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Bighead carp (Hypophthalmichthys nobilis) is one of the most important freshwater food 
fish in China, with its head as the main edible part of high commercial value. The Pax9 
gene encodes a transcription factor essential for craniofacial and skeletal development, 
yet its role in growth regulation of this economically important species remains poorly 
understood. In this study, the HynPax9 gene was characterized in bighead carp, and its 
expression was examined in individuals exhibiting extreme growth phenotypes. The 
full-length HynPax9 cDNA is 2,018 bp in length, containing a 1,032 bp open reading 
frame that encodes a 343-amino-acid protein with a highly conserved paired box domain. 
Phylogenetic analysis placed HynPax9 within the cyprinid clade, with the closest 
relationship to zebrafish Pax9. Quantitative real PCR revealed that HynPax9 was 
expressed in all five tissues examined, with the highest expression in the brain. Notably, 
expression levels in the brain were significantly higher in fast growing individuals than in 
slow growing individuals (approximately 2.3 fold, FDR adjusted P < 0.01). In muscle, 
expression was also significantly higher in the fast-growing group (approximately 
1.4-fold, FDR-adjusted P < 0.05). These findings suggest that HynPax9 expression is 
associated with growth phenotypes in bighead carp, providing a preliminary candidate 
for further validation in marker-assisted selection programs. 

1. INTRODUCTION 

The PAX (paired box) gene family consists of highly con
served transcription factors, first identified in Drosophila 
melanogaster, and plays crucial regulatory roles in verte
brate embryonic development. The family comprises nine 
members, Pax1 to Pax9, each exhibiting distinct functions 
and expression patterns.1 Pax9 regulates early organ de
velopment by controlling downstream target genes, and its 
loss of function often leads to congenital defects. For ex
ample, Pax9 is expressed in mesenchymal tissues in mice, 
where it is involved in the development of somites, pharyn
geal pouches, craniofacial structures, teeth, and limbs.2 In 
fish, the functional roles of Pax9 have been primarily in
vestigated in the context of skeletal and craniofacial devel
opment; however, direct evidence linking Pax9 to growth 
or body-weight traits remains scarce. Chen et al. showed 
that knockdown of Pax9 leads to tail defects, indicating its 
requirement for axial skeleton development.3 Meanwhile, 
Paudel et al. demonstrated that mutation of Pax9 in ze
brafish causes midfacial retrusion and loss of facial ap
pendages.4 In medaka, knockdown of Pax9 similarly leads 

to abnormal morphology in the tail hypural skeletal el
ement, further supporting a conserved role for Pax9 in 
teleost skeletal development.5 

Fish growth traits are regulated by both genetic and en
vironmental factors. Understanding the genetic basis is a 
prerequisite for precision breeding. Traditional selective 
breeding, which relies solely on phenotypic data, is time-
consuming and inefficient. In contrast, marker-assisted se
lection significantly enhances breeding efficiency by link
ing genotypes to phenotypes. Recent genome-wide 
association studies (GWAS) and candidate gene approaches 
have identified molecular markers associated with growth, 
disease resistance, and other traits in fish.6 For instance, 
the insulin-like growth factor (IGF) gene family plays well-
established roles in muscle development and growth reg
ulation.7 Notably, single nucleotide polymorphisms (SNPs) 
in the Pax9 gene are significantly associated with skull size 
in mice and dental abnormalities in humans, suggesting a 
conserved role in vertebrate craniofacial and growth regu
lation.8 However, the role of Pax9 in growth traits of eco
nomically important freshwater fish has remained largely 
unknown until recently. Previous studies in bighead carp 
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have begun to address this gap: Zhou et al. demonstrated 
that head length is highly correlated with head weight 
(r=0.712, P<0.01) and that the head accounts for approxi
mately 34% of total body weight, suggesting that genes af
fecting head development may indirectly influence whole-
body weight.9 Chen et al. further provided genetic evidence 
for a shared architecture between growth and body shape, 
showing that multiple candidate genes are associated with 
both body weight and body length traits.10 Most impor
tantly, using bulked segregation analysis (BSA), Chen et al. 
identified Pax9 as one of 14 candidate genes associated with 
growth traits in this species.11 Despite these genetic dis
coveries, the systematic molecular characterization, com
prehensive tissue-specific expression profile, and detailed 
sequence features of Pax9 in bighead carp have not been in
vestigated. 
Bighead carp (Hypophthalmichthys nobilis) is a typical 

planktivorous fish with a large head that constitutes a ma
jor portion of its body weight and holds significant com
mercial value. Recent transcriptomic studies on head-re
lated tissues have provided valuable insights into the 
molecular basis of growth and development in this 
species.12 Notably, the availability of a high-quality refer
ence genome for this species has further facilitated gene 
discovery and functional studies. Given the established role 
of Pax9 in craniofacial development in model vertebrates, 
this gene may be particularly relevant for bighead carp. 
Head size is an economically important trait in bighead 
carp, as it accounts for a substantial proportion of total 
body weight and is the primary edible portion. Although 
head morphology and overall body weight are distinct 
traits, they may be connected through functional mecha
nisms: the craniofacial skeleton-particularly the gill-raker 
apparatus-determines filter-feeding efficiency, which in 
turn influences nutrient acquisition and somatic growth. 
Genome-wide association studies (GWAS) have demon
strated that head-related traits (head length, head width, 
head height) and growth-related traits (body weight, body 
length, body height) share common quantitative trait loci 
(QTLs) and candidate genes in this species,9,10 indicating 
that head morphology and somatic growth are governed, 
at least in part, by overlapping genetic architectures. This 
genetic correlation underscores the importance of examin
ing craniofacial-associated genes, such as Pax9, in the con
text of growth variation. Previous studies in zebrafish have 
demonstrated that Pax9 is essential for upper jaw forma
tion and craniofacial skeletal development,4 highlighting 
the conserved function of this gene in teleost craniofacial 
morphogenesis. Taken together with the genetic evidence 
from bighead carp GWAS and BSA studies,9‑11 these obser
vations provide a rationale for examining whether Pax9 ex
pression is associated with growth variation in this species. 
In this study, we characterized the Pax9 gene in bighead 

