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Simple Summary: The domestication of carnivorous largemouth bass by formula diet has been well
developed in the aquaculture industry in China. Three distinct POMCa genotypes were identified in
largemouth bass; significant shifts in genotype frequency were observed between the non-selection
population fed on forage fish and the selection population domesticated by formula diet. The
random inheritance of allele frequency might be affected by decades of selection on feeding traits
of largemouth bass. The increased frequency of POMC-A I in the selection population, along with
its association with superior growth and physiological responses, provides novel insights into the
genetic adaptation of largemouth bass to artificial diets in aquaculture.

Abstract: Diverse feeding habits in teleosts involve a wide range of appetite-regulating factors. As an
appetite-suppressing gene, the polymorphisms of POMCa in largemouth bass (Micropterus salmoides)
were validated via sequencing and high-resolution melting (HRM). The frequency distribution of
different POMCa genotypes were analyzed in two populations, and physiological responses of
different POMCa genotypes to feed domestication were investigated. The indel of an 18 bp AU-rich
element (ARE) in the 3′ UTR and four interlocked SNP loci in the ORF of 1828 bp of POMCa cDNA
sequence were identified in largemouth bass and constituted three genotypes of POMC-A I, II, and III,
respectively. POMC-A I and Allele I had increased frequencies in the selection population than in the
non-selection population (p < 0.01), 63.55% vs. 43.33% and 0.7850 vs. 0.6778, respectively. POMC-A
I possessed the lowest value of POMCa mRNA during fasting (p < 0.05) and exhibited growth and
physiological advantages under food deprivation and refeeding according to the levels of body mass
and four physiological indicators, i.e., cortisol (Cor), growth hormone (GH), insulin-like growth
factor-1 (IGF-1), and glucose (Glu). The identification of three POMCa genotypes, alongside their
varying physiological responses during feed domestication, suggests a selective advantage that could
be leveraged in molecular marker-assisted breeding of largemouth bass that are adapted to feeding
on formula diet.

Keywords: largemouth bass; proopiomelanocortin (POMC); genotypes; fasting and refeeding;
physiological response

1. Introduction

Fish displays diverse feeding behaviors and dietary habits, suggesting the existence
of coordination of complex biological processes and endocrine regulation with regard
to food intake. Food intake involves a wide range of appetite-regulating factors pro-
duced by both the brain and peripheral tissues [1,2], such as orexin [1,3], neuropeptide
Y (NPY) [1,3,4], cocaine-amphetamine-regulated transcriptional peptide (CART) [1], and
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proopiomelanocortin (POMC) [1,5]. These factors affect feeding centers to either stimulate
or inhibit feeding.

The hypothalamus contains two main distinct neurons that regulate food intake and
energy metabolism: the appetite-promoting agouti-related protein (AgRP) neurons and
appetite-suppressing proopiomelanocortin (POMC) neurons [6,7]. POMC neurons in the
paraventricular nucleus of the hypothalamus (PVN) release the archetypal polypeptide pre-
cursor, which is tissue-specifically cleaved to give rise to a number of functional hormones
and neuropeptides, including α-, β-, and γ-melanocyte-stimulating hormone (α-, β-, and
γ-MSH), corticotropin-like intermediate lobe peptide (CLIP), adrenocorticotropic hormone
(ACTH), endogenous opioid β-endorphin, γ-lipotropin, and met-enkephalin [8,9].

POMC processing generates numerous peptides involved in a variety of functions
ranging from stress response to energy homeostasis. These peptides are proteolytically
released from POMC by the proprotein convertases [8]. In mammals, POMC neurons are
important for the regulation of energy homeostasis and lipid metabolism by regulating the
excitability of the sympathetic nervous system [8]. POMC mRNA, prohormone convertases
(PCs), and β-endorphin have been shown to be involved in the immune processes [10] or
relieving neuropathic pain [11] in mammals. ACTH, which could be hydrolyzed to α-MSH
and CLIP together, is an important component of the hypothalamic-pituitary-adrenal (HPA)
axis in neuroendocrine responses [8]. Much of the focus on the function of α-MSH relates
to suppression of food intake through binding to the melanocortin-4 receptors (MC4R) as
a primary agonist [5,8,12]. Other melanocortin peptides, such as des-acetyl α-MSH and
β-MSH, could be contributing to the similar effect in stimulating cAMP, which is required
for activation of MC4R appetite signaling in the PVN [8,13].

In hypothalamic neurons expressing POMC, abnormalities in POMC processing have a
critical impact on the regulation of appetite, energy homeostasis, and body composition [8],
and mice and humans carrying deleterious mutations in the POMC gene display severe
obesity and hyperphagia [14–16]. Heterozygosity for a POMC mutation had subtle effects
on the expression and function of POMC, which displayed susceptibility to obesity in
a large family of Turkish origin [17]. A 14 bp deletion in the canine POMC gene was
identified in Labrador retrievers and flat-coat retrievers, and the deletion was associated
with greater weight, adiposity, and food motivation in affected dogs. Frequency of the
mutation is significantly higher in Labrador retrievers selected to be assistance dogs than
pets, suggesting that selection of mutants in the POMC signaling pathway may also be
involved in the domestication of animals [18].

As in mammals, POMC gene signaling pathways are associated with food intake and
feeding behavior by releasing satiety-induced melanocortins like α-MSH in teleosts [1,19].
Two copies of the POMC gene, A and B, were previously identified in the sturgeon as
a result of the teleost genome duplication [20]. Distinct cDNA transcripts of POMC-A1,
POMC-A2, POMC-A2s, and POMC-B were discovered in rainbow trout (Oncorhynchus
mykiss) [21] and Atlantic salmon (Salmo salar) [22], presumably attributed to the salmonid-
specific genome duplication. However, when investigating the POMC involvement in
feeding response, the most primitive copy of POMC-A, defined as POMC-A1 in salmonid
fish, was the only transcript that responded significantly to food deprivation [21]. In
rainbow trout, fasting was associated with a decrease in hypothalamic expression of POMC-
a1 [21]. Valen et al. [22] suggested feeding in Atlantic salmon induced an increase in
POMC-a1 mRNA abundance in the hypothalamus, while Kalananthan et al. [5] found
fasting did not induce any significant changes in the mRNA level of POMC paralogs in
the hypothalamus between fed and fasted states. Hyperandrogenism had been observed
in the POMCa-deficient zebrafish (Danio rerio), which enhanced somatic growth without
increasing adiposity [23]. α-MSH or MC4R agonist inhibited food intake in the goldfish
(Carassius auratus) [24,25] and rainbow trout [26], suggesting that the MSH/MC4R system
plays a crucial role in the anorexigenic regulation of fish.
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Largemouth bass (Micropterus salmoides) was introduced into China from North Amer-
ica in the 1980s and is now one of the most popular species, with up to 880,000 T/year due
to its aquaculture advantages [27]. As a piscivorous fish, commercially cultured largemouth
bass used to feed on frozen or live forage fish, which brought about excessive exploitation
of fisheries resources and enormous labor costs, and simultaneously, surplus forage fish
would deteriorate the water quality sharply. To attenuate the negative effect caused by
forage fish, it has become a trend to use formula feed as a substitute in the largemouth
bass production.

