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Abstract: Proenkephalin (PENK), as the precursor of endogenous opioid enkephalin (ENK), is widely
present in the nervous system and plays an important role in animal food addiction and rewarding
behavior. In our study, we intend to study the functional characterization and molecular marker
development of the penk gene related to food habit domestication of mandarin fish. We found that
the penk gene of mandarin fish had three types of endogenous opioid peptide sequences. Compared
with other tissues, penk mRNA was highly expressed in the whole brain. Intracerebroventricular
(ICV) injection of lysine or methionine significantly increased the expression of penk mRNA. The
expression of penk mRNA in the brain of mandarin fish that could be easily domesticated from eating
live prey fish to artificial diets was significantly higher than those that could not. After feeding with
high-carbohydrate artificial diets, the expression of penk mRNA showed no significant difference
between mandarin fish with hypophagia and those that still ate normally. A total of four single
nucleotide polymorphisms (SNP) loci related to easy domestication toward eating artificial diets were
screened from the mandarin fish population. Additionally, the TT genotype at one of the loci was
significantly correlated with the food habit domestication of mandarin fish.

Keywords: mandarin fish; penk gene; food habit domestication; food addiction; single nucleotide
polymorphisms (SNP)

1. Introduction

As the precursor of enkephalin (ENK), proenkephalin (PENK) is processed into the
endogenous pentapeptides Leu-enkephalin (LEK) and Met-enkephalin (MEK), the hep-
tapeptide Met-enkephalin-arg®-phe’ [1], the octapeptide Met-enkephalin-arg®-gly”-leu® [2],
and the E peptide [3] by enzymatic cleavage. The MEK, LEK, and E peptide found in
zebrafish and African lungfish are all highly conserved with humans [4]. PENK is widely
present in various tissues through tissue-specific processing [5,6] as a neurotransmitter and
neuromodulator. It acts with opioid receptors to induce physiological effects, such as food
intake, rewarding behavior, learning, memory, and thermoregulation [7,8].

It is well known that food addiction (FA) is caused by inhibiting negative reward
circuits and by activating positive reward circuits, and that addiction is closely related to
the mesolimbic dopamine system [9,10]. Reward dysfunction and emotional dysregulation
are fundamental mechanisms that trigger food addiction in animals [11]. Many genes are
identified that affect food addiction, such as FTO, ADH1B, CHRNA, ALDH2, POMC, PENK,
etc. [12,13]. Opioids activate p-opioid receptors, inhibit GABAergic neurons, and release
VTA dopaminergic neurons, thereby increasing dopamine release [14]. PENK-derived
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ENKs act as endogenous ligands for - and p-opioid receptors, which may be involved in
emotion regulation activities, such as euphoria, and rewarding behavior [15,16]. Studies
have shown that the PENK gene is involved in addiction and rewarding behavior [17,18].
Although the positive neurons of Mek and Lek have been significantly detected in the
nervous system of African lungfish [19], Penk has not been extensively characterized in
mandarin fish.

Mandarin fish is an important freshwater fish in China and has a very peculiar food
preference. In the wild or in reared conditions, they only eat live fry fish and reject dead
fish or artificial feed [20], which seriously restricts the sustainable development of the
mandarin fish aquaculture. The feeding preference of mandarin fish is similar to FA,
and we speculate that the penk gene might be related to the food habit domestication of
mandarin fish from live prey fish to dead prey fish. There were individual differences in the
food habit domestication of mandarin fish [21]. Among the mandarin fish populations with
different abilities of domestication to artificial diets, there were significant differences in
gene expression in multiple pathways such as appetite control, learning, and memory [22].

Research on addiction by analyzing the single nucleotide polymorphism of the protein-
encoding PENK gene has been increasing in recent years [23]. Identifying the SNP loci of
the penk gene related to the feeding habit domestication of mandarin fish has important
theoretical and practical significance for mandarin fish aquaculture with artificial diets.
Therefore, this project intends to study the molecular characteristics of the penk gene, its
gene expression level, and SNP loci related to food habit domestication.

2. Materials and Methods
2.1. PENK Gene Structure and Synteny Analysis

By comparing and analyzing the DNA and cDNA sequences of PENK gene, the exon
and intron segments were distinguished. In order to determine the homology relationship
of PENK genes between mandarin fish and other species, we searched for the PENK gene
of mandarin fish, human, mouse, zebrafish, and European seabass in the mandarin fish
database (http://genomes.igb-berlin.de/cgi-bin/hgGateway?db=sinChu? (accessed on 23
April 2021)), the Ensembl database (http:/ /asia.ensembl.org/index.html (accessed on 26
April 2021)), the NCBI website (http:/ /www.ncbi.nlm.nih.gov/mapview/ (accessed on
27 April 2021)), and the European seabass database (http://genomes.igb-berlin.de/cgi-
bin/hgGateway?db=dicLabl (accessed on 28 April 2021)). A synlinear analysis was carried
out together with mandarin fish at the same time. Amino acid sequence alignments were
analyzed with Jalview software. Table 1 lists the amino acid sequences of the PENK gene in
different species. All amino acid sequences were used for a phylogenetic analysis of the
PENK gene.

