3A), de novo
FA synthesis (acac, scdb, fasb; Figure 3B) and transcription
(srebp1 and pparaa; Figure 3D) were higher in the GL strain
compared to the SJR strain; whereas levels of cd36c were
lower (Figure 3E and Supplementary Table 4). The remaining
transcripts were not different between strains (Figures 3C,F,G).

At week 16, levels of the desaturation transcript, fadsd5, were
higher in the GL strain fed the FO-free diet compared to those
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TABLE 6 | Liver fatty acid content (area% FAMES, dry weight) of the Grand Lake strain and Saint John River strain after being fed FO- and FO-free diets for 16 weeks1,2.

Fatty acid Grand Lake Saint John River p-values

FO FO-free FO FO-free Treatment Diet Strain Strain × Diet

14:0 1.44 ± 0.10a 0.97 ± 0.27b 1.52 ± 0.61a 0.74 ± 0.12b <0.0001 <0.0001 0.488 0.158

14:1 0.05 ± 0.02a 0.05 ± 0.01a 0.04 ± 0.01a 0.02 ± 0.01b <0.0001 0.009 <0.0001 0.098

16:0 17.4 ± 1.49ab 13.69 ± 2.0b 21.95 ± 6.39a 14.65 ± 3.0b <0.0001 <0.0001 0.0026 0.140

16:1n-9 0.45 ± 0.05b 0.57 ± 0.31b 0.39 ± 0.08b 0.84 ± 0.09a <0.0001 <0.0001 0.062 0.004

16:1n-7 1.78 ± 0.65a 1.54 ± 0.52a 1.36 ± 0.19ab 0.89 ± 0.18b 0.001 0.016 <0.0001 0.407

18:0 4.73 ± 1.72 4.97 ± 1.86 6.60 ± 2.6 6.07 ± 0.72 0.142 0.805 0.017 0.515

18:1n-9 16.39 ± 5.47c 39.19 ± 7.5a 13.65 ± 2.04c 27.11 ± 3.79b <0.0001 <0.0001 <0.0001 0.007

18:1n-7 1.77 ± 0.94 1.72 ± 1.17 1.79 ± 0.27 1.95 ± 0.27 0.915 0.836 0.601 0.663

18:2n-6 (LNA) 4.39 ± 0.46b 6.08 ± 2.5a 3.82 ± 0.41b 5.11 ± 0.526ab 0.003 0.001 0.063 0.626

18:3n-3 (ALA) 0.64 ± 0.08ab 0.75 ± 0.20a 0.52 ± 0.11b 0.50 ± 0.19b 0.003 0.360 0.001 0.173

18:4n-3 0.19 ± 0.09b 0.29 ± 0.05a 0.17 ± 0.01b 0.29 ± 0.05a 0.001 0.000 0.662 0.644

20:0 0.05 ± 0.05 0.06 ± 0.01 0.19 ± 0.3 0.11 ± 0.06 0.348 0.488 0.132 0.467

20:1n-9 2.06 ± 0.77ab 3.05 ± 1.5a 1.42 ± 0.61b 2.45 ± 0.49ab 0.004 0.002 0.044 0.945

20:1n-7 0.14 ± 0.06 0.58 ± 1.5 0.09 ± 0.06 0.07 ± 0.06 0.416 0.397 0.259 0.358

20:2n-6 1.03 ± 0.42 0.95 ± 0.57 0.91 ± 0.21 0.88 ± 0.34 0.845 0.672 0.440 0.868

20:3n-6 1.22 ± 0.16b 3.38 ± 1.3a 1.39 ± 0.55b 4.35 ± 0.72a <0.0001 <0.0001 0.030 0.124

20:4n-6 (ARA) 3.38 ± 0.44b 4.58 ± 1.66b 3.35 ± 8.15b 8.15 ± 3.01a <0.0001 <0.0001 0.004 0.004

20:4n-3 0.43 ± 0.07a 0.30 ± 0.14b 0.36 ± 0.10ab 0.27 ± 0.02b 0.004 0.001 0.098 0.394

20:5n-3 (EPA) 5.26 ± 0.59a 1.22 ± 0.36b 4.93 ± 1.4a 1.56 ± 0.34b <0.0001 <0.0001 0.999 0.193

22:0 0.13 ± 0.06 0.14 ± 0.05 0.71 ± 1.8 0.12 ± 0.03 0.770 0.338 0.356 0.315

22:1n-9 0.26 ± 0.06 0.31 ± 0.08 0.34 ± 0.3 0.25 ± 0.05 0.639 0.715 0.824 0.225

22:1n-7 0.13 ± 0.08 0.09 ± 0.05 0.36 ± 0.6 0.06 ± 0.01 0.172 0.102 0.319 0.235

22:5n-6 0.49 ± 0.09c 1.31 ± 0.2b 0.63 ± 0.4c 2.05 ± 0.4a <0.0001 <0.0001 <0.0001 0.005

22:5n-3 1.39 ± 0.39a 0.69 ± 0.34b 1.37 ± 0.54a 1.09 ± 0.22ab 0.001 <0.0001 0.152 0.102

24:0 0.15 ± 0.38 0.09 ± 0.02 0.24 ± 0.5 0.06 ± 0.05 0.633 0.251 0.791 0.588

22:6n-3 (DHA) 28.1 ± 3.8a 10.2 ± 3.0b 25.5 ± 8.1a 15.6 ± 2.2b <0.0001 <0.0001 0.370 0.015

24:1 1.87 ± 0.65ab 1.30 ± 0.31b 2.17 ± 0.54a 1.59 ± 0.53ab 0.006 0.002 0.084 1.000

6SFA 24.4 ± 2.9b 20.2 ± 3.3b 31.7 ± 9.8a 22.1 ± 3.5b <0.0001 <0.0001 0.015 0.138

6MUFA 26.5 ± 7.3c 48.9 ± 7.7a 22.7 ± 2.7c 35.7 ± 4.4b <0.0001 <0.0001 <0.0001 0.017

6PUFA 48.8 ± 5.2a 30.6 ± 6.7b 45.2 ± 9.2a 42.1 ± 3.4a <0.0001 <0.0001 0.066 <0.0001

6n-3 36.6 ± 4.3a 13.8 ± 4.1b 33.5 ± 8.8a 19.6 ± 2.7b <0.0001 <0.0001 0.479 0.013

6n-6 10.95 ± 1.2c 15.9 ± 3.8b 10.6 ± 1.9c 21.9 ± 2.4a <0.0001 <0.0001 0.001 <0.0001

n-3/n-6 3.35 ± 0.24a 0.89 ± 0.26b 3.17 ± 1.0a 0.91 ± 0.21b <0.0001 <0.0001 0.628 0.600

DHA/EPA 5.35 ± 0.69c 8.44 ± 0.97b 5.08 ± 1.12c 10.2 ± 1.28a <0.0001 <0.0001 0.036 0.005

EPA/ARA 1.57 ± 0.2 2.18 ± 6.1 1.35 ± 0.16 0.92 ± 2.3 0.865 0.934 0.496 0.632

1Data expressed as mean ± SD (n = 5 tanks per treatment). Different letters within a row denote significant differences among diet treatments determined by one-way
ANOVA (where factor is ‘Treatment’ at four levels: GL/FO, GL/FO-free, SJR/FO, SJR/FO-free) with Bonferroni post hoc correction test (p < 0.05). FO, fish oil feed; FO-free,
fish oil-free feed; n.s. (not significant) p > 0.05.
2Reults of two-way ANOVAs for Diet, Strain, and Strain × Diet columns.

fed the FO diet in both strains (Figure 4A and Supplementary
Table 5). Fadsd6a was only higher in the SJR strain fed the FO-
free diet compared to the SJR strain fed the FO diet (Figure 4A).
Fadsd6b was higher in the GL strain fed the FO-free diet
compared to the remaining groups (Figure 4A). The two-way
ANOVA results showed that strain and diet were significant
factors for fadsd5 and fadsd6b (Supplementary Table 5). Diet
was also a significant factor for elovl2, elovl5a, and fadsd6a.
A significant interaction between diet and strain was only
observed in fadsd6b (Supplementary Table 5).

The de novo FA synthesis transcripts, acac and fasb, were
higher in the GL strain fed the FO-free diet compared to

those fed the FO diet (either strain; Figure 4B). The two-
way ANOVA showed a significant strain effect for scdb and
significant diet effect for all of the targeted transcripts, except
for acly (Supplementary Table 5). The Krebs cycle transcript,
csb (Figure 4C), showed a significant diet effect for the two-
way ANOVA (Supplementary Table 5). The transcription factor,
srebp1, was higher in the GL strain fed the FO-free diet compared
to those fed the FO diet (Figure 4D). Strain was a significant
factor in the two-way ANOVA for both srebp1 and pparaa
(Supplementary Table 5).

The transport transcript, fabp3b, was higher in salmon
fed the FO-free diet compared to salmon fed the FO diet,
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TABLE 7 | Muscle fatty acid content (area% FAMES, dry weight) of the Grand Lake strain and Saint John River strain after being fed FO- and FO-free diets for
16 weeks1,2.

Fatty acid Grand Lake Saint John River p-values

FO FO-free FO FO-free Treatment Diet Strain Strain × Diet

14:0 2.29 ± 0.53a 0.91 ± 0.16b 2.79 ± 0.56a 0.82 ± 0.21b <0.0001 <0.0001 0.142 0.037

14:1 0.03 ± 0.03 0.01 ± 0.01 0.03 ± 0.03 0.01 ± 0.01 0.058 0.008 0.990 0.663

16:0 22.1 ± 4.87ab 18.1 ± 4.65b 28.4 ± 10.8a 17.7 ± 4.76b 0.006 0.002 0.185 0.136

16:1n-9 0.29 ± 0.02b 0.42 ± 0.02a 0.23 ± 0.05c 0.38 ± 0.03a <0.0001 <0.0001 <0.0001 0.225

16:1n-7 2.76 ± 0.72a 1.49 ± 0.31b 2.48 ± 1.01a 1.18 ± 0.32b <0.0001 <0.0001 0.175 0.943

18:0 6.62 ± 1.64ab 5.04 ± 2.11b 8.76 ± 3.95a 6.56 ± 1.92ab 0.035 0.027 0.032 0.709

18:1n-9 18.6 ± 4.06a 31.4 ± 4.75b 16.2 ± 5.97a 29.7 ± 5.59b <0.0001 <0.0001 0.241 0.864

18:1n-7 2.67 ± 0.20 2.64 ± 0.11 2.46 ± 0.66 2.64 ± 0.09 0.532 0.474 0.328 0.341

18:2n-6 (LNA) 6.03 ± 2.48b 10.2 ± 0.93a 6.19 ± 2.20b 10.1 ± 1.41a <0.0001 <0.0001 0.991 0.810

18:3n-3 (ALA) 1.28 ± 0.25b 1.89 ± 0.16a 1.13 ± 0.64b 1.95 ± 0.29a <0.0001 <0.0001 0.698 0.373

18:4n-3 0.61 ± 0.18b 0.92 ± 0.15a 0.58 ± 0.34b 0.92 ± 0.21a 0.002 <0.0001 0.866 0.847

20:0 0.15 ± 0.06b 0.23 ± 0.04a 0.21 ± 0.05ab 0.23 ± 0.06a 0.006 0.007 0.082 0.139

20:1n-9 1.32 ± 0.27ab 1.59 ± 0.31a 1.11 ± 0.41b 1.46 ± 0.32ab 0.029 0.007 0.126 0.695

20:1n-7 0.13 ± 0.03a 0.08 ± 0.02bc 0.11 ± 0.06ab 0.07 ± 0.01c 0.001 <0.0001 0.219 0.800

20:2n-6 0.54 ± 0.09 0.67 ± 0.08 0.53 ± 0.17 0.61 ± 0.09 0.035 0.006 0.340 0.549

20:3n-6 0.49 ± 0.08a 1.93 ± 0.26b 0.41 ± 0.17a 2.16 ± 0.31b <0.0001 <0.0001 0.321 0.046

20:4n-6 (ARA) 1.14 ± 0.25b 2.35 ± 0.54a 0.82 ± 0.29b 2.92 ± 0.62a <0.0001 <0.0001 0.413 0.006

20:4n-3 0.44 ± 0.06a 0.35 ± 0.05ab 0.35 ± 0.18ab 0.29 ± 0.04b 0.012 0.021 0.027 0.509

20:5n-3 (EPA) 4.81 ± 1.07a 1.91 ± 0.44b 4.26 ± 1.78a 2.17 ± 0.43b <0.0001 <0.0001 0.664 0.247

22:0 0.15 ± 0.05 0.17 ± 0.06 0.13 ± 0.08 0.18 ± 0.05 0.106 0.023 0.469 0.795

22:1n-9 0.29 ± 0.11 0.32 ± 0.11 0.39 ± 0.21 0.32 ± 0.10 0.564 0.581 0.333 0.333

22:1n-7 0.72 ± 0.69ab 0.31 ± 0.32b 1.59 ± 0.45a 0.35 ± 0.21b 0.003 0.002 0.064 0.093

22:5n-6 0.36 ± 0.11b 0.71 ± 0.20a 0.18 ± 0.15b 0.65 ± 0.16a <0.0001 <0.0001 0.032 0.260

22:5n-3 1.56 ± 0.26a 0.57 ± 0.33b 1.29 ± 0.46a 0.82 ± 0.13b <0.0001 <0.0001 0.946 0.017

22:6n-3 (DHA) 16.7 ± 4.76a 9.66 ± 2.75b 10.5 ± 5.52b 9.37 ± 2.50b 0.001 0.004 0.019 0.032

24:1 0.60 ± 0.12 0.54 ± 0.05 0.49 ± 0.22 0.57 ± 0.12 0.429 0.836 0.413 0.146

6SFA 32.2 ± 6.97ab 24.9 ± 4.50b 41.8 ± 11.5a 25.9 ± 6.72b 0.006 0.001 0.216 0.396

6MUFA 29.3 ± 5.07b 40.3 ± 5.48a 26.8 ± 7.46b 38.2 ± 6.22a <0.0001 <0.0001 0.268 0.924

6PUFA 37.5 ± 6.40 34.2 ± 3.59 33.0 ± 7.00 35.3 ± 3.54 0.328 0.753 0.327 0.123

6n-3 25.9 ± 6.03a 15.8 ± 3.2b 19.0 ± 8.10ab 15.8 ± 3.10b <0.0001 0.001 0.061 0.061

6n-6 8.81 ± 2.34b 17.3 ± 0.77a 8.39 ± 2.70b 17.8 ± 1.14a <0.0001 <0.0001 0.916 0.438

n-3/n-6 3.28 ± 1.70a 0.91 ± 0.17b 2.21 ± 0.58a 0.88 ± 0.14b <0.0001 <0.0001 0.082 0.099

DHA/EPA 3.43 ± 0.33c 5.01 ± 0.38a 2.32 ± 0.42d 4.28 ± 0.52b <0.0001 <0.0001 <0.0001 0.180

EPA/ARA 4.28 ± 0.43b 0.82 ± 0.08c 5.09 ± 1.05a 0.75 ± 0.09c <0.0001 <0.0001 0.035 0.015

1Data expressed as mean ± SD (n = 5 tanks per treatment). Different letters within a row denote significant differences among diets determined by one-way ANOVA
(where factor is ‘Treatment’ at four levels: GL/FO, GL/FO-free, SJR/FO, SJR/FO-free) with Bonferroni post hoc correction test (p < 0.05). FO, fish oil feed; FO-free, fish
oil-free feed; n.s. (not significant) p > 0.05.
2Reults of two-way ANOVAs for Diet, Strain, and Strain × Diet columns.

in both strains (Figure 4E). Diet was a significant factor in
the two-way ANOVA (Supplementary Table 5). Fabp3a was
higher in the SJR strain fed the FO diet compared to the GL
strain fed the FO free diet (Figure 4E). Strain and diet were
both significant factors in the two-way ANOVA for fabp3a
(Supplementary Table 5). There were no significant
differences in transcript expression among treatments for
transcripts related to cholesterol metabolism (Figure 4F) or
inflammation (Figure 4G).

Transcript fold-changes between strains (where the RQ value
of the FO-free treatment was compared to the RQ value of the FO
treatment) were significantly higher in the GL strain compared
to the SJR strain for fadsd6b, csb, and srebp1 (Supplementary

Table 7). Other transcripts showed numerical differences in fold-
change values between strains but were not statistically different.
For example, fadsd6a was expressed 4-fold higher in the SJR
strain comparing the FO-free to the FO treatment, whereas in the
GL strain, the difference between treatments was <2-fold.

Principle Coordinate Analysis
For liver, the PCoA revealed three distinct clusters showing a
dispersion due to diet and strain differences at week 16 (Figure 5).
The PCoA explained 75% of the total variation in the data matrix,
with PCO1 accounting for most of the variance (65%). Clustering
showed distinct groups that segregated data points based on
diet, separated by PCO1. PERMANOVA confirmed that diet
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FIGURE 1 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
liver of individual fish from Grand Lake (GL) and Saint John River (SJR) strains at week 0. These transcripts include those involved in fatty acid (FA) elongation or
desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors (panel D), fatty acid transport (panel E), cholesterol
metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity (RQ) values (i.e., values for the transcript of interest
were normalized to both ef1a1 and rpl32 transcript levels and were calibrated to the individual with the lowest normalized expression level of that given transcript).
*Indicates a significant difference in expression levels between fish from GL and SJR. In all cases, n = 10 and p < 0.05 was considered statistically significant.

was a significant factor in the variation (Pseudo F-value = 28.5;
p(perm)-value = 0.001). Strain was also a significant factor
(Pseudo F-value = 9.99; p(perm)-value = 0.001), which is
observable among salmon fed the FO-free diet, where there is a
separation between the GL strain and the SJR strain by PCO2.
Strain and diet were not interacting factors. FA vectors such
as DHA, EPA, total n-3, n-3/n-6, 14:0, 15:0 correlated (> 0.75)
with data points from salmon clustered in the FO diet treatment.
FAs and TOIs such as MUFA, 18:1n-9, elovl5b, acac, scdb, acly,
fasb, csb, acox1, elovl5a, fabp3b, srebp1, cd36c, fabp3a, elovl2,
fadsd5, fadsd6a, 20:3n-6, 22:5n-6, 18:3n-6, total n-6 and 22:4n-6
were correlated with data points from the GL strain fed the FO-
free diet.

For muscle, the PCoA revealed two distinct clusters showing
a difference in dispersion due to diet (Figure 6). The PCoA
explained 79% of the total variation in the data matrix, with
PCO1 accounting for most of the variance (63.5%). Clustering
showed two distinct groups that segregated data points based on
diet separated by PCO2, and PERMANOVA confirmed that diet

was a significant factor in the variation (Pseudo F-value = 6.0882;
p(perm)-value = 0.007). Strain (p = 0.409) and the diet × strain
interaction (p = 0.604) were not significant. FA vectors such as
LNA, 18:3n-6, 20:3n-6, ARA, total n-6, 16:1n-9, 18:1n-9, total
MUFA and DHA/EPA correlated (> 0.75) with data points from
salmon clustered in the FO-free diet treatment, separated by
PCO2. TOIs including fabp10a, elovl5b, elovl2, cyp7a1b, elovl5a,
fadsd6a, scdb, and fadsd5 were correlated with salmon fed the FO-
free diet.

Correlations Between Transcript
Expression and Tissue FAs
In liver, considering the relationship between transcript
expression levels and FA storage, n-3 PUFA were negatively
correlated with the RQ values of elovl2, elovl5a, elovl5b, fadsd5,
fadsd6a, fadsd6b, and n-6 PUFA were positively correlated with
the RQ values of these transcripts (Table 8). The GL strain
showed overall more significant relationships between the RQ
values and liver FA, particularly with n-3 PUFA, but the SJR
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FIGURE 2 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
liver of individual fish from Grand Lake (GL) and Saint John River (SJR) strains fed two different diets [fish oil (FO) or FO-free] for 16 weeks. These transcripts include
those involved in fatty acid (FA) elongation or desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors (panel
D), fatty acid transport (panel E), cholesterol metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity (RQ)
values (i.e., values for the transcript of interest were normalized to both ef1a1 and rpl32 transcript levels and were calibrated to the individual with the lowest
normalized expression level of that given transcript). Letters indicate Tukey’s HSD groupings. In all cases, n = 10 and p < 0.05 was considered statistically significant.

strain showed more significant relationships with n-6 PUFA. In
muscle, the SJR strain did not show any significant relationships
between the RQ values and FA (Table 8). However, for the GL
strain, significant relationships were observed comparing fadsd5
and fadsd6a to several FAs, including DHA, EPA, ARA, total
n-3, total n-6, 20:4n-3, 22:5n-3, 18:3n-6, and 20:3n-6. There
were more significant relationships comparing liver transcript
expression to muscle FA, than comparing muscle transcript
expression to muscle FA (Table 8). The GL strain showed more
significant relationships between liver transcript expression and
muscle FA than the SJR strain.

DISCUSSION

Broodstock selection efforts for the commercial SJR strain have
focused on genetic improvement of production traits such as
size and growth, disease resistance, and late sexual maturation
(Holborn et al., 2018, 2020; Schaeffer et al., 2018; Boulding
et al., 2019). Selection efforts focused on adaptation to plant-
based diets, particularly the ability to synthesize LC-PUFA, are
now emerging (Ruyter et al., 2015). Previous studies have shown

potential that landlocked salmon can synthesize and store more
LC-PUFA compared with their commercial anadromous strain
counterparts (Peng et al., 2003; Rollin et al., 2003; Betancor et al.,
2016). To determine if landlocked Atlantic salmon could be a
potential broodstock strain in commercial production for the
enhancement of LC-PUFA synthesis, a 2× 2 factorial nutritional
study testing two feeds containing either FO or plant-based oil
(FO-free) as the added lipid was conducted over 16 weeks in
two populations of Atlantic salmon, the commercial SJR strain
and the GL landlocked strain. Overall, there were clearly strain-
related differences in growth performance, fatty acid content
and transcript expression in liver (and to a lesser extent in
the muscle) comparing the GL strain to the SJR strain. Diet
influenced transcript expression differently for the GL strain
compared to the SJR strain regarding FA metabolism. The results
suggest that the GL strain adapted to the FO-free diet differently
than the SJR strain.

Growth Performance
Growth performance of GL strain salmon fed the FO diet was
poorer compared to the SJR strain (regardless of the diet the
SJR strain was fed). However, the GL strain fed the FO-free diet
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FIGURE 3 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
muscle of individual fish from Grand Lake (GL) and Saint John River (SJR) strains at week 0. These transcripts include those involved in fatty acid (FA) elongation or
desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors (panel D), fatty acid transport (panel E), cholesterol
metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity (RQ) values (i.e., values for the transcript of interest
were normalized to both ef1a1 and pabpc1 transcript levels and were calibrated to the individual with the lowest normalized expression level of that given transcript).
ND indicates that this transcript (elovl5b) was not expressed at detectable levels at week 0. *Indicates a significant difference in expression levels between fish from
GL and SJR. In all cases, n = 10 and p < 0.05 was considered statistically significant.

grew slightly more (final weight 180.1 g/fish) than those fed the
FO diet (167.5 g/fish), and did not differ from the SJR strain
fed the FO-free diet. This suggests that the GL strain may be
better capable of using diets with very low levels of LC-PUFA,
which may have been more evident over a longer duration of
testing. This could be due to their adaptation to the freshwater
environment, where the availability of n-3 LC-PUFA is lower
than in the marine environment. Our results indicate inherent
differences in growth between the strains; this difference may be
more distinct as the SJR strain has been selected for fast growth
over several generations (Schaeffer et al., 2018).

In previous experiments, it has been shown that landlocked
strains showed a higher growth rate than anadromous strains
of the same age, regardless of diet (Peng et al., 2003; Rollin
et al., 2003; Betancor et al., 2016). Peng et al. (2003) suggested
that this was explained by a higher fat retention capacity in
landlocked fry than in its anadromous counterpart, which may
reflect an adaptation to the freshwater environment, where the
food chain is possibly poorer in lipids and FAs than in the marine

environment (Pickova et al., 1999). In the present study, the GL
strain fed the FO-free diet did not outperform the SJR strain,
but rather showed similar growth performance. In comparison
to other studies, the growth of the SJR strain likely has improved
since these studies (e.g., Peng et al., 2003; Rollin et al., 2003)
were conducted > 20 years ago, and different commercial and
landlocked strains were tested.

Also, differential expression in several metabolic pathways
was found between farmed and wild salmon populations at
early life stages, suggesting that domestication may influence
transcriptomic responses (Roberge et al., 2006, 2008; Bicskei
et al., 2014). Even among different (wild) landlocked strains, there
is a high variability in growth, depending on the population,
which may be the reason why our study with the GL strain
showed different results than European landlocked strains which
have been studied previously (e.g., Rottiers, 1993; Betancor
et al., 2016). For example, analysis of the life history traits of
64 populations of landlocked Atlantic salmon strains revealed
high variability in maximum size (where maximum length and
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FIGURE 4 | qPCR analyses of transcripts with functional annotations related to lipid metabolism, cholesterol metabolism, eicosanoid pathways and inflammation in
muscle of individual fish from Grand Lake (GL) and Saint John River (SJR) strains fed two different diets [fish oil (FO) or FO-free] for 16 weeks. These transcripts
include those involved in fatty acid (FA) elongation or desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle or oxidation (panel C), transcription factors
(panel D), fatty acid transport (panel E), cholesterol metabolism (panel F), and inflammation (panel G). Transcript levels are presented as mean ± SD relative quantity
(RQ) values (i.e., values for the transcript of interest were normalized to both ef1a1 and pabpc1 transcript levels and were calibrated to the individual with the lowest
normalized expression level of that given transcript). Letters indicate Tukey’s HSD groupings. In all cases, n = 10 and p < 0.05 was considered statistically significant.

maximum age were strongly, significantly correlated), ranging
from a maximum of 13 cm in one population, to a maximum
of 108.5 cm in another, at maximum age (Hutchings et al., 2019).
Key determinants of body size include surface area of the lake and
abundance of prey, primarily rainbow smelt (Osmerus mordax)
for North American populations (Hutchings et al., 2019).
Another important point about size: almost all wild anadromous
salmon mature at lengths greater than 50 cm, while almost all
landlocked salmon mature at less than 50 cm (Hutchings et al.,
2019). Size at maturity is an important consideration for future
broodstock programs involving landlocked salmon.

Liver and Muscle Fatty Acid Content
At week 0, prior to feeding the experimental diets, there were
already differences in the liver FA profiles, despite all salmon
being fed the same commercial diet since first feeding, indicating
that these FA differences are inherently due to strain. The C18 FAs
(ALA, LNA, and OA) were higher in the GL strain in the liver,
while C20 FAs (EPA and ARA) were higher in the SJR strain. The
FA profiles of muscle, however, were very similar between strains

at week 0. The only difference in the muscle was in 20:3n-6,
which was higher in the SJR strain. As found in the present study,
many studies have shown that salmon muscle closely reflects
dietary FA composition (e.g., Tocher, 2003; Bell et al., 2004;
Torstensen and Tocher, 2011; Hixson et al., 2017), while liver FA
composition reflects the higher metabolic activity, including LC-
PUFA biosynthesis, de novo lipogenesis, lipoprotein metabolism,
FA oxidation, and cholesterol metabolism (Jordal et al., 2005).
Because we observed differences in liver FA composition between
the SJR strain and GL strain even before experimental diets
were introduced, this highlights the natural, inherent difference
in lipid metabolism and storage between strains. When there
are no dramatic changes in dietary lipids, the FA composition
of its tissues is not controlled by diet, but mostly by strain-
specific factors (Sheridan et al., 1985; Viga and Grahl-Nielsen,
1990). Previous studies have reported greater TAG deposition in
landlocked salmon fry than in the anadromous Atlantic salmon
fry (Peng et al., 2003). However, it has yet to be determined
whether such a greater TAG retention capacity is accompanied
by a genetic adaptation to the different lipid composition found

Frontiers in Marine Science | www.frontiersin.org 15 July 2021 | Volume 8 | Article 641824183

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-641824 July 1, 2021 Time: 16:13 # 16

Colombo et al. Landlocked Salmon Fatty Acid Synthesis

FIGURE 5 | Principal Coordinate Analysis (PCoA) of fatty acid (FA) and transcript expression in liver of salmon after 16 weeks, fed either fish oil (FO) or FO-free diets,
and either Grand Lake (GL) or Saint John River (SJR) strain. A permutational MANOVA (PERMANOVA) was performed to determine strength and significance level of
variation due to diet (p = 0.001) and strain factors (p = 0.001). Data were square root transformed to ensure data normality and homogeneity of variance prior to
analysis.

FIGURE 6 | Principal Coordinate Analysis (PCoA) of fatty acid (FA) and transcript expression in muscle of salmon after 16 weeks, fed either fish oil (FO) or FO-free
diets, and either Grand Lake (GL) or Saint John River (SJR) strain. A permutational MANOVA (PERMANOVA) was performed to determine strength and significance
level of variation due to diet (p = 0.001) and strain factors (p = 0.001). Data were square root transformed to ensure data normality and homogeneity of variance prior
to analysis.
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TABLE 8 | Correlation analyses (Pearson correlation coefficient, R) comparing relationships among transcript expression (RQ values) of LC-PUFA synthesis-relevant genes with relevant n-3 and n-6 PUFA in liver and
muscle for each strain (GL; Grand Lake, SJR; Saint John River).

Liver RQ vs. Liver FA Muscle RQ vs. Muscle FA Liver RQ vs. Muscle FA

GL strain SJR strain GL strain SJR strain GL strain SJR strain

Gene FA R p-value R p-value R p-value R p-value R p-value R p-value

Elovl5a DHA −0.605 0.00471 −0.593 0.00588 −0.116 0.636 −0.128 0.612 −0.258 0.286 0.0475 0.852

Elovl5a EPA −0.589 0.00623 −0.688 0.0008 −0.208 0.392 −0.308 0.213 −0.437 0.0611 −0.34 0.167

Elovl5a ARA 0.293 0.224 0.197 0.405 0.446 0.0557 0.402 0.0982 0.777 8.98E-05 0.587 0.0104

Elovl5a 20C −0.665 0.00191 −0.262 0.265 −0.0164 0.947 −0.0117 0.963 −0.117 0.634 0.0992 0.695

Elovl5a ALA −0.113 0.635 −0.151 0.524 0.0858 0.727 −0.0633 0.803 0.628 0.00397 0.452 0.0599

Elovl5a LNA 0.18 0.475 0.225 0.34 0.0314 0.898 −0.0251 0.921 0.33 0.167 0.518 0.0277

Elovl5a 18C −0.03 0.9 0.185 0.436 0.0385 0.876 −0.0332 0.896 0.37 0.119 0.51 0.0305

Elovl5a n-3 −0.614 0.00396 −0.626 0.00315 −0.161 0.509 −0.259 0.299 −0.295 0.221 −0.0846 0.739

Elovl5a n-6 0.322 0.166 0.453 0.0446 0.206 0.398 0.201 0.425 0.577 0.00967 0.619 0.00617

Elovl5a 18:4n-3 0.355 0.124 0.558 0.0106 0.0166 0.946 −0.219 0.382 0.466 0.0442 0.335 0.174

Elovl5a 20:3n-3 −0.589 0.00626 −0.0768 0.748 −0.316 0.187 −0.345 0.161 −0.127 0.605 −0.157 0.534

Elovl5a 20:4n-3 −0.63 0.00292 −0.316 0.174 −0.138 0.573 −0.24 0.338 −0.113 0.645 −0.0221 0.931

Elovl5a 22:5n-3 −0.537 0.0146 −0.175 0.461 −0.19 0.435 −0.291 0.241 −0.373 0.115 −0.263 0.291

Elovl5a 18:3n-6 0.455 0.044 0.679 0.001 0.244 0.315 0.216 0.39 0.541 0.0169 0.547 0.0189

Elovl5a 20:3n-6 0.495 0.0264 0.664 0.00195 0.383 0.106 0.407 0.0934 0.769 0.000119 0.642 0.0041

Elovl5b DHA −0.621 0.0035 −0.532 0.0157 −0.0565 0.818 −0.0425 0.867 −0.363 0.127 −0.0359 0.888

Elovl5b EPA −0.578 0.00763 −0.582 0.00706 −0.00817 0.974 −0.0985 0.697 −0.512 0.0249 −0.295 0.235

Elovl5b ARA 0.35 0.142 0.0354 0.882 −0.0154 0.95 0.164 0.516 0.74 0.000296 0.467 0.0505

Elovl5b 20C −0.65 0.00259 −0.382 0.0968 −0.0176 0.943 0.0239 0.925 −0.227 0.35 0.0543 0.831

Elovl5b ALA −0.256 0.277 −0.0632 0.791 −0.255 0.291 −0.019 0.94 0.576 0.00991 0.149 0.556

Elovl5b LNA −0.0617 0.808 0.0332 0.889 −0.2 0.413 −0.0404 0.873 0.275 0.254 0.243 0.33

Elovl5b 18C −0.218 0.356 0.02 0.933 −0.209 0.39 −0.0371 0.884 0.315 0.189 0.227 0.364

Elovl5b n-3 −0.623 0.00336 −0.541 0.0137 −0.0683 0.781 −0.108 0.67 −0.406 0.0843 −0.185 0.462

Elovl5b n-6 0.292 0.212 0.265 0.258 −0.15 0.539 0.0603 0.812 0.542 0.0164 0.394 0.106

Elovl5b 18:4n-3 0.405 0.0764 0.349 0.131 −0.264 0.275 −0.23 0.359 0.513 0.0247 -0.0143 0.955

Elovl5b 20:3n-3 0.495 0.0264 −0.229 0.33 −0.0228 0.926 −0.275 0.269 −0.236 0.331 −0.299 0.229

Elovl5b 20:4n-3 −0.588 0.00643 −0.0354 0.882 −0.00309 0.99 −0.107 0.674 −0.293 0.224 −0.141 0.576

Elovl5b 22:5n-3 −0.509 0.0218 −0.105 0.659 0.0216 0.93 −0.0774 0.76 −0.532 0.0192 −0.281 0.258

Elovl5b 18:3n-6 0.305 0.192 0.512 0.021 −0.094 0.702 0.0165 0.948 0.609 0.00563 0.387 0.112

Elovl5b 20:3n-6 0.621 0.00349 0.414 0.0782 −0.0523 0.832 0.165 0.512 0.761 0.000154 0.481 0.0431

Fadsd5 DHA −0.863 9.68E-07 −0.624 0.0033 −0.439 0.0599 −0.13 0.607 −0.635 0.00347 −0.0592 0.816

Fadsd5 EPA −0.815 0.000012 −0.849 2.22E-06 −0.542 0.0166 −0.299 0.228 −0.81 0.000026 −0.594 0.00934
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TABLE 8 | Continued

Liver RQ vs. Liver FA Muscle RQ vs. Muscle FA Liver RQ vs. Muscle FA

GL strain SJR strain GL strain SJR strain GL strain SJR strain

Gene FA R p-value R p-value R p-value R p-value R p-value R p-value

Fadsd5 ARA 0.567 0.0114 0.62 0.00357 0.582 0.00893 0.381 0.119 0.776 9.42E-05 0.9 3.77E-07

Fadsd5 20C −0.824 1.44E-05 0.135 0.569 −0.345 0.148 −0.0184 0.942 −0.564 0.0118 0.0748 0.768

Fadsd5 ALA −0.194 0.412 −0.0911 0.703 0.307 0.201 0.0475 0.852 0.747 0.000238 0.612 0.00699