Largemouth bass have been domesticated by alternative diets for more than ten
years [28–30]. Varieties or populations feeding on formula diet have been selected and
cultured in the majority of fish farms in China now [31,32]. However, some individuals of
largemouth bass exhibited poor performance during feed domestication, such as low feed
utilization and slow growth. Meanwhile, some fish intolerant of formula feed showed low
immunity, high disease susceptibility, and hepatic syndrome such as adipose infiltration
and metabolic disorders. All these problems restrict the sustainable development of the
industry of largemouth bass. Diverse feeding habits in teleosts involve a wide range
of appetite-regulating factors. It would be helpful to focus on the endocrine feeding
physiology of candidate genes in largemouth bass feeding on alternative diets.

POMC is known to play an important role in appetite suppression and energy ex-
penditure in both mammals and teleosts, and as a precursor of several bioactive peptides,
it releases melanocortin neuropeptides inducing satiety through their interaction with
MC4R [1,5]. Although the endocrine mechanisms underlying feeding regulation are con-
served among vertebrates, as the most diverse group of vertebrates, only relatively few
fish species have been studied regarding the endocrine regulation of food intake. There
may be different patterns of feeding regulatory mechanisms specific to diverse fish species.
Meanwhile, the role of POMC gene mutation has been less recognized in teleosts, and the
question arises as to whether the genetic polymorphisms of POMC affect the regulation of
food intake and appetite suppression in largemouth bass during domestication.

In this study, two populations of largemouth bass, one fed on forage fish consistently
(referred to as the “non-selection population” in this study) and the other domesticated
by formula diet (referred to as the “selection population”), were collected. POMCa was
retrieved from the DEGs with SNP annotation in the transcriptome datasets of largemouth
bass. Three genotypes with SNPs and insertion/deletion were identified, and the frequency
distribution of different genotypes was calculated in the non-selection population and
selection population. The expression patterns of POMCa were compared in three genotypes
after fasting and refeeding treatment. Moreover, various physiological indicators of feeding,
including body mass, cortisol (Cor), growth hormone (GH), insulin-like growth factor-
1 (IGF-1), and blood glucose (Glu), were measured, and their correlations with POMC
genotypes were analyzed. This study aims to investigate the endocrine physiology related
to gene polymorphisms of POMCa in largemouth bass during feed domestication and
provide a theoretical basis for the selection and breeding of varieties that are more adapted
to feeding on a formula diet. Domestication of largemouth bass by formula diet has been
well developed in the aquaculture industry, and this research would benefit the molecular
marker-assisted breeding of largemouth bass.

2. Materials and Methods
2.1. Fish and Sample Collection

Two populations of largemouth bass, a non-selection population and a selection
population, were collected from the reservoir in Huarong, Hunan, and fish farms in Foshan,
Guangdong, China. Fish were genotyped and implanted with PIT tags. During sample
collection, the fish, with an average size of 210.48 ± 47.06 g and 22.28 ± 1.39 cm, were
anesthetized with Tricaine (TCI, Tokyo, Japan) at a dosage of ~50 mg/L and then dissected.
Peripheral blood was taken from the caudal veins for the detection of physiological indexes
including Cor, GH, IGF-1, and Glu. Fish tissues were collected from each individual and



Animals 2024, 14, 3638 4 of 18

preserved in ethanol and RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) until
total DNA and RNA were isolated.

2.2. Identification of POMCa and Phylogenetic Analysis

Unigene sequences of POMC cDNA with annotation of SNP loci in largemouth bass
were obtained from the transcriptomic database, and DNA sequences were retrieved from
the genomic database of largemouth bass published in NCBI: https://www.ncbi.nlm.nih.
gov/genome/10791?genome_assembly_id=1468587 (accessed on 28 December 2023) [33].
Specific primers aimed at POMCa were designed by Primer Premier 5.0 software (Table S1).
Total RNA was extracted from 10–30 mg of hypothalamus using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). One µg of total RNA was converted into RACE-ready first-strand
cDNA, and full-length amplification of POMCa cDNA was performed according to the
protocol of the SMARTer RACE 5′/3′ Kit (Clontech, Takara, Osaka, Japan). Homologous
sequences of other Perciform fishes were obtained from GenBank by BLAST: https://
blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 30 June 2024) (Table S2). Multiple sequence
alignments were performed using the Clustal Omega program: https://www.genome.jp/
tools/clustalw/; https://www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 30 June 2024)
and DNAMAN v9, and the phylogenetic tree was constructed using the neighbor-joining
(NJ) method in MEGA-X software.

2.3. Screening and Genotyping of POMCa in Largemouth Bass

The primer pair of POMC-F1/R1 (Table S1) was used for the preliminary screening
of mutations in the open reading frame (ORF) and 3′ untranslated region (UTR) of the
largemouth bass POMCa gene (abbreviated as LMB POMCa). The PCR reactions were
performed in a final volume of 50 µL according to the protocol of premix Taq (Takara), with
the following cycling conditions: (i) 95 ◦C for 5 min; (ii) 34 cycles of 95 ◦C for 30 s, 60 ◦C
for 40 s, and 72 ◦C for 1 min; and (iii) 72 ◦C for 10 min. PCR products from 10 females and
10 males were sequenced and analyzed by Generay Biotech (Shanghai) Co., Ltd. (China).