Table 1. The accession numbers of PENK amino acid sequences of different species.

Species EMBL/GenBank Databases
Mandarin fish (Siniperca chuatsi) PENK: SC_LG18_22463
Human (Homo sapiens) PENK: NP_001129162.1
Mouse (Mus musculus) PENK: NP_001335138.1
Zebrafish (Danio rerio) PENKA: NP_956377.2
Zebrafish (Danio rerio) PENKB: NP_878303.1
European seabass (Dicentrarchus labrax) PENK: DLA_LG10_000290
Chicken (Gallus gallus) PENK: XP_040520680.1
Japanese medaka (Oryzias latipes) PENK: XP_011484397.1
African clawed frog (Xenopus laevis) PENK: XP_018079238.1
Torafugu (Takifugu rubripes) PENK: XP_011614671.1
Spotted green pufferfish (Tetraodon nigroviridis) PENK: ALD51518.1
Blackstrip livebearer (Poeciliopsis prolifica) PENK: JAO05419.1
Nile tilapia (Oreochromis niloticus) PENK: XP_003456767.1
Grass carp (Ctenopharyngodon idellus) PENK: ROL48303.1

Japanese medaka (Oryzias latipes) PENK: XP_011484397.1
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2.2. Experimental Fish and Experimental Approach
2.2.1. The Origin of Experimental Fish

The experimental mandarin fish were provided by the Mandarin Fish Research Center
of Huazhong Agricultural University, which were transferred to the circulating aquaculture
system for 2 weeks to adapt to the culture environment used in the experiment in advance.
The fish were raised under constant temperature conditions (25 = 0.5 °C) in the aquarium.
During the culture process, the dissolved oxygen was 7.26-7.86 mg/L and the pH was
7.11-7.59. In order to analyze the distribution of the penk gene in various tissues of mandarin
fish, the tissues of brain, intestine, liver, spleen, muscle and head kidney of six fish were
randomly taken out, frozen with liquid nitrogen, and stored at —80 °C.

2.2.2. The Experimental Approach of Intracerebroventricular Injection of Amino Acid

The fish samples used in the experiments were derived from previous studies [24,25].
After the mandarin fish has adapted to the culture environment, 96 mandarin fish (40 £ 4 g)
were selected and randomly divided into eight groups (n = 12/group), and each tank
(40 cm x 50 cm x 40 cm) only held one mandarin fish. Fish injected with 2 pL of phosphate-
buffered saline (PBS) were used as the control group, and the experimental group was
injected with 20 pg of histidine, lysine, tryptophan, methionine, phenylalanine, threonine,
and arginine (all dissolved in 2 uL PBS). The fish were anesthetized with MS-222 (200 mg/L,
dissolved in water) (Redmond, WA, USA) until loss of equilibrium and then carried out
for injection at 9:00 a.m. The ICV injection was performed in accordance with the methods
described previously [26] using a 25 pL. Hamilton microsyringe (Hamilton, Reno, NV,
USA). After the injection, the mandarin fish were put into the aerated water, and then
immediately returned into the test tank and fed with 20 Cirrhinus mrigala juvenile fish
(body weight 0.35 & 0.05 g) for each tank. The average weight of 20 prey fish was recorded
in each experimental group. The food intake at 1, 4, 8, 12, and 24 h after injection was
accurately determined by accurately counting the number of prey fish consumed, and then,
the number of prey fish was converted into the total weight of food intake. The ratio of the
quantity of the bait fish to the quantity of the mandarin fish represented the food intake
of the single-tailed mandarin fish (g/g). Through the previous results [25], there were
significant differences in the food intake of mandarin fish in each group at 12 h after amino
acid injection, and we detected the expression of penk mRNA after ICV injection for 12 h.