Fadsd5 LNA 0.0648 0.798 0.0332 0.889 0.279 0.247 0.102 0.687 0.624 0.00426 0.667 0.00251

Fadsd5 18C −0.249 0.289 0.596 0.00553 0.287 0.234 0.0923 0.716 0.649 0.00267 0.663 0.00269

Fadsd5 n-3 −0.871 5.68E-07 −0.704 0.000526 −0.489 0.0334 −0.23 0.36 −0.686 0.00118 −0.197 0.434

Fadsd5 n-6 0.376 0.102 0.841 3.36E-06 0.465 0.0448 0.271 0.276 0.816 2.01E-05 0.873 2.26E-06

Fadsd5 18:4n-3 0.379 0.0991 0.581 0.00725 0.237 0.328 −0.0809 0.75 0.704 0.000773 0.511 0.0304

Fadsd5 20:3n-3 −0.674 0.00112 −0.225 0.34 −0.233 0.338 −0.286 0.25 −0.121 0.621 −0.402 0.0985

Fadsd5 20:4n-3 −0.759 0.000106 −0.464 0.0393 −0.461 0.0471 −0.186 0.46 −0.622 0.00443 −0.183 0.469

Fadsd5 22:5n-3 −0.781 4.77E-05 −0.324 0.164 −0.545 0.0158 −0.274 0.272 −0.841 6.58E-06 −0.535 0.0223

Fadsd5 18:3n-6 0.229 0.331 0.78 4.97E-05 0.553 0.0141 0.292 0.24 0.895 2.27E-07 0.892 6.71E-07

Fadsd5 20:3n-6 0.768 7.77E-05 0.883 5.44E-07 0.61 0.00551 0.411 0.0904 0.893 2.66E-07 0.931 2.11E-08

Fadsd6a DHA −0.834 4.79E-06 −0.65 0.00191 −0.197 0.418 −0.0671 0.792 −0.656 0.00231 −0.0156 0.951

Fadsd6a EPA −0.785 4.15E-05 −0.824 7.93E-06 −0.26 0.283 −0.261 0.296 −0.818 1.85E-05 −0.501 0.034

Fadsd6a ARA 0.578 0.00957 0.44 0.052 0.344 0.15 0.393 0.107 0.757 0.000177 0.824 2.67E-05

Fadsd6a 20C −0.786 0.000067 −0.0647 0.786 −0.131 0.592 0.0316 0.901 −0.584 0.0086 0.114 0.654

Fadsd6a ALA −0.239 0.31 −0.202 0.393 0.0795 0.746 0.17 0.499 0.769 0.000118 0.504 0.0329

Fadsd6a LNA −0.0271 0.915 0.423 0.0632 0.0575 0.815 0.191 0.449 0.646 0.00282 0.577 0.0122

Fadsd6a 18C −0.28 0.231 0.362 0.117 0.0609 0.804 0.188 0.454 0.67 0.00169 0.569 0.0138

Fadsd6a n-3 −0.842 3.27E-06 −0.712 0.000429 −0.233 0.338 −0.147 0.561 −0.704 0.000771 −0.158 0.531

Fadsd6a n-6 0.385 0.0938 0.694 0.000679 0.19 0.436 0.325 0.189 0.825 1.38E-05 0.781 0.000131

Fadsd6a 18:4n-3 0.405 0.0762 0.595 0.00564 0.0456 0.853 0.013 0.959 0.75 0.000217 0.435 0.0713

Fadsd6a 20:3n-3 −0.659 0.00159 −0.198 0.403 −0.234 0.335 −0.332 0.179 −0.245 0.312 −0.314 0.204

Fadsd6a 20:4n-3 −0.707 0.00049 −0.473 0.035 −0.13 0.595 −0.0988 0.696 −0.624 0.00428 −0.134 0.596

Fadsd6a 22:5n-3 −0.752 0.000131 −0.278 0.235 −0.198 0.415 −0.204 0.417 −0.849 4.32E-06 −0.454 0.0584

Fadsd6a 18:3n-6 0.251 0.285 0.8 2.31E-05 0.22 0.365 0.275 0.269 0.902 1.34E-07 0.809 4.81E-05

Fadsd6a 20:3n-6 0.797 2.55E-05 0.837 8.04E-06 0.315 0.188 0.423 0.0803 0.89 3.31E-07 0.854 6.47E-06

Elovl2 DHA −0.446 0.049 −0.671 0.00121 −0.0721 0.769 −0.0953 0.707 −0.197 0.419 −0.00179 0.994

Elovl2 EPA −0.502 0.0243 −0.751 0.000137 −0.0637 0.795 −0.297 0.231 −0.365 0.124 −0.431 0.0742
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TABLE 8 | Continued

Liver RQ vs. Liver FA Muscle RQ vs. Muscle FA Liver RQ vs. Muscle FA

GL strain SJR strain GL strain SJR strain GL strain SJR strain

Gene FA R p-value R p-value R p-value R p-value R p-value R p-value

Elovl2 ARA 0.448 0.0546 0.271 0.248 0.116 0.636 0.42 0.0824 0.675 0.00151 0.714 0.000875

Elovl2 20C −0.459 0.048 −0.218 0.356 −0.0152 0.951 0.0142 0.956 −0.084 0.732 0.103 0.685

Elovl2 ALA 0.16 0.5 −0.0858 0.719 −0.163 0.504 0.146 0.563 0.574 0.0102 0.343 0.163

Elovl2 LNA 0.237 0.343 0.291 0.213 −0.0896 0.715 0.128 0.613 0.482 0.0368 0.401 0.0989

Elovl2 18C 0.189 0.425 0.259 0.271 −0.0998 0.684 0.133 0.6 0.5 0.0294 0.394 0.105

Elovl2 n-3 −0.457 0.0427 −0.698 0.000616 −0.0941 0.701 −0.193 0.442 −0.242 0.318 −0.16 0.526

Elovl2 n-6 0.614 0.00399 0.542 0.0135 −0.0274 0.911 0.296 0.234 0.604 0.00616 0.616 0.00648

Elovl2 18:4n-3 0.297 0.204 0.631 0.00286 −0.2 0.413 −0.0993 0.695 0.44 0.0593 0.207 0.411

Elovl2 20:3n-3 −0.273 0.245 −0.179 0.45 −0.0812 0.741 −0.317 0.2 −0.0423 0.863 −0.168 0.506

Elovl2 20:4n-3 −0.0275 0.908 −0.443 0.0503 0.018 0.942 −0.178 0.481 −0.0598 0.808 −0.138 0.585

Elovl2 22:5n-3 −0.408 0.0739 −0.22 0.352 −0.0278 0.91 −0.24 0.338 −0.347 0.145 −0.402 0.0978

Elovl2 18:3n-6 0.59 0.00614 0.816 1.14E-05 −0.0157 0.949 0.222 0.377 0.465 0.0449 0.569 0.0137

Elovl2 20:3n-6 0.646 0.00208 0.715 0.000585 0.0592 0.81 0.445 0.0644 0.64 0.00315 0.748 0.000358

Fadsd6b DHA −0.853 1.72E-06 −0.643 0.00225 −0.545 0.0157 0.078 0.758 −0.651 0.00252 −0.0785 0.757

Fadsd6b EPA −0.797 2.54E-05 −0.871 5.73E-07 −0.664 0.00193 0.0618 0.807 −0.815 2.18E-05 −0.602 0.00817

Fadsd6b ARA 0.563 0.0121 0.616 0.00383 0.677 0.00146 0.0925 0.715 0.743 0.000267 0.891 6.91E-07

Fadsd6b 20C −0.797 4.41E-05 0.115 0.63 −0.442 0.0583 0.139 0.583 −0.587 0.00825 0.0596 0.814

Fadsd6b ALA −0.204 0.388 0.115 0.63 0.469 0.0428 −0.311 0.209 0.719 0.000521 0.588 0.0103

Fadsd6b LNA 0.0251 0.921 0.68 0.000975 0.382 0.107 −0.233 0.353 0.649 0.00264 0.658 0.00298

Fadsd6b 18C −0.289 0.217 0.626 0.00318 0.398 0.0916 −0.251 0.315 0.668 0.00179 0.652 0.00337

Fadsd6b n-3 −0.86 1.18E-06 −0.724 0.000305 −0.597 0.00693 −0.0149 0.953 −0.7 0.000846 −0.215 0.392

Fadsd6b n-6 0.332 0.153 0.848 2.39E-06 0.589 0.00795 −0.0834 0.742 0.818 0.000019 0.868 3.01E-06

Fadsd6b 18:4n-3 0.398 0.082 0.561 0.0101 0.402 0.0878 −0.312 0.208 0.693 0.001 0.494 0.0372

Fadsd6b 20:3n-3 −0.661 0.00152 −0.244 0.301 −0.257 0.287 −0.0995 0.694 −0.196 0.422 −0.361 0.142

Fadsd6b 20:4n-3 −0.747 0.000154 −0.486 0.0298 −0.591 0.00766 −0.0261 0.918 −0.634 0.00358 −0.184 0.466

Fadsd6b 22:5n-3 −0.767 8.07E-05 −0.363 0.116 −0.706 0.000726 −0.00297 0.991 −0.832 1.02E-05 −0.555 0.0167

Fadsd6b 18:3n-6 0.194 0.414 0.783 0.000045 0.696 0.000939 −0.0961 0.704 0.894 2.52E-07 0.891 6.99E-07

Fadsd6b 20:3n-6 0.736 0.000217 0.887 4.2E-07 0.742 0.000279 0.08 0.752 0.871 1.22E-06 0.932 1.82E-08
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in the freshwater vs. marine environment. It also depends on the
strains that are being compared.

After 16 weeks of feeding, both liver and muscle showed
differences due to treatment effect, strain, and diet. In terms of
LC-PUFA, EPA and DHA were lower in both strains fed the FO-
free diet, but both strains fed the FO-free diet showed similar
levels of EPA and DHA in liver and muscle. Interestingly, total
n-6 and ARA were highest in the SJR strain fed the FO-free diet.
Because the FO-free diet had lower ARA than the FO diet, storage
of ARA in the SJR strain suggests synthesis from dietary LNA.
This was not the case in the GL strain fed the FO-free diet. In
terms of the LC-PUFA precursors, LNA storage was lower in both
strains fed FO diets, but SJR salmon fed the FO-free did not differ
among any treatment groups. ALA storage in the liver depended
on strain, not diet, and was higher in the GL strain than in the
SJR strain that were fed FO-free diets. Total MUFA, OA and
C18 PUFA were higher in the liver of GL salmon compared to
SJR salmon, both fed FO-free diets. Interestingly, total PUFA was
higher in the liver of SJR salmon than that of GL salmon fed FO-
free diets, perhaps as a result as higher n-6 (particularly ARA),
since total n-3 did not differ between SJR and GL salmon fed FO-
free diets. Together, these results suggest an affinity for the SJR
strain toward n-6 PUFA synthesis, under circumstances where
dietary n-3 LC-PUFA are lacking (i.e., FO-free diets). However,
both strains showed similar results for EPA and DHA: lack of
dietary FO reduced storage of EPA and DHA in liver and muscle
tissue, and the level of EPA and DHA stored in either strain were
not different when fed an FO-free diet. These results are similar
to that observed in Betancor et al. (2016) comparing muscle
tissue n-3 LC-PUFA contents between a landlocked strain and
commercial population.

However, in the study by Peng et al. (2003), their results
suggest higher synthesis and storage of the n-3 LC-PUFA in the
anadromous strain compared to the landlocked strain. In that
study, whole body phospholipids of the anadromous fry were
characterized by higher n-3 LC-PUFA, total n-3 PUFA, total
PUFA levels, as well as the n-3/n-6 ratio, in the anadromous fry
compared to the landlocked strain (Peng et al., 2003). In our
study, total n-3 PUFA was higher in the GL strain in the liver and
total n-6 PUFA was higher in the SJR strain. While the results
of our study indicate that the conversion of dietary ALA to n-
3 LC-PUFA and LNA to n-6 LC-PUFA was carried out in both
strains, it was in a different pattern. This was also previously
reported by Rollin et al. (2003).

Collectively, the results in the present study suggest that GL
salmon have a higher affinity or capacity for MUFA synthesis
and/or storage, while SJR has more affinity or capacity for n-6
PUFA synthesis and storage. Although EPA and DHA storage was
generally the same between GL and SJR strains fed FO-free diets,
based on FA liver and muscle storage, GL seems to have overall
greater n-3 PUFA storage compared to SJR, as well as C18 PUFA
synthesis and storage, while SJR appears to have greater n-6 PUFA
storage. The liver FA composition can reflect higher metabolic
activity (including LC-PUFA biosynthesis), and was clearly more
influenced due to strain, rather than diet, while the muscle was
clearly more influenced by diet. However, transcript expression
in liver can affect the FA composition of muscle (Xue et al., 2015;

Betancor et al., 2016; Hixson et al., 2017). This highlights the
bottleneck between increased biosynthetic capacity to produce n-
3 LC-PUFA in liver toward increased storage of n-3 LC-PUFA in
muscle. This is of interest for future work for SJR salmon to store
higher EPA and DHA in filets for consumers.

Transcript Expression in Liver
At week 0, prior to the introduction of the experimental diets,
there were constitutive transcript expression level differences
between the SJR and the GL strains, demonstrating the inherent,
biological differences between strains, as was observed in the
FA profiles (see Figure 1). For example, the GL strain showed
significantly higher levels of elovl5b, acac, scdb, acox1, pparaa,
fabp3b, fabp10a, and pgds compared to the SJR strain. On the
other hand, fadsd6a was higher in the SJR strain. The significantly
higher levels of de novo FA synthesis transcripts (i.e., acac and
scdb) were also reflected in MUFA levels in the liver of the
GL strain at week 0 (see Figure 1B and Table 4). Elovl5b
has been previously shown to have a role in MUFA synthesis,
besides C18 PUFA elongation (Morais et al., 2009; Tripathy et al.,
2014). This result could indicate a higher lipogenic and possible
higher glycolytic activity in the GL strain compared to the SJR
strain, which could suggest a better use of carbohydrate as a
source of energy and adapting to lower dietary LC-PUFA using
carbohydrate or protein. In fact, there is evidence to suggest
that landlocked salmon have improved metabolic capacity to
utilize dietary carbohydrates compared to the commercial strain,
based on post-prandial plasma glucose levels after feeding a
high starch diet (Betancor et al., 2018). Although these results
suggest higher lipogenesis and de novo FA synthesis in the GL
strain, the peroxisomal FA oxidation transcript, acox1 (which
assists in breaking down lipids and fatty acids), was also more
highly expressed in the GL strain, which is slightly contradicting.
However, this could explain the lower levels of ARA and EPA at
week 0 in the liver of the GL strain compared to the SJR strain,
as 22:5n-6 and DHA may have been retro-converted via acox1,
especially with its known affinity toward very long chain FA. The
SJR strain showed a higher level of the FA desaturation transcript,
fadsd6a, which could support the observation of higher levels of
ARA and EPA in liver.

At week 0, liver transcript expression levels of master regulator
pparaa were 3-fold higher in the GL strain compared to the
SJR strain (see Figure 1D). Pparaa is one of the primary
regulators of LC-PUFA biosynthesis through fadsd2 (the first step
of elongating C18 FAs; Dong et al., 2017). Unfortunately, fadsd2
transcript levels were not determined in this study. However, the
higher levels of FA transport transcripts, fabp3b and fabp10a,
in the GL strain may suggest a higher ability of FA uptake,
intracellular transport, and metabolism of LC-PUFA in the GL
strain compared to the SJR strain. Pgds, encoding prostaglandin
D2 (PGD2) synthase, was expressed at 3-fold higher levels in
the liver of the GL strain compared to the SJR strain at week
0, suggesting higher basal levels of PGD2 mediators in the GL
strain. This suggests that there may be underlying differences
in the inflammatory state of these two strains at week 0, prior
to feeding experimental diets. Previous research has shown
that Atlantic salmon (SJR strain) fed a terrestrial-based diet
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(based on animal byproducts and vegetable oil) showed lower
hepatic EPA/ARA which correlated with increased expression of
hepatic pgds (Caballero-Solares et al., 2020). Another study found
negative correlations between the transcript expression of hepatic
pgds with DHA and the sum of EPA + ARA + DHA (Katan
et al., 2019). While both of these previous studies indicate dietary
impacts on hepatic pgds expression, in the present study, the fact
that both strains were fed the same commercial diet prior to
week 0, and yet had different pgds expression, is interesting and
warrants further investigation.

At week 16, both strains of salmon fed the FO-free diet showed
higher expression levels of transcripts involved in elongation or
desaturation, and de novo FA synthesis pathways (i.e., elovl2,
fadsd5, fadsd6a, fadsd6b, and fasb) compared to the FO treatment
(see Figures 2A,B). This is likely in response to lower dietary EPA
and DHA content, as it has been well characterized for Atlantic
salmon, that feeding diets with low dietary EPA and DHA content
causes higher expression levels of transcripts involved in the
LC-PUFA biosynthetic pathway (e.g., Thomassen et al., 2012;
Glencross et al., 2015; Xue et al., 2015; Hixson et al., 2017; Mock
et al., 2019). In the liver, the SJR strain showed higher expression
levels of fadsd6a compared to the GL strain when fed the FO-
free diet. However, the GL strain fed the FO-free diet showed
higher transcript expression levels of elovl5b compared to the
SJR strain fed both diets. Both fadsd6a and elovl5b showed a
significant strain effect in this study. Interestingly, ARA levels
in the liver were higher in the SJR strain compared to the GL
strain fed the FO-free diet, but there were no differences in EPA
and DHA levels between strains fed the FO-free diet. This raises
questions with regard to the role of fadsd6a compared to fadsd6b
in n-6 LC-PUFA biosynthesis, since only fadsd6a transcript
expression differed between the strains fed the FO-free diet.
This is an interesting result because there are three potentially
functional fadsd6 gene paralogs in Atlantic salmon, and each
appeared to show a different pattern of regulation in response to
a diet that was primarily vegetable oil-based in a farmed salmon
stock (Monroig et al., 2010). The results in the present study
regarding the LC-PUFA biosynthesis pathway are quite different
than those found by Betancor et al. (2016). In that study, in liver
of landlocked salmon, expression levels of transcripts involved
in desaturation or elongation were higher than the commercial
anadromous strain, regardless of diet. That study also found
that the landlocked population did not show the same response
to a rapeseed oil diet as the commercial strain, because the
landlocked strain did not show a difference in expression of
hepatic transcripts involved in LC-PUFA biosynthesis, regardless
if they were fed the FO-free diet or a FO-based diet (Betancor
et al., 2016). Our study clearly indicates that both the SJR
strain and the GL strain responded differently to the FO-free
diet compared to the FO diet. The contrasting results between
the present study and that of Betancor et al. (2016) suggest
genetic and metabolic adaptational differences among various
landlocked salmon populations.

On the other hand, in liver, the GL strain fed the FO-free
diet appeared to show higher expression levels of transcripts
involved in de novo FA synthesis (acac and acly), as well as
higher fold-change differences between FO-free and FO diets

groups, compared to the SJR strain. For example, this was clear
for acac and acly, which were higher in the GL strain fed the
FO-free diet compared to the SJR strain fed the FO-free diet.
For acac, the GL strain showed a > 3-fold significant difference
between the FO-free and FO treatments, compared to the SJR
strain, which showed a 2-fold difference (not significant) between
diet treatments. For fasb, although the comparison between
strains fed the FO-free diet was not significant, there was a
significant difference within the GL strain, which showed a > 8-
fold difference comparing the FO-free and FO treatments, as
well as a significant difference within the SJR strain, which
showed a 5-fold difference. This is further supported with a
significant strain effect in all of the targeted de novo FA synthesis
transcripts (see Supplementary Table 3). This is also evident in
the higher levels of MUFA in the liver of the GL strain fed the
FO-free diet compared to the SJR strain fed FO-free diets. These
results suggest that the GL strain shows a stronger association
with MUFA synthesis when fed the FO-free diet than the SJR
strain. It is also worth noting that de novo lipogenesis plays
an important role in carbohydrate metabolism in salmonids,
with excess glucose transformed into fatty acids through de
novo lipogenesis (Polakof et al., 2011). With the GL strain
showing greater expression of transcripts related to de novo FA
synthesis in this study, this may suggest improved utilization
of dietary carbohydrates compared to the SJR strain. This was
found previously, where landlocked salmon performed better
than the commercial strain when fed a high-carbohydrate diet
(Betancor et al., 2018).

Fatty acid desaturation, either by MUFA biosynthesis via scdb,
or by LC-PUFA biosynthesis via fadsd, may be an attempt to
balance cell membrane fluidity and structure in salmon that have
been fed the FO-free diet. Additionally, MUFA has a known role
in immunity in mammals (Yaqoob, 2002) and can be considered
as anti-inflammatory, at least when compared with SFA (Rocha
et al., 2017). Also, the desaturation and the elongation pathway
(i.e., elovl and fadsd) helps to maintain balance within anti- and
pro-inflammatory eicosanoid production in the liver through
EPA, DHA and ARA levels stored in the liver. EPA, DHA,
and ARA are precursors of eicosanoids that are part of the
inflammatory and immune response of salmon (Sissener et al.,
2020). Pparaa, a key negative regulator of inflammation (Bishop-
Bailey, 2000; Bocher et al., 2002), was more highly expressed in
the GL strain fed the FO-free diet compared to the SJR strain
fed the FO-free diet. A major role of pparaa is in controlling
the reversible induction of β-oxidation, especially in liver, as
a response to changing energy requirements and nutritional
status (Leaver et al., 2007). Pparaa has also been shown to
induce expression of target genes involved in FA oxidation
and stimulated FA oxidation in mice (Goto et al., 2011). In
addition, the GL strain in this study fed the FO-free diet also
showed significantly higher levels of acox1, which encodes a
protein that oxidizes LC-PUFA, compared to the GL strain and
the SJR strain fed the FO diet. Regarding inflammation, this
suggests that the GL strain may be upregulating pparaa and
acox1 to oxidize ARA in order to resolve possible inflammation
in the liver, due to the lack of dietary FO. The SJR strain,
on the other hand, showed lower expression levels of pgds

Frontiers in Marine Science | www.frontiersin.org 21 July 2021 | Volume 8 | Article 641824189

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-641824 July 1, 2021 Time: 16:13 # 22

Colombo et al. Landlocked Salmon Fatty Acid Synthesis

(inflammation-related transcript) when fed the FO-free diet
(compared to all other treatments), which may be part of their
adaptation to lack of dietary FO. With higher levels of ARA
(pro-inflammatory) in the liver of the SJR strain fed FO-free
diet, the downregulation of pgds could help balance the possible
pro-inflammatory status. Together, these results may suggest that
the two strains responded to the FO-free diet differently: the
GL strain possibly preferred oxidation of LC-PUFA (ARA) to
counteract inflammation, while the SJR strain downregulated
pgds to help reduce inflammation. While these are different
strategies, both pathways may be in response to balance the
inflammatory status that may have been caused by the FO-free
diet, which warrants further investigation.

Both pparaa and srebp1 have a major influence in regulating
LC-PUFA biosynthesis. The response of pparaa to dietary FA
could be a factor in the LC-PUFA biosynthesis abilities among
fish (Dong et al., 2017). In the current study, srebp1 was
upregulated in salmon fed the FO-free diet in both strains.
However, this upregulation was significantly higher in the GL
strain compared to the SJR strain, fed the FO free diet. Higher
levels of EPA and DHA decreased srebp1 transcript levels in
a salmon cell line (Davidson, 2005), and a similar observation
was previously reported in a study exploring the genotype
effect on Atlantic salmon that were fed diets where FO was
replaced (Morais et al., 2011). It is possible that the higher
upregulation of srebp1 (which influences regulation of LC-
PUFA biosynthesis) in the GL strain (and higher fold-change
compared to the SJR strain) might help to overcome the effect
of acox1 (oxidation of longer chain FA); however, this was
not reflected in the liver EPA and DHA content, since the GL
strain and SJR strain were not different. Interestingly, another
landlocked salmon population fed a rapeseed oil diet showed
stimulation in lipogenic gene expression (fas, pparg, g6pd) as
well as an inhibition in lipolysis pathways (cpt2, hoad, aco),
indicating a higher capacity for lipogenesis together with limited
lipolysis (Betancor et al., 2016). This is somewhat different
than our results, again, suggesting that different landlocked
populations with different genetic backgrounds respond to FO-
free diets differently. Further studies are required to understand
the impact of diet and strain differences on phospholipid and
cholesterol metabolism.

The FA transport transcripts responsible for FA uptake,
intracellular metabolism, and transport of LC-PUFA, fabp3a and
fabp3b, were expressed at higher levels in both strains of salmon
in this study fed the FO-free diet compared to the FO diet.
These transcripts were also significantly upregulated in salmon
fed diets that were primarily terrestrial-based in a previous study
(Caballero-Solares et al., 2018). Another FA transport transcript,
cd36c, was also expressed at higher levels in the GL strain
compared to the SJR strain, fed the FO-free diet. In another
study, cd36c was highly expressed in Atlantic salmon that were
fed a diet that replaced 70% of FO and 80% of FM in the diet
(Torstensen et al., 2011). These results may indicate a higher FA
turnover in tissues of fish fed FO-free diets compared to the FO
diet, which also reflects the major role of the master regulator,
pparaa (Fruchart et al., 1999).

Transcript Expression in Muscle
At week 0, prior to introduction of the experimental diets,
expression levels of several transcripts were higher in muscle
from the GL strain compared to the SJR strain: elovl5a, fadsd5,
fadsd6a and fadsd6b (involved in FA elongation or desaturation),
as well as acac, scdb and fasb (involved in de novo FA synthesis),
and transcription factors (pparaa and srebp1). In contrast,
the transport-related transcript biomarker, cd36c, was higher
expressed in the SJR strain compared to the GL strain. This
indicates constitutive differences in muscle transcript expression
between the strains.

After 16 weeks, the FA desaturation-related transcript,
fadsd6b, was significantly higher expressed in the GL strain fed
the FO-free diet compared to the SJR strain fed the FO-free
diet, and was expressed at the same level in both strains fed
the FO diet. Fadsd6a, on the other hand, was not significantly
differentially expressed in the GL strain compared to the SJR
strain fed either diet. The different results observed between
fadsd6a and fadsd6b are not surprising, since it has been shown
that Atlantic salmon show a different pattern of regulation for
these genes in response to a diet that was primarily vegetable
oil-based (Monroig et al., 2010).

With the exception of acly. the targeted de novo FA synthesis
transcripts were significantly impacted by diet, as shown in the
two-way ANOVA (see Supplementary Table 5). Strain was also a
significant factor for acac and scdb. Considering the diet effect
within the GL strain, acac expression levels were significantly
higher in those fed the FO-free diet than the FO diet (although
the fold-change difference was not significantly higher), but non-
responsive to the FO-free diet in the SJR strain. Although fasb
expression levels were not different among all treatments, there
was a significant strain effect, and it was > 2-fold induced by the
FO-free diet in muscle of GL strain salmon, but non-responsive
to FO-free diet in the SJR strain. These results suggest that both
strain and diet affect acac and scdb expression levels in the muscle.
In comparison, the liver more clearly demonstrated that the GL
strain upregulated the targeted de novo FA synthesis transcripts to
a greater degree than the SJR strain when challenged with a FO-
free diet, which was also found in a previous study that compared
hepatic transcript expression between a landlocked salmon strain
and a commercial strain (Betancor et al., 2016, 2018).

A major regulator of FA metabolism, srebp1, showed a similar
expression level between the GL strain and SJR strain fed the FO-
free diet. However, for srebp1, GL fish muscle tissue responded
significantly to the FO-free diet (> 2-fold up-regulated compared
with FO diet), whereas SJR fish muscle tissue did not. Typically,
the liver is known as the main site for lipid metabolism, however,
the fold-change differences of srebp1 in the muscle due to diet
suggest its relevance in FA metabolism and FA storage directly in
the muscle, particularly in the GL strain, where the effect of the
FO-free diet was more impactful.

The transport-related transcript, fabp3b was significantly
and similarly higher in muscle of both strains of salmon
fed the FO-free diet compared to the FO diet. This diet
effect was different than in liver, where FA transport differed
between strains. Unlike liver, expression of inflammation-related
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transcripts, pgds and lect2a, were not differentially expressed
among treatments in muscle.

Multivariate and Correlation Analyses
The PCoA of the liver revealed a clear separation due to diet
treatment. For the FO group, the two strains are intermixed.
But for the FO-free group, there is a separation between the GL
and SJR strain (see Figure 5). The correlated vectors indicate
that the separation is due to several transcripts and several
n-6 FA. For example, the GL strain was associated with the
expression of elovl5a, elovl5b, elovl2, fadsd6b, fadsd5, as well as
storage of MUFA, specifically OA, in the liver. This suggests
that the GL strain is working to metabolize dietary FA to
synthesize longer, more unsaturated chains. The SJR strain
was more closely associated with 18:3n-6, 20:3n-6, 22:5n-6 and
22:4n-6. The separation between strains is not as evident in
muscle (see Figure 6) as it is in the liver, indicating that diet
is still the strongest factor in determining muscle FA content.
Similarly, in the Rottiers (1993) study, commercial anadromous
and landlocked Atlantic salmon strains could not be separated
by discriminant analysis into separate groups. In another study,
LC-PUFA biosynthesis-related transcripts, other than fadsd6,
clustered with n-3 PUFA in landlocked salmon, whereas in the
commercial farmed strain, all the transcripts clustered with n-6
PUFA (Betancor et al., 2016). These previous studies are similar
to our results regarding the cluster of n-6 PUFA in association
with the SJR strain. The relationship of n-6 PUFA with the SJR
strain was also evident in the number of significant correlations
between liver transcript expression of elovl5a, elovl5b, elovl2,
fadsd5, fadsd6a, and fadsd6b with liver and muscle n-6 PUFA
(see Table 8), compared with the GL strain which showed more
significant correlations with n-3 PUFA.

Eicosapentaenoic acid and DHA were negatively correlated
with transcripts involved in LC-PUFA synthesis (elovl5a, elovl5b,
elovl2, fadsd5, fadsd6a, and fadsd6b) in the liver in both strains
(see Table 8), indicating that low levels of these FA in the liver
causes upregulation of these transcripts, and vice versa; high
levels of these FA result in down regulation of these transcripts.
This type of feedback loop has been reported in other studies
(e.g., Glencross et al., 2015; Betancor et al., 2016; Colombo et al.,
2018). However, this was not the case for ARA (the n-6 LC-PUFA
end-product) which was positively correlated with transcript
expression. Total n-6, 18:3n-6 and 20:3n-6 were also positively
correlated with these transcripts, for both strains, suggesting that
high levels of precursors induce LC-PUFA biosynthesis pathways.
This could mean that high tissue levels of n-6 PUFA result in
upregulation of transcripts involved in LC-PUFA biosynthesis
for synthesizing n-3 LC-PUFA, when n-6 is already abundantly
stored in the muscle and liver.

CONCLUSION

Overall, there were clear, strain-related differences in growth
performance, fatty acid content and transcript expression in liver
(and to a lesser extent in muscle) comparing the GL strain to the
SJR strain. Diet affected transcript expression differently for the

GL strain compared to the SJR strain regarding FA metabolism.
Growth performance of salmon fed the FO diet was poorer in the
GL strain compared to the SJR strain. The conversion of dietary
ALA to n-3 LC-PUFA and LNA to n-6 LC-PUFA were carried out
in both strains; however, storage of EPA and DHA in the muscle
tissue was not different between strains when they were fed the
FO-free diet. The GL strain showed relatively higher transcript
expression levels in the liver with regard to de novo FA synthesis
compared to the SJR strain when fed the FO-free diet. The results
of this study suggest there is a genetic basis behind the potential
for GL salmon to utilize the FO-free diet differently than SJR
salmon, with regard to lipid metabolism and FA synthesis, for
further broodstock development of the commercial SJR strain.
The next stage in being able to fully realize the potential that
the GL strain has toward FA synthesis is improving this trait
through selection.
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Supplementary Figure 1 | qPCR analyses of transcripts with functional
annotations related to lipid metabolism, cholesterol metabolism, eicosanoid
pathways and inflammation in liver of pooled samples representing the 6 groups in
this study. As an initial screen to help select transcripts to analyze in individual
samples, qPCR analysis was performed to measure transcript expression levels in
cDNA pools (n = 10 individuals per pool) generated for each of the 6 groups in this
study [i.e., Grand Lake (GL) Week 0 and Saint John River (SJR) Week 0 (A), and
GL Week 16 [fish oil (FO) diet and FO free-diet] and SJR Week 16 (FO diet and
FO-free diet)] (B). These transcripts include those involved in fatty acid (FA)
elongation or desaturation (panel A), de novo FA synthesis (panel B), Krebs cycle
or oxidation (panel C), transcription factors (panel D), transport (panel E),
cholesterol metabolism (panel F), and inflammation (panel G). Transcript levels are

presented as relative quantity (RQ) values (i.e., values for the transcript of interest
were normalized to both ef1a1 and rpl32 transcript levels and were calibrated to
the pooled sample with the lowest normalized expression level of that given
transcript). ∗ Indicates the 21 transcripts that were assessed in individual
samples.

Supplementary Figure 2 | qPCR analyses of transcripts with functional
annotations related to lipid metabolism, cholesterol metabolism, eicosanoid
pathways and inflammation in muscle of pooled samples representing the 6
groups in this study. As an initial screen to help select transcripts to analyze in
individual samples, qPCR analysis was performed to measure transcript
expression levels in cDNA pools (n = 10 individuals per pool) generated for each of
the 6 groups in this study [i.e., Grand Lake (GL) Week 0 and Saint John River
(SJR) Week 0 (A), and GL Week 16 [fish oil (FO) diet and FO free-diet] and SJR
Week 16 (FO diet and FO-free diet)] (B). These transcripts include those involved
in fatty acid (FA) elongation or desaturation (panel A), de novo FA synthesis (panel
B), Krebs cycle or oxidation (panel C), transcription factors (panel D), transport
(panel E), cholesterol metabolism (panel F), and inflammation (panel G). Transcript
levels are presented as relative quantity (RQ) values (i.e., values for the transcript
of interest were normalized to both ef1a1 and pabpc1 transcript levels and were
calibrated to the pooled sample with the lowest normalized expression level of that
given transcript). ND indicates that this transcript (elovl5b) was not expressed at
detectable levels at week 0. The ∗ indicates the 21 transcripts that were assessed
in individual samples.