An 18 bp indel (insertion/deletion) was found in the 3′ UTR of the POMCa gene, and
four SNP loci closely linked to the 18 bp indel were screened in the ORF of LMB POMCa.
Both sequencing and high-resolution melting (HRM) were applied to the genotyping of
the POMCa gene. POMC-F2/R2 (Table S1) located in the exon 3 of LMB POMCa were
used for genotyping by sequencing. Pgene-F3/R3 aimed at the second SNP locus were
designed for genotyping by HRM. The protocol of HRM detection was as follows: Total
DNA was extracted from 10–20 mg of fin tissue using a TIANamp Marine Animal DNA kit
(Tiangen Biotech, Beijing, China). DNA quality and concentration were determined using
1.5% agarose gel electrophoresis and a multi-function microplate reader (Biotek Cytation 5,
East Lyme, CT, USA), respectively. The PCR reactions were performed in a final volume
of 20 µL according to the protocol of the HRM Analysis kit (EvaGreen) (Tiangen Biotech,
Beijing, China). The 2-step PCR reaction conditions were: (i) 95 ◦C for 2 min; (ii) 40 cycles
of 95 ◦C for 10 s and 57 ◦C for 30 s. Melting curves were generated and analyzed with
a CFX96 Real-Time PCR instrument and Precision Melt Analysis v1.2 software (Bio-Rad,
Hercules, CA, USA) over a 65–95 ◦C range.

180 individuals of the non-selection population and 214 individuals of the selection
population were chosen to investigate the frequency distribution of POMC genotypes. Both
genotypes and body weights of all the individuals were recorded. The genetic structure
of the top 10%, 20%, and 30% of the largest and smallest individuals were statistically
analyzed in two populations.

2.4. Fasting and Refeeding Treatment of Fish Fed on Formula Diet

Fish were genotyped, implanted with PIT tags, and then divided into two groups ran-
domly: the control group and the treatment group. Each group consisted of three replicates
and stocked with experimental fish at a density of 2.5 kg/m3. Fish were kept in indoor
cement pools with dimensions of 3 m × 3 m × 1.5 m, continuously supplied with ambient

https://www.ncbi.nlm.nih.gov/genome/10791?genome_assembly_id=1468587
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air (dissolved oxygen ≥ 4 mg/L) and maintained at a temperature of 24–26 ◦C. Fish were
fed on a formula diet of commercial pellets (Grobest, Foshan, China; crude protein ≥ 48,
crude fat ≥ 6, crude ash ≤ 16, lysine ≥ 3%, calcium ≤ 1~4%). Before the treatment, fish
were cultured for one month to adapt to the environment, and the initial weights of fish in
different genotypes were recorded. The treatment group was fasted for 3 days (3 d), 1 week
(7 d), and then refed for 3 days (10 d) and 1 week (14 d). Considering that largemouth
bass took approximately two weeks to recover to their normal level of feed consumption
after fasting (1–1.5% of the average body mass), finally, fish continued to be fed for another
two weeks before being weighed.

2.5. Transcriptional Levels of LMB POMCa During Fasting and Refeeding

At each time of treatment, fish tissues were collected from each genotype in two groups.
RNA was extracted from 10–30 mg of tissue using Trizol reagent (Invitrogen, Carlsbad,
CA, USA). Next, 1 µg total RNA from each sample was treated with DNase I, and cDNA
was synthesized via a PrimeScript RT reagent Kit with gDNA Eraser (Takara, Osaka,
Japan). The expression of POMC was detected in different tissues, including the pituitary,
hypothalamus, head kidney, heart, liver, spleen, kidney, intestine, muscle, and gonad, using
the primer pair of POMC-F2/R2 (Table S1).

Afterwards, transcriptional levels of the POMC gene in the hypothalamus of mixed
genotypes (n = 9) and different genotypes (n = 3 for each genotype) were investigated using
the primer pair of POMC-F3/R3, which was located in the 5′ of LMB POMCa covering
the α-MSH coding region. qRT-PCR reactions were performed in a final volume of 20 µL
using the Power SYBR Green Master Mix in the ABI 7500 Real-Time PCR system (Applied
Biosystems, Carlsbad, CA, USA). The PCR reaction conditions were as follows: (i) 95 ◦C
for 120 s; (ii) 40 cycles of 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 30 s. A dissociation
curve was generated as follows: 95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C for 15 s. Eukaryotic
translation elongation factor 1 alpha 1 (EF-1α) and 18S ribosomal RNA (18S rRNA) were
used as reference genes [32]. The relative expression of the target gene was analyzed using
the 2−∆∆CT method following our previous study [34].

2.6. Measurement of Plasma Cor, GH, IGF-1, and Glu

At each time of treatment, blood samples were drawn from at least 9 individuals of
each genotype and then centrifuged at 5000 rpm for 15 min to rapidly isolate the plasma.
Plasma samples were stored at 2–8 ◦C and to be analyzed within 24 h. The Cor, GH, and
IGF-1 contents were measured using radioisotope (125 I)-labeled radioimmunoassays (RIAs),
and the Glu content was measured following the glucose oxidase method, as described in
previous studies on other Perciform fishes, including Tilapia (Oreochromis mossambicus) [35],
European sea bass (Dicentrarchus labrax) [36], Japanese sea bass (Lateolabrax japonicus) [37],
and gilt-head seabream (Sparus aurata) [38]. Cor, GH, and IGF-1 were measured with Iodine
(125 I) cortisol, growth hormone, and IGF-1 RIA kits using the XH6080 radioimmunoassay
analyzer (National Nuclear Corporation, Beijing, China) respectively. Glu was determined
with the Glucose (GO) Assay Kit (Sigma-Aldrich (Shanghai) Trading Co. Ltd., Shanghai,
China) using the Toshiba FR120 biochemical analyzer. All the measurements and com-
mercially available kits were provided by the Beijing North Institute of Biotechnology
(Beijing, China).

2.7. Data Analysis

For the analysis of frequency distribution of POMC genotypes, the χ2 test was con-
ducted to examine whether the observed genotype frequencies were consistent with the
Hardy-Weinberg expectations in two populations, and Analysis of Variance (ANOVA) was
used to calculate the odd ratio (OR) of different genotypes. For the comparison of levels
of LMB POMCa and physiological factors in response to fasting and refeeding, all data
were presented as mean ± standard error (mean ± SE). Normality was evaluated using
the Shapiro-Wilk test before the statistical significance of differences was determined. If
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the test of normality were violated, the Kruskal–Wallis H test was applied to conduct the
non-parametric test. If the test of normality were not violated, all the data were analyzed
by a two-way ANOVA using SPSS Statistics 26 (IBM, Armonk, NY, USA), with p < 0.05
regarded as significantly different.