2.2.3. The Experimental Approach of Food Habit Domestication

The fish samples used in this experiment were all from previous experiments [27]. The
mandarin fish (69.9 £ 10.2 g) were domesticated and fed with artificial diets (Supplementary
File S1) for 18 days. All the fish were fed in the morning and evening every day, and the
amount of artificial diets was 4% of the total weight of the mandarin fish. The specific
domestication steps were as follows [27]: (1) All of the mandarin fish were fed with live
fish prey for three days, starved for two days, and fed with artificial diets for one day.
According to whether the mandarin fish ate artificial diets, mandarin fish were divided
into two groups [28]: fish that did not eat artificial diets and fish that could be easily
domesticated to eat artificial diets. (2) The fish which did not eat artificial diets were fed
with live fish prey for three days, starved for two days, and fed with artificial diets for one
day. The fish which ate artificial diets were fed with live fish prey for one day and fed with
artificial diets for three days. (3) We further screened out the fish that eat artificial feed
and repeated the second domestication process one more time. In the end, we obtained
two groups of fish: those that did not eat artificial diets and those that could be easily
domesticated toward eating artificial diets after the three domestication processes, named
the W (n = 56) and the X (n = 25) groups, respectively. The brains of six fish were randomly
selected from the two groups for real-time quantitative PCR detection. At the same time,
the caudal fins of some fish were selected from group W (n = 30) and group X (n = 25) for
molecular marker development.
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2.2.4. The Experimental Approach of High-Carbohydrate Artificial Diet Feeding

The fish samples used in this experiment were all from previous experiments [29], and
135 mandarin fish (50 & 5 g) were domesticated to feed on the high-starch (8%) artificial
diets with a quantity of 4% of the total fish weight following the domestication methods [27].
After 61 days of continuous feeding, the mandarin fish that still ingested normally during
the whole feeding period were named the normal group (n = 17), and that for which
food intake was reduced to 1/2 or even no diet for 5 consecutive days were named the
hypophagic group (1 = 8). The entire experiment lasted two months. To eliminate the effect
of starvation on mRNA and protein expression levels, each group of mandarin fish was
fed live prey fish before sampling. After that, the brains of six fish were randomly selected
from each of the two groups for RT-PCR detection.

2.2.5. The Preservation of Sample of Each Experimental Treatment

After all experimental processing was completed, the experimental fish were anes-
thetized with MS-222 (200 mg/L, dissolved in water) (Redmond, WA, USA). The tissues
of the brain were immediately removed and individually frozen in liquid nitrogen upon
surgical resection and stored at —80 °C until use. We then cut 0.5 mg of the caudal fin
ray tissue of groups W (n = 30) and X (n = 25), respectively, immersed them in 95% alco-
hol, and stored them at —20 °C for molecular marker development. The animal protocol
was approved by the Institutional Animal Care and Use Ethics Committee of Huazhong
Agricultural University (Wuhan, China) (HZAUFI-2022-0006).

2.3. RNA Isolation and Reverse Transcription

Total RNA was isolated from each tissue with using the Trizol® Reagent (TaKaRa,
Tokyo, Japan) and subjected to concentration determination by a multiple detection mi-
croplate reader (BioTek, Winooski, VT, USA). Then, we added 30-50 pL of RNase-free
water to dissolve the RNA completely. The Revert Aid™ Reverse Transcriptase (TaKaRa,
Tokyo, Japan) was used for the synthesis of the complementary DNA (cDNA), and 1 ug
of RNA was used to prepare the cDNA each time. The protocols were performed in strict
accordance with the manufacturer’s instructions. After the reaction, the cDNA was stored
at —20 °C or the next reaction was performed.

2.4. Real-Time Quantitative PCR

According to the literature [30], the potential housekeeping genes beta-actin, b2m,
rpl13a, and hmbs of mandarin fish were examined in five tissue samples. We determined
the expression stability of control genes based on non-normalized expression levels. M
was the average pairwise variation of a specific gene with all other control genes. The
gene with the lowest M value was the most stable. Therefore, the rpl/13 gene was more
stable and selected as the internal reference gene. Table 2 lists the primer sequences of
the penk gene and the rpl13 gene. The primer synthesis work was completed by Shanghai
Sangon Biotechnology Co., Ltd. (Shanghai, China). The primer efficiency for each assay
was all above 95%. Real-time quantitative PCR was performed with a MyiQ™ 2 Two-Color
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) following the methods
described by Liang et al. [31], and 1 puL of mandarin fish brain tissue cDNA was used as
a template each time. The whole process had a total of 39 cycles. After each cycle, the
fluorescence intensity signal was collected once. Finally, the target gene expression relative
to rpl13a expression was calculated using the optimized comparative Ct (2~24C) value
method [32], and each sample was repeated three times. The data from six biological
replicates are presented as mean + S.E.M.
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Table 2. The amplification primer sequence of the penk gene.