Supplementary Table 1 | Primers used in qPCR studies.
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This study evaluated growth, body composition, antioxidant capacity, innate immunity
and ammonia excretion of European grayling (Thymallus thymallus) fed diets containing
different protein and lipid contents. Six diets were produced to contain 30, 40, or 50%
protein and 10 or 20% lipid. Juvenile fish averaging 25.2 ± 0.28 g were stocked
into eighteen 450-L circular tanks in a recirculating aquaculture system (RAS) and
fed the test diets to satiation twice daily for 12 weeks. Fish weight gain (WG) was
enhanced (P < 0.05) as dietary protein increased from 30% (229% WG) to 40%
(262% WG) and plateaued thereafter. Enhancing protein and lipid content of diet led
to reduced feed intake. Also, feed efficiency was improved by increasing dietary protein
(by 40.8%) and lipid (by 16.5%) levels. An interaction of protein and lipid was found on
whole-body lipid, and muscle lipid content increased as dietary lipid level increased.
Muscle arachidonic acid (ARA), eicosapentaenoic acid (EPA, 20:5n-3) and total n-6
long-chain polyunsaturated fatty acids (LC-PUFA) contents enhanced by increasing
dietary protein level. Moreover, increasing fat content of diet led to enhanced muscle
linoleic acid, linolenic acid, total monounsaturated fatty acids (MUFA), total n-6, ratio
of docosahexaenoic acid (DHA, 22:6n-3) to EPA and n-6/n-3. However, EPA, DHA,
total n-6 LC-PUFA, total n-3, total n-3 LC-PUFA, and EPA/ARA ratio decreased at
higher dietary lipid level. Serum triglyceride (TG) level and lactate dehydrogenase (LDH)
activity decreased as dietary protein level increased. Increasing fat content of diet
led to enhanced serum TG, cholesterol and glucose concentrations and reduced
alanine aminotransferase, aspartate amino transferase and LDH activities. Serum
malondialdehyde concentration was enhanced by increasing both dietary protein and
lipid. Furthermore, serum myeloperoxidase activity was enhanced at higher dietary lipid
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level. Water ammonium nitrogen (NH4
+-N) concentration was measured after 5 and

24 h of last feeding, and the results indicated the reduction of ammonia excretion as
dietary lipid content increased. These findings suggest that 40% dietary protein can
support optimal growth of juvenile European grayling reared in RAS and increasing lipid
content from 10 to 20% can improve feed utilization and reduce ammonia excretion to
the rearing water.

Keywords: feed efficiency, fatty acid profile, protein/energy ratio, Thymallus thymallus, weight gain

INTRODUCTION

Maximizing fish growth performance while reducing the
production costs is the key to profitable aquaculture. Feed
cost accounts for over 50% of the total expenses (Rahimnejad
et al., 2015), and protein is the most costly feed ingredient
particularly in carnivorous fish feed which should contain
40–60% protein (NRC, 2011). Accordingly, determination
of nutritional requirements of any new candidate species
for aquaculture is necessary for formulation of a cost-
effective aquafeed.

Protein is not only essential for somatic growth but also
required for tissues maintenance, and production of many key
components such as hormones, enzymes and antibodies (Mir
et al., 2020). Carnivorous fish including salmonids utilize protein
as a source of energy preferentially to lipid and carbohydrate
(Walton and Cowey, 1982), but its catabolism for energy
production rather than being used for tissue synthesis increases
the feed cost and leads to higher excretion of ammonia to the
rearing water (Wu and Gatlin, 2014) which adversely impacts fish
feed consumption and growth (Kaushik and Medale, 1994). The
efficient utilization of dietary protein not only relies on quantity
and quality of dietary protein but also on sufficient supply
of lipid and carbohydrate as energy sources (Ai et al., 2004).
Considering the lower ability of carnivorous fish in metabolizing
carbohydrates, lipids as energy-dense nutrient are better utilized
as energy source by carnivorous fish (NRC, 1993). On the other
hand, lipids play crucial roles in fish growth and health by
providing essential fatty acids (Lee et al., 2002), and participating
in uptake, transport and metabolism of fat-soluble vitamins and
carotenoids (Jiang et al., 2015). It has been shown that adequate
lipid supplementation in the feed can prohibit using protein for
energy production (Lee et al., 2002). However, dietary lipid level
could be increased up to a certain level beyond which undesirable
effects could be attained such as lipid accumulation in the body
and reduced growth performance resulting from the lack of
essential nutrients due to reduced feed intake (Ali and Jauncey,
2005). It is believed that evaluation of the optimal ratio of dietary
protein to energy is a more logic way of determining fish protein
demand than quantifying merely the crude protein requirement
(NRC, 2011) for production of efficient and environmentally
friendly aquafeed.

European grayling (Thymallus thymallus) belongs to
Salmonidae family which inhabits the waters of central, northern
and north-eastern Europe. Its population has dwindled mainly
due to the deterioration of its habitat, water contamination, and

overfishing (Koskinen and Primmer, 2001; Uiblein et al., 2001;
Carlstein, 2004; Susnik et al., 2004). Accordingly, conservation
programs have been started to rehabilitate its stocks through
releasing cultured fingerlings. In natural habitat it mainly
feeds on small benthic organisms such as insects, crustaceans,
mollusks and fish eggs, and large individuals can consume larvae
of different fish species (Bolotov et al., 2012). However, the
lack of information about its nutritional requirements remains
as a major constraint to formulation of nutritionally adequate
feed for this species. This study aimed to assess growth, body
composition, blood biochemistry, antioxidant activity, immune
response, and ammonia excretion of European grayling fed diets
containing different protein and lipid levels.

MATERIALS AND METHODS

Test Diets
Six diets were prepared with varying protein (30, 40, and 50%)
and lipid (10 and 20%) contents with protein to energy ratios
ranging from 13.6 to 24 g MJ−1 (Table 1). Fish meal and soy
protein concentrate were used as the protein sources and a
mixture of fish oil and soybean oil were used as the lipid sources.
The experimental diets were prepared following the procedures
described in our previous study (Rahimnejad et al., 2019). The
dry ingredients were finely powdered and passed through a 250-
µm mesh, thoroughly mixed, and a dough was produced after
addition of fish oil, soybean oil, lecithin, and water. Then, the
pellets were produced in 3 mm diameter using a laboratory
pelleting machine, crushed into desirable particle size, dried
overnight in a ventilated dry oven at 35◦C, sealed in bags and
stored at –20◦C until used.

Fish Rearing
Grayling larvae were obtained from local hatchery of Šumava
Natural Park (Borová Lada, Czech Republic), and they
were cultured for months in an experimental Recirculating
Aquaculture System (RAS) under controlled conditions at
Faculty of Fisheries and Protection of Waters, University of
South Bohemia (FFWP, USB) (Vodnany, Czech Republic). Prior
to starting the trial, the fish were moved and kept in 450-l tanks
in another RAS (FFWP, USB) for 4 weeks and fed a commercial
diet (protein: 55%, lipid: 16%) to acclimatize them to the rearing
conditions. Then, 1,800 fish of similar size (25.2 ± 0.28 g) were
distributed into eighteen 450-l fiberglass circular tanks (100
fish/tank) containing 350 l of freshwater and fed the test diets to
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TABLE 1 | Formulation and proximate composition of the experimental diets (%
dry matter).

P30L10 P30L20 P40L10 P40L20 P50L10 P50L20

Fish meala 32.0 32.0 46.0 46.0 60.0 60.0

SPCb 4.00 6.00 8.00 10.0 12.0 14.0

Wheat flour 46.85 34.85 29.85 17.85 12.85 0.85

Brewer’s yeast 2.00 2.00 2.00 2.00 2.00 2.00

Dextrin 4.00 4.00 4.00 4.00 4.00 4.00

Fish oil 3.60 10.0 3.00 9.40 2.40 8.80

Soybean oil 2.00 5.60 1.60 5.20 1.20 4.80

Lecithin 1.00 1.00 1.00 1.00 1.00 1.00

Stay-C 0.05 0.05 0.05 0.05 0.05 0.05

Mineral premixc 0.50 0.50 0.50 0.50 0.50 0.50

Vitamin premixd 0.50 0.50 0.50 0.50 0.50 0.50

Choline chloride 0.50 0.50 0.50 0.50 0.50 0.50

Carboxymethylcellulose 3.00 3.00 3.00 3.00 3.00 3.00

Proximate composition

Dry matter 91.0 90.9 89.9 91.7 89.1 90.0

Protein 29.8 30.3 40.0 40.3 49.2 49.7

Lipid 9.90 19.0 9.70 19.3 10.1 19.5

Ash 3.65 3.60 5.00 4.99 6.42 6.38

GEe 20.2 22.3 20.4 22.4 20.5 22.5

P/E ratiof 14.8 13.6 19.6 18.0 24.0 22.1

aFish meal Super Prime (Crude protein: 67.9%, crude fat: 9%).
bSoy protein concentrate (Crude protein: 62%, crude fat: 0.5%).
cMineral premix (mg or g kg−1 diet): NaF, 2 mg; KI, 0.8 mg; CoCl2·6H2O
(1%), 50 mg; CuSO4·5H2O, 10 mg; FeSO4·H2O, 80 mg; ZnSO4·H2O, 50 mg;
MnSO4·H2O, 25 mg; MgSO4·7H2O, 200 mg; zoelite, 4.582 g.
dVitamin premix (mg or g kg−1 diet): thiamin, 10 mg; riboflavin, 8 mg; pyridoxine
HCl, 10 mg; vitamin B12, 0.2 mg, vitamin K3, 10 mg; inositol, 100 mg; pantothenic
acid, 20 mg; niacin acid, 50 mg; folic acid, 2 mg; biotin, 2 mg; retinol acetate,
400 mg; cholecalciferol, 5 mg; alpha-tocopherol, 100 mg; ethoxyquin, 150 mg;
wheat middling, 1.1328 g.
eCalculated gross energy (GE) (MJ kg−1) = based on combustion values of 23.6 MJ
kg−1 for protein, 39.5 MJ kg−1 for lipid and 17.2 MJ kg−1 for carbohydrate.
f P/E ratio (g MJ−1) = Protein to energy ratio.

satiation twice daily for 12 weeks. Remaining feed in the tanks
(if any) was siphoned out 30 min after feeding, dried and the
data was used for calculation of total dry feed fed, and two-third
of the water was replenished after the second feeding. Water
temperature, pH and dissolved oxygen (DO) concentration were
recorded daily during the experiment and their values were
16.5 ± 0.03◦C, 7.05 ± 0.02 and 11.7 ± 0.05 mg l−1, respectively.
Water nitrite (NO2

−) and ammonium nitrogen (NH4
+-N)

concentrations were measured three times a week and estimated
at 0.44 ± 0.03 mg l−1 and 0.27 ± 0.01 mg l−1, respectively. The
photoperiod was kept at a 12:12 light/dark cycle.

Sampling Protocol
At the end of the feeding test, fish number and bulk weight
were determined for estimation of survival rate and growth
performance. Five intact fish from each tank were randomly
captured, sacrificed with an overdose of 2-phenoxyethanol, and
stored at −20◦C for proximate composition analysis. Also,
dorsal muscle samples were collected from five fish per tank
for proximate and fatty acid composition analyses. Blood was
collected using 3-ml syringes from the caudal vein of six fish

per tank after anesthetizing (200 mg l−1 of 2-phenoxyethanol),
transferred to 2-ml Eppendorf, and left to clot at 4◦C for 24 h.
Then, the samples were centrifuged at 5,000 × g for 10 min
at 4◦C and the serum was separated and stored at −80◦C for
analyses of blood biochemical, antioxidant and innate immune
parameters. Total length, individual weight, and viscera, liver
and intraperitoneal fat weights of 10 fish from each tank were
recorded to estimate Fulton’s condition factor (K), viscerosomatic
index (VSI), hepatosomatic index (HSI), and intraperitoneal fat
ratio (IPF). All the fish were fasted for 24 h before handling to
reduce stress on fish.

Analytical Methods
Whole-Body and Muscle Composition
Crude protein was measured based on the Kjeldahl technique
(Asociation of Official Analytical Chemists (AOAC), 2002), crude
lipid according to Folch et al. (1957), ash by combustion at 600◦C
(Asociation of Official Analytical Chemists (AOAC), 2002), and
moisture content by drying at 110◦C (Asociation of Official
Analytical Chemists (AOAC), 2002). Fatty acid methyl esters of
the lipids were obtained by transmethylation (Christie, 1989),
which were subsequently separated by gas liquid chromatography
as described earlier (Izquierdo et al., 1990).

Blood Biochemistry, Immunity, and Antioxidant
Activity
Serum biochemical indices including total protein (TP),
triglyceride (TG), total cholesterol (CHO), glucose (GLU),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), and lactate dehydrogenase
(LDH) were measured using kits with a VET-TEST 8008
analyzer (IDEXX Laboratories Inc., Maine, United States).
Superoxide dismutase (SOD) activity was determined using a
SOD Assay Kit (Sigma, 19160). Commercial assay kits were
used for measurement of catalase (CAT) activity (Thermo Fisher
Scientific, CA, United States) and malondialdehyde (MDA)
concentration (Sigma-Aldrich, Missouri, United States).

A turbidimetric method was used for determination of
lysozyme activity according to Swain et al. (2007) with
slight changes. Twenty microliters of serum was placed in
flat-bottomed 96-well plates. Then, 180 µl of Micrococcus
lysodeikticus (0.2 mg ml−1, Sigma) suspension in 40 mM sodium
phosphate (pH 6.2) was added as the lysozyme substrate to each
well. Blank for each sample was prepared by adding 20 µl of
serum to 180 µl of sodium phosphate buffer. The reduction in
absorbance at 450 nm was measured after 20 min at 35◦C in a Bio-
Rad 550 microplate reader. Absorbance reduction of 0.001 min−1

was considered as one unite of lysozyme activity.
Myeloperoxidase (MPO) activity was determined as described

by Quade and Roth (1997). Shortly, 20 µl of serum was diluted
with HBSS (Hanks Balanced Salt Solution) without Ca2+ or
Mg2+ (Sigma-Aldrich, United States) in 96-well plates. Then,
35 µl of 3,3′,5,5′-tetramethylbenzidine hydrochloride (TMB,
20 mM) (Sigma-Aldrich, United States) and H2O2 (5 mM) were
added. The color change reaction was stopped after 2 min by
adding 35 µl of 4 M sulfuric acid. Finally, the optical density was
read at 450 nm in a microplate reader.
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Serum antiprotease activity was quantified based on Ellis
et al. (1990) with some modifications (Magnadóttir et al., 1999).
Twenty microliters of serum was incubated with 20 µl of standard
trypsin solution (Type II-S, from porcine pancreas, 5 mg ml-1,
Sigma-Aldrich) for 10 min at 22◦C. Then, 200 µl of phosphate
buffer (0.1 M, pH 7.0) and 250 µl azocasein (2%) (Sigma) were
added and incubated for 1 h at 22◦C. Thereafter, 500 µl of
trichloroacetic acid (10%) was added and incubated for 30 min at
22◦C. Subsequently, the mixture was centrifuged at 6,000× g for
5 min and 100 µl of the supernatant was placed in the wells of 96-
well flat-bottomed microplate containing 100 µl of 1 N NaOH,
and the OD was read at 430 nm. For positive control, buffer
replaced the serum, and for the negative control buffer replaced
both serum and trypsin. The inhibition percentage of trypsin was
estimated as follows:

Trypsin inhibition% = (A1 − A2)/A1) × 100

where A1 = control trypsin activity (without serum); A2 = trypsin
activity remained after adding serum.

Plasma Ammonia Concentration and
Ammonia Excretion to Water
To evaluate the effects of dietary treatments on plasma ammonia
concentration, blood was collected from caudal vein of three fish
from each of the main culturing tanks (9 fish per treatment)
using heparinized syringes after 5 h of last feeding. Then
plasma was separated by centrifugation at 5,000 × g for 10 min
at 4◦C and kept at −80◦C until analysis. Plasma ammonia
concentration was determined by the VET-TEST 8008 analyzer
using a commercial kit.

To assess the effects of dietary treatments on fish ammonia
excretion, 5 fish were randomly captured from each tank and
moved to eighteen 40-l glass aquaria containing 25 l of freshwater.
The fish were adapted to the new system for two days and
fed with the same test diets to apparent satiation. After each
feeding the remaining feed was removed and half of the water
was replenished. On the 3rd day, the uneaten feed and fecal
materials were syphoned out after feeding, water flow was
stopped, and ammonium nitrogen (NH4

+-N) concentration was
measured after 5 and 24 h with a water analyzer (HANNA
Instruments Inc., RI, United States) using kits. The following
equation was used for the calculation of ammonia excretion
(Rahimnejad and Lee, 2013):

Ammonia excretion = 1N−NH4
+
× v/(m × t)

where 1N− NH4
+ is the change in ammonium concentration

during each test period; v is the water volume (l); m is the fish
biomass (kg); and t is the test period (h).

Water temperature, pH and DO were measured at both
sampling points and were evaluated to be 16.4 ± 0.05◦C,
7.03 ± 0.01 and 8.02 ± 0.12 mg l−1 at 5 h, and 16.5 ± 0.08◦C,
7.41± 0.03 and 8.82± 0.04 mg l−1 at 24 h after last feeding.

Statistical Analysis
All the data are shown as mean± SE. Mean values of parameters
were analyzed by one- and two-way ANOVAs to determine

the significant differences due to the dietary levels of protein,
lipid and their interaction. When ANOVA identified differences
among groups, the difference in means was made with Tukey’s
test. Statistical significance was determined at P < 0.05. All
statistical analyses were carried out using Statistica version
13.5.0.17 (TIBCO Inc., CA, United States).

RESULTS

Growth of grayling juveniles was only responsive to dietary
protein content (P < 0.05) but not to the fat content or their
interaction (Table 2). As dietary protein level elevated from 30 to
40% growth performance enhanced significantly but no further
improvement could be found at higher protein level. Feed intake
(FI) decreased markedly as dietary protein and lipid contents
increased. Feed efficiency (FE) was improved with enhancement
of feed protein and lipid. The highest protein efficiency ratio
(PER) was found at the 30% protein level and increasing dietary
lipid content led to the remarkable enhancement of PER. No
significant effect of dietary treatments could be found on fish
survival rate which ranged from 98 to 100% (Table 2). Fulton’s
condition factor (K) and HSI remained unaffected whereas
VSI and IPF increased drastically by enhancing dietary fat
content (Table 3).

A significant interaction of protein and lipid was found on
whole-body lipid content. Moreover, enhancing lipid content
of feed led to reduced whole-body moisture content (Table 4).
Dorsal muscle lipid content increased by the increment of feed
fat content, and muscle ash increased as dietary protein increased
(Table 5). Fatty acid (FA) composition analysis revealed that
oleic acid (OA) (18:1n-9), palmitic acid (16:0), linoleic acid
(LA) (18:2n-6) and docosahexaenoic acid (DHA) (22:6n-3) were
the dominant FAs in the dorsal muscle regardless of dietary
treatments (Table 6). Increasing protein content of feed was
accompanied with enhancement of 14:0, 14:1n-7, 15:0, 16:0,
16:1n-7, 16:2n-4, 17:0, 16:4n-3, 18:0, 18:1n-7, 18:2n-9, 18:2n-
4, 18:4n-1, 20:1n-5, 20:2n-9, arachidonic acid (ARA) (20:4n-
6), eicosapentaenoic acid (EPA) (20:5n-3), docosapentaenoic
acid (22:5n-6), sum of saturated fatty acids and total n-6
long-chain polyunsaturated FA (LC-PUFA). However, sum of
monounsaturated FAs (MUFA), total n-6, DHA/EPA and n-6/n-3
were decreased at higher protein levels. Muscle OA, LA, linolenic
acid (LNA) (18:3n-3), 18:3n-1, 20:0, 20:1n-7, 20:2n-6, 20:3n-3,
total MUFA and n-6 contents, and ratios of DHA/EPA and n-
6/n-3 increased at higher dietary lipid level. Whilst decreased
EPA, DHA, total n-6 LC-PUFA, total n-3, total n-3 LC-PUFA and
EPA/ARA were found at higher dietary lipid level.

Increasing dietary protein level led to the reduction of serum
TG concentration and enhancement of CHO concentration,
and their values increased significantly at higher dietary lipid
level. The lowest glucose level was found at 40% protein level
which differed significantly from the other groups, and its value
increased at higher lipid level. Serum ALT and AST activities were
only affected by lipid level where lower activities were recorded at
higher lipid level. Serum LDH activity decreased as feed protein
and lipid contents increased. However, serum total protein level
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TABLE 2 | Growth, feed utilization and survival of European grayling (Thymallus thymallus) (25.2 ± 0.28 g) fed the experimental diets for 12 weeks.

Diets Protein (%) Lipid (%) FBW WG SGR FI FE PER Survival (%)

Individual treatment means

P30L10 30 10 82.9 225 1.40 80.1 0.70 2.36 99.3

P40L10 40 10 85.6 243 1.47 69.9 0.85 2.13 98.0

P50L10 50 10 89.2 257 1.52 63.8 0.99 2.02 99.3

P30L20 30 20 82.5 232 1.43 69.1 0.82 2.72 98.7

P40L20 40 20 89.4 257 1.51 64.0 1.02 2.52 100

P50L20 50 20 92.5 266 1.54 59.7 1.15 2.31 100

SEM 1.08 4.17 0.01 1.71 0.04 0.06 0.40

Means of main effects

30 82.7b 229b 1.42b 74.6a 0.76c 2.54a 99.0

40 87.5a 250a 1.49a 66.9b 0.93b 2.32b 99.0

50 90.8a 262a 1.53a 61.7c 1.07a 2.17b 99.7

10 85.9 242 1.46 71.3A 0.85B 2.17B 98.9

20 88.1 252 1.50 64.2B 0.99A 2.52A 99.6

Two-way ANOVA (P-value)

Protein 0.00 0.00 0.01 0.00 0.00 0.00 0.81

Lipid 0.15 0.08 0.08 0.00 0.00 0.00 0.40

Interaction 0.46 0.87 0.87 0.21 0.69 0.77 0.61

Values are mean of triplicate groups (n = 3). Different superscript letters indicate significant difference among treatments (P < 0.05).
FBW, Final body weight (g): WG, Weight gain (%) = [(final body weight – initial body weight)/initial body weight × 100]: SGR, Specific growth rate (%) = [ln final body
weight - ln initial body weight)/days] × 100: FI, Feed intake (g fish−1) = dry feed consumed (g)/fish: FE, Feed efficiency = weight gain/dry feed fed: PER, Protein efficiency
ratio = wet weight gain/total protein given.

TABLE 3 | Organosomatic indices of European grayling (Thymallus thymallus) fed the experimental diets for 12 weeks.

Diets Protein (%) Lipid (%) K HSI VSI IPF

Individual treatment means

P30L10 30 10 1.07 0.84 10.7 2.42

P40L10 40 10 1.03 0.81 10.2 2.41

P50L10 50 10 1.04 0.78 9.65 2.07

P30L20 30 20 1.03 0.87 11.8 3.07

P40L20 40 20 1.04 0.81 11.4 3.68

P50L20 50 20 1.10 0.82 11.7 3.86

SEM 0.01 0.02 0.22 0.19

Means of main effects

30 1.05 0.85 11.3 2.75

40 1.03 0.81 10.8 3.05

50 1.06 0.80 10.7 2.96

10 1.04 0.81 10.1B 2.30B

20 1.05 0.83 11.6A 3.54A

Two-way ANOVA (P-value)

Protein 0.58 0.51 0.23 0.58

Lipid 0.83 0.53 0.00 0.00

Interaction 0.00 0.95 0.30 0.20

Values are mean of triplicate groups (n = 30). Different superscript letters indicate significant difference among treatments (P < 0.05). K, Fulton’s condition factor = Body
weight × 100/(Body length)3: HSI, Hepatosomatic index = Liver weight × 100/fish weight: VSI, Viscerosomatic index = Viscera weight × 100/fish weight: IPF,
Intraperitoneal fat ratio = Intraperitoneal fat weight × 100/fish weight.

and ALP activity did not vary among different experimental
groups (Table 7).

Numerically higher serum SOD, MPO and antiprotease
activities were found at 40% protein level although the differences
were not statistically different. Serum MDA concentration was
significantly enhanced by increment of lipid level and increasing

protein content from 30 to 50%. Moreover, increasing dietary
lipid content led to the enhancement of serum MPO activity.
No specific trends were observed for serum CAT and lysozyme
activities (Table 8).

Water ammonium concentration after 5 and 24 h of
last feeding was increased at higher protein levels while
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TABLE 4 | Whole-body proximate composition (% dry weight) of European grayling (Thymallus thymallus) fed the experimental diets for 12 weeks.

Diets Protein (%) Lipid (%) Moisture Protein Lipid Ash

Individual treatment means

P30L10 30 10 72.0 59.1 29.0 11.1

P40L10 40 10 71.8 58.7 29.1 12.2

P50L10 50 10 72.2 58.2 31.9 9.90

P30L20 30 20 71.1 56.7 31.8 10.9

P40L20 40 20 70.2 57.5 30.9 11.5

P50L20 50 20 70.6 58.9 30.0 11.3

SEM 0.23 0.34 0.41 0.26

Means of main effects

30 71.5 57.9 30.4 11.0

40 71.0 58.1 30.0 11.9

50 71.4 58.5 30.8 10.6

10 72.0A 58.7 30.0 11.1

20 70.6B 57.7 30.8 11.3

Two-way ANOVA (P-value)

Protein 0.45 0.74 0.62 0.12

Lipid 0.00 0.16 0.29 0.72

Interaction 0.65 0.17 0.03 0.17

Values are mean of triplicate groups (n = 15). Different superscript letters indicate significant difference among treatments (P < 0.05).

TABLE 5 | Dorsal muscle proximate composition (% dry weight basis) of European grayling (Thymallus thymallus) fed the experimental diets for 12 weeks.

Diets Protein (%) Lipid (%) Moisture Protein Lipid Ash

Individual treatment means

P30L10 30 10 77.7 83.0 10.8 6.31

P40L10 40 10 78.1 84.0 9.90 6.52

P50L10 50 10 78.2 84.3 9.04 6.85

P30L20 30 20 77.8 82.9 11.2 6.55

P40L20 40 20 77.5 83.1 10.9 6.37

P50L20 50 20 77.3 83.7 10.3 6.67

SEM 0.12 0.30 0.31 0.06

Means of main effects

30 77.8 82.9 11.0 6.43b

40 77.8 83.0 10.9 6.44b

50 77.7 84.0 9.70 6.76a

10 77.9 83.8 9.93B 6.56

20 77.5 82.9 11.1A 6.52

Two-way ANOVA (P-value)

Protein 0.98 0.30 0.12 0.01

Lipid 0.07 0.15 0.04 0.69

Interaction 0.30 0.44 0.47 0.11

Values are mean of triplicate groups (n = 15). Different superscript letters indicate significant difference among treatments (P < 0.05).

increasing dietary lipid level reduced its concentration. Plasma
ammonia concentration showed a similar trend to that of water
ammonium concentration without significant difference among
treatments (Table 9).

DISCUSSION

Protein requirement of various salmonid species ranges from 40
to 55% of diet (Halver and Hardy, 2002). Also, it has been shown

that the desirable range of P/E ratio for the most fish species is 17–
26 g MJ−1 (NRC, 1993). Lee and Kim (2001) examined the effects
diets with varying protein (30, 40, and 50%) and gross energy
(GE) (19 and 21 MJ kg−1) contents on performance of masu
salmon (Oncorhynchus masou Brevoort). Their results showed
the significant improvement of fish growth by increasing dietary
protein level from 30 to 40% while no further improvement
was found at the higher protein level. Also, Xu et al. (2015)
explored the impacts of diets containing different protein (40,
45, 50, and 55%) and lipid (8 and 16%) levels with P/E ratios
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TABLE 6 | Dorsal muscle fatty acid composition of European grayling (Thymallus thymallus) fed the experimental diets for 12 weeks (% total identified FA).

Fatty acids Diets SEM Protein (%) Lipid (%) Two-way ANOWA (P-value)

P30L10 P30L20 P40L10 P40L20 P50L10 P50L20 30 40 50 10 20 Protein Lipid Interaction

14:0 1.99 1.82 1.99 2.02 2.67 2.03 0.08 1.91b 2.00b 2.35a 2.22A 1.96B 0.01 0.02 0.03

14:1n-7 0.02 0.01 0.03 0.02 0.04 0.02 0.00 0.01b 0.02ab 0.03a 0.03A 0.02B 0.01 0.00 0.09

14:1n-5 0.06 0.06 0.06 0.07 0.07 0.06 0.00 0.06 0.06 0.07 0.06 0.06 0.13 0.69 0.08

15:0 0.23 0.22 0.23 0.23 0.28 0.23 0.01 0.22b 0.23ab 0.25a 0.24A 0.22B 0.02 0.04 0.02

15:1n-5 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.97 0.09 0.42

16:OISO 0.03 0.03 0.03 0.04 0.04 0.03 0.00 0.03 0.04 0.04 0.03 0.03 0.15 0.69 0.41

16:0 15.1 14.3 16.3 14.7 19.2 14.8 0.45 14.7b 15.5b 17.0a 16.9A 14.6B 0.01 0.00 0.01

16:1n-7 3.39 2.81 3.88 3.17 4.65 3.15 0.15 3.10c 3.53b 3.90a 3.97A 3.04B 0.00 0.00 0.00

16:1n-5 0.10 0.08 0.09 0.09 0.11 0.09 0.00 0.09 0.09 0.10 0.10A 0.08B 0.05 0.02 0.17

16:2n-6 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.07 0.90 0.69

16:2n-4 0.21 0.17 0.23 0.20 0.26 0.21 0.01 0.19c 0.22b 0.24a 0.23A 0.20B 0.00 0.00 0.12

17:0 0.18 0.13 0.20 0.16 0.23 0.18 0.01 0.16c 0.18b 0.20a 0.20A 0.16B 0.00 0.00 0.22

16:3n-4 0.18 0.18 0.18 0.19 0.21 0.18 0.00 0.18 0.18 0.19 0.19 0.18 0.11 0.09 0.06

16:3n-3 0.10 0.08 0.11 0.08 0.09 0.08 0.01 0.09 0.10 0.09 0.10 0.08 0.78 0.10 0.72

16:3n-1 0.02 0.02 0.03 0.02 0.03 0.02 0.00 0.02 0.02 0.02 0.03A 0.02B 0.15 0.00 0.10

16:4n-3 0.15 0.10 0.18 0.13 0.19 0.15 0.01 0.13b 0.15a 0.17a 0.17A 0.13B 0.01 0.00 0.84

16:4n-1 0.02 0.01 0.03 0.01 0.02 0.02 0.00 0.02 0.02 0.02 0.02A 0.01B 0.80 0.01 0.35

18:0 3.31 3.04 3.65 3.16 4.07 3.28 0.09 3.17b 3.40b 3.68a 3.68A 3.16B 0.00 0.00 0.06

18:1n-9 27.6 34.7 24.8 33.6 23.4 30.6 1.05 31.2a 29.2a 27.0c 25.3B 32.9A 0.00 0.00 0.42

18:1n-7 2.83 2.67 2.96 2.80 3.20 2.80 0.05 2.75b 2.88a 3.00a 3.00A 2.76B 0.03 0.00 0.27

18:1n-5 0.13 0.12 0.12 0.12 0.13 0.12 0.00 0.13 0.12 0.12 0.12 0.12 0.46 0.57 0.11

18:2n-9 0.06 0.05 0.06 0.06 0.07 0.05 0.00 0.05b 0.06a 0.06a 0.07A 0.05B 0.00 0.00 0.07

18:2n-6 10.8 11.7 8.65 10.7 7.03 9.56 0.38 11.2a 9.70b 8.30c 8.81B 10.7A 0.00 0.00 0.00

18:2n-4 0.14 0.11 0.16 0.13 0.19 0.14 0.01 0.13c 0.15c 0.17a 0.17A 0.13B 0.00 0.00 0.00

18:3n-6 0.24 0.22 0.18 0.19 0.15 0.18 0.01 0.23a 0.19b 0.18b 0.19 0.20 0.00 0.38 0.14

18:3n-4 0.13 0.10 0.13 0.11 0.13 0.12 0.00 0.11 0.12 0.13 0.13A 0.11B 0.19 0.00 0.45

18:3n-3 2.33 2.89 1.96 2.81 1.58 2.61 0.11 2.61a 2.39b 2.10c 1.96B 2.77A 0.00 0.00 0.00

18:3n-1 0.02 0.03 0.02 0.03 0.02 0.03 0.00 0.03 0.03 0.02 0.02B 0.03A 0.84 0.00 0.93

18:4n-3 0.80 0.69 0.76 0.75 0.72 0.76 0.02 0.74 0.75 0.74 0.76 0.73 0.91 0.38 0.16

18:4n-1 0.11 0.08 0.13 0.10 0.13 0.11 0.00 0.10b 0.11a 0.12a 0.12A 0.10B 0.00 0.00 0.69

20:0 0.18 0.21 0.17 0.20 0.17 0.19 0.00 0.19 0.19 0.18 0.17B 0.20A 0.22 0.00 0.94

20:1n-9 0.32 0.30 0.30 0.31 0.30 0.30 0.01 0.31 0.30 0.30 0.31 0.30 0.60 0.82 0.48

20:1n-7 2.81 2.88 2.48 2.79 2.45 2.68 0.05 2.84a 2.64ab 2.57b 2.58B 2.78A 0.02 0.01 0.36

20:1n-5 0.17 0.16 0.17 0.16 0.19 0.17 0.00 0.16b 0.17ab 0.19a 0.18A 0.16B 0.03 0.00 0.49

20:2n-9 0.07 0.05 0.08 0.07 0.09 0.07 0.00 0.06b 0.08ab 0.08a 0.08A 0.07B 0.03 0.00 0.94

20:2n-6 0.62 0.62 0.55 0.60 0.46 0.58 0.01 0.62a 0.58b 0.52c 0.54B 0.60A 0.00 0.00 0.00

20:3n-9 0.04 0.03 0.03 0.03 0.04 0.03 0.00 0.03 0.03 0.04 0.04A 0.03B 0.18 0.01 0.11

20:3n-6 0.24 0.17 0.23 0.18 0.19 0.17 0.01 0.20a 0.20a 0.18b 0.22A 0.17B 0.00 0.00 0.00

20:4n-6 0.67 0.49 0.81 0.55 0.86 0.65 0.03 0.58c 0.68b 0.76a 0.78A 0.56B 0.00 0.00 0.23

20:3n-3 0.21 0.24 0.19 0.24 0.17 0.23 0.01 0.23a 0.22ab 0.20b 0.19B 0.24A 0.01 0.00 0.06

20:4n-3 0.44 0.40 0.45 0.42 0.43 0.46 0.01 0.42 0.44 0.44 0.44 0.42 0.44 0.28 0.09

20:5n-3 4.24 2.69 5.01 3.21 5.24 3.85 0.23 3.46b 4.11a 4.55a 4.83A 3.25B 0.00 0.00 0.59

22:1n-11 1.58 1.61 1.31 1.42 1.25 1.41 0.04 1.59a 1.36b 1.33b 1.38 1.48 0.01 0.14 0.64

22:1n-9 0.36 0.37 0.33 0.35 0.30 0.33 0.01 0.37a 0.34ab 0.32b 0.33 0.35 0.04 0.24 0.83

22:4n-6 0.08 0.06 0.09 0.06 0.08 0.08 0.00 0.07 0.08 0.08 0.09A 0.07B 0.28 0.00 0.11

22:5n-6 0.29 0.22 0.36 0.23 0.35 0.31 0.01 0.26b 0.30a 0.33a 0.33A 0.25B 0.00 0.00 0.02

22:5n-3 1.41 0.94 1.58 1.03 1.50 1.28 0.06 1.18 1.31 1.39 1.50A 1.08B 0.07 0.00 0.15

22:6n-3 16.0 12.1 18.7 12.4 16.9 15.6 0.68 14.0 15.6 16.3 17.2A 13.4B 0.15 0.00 0.11

Total SFA 21.0 19.7 22.5 20.5 26.6 20.7 0.61 20.3b 21.5b 23.6a 23.4A 20.3B 0.00 0.00 0.01

Total MUFA 39.4 45.8 26.5 44.9 36.1 41.8 0.97 42.6a 40.7ab 39.0b 37.3B 44.2A 0.01 0.00 0.35

Total n-6 12.9 13.5 10.9 12.6 9.1 11.5 0.35 13.2a 11.7b 10.3c 11.0B 12.5A 0.00 0.00 0.00

Total n-6 LC-PUFA 1.91 1.56 2.04 1.62 1.95 1.79 0.04 1.73b 1.83a 1.86a 1.96A 1.66B 0.00 0.00 0.00

Total n-3 25.7 20.1 29.0 21.1 26.9 25.0 0.90 22.9 25.0 25.9 27.2A 22.1B 0.14 0.00 0.15

Total n-3 LC-PUFA 22.3 16.3 26.0 17.3 24.3 21.4 0.96 19.3 21.7 22.8 24.2A 18.4B 0.06 0.00 0.15

EPA +DHA 20.2 14.8 23.7 15.6 22.2 19.5 0.90 17.5 19.7 20.8 22.0A 16.6B 0.06 0.00 0.15

EPA/ARA 6.31 5.50 6.21 5.82 6.07 5.90 0.10 5.91 6.02 5.99 6.20A 5.74B 0.87 0.02 0.33

DHA/EPA 3.77 4.44 3.73 3.87 3.23 4.05 0.10 4.11a 3.80ab 3.64b 3.58B 4.12A 0.01 0.00 0.03

n-6/n-3 0.51 0.69 0.38 0.60 0.34 0.46 0.03 0.60a 0.49ab 0.40b 0.41B 0.59A 0.00 0.00 0.54

Values are mean of triplicate groups (n = 3). Different superscript letters indicate significant difference among treatments (P < 0.05).
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TABLE 7 | Serum biochemical parameters at 24 h post-feeding in European grayling (Thymallus thymallus).