3. Results
3.1. Homology and Structure Analysis of the Appetite-Suppressing Gene, POMC

The full-length POMC cDNA sequence in largemouth bass was 1828 base pairs (bp),
including a 96 bp 5′ UTR, a 1075 bp 3′ UTR, and a 657 bp ORF, predicted to encode a protein
of 218 amino acids (AAs) and consist of three exons (Figures 1A and S1).

Phylogenetic analysis showed the POMC sequence of largemouth bass amplified
in this study was closely related to the clusters of proopiomelanocortin-A and could be
defined as POMCa (Figure 1B). The complete ORF of LMB POMCa shared 83.33–86.45%
of identity with those of nine Perciform fishes (Table S3). The identity of the deduced AA
sequence of LMB POMCa with other Perciform fishes ranged from 69.87–80.44%, of which
the highest identity was with that of yellow perch (Perca flavescens) (80.44%), followed
by European sea bass (77.52%), yellow croaker (Larimichthys crocea) (77.33%), and giant
grouper (Epinephelus lanceolatus) (77.27%) (Table S3).

Multiple sequence alignments revealed that LMB POMCa contains characteristic
conserved domains that could generate a variety of active peptides, including signal
peptide, N-terminal region (NPP), α-melanocyte stimulating hormone (α-MSH), CLIP,
γ-lipotrophin (γ-LPH), β-MSH, and β-endorphin (β-EP) (Figure 1C). Deduced protein
sequence of LMB POMCa has the feature sequence of “YGGF” in β-endorphin at the
position of 187–190 bp, as shown in Figure 1C. As members of the POMC gene family,
NPP of the molecule retained a set of four conserved cysteine residues at the positions of
23 bp, 29 bp, 41 bp, and 45 bp, respectively, and both α-MSH and β-MSH could be easily
identified by a core sequence of “HFRW” at the positions of 99–102 bp and 175–178 bp
(Figure 1C).
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Figure 1. Structure of POMC cDNA and phylogenetic analysis of amino acid sequences between
largemouth bass and other Perciform fishes. (A) 1828 bp of POMC cDNA sequence in largemouth
bass, including a 96 bp of 5′ UTR, a 1075 bp of 3′ UTR, and a 657 bp of ORF. (B) Phylogenetic analysis
of POMC in Perciformes. (C) POMC structure was analyzed in largemouth bass and several other
Perciform fishes. The arrows indicated a set of conserved four cysteine residues located at NPP of the
molecule. The boxes indicated the core motifs of peptide precursors of the POMC gene family: the
“YGGF” sequence of β-endorphin and a core sequence of “HFRW” in α-MSH and β-MSH peptides.
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3.2. Identification of Three Genotypes POMC-A I, POMC-A II, and POMC-A III

The indel of an 18 bp AU-rich element (ARE) “ATATCAATATTGTCTCGG” was found
at 234 bp in the 3′ UTR region of LMB POMCa, which constituted three genotypes: POMC-
A I with an 18 bp homozygous insertion (Figure 2A,B), POMC-A II with a coexistence
of the 18 bp ARE insertion and deletion (Figure 2A,C), and POMC-A III with an 18 bp
homozygous deletion (Figure 2A,D).
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Figure 2. The indel of an 18 bp ARE “ATATCAATATTGTCTCGG” was found in the 3′ UTR of
LMB POMCa. (A) “RACE” represents the sequence of 3′ UTR amplified according to the protocol
of the SMARTer RACE 5′/3′ Kit. #13 and #14 represent the sequences of 3′ UTR amplified by the
primer pair of POMC-F1/R1. “*” represents identical. (B) Chromatogram of POMC-A I 3′ UTR
with an 18 bp homozygous insertion. (C) Chromatogram of POMC-A II 3′ UTR with a coexistence
of the 18 bp ARE insertion and deletion. (D) Chromatogram of POMC-A III 3′ UTR with an 18 bp
homozygous deletion.

Four SNP loci, located at 220 bp (T220C), 327 bp (G327A), 452 bp (C452T), and
504 bp (T504C) in the exon 3 of LMB POMCa ORF, were identified by both sequenc-
ing and HRM (Figure 3). The transition of T220C led to the substitution of Serine (S)
with Proline (P) at position 74 of the AA sequence (S74P), and C452T resulted in the
replacement of Alanine (A) with Valine (V) at position 151 (A151V) (Figure S2). Both
SNPs of G327A and T504C were synonymous mutations and did not bring about any
amino acid changes (Figure S2). Four SNP loci are tightly linked and, meanwhile, closely
interlocked to the 18 bp ARE indel in the 3′ UTR region of LMB POMCa. The homozy-
gotes POMC-A I and POMC-A III, and the heterozygote POMC-A II are distinguished by
220TT/327GG/452CC/504TT (Figure 3A-1), 220CC/327AA/452TT/504CC (Figure 3A-2),
and 220CT/327AG/452CT/504CT (Figure 3A-3), respectively.

70 bp of amplicon, including the SNP allele of G327A, was subjected to HRM detection
for accurate, fast, and massive screening of three genotypes. A temperature shift was
applied to normalize all melting curves to the specified intensity threshold. According
to the defined ranges of 81.2–81.6 ◦C, the normalized temperature-shifted melting curve
(Figure 3B-1) and difference curve (Figure 3B-2) were displayed in Figure 3B. Three geno-
types of POMC-A I (GG), POMC-A II (GA), and POMC-A III (AA) were distinguished based
on different melting curve shapes and melting peaks at the temperature of 81.2–81.6 ◦C
(Figure 3B).
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Figure 3. Genotyping of three POMCa genotypes by sequencing and HRM detection in largemouth
bass. (A) SNP Chromatogram of three POMCa genotypes. Four SNP loci are tightly linked and
indicated by arrows. (1) The homozygote POMC−A I with 220TT/327GG/452CC/504TT; (2) The
heterozygote POMC−A II with 220CT/327AG/452CT/504CT; (3) The homozygote POMC−A III
with 220CC/327AA/452TT/504CC. (B) Genotyping of three POMCa genotypes by HRM detection
in largemouth bass. (1) Normalized temperature-shifted melting curve. (2) Temperature-shifted
difference curve. The blue curve corresponds to the genotype of POMC−A I, the red indicates
POMC−A II, and the green profiles represent POMC−A III. The blank control is shown in black,
with GG as the reference cluster.