Gene Name  Primer (5'-3’) Primer Sequence Tm/°C
ok F ACAGCAGTCTGGTTTTCCCT 58
P ATGTTGCGTCCTCTTCGTCA
13 F TATCCCCCCACCCTATGACA 58
P R ACGCCCAAGGAGAGCGAACT
el F ATGGCTGCCCCTGCACA 612
P R AGGGGACAACAAATACCAGATATGGAC :
kD F CTTTCCATCTTTACACAATTATTACTTGTTGTATGCT .
P R GTGAGGCCTCTCTCTCTCT :
k3 F AATTCATCACGGCACAAAATTAATATGAAC 557
P R CTAGTCCATGAACCCACCATACC :

2.5. Statistical Analysis

The quantitative data of this experiment were statistically analyzed by SPS5519.0
software. The normality and homogeneity of variances were analyzed using the Shapiro—
Wilk test and Levene’s test, respectively. Significant differences were found by one-way
analysis of variance (ANOVA), followed by Duncan’s multiple range test and Tukey’s B
test. The difference with p < 0.05 was considered statistically significant.

2.6. Association Analysis of penk Gene and Domestication Traits in Mandarin Fish
2.6.1. Genomic DNA Extraction and Primer Design

The genomic DNA of the sampled fish caudal fins (group W: n = 30, group X: n = 25)
was extracted according to the DNA extraction kit (Tiangen, Beijing, China) and subjected
to concentration determination by a multiple detection microplate reader (BioTek, Winooski,
VT, USA). The DNA purity was detected by 1.5% agarose gel. The DNA concentration was
adjusted to 100 ng/uL and stored at —20 °C.

The whole genomic sequence of mandarin fish penk gene had a total of 3057 bp and was
divided into three parts in turn during PCR amplification. The Primer Premier 5.0 was used
to design three pairs of specific primers for the flanking sequence regions of the penk gene
sequence (Table 2), named penk-1, penk-2, and penk-3, respectively. The primer synthesis
work was completed by Shanghai Sangon Biotechnology Co., Ltd. (Shanghai, China).

2.6.2. Screening and Typing of SNP Loci

First, we randomly selected the DNA of 12 mandarin fish from group W and group X
each for PCR amplification. Gene sequencing was performed after mixing each of the three
PCR products. When the potential SNPs were different among the 12 randomly selected
mandarin fish, the remaining 18 mandarin fish were also subjected to PCR amplification,
and the individual SNP genotypes were analyzed by sequencing. The sequence information
obtained was analyzed by SeqMan software for peak reading. Clustal W software was used
for sequence multiple alignment analysis. The genotypes of the loci of each individual
were recorded and analyzed using DNAStar software.

2.6.3. Association Analysis of penk Gene and Domestication Trait in Mandarin Fish

The effective allele numbers (Ne), observed heterozygosity (Ho), expected heterozy-
gosity (He), and Hardy—Weinberg equilibrium (HWE) were calculated by using PopGene
software. The polymorphism information content (PIC) of the site was calculated according
to the method of Bostein et al. [33]. Among them, PIC > 0.5 represents high polymor-
phism, 0.25 < PIC < 0.5 represents moderate polymorphism, and PIC < 0.25 represents low
polymorphism. SPSS 19.0 software was used for data processing, and a Chi-square test
was used to analyze the correlation between SNP genotypes and individual differences in
mandarin fish domestication. When the total sample size (1) > 40 and the total theoretical
number (T) > 5, we used the ordinary chi-square test; when n > 40 but with 1 <T <5,
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we used the Yates continuity-corrected chi-square test; and when T < 1 or n < 40, we
used Fisher’s exact probability method to directly calculate the probability. The Pearson
chi-square value (Pearson x2) was greater than 2.706/3.841/6.635/10.828, and there was
a 90%/95%/99%/99.9% possibility to prove that the two were related. The test result
p < 0.05 indicated that there was a significant correlation between them. The strength of
the correlation was correlated with the absolute value of the correlation coefficient (r). The
interim values of the correlation coefficient were interpreted by convention, so values > 0.70
was regarded as a “strong” correlation, values between 0.50 and 0.70 were interpreted as a
“good” correlation, values between 0.30 and 0.50 were treated as a “moderate” correlation,
and any value < 0.30 was considered a poor correlation [34]. Additionally, the transcription
factor prediction in the intronic region of the mandarin fish penk gene were the analyzed
with JASPER website (https:/ /jaspar.genereg.net/ (accessed on 8 December 2021)), and the
relative profile score threshold was 95%.