Diets Protein (%) Lipid (%) TP TG CHO GLU ALT AST ALP LDH

Individual treatment means

P30L10 30 10 4.08 264 218 76.4 48.3 835 380 7,704

P40L10 40 10 4.38 256 242 75.6 32.2 719 344 5,192

P50L10 50 10 4.51 220 277 83.1 33.0 611 363 5,767

P30L20 30 20 4.48 473 279 103 28.3 592 386 4,437

P40L20 40 20 4.16 426 258 84.4 28.7 519 332 4,389

P50L20 50 20 4.49 379 277 96.2 34.3 605 350 3,416

SEM 0.07 23.2 6.11 2.73 2.16 33.4 8.02 330

Means of main effects

30 4.28 368a 248b 89.8a 38.3 713 383 6,070a

40 4.27 341a 250b 80.0b 30.4 619 338 4,790b

50 4.50 300b 277a 89.7a 33.7 608 357 4,591b

10 4.32 247B 246B 78.4B 37.9A 721A 363 6,221A

20 4.37 426A 271A 94.6A 30.4B 572B 356 4,080B

Two-way ANOVA (P-value)

Protein 0.27 0.00 0.01 0.03 0.20 0.25 0.09 0.00

Lipid 0.70 0.00 0.00 0.00 0.04 0.02 0.68 0.00

Interaction 0.17 0.11 0.01 0.07 0.06 0.20 0.85 0.00

Values are mean of triplicate groups (n = 18). Different superscript letters indicate significant difference among treatments (P < 0.05). TP, Total protein (g dl−1): TG,
Triglyceride (mg dl−1): CHO, Total cholesterol (mg dl−1): GLU, Glucose (mg dl−1): ALT, Alanine aminotransferase (U l−1): AST, Aspartate aminotransferase (U l−1): ALP,
Alkaline phosphatase (U l−1): LDH, Lactate dehydrogenase (U l−1).

TABLE 8 | Serum antioxidant and innate immune parameters at 24 h post-feeding in European grayling (Thymallus thymallus).

Diets Protein (%) Lipid (%) SOD CAT MDA LYZ MPO AP

Individual treatment means

P30L10 30 10 49.1 36.4 170 12.7 1.33 30.2

P40L10 40 10 57.7 34.2 213 12.2 1.45 35.8

P50L10 50 10 62.4 36.8 243 12.9 1.47 33.6

P30L20 30 20 55.6 38.5 254 12.7 1.75 33.9

P40L20 40 20 58.3 37.2 227 12.4 1.70 34.4

P50L20 50 20 49.2 36.4 274 12.4 1.53 33.2

SEM 1.58 0.61 9.96 0.45 0.04 0.62

Means of main effects

30 52.3 37.4 212b 12.7 1.54 32.0

40 58.0 35.7 220ab 12.3 1.57 35.1

50 55.8 36.6 258a 12.6 1.50 33.4

10 56.4 35.8 208B 12.6 1.42B 33.2

20 54.4 37.3 252A 12.5 1.66A 33.8

Two-way ANOVA (P-value)

Protein 0.22 0.53 0.04 0.95 0.63 0.11

Lipid 0.43 0.23 0.01 0.94 0.00 0.59

Interaction 0.02 0.53 0.14 0.95 0.08 0.16

Values are mean of triplicate groups (n = 18). Different superscript letters indicate significant difference among treatments (P < 0.05). SOD, Superoxide dismutase activity
(% inhibition); CAT, Catalase activity (U ml−1); MDA, Malondialdehyde concentration (nmol ml−1); LYZ: lysozyme activity (U ml−1); MPO, Myeloperoxidase activity (U ml−1);
AP, Antiprotease activity (% trypsin inhibition).

ranging from 22.4 to 33.02 g MJ−1on growth of Manchurian trout
(Brachymystax lenok). Their findings showed that although the
best growth rate occurs at 50% protein and 8% lipid with P/E
ratio of 29.36 g MJ−1, similar WG and SGR could be achieved
at 45% protein and 16% lipid levels with P/E ratio of 23.68 g
MJ−1. The results of the present study revealed that growth

rate of grayling was influenced by protein content of feed and
that 40% protein produces a comparable growth rate to the
group fed the diet with 50% protein. Moreover, in this study the
highest growth rate (266% WG) was obtained at 50% protein
and 20% lipid levels with P/E ratio of 22.1 g MJ−1 which was
comparable to the growth rate of the group received the diet
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TABLE 9 | Blood plasma ammonia (NH3 – µmol l−1) concentration at 5 h post-feeding, and rearing water ammonium nitrogen (NH4
+-N − mg kg−1 h−1) concentration

at 5 and 24 h post-feeding in European grayling (Thymallus thymallus).

Diets Protein (%) Lipid (%) Plasma Rearing water

5 h 5 h 24 h

Individual treatment means

P30L10 30 10 630 11.1 14.0

P40L10 40 10 595 13.5 14.9

P50L10 50 10 648 17.0 20.8

P30L20 30 20 503 9.80 10.9

P40L20 40 20 556 8.90 11.6

P50L20 50 20 625 11.5 15.3

SEM 20.2 0.72 0.91

Means of main effects

30 566 10.5b 12.4b

40 576 11.2b 13.3b

50 637 14.3a 18.1a

10 624 13.9A 16.6A

20 562 10.1B 12.6B

Two-way ANOVA (P-value)

Protein 0.31 0.01 0.00

Lipid 0.13 0.00 0.00

Interaction 0.52 0.12 0.65

Values are mean of triplicate groups (n = 3). Different superscript letters indicate significant difference among treatments (P < 0.05).

containing 40% protein and 20% lipid (257% WG) with P/E ratio
of 18 g MJ−1. Similarly, Azevedo et al. (2002) found no significant
improvement in growth performance of Atlantic salmon (Salmo
salar) when P/E ratio increased from 18 to 20 g MJ−1. Also, Green
and Hardy (2008) found similar growth performance for rainbow
trout (Oncorhynchus mykiss) fed diets with P/E ratios of 18, 22,
and 24 g MJ−1.

Fish FI decreased at higher protein and lipid levels which
agrees with studies on bagrid catfish (Pseudobagrus fulvidraco)
(Kim and Lee, 2005), brown-marbled grouper (Epinephelus
fuscoguttatus) (Shapawi et al., 2014) and hybrid grouper
(Epinephelus × E. lanceolatus) (Rahimnejad et al., 2015). This
could be due to increased feed energy content as lesser feed
would be consumed by fish to meet its energy requirement
(Kaushik and Medale, 1994). Moreover, when fish are offered
diets with a protein content below the requirement level, they
would consume more feed to gain sufficient protein needed
for supporting growth and metabolism while at optimum or
higher dietary protein levels lesser diet would be needed. Our
results revealed the enhancement of FE as protein and lipid
levels increased which is consistent with studies on masu salmon
(Lee and Kim, 2001), Manchurian trout (Xu et al., 2015), brown
trout (Salmo trutta fario) (Wang C. et al., 2018), Japanese
seabass (Lateolabrax japonicus) (Ai et al., 2004) and black seabass
(Centropristis striata) (Alam et al., 2009). Xu et al. (2015) showed
that enhancing fat content of feed from 8 to 16% enhances PER in
Manchurian trout at dietary protein levels of 40–45%. Moreover,
Lee and Kim (2001) showed the significant improvement of PER
in masu salmon by increasing energy content of diet from 19
to 21 MJ kg−1 at protein levels of 30, 40, and 50%. Similarly,

in this study PER was improved by increasing dietary lipid
level from 10 to 20% corresponding to 2 MJ kg−1 increase in
dietary energy content. Improvement of PER at higher dietary
fat level has also been shown in pikeperch (Sander lucioperca)
(Schulz et al., 2008), Japanese seabass (Ai et al., 2004), and
yellow drum (Nibea albiflora) (Wang L. et al., 2018). On the
other hand, in this study PER showed a decreasing tendency
by increasing dietary protein level which is parallel to earlier
findings in pikeperch (Schulz et al., 2008), red-spotted grouper
(Epinephelus akaara) (Wang et al., 2017) and hybrid grouper
(Jiang et al., 2015; Rahimnejad et al., 2015). The underlying
reason for the higher PER at lower dietary protein level could be
the efficient utilization of protein at low protein levels (Catacutan
et al., 2001). However, no protein sparing effect of lipid could be
found in this study as dietary lipid level did not influence fish
growth performance. This is consistent with studies on sunshine
bass (Morone chrysops × M. saxatilis) (Gallagher, 1999), red-
spotted grouper (Wang et al., 2017), hybrid grouper (Jiang et al.,
2015) and hybrid snakehead (Channa maculata × C. argus)
(Zhang et al., 2017). These findings may signify the lower ability
of grayling juveniles in oxidizing lipids and using them as an
energy source. This was confirmed by increased VSI and IPF
at increased lipid level indicating the lipid accumulation in
fish abdominal cavity rather than being oxidized for energy
production. Moreover, an interaction of dietary protein and lipid
levels was found on K where increasing protein level at 10% lipid
led to numerical reduction of K while an opposite trend was
found at 20% lipid. This could be due to lipid accumulation in
abdominal cavity at the higher dietary lipid level resulting in the
alteration of fish weight/length ratio.
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Whole-body lipid content was impacted by interaction of
protein and lipid and moisture content decreased by increasing
fat content of diet. Moreover, muscle lipid concentration reflected
the dietary fat content. Likewise, Lee and Kim (2001) showed
the reduction of whole-body moisture and increment of lipid
content in masu salmon at increased dietary fat. Also, a
rainbow trout study showed the enhancement of whole-body
lipid and reduction of moisture content at increased lipid level
(Yamamoto et al., 2000). Similar observations have been reported
in Manchurian trout (Xu et al., 2015), giant croaker (Nibea
japonica) (Chai et al., 2013) and Channa striata (Hua et al., 2019).
Ash content of muscle increased by increasing protein level and
reflected the dietary ash content.

Dietary lipid level is one of the primary factors that influences
the muscle fatty acid composition (Lopez et al., 2009). Increasing
fat content of feed in this study resulted in reduced muscle ARA,
EPA, DHA, total n-6 LC-PUFA, total n-3, total n-3 LC-PUFA,
and EPA/ARA ratio whereas an increasing trend was observed
for LA, LNA, total MUFA, total n-6, and ratios of DHA/EPA
and n-6/n-3. Similarly, Kim et al. (2012) reported that higher fat
content in the diet resulted in reduced EPA, DHA, n-3 PUFA and
n-3 HUFA in far eastern catfish whole-body. A hybrid grouper
study revealed only increased muscle LNA content at increased
dietary fat level (Rahimnejad et al., 2015) which is consistent
with the current study. Moreover, Arslan et al. (2013) found the
enhancement of whole-body LA, LNA, EPA, DHA, total PUFA,
total n-3 and total n-6 contents and reduction of ARA content
by increasing lipid level in diets for South American catfish
(Pseudoplatystoma sp.). The increment of muscle LA, LNA, total
MUFA and total n-6 contents and n-6/n-3 ratio at higher dietary
fat level could be ascribed to increased inclusion level of soybean
oil. Also, the reduction of ARA, EPA and DHA concentrations
in response to increased dietary fat content may indicated the
limited bioconversion of these fatty acids from LA and LNA
(Arslan et al., 2013). Thomassen et al. (2017) showed that long
term feeding of a diet deficient in n-3 fatty acids is associated
with significantly increased proportion of 20:3n-9 (Mead acid) in
different organs and muscle of Atlantic salmon. The low level of
Mead acid in muscle of grayling, irrespective of dietary groups,
indicates the lack of essential FAs deficiency.

Blood biochemical parameters and enzymes activity are used
as key means of surveying the fish health and nutritional status (Li
et al., 2015). Lipoproteins are the most common transported form
of lipids in fish (Wang et al., 2017). Plasma/serum lipoprotein,
TG and CHO concentrations could be used as useful indicators
for evaluation of the endogenous lipid transport (Du et al., 2005;
Chen et al., 2012). Dietary lipid and protein contents influence
serum/plasma CHO concentration (NRC, 2011; Jiang et al.,
2015). Increment of serum CHO concentration in fish fed high
fat diets confirmed the earlier findings in hybrid grouper (Jiang
et al., 2015), red-spotted grouper (Wang et al., 2017) and hybrid
snakehead (Channa maculata × C. argus) (Zhang et al., 2017).
Additionally, we detected elevated serum CHO concentration
at higher dietary protein levels which agrees with the study on
red-spotted grouper (Wang et al., 2017). Several authors noted
that TG level in blood has an inverse relationship with protein
content of feed (Zhang et al., 2010; Jin et al., 2015) but has a

positive relationship with fat content (Li et al., 2017; Cao et al.,
2019). Likewise, in this study serum TG concentration doubled
at higher dietary lipid level indicating more active transport of
lipids. Whilst, increasing dietary protein level led to significant
reduction of TG concentration which is consistent with findings
in hybrid grouper (Jiang et al., 2015). There are several reports
indicating that increased blood TG concentration in fish might be
used as an indicator of poor health (Kikuchi et al., 2009). Wang
et al. (2019) reported the reduction of serum TG concentration in
black sea bream (Acanthopagrus schlegelii) by increasing dietary
P/E ratio, and claimed that higher serum TG concentration at
low P/E ratios could be a symptom of declined health status as
it was coupled with lower growth rate and antioxidant capacity.
The increment of serum GLU concentration at higher lipid
level in this study agrees with the researches on common carp
(Cyprinus carpio) (Aminikhoei et al., 2015), rohu (Labeo rohita)
(Kumar et al., 2019), and largemouth bass (Li et al., 2020). The
increment of GLU concentration in serum of fish fed high fat
diet could be associated with impairment of GLU homeostasis as
documented in rainbow trout (Figueiredo-Silva et al., 2012). Also,
Panserat et al. (2002) reported ineffective control of glycemia
in rainbow trout fed a high fat diet in comparison to those
received a low fat diet. Furthermore, these authors found the
significant enhancement of hepatic glucose-6-phosphate (an
enzyme involved in glucogenesis) mRNA expression and enzyme
activity in trout fed high fat diet. ALT and AST are considered
as non-functional enzymes found in cells of liver, kidney, and
other organs. Their elevated levels in blood stream is used as
an indicator of liver abnormal function (Bain, 2003). Moreover,
the surge in their serum/plasma concentration could also occur
in response to various stressors such as ammonia and nitrite
toxicity (Das et al., 2004; Choi et al., 2007). The results exhibited
the remarkable reduction of serum ALT and AST activities by
increasing dietary fat content. Similarly, Zhang et al. (2018a)
reported decreased serum ALT and AST activities in barbless
carp (Cyprinus pellegrini) at increased dietary fat level. This
could be because of reduced catabolism of protein for energy
production at higher dietary lipid level leading to reduced
ammonia production. This was further confirmed by decreased
plasma ammonia concentration and ammonia excretion to the
rearing water at higher dietary lipid level in this study. Amino
acids oxidation demands excessive energy for deamination and
excretion and causes stress in fish (Walton, 1985). Moreover,
increasing dietary protein and lipid levels led to decreased
serum LDH activity which is also considered as a marker of
stress response in fish (Chatterjee et al., 2006; Kumar et al.,
2018). Likewise, Li et al. (2020) showed that increasing dietary
protein level results in reduced serum and liver LDH activity
in largemouth bass (Micropterus salmoides). Also, Hemre and
Sandnes (1999) showed the remarkable reduction of plasma LDH
activity in Atlantic salmon by increasing dietary lipid level.

Dietary P/E ratio may influence the antioxidant system by
providing sufficient supply of indispensable amino acids and
fatty acids (Wang et al., 2019). A yellow catfish (Pelteobagrus
fulvidraco) study showed that optimum dietary protein/lipid
ratio improves antioxidant capacity through promoting the
immune cells proliferation by providing sufficient protein
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(Zhang et al., 2018b). However, the effect of dietary treatments
was null on serum SOD and CAT activities in this research
similar to a black sea bream study (Wang et al., 2019). MDA
is an end-product of lipid peroxidation and its elevated level in
serum is used as a valuable marker of oxidative damage. Our
results indicated the enhancement of serum MDA concentration
by increasing protein and lipid levels. Likewise, increased
serum/plasma/liver MDA concentration at higher lipid levels has
been reported in black sea bream (Wang et al., 2019), triploid
rainbow trout (Meng et al., 2019) and largemouth bass (Yin
et al., 2021). Żebrowska et al. (2019) showed that high protein
diet leads to increased plasma MDA concentration in rats. These
authors suggested that the ingestion of high protein diet may
result in redox imbalance in healthy non-obese rats. It has been
well established that immune response in fish is tightly linked
to nutritional status (Lygren and Waagbo, 1999). Concentration
and type of lipids are among the nutritional factors that modulate
different components of the immune system in animals (Korver
et al., 1995; Lin and Shiau, 2003). A Malabar grouper (Epinephelus
malabaricus) study revealed the promotion of lysozyme and
ACH50 activities by enhancing fat content of feed (Lin and Shiau,
2003). Similarly, our results revealed the enhancement of serum
MPO activity by increasing dietary lipid concentration, however,
lysozyme and antiprotease activities remained unaffected. Lipids,
their constituent FAs, and compounds derived from metabolism
of FAs such as eicosanoids play key roles in immune function of
finfish species (Higgs and Dong, 2000). Dietary lipid influences
a wide range of immune parameters including proliferation
of lymphocytes, synthesis of cytokines, natural killer cell
activity, and phagocytosis. It is also speculated that FAs may
modulate immune system through modifying membrane fluidity,
formation of lipid peroxide, synthesis of eicosanoids, and
regulating the expression of associated genes (De Pablo Martinez
and Álvarez De Cienfuegos, 2000). Moreover, there are several
reports indicating that DHA/EPA ratio impacts immune response
in fish (Montero et al., 2004; Zuo et al., 2012). For instance, Zhang
et al. (2019) showed that DHA/EPA ratio of 1.48 significantly
enhances serum immune indices in juvenile golden pompano
(Trachinotus ovatus).

Ammonia production could be used as a useful indicator of
protein metabolism in fish where protein retention is inversely
correlated with produced ammonia (Webb and Gatlin, 2003).
Inadequate supply of non-protein energy sources in the diet
could result in catabolism of part of protein to meet the
energy requirement of fish for maintenance and growth which is
accompanied with increased ammonia production and excretion
to the rearing water (Hung et al., 2017). Likewise, in this
study increasing lipid level from 10 to 20% led to remarkable
reduction of water ammonium concentration at 5 and 24 h
post feeding indicating that increasing lipid content in diets
for grayling can perhaps improve dietary protein utilization
and reduce ammonia excretion. Furthermore, at higher protein
levels more protein is catabolized leading to higher ammonia
excretion (Kim et al., 1991; Yang et al., 2002). In the current study,
water ammonium concentration increased at both samplings
when dietary protein level increased from 40 to 50%. Similarly,
Yang et al. (2002) reported the enhancement of accumulated

ammonia concentration in silver perch (Bidyanus bidyanus) by
increasing dietary protein level.

CONCLUSION

These results suggest that 40% protein can support growth of
European grayling with average body weight of 25–60 g, and
increasing dietary fat content to 20% can enhance FE and PER.
Increasing dietary protein level led to increased muscle ARA,
EPA and total n-6 LC-PUFA contents whereas the elevation of
dietary lipid level resulted in decreased EPA, DHA, and total n-3
LC-PUFA and n-6 LC-PUFA. In addition, decreased DHA/EPA
and n-6/n-3 ratios were observed as dietary protein content
increased while these ratios increased at higher dietary lipid level.
The reduction of serum ALT and AST activities indicated the
improvement of liver health at the higher lipid level. Moreover,
increasing dietary fat content resulted in decreased ammonia
excretion to the rearing water.
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In vertebrates, melatonin (N-acetyl-5-methoxy-tryptamine, MEL) is synthesized from

L-tryptophan (L-Trp), primarily in the pineal gland and additionally in several non-pineal

tissues, including enterochromaffin cells of the gastrointestinal tract. The biosynthesis of

MEL in the pinealocytes exhibits a daily rhythm with a nocturnal peak in synchronization

with the dark phase of an environment. However, the temporal pattern of the gut

melatoninergic system in fish is known to be synchronized with one or more non-photic

external cue(s), of which most notable include the components of food and feeding time

in a daily cycle. Experimental findings on the use of L-Trp (5-fold to −8-fold higher with

respect to standard) as a fish food supplement suggest that it has a stimulatory influence

on gut MEL synthesis that ultimately leads to elevated levels of plasma MEL. Several

studies employing MEL as a fish feed additive report variable responses in relation to the

physiological functions of the fish and its doses of application and modes of exposure.

Oral administration of MEL (validated dose in general: 200 mg/kg fish food) causes an

increase in gut MEL concentrations, food intake capacity, and micronutrient selection

ability of fish, as well as enhanced activity of antioxidative enzymes and/or reduced levels

of biological stress markers like plasma cortisol and lactate. The application of MEL with

the doses of 50 and 250mg/kg fish food to balanced diet results in preciousmaturation of

gonads, high live sperm rate, and good quality seeds in catfish. A few studies on different

fish groups administered with MEL through tank water reveal a significant increase in the

fecundity rate, percentage of fertilization, and the number of hatched embryos. MEL

injection through intraperitoneal or intramuscular routes also elicits variable responses

in fish. Several studies suggest a major protective role of endogenous MEL against

gastric ulcer induced by pathogenic bacterial infection. Taken together, MEL seems

to be a multipotent physiological candidate involved in the regulation of a variety of

body functions ranging from the synchronization of vital activities with environmental

variables to the timing of reproduction in a changing system, from the acceleration of

body growth to the determination of a pattern of development, and from the reduction

of oxidative stress to the protection against microbial infections. Because aquaculture

aims at substantially improving the quality and quantity of available aquatic resources
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employing convenient, consistent, and commercially exploitable measures, we find the

reasons to suggest that the use of MEL or its precursor L-Trp as a fish food supplement

may open up a new vista of aquaculture and, hence, present this review with an attempt

to present the basic information on this area of interest to justify the hypothesis.

Keywords: aquaculture, melatonin, gut bacteria, tryptophan, reproduction, stress

INTRODUCTION

Multiple natural resources are utilized for the production of
aquatic animals and have become a primary factor on which
the aquaculture relies, and capturing of wild fish has become
a primary source of protein production from sea food sources
(Boyd et al., 2020). Sustainable aquaculture has a primary
goal of supplying farm-based aquatic nutrients continuously in
bringing the sustainable benefit to human without hampering
the existence of ecosystem or overutilization of natural resources
to the extent from where it cannot be recovered. Nowadays,
commonly practiced aquaculture management is exceedingly
engaged with a continuous progress on the optimal usage of
natural resources for the production of nutrients although it lacks
provisions on the aspects of balanced fish growth and fishing
mortality (Costello et al., 2020). Looking at the perspectives on
the magnitude in general trend and growth in the categories of
aquatic cultured animals are prerequisite for an understanding of
the aquaculture diversity. According to the Food and Agriculture
Organization, United Nations (Food Agriculture Organization,
2019), aquatic plants, mollusks, and freshwater fish encompass
about 84% of the aquaculture, and the global aquaculture
production for freshwater fish and for marine fish is 44.66 mt and
is 3.10 mt, respectively.

Reproduction in most fish groups is seasonal, and an
understanding of the underlying mechanisms used to
synchronize this periodic event with the cyclic changes in
environmental variables is an important aspect for sustainable
aquaculture (Maitra, 2011). Such a synchronization is required
for setting the spawning period at the most favorable time
of the year for a better survival of the progeny, and vis-à-vis
some predictive mechanisms are also developed in fish by using
environmental cues and photoperiod for an anticipation of the
initiation of gametogenesis at the proper time for the supply
of mature healthy gametes at the time of spawning (Carrillo
et al., 1993; Bromage et al., 2001). The supply of “good quality”
gametes is an essential requirement for the sustainable culture
of any species as “poor quality” may decrease the survival
potential of hatched embryos (Tamura et al., 2008; Hasan et al.,
2014). Specific environmental cues stimulate the pineal gland to
secrete a hormone, melatonin (N-acetyl-5-methoxy-tryptamine,
MEL), which plays a significant role in the regulation of diverse
physiological functions, of which most important are seasonality
of reproduction and antioxidative defense in a wide range of
vertebrates, including fish (Falcón et al., 2010; Maitra et al.,
2013). The identification of MEL-producing cells and subcellular
localization of different enzymes regulating MEL synthesis are
also well-documented in various tissues (Maitra et al., 2015).

Apart from reproduction, several important physiological
functions are associated with successful aquaculture. MEL, in
addition to its housekeeping effects on rhythmic changes in
different physiological variables, plays a key role in regulating
several body functions in aquatic animals (Maitra, 2011). The
impact of MEL on fish growth and development in association
with digestive physiology are also evident from several studies
(Falcón et al., 2003, 2007, 2010; Pal et al., 2016a; Pal and Maitra,
2018). Several lines of evidence suggest that MEL, along with
its effect on enhancing the digestive enzyme activity in the
gut, has a significant impact on the gut microbiota in fish as
well as in other vertebrates (Yin et al., 2018, 2020; Wang et al.,
2021; Zhang et al., 2021). A fish study by evincing a role of
endogenous MEL in ameliorating microbial infection-induced
pathogenesis implicates MEL in aquaculture against ulcer
causative agents (Pal et al., 2016b). Environmental stressors and
disease susceptibility are the two important aspects, which have
major impacts on sustainable fish aquaculture. Several studies on
fish also demonstrated the role of MEL in regulating the status
and rhythmic functions of immune cells (Cuesta et al., 2007,
2008; Roy et al., 2008; Baekelandt et al., 2020). In the case of
fish, external stressor-mediated MEL synthesis and the response
of mealatonin to chronic stress are also known (Conde-Sieira
et al., 2014; López-Patiño et al., 2014; Gesto et al., 2016). Thus,
the significance of MEL as a multipotent physiological candidate
involved in the regulation and maintenance of fish health is
gaining momentum.

In the current state of knowledge, there are reasons to suggest
that food composition, feeding habits, and feeding time may
be the critical factors in aquaculture for the synchronization of
MEL synthesis within the gastrointestinal tissues (Mukherjee and
Maitra, 2018; Pal andMaitra, 2018; Yasmin et al., 2021). It is well-
proclaimed that the poor quality of flesh and poor performance
of fish growth are related to imbalanced food composition in
aquaculture (Maitra, 2011). Thus, an interplay between food
composition and the circadian axis in the regulation of growth,
development, reproduction, and other physiological functions
becomes an important facet of understanding for sustainable
aquaculture (Campos-Mendoza et al., 2004). However, the
emergence of a comprehensive idea depicting the potential use
of MEL and/or its biosynthetic precursor as a component of
fish food for application in aquaculture suffered a major setback
mostly due to the lack of an effort tomake the use of available data
for a meaningful outcome. Hence, this review article aims to deal
with existing literature studies on the unique features of MEL,
gathered mostly from fish studies, and to highlight its hitherto
neglected multipotent actions on fish health, which seems to be
important for sustainability in the aquaculture industry.
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UNIQUE FEATURES OF MELATONIN:

SOURCES, BIOSYNTHESIS, AND

REGULATION OF PRODUCTION

Melatonin is primarily synthesized within the pinealocytes of
the pineal gland in a rhythmic manner, having extreme light
sensitivity in its biosynthesis. The duration of the dark phase
in a photoperiodic cycle or an external geophysical cycle is a
key regulator of the nocturnal increase of MEL. This indole
compound was first isolated, purified and characterized from
the extract of bovine pineal gland (Lerner et al., 1958). Further
studies revealed that MEL is also synthesized in several extra-
pineal tissues, viz., retina (Iuvone and Besharse, 1983), gut
(Bubenik, 1986; Maitra et al., 2015), placenta (Iwasaki et al.,
2005), harderian gland (Menendez-Pelaez et al., 1987), and
gonads (Itoh et al., 1999; Hasan et al., 2014). Thus, the
distribution of MEL is ubiquitous. The major source of MEL
is the pineal organ/gland or epiphysis cerebri, which is located
on the roof of diencephalon. In the teleost fish, three distinct
structures constitute the pineal gland: (1) The “end vesicle” is
an elongated and a flattened vesicular body located close to
the cranium. (2) The “pineal stalk” is a structural connection
that connects the “end vesicle” to the brain. (3) “Dorsal sac”
is a saccular structure, which encircles the “pineal stalk” at the
cerebral end (Maitra et al., 2005). In fish, the pineal organ
has both sensory and secretory functions; whereas in higher
vertebrates (as in birds and mammals) it acts as an endocrine
gland (Falcón et al., 2010).

Melatonin, in every tissue, is synthesized from the precursor
molecule known as L-tryptophan (L-Trp) in a four-step pathway.
The rhythmic process of MEL synthesis with respect to the
environmental light-dark (LD) cycle is regulated primarily
by the clock genes of the suprachiasmatic nucleus (SCN)
of hypothalamus. Briefly, the entry of L-Trp into the site
of synthesis from the blood stream and its conversion to
5-hydroxy-tryptophan (5-HTP) are also facilitated by the
action of tryptophan hydroxylase, and the reaction takes place
within the mitochondria (Lovenberg et al., 1967). Then, 5-
HTP in the cytosol acts as a substrate for the enzyme 5-
HTP decarboxylase, which forms 5-hydroxytryptamin (5-HT) or
serotonin (Lovenberg et al., 1962) that is converted to N-acetyl
serotonin by the action of arylalkylamine-N-acetyltransferase
(AANAT) (Voisin et al., 1984), and finally MEL is synthesized by
the enzyme hydroxyindole-O-methyltransferase (HIOMT), also
known as acetylserotonin O-methyltransferase (ASMT) (Axelrod
and Weissbach, 1960) (Figures 1A,B). AANAT is considered as
the rate-limiting enzyme for MEL synthesis (Klein et al., 1997)
and is intricately regulated by the environmental LD cycle (Collin
et al., 1989). The oscillation in AANAT activity is congruent
with the change in the MEL level and, for this reason, it is
known as “the MEL rhythm generating enzyme” (Klein et al.,
1997). MEL synthesis in carp, like other fish species, is dependent
on an external LD cycle and is regulated through the circadian
organization of melatoninergic system (Seth and Maitra, 2010).
Endogenous clock of pineal-driven changes in the AANAT
messenger RNA (mRNA) level is observed in zebra fish (Danio

rerio) and sea bream (Sparus aurata), but not in rainbow trout
(Oncorhynchus mykiss). Thus, it is apparent that the temporal
organization and regulation of AANAT synthesis vary in different
fish species (Bégay et al., 1998; Iigo et al., 2007).

The environmental cues play a central role in the regulation
of MEL production in the pineal organ and other peripheral
tissues in fish (Maitra et al., 2015). Among various environmental
factors, “duration of the solar day” or photoperiod is shown to
be the most important component, which regulates the synthesis
and release of pineal MEL (Falcón et al., 2010). However,
light alone, or in addition to other environmental variables
like temperature, rainfall, and humidity, seems to act as a
synchronizer of MEL biosynthesis. These environmental signals
are transduced by a pineal organ into a neuroendocrine signal in
the form of MEL (Ekstrzm and Meissl, 1997). This indolamine
hormone is synthesized in a rhythmic pattern, and this property
is conserved in all vertebrate species (Migaud et al., 2010; Maitra
et al., 2013). In fish, MEL formation at night and its termination
during the day are strictly regulated by AANAT, which in the
presence of light signal undergoes proteasomal proteolysis (Liu
and Borjigin, 2005). The regulatory mechanism of circadianMEL
production in various fish pineal organs is not identical. It may
act as a light sensitive organ (e.g., rainbow trout O. mykiss) or
a true circadian light-sensitive pacemaker (e.g., pike Esox lucius,
zebra fish D. rerio, and sea bream S. aurata) in fish (Maitra
et al., 2015). The nocturnal rhythmicity of MEL shows three
types of profile, viz., types A, B, and C; which are identified in
different vertebrates, including fish (Falcón et al., 2010; Migaud
et al., 2010). In the cases of Atlantic cod (Gadus morhua) and
haddock (Melanogrammus aeglefinus), the MEL level in blood
shows a peak in the late dark phase and this is characterized
as type A profile (Davie et al., 2007). Type B profile shows a
peak in the MEL level at the mid-dark phase as observed in
Nile tilapia,Oreochromis niloticus (Martinez-Chavez et al., 2008),
whereas a rise in the MEL level just after the onset of dark phase
is the character of type C profile, which is found in Atlantic
salmon (Salmo salar), rainbow trout (O. mykiss), Atlantic halibut
(Hippoglossus hippoglossus), and in most teleosts (Falcón et al.,
2010; Migaud et al., 2010).

UBIQUITOUS FUNCTIONS OF MELATONIN

IN VERTEBRATES

In the past few decades, classical physiological approaches are
the commonly undertaking modes of investigation to reveal the
role of the pineal gland and its secreted hormone MEL in the
regulation of a wide range of physiological functions in diverse
groups of animals, including fish. Many of such regulatory
functions exhibit a pattern of circadian and/or seasonal
rhythms, viz., food intake, growth, reproduction, migration,
osmoregulation, pigmentation of skin, thermal inclination,
plasma glucose, lipid and sterol contents, etc. (Falcón et al.,
2007, 2010; Sköld et al., 2008). However, only those physiological
functions of MEL are emphasized, the significance of them has
been unequivocally demonstrated in most of the studied animals.
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FIGURE 1 | (A,B) Melatonin (MEL) is synthesized from amino acid L-tryptophan (L-Trp) within the fish gut epithelial cells. This process includes four steps of enzymatic
reactions. Gut MEL increases the activity of digestive enzymes and helps in the assimilation of food materials. It also abrogates gastric ulcers by activating the
antioxidant defense system. (C) MEL improves fish immune functions by increasing the phagocytic activity of the macrophages, cell-mediated cytotoxicity, markers of
T and B cells, and several immune regulators like interleukin-1 beta (IL-1β), interferon-regulatory factor 1 (IRF-1), and Mx proteins. (D) Further, MEL downregulates the
environmental stressor-induced release of glucocorticoid (GC) from the adrenal through the activation of 5-HT-1A receptor in fish. (E) MEL acts as a potent antioxidant
through increasing the activity of antioxidative enzymes in carp ovary to regulate the spawning.