3.3. Frequency Distribution of Three POMCa Genotypes in Largemouth Bass

Three POMCa genotypes were screened and identified in 180 individuals of the non-
selection population and 214 individuals of the selection population, respectively (Table 1).
In the non-selection population, POMC-A I, POMC-A II, and POMC-A III accounted for
46.11%, 43.33%, and 10.56% of the individuals (Figure 4A), and the frequency of LMB
POMCa alleles, referred to as Allele I and Allele III, were 0.6778 and 0.3222, respectively
(Table 1). While in the selection population, the frequencies of the three genotypes were
63.55%, 29.91%, and 6.54% of the individuals (Figure 4B), and the frequencies of Allele
I and Allele III were 0.7850 and 0.2150, respectively (Table 1). According to the law of
genetic equilibrium, observed genotype frequencies in both populations were consistent
with the Hardy-Weinberg expectations (p > 0.05) (Table 1). However, frequency distributions
between both populations were significantly different (χ2 = 12.168, p < 0.01) (Table 1).
Compared to the genotypes of POMC-A II and POMC-A III, the frequency of POMC-A
I in the selection population increased significantly more than that in the non-selection
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population, with OR (I/II) = 2.003 (p < 0.01) and OR (I/III) = 2.230 (p < 0.05) (Table 2).
There was no significant difference between the frequency distribution of POMC-A II and
POMC-A III in the two populations with OR (III/II) = 0.899 (p > 0.05) (Table 2). Compared
to Allele III, the frequency of Allele I in the selection population increased significantly
more than that in the non-selection group with OR (Allele I/Allele III) = 1.739 (p < 0.01).

Table 1. Frequency and distribution of three POMCa genotypes in largemouth bass.

Group Frequency Count
Genotype * Allele

c2 p
I II III Allele I Allele III

non-selection

observed count 180 83 78 19 244/360 116/360 0.018 p = 0.991 > 0.05
observed frequency 46.11% 43.33% 10.56% 0.6778 0.3222

expected count 180 82.69 78.62 18.69
expected frequency 45.94% 43.68% 10.38%

selection

observed count 214 136 64 14 336/428 92/428 2.433 p = 0.296 > 0.05
observed frequency 63.55% 29.91% 6.54% 0.7850 0.2150

expected count 214 131.87 72.24 9.89
expected frequency 61.62% 33.76% 4.62%

Between Group - - - - - - - 12.168 p = 0.002 < 0.01

* Genotypes of POMC-A I, POMC-A II, and POMC-A III were abbreviated as I, II, and III, while alleles of LMB
POMCa were referred to as Allele I and Allele III, respectively.

Table 2. Odds ratio (OR) of three POMCa genotypes and confidence interval (95%) in selection and
non-selection groups.

OR * 95% CI p

selection/non-selection (I/II) = 2.003 1.303–3.081 0.002
selection/non-selection (I/III) = 2.230 1.055–4.712 0.036
selection/non-selection (III/II) = 0.899 0.414–1.949 0.787

selection/non-selection (Allele I/Allele III) = 1.739 1.260–2.400 0.001
* Genotypes of POMC-A I, POMC-A II, and POMC-A III were abbreviated as I, II and III, while alleles of LMB
POMCa were referred to as Allele I and Allele III, respectively.

As shown in Figure 4C, in the non-selection population, POMC-A I accounted for
44.44% (n = 8) and 55.56% (n = 20) of the top 10% (n = 18) and 20% (n = 36) of the largest
individuals, respectively, less than 66.67% (n = 12) and 66.67% (n = 24) in the top 10%
(n = 18) and 20% (n = 36) of the smallest individuals (p < 0.05). POMC-A II accounted for
44.44% (n = 8) and 33.33% (n = 12) of the top 10% (n = 18) and 20% (n = 36) of the largest
individuals, respectively, greater than 33.33% (n = 6) and 22.22% (n = 8) in the top 10%
(n = 18) and 20% (n = 36) of the smallest individuals (p < 0.05). There were no significant
differences between the percentages of POMC-A III in the top 20% (n = 36) of the largest
and smallest individuals and between the percentages of three genotypes in the top 30%
(n = 54) of the largest and smallest individuals (p > 0.05).

As shown in Figure 4D, in the selection population, POMC-A I accounted for 76.19%
(n = 16), 55.81% (n = 24), and 50.00% (n = 32) of the top 10% (n = 21), 20% (n = 43), and
30% (n = 64) of the largest individuals, respectively, which were much greater than 14.29%
(n = 3), 25.58% (n = 11), and 34.38% (n = 22) in the top 10% (n = 21), 20% (n = 43), and 30%
(n = 64) of the smallest individuals (p < 0.01). POMC-A II accounted for 23.81% (n = 5)
and 37.21% (n = 16) of the top 10% (n = 21) and 20% (n = 43) of the largest individuals,
respectively, which were much less than 61.90% (n = 13) and 51.16% (n = 22) in the top 10%
(n = 21) and 20% (n = 43) of the smallest individuals (p < 0.01), and it accounted for 45.31%
(n = 29) and 43.75% (n = 28) in the top 30% (n = 64) of the largest and smallest individuals
in the selected population with no significant difference (p > 0.01). POMC-A III accounted
for 0.00% (n = 0), 6.98% (n = 3), and 4.69% (n = 3) of the top 10% (n = 21), 20% (n = 43),
and 30% (n = 64) of the largest individuals in the selection population, respectively, which
were much smaller than 23.81% (n = 5), 23.26% (n = 10), and 21.87% (n = 14) in the top 10%
(n = 21), 20% (n = 43), and 30% (n = 64) of the smallest individuals (p < 0.01).
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Figure 4. Frequency distribution of three POMCa genotypes in largemouth bass. (A,B) Percentages of
three genotypes in non-selection population (A) and selection population (B), respectively. (C,D) The
genetic structure of the top 10%, 20%, and 30% of the largest and smallest individuals in the non-
selection population (C) and selection population (D), respectively.