3. Results
3.1. Bioinformatics Analysis of the PENK Gene

The PENK genes structure analysis of the different species showed that, except for the
zebrafish, the PENK genes of the other species we studied were single-copy (Figure 1A).
penk of mandarin fish was encoded by 246 amino acids, with two exons and one intron,
which was consistent with the gene structure of the mouse. The Penk of mandarin fish was
37-87% similar to fish and 2-31% to mammals. The multiple alignments of the amino acid
sequence illustrated that there were seven opioid core motifs in PENK of human, mouse,
and zebrafish, which appeared in the form of four MEK repeat sequences, an octapeptide,
a heptapeptide, and a LEK (Figure 1B). However, there were only three Mek repeats, a
Met-enkephalin-Ser (YGGFMS), and a Met-enkephalin-Asp (YGGFMD) in the PENK of
mandarin fish and other species. As prohormone convertases, basic dipeptide repeats
were also presented in the sequenced species [35]. The most abundant cleavage sites in the
sequence were 35 of the 70 cleavage sites (50%), as determined by the Lys-Arg (KR) motif.
Lys-Lys (KK) and Arg-Arg (RR) dinucleotide repeats were also frequent, with 14 and 21 of
the 70 sites (20% and 30%), respectively. Except for the first MEK site, which was KK, the
cleavage sites at the n-terminus of almost all ENKSs units in PENK were KR. According to
the phylogenetic tree of PENK obtained in this study, mandarin fish was closely related to
European seabass and the green spotted puffer (Figure 1C). In the synteny analysis, they all
had the SDR16C5 gene upstream in all of the species we detected (Figure 1D). Additionally,
the SLC44A5 gene was all found upstream of the penk gene in mandarin fish, European
seabass, and zebrafish.

3.2. RT-PCR Analysis of the penk Gene in Mandarin Fish

The RT-PCR experiments revealed that the PENK gene was expressed in every tissue
of all the examined mandarin fish, including in the brain, the intestine, muscles, the head
kidney, the spleen, and the liver (Figure 2A). The strongest signal was seen for the brain,
which was significantly higher than in the other tissues (p < 0.05). When studying the
relationship between the penk gene and food intake of mandarin fish, the expression of penk
mRNA in the brain was significantly increased after an ICV injection of Lys or Met (p < 0.05)
and was significantly decreased after a His injection (p < 0.05) (Figure 2B). By interrogating
the relationship and difference of the penk gene expression in mandarin fish with different
domestication abilities (Figure 2C), we found that the penk mRINA expression in the brain
of group X, was significantly higher than the group W (p < 0.05). In order to study the role
of the penk gene in the hypophagic induced by high-carbohydrate artificial diets feeding in
fish, we detected the expression of penk mRNA in the brain of the hypophagic group and
the normal group (Figure 2D), and a decrease was seen in the hypophagic group, but it
showed no significant difference (p > 0.05).
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Figure 1. Bioinformatics analysis of PENK genes. (A) The structures of the PENK genes in human
(Homo sapiens), mouse (Mus musculus), zebrafish (Danio rerio), mandarin fish (Siniperca chuatsi), and
European seabass (Dicentrarchus labrax). The black squares represent exons, and the gray lines
represent introns. (B) Sequence alignment of PENK in human (Homo sapiens), mouse (Mus musculus),
mandarin fish (Siniperca chuatsi), zebrafish (Danio rerio), European seabass (Dicentrarchus labrax), and
the green spotted puffer (Tetraodon nigroviridis). The core segments of the opioid are indicated by bold
boxes. Mutated amino acid positions are indicated in red compared with human PENK. Intracellular
protein cleavage sites are indicated in blue. (C) The evolutionary tree of PENK between mandarin
fish (Siniperca chuatsi) and various species. (D) Synteny analysis of PENK genes in human (Homo
sapiens), mandarin fish (Siniperca chuatsi), mouse (Mus musculus), European seabass (Dicentrarchus
labrax), and zebrafish (Danio rerio). Among the species tested, those with common genes upstream
and downstream of PENK in human are marked in colored text.
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Figure 2. Real-time quantitative RT-PCR detection of various tissues of mandarin fish and brain
tissue of mandarin treated by different experiments. (A) The expression of penk mRNA in the brain,
the gut, the liver, muscles, the spleen, and the head kidney in mandarin fish (n = 6). The significant
level is marked with different letters above the bars (p < 0.05) compared with the control group.
(B) Effects of histidine (His), lysine (Lys), methionine (Met), threonine (Thr), tryptophan (Try), and
phenylalanine (Phe) on the expression of penk mRNA in the brain (1 = 6). Significance levels are
marked with different letters above the bar graph (p < 0.05). (C) The expression of penk mRNA in the
brain regions with different domestication abilities from group W and group X (n = 6). The significant
level is marked with an asterisk. (D) The expression of penk mRNA in the brain regions from the
normal group and the hypophagic group (1 = 6). The significant level is marked with an asterisk.