Regulation of Reproduction
The role of MEL in the regulation of reproduction is one of
the major areas of studies in different vertebrate groups that
received serious attention (Reiter et al., 2009). MEL plays a
central role in the timing of reproductive seasonality by acting as
a neuroendocrine reflection of photoperiod. Reproductive events
in a seasonal breeder are often synchronized with the periodic
changes in one or more environmental components in such a
way that reproduction occurs in the most favorable part of the
year. Most teleosts, which breed at mid and high latitudes, and
evenly a few species at low latitudes, use the information on
the changes in the duration of the solar day or photoperiod,
individually or in combination with water temperature or
other component(s) of the environment, as a “driving force”
to determine the temporal pattern of seasonal reproduction
(Maitra et al., 2015). The processing of light information at
the physiological level, thus seems to be the most important
event that occurs in a neuroendocrine system to coordinate
and/or synchronize different body functions associated with the
seasonality of reproduction (Falcón et al., 2010). Here is the
physiological significance of MEL, which follows the synthesis
in a photosensitive organ, like pineal and retina, and is released
through the circulation to reach the target organs and act on them
through specific G-protein coupled receptors (Chattoraj et al.,
2009). Obviously, the demonstration of MEL receptors in several
tissues and organs, especially gonads in fish, has been a major

breakthrough in understanding the role of MEL in the regulation
of fish reproduction (Chattoraj et al., 2009; Moniruzzaman and
Maitra, 2012). Nonetheless, one of the limitations of existing
knowledge is that most of the studies dealing with the actions of
MEL on the regulatory axis of reproduction have been confined
to the circulatory profiles of endogenous MEL in relation to
reproductive events in an annual cycle, or to the response
mechanism at the target sites to exogenous MEL administration,
leaving the endogenous source of MEL in circulation mostly
undefined. Accordingly, we are compelled to discuss the role
of MEL as a potent indolamine candidate in the regulation of
reproduction using the data on the profiles of MEL in various
organs and in circulation during the different phases of gonadal
growth and development in an annual reproductive cycle, but
more importantly, the data gathered from in vivo and in vitro
studies on the mechanism of response in gonads and their
regulatory axis to exogenous MEL in respective species (Maitra
et al., 2013).

The mechanism of action of MEL in the regulation of
reproduction has been extensively studied in fish and in other
vertebrates. There is possibility that MEL interacts with the
brain–pituitary–gonadal axis, or with one or more of a variety of
peripheral and/or central sites, including the brain, the pituitary
gland, and also on the gonads (Maitra et al., 2013). The hypothesis
that emerged from such studies in common states that the
actions of MEL on the reproductive axis are mediated by an
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interaction with the hypothalamic control of pituitary functions.
The hypothalamo–hypophyseal system in periodic breeders in
general plays a major role in the photoperiodic regulation
of reproduction, where MEL provides temporal information
related to day length and season (Popek et al., 1997). In
fish, the preoptic area (POA) of hypothalamus is known to
integrate the photoperiodic information from different sources
as it receives neural inputs from the retina and the pineal
organ, and hormonal (MEL) input from the pineal organ, and
thereby occupies a pivotal position in the photoneuroendocrine
regulation of reproduction (Maitra and Hasan, 2016). Neurons
from the POA transmit monoaminergic (i.e., dopamine and 5-
HT) and/or peptidergic information to the pituitary gland, which
corresponds to the peptides that reach the neurohypophysis (e.g.,
isotocin, arginine, and vasotocin) or releasing factors that control
the activity of the pituitary cells for the synthesis of a number of
hormones associated with the seasonal growth and development
of gonads. Thus, the effects of MEL on reproductive organs
result from an interaction with the hypothalamic control of the
pituitary function. Moreover, the detection of MEL receptors
(both MT1 and MT2 subtypes) and the display of binding of
125IMel to tissue sections as well as to membrane preparations in
pike and trout pituitary glands provide evidence that MEL might
modulate neuroendocrine functions by targeting the pituitary
gland itself (Falcón et al., 2003). Thus, it seems to be suggestive
that variably influencing MEL under different experimental
conditions and even in different parts of the reproductive cycle
depends on the type of MEL receptors expressed in the pituitary
glands of the concerned animals (Falcón et al., 2007). Obviously,
MEL is per se neither anti-gonadotrophic nor pro-gonadotrophic,
rather the changing duration of the nocturnal MEL message
is a passive signal that provides the hypothalamic–pituitary–
gonadal axis information as to the time of year (calendar
information; Reiter et al., 2009). The reproductive axis uses the
season-dependent MEL rhythm to adjust testicular and ovarian
physiology accordingly. However, considering hypothalamus as
the highest center of endocrine regulation, a more convincing
explanation for the mechanism of action of MEL on this part of
brain deserves special attention (Maitra et al., 2013).

Synchronization of Rhythmic Body

Functions With the Environment
In all living organisms, MEL acts as an endogenous synchronizer
either in stabilizing the rhythms (circadian) of body functions
or in reinforcing them. Hence, MEL is called a “chronobiotic”
molecule or “hormone of darkness” or “biological night” (Reiter
et al., 2013). It has been demonstrated in mammalian species and
human beings that the exogenous administration ofMEL changes
the timing of rhythms by increasing endogenous MEL and
cortisol levels, and this phase shift of MEL depends upon its time
of administration (Scheer and Czeisler, 2005). It phase advances
the circadian clock when given in the evening and the first half
of the night, whereas circadian rhythms in the second half of the
night or at early daytime are phase delayed. The magnitude of
phase advance or phase delay depends on the doses ofMEL. Thus,
a practical definition of MEL would be “a substance that adjusts

the timing of internal biological rhythms” or more specifically
“a substance that adjusts the timing of the central biological
clock” as a chronological pacemaker or “zeitgeber” (time cue) as
a calendar function though the appropriate zeitgeber circadian
oscillators are found in every organ and indeed in every cell of
the body (Arendt and Skene, 2005).

Regulation of Behavior and Brain

Functions
The pineal gland promotes a homeostatic equilibrium through
MEL and acts as a “tranquilizing organ” in stabilizing the
electrical activity of the central nervous system. The classic
endogenous or non-seasonal depression is characterized by sleep
disorder, appetite suppression, weight loss, and an advanced
onset of nocturnal MEL release, which starts in the spring
and persists through the summer or through the winter during
the period of light-phase shortening. Similar phenomena are
associated with individuals having low nocturnal MEL levels
and major neuronal disorders (Srinivasan et al., 2006). MEL
secretion is shown to be wavelength dependent as the exposure
to monochromatic light at 460 nm produced a 2-fold greater
circadian phase delay. These results are further confirmed by
measuring brain serotonin and tryptophan levels, which rise after
MEL administration and are directly linked with an array of
neuropsychiatric phenomena. Collectively, these findings suggest
that appropriate exogenous MEL administration can restore
neurological disorders with a direct impact on the general health
of aged animals (Cardinali, 2019).

Scavenger of Free Radicals
Due to its lipophilic nature, melatonin crosses all morphological
and physical barriers or a hematoencephalic barrier (blood–brain
barrier (BBB), placenta) and reaches all tissues of the body within
a very short period of time. As a result, MEL exhibits antioxidant
effects and performs a very important receptor-independent
metabolic function, i.e., a multifaceted scavenger of free radicals
(Maitra and Hasan, 2016). The antioxidant effects of MEL have
been well-described and included both direct and indirect effects
with equal efficiency in multiple sites (nucleus, cytosol, and
membranes) of the cell. It detoxifies a variety of free radicals
and reactivates oxygen intermediates, including the hydroxyl
radical/hydrogen peroxide, peroxy radicals, peroxynitrite anion,
singlet oxygen, nitric oxide (NO), and lipid peroxidation
(Tamura et al., 2008). Compared to vitamins C and E, MEL
is a more potent antioxidant (Tan, 1993). The antioxidant
property of MEL is shared by the two major metabolites
of MEL, namely, N1-acetyl-N2-formyl-5-methoxykynuramine
(AFMK) and with a considerably higher efficacy, N1-acetyl-
5-methoxykynuramine (AMK). A broad-spectrum antioxidant
activity of MEL also includes an indirect effect by upregulating
several antioxidative enzymes and downregulating pro-oxidant
enzymes in general, and 5- and 12-lipo-oxygenases, glutathione
peroxidase (GPx), glutathione reductase, glucose-6-phospahte
dehydogenase, superoxide dismutase (SOD), catalase (CAT), and
NO synthases in particular (Reiter et al., 2013; Olcese, 2020).
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Modulation of Immune Function
Melatonin is known to act as an immunomodulator in the
regulation of the development, differentiation, and functions of
lymphoid tissues. In rodents, postnatal pinealectomy suppresses
immunity and thymic atrophy, whereas exogenous MEL
treatment increases a cell-mediated immune function by
increasing natural killer cell (NK cell) activity (Ma et al., 2020).
The nocturnal rise in blood MEL levels is associated with the
increased production of interleukin IL-1, IL-2, IL-6, and IL-
12; thymosin 1a, thymulin, and tumor necrosis factor-alpha
(Carrillo-Vico et al., 2006). MEL acts on immunocompetent
cells (monocytes, B lymphocytes, natural killer lymphocytes, T-
helper lymphocytes, and cytotoxic T lymphocytes) through MT1
and retinoid Z receptor (RZR)/RAR-related orphan receptor
alpha (RORα) orphan nuclear receptor family and enhances
cytokine production/secretions, cell proliferation, or oncostasis
(Liu et al., 2001). In B lymphocytes, MEL binds to the orphan
receptors to downregulate the gene expression of 5-lipoxygenase,
which is an important enzyme in several inflammatory diseases.
Thus, MEL and the immune system are linked by a complex
bidirectional communication. The immune system, in turn,
seems to reciprocally regulate pineal functions, mainly via
cytokines produced by an activation of immune cells and depends
on age, sex, and species (Carrillo-Vico et al., 2006). The exact
mechanisms involved in autoimmune diseases are as yet largely
unknown and need further study.

IMPLICATIONS OF MELATONIN ON FISH

IN AQUACULTURE

Considering multipotent physiological actions of MEL, recent
studies especially on different commercially important fish
groups have opened up a new possibility for the application
of most convenient and reliable measures for the manipulation
of endogenous MEL levels, so as to elicit the desirable
physiological response, which may be of considerable interest
in aquaculture. Obviously, the manipulation of light conditions
in the environment is considered as a classical tool for altering
the circulating MEL milieu in the concerned fish. However, the
employment of such measures has certain limitations in field
studies. Therefore, a search for an alternative has been imperative
for aquaculture purposes and, as a result, several attempts are
made to augment endogenousMEL concentrations in the gut and
thereto the circulation by using different dietary supplements.

FISH FEED FORMULATION FOR THE

PRODUCTION OF ENDOGENOUS GUT

MELATONIN

Two primarily important enzymes involved in a MEL
biosynthetic pathway, namely AANAT and ASMT, are found
in the gastrointestinal tissues of fish (Devi et al., 2016). The
gene expression analysis revealed that aanat mRNA is detected
in the gastrointestinal tissues of goldfish (Velarde et al., 2010),
European sea bass (Paulin et al., 2015), tropical carp (Devi
et al., 2016), rainbow trout (Muñoz-Pérez et al., 2016), and

three-spined stickleback (Kulczykowska et al., 2017), and
using the Western blot technique gut AANAT protein is
also identified in freshwater carp (Mukherjee et al., 2014).
Endogenous MEL synthesis from its precursor tryptophan in
fish gut is well-established by various researchers. Dietary L-Trp
supplementation in variable amounts with conventional fish
meal has been shown to modulate the synthesis of MEL from
digestive tissues (Yasmin et al., 2021). In the juvenile rainbow
trout (O. mykiss), the administration of 3.57 g L-Trp/kg of dry
feed paste (8-fold with respect to standard) for 7 days increased
plasma MEL and plasma cortisol levels (stress marker) and
is reduced after stress exposure (Lepage et al., 2005). In this
experiment, in vitro incubation of digestive tissues of rainbow
trout with graded concentration of L-Trp (0, 50, or 100µg/ml
of culture media; up to 24 h) also induces the synthesis of MEL
from respective tissues at a higher dose (Lepage et al., 2005).
This result is explained by an experiment on European sea bass
after supplemented with two times of higher concentration of
L-Trp, i.e., 5 g L-Trp/kg of mashed dry feed for 7 days (Herrero
et al., 2007). Dietary supplementation of L-Trp at a dose of 4.2 g
L-Trp/kg of dry feed (L-Trp is mixed with the final form of fish
feed paste consisting of 35% fish meal, 28% mustard oil cake,
28% rice bran, 2% each sunflower and cod liver oil, and 5%
carboxymethyl cellulose and multivitamin–multimineral tablets)
in five times higher than standard for 7 days also heightened the
synthesis of MEL from the digestive tissue in carp Catla catla
(Mukherjee and Maitra, 2018). However, the increased levels
of AANAT and MEL in the gut are sustained for about 12 h
after the supply of an L-Trp-rich diet, and the highest amplitude
of gut variables are found in the case of daytime food supply.
Serum MEL concentration is also increased and sustained for
about 12 h after the supply of an L-Trp-rich diet in a day, so this
result clearly indicates that gut MEL has a positive correlation
with the MEL pool in circulation (Mukherjee and Maitra, 2018).
Interestingly, supplementing the fish with a high L-Trp-rich
diet during night can cause a significant decrease in gut MEL
synthesis as compared to day time due to a negative feedback
loop regulated by food intake capacity (Mukherjee and Maitra,
2018). However, due to the lack of appropriate experimental
studies, the question whether the gut MEL response to a
particular dosage regimen of L-Trp-rich diet would vary with the
feeding habit of the concerned fish, or more specifically among
the carnivores, herbivores, and omnivores, remains unresolved
and thereby warrants further study.

The application of L-Trp to fish diet is indeed a well-
studied indirect method to increase MEL levels in gastric
tissues. However, MEL is also used directly with fish meal as
a feed additive (Conde-Sieira et al., 2014) to demonstrate its
physiological impact. Apart from the composition of the fish
food, feeding time and its frequency are also found to be major
influencing factors on the diverse rhythmic pattern of MEL
synthesis and AANAT expression in fish gut. Daily food supply
at a fixed or randomly selected single time point can cause
heightenedMEL synthesis from the gut after 2–4 h of meal intake
in freshwater carp (Mukherjee et al., 2014). In another study, carp
C. catla starved (8 days) and refed (2–16 days) observed that, with
the progression of starvation, the level of gut MEL and AANAT
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increases (higher mesor and amplitude) (Mukherjee and Maitra,
2015). However, refeeding is followed by a steady increase in the
level of gut MEL up to 16 days after the first 2 days of experiment
(Mukherjee and Maitra, 2015). Further, when fish received food
at fixed two times in a day, a rhythmic pattern in the synthesis of
gutMEL and the expression of AANAT are either disturbed (Devi
et al., 2016) or peaked at night within a 24-h LD cycle (Choi et al.,
2016). Rhythmicity in MEL synthesis and AANAT expression
are unrecognizable when fish meals are given at fixed single
time and kept unfed for several days and daily rhythmicity has
been observed in case of prolonged starvation (Pal and Maitra,
2018). In zebra fish (D. rerio), altered timing of food supply (at
night) for 30 days observed the rhythmic expression of core clock
genes in the gut, irrespective of feeding time, which concludes
that feeding cycle controls the gut MEL production (Mondal
et al., 2021) (Table 1). Therefore, the timing of food supply and
cycle of feeding have been shown to act as a zeitgeber (Sánchez-
Vázquez et al., 1997) in themodulation of the rhythmicity ofMEL
synthesis from a digestive tract (Figure 1A). Existing information
provide persuasive evidence that the supply of foods containing
MEL or promoting its synthesis by influencing the availability
of tryptophan, as well those containing vitamins and minerals,
which generally acts as cofactors and activators in the synthesis
of MEL, may modulate the diurnal profiles of MEL (Peuhkuri
et al., 2012). Collectively, tryptophan-rich diet and the regulation
in feeding time can be a factor to induce MEL synthesis from the
gastrointestinal tissue, which is ultimately released into blood and
contributes to the total pool of free MEL in the circulation (Pal
et al., 2016a; Mukherjee and Maitra, 2018). However, it is not yet
clear whether the effectiveness of MEL added to the diets would
depend on the before- or post-challenge test and thus should
remain as an interesting area of future research.

Application of Melatonin in the Regulation

of Fish Growth
Photoperiod and food availability act synergistically in the
feeding behavior of various organisms. Various studies
demonstrated that the seasonal pattern of these variables
on which fish growth rely varies in accordance with the
day length (Boeuf and Falcon, 2001). Normal growth and
development of fish larvae require light intensity at a minimal
threshold. Furthermore, in salmonoid and other marine fish
species, photoperiodic manipulations, like long days in diurnal
fish, stimulate growth process. Food intake, pattern of digestion,
and processes of growth are associated with the specific rhythm
of behavior, and certainly pineal hormone MEL might have a key
role on this aspect (Porter et al., 1999; Mayer, 2000; Zhdanova
et al., 2001; Piccinetti et al., 2013). Both short photoperiod and
intraperitoneal MEL administration (25 and 50 µg/fish) for 21
and 34 (or 38) days accelerate postexposure growth and weight
in Carassius auratus (de Vlaming, 1980). Additionally, in vitro
culture of trout pituitary gland with physiologically relevant
concentration of MEL, viz., 10−12, 10−10, and 10−8 M for 12 h
increase the release of growth hormone and sustainably inhibit
prolactin release (Falcón et al., 2003). Thus, it is evident that the
antagonistic interaction of these two hormones promotes fish

growth. In rainbow trout, MEL at different concentrations (0.04
and 0.2 g/kg food) is mixed with the final form of commercial
food paste, then dried at 37◦C for 24 h, and applied as fish
feed for 0.5, 1, 2, 4, and 6 h (Conde-Sieira et al., 2014). Such
a study clearly demonstrates that MEL increases “food intake
capacity,” an indication of fish growth and reduces the stress
markers like cortisol and lactate in plasma in a dose- and
time-dependent manner. In another experiment, MEL was
used at the doses of 0.1, 0.5, and 2.5 mg/kg body weight within
the gelatin capsule with either carbohydrate, or protein, or fat
and supplied in the tank as food of finfish European sea bass
for 60min (Dicentrarchus labrax) (Rubio et al., 2004); which
significantly modulates the pattern of macronutrient selection
(Table 1). Collectively, exogenous- and/or tryptophan-derived
endogenous gut MEL may have some impacts on growth and
developmental processes by modulating pituitary hormones
(Table 2).

Influences of Melatonin on the Physiology

of Digestion in Fish
Intestinal MEL receptors have been reported in the gut of various
animals, including mice and humans (Bubenik et al., 1993),
and MEL is thought to exert luminal, as well as, endocrine
and/or, autocrine/paracrinemode of actions in the gut epithelium
(Bubenik, 2008; Pal and Maitra, 2018). In fish gut cells, elevation
in the postprandial MEL synthesis is made to occur by increased
AANAT activity and intracellular signaling molecules (Pal et al.,
2016b) which in turn regulates the transportation of ions and
electrolytes through the adjustment of water content in the fecal
matter (Bubenik and Pang, 1994; Lee et al., 1995). MEL can
also have an impact on the relaxation of the smooth muscle of
digestive tract as it inhibits the contraction of smooth muscles
through preprandial and postprandial motility of the stomach,
ileum, and colon in isolated rat intestine (Bubenik, 1986), and
also by specifically inhibiting nicotinic channels or serotonin
actions in gastric fundus of rat (Storr et al., 2000). A study
suggests that MEL supplementation (1 pmol l−1 to 0.1 mmol
l−1) in culture media containing the isolated intestine of goldfish
(C. auratus) for 15min can facilitate the process of digestion
and nutrient assimilation through extending the “food transit
time” (Velarde et al., 2009) by lowering the power of gut
motility through the AANAT-mediated acetylation of potent
motility factors, serotonin, and dopamine (Nisembaum et al.,
2013). The acetylated forms are non-functional in inducing
the motility of the gut (Figure 1A). MEL also stimulates the
activities of digestive enzymes and can also synchronize the
digestive process with food intake in carp (Pal et al., 2016a;
Pal and Maitra, 2018). Apart from digestive enzymes, MEL also
facilitates the synthesis of hormones and peptides related to
gastrointestinal physiology, viz., leptin, ghrelin, and peptide YY
(Aydin et al., 2008; Taheri et al., 2019). MEL-mediated regulation
of appetite and hydrochloric acid secretion from parietal cells are
operated by mucosal cell-derived bicarbonate, which can lessen
the ulcerative complications in the gut (Sjöblom and Flemström,
2003).
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TABLE 1 | Use of melatonin (directly or its precursor L-Trp) as fish feed additive in different experimental model animals and its effects on various physiological functions
are well-described.

Experimental

Paradigm

Experimental

organism

Feeding regime Duration of

exposure

Physiological effects Reference(s)

Food composition Finfish European sea
bass (Dicentrarchus
labrax)

Melatonin is used within
the gelatin capsule at a
concentrations of 0.1,
0.5, and 2.5 mg/kg
body weight

60min Melatonin helps in the modulation of
macronutrient selection within gut

Rubio et al., 2004

Juvenile rainbow trout
(Oncorhynchus mykiss)

3.57 g L-Trp /kg of dry
feed (8-fold with
respect to standard)

7 days Circulatory melatonin level is elevated
at daytime and the level of cortisol is
reduced after stress exposure

Lepage et al.,
2005

Fresh water Carp (Catla
catla)

4.2 g L-Trp / kg of dry
feed (5-fold with
respect to standard)

7 days L-Trp rich diet significantly increased
the synthesis of melatonin from gut
tissue and leading to an advance
peak in serum

Mukherjee and
Maitra, 2018

Juvenile rainbow trout
(Oncorhynchus mykiss)

0, 50, or 100 µg
L-Trp/ml of culture
media containing gut
tissue

Up to 24 h Enhanced production and
subsequent release of melatonin from
gut tissues

Lepage et al.,
2005

Rainbow trout
(Oncorhynchus mykiss)

0.04 and 0.2 g of
melatonin mixed with
per kg of commercial
food pellet

0.5, 1, 2, 4, and
6 h

Melatonin helps to increase the “food
intake” capacity and decreases the
stress markers like blood cortisol and
lactate in a dose and time dependent
manner

Conde-Sieira
et al., 2014

Feeding time Common carp (Catla
catla)

Daily standard food
supply at a fixed or
randomly selected
single time point

- Melatonin synthesis is up-regulated
from the gut after 2–4 h of meal intake

Mukherjee et al.,
2014

Carp (Catla catla) Starved and re-fed
(a) Starved (2–8 days)
(b) Starved (8 days) and
re-fed (2–16 days) at
the same time respect
to control

(a) Progression of starvation
increased level of AANAT as well as
gut melatonin
(b) Re-feeding followed by a
steady-increase up to 16 days from
the 3rd day of experiment

Mukherjee and
Maitra, 2015

Goldfish (Carassius
auratus)

Daily standard food
supply at two fixed time
points

- Gut melatonin level reached its peak
at night within 24 h of light-dark cycle

Choi et al., 2016

Tropical carp (Catla
catla)

Daily standard food
supply at two fixed time
points

- Rhythmic pattern of gut melatonin
synthesis and AANAT expression are
altered

Devi et al., 2016

Zebrafish (Danio rerio) Altered timing of food
(at night) for 30 days

- Feeding cycle controls the gut
melatonin production by regulating
the core clock genes

Mondal et al.,
2021

Feeding frequency Carp (Catla catla) Food given at four
different time points in
a day for 7 days

- Gut melatonin (mesor and amplitude)
and AANAT level are increased

Mukherjee and
Maitra, 2015

Additionally, how “feeding time” and its “frequency of application” act as synchronizer in melatonin synthesis in gut is also summarized from available research data.

Impact of Melatonin on Microbiota in Fish

Gut
Experimental studies on the influences of MEL on the gut
microbial dynamics have so far been limited mostly to
mammalian species, and the reports from piscine studies are
scanty. Until recently, a direct impact of MEL-formulated fish
feed on the gut microbial dynamics and their physiological
implications remained unknown. Just like the supplementary
information, it may be noted that in zebra fish (D. rerio)
larvae, the infection of Lactobacillus rhamnosus enhances the
transcription of melatonin receptor 1 (MT1R) ba and bb, as
well as the expression of MT1R protein, and these effects are

the same due to the influences of continuous darkness on
the same fish, suggesting a possible involvement of MEL in
such a process (Lutfi et al., 2021). A relation between the LD
cycle and gut microbial dynamics has been sought in a piscine
representative tambaqui (Colossoma macropomum) (Fortes-Silva
et al., 2016). In this study, lower nocturnal percentage of
Gram-positive (24%) and Gram-negative cocci (38%) as well
as Gram-positive (42%) and Gram-negative (44%) Bacillus are
observed relative to their respective diurnal values. In glyphosate-
treated Chinese mitten crab (Eriocheir sinensis), the supply
of MEL (80 mg/kg food) as a supplement to the standard
feed for 14 days significantly increases the relative abundance
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TABLE 2 | Some critical findings on melatonin in the regulation of various physiological functions of both freshwater and marinewater fish at a glance: why melatonin can
be incorporated in fish diet in sustainable aquaculture?

Physiological

processes

Species Exogenous

/Endogenous

melatonin

Tested

Dose(s)

Route of

exposure

Duration

of

exposure

Observed effects of melatonin Reference(s)

Regulation of
growth

Goldfish (Carassius
auratus)

in vivo:

exogenous
melatonin
administration

25 and 50
µg/fish

Intraperitoneal
injection

21 and 34
(or 38)
days post
exposure

Short photoperiod and exogenous
melatonin accelerated growth and
weight gain

de Vlaming,
1980

Rainbow trout
(Onchorhynchusmykiss)

in vitro:

exogenous
melatonin
administration

10−12,
10−10, and
10−8 M

Culture media
containing
pituitary gland

Up to 12 h Growth hormone level is increased
and the release of prolactin is
decreased

Falcón et al.,
2003

Regulation of
digestive
physiology

Goldfish (Carassius
auratus)

in vitro:

exogenous
melatonin
administration

1 pmol l−1

to 0.1
mmol l−1

Culture media
containing
isolated
intestine

15min Study suggests that melatonin can
facilitate the process of digestion and
nutrient assimilation through
extending the “food transit time”

Velarde et al.,
2009

Juvenile carp (Catla
catla)

Endogenous
melatonin

- - - Melatonin stimulates the activities of
digestive enzymes (amylase,
cellulose, protease, lipase) and this
can synchronize the digestive
processes with food intake

Pal et al.,
2016a; Pal
and Maitra,
2018

Regulation of
gut
microbiota

Juvenile carp (Catla
catla)

Endogenous
melatonin
after oral
incubation (for
3 or 6 days)
of pathogenic
bacteria,
Aeromonas

hydrophila

- - - Melatonin abrogates gastric ulcers
induced by pathogenic bacteria
Aeromonas hydrophila by activating
the digestive enzymes as well as
enzymatic and non-enzymatic
antioxidants in carp

Pal et al.,
2016b

Zebrafish (Danio rerio) in vivo:

exogenous
melatonin
administration

1µM Administration
in filtered tank
water

14 days Improves metabolism and normal gut
microbial homeostasis and restores
neurotransmitter release

Zhang et al.,
2021

Regulation of
immune
functions

European sea bass
(Dicentrarchus labrax)
and gilthead seabream
(Sparus aurata L.)

Natural
photoperiod

- - - In these two animals, activity of the
serum lysozyme is increased to its
maximum activity at the onset of dark
phase and decreased during light
phase (circadian rhythmicity in an
inter-specific manner)

Esteban
et al., 2006

Gilthead seabream
(Sparus aurata L.) and
European sea bass
(Dicentrarchus labrax
L.)

in vitro:

exogenous
melatonin
administration

20 pM to
400µM

Culture media
containing
leucocytes
from head
kidney

30, 180, or
300min

“Respiratory burst activity” is
increased by melatonin in dose
dependent manner

Cuesta et al.,
2007

Gilthead seabream
(Sparus aurata L.)

in vivo:

exogenous
melatonin
administration

1 or 10
mg/kg fish
body
weight

Intraperitoneal
injection

1, 3, and 7
days

Exogenous melatonin administration
stimulated phagocytic, peroxidase,
cell mediated cytotoxic activities and
also increased the gene expression of
IL-1β, IRF 1, Mx, and MHC in head
kidney of gilthead seabream

Cuesta et al.,
2008

Freshwater fish Channa
punctatus

in vitro:

exogenous
melatonin
administration

10−12,
10−11,
10−10,
10−9, and
10−8 mol/l

Media with
phagocytic
cells from
spleen

1 h Melatonin regulates the phagocytic
activity of isolated macrophages
through its receptor and PKA
pathway

Roy et al.,
2008

Pike perch (Sander
lucioperca)

Photoperiodic
manipulations

- - 1, 37, and
70 days

Plasma melatonin significantly
up-regulated innate immune markers

Baekelandt
et al., 2020

(Continued)
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TABLE 2 | Continued

Physiological

processes

Species Exogenous

/Endogenous

melatonin

Tested

Dose(s)

Route of

exposure

Duration

of

exposure

Observed effects of melatonin Reference(s)

Regulation of
stress
response

Rainbow trout
(Onchorhynchusmykiss)

in vivo:

exogenous
melatonin
administration

0.04 and
0.2 g/kg
food

Oral
administration
with food

0.5, 1, 2,
4, and 6 h

Abrogated chronic stress-induced
effects like plasma cortisol and lactate
elevation

Conde-Sieira
et al., 2014

Marine flatfish, Solea
senegalensis

in vivo:

exogenous
melatonin
administration

100 nM Into fish tank
water

30min Administration of melatonin effectively
reduced stress intensity induced by
short term chasing as well as
environmental stress-induced crh

mRNA

Gesto et al.,
2016

Nile tilapia
(Oreochromis niloticus)

in vivo:

exogenous
melatonin
administration

50 and
200mg /kg
fish food
granules

Orally 50 days Melatonin reduced silver
nanoparticles-induced oxidative
stress in liver by stimulating
antioxidative enzymes

Veisi et al.,
2021

Regulation of
reproductive
functions

Major female carp
(Labeo rohita and
Cyprinus carpio)

in vitro:

exogenous
melatonin
administration

50, 100, or
500 pg/ml

M199 culture
media
containing
denuded
mature
oocytes

2 h before,
co-
administration
and 2 h
after of
maturation
inducing
hormone
(MIH)
administration

Prior administration of melatonin in
oocyte culture medium increased
maturational competence in
MIH-induced carp oocytes

Chattoraj
et al., 2005

Male Carp (Catla catla) in vivo:

exogenous
melatonin
administration

25, 50, or
100
µg/100 g
body
wt/day

Intramuscular
injection

15 and 30
consecutive
days

Response of melatonin is
reproductive phase dependent. It
causes early mature of testis during
preparatory phase and antigonadal
effects during pre-spawning and
spawning phase.

Bhattacharya
et al., 2007

Female Zebrafish
(Danio rerio)

in vivo:

exogenous
melatonin
administration

100 nM
and 1µM

Into tank
water

10 days Melatonin played a critical role in
oocyte competence and maturation
by regulating the transcription of two
important genes (mprα and mprβ)

Carnevali
et al., 2011

Freshwater female carp
(Catla catla)

Endogenous
melatonin

- - - Melatonin reduced the oxidative
stress during oocyte growth and
maturation by the activation of
antioxidative enzymes in an annual
cycle

Hasan et al.,
2014

Male Catfish (Clarias
macrocephalus)

in vivo:

exogenous
melatonin
administration

50 and
250 mg/kg
fish
balanced
diet

Into tank
water; twice
daily

8 weeks Higher dose of melatonin induced
precious maturation as more
spermatozoa is found within the testis
than control one. Interestingly,
melatonin also increased the
gonadosomatic index, live sperm rate
and lowered the sperm abnormality
rate.

Aripin et al.,
2015

(Continued)
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TABLE 2 | Continued

Physiological

processes

Species Exogenous

/Endogenous

melatonin

Tested

Dose(s)

Route of

exposure

Duration

of

exposure

Observed effects of melatonin Reference(s)

Freshwater female carp
(Catla catla)

in vivo:

exogenous
melatonin
administration

25
µg/100 g
body
weight

Intramuscular
injection

Single
injection of
melatonin
along with
primary
dose (0.15
ml/kg body
weight), or
booster
dose (0.35
ml/kg body
weight), or
2 h before
the primary
dose, or
2 h
after the
booster
dose of
ovaprim
(sGnRH
and
domperidone)

Melatonin pre-treatment of sGnRH,
for the induction of carp oocytes,
accelerated its maturation through
the formation of
maturation-promoting factor (MPF)
(cyclin B-Cdk1 complex) and
activation of antioxidative enzymes

Moniruzzaman
et al., 2016

Freshwater female carp
(Catla catla)

Endogenous
melatonin

- - - Melatonin significantly lowered 17β-E2

and vitellogenin (VTG) level in the liver
Hasan et al.,
2016

Female carp (Catla
catla)

in vivo:

exogenous
melatonin
administration

100
µg/100 g
body
weight/day

Intramuscular
injection

15 days Melatonin reduced the free radicals
during oocyte growth and maturation
by activating the antioxidative
enzymes in an annual cycle

Mondal et al.,
2017

Effects on
indices of
reproductive
potential

Female zebrafish
(Danio rerio)

in vivo:

exogenous
melatonin
administration

100 nM
and 1µM

Into tank
water

10 days Significantly increased the number of
ovulated eggs when after pairing with
control males

Carnevali
et al., 2010

Female zebrafish
(Danio rerio)

in vivo:

exogenous
melatonin
administration

100 nM
and 1µM

Into tank
water

10 days FT-IR analysis of oocytes showed
higher number of classes III
(vitellogenic follicles) and class IV
(maturational follicles) along with
increased lhr mRNA expression as
well as increased plasma vitellogenin

Giorgini et al.,
2012

Female Killifish
(Fundulus heteroclitus)

in vivo:

exogenous
melatonin
administration

100 nM
and 1µM

Into tank
water

8 days Significant increased the mean value
of spawned eggs (fecundity rate) and
survival rate of embryo

Lombardo
et al., 2012

Male and Female
Killifish (Fundulus
heteroclitus)

in vivo:

exogenous
melatonin
administration

1µM Tank water 8 days The number of daily spawned eggs
and hatched embryo are increased by
30 and 20%, respectively; VSL, VCL,
VAP, and BCF-r are also elevated

Lombardo
et al., 2014

Male paddlefish
(Polyodon spathula)

in vitro:

exogenous
melatonin
administration

0.1, 0.5, 1,
and 5µM

Sperm
storage
solution

Up to 72 h Maintains mitochondrial membrane
potential, ATP content and inhibits
ROS generation

Gao et al.,
2019

Male cyprinid fish
(Capoeta trutta)

in vitro:

exogenous
melatonin
administration

0.01, 0.1,
and 1mM

Semen
sample
solution with
TiO2-NP (10
mg/L)

2 h Melatonin seems to protect against
the TiO2-NP induced decrease in
VCL, VAP, and ALH values and
increase sperm quality

Özgür et al.,
2020
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and Shannon index of Proteobacteria and Bacteroidete along
with an enhanced activity of amylase, lipase, and trypsin in
the gut (Song et al., 2020). Further, in zebra fish (D. rerio),
1µM MEL administration in filtered tank water for 14 days
improves metabolism and normal gut microbial homeostasis,
and restores neurotransmitter release (Zhang et al., 2021).
Bacillus, Lactobacillus, and Escherichia coli constitute the major
microbial populations in fish gut and significantly improve
various physiological activities during the rearing of fish in
aquaculture practice (Carnevali et al., 2004; Hasan and Banerjee,
2020). However, substantial evidences in favor of a functional
relationship between the profiles of MEL and these microbes in
the fish gut are still not available in the literature studies, and
thereby, the role of MEL in the regulation of gastrointestinal
microbe populations in fish remains as an important area of
future research.