3.4. Differential mRNA Expression of LMB POMCa in Response to Fasting and Refeeding

Among the tissues examined, obvious bands of LMB POMCa were detectable in
the pituitary, hypothalamus, and ovary of the individuals derived from the population
domesticated by formula diet; weak bands were observed in the head kidney, heart, liver,
and kidney, and no bands were amplified in the spleen, intestine, muscle, and testis
(Figure S3).

LMB POMCa expression of mixed genotypes in response to fasting and refeeding
were investigated in the hypothalamus. After three and seven days of fasting, the level of
LMB POMCa mRNA decreased to 63.55 ± 6.37% and 17.39 ± 0.74% of the control value
(p < 0.05), respectively (Figure 5A, Table S4). However, LMB POMCa expression increased
up to 154.53 ± 19.37% of the control value after 3 days of refeeding (p < 0.05), while it
returned to 86.34 ± 5.19% of the initial level with no significant change after seven days of
refeeding (p > 0.05) (Figure 5A, Table S4).

Furthermore, LMB POMCa expression of three different genotypes were examined
after being fasted for one week and then refed for three days. LMB POMCa expression
levels in the control group, which was regularly fed, did not differ significantly among the
three genotypes (p > 0.05) (Figure 5B, Table S5). After one week of fasting, LMB POMCa
mRNA was significantly downregulated across all three genotypes. Specifically, LMB
POMCa expression in POMC-A I was significantly lower than that in POMC-A II, followed
by POMC-A III (p < 0.05) (Figure 5B, Table S5). After 3 days of refeeding, LMB POMCa
mRNA was upregulated by more than 1.9-fold to the control levels, while it did not differ
significantly among the three genotypes (p > 0.05) (Figure 5B, Table S5).
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Figure 5. Transcriptional levels of LMB POMCa in response to fasting and refeeding. (A) POMC
expression in mixed genotypes (n = 9) of largemouth bass fasted for three days (3 d), one week (7 d),
and then refed for three days (10 d) and one week (14 d). n = 3 for each genotype. (B) Differential
expression of three POMCa genotypes in the treatment group, which was fasted for one week and
then refed for three days. Fold changes of three POMCa genotypes in different groups were calculated
using the 2−∆∆CT method. Data were expressed as mean ± SE (n = 6 for each genotype). a,b,c,d, and,
e represent the significant differences (p < 0.05).

3.5. Differential Physiological Responses to Fasting and Refeeding Among Three Genotypes

Body mass and four physiological indicators (i.e., Cor, GH, IGF-1, and Glu) in response
to fasting and refeeding were compared among three genotypes of largemouth bass fed on
a formula diet. After one week of fasting, plasma Cor, GH, IGF-1, and Glu levels in all three
genotypes decreased as compared with the control group (Figure 6A, Table S6). In contrast,
plasma levels of four physiological indicators in three genotypes rose rapidly after 3 days
of refeeding (Figure 6A, Table S6). Cor levels in POMC-A I and POMC-A II genotypes and
Glu in POMC-A I were sharply down-regulated in response to fasting (p < 0.05). Whereas
GH and IGF-1 in three genotypes did not change significantly (p > 0.05). After refeeding,
Cor and GH in all three genotypes recovered to the regular levels (p > 0.05), while IGF-1 in
POMC-A I and Glu in POMC-A I and POMC-A III increased significantly as compared with
the control (p < 0.05) (Figure 6A, Table S6). In the control group, GH level in the POMC-A
I genotype was significantly higher than that in the POMC-A III genotype (p < 0.05). In
the refed group, IGF-1 and Glu levels in POMC-A I were also greater than those in the
POMC-A III genotype (p < 0.05). In addition, there were no significant differences between
these indicators of POMC-A I and POMC-A II (p > 0.05) (Figure 6A, Table S6).

Three genotypes had average pre-fasting body weights of 212.65 ± 4.80 g (POMC-
A I), 210.03 ± 6.36 g (POMC-A II), and 204.3 ± 5.88 g (POMC-A III), respectively, with
no significant difference (p > 0.05) (Figure 6B, Table S7). After one week of fasting and
two weeks of refeeding, the mean body mass (221.43 ± 5.26 g) of POMC-A I increased by
4.13% compared to the pre-fasting value and was 22.60% greater than that (180.61 ± 8.32 g)
of POMC-A III (p < 0.05), which decreased significantly after fasting and refeeding (p < 0.05)
(Figure 6B, Table S7). The average body mass (208.65 ± 5.27 g) of POMC-A II was slightly
lower after fasting and refeeding but did not differ significantly from the average pre-fasting
body mass (p > 0.05) (Figure 6B, Table S7).
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Figure 6. Physiological responses to fasting and refeeding among three POMCa genotypes. (A) mean
values of Cor, GH, IGF-1, and Glu. The blue line corresponds to the genotype of POMC-A I, the yellow
indicates POMC-A II, and the green represents POMC-A III. Data were expressed as mean ± SE
(n ≥ 9) for each genotype in each group. Thirteen POMC-A I, 9 POMC-A II, and 13 POMC-A III for
the control group; 9 POMC-A I, 9 POMC-A II, and 9 POMC-A III for the fasting group; 18 POMC-A I,
9 POMC-A II, and 10 POMC-A III for the refeeding group. (B) Body weights (mean ± SE) of three
POMCa genotypes before fasting and after refeeding. a, b, and c represent the significant differences
(p < 0.05).

4. Discussion

Fish exhibit different feeding habits, commonly known as selective adaptation to food
resources, and the adaptation is essentially genetic-dependent. Many of the genes involved
in mammalian neuroendocrine signaling pathways were discovered in fish [22]. The details
of feed intake and energy homeostasis in fish are beginning to be elucidated. A previous
study suggested that, in Characiformes, different responses of appetite-regulating peptides
to fasting were related to both feeding habits and family [39].