3.3. Association Analysis of Mandarin Fish SNP Loci and Domestication Traits

A total of four SNP loci related to easy domestication towards eating artificial diets
were screened from the mandarin fish population. The following are the details: the penk-A
site was located in intron 1, and two genotypes were detected, AA and AG (Figure 3A); the
penk-B site was located in intron 1, and two genotypes were detected, CC and CG (Figure 3B);
the penk-C site was located in intron 1, and three genotypes were detected, TT, TA, and AA
(Figure 3C); and the penk-D site was located in exon 2, and three genotypes were detected,
TT, TG, and GG (Figure 3D), encoding arginine. These were all was synonymous mutations.

For these four SNP polymorphic sites, the effective allele (Ne) was 0.1128-0.5000.
The observed heterozygosity (Ho) and expected heterozygosity (He) were distributed in
0.1200-1.0000 and 0.1151-0.5101, respectively. The polymorphic information content (PIC)
was 0.2894, and all sites belonged to moderate polymorphism sites (Table 3). In the trait
association analysis, according to the gene frequency results, it could be seen that the
dominant alleles for the SNP loci penk-A A/G, penk-B C/G, penk-C T/ A, and penk-D T/G
were A, C, T, and T, respectively. The SNP loci penk-A and penk-B had only two genotypes
in mandarin fish populations, and all other loci had three different genotypes. Table 4
lists the associations between the genotype frequencies of different gene haplotypes at
each SNP loci and the domestication traits of mandarin fish. The penk-A and penk-B loci
showed poor negative correlations with the domestication traits. The penk-C locus was
moderately positively correlated with the domestication traits. The penk-D locus had a
low positive correlation with the domestication traits. Pearson’s correlation test results
showed that the TT genotype in the SNP locus penk-C T/C was significantly correlated with
mandarin fish domestication traits (p < 0.05). Nearly 90 percent of the penk-C genotypes
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in mandarin fish that were easily domesticated on artificial diets were of the TT genotype.
Through transcription factor prediction, a total of eight potential transcription factor sites
(score >13.00) were found around 50 bp before and after the penk-C site (Table 5), which
means that the base mutation at this site might affect the expression of the penk gene.

A B
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C D
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Figure 3. The sequencing peak chart of different genotypes of SNP loci in the penk gene of mandarin
fish in group X (n = 25) and of fish in group W (n = 30). The sequencing peak of the homozygous SNP
loci is a single peak with a higher peak, and that of the heterozygous SNP loci is a double peak with a
lower peak. (A) penk-A, (B) penk-B, (C) penk-C, and (D) penk-D.

Table 3. Diversity parameters of SNP loci in the penk gene of mandarin fish.

Locus Group Ne Ho He PIC p-Value (HWE)
enk-A X=25 0.5000 1.0000 0.5102 0.3750 0.0000 *

P W =30 0.4978 0.9333 0.5062 0.3740 0.0000 *
enk-B X=25 0.4968 0.9200 0.5069 0.3730 0.0001 *

P W =30 0.4800 0.8000 0.4881 0.3650 0.0013 *
enk-C X=25 0.1128 0.1200 0.1151 0.1060 0.9503

P W =30 0.3578 0.3333 0.3638 0.2980 0.9276
enk-D X=25 0.1800 0.2000 0.1837 0.1640 0.3817

P W =30 0.2994 0.2333 0.3045 0.2600 0.4950
Mean 0.3656 0.5675 0.3723 0.2894 0.3445

Note: * indicates significantly deviate from the Hardy—Weinberg equilibrium (HWE) (p < 0.05).
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Table 4. Association analysis between genotype frequency of SNP and food preference in
mandarin fish.