In freshwater carp (C. catla), the involvement of gut
melatoninergic system on pathophysiological alterations induced
by oral incubation of pathogenic bacteria Aeromonas hydrophila
(consecutively for 3 or 6 days) is reported (Pal et al., 2016b).
Infection arbitrated morphological alterations includes the
degeneration of lamina propria and tunica mucosa, associated
with the disintegration of epithelial cells, and reduced goblet
cell population and concomitant reduced activity of digestive
enzymes are also observed under the progression of the infection
(Table 2). This type of intestinal damage can lead to reduced
growth performance as observed in a different study on the
replacement of fishmeal with soybean meal, leading to the
development of damaged intestinal mucosa in the orange-
spotted group (Epinephelus coioides; Wang et al., 2017). Altered
gut morphology and heightened gut inflammation (increased
level of pro-inflammatory cytokines) are also found to be
associated with reduced gut functionality and digestivity in case
of Japanese sea bass (Lateolabrax japonicas; Zhang et al., 2018).
Interestingly, with the progression of microbial infection and
increasing gut damage, serum, and the gut MEL level as well
as the gut AANAT level are found to be higher (Pal et al.,
2016a). Moreover, the increased level of gut MEL with the
development of infection is well-corroborated with the amplified
antioxidative enzyme activity (SOD, CAT, and GPx) in the said
experiment (Figure 2). Gastric ulcers are primarily induced by
the pathogen containing ingested food particles and generated
oxidative stress within the luminal epithelium, and MEL
abrogates these effects by activating the antioxidative defense
system (Konturek et al., 2011; Pal et al., 2016a). Very recent
evidence in mammals also supported the results obtained from
different experiments on fish that exogenous MEL improves the
digestive physiology after microbial infection (Yin et al., 2020).
However, there is a scarcity of detailed information regarding
the relationships between MEL and microbial infection in case of
fish gut.

Influences of Melatonin in Modulation of

Fish Immunity
Innovative technology based on improved knowledge regarding
the biological aspects of farmed fish allowed the development

of species-specific fish feed, which results into large-scale fish
production and ultimately the whole process to be affected by the
exposure to stressors, deteriorating environmental conditions,
and spreading of disease (Balcázar et al., 2006). This has become
a major challenge in large-scale fish production to control the
spreading of diseases among the cultured fish, thus, in present
aquaculture practices, the elucidation of fish immune system and
modulators that can improve the immune defensemechanisms of
fish are the important factors that are to be considered the most.

In vertebrates, endocrine and nervous systems interact
synergistically with the immune system, and unarguably
immune responses also involve rhythmic patterns (circadian
and circannual). In birds and mammals, it is evident that MEL
interacts with immune system due to a correlation in circadian
and seasonal alterations in an immune function with MEL
production and is significantly altered by pinealectomy (Esteban
et al., 2013). In case of the exposure of two major marine finfish,
European sea bass (D. labrax) and gilthead sea bream (S. aurata
L.), to constant LD photoperiod and temperature, immunological
parameters shows circadian rhythmicity, which is correlated
with the rhythmic pattern of daily MEL level (Esteban et al.,
2006). In these two species, the activity of the serum lysozyme
also showed circadian rhythmicity in an interspecific manner,
increased to its maximum level of activity at the onset of the
dark phase, and decreased during the light phase. Complement
system activation status is found to be relatively similar in these
two species, shows higher during light hours, and shows a
lower level of activation during dark hours. There is a potential
interaction of environmental stress producers with the function
of immune system, size of lymphatic organ, and occurrence
of disease (Nelson and Demas, 1996), and the seasonality of
the stressor also affects the competence and response of the
immune system and disease prevalence in vertebrates (Bowden
et al., 2007). Immune defense is considered as an effective factor
for promoting better physiological conditions and improved
survival rate in fish (Nelson and Demas, 1996). Further studies
revealed that circadian rhythmicity in immune function is
modulated by photoperiod and by MEL (Esteban et al., 2013).
The organization of the immune system in fish is strikingly
interesting as it is devoid of bone marrow and lymph nodes
(Manning, 1998). In fish, the primary lymphoid tissues for the
production and development of B lymphocytes is the head
kidney (pronephros) also known as lympho-haematopoietic
tissue, whereas T lymphocytes are developed and matured in
the thymus (Baekelandt et al., 2020). Spleen is considered as the
secondary lymphoid organ in fish, and the scattered leucocyte
populations in gills [gill-associated lymphoid tissue (GIALT)],
skin [skin-associated lymphoid tissue (SALT)], and gut [gut-
associated lymphoid tissue (GALT)] constitute the mucosal-
associated lymphoid tissue (MALT) (Salinas, 2015; Baekelandt
et al., 2020). There is a scarcity of information regarding the
interaction of MEL with cellular and humoral factors of the fish
immune system. In vivoMEL exposure (1 or 10 mg/kg fish body
weight) intraperitoneally to gilthead sea bream (S. aurata L.) for
1, 3, and 7 days significantly heightened phagocytic, peroxidase,
cell-mediated cytotoxic activities and upregulated interleukin-
1 beta (IL-1β), interferon-regulatory factor 1 (IRF-1), Mx, and
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FIGURE 2 | Oral administration of bacteria Aeromonas hydrophila in carp Catla catla induces gastric ulcer, and reduces the activities of several digestive enzymes. By
the progression of the infection, the gut MEL level is significantly increased due to high arylalkylamine-N-acetyltransferase (AANAT) enzyme activity and this is related
to enhance circulatory MEL pool. Moreover, the activity of antioxidative enzyme is also elevated by the gut MEL.

major histocompatibility complex (MHC) genes as well as the
marker proteins of B and T lymphocytes in head kidney cells in
a dose- and time-dependent manner up to 7 days postexposure
(Cuesta et al., 2008) (Figure 1C). Immune cell populations like
lymphocytes, macrophages, and other granulocytes perform a
cytotoxic activity analogous to the more specialized cells like
NK cells performing the same function as in mammals under
the innate immune system. However, the isolated leucocytes
from the head kidney of Gilthead sea bream (S. aurata L.) and
European sea bass (D. labrax L.) are incubated with physiological
and pharmacological doses (low and high doses, respectively) of
MEL (20 pM to 400µM for 30, 180, or 300min) and showed
that, at the physiological level, MEL did not alter the response
of an innate immune system but a higher pharmacological dose
increased respiratory burst activity in sea bass (Cuesta et al.,
2007). These observations provide the information regarding the
interaction of MEL with an innate immune system of finfish, and
further studies need to be performed regarding this particular
aspect in a mechanistic approach. Phagocytic activity of the
spleen of a freshwater fish Channa punctatus showed diurnal
rhythmicity with the highest activity during the light phase,
and interestingly exogenous MEL can inhibit this rhythmic
pattern (Roy et al., 2008). This study also revealed that the
administration of luzindol, which is a MEL receptor (cell surface)
antagonist, altered the effect of MEL (10−12, 10−11, 10−10, 10−9,
and 10−8 mol/l) in the inhibition of phagocytic activity of the

isolated macrophages from the spleen (Roy et al., 2008). This
inhibitory effect of MEL is operated through a pathway that
involves adenylate cyclase (AC) and protein kinase A (PKA) by
which MEL causes the inhibition of the phagocytic activity in
C. punctatus (Roy et al., 2008). Very recently, in the case of
pike perch (Sander lucioperca), a significant correlation between
plasma MEL with innate immune markers has been explored
(Baekelandt et al., 2020) (Table 2). Thus, the interpretations from
different studies collectively supported that MEL can be used to
modulate and improve fish immunity and resistance to certain
pathogens in aquaculture.

Melatonin in the Physiological Regulation

of Stress in Fish
Various environmental stress factors have a major impact
on fish physiology and are mainly related to temperature
elevation, organic or inorganic pollutants, etc. In aquaculture,
routine husbandry includes some other important factors,
sometimes comes from human interferences like feeding,
handling, social interactions, and stocking conditions (Deane and
Woo, 2009; Sánchez et al., 2009). Stress factors can influence
the melatoninergic pathway in the pineal gland, and different
studies have also reported on these aspects in both in vivo and
in vitro conditions (Ceinos et al., 2008; Kulczykowska et al.,
2018). In case of fish, pineal MEL shows sensitivity toward
various environmental stressors in a stress and species-specific
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manner. The increased level of MEL at night in the pineal gland
and blood plasma are reported in case of rainbow trout after
transferring in isosmotic and hyperosmotic conditions from their
initial freshwater adaptive condition both in short- and long-
term treatment (López-Patiño et al., 2011). This result is well-
corroborated with the increased amount of pineal aanat2mRNA
and AANAT2 enzyme activity in hypertonic conditions and
suggested that external salinity inducesMEL synthesis in rainbow
trout (López-Patiño et al., 2014). High stocking density and
chasing disruptsMEL rhythm by reducing serotonin level, aanat2
mRNA and AANAT2 enzyme activity in pineal at night (López-
Patiño et al., 2014). Stress response in fish is physiologically
mediated by the synergistic actions of hypothalamus-pituitary-
interrenal (HPI) tissues and brain (hypothalamus)-sympathetic-
chromaffin (HSC) tissues in response to stressors (Barton, 2002).
A few studies indicated that in the case of alleviated stress
response, MEL might have some crucial roles in teleosts, which
involves two neuroendocrine axes mentioned earlier. In case of
rainbow trout, oral MEL administration through food (0.04 and
0.2 g/kg mashed food) or through dissolving in water (10µM)
abrogates chronic stress-induced effects like plasma cortisol and
lactate elevation, reduced food intake, and decreased activity of
digestive enzymes (Conde-Sieira et al., 2014). Low dose (100 nM)
administration of MEL effectively reduced stress intensity
induced by short-term chasing in Solea senegalensis (Gesto et al.,
2016). A very recent study by Veisi et al. (2021) demonstrated
that the application of MEL (50 and 200mg /kg dry food)
through fish food granules for 50 days significantly reduced silver
nanoparticles-induced oxidative stress in the liver by stimulating
the redox sensitive enzymes in Nile tilapia (O. niloticus) (Veisi
et al., 2021). In fish, the response to acute and chronic stress as
well as social stress, neuroendocrine responses are supposed to
be activated by the brain serotonergic system (Gesto et al., 2015;
Backström and Winberg, 2017). Immediately after acquaintance
to the stressor, serotonergic function is increased, which affects
hypothalamus and telencephalon through serotonergic neuronal
endings (Gesto et al., 2015). The stimulation of HPI axis by
serotonin occurs at hypothalamus-POA through an increasing in
the release of corticotropin releasing hormone (CRH), which in
turn activates downstream glucocorticoid (GC) stress response
(Barton, 2002; Backström and Winberg, 2017) (Table 2). It is
found that environmental stress-induced increased crh mRNA
expression is declined by MEL administration, suggesting a
possible cross talk between MEL with CRH secreting neurons
present in POA of hypothalamus in marine flatfish S. senegalensis
(Gesto et al., 2016). The scarcity of information regarding the
underlying mechanism of action behind the interaction of MEL
and serotonin level in the brain but it is evident in case of
Gulf toadfish that, in response to crowding stress, increases in
crhmRNA and ACTH involve 5-HT1A-like receptors (Medeiros
et al., 2014; Sánchez-Vázquez et al., 2019) and this receptor
is also involved in the modulation of a HPI axis in Arctic
charr (Salvelinus alpinus; Höglund et al., 2002) (Figure 1D).
However, further studies are required for the elucidation of
the mechanisms by which dietary tryptophan-derived gut MEL
modulates the physiology of stress induced by environmental
stressors in fish.

Melatonin as a Pivotal Candidate in the

Regulation of Fish Reproduction
Reproduction in fish is primarily under the intricate regulation
of neuroendocrine and endocrine axis as well as autocrine and/or
paracrine actions of some growth factors, and this endogenous
circuit is further regulated by the environmental factors (Maitra
et al., 2015) like temperature, photoperiod, rainfall to synchronize
oocyte development, and timely release of mature gametes to
ensure maximal rate of external fertilization. In these respects,
a large number of studies on diverse groups of fish have
contributed largely to provide persuasive evidence suggesting
that MEL indeed plays a pivotal role in the regulation of
reproduction in fish.

Role of Endogenous Melatonin in the Regulation of

Female Reproduction
The pineal organ, the lateral eyes and the SCNs act as circadian
oscillators as well as sensors to regulate the synchronization
between environment and annual reproductive cycle (Reiter
et al., 2013), which is also evident in fish (García-Allegue et al.,
2001; Iigo et al., 2006). Evidence on the interaction of MEL
with the reproductive axis of an animal is insufficient although
a few carefully controlled studies in recent past provide the
information on the direct or indirect interaction of MEL with the
reproductive physiology as it can regulate reproduction through
a hypothalamo-pituitary axis, through modulating the action of
sex steroids on meiotic resumption and more interestingly, it can
have also a role on ovarian pathophysiology over a reproductive
cycle by acting as a free radical scavenger (Tamura et al., 2008).
The study on ovarianMEL rhythmicity and its action on seasonal
reproduction is a major concern in aquaculture. Research on
ovarianMEL was restricted only in mammalian ovary (Rönnberg
et al., 1990) but in the case of carp, it has been evident recently
and its temporal pattern during a reproductive cycle is also
enlightened for the first time (Hasan et al., 2014).

Interestingly, in carp, diurnal rhythmicity of MEL varies
in relation to the annual reproductive phase, i.e., it shows
type A profile in the preparatory phase, and the rest of
the phases in an annual cycle show type B profile (Maitra
et al., 2005). This rhythmic change of plasma MEL is closely
correlated with the different female sex hormones in fish (Maitra
et al., 2013). A recent study showed that in carp C. calta,
the peak value of seasonal serum MEL is negative correlated
with the peak value of plasma 17β-E2 and 17α, 20β-diOH-
progesterone [maturation-inducing steroid (MIS)] (Hasan et al.,
2016). The result clearly indicated a functional interplay between
MEL and ovarian steroids during the temporal regulation of
oocyte growth in an annual reproductive cycle. In fish, gonadal
growth and development throughout an annual breeding cycle
occur sequentially and are further subdivided into different
phases having distinct ovarian and germ cell profiles: (a)
the preparatory phase, (b) the pre-spawning phase, (c) the
spawning phase, and (d) the post-spawning phase (Maitra
et al., 2005). Previous studies showed that pinealectomy results
into various observations on reproductive effects: the sexual
maturation is accelerated inHeteropneustes fossilis (Joy and Agha,
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1989) and C. punctatus (Joy and Khan, 1991). Pinealectomy
during the growth phase (more specifically, vitellogenesis) causes
ovarian steroidogenic dysfunction and decreased plasma 17β-E2
level (Popek et al., 1997). In Gasterosteus aculeatus, Astyanax
mexicanus, Fundulus heteroclitus, and C. auratus, pinealectomy
did not show any such effects (Lal and Singh, 1995) (Table 2).
Further observations were made through pinealectomy in
relation to environmental photothermal conditions. It showed
that pinealectomy stimulates gonadal development in fish
exposed to short photoperiod, whereas the opposite effect is
observed in case of long-day exposed fish. Likewise, in catfish,
pinealectomy in the preparatory phase accelerated ovarian
recrudescence under a long photoperiod, was ineffective under
a short photoperiod and was also ineffecive during pre-spawning
and post-spawning under either of the photoperiodic condition
(long or short).

Role of Exogenous Melatonin in the Regulation of

Female Reproduction

Effects on Ovarian Growth and Development
Melatonin when administered exogenously showed pro-gonadal,
anti-gonadal, or no effects, that depends upon the annual
reproductive cycle of a fish. Daily injection of exogenous MEL
(for 15 or 30 days) caused the appearance of yolky stage-II
oocytes in the ovary of fish during the preparatory phase of
an annual reproductive cycle (precocious growth of the ovary
and thus may be considered as the pro-gonadal effect of MEL;
Maitra et al., 2005). In C. catla, exogenously administered MEL
accelerated oocyte growth during the preparatory phase in spite
of a decrease in the number of stage-II and stage-III oocytes
during the pre-spawning and spawning phase, respectively, and
further, no significant changes were observed during the post-
spawning phase (Maitra et al., 2005). Pro-gonadal effects of
exogenous MEL are observed in catfish (Singh and Lal, 1994),
whereas the studies on some tropical fish, H. fossilis (Sundararaj
and Keshavanath, 1976; Joy and Agha, 1991), Mystus tengara
(Saxena and Anand, 1977), and Clarias batrachus (Singh and
Lal, 1994) showed that MEL reduced 17α-hydroxyprogesterone
level and vitellogenesis with increased follicular atresia, and these
effects depend upon the photoperiod, reproductive phase, dose,
and duration of the treatment. Further studies demonstrated that
fish hepatic MEL concentration is negatively correlated with 17β-
E2 as well as vitellogenin (VTG) protein in both the serum and
liver of tropical carp C. catla (Hasan et al., 2016) (Figure 3).

Effects on Oocyte Maturation
An in vitro study demonstrated for the first time that MEL locally
acts on the ovary and accelerates the action of MIS-induced
oocyte maturation through the formation of a maturation-
promoting factor (MPF). This extra-hypothalamic action of MEL
has become established after the localization and dynamics of
a 37- kDa melatonin receptor protein (MT1R) in fish oocytes
(Chattoraj et al., 2009) (Figure 3). In vitro administration of
exogenous MEL at the doses of 50, 100, or 500 pg/ml in an oocyte
incubationmedium at 2 h before, co-administration, and 2 h after
the administration of MIS can increase maturational competence
in MIS-induced carp oocyte (Chattoraj et al., 2005). In zebra fish,

it is reported that MEL (100 nM and 1µM) in tank water for
10 days plays a critical role in seasonal reproduction through
the activation of kisspeptin, which induces the production of a
gonadotropin-releasing hormone (GnRH), and by acting directly
on the gonads that regulate the transcription of two important
genes (mprα and mprβ) whose proteins are involved in oocyte
competence and maturation (Carnevali et al., 2011). Likewise, a
study on killifish (Lombardo et al., 2012) provides evidence that
endogenously synthesized or exogenously added MEL acts on
steroidogenesis by regulating steroidogenic enzyme activities in
theca and granulosa cells of the ovary (Hasan et al., 2016; Mondal
et al., 2017).

Effects of Melatonin on Synthetic GnRH-Induced

Oocyte Maturation
Observations on the amelioration potential of MEL pre-
treatment on the induction of synthetic GnRH along with
domperidone- (ovaprim-) mediated oocyte maturation in
carp C. catla has been made in a study to evaluate MEL
concentration and activity of different antioxidative enzymes
in the ovary and to attempt conforming the documentation
of the same observation during the spawning phase under
natural photothermal conditions (Moniruzzaman et al., 2016).
In this study on carp, the pre-treatment (2 h before) of MEL
(25 µg/100 g body weight) before ovaprim administration leads
to MPF formation [complex of cyclin B and cyclin-dependent
kinase 1 (Cdk1)] and ensued the shortest latency and a higher
rate of ovulation. However, the administration of exogenous
MEL significantly reduced intraovarian oxidative stress by
elevating antioxidative enzyme activity as well as non-enzymatic
antioxidant level in the ovary regardless of the schedule of
administration. Nevertheless, pre-treatment with MT1R blocker,
luzindol, does not induce these effects, which clearly indicates
that MEL pre-treatment augments the ovaprim action on
oocyte maturation as well as improving antioxidative milieu
in preovulatory oocyte, leading to the formation of improved
quality of oocytes (Moniruzzaman et al., 2016) (Table 2). Thus, it
seems rational to suggest that dietary MEL supplement may have
an impact on final oocyte maturation and high-quality oocyte
formation under natural photothermal condition, so it can be
practiced as a hormonal tool in case of induced breeding.

Role of Melatonin in the Regulation of Male

Reproduction
Existing literature studies on the influence of MEL in the
regulation of annual gonadal events (male and female) are
primarily based on the observations regarding the response of the
gonad after pinealectomy and/or exogenously administeredMEL
and are often fragmentary studies with certain contradictions. In
vertebrates, the expression of genes involved inMEL biosynthesis
and further activities (the synthesis of proteins) are well-studied
in the ovary (Coelho et al., 2015; He et al., 2016) and a
daily variation in ovarian MEL level has also been observed
(Khan et al., 2016). Nonetheless, information regarding the gene
expression pattern of testicular MEL synthesizing enzymes as
well as its daily and/or seasonal variation is scarce. In a very
recent study, testicular MEL synthesizing parameters like mRNA

Frontiers in Marine Science | www.frontiersin.org 15 September 2021 | Volume 8 | Article 734066223

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Acharyya et al. Melatonin as Fish Feed in Aquaculture

FIGURE 3 | Potential involvement of MEL in the regulation of fish oogenesis. Ovarian follicles synthesize 17β-E2, which acts via membrane bound G-protein-coupled
estrogen receptor 1 (GPER) and increases intra-oocyte cAMP level to inhibit oocyte maturation. A shift in steroidogenesis is governed by maturation-inducing steroid
(MIS), which acts on oocyte via Membrane progestin receptor (mPR) to regulate germinal vesicle breakdown (GVBD). MEL is thought to exert its action through
melatonin receptor 1 (MT1R) to regulate oocyte maturation. MEL has also a negative role in synthesizing vitellogenin (VTG) protein from carp hepatocyte, but direct
actions on 17β-E2 and VTG are still speculative.

expression and tissue-specific immunohistochemical localization
of AANAT and ASMT along with serum and testicular MEL
concentration has well-documented in the case of zebra fish in
a 24-h LD cycle (Devi et al., 2021). In this experiment, end-
point PCR, agarose gel electrophoresis showed a gene specific to
single band, and quantitative reverse transcription- (RT-) PCR
showed a gene-specific single peak, collectively indicating that
MEL biosynthesizing genes are expressed in zebra fish testis
and immunohistochemical study further confirmed the testicular
distribution of AANAT and ASMT proteins. Interestingly, the
mRNA expression pattern of Aanat1, Aanat2, and Tph1 showed

rhythmicity while arrhythmic pattern was observed for Asmt.
At noon, there is higher concentration of MEL observed in
testis compared to serum MEL but both the concentration are
similar at midnight. These data collectively revealed that there
is a potential involvement of possible existence of MEL to
regulate the testicular function in an autocrine and/or a paracrine
manner (Devi et al., 2021). Intramuscular injection of MEL
at graded doses (25, 50, or 100 µg/100 g body wt/day) for 15
and 30 consecutive days determines the influence of MEL in
the regulation of annual events in a testicular cycle in carp C.
catla (Bhattacharya et al., 2007). The study also includes the
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functional involvement of endogenous MEL in the regulation
of annual testicular events by manipulating normal light/dark
cycle (continuous darkness, DD; or continuous light, LL) for
30 days, and the experimental paradigm is kept constant in
different reproductive phases. In this study, an identical testicular
response is observed for exogenous MEL administration (at
a dose of 100 µg for 30 days) and continuous darkness (for
30 days) in each reproductive period, however, remarkably, in
these two groups precociously mature testis is found during the
preparatory phase; in contrast to pre-spawning and spawning
phases where the testicular function is reduced. This is the first
ever study providing information regarding the role of MEL in
the regulation of annual testicular events in a surface dweller,
subtropical fish C. catla (Bhattacharya et al., 2007). Dietary MEL
supplement at doses of 50 or 250 mg/kg balanced fish food
(final form) mix to male brood stock (first puberty stage) for 8
weeks is used in a study to investigate the impact of exogenously
supplied MEL on testis maturational study (gonadosomatic
index, histological analysis and microscopic study of testis,
live sperm rate, concentration and kinetic parameters, sperm
abnormality, and level of testosterone) in walking catfish, Clarias
macrocephalus (Aripin et al., 2015). The study revealed that
mean gonadosomatic index, live sperm rate, and progressive
motility are increased at the dose of 250 mg/kg fish food of MEL.
Additionally, the results also showed that mature spermatozoa
are more prevalent than immature spermatogonium due to the
administration of MEL (higher dose) than the control group
of fish. Reduced sperm abnormality with enhanced testicular
maturation by MEL treatment in male brood stock indicated that
MEL improves the quality of male seeds (Aripin et al., 2015).

Mechanism of Actions of Melatonin in the Regulation

of Reproduction

Receptor-Mediated Action of Melatonin as a Hormone
In mammalian reproductive organs, the identification of MEL
binding sites (Woo et al., 2001) raised the possibility of the
receptor-mediated action of this hormone on the gonads.
Radiolabeled techniques demonstrated the presence of three
different types of MEL receptors, namely, MT1, MT2, and Mel1c
(Dubocovich et al., 2000). A previous study on fish suggested
that MEL treatment and pinealectomy regulate the process of
vitellogenesis in the liver through its receptors followed by its
active incorporation into the developing oocytes (Mazurais et al.,
2000). In teleosts, the detection of MT1 (Mel1a) receptor protein
on both the membrane and cytosolic fractions of the isolated
oocytes supported the conjecture that MEL may have a direct
action on oocyte maturation (Chattoraj et al., 2009; Maitra
et al., 2013). Another study on the same carp also revealed that
photoperiodic manipulation regulates ovarian functions using
the interactions between the plasma profiles of MEL and its MT1
and MT2 receptors in the ovary (Moniruzzaman and Maitra,
2012).

Receptor-Independent Actions of Melatonin as

an Antioxidant
An elevation in oxidative stress is observed during oocyte
maturation, and ovulation as free radicals is generated in a

large amount (Tamura et al., 2008). The development of oocyte
requires the synthesis of steroids actively, which is accompanied
by the generation of free radicals, e.g., reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (Valenzuela et al.,
2015) that can lead to the acceleration of oocyte aging and
production of low-quality seeds (Olcese, 2020). However, MEL
acts as a scavenger of free radicals (Tan, 1993), which reduces
free radical-induced damages and improves the quality of oocytes
(Reiter et al., 2013). MEL can also enhance the activity of
antioxidative enzymes in ovarian follicles, like SOD, CAT, and
GPx, and non-enzymatic antioxidants are also enhanced by the
action of MEL (Maitra and Hasan, 2016). In carp, it has been
reported that the ovarian malondialdehyde (MDA) (a marker of
intracellular oxidative stress) level exhibited a seasonal variation
such as very high during the post-spawning season and low
during the spawning phase in an annual cycle, and this pattern
has a negative correlation with the level of ovarianMEL. This data
suggested that MEL reduces the generated oxidative stress in the
ovary by enhancing the activities of SOD, CAT, and GPx during
oocyte growth and maturation (Hasan et al., 2014) (Figure 1E).
A very recent study on carp also demonstrated that hepatic
MEL acts as a potent antioxidant by increasing the antioxidative
enzymes and glutathione level for the reduction of ROS in an
annual ovarian cycle (Hasan et al., 2020). As MEL is a lipophilic
molecule, so the possibility of MEL incorporation within the
ovary from the gut through circulation after L-Trp metabolism
may not be ruled out as AANAT protein is not detected in carp
ovary (Hasan et al., 2014; Pal et al., 2016a) to regulate oocyte
growth and maturation.

Efficacy of Melatonin on Egg and Sperm Quality,

Fertilization Potential, and Fecundity Indices
This section summarizes the role of MEL on fertility, fecundity,
and sperm quality in fish. In zebra fish (D. rerio), the effects of
MEL on female fecundity is assessed by taking the two different
concentrations 100 nM and 1µM for 10 days in a semi-static
condition (Carnevali et al., 2010). Fecundity is assessed in this
study by measuring the number of ovulated eggs in both the
treatment. It is observed that in both the treatment groups, MEL
significantly increased the number of ovulated eggs in females
after pairing with control males. Moreover, the expression of
Cox2A gene (in class IIIb oocytes) is positively correlated with
the increased rate of fecundity in both the treatment groups
(Carnevali et al., 2010). Fourier-transform infrared spectroscopy
(FT-IR) analysis of oocytes from MEL treated (100 nM and
1µM for 10 days) zebra fish (D. rerio) results into a higher
number of classes III (vitellogenic follicles) and IV (maturational
follicles), increased lhr mRNA expression and increased plasma
VTG (Giorgini et al., 2012), and this provides a molecular basis
on the influence of MEL on zebra fish fecundity. In killifish
or mummichog, F. heteroclitus, the two doses of MEL (100 nM
and 1µM) are used to study the impact of this treatment
on fecundity, rate of hatching, embryo survival through
biochemical, molecular, and vibrational studies (Lombardo et al.,
2012). After 8 days of treatment, a significant increase in the
mean value of spawned eggs (fecundity rate) and the survival rate
of embryo are found to be higher in fish treated with 1µMMEL,
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whereas embryo hatching rate is not significantly improved after
either of the MEL treatment (Lombardo et al., 2012). In vitro
maturational study on postvitellogenic prematurational follicles
reveals MEL (100 pg/ml) co-administration with maturational
steroid has the highest maturation potential compared to control
(Lombardo et al., 2012). Further, MEL-mediated modulation of
neuroendocrine axis in the regulation of reproduction in killifish,
F. heteroclitus, is revealed by a 30% increase in the number
of daily spawned eggs and a 20% increase in the number of
hatched embryo in case of MEL treated group with respect
to the untreated group (Lombardo et al., 2014). Exogenous
MEL administration also improved the oocyte quality in carp
C. catla by reducing the oxidative stress (Moniruzzaman et al.,
2016; Mondal et al., 2017). Further analysis reveals that the
administration of MEL to male killifish increased the percentage
of total spermatozoa (motile) and rapid spermatozoa. The level
of straight-line (VSL), curvilinear (VCL), and average path
velocities (VAP), and beat cross frequency (BCF-r) are found
to be significantly higher, whereas the unaltered amplitude of
lateral head displacement in case of rapid sperm (ALH-r) is
observed in the MEL treated group (Lombardo et al., 2014),
further indicating the efficacy of MEL to produce a high-
quality sperm. The protective effects of MEL are also evaluated
against titanium dioxide nanoparticles (TiO2-NP) toxicity in wild
Capoeta trutta (male) (Özgür et al., 2020). TiO2-NP (10 mg/l)
treatment decreases 79%VSL value with that of control, andMEL
(0.1mM) supplementation along with TiO2-NP increase this
value by 77%. Moreover, 1mMMEL improves 72% of VCL value
with respect to the group treated with TiO2-NP. MEL seems to
protect against the TiO2-NP-induced decrease in VAP and ALH
values, and thereby argue in favor of a positive impact of MEL
on the quality of sperm (Özgür et al., 2020). MEL supplement
(0.5µM) is also found to improve sperm quality in paddlefish
(Polyodon spathula) during storage as it maintains mitochondrial
membrane potential, ATP content, and inhibits ROS generation
(Gao et al., 2019).

CONCLUSION

The gathered information so far indicates that food composition
is one of the most vital environmental cues, which regulate
MEL synthesis in the gastrointestinal tract. Thus, worldwide
contemporary research is now mainly focused on the role of
MEL as a fish food additive on various physiological aspects
dealing with the improvement of growth and reproduction to act
as a critical synchronizer in aquaculture. Several studies clearly
suggested that the dietary intake of MEL or its precursor L-Trp
results in an increase in the gut MEL production in rainbow

trout and European sea bass. Because the increased level of
MEL within the gut, resulting either from the administration of
MEL or an addition of L-Trp to the food, is transported to all
central and peripheral organs, the possibility of its actions in
an endocrine fashion in regulating various body functions earns
consideration. Recent studies also reveal that the application of
MEL orally improves gut microbial homeostasis in zebra fish.
Endogenous MEL in fresh water carp is known to protect the gut
from pathogenic bacterial infection related to disease, which is
a major issue in aquaculture. Most importantly, exogenous MEL
treatment improves the reproductive performance by stimulating
the fecundity rates, percentage of fertilization, and improving
the quality of male and female seeds in fish. Accordingly, the
use of MEL or L-Trp as an additive to fish food trends to
be a common practice for achieving MEL-induced response
in fish. In conclusion, the current state of knowledge clearly
provides reasonable indications that considering multipotent
functions of MEL, the use of this hormone, or its precursor as
a fish food additive may be an effective tool for attaining better
fish growth and a higher rate of reproduction in a sustainable
aquaculture system.
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Yan-Zou Dong, Tian Xia, Ji-Bin Lin, Ling Wang, Kai Song and Chun-Xiao Zhang*

Key Laboratory for Feed Quality Testing and Safety, Fisheries College, Jimei University, Xiamen, China

This study aimed to investigate the effects of quercetin (QUE) on fat deposition and

the underlying mechanism. Fish were fed four test diets: normal fat diet (NFD), high-fat

diet (HFD), and HFD supplemented with 0.5 or 1.0 g/kg quercetin (QUE0.5 or QUE1.0).

The results showed that HFD feeding resulted in poor growth and feed utilization while

QUE treatment reversed this. The fat contents of serum and liver were increased by

HFD and QUE supplementation significantly decreased fat content. Furthermore, gene

expressions and ultrastructure observation showed that mitochondrial biogenesis and

mitophagy were inhibited and endoplasmic reticulum stress (ERS) in the HFD group.

QUE can activate the biogenesis and autophagy of mitochondria and suppress ERS,

which is related to its fat-lowering effect.

Keywords: Lateolabrax maculatus, fatty liver, mitochondrial biogenesis, mitophagy, endoplasmic reticulum stress

INTRODUCTION

Fat plays a key role in metabolism as it supplies energy, essential fatty acids, and phospholipids
for animals (Watanabe, 1982). It is reported that the increase of dietary lipid level moderately can
improve feed efficiency and protein deposition (Du et al., 2006). Therefore, high-fat feed is widely
used in fish farming. However, recent studies have indicated that the intake of high fat diet (HFD)
often induces excess fat deposition, metabolic disorders, and immune dysfunction (Jin et al., 2013;
Lu et al., 2014; Xie et al., 2021a; Yin et al., 2021).

It is well-known that fat deposition in the liver represents complex processes, such as
uptake, oxidation, transport, and so on (Tilg and Moschen, 2010; Rocha et al., 2020). As
the main state of fatty acid oxidation, mitochondrial damage caused by oxidation retardation
is the immediate reason for excessive hepatic fat deposition (Rector et al., 2010; Tilg and
Moschen, 2010). The lower hepatic fat secretion means an attenuated capacity for transporting
lipids out of the liver of fish fed an HFD, which largely contributes to fat deposition in
the liver (Lu et al., 2014, 2017). Moreover, the damaged mitochondria often generate excess
reactive oxygen species (ROS) and lead to oxidative stress thereby perpetuating the vicious cycle
(Wallace, 2007; Shadel and Horvath, 2015). When the endoplasmic reticulum is damaged by
ROS, it will generate superfluous abnormal protein folding and then endoplasmic reticulum
stress (ERS) (Malhotra and Kaufman, 2007). Further, there is crosstalk and/or interaction
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between mitochondrial damage and ERS. Based on the
above, more researchers suggest that the therapies acting on
mitochondria and ER are novel strategies for the prevention and
protection against excess fat deposition (Wang et al., 2018; Dong
et al., 2020).