The POMC gene belongs to the opioid/orphanin gene family, which encodes peptide
precursors including either the opioid (YGGF) or the orphanin/nociceptin core sequences
(FGGF) [9,40]. POMC holds within its structure numerous biologically active peptides, in-
cluding the main domains: α-MSH/ACTH, C-terminal β-lipotropin, β-endorphin, etc. [8,9].
LMB POMCa shares the core motifs of the members of the POMC gene family. It possesses
218 amino acids integrating the “YGGF” sequence of β-endorphin. It also retains a set of
four conserved cysteine residues at the N-terminal region of the molecule. MSH peptides
are recognized by a core sequence of “HFRW”. A striking feature of the melanocortin
end-products is the rigorous conservation of the primary sequence of α-MSH and the first
25 amino acids of ACTH. Multiple melanocortin sequences, such as α-MSH/ACTH and
β-MSH, but not γ-MSH, emerged in LMB POMCa, which is consistent with the fact that
the loss of the γ-MSH sequence occurred during the evolution of POMC in the ray-finned
fish [20]. Except for the core motifs, members of the POMC peptide family differ substan-
tially among themselves and between species. The alignment between the deduced protein
sequence of LMB POMCa and other related species in GenBank showed that the POMC
α-MSH, CLIP, β-MSH, and β-EP domains were relatively conserved across the Perciformes,
whereas the signal peptide, NPP, and γ-LPH domains were less conserved (Figure 1C).

Polymorphism association analysis of candidate genes was an effective way to improve
important economic traits such as growth and reproduction in breeding. A study was
conducted to investigate the association between the genotypes of the IGF-I gene and
growth traits in sea bass. The results revealed IGF-I polymorphisms have a significant effect
on body weight and total length, which could be useful for the marker-assisted selection
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(MAS) program of sea bass [41]. Two independent pomca mutant 1 lines (M1) with an 8-bp
deletion and 8-bp insertion were generated by the TALENs technique, respectively [23].
No obvious differences between M1 zebrafish and wild-type (WT) controls at six days
post fertilization (dpf) were observed in terms of food intake. However, food intake of M1
adult zebrafish increased by 52% compared to WT siblings at 5 months post fertilization
(mpf) [23]. In previous studies, SNP loci associated with growth traits such as body weight,
body height, and full length were identified in largemouth bass [42,43]. However, the
biological functions of candidate genes and genotypes in relation to appetite regulation
and energy metabolism have not been further validated in the population of largemouth
bass fed on an alternative diet.

The polymorphisms of LMB POMCa among individuals were validated via RACE,
direct sequencing, and HRM detection. The SNPs of T220C, G327A, C452T, and T504C
are located at the first, third, second, and third nucleotides of their codons (Figure S2).
Transitions of G327A and T504C were non-synonymous mutations, whereas the transitions
of T220C and C452T led to changes at position 74 (S74P) and 151 (A151V) of the amino acid
sequences, respectively (Figure S2). S74P and A151V were located in the region of NPP
and γ-LPH separately. Mutations in the NPP, α-MSH, and β-MSH, but not γ-MSH, have
strong associations with obesity in mammals [8,44]. Children who have either homozygous
or compound heterozygous mutations in the POMC gene provide the strongest evidence
for a link between mutations in POMC and obesity. By screening obese populations, two
patients were found with different heterozygous mutations in exon 2 of the POMC gene,
which have been implicated in disruption of POMC sorting to the regulatory secretory
pathway [45]. It is speculated that the homozygous and heterozygous mutations in LMB
POMCa might also be related to energy balance and growth performance.

A frameshift deletion mutation in POMC is strongly associated with body weight
and appetite in Labrador retriever and flat-coat retriever dogs. The mutation is more
common in Labrador retrievers selected to become assistance dogs [20]. The genetic
structure of largemouth bass populations adapting to being fed on a formula diet has come
to be stable after more than ten years of domestication in China (Table 1). However, the
frequency distribution of three genotypes between both populations were significantly
different (χ2 = 12.168, p < 0.01) (Table 1). The frequency of POMC-A I increased significantly
more than that in the non-selection population by decades of formula diet domestication
(p < 0.01) (Tables 1 and 2, Figure 4). Allele I in the selection population domesticated
by formula diet (0.7850) increased significantly compared to that in the non-selection
populations fed on forage fish consistently (0.6778) (p < 0.01) (Table 1). The genetic structure
of POMC-A did not differ significantly between the largest and smallest individuals in the
non-selection population (p > 0.05) (Figure 4C). In contrast, the proportion of POMC-A
I in the largest individuals was much greater than that in the smallest individuals of the
selection population, while there was a lesser proportion of POMC-A III in the largest
individuals than that in the smallest individuals (p < 0.05) (Figure 4D). The selection
population of largemouth bass has undergone multiple generations of artificial selection
during domestication. The artificial selection pressure on largemouth bass may alter the
random inheritance patterns of POMC, resulting in the observed imbalanced distribution
of the POMC-A I between the two populations.

The physiological process of appetite regulation involves a complex integration of
peripheral and central signals by the brain [2]. The POMC gene in vertebrates is expressed
in multiple organs, including the brain and several other peripheral tissues, in previous
reports [6,40]. In mammals and fish, the POMC-derived peptide α-melanocyte stimulating
hormone (MSH) is speculated to be involved in appetite suppression through its interaction
with melanocortin-4 receptors [6,21]. LMB POMCa was strongly expressed in the hypotha-
lamus, pituitary, and ovary but weakly or not expressed in other tissues of the individuals
derived from the population domesticated by formula diet (Figure S3). Fasting induced
a substantial decrease in the level of the POMCa mRNA, of which one week of fasting
presented the lowest mean values (p < 0.05). In addition, refeeding resulted in a rapid rise
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of LMB POMCa significantly (p < 0.05) (Figure 5A, Table S4). The results are consistent
with most of the previous studies, in which fasting has been shown to affect the central and
peripheral mRNA expressions of appetite-regulating factors in a number of fish species,
such as zebra fish and rainbow trout, with usually an increase for appetite stimulators
and a decrease for appetite inhibitors in fasted compared to fed fish [1]. Actually, when
food is scarce, fish are extremely hungry with good appetites. Therefore, when fish are
being fasted, the genes that promote appetite will be up-regulated, and the genes that
inhibit appetite will be down-regulated. Nevertheless, when there are abundant supplies
of food, fish are less hungry with poor appetite. Therefore, once fish are refed, the genes
promoting appetite will be down-regulated, and the genes for suppressing appetite will be
up-regulated.