Genot Genotypic Frequency P ) Correlation Coeffici
Locus enotype X (n = 25) W (1 = 30) earson . Pearson Correlation Coefficient (r)
] AA 0.00 (0) 0.07 (2) 1.730
penk-A A/G AG 1.00 (25) 0.93 (28) 1730 —0.177
. cC 0.08 (2) 0.20 (6) 1.580
penk-BC/G CG 0.92 (23) 0.80 (24) 15580 —0.169
TT 0.88 (22) 0.60 (18) 5.390 *
penk-CT/A TA 0.12 (3) 0.33 (10) 3.438 0.323
AA 0.00 (0) 0.07 (2) 1.730
1T 0.80 (20) 0.70 (21) 0.719
penk-D T/G TG 0.20 (5) 0.23 (7) 0.089 0.157
GG 0.00 (0) 0.07 (2) 1.730
Note: * denotes significant correlation (p < 0.05).
Table 5. Association analysis between genotype frequency of SNP and food preference in
mandarin fish.
Transcription Factor Score Relative Score Strand Start End Predicted Sequence
ZNF85 18.63 0.95 - 1646 1661 AAAGAGATTACAACAG
NeuroD2 15.17 0.96 — 1632 1646 GTCAACAGATGGTTT
TAL1:TCF3 15.16 0.98 + 1632 1643 AAACCATCTGTT
NeuroD1 13.94 0.95 — 1632 1644 CAACAGATGGTTT
Atohl 13.92 0.98 - 1633 1643 AACAGATGGTT
NeuroG2 13.89 0.97 - 1633 1645 TCAACAGATGGTT
Ptfla 13.53 0.96 - 1632 1644 CAACAGATGGTTT
Atohl 13.33 0.99 — 1634 1641 CAGATGGT

Note: The transcription factor prediction was performed on the gene segment of the first intron of the penk gene
from the 5'-3' sequences, where the first base of the intron was named 1.

4. Discussion

As the original opioid propeptide [36], most mammalian PENKSs show the same pep-
tide sequence, but many variations have been reported in lower vertebrates [37-39]. In this
study, we explored the homology and gene structure of the PENK gene among various
species through a bioinformatics analysis (Figure 1). In several species participating in the
multiple sequence alignment of this experiment, we found that there were seven opioid core
motifs in the PENK units of human, mouse, and zebrafish, which appeared in the form of
four MEK repeat sequences, a heptapeptide, an octapeptide, and a LEK. However, there
were three MEK repeats and a YGGFMS, and a YGGFMD in the Penk of mandarin fish and
other fishes. Although both peptides are opioid agonists [40], they possibly have different
behavioral effects due to their presence in different neurotransmitters [41]. Studies have
shown that the hexapeptides YGGFMS and YGGFMD were equivalent in MEK-stimulated
G-protein experiments, while the peptide YGGFMS exhibited the highest affinity at the DOP
receptor [42]. The penk gene of mandarin fish exhibited significant structural changes com-
pared with mammals when opium approached the core sequence motif. This phenomenon
is to be expected as studies have suggested that opioidergic peptides were highly conserved
in vertebrates [43]. Penk in many fish has developed structural diversity during long-term
adaptation to the environment due to their long evolutionary history [44]. This might lead to
large differences in the structure of the penk gene between mandarin fish and other species,
but it was generally still relatively conserved in fish.

Previous studies have shown that opioid peptides were widely distributed throughout
the brain, with the highest levels in the striatum, anterior hypothalamus, central midbrain
gray matter, and amygdala [45,46]. The results of RT-PCR showed that the expression
in the mandarin fish brain was significantly higher than that in other tissues (p < 0.05)
(Figure 2A). The findings of the penk genes presented in all tissues examined revealed that
it was widely expressed in mandarin fish, such as in the intestine, the liver, the spleen, the
head kidney, and muscles. This implies that the penk gene might have a widespread role in
the control of peripheral autonomic activity [40], such as in retinal photosensitivity and
stomach peristalsis. The peptides secreted by the neurons of teleost fish could regulate
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various functions such as vision, smell, learning, and memory, which might affect fish
feeding behavior [47—49]. Therefore, we suggest that penk may also play a similar regulatory
role in mandarin fish.

Amino acids could regulate animal feeding by affecting the expression of appetite
genes [27,50,51]. In our laboratory’s previous study on amino acid injections altering
mandarin fish food intake, we found that, 12 h after ICV injection of Lys or Met, the food
intake of mandarin fish was significantly increased (p < 0.05), while His and Try inhibited
the food intake of mandarin fish [25]. To further determine the effect of the penk gene on
food preference, we measured the expression of penk mRNA in the brains of mandarin fish
12 h after ICV injection of amino acids (Figure 2B). A clear result was that the expression of
penk mRNA was significantly increased after an ICV injection of Lys or Met. In contrast,
after the injection of His, the expression was significantly decreased (p < 0.05). Combined
with our previous experiments, we could boldly draw a conclusion that the penk gene might
be a related gene involved in regulating the food preference of mandarin fish. However,
the specific mechanism of action remains to be further studied.