Quercetin (QUE), a flavonoid, is widely present in various
plants, such as tea, fruitage, and vegetables (Formica and
Regelson, 1995; Boots et al., 2008). In mammals, many studies
evidenced the regulatory effects of QUE on mitochondria and
ER under metabolism diseases (Porras et al., 2017; Liu et al.,
2018). In addition, the previous studies showed the antioxidant
effects of QUE in fish (Pês et al., 2016, 2018). Furthermore, QUE
could alleviate HFD-induced fat accumulation in blunt snout
bream (Megalobrama amblycephala) (Jia et al., 2019). However,
the molecular mechanism of QUE on fat deposition still needs
further study.

Spotted seabass (Lateolabrax maculatus) is a carnivorous
species that has been largely cultured in East Asia, particularly
in China. The lipid requirement of this fish is ∼10%, while the
lipid content is often >15% in commercial feeds (Xu et al., 2011;
Xie et al., 2021b). Compared to other cultured fish species, its
artificial rearing is often associated with fatty liver probably due
to its carnivorous instinct and high dietary lipid level. Hence,
this fish model was used to investigate the effects of QUE on fat
deposition, mitochondria, and endoplasmic reticulum status.

MATERIALS AND METHODS

Ethics Statement
The feeding trial was conducted according to the principles of
the Basel Declaration and Recommendations of Animal Research
Institute Committee guidelines, Jimei University, China.

Diets, Feeding Test, and Sampling
According to the nutrition requirements of spotted seabass,
a normal fat diet (NFD) with 11% crude lipid and an HFD
with 17% crude lipid were formulated, named as NFD and
HFD, respectively. QUE treatments were prepared by the
supplementary of 0.5 or 1.0 g/kg QUE (Shanghai Aladdin
Biochemical Technology Co., Ltd., China) to HFD. The
formulation and proximate composition of the experimental
diets are presented inTable 1. Themethod of feedmanufacturing
referred to the previous study (Cai et al., 2020).

For the feeding test, fish were obtained from a fish hatchery in
Zhangzhou (Fujian, China). First, the fish were kept in a 1,500-
L tank to adapt to the experimental facilities and conditions.
During this period, fish were fed a commercial diet two times a
day (8:00 and 17:00). At the end of the acclimation period, 240
healthy fish averaging 12.02 ± 0.17 g were randomly distributed
into 12 circular fiberglass tanks (200 L) in a recirculating
aquaculture system. The experiment was conducted using three
replicates for each dietary treatment, and fish were fed the diets to
apparent satiation two times a day (8:00 and 17:00) for 8 weeks.
During the feeding test, the water conditions were maintained
as following: water temperature 26–27◦C; pH 6.9–7.2; dissolved
oxygen > 5.5 mg/L.

TABLE 1 | Formulation and proximate composition of the experimental diets (g/kg

dry weight).

NFD HFD QUE0.5 QUE1.0

Ingredients (g/kg)

Fish meal 368 368 368 368

Poultry meal 73.6 73.6 73.6 73.6

Soybean meal 282 282 282 282

Fish oil 14.6 44.6 44.6 44.6

Soybean oil 14.6 44.6 44.6 44.6

Lecithin 15 15 15 15

Wheat Flour 146.2 126.2 126.2 126.2

Premixa 14.5 14.5 14.5 14.5

Calcium biphosphate 15 15 15 15

Sodium alginates 15 15 15 15

Cellulose 41.5 1.5 1 0.5

Quercetin 0 0 0.5 1

Proximate composition (g/kg)

Moisture 34.2 31.0 32.3 33.8

Crude protein 464.3 459.5 466.1 461.6

Crude lipid 113.9 172.7 176.1 173.3

NFD, normal-fat diet; HFD, high-fat diet; HFD + 0.05%Q, high-fat diet containing 0.05%

quercetin; HFD + 0.1%Q, high-fat diet containing 0.1% quercetin.
aPremix supplied the following minerals (g/kg) and vitamins (IU or mg/kg): CuSO4·5H2O,

2.0 g; FeSO4·7H2O, 25 g; ZnSO4·7H2O, 22 g; MnSO4·4H2O, 7 g; Na2SeO3, 0.04 g; KI,

0.026 g; CoCl2·6H2O, 0.1 g; Vitamin A, 900,000 IU; Vitamin D, 200,000 IU; Vitamin

E, 4,500mg; Vitamin K3, 220mg; Vitamin B1, 320mg; Vitamin B2, 1,090mg; Niacin,

2,800mg; Vitamin B5, 2,000mg; Vitamin B6, 500mg; Vitamin B12, 1.6mg; Vitamin C,

5,000mg; Pantothenate, 1,000mg; Folic acid, 165mg; Choline, 60,000mg.

After 8 weeks of feeding, fish were starved 24 h and weighed
for calculation of growth parameters. Six fish per tank were
anesthetized with 100 mg/L MS-222 (Sigma, Ronkonkoma,
NY, USA), randomly selected, and sampled for analysis. Blood
was collected from the caudal vein and centrifuged to gain
serum. The liver was sampled on ice, flash frozen in liquid
nitrogen, and then stored at −80◦C. Moreover, liver samples for
transmission electron microscope examination were fixed in the
2.5% glutaraldehyde solution.

Measures of Biochemical Parameters
The activities of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) and the contents of triacylglycerols
(TG), total cholesterol (T-CHO), and non-esterified-free fatty
acids (NEFA) were measured by commercial kits (Nanjing
JianCheng Bioengineering Institute, Nanjing, China).

Total lipid level in the liver was detected by Folch’s method
(Folch, 1957). Malondialdehyde (MDA) content was measured
by the thiobarbituric acid method and superoxide dismutase
(SOD) activity was determined by the hydroxylamine method,
according to our previous study (Zhou et al., 2019). The reduced
glutathione (GSH) content, catalase (CAT) activity, and total
antioxidant capacity (T-AOC) were measured by commercial kits
(Nanjing JianCheng Bioengineering Institute, Nanjing, China).
The protein level in the liver homogenate was determined by the
BCA protein assay kit (LABLEAD Inc., Beijing, China).

Frontiers in Marine Science | www.frontiersin.org 2 September 2021 | Volume 8 | Article 746811233

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Dong et al. Quercetin Alleviate Excessive Fat Deposition

TABLE 2 | Sequences of primers used for RT-qPCR.

Target

genea
Forward (5′-3′) Reverse (5′-3′)

pgc-1α AACCCGACTCTTATCCCTCC CGTATCAACGCCACAGCAC

pgc-1β AGGCAGGCTCGCTTTTCG GGCGGCTCCTTCTCGGTT

nrf1 GCCTTTCCACCTCTGACTG ACTCCTGCTTTCGCTTCC

pink1 CTGTGAAAGCCCGGTACACT TGATGTGGAACTTTGGGGCA

muil1 GCTGCCGTGATACGAGTCAT ACGTTGGACAAGGACTGGAC

atg5 TCAGTCGCTGCCATTAGAGC TCTCGTCACCTGCGAAAACT

Chop TGGGAGAAGAGGAGAAAGGTCT CTTATCACCGCTCCGCTTGG

grp78 GGGAGAAGAGGAGAAAGGTCTG GCTTATCACCGCTCCGCTT

ire1 AAAGGTTGTTCAGGGTGGCAT GCAGCAATCAATCAACAAGCAAA

atf6 AACGAGCACTTGAGGAGAGC CAGACGCTCGCCCCTGTTA

Perk GTTTTCACCCCAGCAAGCAG AACCTTAGTGTCGGCCTTGG

β-actinb TCGAGCACGGTATTGTGACC TCAGGTGCAACTCTCAGCTC

pgc-1α, peroxisome proliferators activated receptor γ coactivator-1 α; pgc-1β,

peroxisome proliferators activated receptor γ coactivator-1 β; nrf1, nuclear respiratory

factor 1; pink1, PTEN-induced kinase 1; muil1, mitochondrial E3 ubiquitin protein ligase

1; atg5, autophagy-related protein 5; chop, C/EBP homology protein; grp78, glucose

regulated protein 78; ire1, inositol-requiring enzyme 1; atf6, activating transcription

factor 6; perk, PKR-like endoplasmic reticulum kinase; RT-qPCR, real-time quantitative

polymerase chain reaction.
aThe sequences of target genes were obtained from transcriptomic data in our previous

study (Cai et al., 2020).
bReference gene.

Analysis of Mitochondrial Status
Mitochondria were isolated from a fresh liver sample by a tissue
mitochondria isolation kit (C3606, Beyotime Biotechnology,
China). Then, the T-AOC and MDA contents of isolation
mitochondria were determined. Another fresh liver was used
to made single-cell suspension by mechanical method for
mitochondrial ROSmeasurement. The hepatocyte was incubated
with 5-µM MitoSOX Red (M36008, Invitrogen, Waltham, MA,
USA) at 28◦C for 10min, and the fluorescence was determined
by a microplate reader (Thermo Scientific, Waltham, MA, USA).

Histology Examination
For transmission electron microscopy analysis, liver samples
were fixed in cold 2.5% glutaraldehyde solution for 24 h and
post-fixed in 1% OsO4 at 4◦C for 2 h. Then, the ultrathin slices
were cut into 60-nm thickness after being embedded in epoxy
resin, stained with uranyl acetate and lead citrate and observed
under a transmission electron microscope (Hitachi H-7650,
Tokyo, Japan).

Real-Time Quantitative PCR
Total RNA was isolated using the FastPure Cell/Tissue Total
RNA Isolation Kit (Vazyme Biotech Co., Ltd, China). RNA purity
was determined by a spectrophotometer (Thermo Scientific,
United States) at 260/280 nm, and RNA integrity was investigated
by using an agarose gel electrophoresis assay. Complementary
DNA (cDNA) was synthesized by a HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme Biotech Co., Ltd, China). After eliminating
genomic DNA by gDNA wiper, cDNA was used to measure
specific the relative expression of genes in a quantitative PCR

TABLE 3 | Growth performance of fish fed by the test diets for 8 weeks.

NFD HFD QUE0.5 QUE1.0

IBW (g)1 12.05 ± 0.05 11.85 ± 0.09 11.99 ± 0.06 12.19 ± 0.05

FBW

(g)2
102.17 ± 0.74c 90.27 ± 1.20a 97.50 ± 0.80b 105.43 ± 1.04c

WG

(%)3
747.75 ± 10.34bc 661.53 ± 13.12a 713.10 ± 10.75b 764.47 ± 5.20c

SGR

(%/d)4
3.82 ± 0.02b 3.62 ± 0.03a 3.74 ± 0.02b 3.85 ± 0.01b

FCR5 1.05 ± 0.02b 1.17 ± 0.02c 1.07 ± 0.01b 0.95 ± 0.02a

PER6 2.03 ± 0.03b 1.83 ± 0.04a 1.99 ± 0.02b 2.24 ± 0.04c

Feed

intake

(g/fish)

93.45 ± 0.94 91.38 ± 1.76 90.97 ± 0.22 88.57 ± 0.58

IFR (%)7 5.20 ± 0.09a 8.10 ± 0.14c 6.13 ± 0.10b 5.89 ± 0.26b

HSI (%)8 1.14 ± 0.01b 0.87 ± 0.03a 1.06 ± 0.01b 1.09 ± 0.01b

Significant differences within the diets are indicated by different letters, the same below.
1 Initial body weight.
2Final body weight.
3Weight gain (%) = (Final body weight – initial body weight)/initial body weight.
4Specific growth rate (%/d) = (Ln final body weight – Ln initial body weight)/days.
5Feed conversion rate = dry feed fed/wet weight gain.
6Protein efficiency ratio = wet weight gain/total protein given.
7 Intraperitoneal fat ratio = final intraperitoneal fat/body weight.
8Hepatosomatic index = liver weight/body weight.

NFD, normal-fat diet; HFD, high-fat diet; QUE 0.5, HFD supplemented with 0.5 g/kg

quercetin; QUE 1.0, HFD supplemented with 1.0 g/kg quercetin.

system (ABI, New York, NY, USA). ChamQTM Universal SYBR
qPCR Master Mix (Vazyme Biotech Co., Ltd, China) was used
for real-time PCR by the protocol of the manufacturer. The
expressions of genes were normalized by β-actin and calculated
by 2−11Ct method according to the study of Xie et al. (2020). The
sequences of primers used in this study were listed in Table 2.

Statistical Analysis
One-way ANOVA was used by the IBM SPSS 20 program.
Tukey’s test was used in significant difference analysis and P <

0.05 was considered as significant level. All data were shown as
means± SE with three replicates.

RESULTS

Growth Performance and Fat Deposition
Fish-fed HFD showed the lowest weight gain (WG) and specific
growth rate (SGR; P < 0.05). WG and SGR were significantly
increased in the two QUE groups (P < 0.05), and fish in the
QUE1.0 group exhibited the highest WG. The feed conversion
rate (FCR) in the HFD group was higher than that of the NFD
group, and the tendency of protein efficiency ratio (PER) was the
opposite. QUE supplementation decreased FCR and increased
PER, and the QUE1.0 group exhibited the lowest FCR and the
highest PER among all groups (Table 3).

Fish-fed HFD showed excess fat deposition in the liver
comparing to other groups. The contents of TG, T-CHO, and
NEFA in the liver of fish-fed HFD were significantly higher than
those of fish-fed NFD. The supplementation of 1 g/kg QUE
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FIGURE 1 | Fat levels in the liver of fish fed with experimental diets. (A) Total lipid content. (B) TG content. (C) T-CHO content. (D) NEFA content. TG, triacylglycerols;

T-CHO, total cholesterol; NEFA, non-esterified-free fatty acids. Different letters indicate a significant difference among groups (P < 0.05).

FIGURE 2 | Blood biochemistry of fish fed with experimental diets. (A) ALT activity; (B) AST activity. (C) TG content. (D) T-CHO content. (E) NEFA content. AST,

aspartate aminotransferase; ALT, alanine aminotransferase; TG, triacylglycerols; T-CHO, total cholesterol; NEFA, non-esterified-free fatty acids. Different letters indicate

a significant difference among groups (P < 0.05).

significantly decreased the contents of total lipid, TG, T-CHO,
and NEFA (Figure 1).

Blood Chemistry
Both ALT and AST activities of the NFD group were significantly
higher than theHFD group, while the QUE application decreased
these two transaminase activities. For fat deposition, TG, T-CHO,
and NEFA contents were all remarkably higher in fish-fed NFD

compared to the NFD group. Meanwhile, the QUE application
decreased these contents (Figure 2).

Oxidative Status in Liver and
Mitochondrion
In the liver, the activities/levels of CAT, SOD, GSH, and
T-AOC of fish-fed HFD were significantly decreased, while
MDA content was significantly increased. Both 0.5 and
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FIGURE 3 | Oxidative status in the liver of fish fed with experimental diets. (A) CAT activity. (B) SOD activity. (C) GSH content. (D) T-AOC. (E) MDA content. SOD,

superoxide dismutase; GSH, glutathione; CAT, catalase; T-AOC, total antioxidant capacity; MDA, malondialdehyde. Different letters indicate a significant difference

among groups (P < 0.05).

FIGURE 4 | Oxidative status in hepatic mitochondria of fish fed with experimental diets. (A) T-AOC. (B) MDA content. (C) ROS content. T-AOC, total antioxidant

capacity; MDA, malondialdehyde. Different letters indicate a significant difference among groups (P < 0.05).

1 g/kg supplementary of QUE dramatically elevated SOD
activity, GSH content, and T-AOC and reduced MDA content
(Figure 3).

In mitochondrion, fish-fed HFD showed the lowest T-
AOC and the highest contents of MDA and ROS. Meanwhile,
the supplementation of 0.1% QUE significantly enhanced
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FIGURE 5 | Transmission electron microscope images of hepatocytes in fish fed with experimental diets. N, nucleolus; M, mitochondria; Au, autophagosome; ER,

endoplasmic reticulum. (A) NFD group. (B) HFD group. (C) QUE1.0 group. NHD, normal fat diet; HFD, high-fat diet; QUE, quercetin.

FIGURE 6 | The expressions of mitochondrion-related genes in the liver of fish fed with experimental diets. Different letters indicate a significant difference among

groups (P < 0.05).

T-AOC and reduced the contents of MDA and ROS
(Figure 4).

Mitochondrial Status
The liver of fish-fed NFD showed normal ultrastructure.
In these fish, the nucleus was round and the nucleolus
was visible. Hepatocytes displayed dark and slender
mitochondria. However, abnormal ultrastructure was
found in mitochondria of fish-fed HFD, such as swell
and nucleus atrophy. Further, the HFD-induced abnormal
of mitochondria can be attenuated in QUE-fed fish
(Figure 5).

The expressions of mitochondria-related genes (pgc1-α, pgc1-
β , and nrf1) were significantly downregulated by HFD. While,
QUE can upregulate these expressions. In addition, HFD
decreased the expression of mitophagy-related genes (pink1, atg5,
andmuil1; Figure 6).

Endoplasmic Reticulum Status
The expressions of ERS-related genes (chop, grp78, ire1, atf6, and
perk) were significantly increased in the HFD group, and the
application of QUE significantly downregulated the expressions
of these genes (Figure 7).

DISCUSSION

Similar to some previous studies, fish-fed HFD showed poor
growth, excess fat deposition, and increased transaminase
activities (Dong et al., 2020; Yin et al., 2021). QUE
supplementation mitigated the decreasing growth performance
and excess fat deposition, which is in agreement with previous
studies (Jia et al., 2019). NEFA in the liver is a primary cause
of lipotoxicity (Brent, 2010), while QUE can decrease its level
and thus attenuate lipotoxicity. Excess fat often induces more
ROS in mitochondria and causes oxidative stress (Marí et al.,
2006). It is reported that QUE can be served as an antioxidant
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FIGURE 7 | The expressions of ERS-related genes in the liver of fish fed with experimental diets. ERS, endoplasmic reticulum stress. Different letters indicate a

significant difference among groups (P < 0.05).

due to its free radical scavenging capacity (Boots et al., 2008;
Pês et al., 2016, 2018). Similarly, our study also showed the
antioxidant ability of QUE. It is considered that oxidative stress
is often associated with the dysfunction of the mitochondrion
(Lu et al., 2014, 2017). This was evidenced that the over ROS
production of mitochondria in fish-fed HFD. Further, the
HFD-induced abnormality of mitochondria and oxidative stress
can be attenuated in QUE application. These findings indicate
the regulatory effects of QUE on mitochondrion.

The mitochondria network in metabolism tissues is a dynamic
state (Auger et al., 2015). Under normal conditions, new
mitochondria can be constantly produced and the aberrant ones
should be removed by mitophagy (Palikaras and Tavernarakis,
2014). The suppression of biogenesis and/or elimination will
cause the dysfunction of the mitochondrion (Greene et al.,
2012). PGC-1 is a key factor for mitochondrial biogenesis
due to its promotion for downstream genes transcription,
such as nrf1 (Rector et al., 2010). PINK1 is an activator
in the classical mitophagy pathway stimulating E3 ubiquitin
ligases to ubiquitinate membrane proteins of dysfunctional
mitochondria (Tolkovsky, 2009). This study indicated that HFD
feeding arrested mitochondrial biogenesis and mitophagy by the
downregulation of the genes. QUE can protect mitochondria
through activation of the gene expressions. In addition, it was
reported that QUE can play a key role in the mitochondrial
homeostasis of mice (Liu et al., 2018).

It is considered that there is a crosstalk between the
endoplasmic reticulum and mitochondrion (Daw et al., 2020).
Previous studies have indicated that ERS can be caused by
the dysfunction of the mitochondrion (Malhotra and Kaufman,
2007; Hafiz et al., 2016). The damaged endoplasmic reticulum
induces ERS through unfolded proteins response by IRE1, ATF6,

and PERK pathways (Walter and Ron, 2011). These unfolded
proteins induce the release of molecular chaperones and then
apoptosis and inflammation (Szegezdi et al., 2006; Kaplowitz
et al., 2007; Urra et al., 2013). Many evidence indicate that ERS
contributed to the liver damage induced byHFD (Cao et al., 2018;
Jia et al., 2020). Our results also found that HFD upregulated
the expression of key genes in ERS pathway. Furthermore,
the application of QUE suppressed the activation of ERS by
downregulating the expressions of related genes.

CONCLUSION

The supplementary of quercetin can attenuate excess fat
deposition in fish tissues induced by the intake of HFD.Quercetin
can activate the biogenesis and autophagy of mitochondria and
suppress ERS, which is related with its fat-lowering effect.
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This 10-week feeding experiment examined the effects of supplementing vitamin C (VC)
and E (VE) in oxidized oil diets on growth, fatty acid composition, blood physiological
indicators, innate immunity, antioxidant capacity, and liver and intestine histology of
rainbow trout (Oncorhynchus mykiss). Four diets were produced including a fresh fish
oil containing diet (FFO diet), an oxidized fish oil containing diet (OFO diet), and OFO
diet supplemented with 500 mg kg−1 VC and 400 mg kg−1 VE (OFO+C500+E400 diet)
or 1,000 mg kg−1 VC and 800 mg kg−1 VE (OFO+C1000+E800 diet). Four hundred
and twenty fish averaging 46.9 ± 0.32 g were stocked into 12 tanks and fed the
diets twice a day to visual satiety. The results showed no significant effect of OFO or
vitamins supplementation on growth, feed intake and feed utilization (P > 0.05). The
groups that received OFO and OFO+C1000+E800 diets had significantly (P < 0.05)
lower hepatosomatic indices than the other groups. Muscle fatty acid composition
showed decreased proportion of 15:0, 16:0, 16:1n-7, 16:2n-4, 18:1n-5, 18:2n-6
(linoleic acid) and total saturated fatty acids in OFO group. Whereas higher percentages
of 20:3n-6 and 20:3n-3 were found in OFO group. In addition, the highest ratio of
docosahexaenoic acid (DHA, 22:6n-3) to eicosapentaenoic acid (EPA, 20:5n-3) was
detected in OFO+C500+E400 group. The highest serum triglyceride concentration was
recorded in the OFO group. Serum aspartate aminotransferase activity increased in OFO
and OFO+C1000+E800 groups compared to OFO+C500+E400 group. Furthermore,
significantly higher alkaline phosphatase activity in blood was found in OFO and
OFO+C500+E400 groups. Significantly lower serum lysozyme, antiprotease, superoxide
dismutase, and catalase activities were recorded in OFO group compared to FFO and
OFO+C500+E400 groups, and an opposite trend was observed for malondialdehyde
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concentration. Muscle VC and VE concentrations, and liver and intestine histology
remained unaffected. To conclude, feeding diet containing oxidized oil with peroxide
value of 182 meq kg−1 with/without VC and VE supplementation did not influence
growth and tissue VC and VE concentrations of rainbow trout. However, supplementing
500 mg kg−1 VC and 400 mg kg−1 VE reversed the adverse effects of OFO on
non-specific immune response and antioxidant capacity.

Keywords: rainbow trout, oxidized fish oil, vitamins supplementation, innate immunity, antioxidant capacity, blood
biochemistry, fatty acid composition

INTRODUCTION

Incorporating sufficient supply of polyunsaturated n-3 fatty
acids (PUFAs) particularly eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) into aquafeed is crucial
for maintaining optimal growth, skeletal development and
physiological functions of fish due to the lack of desaturation
and elongation pathways for their biosynthesis in fish (Sargent
et al., 1999; Mourente et al., 2000). However, these PUFAs are
highly susceptible to oxidation and are readily oxidized during
feed manufacturing process and storage leading to formation
of primary oxidation products such as hydroperoxides and
secondary products including aldehydes, ketones, alcohols,
hydrocarbons, volatile organic acids, and epoxy compounds
with damaging effects on cellular molecules and subsequently
cellular integrity (Janssens et al., 2000; Chen et al., 2012; Wang
et al., 2015). Oxidized lipid diets are not only off-flavored
but also are deficient in vitamins, and essential fatty acids
and amino acids (Sutton et al., 2006; NRC, 2011). Moreover,
oxidation of dietary lipid results in loss of appetite, and reduced
digestibility and availability of nutrients (Marmesat et al., 2009).
The reported impacts of feeding oxidized oils diet in fish include
deterioration of growth and feed utilization, bone malformation,
liver degradation, interruption of lipid metabolism and synthesis
of essential fatty acids, depression of tissue vitamin C and E
contents, suppression of immune function, dwindled disease
tolerance, and ultimately increased mortality (Fontagné et al.,
2006; Alves Martins et al., 2007; Boglino et al., 2014; Gao et al.,
2014). Furthermore, oxidized oil may trigger overproduction
of reactive oxygen species causing oxidative stress with adverse
effects on physiological functions in fish (Boglino et al., 2014;
Song et al., 2019). Hence, inhibition/reduction of lipid oxidation
to prevent its harmful impacts on fish health is crucial for both
aquafeed manufacturers and fish farmers.

Antioxidant system components including superoxide
dismutase and catalase provide protection against oxidative
damage caused by free radicals. Moreover, application of
exogenous compounds with antioxidant properties such as
vitamins C and E which exert free radical scavenging activity
can contribute to protection of cells and tissues against oxidative
stress (Winston and Digiulio, 1991). Vitamin C (VC) plays key
roles as an essential nutrient and a water-soluble antioxidant in
various physiological functions in fish (Lim and Lovell, 1978).
Vitamin E (VE) is also a well-known antioxidant that acts as a
shield against oxidizing agents (Tocher et al., 2002). Generation
of free radicals during lipid peroxidation results in tissue VE

depletion in animals (McDowell, 1989). Literature review shows
that VE requirement of fish changes with peroxidation of
dietary lipid (Zhong et al., 2008), and that supplementing higher
doses of VE can inhibit lipid peroxidation and strengthen fish
antioxidant capacity (Tocher et al., 2003). There are several
reports indicating that there is an interactive effect between VC
and VE in precluding lipid peroxidation (Niki et al., 1982; Gao
et al., 2014), and that VC is capable of sparing VE in various fish
species (Lee and Dabrowski, 2003; Gao et al., 2012).

The objectives of this research were to examine (a) effects
of oxidized fish oil on growth, muscle fatty acid profile,
blood biochemistry, innate immunity, antioxidant activity and
histology of rainbow trout (Oncorhynchus mykiss), and (b)
whether combined supplementation of VC and VE could
ameliorate the deleterious effects of oxidized fish oil.

MATERIALS AND METHODS

Experimental Diets
Formulation and proximate composition of the experimental
diets are provided in Table 1. Four experimental diets were
formulated to be isonitrogenous (42% crude protein) and
isolipidic (20% crude lipid). Fresh salmon oil was used as the lipid
source in the basal diet (FFO diet), and another diet was prepared
by replacing FFO with oxidized fish oil (OFO diet). A basal
level of vitamin C and E were included in the FFO and OFO
diets to meet the requirement of rainbow trout (Table 1). Two
additional diets were prepared using OFO as the lipid source and
formulated to contain 500 or 1,000 mg kg−1 VC (ascorbic acid)
and 400 or 800 mg kg−1 VE (α-tocopherol) (OFO+C500+E400
and OFO+C1000+E800 diets) (Huang and Huang, 2004; Gao
and Koshio, 2015; Fatima et al., 2019). OFO was prepared by
heating fresh salmon oil at 70◦C for 16 h with vigorous aeration
in an incubator. Peroxide value of OFO was measured to be
182 meq kg−1. All dry ingredients were thoroughly mixed and
after addition of FFO/OFO and double distilled water extruded
through a laboratory pelleting machine in 3 mm diameter. Then,
the diets were dried at 35◦C overnight, sealed in bags and stored
at 4◦C until used.

Fish and Feeding Trial
Rainbow trout juveniles were transported from a commercial
farm (BioFish Ltd.) to experimental facility of University of South
Bohemia. All the fish were fed a commercial diet (Inicio Plus,
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TABLE 1 | Formulation and proximate composition of the experimental diets (% dry matter).

FFO OFO OFO+C500+E400 OFO+C1000+E800

Fish meala 46 46 46 46

SPCb 10 10 10 10

Wheat flour 23.5 23.5 23.5 23.5

Fresh fish oil (FFO) 15.5 0 0 0

Oxidized fish oil (OFO) 0 15.5 15.5 15.5

α-tocopherolc 0.02 0.02 0.04 0.08

L-ascorbic acid monophosphated 0.02 0.02 0.14 0.28

Yeast (Brewers-dried) 2.0 2.0 2.0 2.0

Choline chloride 0.5 0.5 0.5 0.5

Mineral premixe 0.2 0.2 0.2 0.2

Vitamin premixf 0.2 0.2 0.2 0.2

α-cellulose 1.06 1.06 0.92 0.74

Carboxymethylcellulose 1.0 1.0 1.0 1.0

Chemical composition

Dry matter 92.8 92.5 92.2 92.5

Protein 41.4 41.7 42.9 41.7

Lipid 19.8 19.7 19.5 19.9

Ash 8.87 8.75 8.82 8.80

Vitamin C (mg kg−1) 61.9 63.7 487.1 865.3

α-tocopherol (mg kg−1) 136.8 140.6 350.2 734.8

aFish meal Super Prime (Crude protein: 67.9%, crude fat: 9%).
bSoy protein concentrate (Crude protein: 62%, crude fat: 0.5%).
cα-tocopherol (Sigma-Aldrich).
dL-Ascorbyl-2-monophosphate (DSM Nutrition).
eMineral premix (mg or g kg−1 diet): NaF, 2 mg; KI, 0.8 mg; CoCl2·6H2O (1%), 50 mg; CuSO4·5H2O, 10 mg; FeSO4·H2O, 80 mg; ZnSO4·H2O, 50 mg; MnSO4·H2O,
25 mg; MgSO4·7H2O, 200 mg; Zoelite, 4.582 g.
f Vitamin premix (mg kg−1 diet): β-carotene 96.26; Vitamin D3 9.68; Menadione NaHSO3·3H2O (K3) 45.83; Thiamine-Nitrate (B1) 57.75; Riboflavin (B2) 192.37; Pyridoxine-
HCl (B6) 45.83; Cyanocobalamine (B12) 0.07; D-Biotin 5.78; Inositol 3212.83; Niacine (Nicotic acid) 769.73; Ca Panthothenate 269.49; Folic acid 14.40; Choline chloride
7869.30; ρ-Aminobenzoic acid 383.25.

BioMar) for 2 weeks to acclimatize them to the experimental
conditions and facilities. At the end of the acclimation period,
35 randomly captured fish (46.9 ± 0.32 g) were distributed into
each polyvinyl circular tank of 150 L capacity and supplied with
freshwater at a flow rate of 2 L min−1 and aeration. Triplicate
groups of fish were hand-fed the test diets to satiation twice
daily (07:00 and 15:00 h) for 10 weeks. Feeding was stopped
24 h prior to weighing or blood sampling to minimize handling
stress. Rearing water temperature, pH, and concentrations of
dissolve oxygen (DO), nitrite (NO2

−) and ammonium nitrogen
(NH4

+-N) were measured daily, and their values were estimated
at 14.6± 0.08◦C, 6.82± 0.03, 11.3± 0.19 mg l−1, 0.47± 0.02 mg
l−1, and 0.35 ± 0.02 mg l−1, respectively. Photoperiod was
maintained on a 12:12 light:dark schedule.

Sample Collection
At the end of the feeding trial, all the fish in each tank
were bulk-weighed and counted for calculation of growth
parameters and survival. Twelve fish per tank were randomly
captured, anesthetized with 2-phenoxyethanol (200 mg l−1),
and blood samples were collected from the caudal vein with
non-heparinized syringes, allowed to clot at 4◦C for 24 h,
then serum was separated by centrifugation for 10 min at
5,000 × g and stored at −70◦C for the analysis of blood
biochemical, innate immunity and antioxidant parameters.
Three different sets of three fish per tank were collected

for analysis of muscle proximate composition, VC and VE
concentrations, and fatty acid composition. Five fish per tank
were used for calculation of viscerosomatic index (VSI) and
hepatosomatic index (HSI). Liver and intestine samples were
collected from three fish per tank (nine fish per treatment) for
histological examinations.

Analytical Methods
Muscle Chemical and Fatty Acid Composition
Analyses of moisture, crude protein, crude lipid and ash contents
of the experimental diets and muscle samples were performed
based on the standard procedures (Asociation of Official
Analytical Chemists (AOAC), 2002). Moisture was determined
by drying the samples in an oven at 105◦C to constant weight;
crude protein was analyzed by the Kjeldahl method (N × 6.25)
with a FOSS Kjeltec 8400 analyser after acid digestion in an
autodigester (FOSS; Tecator); crude lipid was determined by
Soxhlet extraction in ether; ash content was measured by the
combustion method in a muffle furnace at 550◦C for 8 h.
Peroxide value was determined according to AOCS (1990). VC
concentrations of diet and muscle samples were analyzed using
high-performance liquid chromatography (HPLC) according to
Sakakura et al. (1998). VE concentration was quantified using
HPLC with a fluorescence detector as described by Gao et al.
(2012). Fatty acid methyl esters of the lipids were obtained
by transmethylation (Christie, 1989), which were subsequently
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TABLE 2 | Growth, feed utilization, organosomatic indices, and survival rate of
rainbow trout (Oncorhynchus mykiss) fed the experimental diets for 10 weeks.

FFO OFO OFO+C500+E400 OFO+C1000+E800

IBW 47.0 ± 0.23 47.0 ± 0.07 47.0 ± 0.07 46.7 ± 0.24

FBW 155 ± 6.45 149 ± 1.66 153 ± 3.21 148 ± 2.58

WG 229 ± 12.7 217 ± 3.02 225 ± 6.53 219 ± 6.42

SGR 1.70 ± 0.05 1.65 ± 0.01 1.68 ± 0.03 1.66 ± 0.03

FI 119 ± 5.98 118 ± 4.94 115 ± 1.50 121 ± 5.43

FCR 1.12 ± 0.01 1.17 ± 0.03 1.09 ± 0.04 1.19 ± 0.05

PER 2.15 ± 0.03 2.06 ± 0.05 2.14 ± 0.09 2.03 ± 0.08

VSI 15.5 ± 0.42 16.2 ± 0.42 15.5 ± 0.30 14.8 ± 0.44

HSI 1.52 ± 0.01a 1.43 ± 0.01b 1.52 ± 0.02a 1.40 ± 0.02b

Survival (%) 97.1 ± 1.65 99.1 ± 0.95 100 ± 0.00 100 ± 0.00

Values are mean of triplicate groups and presented as mean ± SE. Values in the
same row with different superscript letters are significantly different (P < 0.05).
IBW, Initial body weight (g); FBW, Final body weight (g); WG, Weight gain (%) = [(final
body weight – initial body weight)/initial body weight × 100]; SGR, Specific growth
rate (%) = [ln final body weight - ln initial body weight)/days] × 100; FI, Feed
intake (g/fish) = dry feed consumed (g)/fish; FCR, Feed conversion ratio = dry
feed fed/weight gain; PER, Protein efficiency ratio = wet weight gain/total protein
given; VSI, Viscerosomatic index = (Viscera weight/fish weight) × 100; HSI,
Hepatosomatic index = (liver weight/fish weight) × 100.

TABLE 3 | Muscle proximate composition of rainbow trout fed the experimental
diets for 10 weeks (% dry weight basis).

FFO OFO OFO+C500+E400 OFO+C1000+E800

Moisture 73.7 ± 0.31a 73.7 ± 0.46a 73.9 ± 0.35a 71.1 ± 0.62b

Protein 70.7 ± 0.32 69.6 ± 1.19 70.4 ± 1.17 71.1 ± 0.62

Lipid 23.8 ± 1.20 24.3 ± 0.73 24.1 ± 0.92 24.0 ± 0.77

Ash 4.87 ± 0.33 4.69 ± 0.13 4.99 ± 0.29 4.69 ± 0.09

Values are mean of triplicate groups and presented as mean ± SE. Values in the
same row with different superscript letters are significantly different (P < 0.05).

separated by gas liquid chromatography as explained earlier
(Izquierdo et al., 1990).