Definitely, POMC, as an appetite-suppressing factor, was involved in feeding regula-
tion in the largemouth bass. Furthermore, POMC mRNA was significantly downregulated
across all three genotypes in largemouth bass after one week of fasting. Specifically, POMC
expression in homozygote POMC-A I was significantly lower than that in heterozygote
POMC-A II, followed by homozygote POMC-A III (p < 0.05). Neither in the control nor
the refed group were there significant differences among the POMC expression levels
of the three genotypes (p > 0.05) (Figure 5B, Table S5). The expression of this appetite
inhibitor decreased during fasting, increasing the appetite of fish. qPCR results indicated
that POMC expression decreased in starved larval zebrafish [46]. It was shown that POMC
was a regulatory factor that inhibited feeding in Siberian sturgeon (Acipenser baerii) via
the peripheral nervous system [47]. POMC-A I possessed the lowest value of POMC
mRNA during fasting, which indicated that, once feeding was resumed, POMC-A I might
feed more actively than the other two genotypes and eventually be more likely to exhibit
compensatory growth.

Linkage studies suggested patients with a POMC polymorphism located on human
chromosome 2 had an increased fat mass and serum leptin levels [48]. POMC gene deletion
in mice gave an initial association between mutations in POMC and decreases in food
intake and weight [49]. As in mammals, physiological responses to fasting and refeeding
associated with three genotypes were further compared in the following studies (Figure 6A,
Table S6). It is speculated that a high level of GH in POMC-A I had an effect on the growth
axis and induced the elevation of IGF-1 and Glu in the refed group. Meanwhile, elevation of
IGF-1 and Glu levels of POMC-A I in the refed group indicated that the metabolic capacity
of POMC-A I was stronger than that of the other two genotypes after fasting and refeeding
and thus may more easily accumulate energy to support growth. This also explains the
greater increase of body mass observed in the genotype of POMC-A I (221.43 ± 52.09 g)
after being refed for two weeks, as compared to the other two genotypes (180.61 ± 8.32 g
and 208.65 ± 5.27 g) (Figure 6B, Table S7). Overall, POMC-A I showed increased genetic
frequency and superior growth and physiological responses during feed domestication
and might be the predominant genotype in the largemouth bass population adapted to
feeding on a formula diet.

The mechanism by which POMC gene polymorphisms affect the appetite and food
intake of largemouth bass is still unclear. The 3′ UTR of eukaryotic genes can regulate
their spatial and temporal expression according to environmental stresses, and the negative
transcription regulation regions in the 3′ UTR usually form stable RNA secondary structures
or contain cis-elements specifically recognized by miRNAs to inhibit translation [50,51].
Cis-acting elements in the 3′ UTR, such as AU-rich elements, are important sites for post-
transcriptional regulation of mRNA abundance [51,52]. It has been shown that more than
75% of functional mutations in the 3′ UTR occur at sites rich in AU and U motifs, as well
as miRNA binding motifs [52]. Several miRNAs interacting with the 3′ UTR of target
genes have been reported to affect traits in fish [53], such as aberrant expression of miR-
1388-5p, which was associated with sterility in triploid rainbow trout by repressing the
expression of spindlin-1 [54]. An insertion of an 18 bp ARE “ATATCAATATTGTCTCGG”
was found in the 3′ UTR of LMB POMCa. The POMC-A I genotype expressed the lowest
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POMC mRNA values during fasting in feed domestication (p < 0.05), which seems to be
related to the post-transcriptional regulation. Possible negative regulatory elements for
the regulation of gene expression are located within the AU-rich region of the 3′ UTR
of LMB POMCa. The insertion of the 18 bp ARE in the 3′ UTR region of LMB POMCa
affects its own expression and translation levels during feed domestication, which down-
regulates the appetite-suppressing pathway and leads to an increase in appetite and weight
gain. POMC-A genotypes of largemouth bass may regulate their own mRNA stability
through an 18 bp AU-rich element in the 3′ UTR region or may influence the binding of
specific miRNAs, ultimately altering the activation level of the POMC-associated appetite
regulatory pathway involved in the feed domestication of largemouth bass. Meanwhile,
SNPs are useful markers associated with certain economic traits and also provide evidence
of the genetic basis of adaptation. The changes of amino acids triggered by SNP loci may
alter the protein structure and biological function of the POMC gene and finally affect
physiological characteristics such as appetite and body mass in the largemouth bass. The
mechanisms need to be further investigated.

5. Conclusions

Three genotypes of POMC-A I, II, and III are characterized by the indel of an 18 bp
ARE in the 3′ UTR and four interlocked SNP loci in the ORF of POMCa in largemouth bass,
respectively. POMC-A I and Allele I have significantly increased frequencies of inheritance
in the selection population (p < 0.05). In addition, the proportion of POMC-A I in the
largest individuals was much greater than that in the smallest individuals of the selection
population, while there was a lesser proportion of POMC-A III in the largest individuals
than that in the smallest individuals (p < 0.05). The random inheritance of allele frequency
might be affected by decades of selection on feeding traits of largemouth bass. POMC-A I
exhibited growth advantage and superior physiological responses such as decreased satiety,
increased appetite and feeding, and weight gain during feed domestication, and could be
the dominant genotype. Genetic polymorphisms of POMCa were associated with appetite
and food intake in largemouth bass domesticated by alternative diets.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ani14243638/s1. Figure S1: POMCa cDNA sequence of largemouth
bass (LMB). The sequence in the gray or yellow shadow is the complete ORF of LMB POMCa, and
gray or yellow represents different exons. The start codon (ATG), stop codon (TGA), and SNP loci are
marked in red font. Figure S2: Polymorphisms of POMC amino acid sequences in largemouth bass;
Figure S3: Tissue distribution of LMB POMCa in various tissues of largemouth bass, including head
kidney, pituitary, hypothalamus, heart, liver, spleen, kidney, gut, muscle, testis, and ovary; Table S1:
Primers used for amplification, genotyping, and mRNA expression of LMB POMCa sequences;
Table S2: Homologous sequences of Perciform fishes used for alignment analysis; Table S3: Identity
(%) of LMB POMCa with nine other Perciform fishes; Table S4: LMB POMCa fold change of mixed
genotypes during fasting and refeeding; Table S5: LMB POMCa fold change of three genotypes
during fasting and refeeding; Table S6: Physiological responses of three POMC genotypes in control,
fasted, and refed groups; Table S7: Comparison of body weights (mean ± SE) among three POMC
genotypes before fasting and after refeeding.
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