Food addiction (FA) is characterized by the consumption of palatable foods and the
behavioral symptoms of addiction. Animal eating habits are influenced by many physio-
logical, nutritional, and environmental factors [52] and could be developed and learned
with experience [53,54]. Similar to food addiction, we believe that the food preference of
mandarin fish for live fry fish is also controlled by endogenous opioids. In the quantita-
tive comparison of penk mRNA expression in the brain of mandarin fish with different
domestication abilities (Figure 2C), we found that, compared with normal mandarin fish,
the expression of penk mRNA in the brain of mandarin fish, which was easy to domes-
ticate towards eating artificial diets, was significantly increased (p < 0.05). To a certain
extent, it could be speculated that the increase in penk mRNA expression is conducive to
improving the domestication abilities of mandarin fish. Carbohydrates, as a nutrient, could
easily affect animals’ food cravings if they are ingested at high levels for a long time [55].
High-carbohydrate intake is a reasonable trigger for food addiction [56]. However, carnivo-
rous fish are inherently sugar intolerant, and the food intake will decrease when they are
fed a high-carbohydrate diet [57,58]. However, there was no significant difference in the
expression of penk mRNA in the brain of the mandarin fish that ingested the high-sugar
artificial diet normally and the fish with hypophagy (Figure 2D). This was inconsistent
with findings suggesting that the acute expression of endogenous opioids leads to higher
food intake [59]. We can reasonably suspect that the amount of penk mRINA expression
change might be related to the degree of hypophagia. The relationship should be further
determined in the future by comparing the reduction in penk expression in the brain with
different degrees of hypophagia.

Different individuals and groups of mandarin fish have great differences in taming
traits. There are more SNP loci in the mandarin fish that are easily domesticated toward
eating artificial diets, which has a higher value in the association analysis of food habits [24].
In the association analysis between the penk gene and domestication traits, a total of
four SNP loci related to easy domestication toward eating artificial diets were screened.
(Figure 3). They were all at moderate polymorphism levels (average PIC = 0.2894) and
with better breeding potential. The HWE test indicated that four SNP loci were under less
selective pressure in the population that was easily domesticated toward eating artificial
diets (Table S1). Among the four loci found, more mutations were located in introns
than exons. The penk gene of mandarin fish consisted of two exons and one intron. The
initiation codon encoding Penk was located in exon 2, so the intron was located in the
transcriptional regulatory region of the penk gene. Compared with other intron sequences,
the DNA sequence of the first intron tends to be the longest and most conserved [60,61].
When the intron region is large, regulatory elements are likely to be embedded in it to
regulate the expression of subsequent structural gene [62,63]. Introns at different positions
differ significantly in their ability to increase gene expression [64—66]. The effect of intron-
mediated expression stimulation is closely related to its orientation and location [67,68], so
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intron mutations might affect the “coordination” of gene exons. Synonymous mutations
in exon 2 have no amino acid changes after translation, but it may lead to changes in the
higher-order protein structure; in the efficiency of protein modification; and in transport
and signaling, changing its spatial conformation, which in turn affects its function [69].
According to the Pearson correlation analysis, the penk-C locus was moderately positively
correlated with the domestication traits of mandarin fish. Additionally, the Chi-square test
showed that the Pearson chi-square value of TT in SNP penk-C T/C was 5.390 (Table 4),
which indicated that there was a 95% probability that the TT genotype was significantly
associated with these domestication traits. Therefore, we further predicted the transcription
factors near this site. A total of eight transcription factors were predicted before and
after 50 bp of the penk-C loci (Table 5), which includes factors that could regulate the
development of midbrain dopaminergic neurons. This means that the mutation of the
penk-C loci might be involved in the regulation of the penk gene expression. During the
association analysis of the SNP loci in the penk gene, due to the insufficient number of
samples, the intermediate frequency of individual genotypes in the mandarin fish group
was less than five. Therefore, the number of mandarin fish samples should be expanded in
future experiments to make the results of the chi-square test more accurate.

5. Conclusions

In conclusion, this study investigated the functional characterization and molecular
marker development of the food addiction gene penk related to food habit domestication of
mandarin fish for the first time. The PENK gene exhibited significant structural changes in
core sequence motifs in different species, this was inseparable from the adaptive changes
of species in the process of evolution. A series of RT-PCR results showed that the penk gene
was associated with the food preference and food intake of mandarin fish. In the analysis
of the penk gene and the domestication traits of mandarin fish, the TT genotype at penk-C
had a 95% possibility that it was significantly associated with the domestication traits of
mandarin fish. All of these may mean that Penk, as an opioid, plays an important role
in the domestication of mandarin fish. The specific mechanism of its food domestication
regulation needs to be further explored, but the screening and research of the penk gene as
a domestication-related gene is conducive to the rapid molecular-assisted breeding of new
varieties of mandarin fish that are easy to be domesticated to eat artificial diets.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/fishes7030118/s1, Table S1: Feed formula of artificial diets.
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