Serum Biochemical, Immune, and Antioxidant
Parameters
Serum biochemical parameters including total protein [TP],
total cholesterol [T-CHO], triglyceride [TG], glucose [GLU],
alanine aminotransferase [ALT], aspartate aminotransferase
[AST], and alkaline phosphatase [ALP] were measured using
kits with a VET-TEST 8008 analyzer (IDEXX Laboratories Inc.,
Maine, United States).

Antioxidant capacity parameters such as superoxide
dismutase [SOD] and catalase [CAT] activities,
and malondialdehyde [MDA] concentration were
analyzed spectrophotometrically using commercial
diagnostic kits (Sigma).

Lysozyme activity was measured according to the
turbidimetric method described by Swain et al. (2007) with
some modifications. Myeloperoxidase (MPO) activity was
measured according to Quade and Roth (1997). Shortly, 20
µl of serum was diluted with HBSS (Hanks Balanced Salt
Solution) without Ca2+ or Mg2+ (Sigma-Aldrich, United States)
in 96-well plates. Then, 35 µl of 3,3′,5,5′-tetramethylbenzidine

hydrochloride (TMB, 20 mM) (Sigma-Aldrich, United States)
and H2O2 (5 mM) were added. The color change reaction
was stopped after 2 min by adding 35 µl of 4 M sulfuric
acid. Finally, the optical density was read at 450 nm in a
microplate reader.

Antiprotease activity was measured according to the method
described by Ellis et al. (1990) with slight modifications
(Magnadóttir et al., 1999). Twenty microliters of serum was
incubated with 20 µl of standard trypsin solution (Type II-S,
from porcine pancreas, 5 mg ml−1, Sigma-Aldrich) for 10 min
at 22◦C. Then, 200 µl of phosphate buffer (0.1 M, pH 7.0) and
250 µl azocasein (2%) (Sigma) were added and incubated for
1 h at 22◦C. Thereafter, 500 µl of trichloroacetic acid (10%)
was added and incubated for 30 min at 22◦C. Subsequently, the
mixture was centrifuged at 6,000 × g for 5 min and 100 µl of
the supernatant was placed in the wells of 96-well flat-bottomed
microplate containing 100 µl of 1 N NaOH, and the OD was
read at 430 nm. For positive control, buffer replaced the serum,
and for the negative control buffer replaced both serum and
trypsin. The inhibition percentage of trypsin was estimated as
follows:

Trypsininhibition% = (A1 − A2)/A1) × 100

where A1 = control trypsin activity (without serum); A2 = trypsin
activity remained after adding serum.

Histology
The liver samples were fixed in neutral buffered formalin
10%. Intestine samples were transferred into Davidson’s fixative
(preserved overnight) and subsequently transferred into ethanol
(70%). The samples were dehydrated in ascending ethanol
concentrations (70, 95, and 100%), cleared in xylene, embedded
in paraffin, and cut into a series of 5 µm longitudinal and
crossed sections using a rotary microtome (Galileo, Italy).
Sections were subsequently stained with hematoxylin and
eosin (H&E) using a staining robot (Tissue-Tek DRS 2000,
Sakura). The slides were assessed for general histopathological
alterations and tissue structure, and later assessment of
selected cells in each tissue was conducted. Pathological
alterations were identified as described by Takashima and
Hibiya (1995); Bernet et al. (1999), and Saraiva et al.
(2016). The evaluation of the slides was conducted blinded
by three independent observers. Histological slides were
analyzed and photographed using an Olympus EX51 light
microscope fitted with Canon E600 digital camera and the
program QuickPhoto 3.2.

Statistical Analysis
All dietary treatments were assigned by a completely randomized
design. Data were analyzed by one-way analysis of variance
(ANOVA) in SPSS version 20 (SPSS Inc., Chicago, IL,
United States). When ANOVA identified differences among
groups, the difference in means was made with Duncan multiple
range test. Statistical significance was determined at P < 0.05.
Data are presented as mean ± SE. Percentage data were arcsine
transformed before statistical analysis.
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TABLE 4 | Muscle fatty acid (FA) composition of rainbow trout fed the experimental diets for 10 weeks (% total identified FA).

FAs FFO OFO OFO+C500+E400 OFO+C1000+E800

14:0 2.36 ± 0.15 2.02 ± 0.17 2.10 ± 0.14 2.39 ± 0.09

14:1n-7 0.019 ± 0.00 0.017 ± 0.00 0.017 ± 0.00 0.019 ± 0.00

14:1n-5 0.074 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.71 ± 0.00

15:0 0.23 ± 0.01a 0.20 ± 0.01b 0.20 ± 0.00ab 0.23 ± 0.01a

15:1n-5 0.012 ± 0.00 0.013 ± 0.00 0.013 ± 0.00 0.016 ± 0.00

16:OISO 0.036 ± 0.00ab 0.035 ± 0.00ab 0.034 ± 0.00b 0.038 ± 0.00a

16:0 13.9 ± 0.66a 12.3 ± 0.40b 12.6 ± 0.10ab 13.6 ± 0.41ab

16:1n-7 3.62 ± 0.11a 3.31 ± 0.12b 3.28 ± 0.03b 3.56 ± 0.07ab

16:1n-5 0.09 ± 0.00 0.08 ± 0.01 0.08 ± 0.00 0.09 ± 0.00

16:2n-6 0.008 ± 0.00 0.010 ± 0.00 0.008 ± 0.00 0.013 ± 0.01

16:2n-4 0.24 ± 0.00a 0.23 ± 0.00b 0.22 ± 0.00b 0.25 ± 0.00a

17:0 0.130 ± 0.01 0.134 ± 0.00 0.130 ± 0.00 0.134 ± 0.00

16:3n-4 0.181 ± 0.01 0.169 ± 0.00 0.166 ± 0.00 0.179 ± 0.01

16:3n-3 0.092 ± 0.01 0.079 ± 0.01 0.082 ± 0.00 0.083 ± 0.00

16:3n-1 0.015 ± 0.00 0.013 ± 0.00 0.014 ± 0.00 0.014 ± 0.00

16:4n-3 0.099 ± 0.01 0.120 ± 0.00 0.112 ± 0.01 0.115 ± 0.01

16:4n-1 0.010 ± 0.00 0.01 ± 0.00 0.009 ± 0.00 0.012 ± 0.00

18:0 4.19 ± 0.21 3.77 ± 0.03 3.84 ± 0.06 4.02 ± 0.14

18:1n-9 33.1 ± 1.10 31.2 ± 0.31 30.9 ± 0.60 32.4 ± 0.82

18:1n-7 3.43 ± 0.13 3.23 ± 0.04 3.17 ± 0.05 3.35 ± 0.12

18:1n-5 0.16 ± 0.01a 0.135 ± 0.00b 0.139 ± 0.00b 0.141 ± 0.00ab

18:2n-9 0.067 ± 0.01 0.059 ± 0.00 0.059 ± 0.00 0.058 ± 0.00

18:2n-6 10.1 ± 0.01a 9.79 ± 0.14b 9.94 ± 0.02ab 9.97 ± 0.09ab

18:2n-4 0.20 ± 0.00ab 0.19 ± 0.00b 0.19 ± 0.00b 0.21 ± 0.00a

18:3n-6 0.14 ± 0.00b 0.16 ± 0.00a 0.16 ± 0.01a 0.14 ± 0.00b

18:3n-4 0.22 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 0.23 ± 0.00

18:3n-3 2.92 ± 0.15 3.16 ± 0.04 3.11 ± 0.08 3.03 ± 0.07

18:3n-1 0.013 ± 0.00 0.012 ± 0.00 0.011 ± 0.00 0.014 ± 0.00

18:4n-3 0.51 ± 0.07 0.63 ± 0.02 0.59 ± 0.03 0.53 ± 0.04

18:4n-1 0.20 ± 0.02 0.24 ± 0.01 0.24 ± 0.01 0.22 ± 0.02

20:0 0.26 ± 0.02 0.23 ± 0.01 0.24 ± 0.01 0.25 ± 0.01

20:1n-9 0.48 ± 0.02 0.46 ± 0.01 0.48 ± 0.01 0.44 ± 0.04

20:1n-7 4.36 ± 0.21 4.16 ± 0.02 4.19 ± 0.13 4.31 ± 0.16

20:1n-5 0.24 ± 0.01 0.23 ± 0.00 0.23 ± 0.00 0.24 ± 0.01

20:2n-9 0.17 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.17 ± 0.00

20:2n-6 1.31 ± 0.03 1.30 ± 0.01 1.31 ± 0.02 1.32 ± 0.03

20:3n-9 0.039 ± 0.00 0.032 ± 0.00 0.030 ± 0.00 0.034 ± 0.00

20:3n-6 0.42 ± 0.00ab 0.45 ± 0.01a 0.44 ± 0.00ab 0.42 ± 0.01b

20:4n-6 0.49 ± 0.04 0.55 ± 0.02 0.55 ± 0.02 0.52 ± 0.02

20:3n-3 0.49 ± 0.01 0.52 ± 0.01 0.52 ± 0.00 0.50 ± 0.01

20:4n-3 0.72 ± 0.08 0.86 ± 0.03 0.86 ± 0.02 0.77 ± 0.05

20:5n-3 2.13 ± 0.38 2.76 ± 0.13 2.74 ± 0.13 2.33 ± 0.24

22:1n-11 2.50 ± 0.14 2.34 ± 0.02 2.39 ± 0.13 2.40 ± 0.18

22:1n-9 0.61 ± 0.04 0.57 ± 0.01 0.59 ± 0.03 0.58 ± 0.04

22:4n-6 0.109 ± 0.02 0.110 ± 0.00 0.112 ± 0.01 0.109 ± 0.01

22:5n-6 0.19 ± 0.02 0.23 ± 0.02 0.23 ± 0.02 0.22 ± 0.02

22:5n-3 0.99 ± 0.17 1.35 ± 0.08 1.33 ± 0.02 1.07 ± 0.11

22:6n-3 8.12 ± 1.83 11.9 ± 0.66 12.0 ± 1.03 9.22 ± 1.45

6 SFA 21.1 ± 1.02a 18.7 ± 0.60b 19.1 ± 0.15ab 20.7 ± 0.61ab

6 MUFA 48.7 ± 1.74 45.8 ± 0.43 45.6 ± 0.78 47.6 ± 1.31

6 n-6 12.8 ± 0.04 12.7 ± 0.05 12.6 ± 0.11 12.7 ± 0.15

6 n-6 LC-PUFA 2.53 ± 0.03 2.64 ± 0.06 2.65 ± 0.02 2.58 ± 0.08

6 n-3 16.1 ± 2.70 21.3 ± 1.67 21.3 ± 0.76 17.6 ± 1.97

6 n-3 LC-PUFA 12.5 ± 2.47 17.4 ± 0.91 17.5 ± 0.74 13.9 ± 1.85

(Continued)
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TABLE 4 | (Continued)

FAs FFO OFO OFO+C500+E400 OFO+C1000+E800

EPA + DHA 10.3 ± 2.21 14.6 ± 0.79 14.7 ± 0.70 11.5 ± 1.69

EPA/ARA 22.6 ± 7.47 25.1 ± 0.74 24.5 ± 1.48 22.1 ± 3.60

DHA/EPA 3.72 ± 0.25b 4.30 ± 0.06ab 4.39 ± 0.11a 3.92 ± 0.23ab

n-6/n-3 0.85 ± 0.17 0.60 ± 0.03 0.60 ± 0.02 0.74 ± 0.09

Values are mean of triplicate groups and presented as mean ± SE. Values in the same row with different superscript letters are significantly different (P < 0.05).

RESULTS

Growth Performance
The results showed no significant effects of OFO or VC and
VE supplementation on growth, feed intake, feed utilization
and survival rate of rainbow trout (P > 0.05) (Table 2).
Significantly (P < 0.05) lower HSI values were found in the
groups received OFO and OFO+C1000+E800 diets compared to
FFO and OFO+C500+E400 groups.

Muscle Proximate and Fatty Acid
Composition
Muscle protein, lipid and ash contents were not influenced by
dietary treatments (Table 3). Lower muscle moisture content
was found in OFO+C1000+E800 group than the other groups.
Muscle fatty acid composition analysis revealed reduction of
15:0, 16:0, 18:2n-6 (linoleic acid) and total saturated fatty acids
(SFA) in OFO group compared to the FFO group (Table 4).
Moreover, significantly lower 16:1n-7, 16:2n-4, 18:1n-5, and
18:2n-4 proportions were found in OFO and OFO+C500+E400
groups than the FFO group. In contrast, higher concentration of
18:3n-6 and 20:3n-6 were detected in OFO and OFO+C500+E400
groups. Moreover, OFO+C500+E400 group exhibited the highest
docosahexaenoic acid (DHA, 22:6n-3) to eicosapentaenoic acid
(EPA, 20:5n-3) ratio.

Slight reductions in filet VC and VE concentrations were
found in OFO group compared to FFO group, and their
concentrations increased by increasing dietary VC and VE levels
in a dose dependent manner, however, the observed differences
were not statistically significant (Figure 1).

Serum Biochemical, Antioxidant, and
Immune Parameters
OFO group exhibited drastically higher serum TG concentration
than the other groups. Also, significantly higher serum
AST activity was detected in OFO and OFO+C1000+E800
groups compared to the other treatments. Moreover, OFO
and OFO+C500+E400 groups showed significantly higher
serum ALP activity. However, serum TP, T-CHO, and GLU
concentrations and ALT activity were not affected by dietary
treatments (Table 5).

Serum lysozyme and antiprotease activities significantly
decreased in OFO group compared to the FFO and
OFO+C500+E400 groups. No significant difference was found
for serum myeloperoxidase activity among the experimental
treatments (Table 6). The groups fed FFO and OFO+C500+E400

TABLE 5 | Serum biochemical parameters of rainbow trout fed the experimental
diets for 10 weeks.

FFO OFO OFO+C500+E400 OFO+C1000+E800

TP 4.49 ± 0.37 4.51 ± 0.15 4.38 ± 0.13 4.80 ± 0.25

T-CHO 229 ± 10.4 235 ± 11.4 212 ± 9.77 234 ± 5.79

TG 326 ± 3.63b 378 ± 5.08a 326 ± 6.08b 332 ± 16.1b

GLU 77.6 ± 7.50 70.3 ± 5.01 74.1 ± 4.46 80.0 ± 4.00

ALT 50.1 ± 7.61 60.0 ± 7.86 45.8 ± 4.89 49.1 ± 4.55

AST 663 ± 44.9ab 867 ± 98.0a 535 ± 13.6b 813 ± 105.6a

ALP 405 ± 14.4b 525 ± 11.3a 491 ± 5.10a 461 ± 15.9b

Values are mean of triplicate groups and presented as mean ± SE. Values in the
same row with different superscript letters are significantly different (P < 0.05).
TP, Total protein (g d−1); T-CHO, Total cholesterol (mg dl−1); TG, Triglyceride
(mg dl−1); GLU, Glucose (mg dl−1); ALT, Alanine aminotransferase (U l−1); AST,
Aspartate aminotransferase (U l−1); ALP, Alkaline phosphatase (U l−1).

TABLE 6 | Serum innate immunity and antioxidant parameters of rainbow trout fed
the experimental diets for 10 weeks.

FFO OFO OFO+C500+E400 OFO+C1000+E800

LYZ 13.7 ± 0.88a 9.58 ± 1.11b 13.4 ± 1.15a 10.3 ± 0.98ab

MPO 1.21 ± 0.01 1.22 ± 0.01 1.20 ± 0.03 1.19 ± 0.02

AP 25.4 ± 1.25a 18.2 ± 1.23b 24.7 ± 2.56a 23.8 ± 1.88ab

SOD 70.8 ± 3.01a 60.7 ± 1.74b 69.2 ± 1.17a 61.6 ± 2.31b

CAT 32.9 ± 1.21a 26.4 ± 1.49b 35.5 ± 0.39a 28.1 ± 0.56b

MDA 149 ± 5.48b 185 ± 5.92a 145 ± 14.9b 176 ± 12.1ab

Values are mean of triplicate groups and presented as mean ± SE. Values in the
same row with different superscript letters are significantly different (P < 0.05).
LYZ, Lysozyme activity (U ml−1); MPO, Myeloperoxidase activity (absorbance); AP,
Antiprotease activity (% trypsin inhibition); SOD, Superoxide dismutase activity (%
inhibition); CAT, Catalase activity (U ml−1); MDA, Malondialdehyde concentration
(nmol ml−1).

diets revealed remarkably higher SOD and CAT activities than
OFO and OFO+C1000+E800 groups, and an opposite trend was
observed for serum MDA concentration (Table 6).

Liver and Intestine Histology
The results of histological examination of liver are presented
in Figure 2. Hepatocytes of the fish were characterized by
varying amounts of vacuoles and the cytoplasm showed mild
to moderate granulation, however, no statistically significant
differences were found among the treatment groups (Figure 3).
No histopathological changes were observed in the intestines
of examined fish (Figure 4). The mucosal epithelium was well
developed as a single layer, the epithelial cells were uniform in
size and arrangement, without indication of hypo/hyperplasia
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FIGURE 1 | Vitamin C and E concentrations in dorsal muscle of rainbow trout fed fresh fish oil diet (FFO diet), oxidized fish oil containing diet (OFO diet), OFO diet
supplemented with 500 mg kg−1 VC and 400 mg kg−1 VE (OFO+C500+E400) or 1,000 mg kg−1 VC and 800 mg kg−1 VE (OFO+C1000+E800) for 10 weeks. No
significant difference was found among treatments.

or hypo/hypertrophy. No indication for atrophic or necrotic
alterations of the epithelial cells and indication for inflammation
by infiltration of leukocytes or lymphocytes were observed.

DISCUSSION

There are several reports indicating that lipid oxidation adversely
impacts feed intake and growth performance in various fish
species (Kubiriza et al., 2017; Fatima et al., 2019), however, the
results have been controversial. Chen X. et al. (2019) examined
the effects of diets containing OFO with various degrees of
oxidation and peroxide values (POV) of 6.43–402.7 meq kg−1

on growth of Rhynchocypris lagowski Dybowski, and their results
showed the progressive reduction of growth, feed efficiency and
protein efficiency as oxidation degree of fish oil increased. The
results of a red sea bream (Pagrus major) study showed that
offering diets with low (POV = 83.8 meq kg−1) and high degree of
oxidation (POV = 159 meq kg−1) results in profound reduction
of growth performance (Gao et al., 2012). Also, reduction of
growth performance after administration of OFO diets has been
reported in Atlantic salmon (Salmo salar L.) (Sutton et al., 2006)
and Labeo rohita (Fatima et al., 2019). In contrary, studies on
gilthead sea bream (Sparus aurata L.) (Tocher et al., 2003) and
largemouth bass (Micropterus salmoides) (Chen et al., 2012; Yin
et al., 2019) showed the improvement of growth performance by
feeding OFO diets. However, there are several reports indicating
no significant effect of oxidized oil diet on growth of Atlantic
halibut (Hippoglossus hippoglossus) (Lewis-McCrea and Lall,
2007), Atlantic cod (Gadus morhua) (Zhong et al., 2008), Chinese
longsnout catfish (Leiocassis longirostris) (Dong et al., 2011),
red sea bream (Gao et al., 2013), and Senegalese sole (Solea
senegalensis) (Boglino et al., 2014). Likewise, in the current study
inclusion of OFO (POV = 182 meq kg−1) in rainbow trout

feed did not influence growth performance which agrees with a
previous rainbow trout study (Fontagné-Dicharry et al., 2018).
These inconsistencies may stem from the variation in oxidation
degree of oil, feeding period, different tolerance of fish species
to oxidized oil, or differences in degree of protection against
oxidative damage by antioxidant defense system (Tocher et al.,
2003; Dong et al., 2011; Gao et al., 2013; Yin et al., 2019). Also,
different species may disparately react to the changes in feed
odor due to OFO which will impact feed intake, some fish might
be sensitive to particular odors while the smell of OFO may
stimulate feed intake in some other fish species (Dong et al., 2014;
Chen X. et al., 2019). Moreover, feed composition may influence
the effects of OFO on fish growth as some feed ingredients could
counteract the adverse impacts of OFO through disguising the
odor of OFO, dilution of oxidation products or reducing OFO
toxicity (Chen et al., 2012; Chen X. et al., 2019).

On the other hand, in this study supplementing VC and
VE in OFO diet did not influence fish growth, although
OFO+C500+E400 group showed slightly higher weight gain
(WG) and specific growth rate (SGR) than the OFO group.
Similarly, no improvements were found in growth performance
of turbot (Scophthalmus maximus) (Tocher et al., 2003), halibut
(Hippoglossus hippoglossus) (Tocher et al., 2003), and Atlantic
cod (Zhong et al., 2008) by VE addition to oxidized oil diets.
Moreover, combined supplementation of different doses of VC
and VE in oxidized oil diets for red sea bream did not result in
any changes in growth performance compared to fish received
a FFO diet (Gao and Koshio, 2015). However, Gao et al. (2012)
showed that supplementing 100 or 200 mg kg−1 VE in OFO diet
improves growth performance of red sea bream. Also, another
red sea bream study showed the improvement of growth by
supplementing 400 or 800 mg kg−1 VC in oxidized oil diets
(Gao et al., 2013). In contrast, Zhang et al. (2016) reported the
deleterious effect of supplementing 200 mg kg−1 VE in oxidized
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FIGURE 2 | Cross sections of liver in rainbow trout fed fresh fish oil diet (FFO diet, (A)), oxidized fish oil containing diet (OFO diet, (B)), OFO diet supplemented with
500 mg kg−1 VC and 400 mg kg−1 VE (OFO+C500+E400, (C)) or 1,000 mg kg−1 VC and 800 mg kg−1 VE (OFO+C1000+E800, (D)) for 10 weeks. Arrows indicate
vacuoles in the cytoplasm (H&E, scale bar 50 µm).

FIGURE 3 | Box Plot of vacuoles in the cytoplasm of liver of rainbow trout fed fresh fish oil diet (FFO diet), oxidized fish oil containing diet (OFO diet), OFO diet
supplemented with 500 mg kg−1 VC and 400 mg kg−1 VE (OFO+C500+E400) or 1,000 mg kg−1 VC and 800 mg kg−1 VE (OFO+C1000+E800). The absence of
superscript letters indicates no significant differences among treatments (P > 0.05), n = 5–7.
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FIGURE 4 | Foregut structure of rainbow trout fed fresh fish oil diet (FFO diet, (A)), oxidized fish oil containing diet (OFO diet, (B)), OFO diet supplemented with
500 mg kg−1 VC and 400 mg kg−1 VE (OFO+C500+E400, (C)) or 1,000 mg kg−1 VC and 800 mg kg−1 VE (OFO+C1000+E800, (D)). (H&E, scale bar 50 µm).

diets on growth performance of Japanese seabass (Lateolabrax
japonicus). Also, Gao et al. (2014) examined the interactive effects
of adding varying doses of VC and VE to oxidized oil diets, and
their results showed that co-supplementation of 200 mg kg−1 VE
and 1,000 mg kg−1 VC leads to suppressed growth of Japanese
flounder (Paralichthys olivaceus).

In this study, OFO and OFO+C1000+E800 groups exhibited
significantly lower HSI values than the other treatments.
Likewise, a largemouth bass study showed the reduction of HSI
in fish fed oxidized diet, but no changes were observed by VE
application (Chen et al., 2013). In contrast, black sea bream
(Acanthopagrus schlegeli) fed oxidized diet showed higher HSI
than those offered FFO diet, and intermediary values were found
for groups received oxidized diet supplemented with varying
levels of VE (Peng et al., 2009). Also, a red sea bream study
showed the reduction of HSI by increasing VE supplementation
level in low and high oxidized diets (Gao et al., 2012). No
significant effect of dietary treatments was found on muscle
protein and lipid contents which is in parallel to studies on hybrid
tilapia (Oreochromis niloticus × O. aureus) (Huang and Huang,
2004) and Japanese flounder (Gao et al., 2014).

Fatty acid composition analysis showed decreased muscle
15:0, 16:0, 16:1n-7, 16:2n-4, 18:1n-5, 18:2n-6, 18:2n-4, and
total SFA contents in fish fed OFO diet, and addition of
1,000 mg kg−1 VC and 800 mg kg−1 VE in OFO diet
enhanced their proportion. Similarly, feeding oxidized oil diet

led to remarkable reduction of 16:1, 18:2, 18:3n-3, 20:3n-3, and
20:5-n3 in muscle of Atlantic cod, and VE supplementation
retrieved their values with the exception of 20:3n-3 (Zhong
et al., 2008). Also, an Atlantic halibut study showed decreased
muscle 18:2n-6, 20:1n-9, 22:5n-3, and total monounsaturated
fatty acids (MUFA) contents in groups received moderately or
highly oxidized fish oil but their values were not affected by
VE supplementation (Lewis-McCrea and Lall, 2007). Moreover,
feeding low/high oxidized oil diets led to reduced 18:2n-6,
20:5n-3, 22:5n-3, and 22:6n-3, and increased 16:1n-7, 18:1n9,
and 22:1n-11 contents in muscle of red sea bream, and VC
supplementation in low oxidized oil diet recovered 22:5n-3 and
22:6n-3 contents (Gao et al., 2013). On the other hand, in
the current study higher proportion of eicosapentaenoic acid
(EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3), total n-3,
and total n-3 long-chain polyunsaturated fatty acids (LC-PUFA)
were found in OFO group and their percentages decreased in
OFO+C1000+E800 group, although the differences were not
statistically significant. A similar observation has also been found
in African catfish (Clarias gariepinus) (Baker and Davies, 1996),
black sea bream (Peng et al., 2009), and Labeo rohita (Fatima
et al., 2019). The higher proportion of LC-PUFA in fish fed
oxidized oil diet could be due to higher energy demand of fish
in response to oxidized oil which is met through utilization of
other fatty acids such as SFA and MUFA (confirmed by their
decreased proportion in this study) leading to increased relative
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percentage of LC-PUFA (Peng et al., 2009; Fatima et al., 2019).
It has also been suggested that peroxidation of LC-PUFA by free
radicals may induce compensatory overproduction of these fatty
acids (Buttriss and Diplock, 1988).

Feeding oxidized diets is associated with depletion of
antioxidants such as VE in tissues (Baker and Davies, 1997). Our
results showed the non-significant reduction of dorsal muscle
VC and VE contents in OFO group and their concentrations
numerically increased by VC and VE supplementation. This may
indicate that the basal levels of VC and VE were adequate to
restrain lipid peroxidation in the body. Likewise, Gao et al. (2013)
found no significant changes in muscle VC and VE contents of
red sea bream fed diets with different degree of oxidation and
VC levels. Also, feeding diets containing moderately and highly
oxidized oil did not impact muscle and liver VE concentration
in Atlantic halibut (Lewis-McCrea and Lall, 2007). However,
a largemouth bass study showed the progressive reduction of
muscle and liver VE concentrations following administration of
diets with different degrees of oxidation (Chen et al., 2012). Also,
Fatima et al. (2019) showed that fish oil oxidation results in
decreased muscle and liver VE concentrations in Labeo rohita
fingerlings, but no changes could be found due to VE addition.
These discrepancies could be due to different absorption rate of
lipid oxidation products among species, experimental conditions
(Fatima et al., 2019), and differences in degree of oil oxidation,
and supplemental doses of VC and VE in the basal diet.
Furthermore, Dabrowski et al. (1990) indicated that 8–10-
fold body weight increase is required to demonstrate ascorbate
deficiency in rainbow trout whereas in the current study fish
weight gain was much smaller.

Blood biochemical parameters are used as reliable means for
monitoring fish health (Rahimnejad et al., 2019). We found
a drastic enhancement in serum TG concentration in fish
fed oxidized oil diet and co-supplementation of VC and VE
significantly decreased its concentration. Likewise, Gao et al.
(2012) reported the increment of plasma TG concentration
in red sea bream fed OFO and increasing dietary VE level
reduced its concentration. Also, feeding diets containing highly
oxidized fish oil led to elevated serum TG level in orange spotted
grouper (Epinephelus coioides) (Liu et al., 2019). Impacts of
oil oxidation on lipid metabolism has been barely investigated
in fish, however, studies on rats revealed suppressed activity
of hepatic enzymes which are involved in fatty acids synthesis
(Eder and Kirchgessner, 1998; Lamboni et al., 1998). Yuan et al.
(2014) showed that oil oxidation results in decreased liver fat
content, and increased plasma TG and CHO concentrations in
largemouth bass and suggested that oil oxidation may lead to
deteriorated absorption of these nutrients in the liver. Also, Gao
et al. (2012) noted that the reduction of plasma TG concentration
by VE supplementation could be associated with reduction
of TG in chylomicrons. Moreover, TG lowering property of
VC has been documented in several fish species such as red
sea bream (Tongjun et al., 2008), yellow catfish (Pelteobagrus
fulvidraco) (Liang et al., 2017), and Nile tilapia (Oreochromis
niloticus) (El Basuini et al., 2021). Serum/plasma ALT and AST
activities are used as diagnostic tools for liver damage. Xie
et al. (2020) reported the progressive increment of plasma ALT

and AST activities in largemouth bass by increasing oxidation
degree of fish oil. Similarly, in this study the highest serum
AST activity was detected in OFO group which significantly
differed from that of the OFO+C500+E800 group. Gao et al.
(2014) showed that combined supplementation of 1,000 mg
kg−1 VC and 100 mg kg−1 VE in OFO diet results in reduced
plasma AST activity in Japanese flounder whereas increasing VE
dose to 200 mg kg−1 led to a doubled AST activity which is
consistent with the present study. These authors pointed out
that overdose supplementation of VC and VE can result in
lipid peroxidation leading to liver damage. Elevated serum ALP
activity is also inferred as a sign of liver dysfunction (Owu
et al., 1998). In this study, serum ALP activity increased in
OFO and OFO+C500+E400 groups. Similarly, Lewis-McCrea
and Lall (2007) found numerical increase of serum ALP activity
in Atlantic halibut fed oxidized diets. Also, offering oxidized oil
containing diet led to drastic enhancement of serum ALP activity
in Wistar rats (Owu et al., 1998).

Lysozyme is a bactericidal enzyme which is considered as a key
component of humoral innate immunity providing protection
against pathogens in fish (Ren et al., 2007; Rahimnejad and
Lee, 2014). Our results showed the suppression of lysozyme
activity in OFO group and a significant improvement was
found by supplementing 500 mg kg−1 VC and 400 mg
kg−1 VE. Similar to our results, replacing FFO with OFO
led to decreased serum/plasma lysozyme activity in sea bass
(Dicentrarchus labrax) (Obach et al., 1993) and Japanese sea
bass (Han et al., 2012). Antiprotease activity is an inhibitory
component of fish innate immunity which acts through
inhibiting the intrusion of pathogens via chelating their produced
protease enzyme for digestion of the host protein (Ellis,
2001). Our results showed the significant enhancement of
antiprotease activity in OFO+C500+E400 group compared to
OFO group indicating enhanced protection of fish against
invading pathogens (Shin et al., 2014). Likewise, Priyadarsani
et al. (2021) reported elevated serum antiprotease activity
by VE supplementation in diets for L. rohita. However,
no effect of VC was found on plasma antiprotease activity
in hybrid striped bass (Morone chrysops × M. saxatilis)
(Yamamoto et al., 2020).

Deleterious impacts of oxidized oil on antioxidant system have
been demonstrated in several fish and shellfish species (Fontagné-
Dicharry et al., 2014; Chen S. et al., 2019; Song et al., 2019).
VE and VC application has been used as an efficient strategy
for attenuating oxidative stress in various fish species (Tocher
et al., 2003; Chen et al., 2013; Gao et al., 2013; Fatima et al.,
2019), however, both vitamins may act as a pro-oxidant at high
doses (Kontush et al., 1996; Pearson et al., 2006; Poljsak and
Ionescu, 2010). SOD, CAT, and glutathione peroxidase are the
primary antioxidant enzymes that intercept the overproduction
of reactive oxygen species in fish. MDA as the end product of
lipid peroxidation is used as a key indicator for assessment of
oxidative damage. Our results showed the significant reduction
of SOD and CAT activates in OFO group and an opposite
trend was observed for MDA concentration. Additionally, SOD
and CAT activities increased, and MDA concentration decreased
in OFO+C500+E400 group indicating that the moderate doses
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of VC and VE are adequate to prevent the oxidative stress
caused by OFO in rainbow trout. Chen X. et al. (2019)
reported the significant reduction of liver CAT and SOD
activities and mRNA levels, and enhancement of liver MDA
concentration by increasing oxidation degree of fish oil in
R. lagowski Dybowski juveniles. Also, Gao et al. (2014)
reported the increment of reactive oxygen metabolites (ROMs)
and depressed biological antioxidant potential (BAP) in
Japanese flounder fed OFO diet compared to those fed
FFO diet. Moreover, their results showed the reduction of
ROMs and enhancement of BAP in groups of fish received
OFO+C500+E200 or OFO+C1000+E100 while detrimental
impacts were found in fish fed OFO+C1000+E200 diet. In
addition, Zhang et al. (2016) showed that supplementing
60 mg kg−1 VE in oxidized diet results in enhanced liver
SOD and CAT activities and decreased MDA concentration
while negative impacts were observed when VE dose was
increased to 200 mg kg−1 diet. Our results provides further
evidence that high doses of VC and VE may exert pro-
oxidant effects. Kaewsrithong et al. (2001) noted that
excessive supplementation level of VE can accelerate lipid
peroxidation. Moreover, Eder et al. (2002) reported that
excessive intake of VE when combined with salmon oil in
the diet results in decreased antioxidant enzymes activity
in erythrocytes of rats. VE protects cell membrane through
donating hydrogen to lipid peroxyl radicals leading to
formation of α-tocopher-oxyl radical which is an oxidant
and is reduced by the act of VC or reduced glutathione
(GSH). High dose of VE may trigger more creation of
α-tocopher-oxyl radical which requires more VC and
GSH to be reduced. Since VC and GSH are not capable
of reducing all the produced α-tocopher-oxyl radical,
excess α-tocopher-oxyl radical may act as a pro-oxidant
(Jiang et al., 2009).

Increasing oxidation degree of fish oil resulted in
degeneration of hepatocytes, characterized by lipid vacuoles
and nuclear migration, in largemouth bass (Chen et al.,
2012). The lack of significant difference in vacuolation
of hepatocytes between FFO and OFO groups in this
study may indicate that rainbow trout can tolerate diet
containing oxidized fish oil with POV value of 182
meq kg−1. In addition, VC and VE supplementation
partially reduced vacuolation of hepatocytes in this study
indicating their protective effects (Chen et al., 2012).
Absence of pathological effects of OFO on foregut in
the current study agrees with an Atlantic cod research
(Kjær et al., 2014).

CONCLUSION

To sum up, data generated in this study showed that fish
oil with the oxidation degree used in this study or combined
supplementation of VC and VE did not influence growth, feed
intake, feed utilization, and muscle VC and VE concentrations
of rainbow trout. Addition of 1,000 mg kg−1 VC and 800 mg
kg−1 VE in OFO diet recovered muscle 16:1n-7, 16:2n-4, 18:1n-
5, 18:2n-6, and 18:2n-4 contents. Moreover, non-specific immune
response and antioxidant capacity were improved by application
of 500 mg kg−1 VC and 400 mg kg−1 VE in OFO diet.
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