carp-designated as HynPax9-by determining its full-length 
cDNA and genomic structure, analyzing its phylogenetic 
relationships, and profiling its tissue-specific expression 
across five tissues. We then compared its expression levels 
between fast-growing and slow-growing individuals to as
sess whether HynPax9 expression is associated with growth 

variation. Building on previous genetic evidence identifying 
Pax9 as a growth-associated candidate in this species,11 

this study provides the first systematic molecular charac
terization and expression profiling of Pax9 in bighead carp. 

2. MATERIALS AND METHODS 

2.1. EXPERIMENTAL MATERIALS 

All experimental bighead carp (Hypophthalmichthys nobilis) 
used in this study were derived from the same artificially 
induced spawning cohort at a commercial hatchery and 
reared in a common earthen pond at the Chushandian ex
perimental farm, Xinyang, China, under identical manage
ment conditions. Throughout the six-month rearing period, 
fish were fed a commercial extruded floating pellet diet 
(Tongwei, China; crude protein ≥ 32%) twice daily (08:00 
and 17:00) at a daily rate of approximately 3% of the esti
mated total biomass, with the ration adjusted weekly based 
on water temperature and observed feeding activity. The 
pond also contained natural planktonic organisms that 
served as supplementary forage. Water quality parameters 
were monitored weekly and maintained within suitable 
ranges for bighead carp (temperature 26–28°C, dissolved 
oxygen > 5.0 mg/L, pH 7.0–7.8). At six months of age, a 
total of 1,000 individuals were randomly captured from the 
pond using a seine net, individually weighed, and ranked 
by body weight. To maximize the detection of potential ex
pression differences associated with divergent growth, five 
heaviest individuals (heavy group: 544 ± 14 g) and five 
lightest individuals (light group: 117 ± 8 g) were selected 
as representatives of the extreme growth phenotypes. This 
tail-extreme sampling approach is intended as a screen
ing strategy for candidate gene discovery rather than for 
estimating population parameters. Tissues (brain, heart, 
liver, intestine, and muscle) were collected, immediately 
frozen in liquid nitrogen, and stored at −80°C for subse
quent analysis. Every effort was made to alleviate the suf
fering of the experimental fish. All fish were deeply anes
thetized with MS-222 prior to tissue sampling, and all 
dissections were performed on ice to minimize distress. 

2.2. TOTAL RNA EXTRACTION AND CDNA SYNTHESIS 

Total RNA was extracted from each tissue using TRIzol 
reagent (Invitrogen, USA) following the manufacturer’s 
protocol. RNA concentration and integrity were assessed 
using a NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific, USA) and 1% agarose gel electrophoresis. All 
RNA samples were diluted to 500 ng/μL, and first-strand 
cDNA was synthesized using a reverse transcription kit 
(Takara, Japan) according to the manufacturer’s instruc
tions. The cDNA was stored at –20°C for subsequent use. 

2.3. IDENTIFICATION OF THE HYNPAX9 GENE 
SEQUENCE 

The Danio rerio Pax9 protein sequence (NP_571373.1) was 
used as a query to perform TBLASTN searches against the 
publicly available bighead carp genome assembly (NCBI As
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Table 1. Species and accession numbers of Pax9 amino acid used in this study             

Species Accession numbers 

Danio rerio NP_571373.1 

Acnodon oligacanthus KAL7873323.1 

Serrasalmus rhombeu KAL7861962.1 

Clarias magur KAF5903419.1 

Trichomycterus rosablanca XP_062863997.1 

Siphateles boraxobius XP_077096229.1 

Scleropages formosus KPP80064.1 

Xyrichtys novacula CAJ1074511.1 

Pampus punctatissimus KAM7376183.1 

Cynoglossus semilaevis XP_016892997.1 

Polypterus senegalus XP_039597516.1 

Acipenser ruthenus XP_058843498.1 

Spinus spinus CAM5970047.1 

Anomalospiza imberbis XP_068049003.1 

Gallus gallus NP_990243.3 

Mus musculus NP_035171.1 

Lacerta agilis XP_032999154.1 

sembly accession: GCA_037950665.1). Candidate genomic 
regions were retrieved, and the exon-intron structure was 
predicted using GENSCAN.13 The coding sequence was 
identified by comparing the predicted exons with the 
TBLASTN hits (Table 1). The full-length cDNA sequence 
and its deduced protein sequence have been deposited in 
the China National GeneBank (CNGB) under accession 
numbers C_AA136411.1 (nucleotide) and C_AA136412.1 
(protein). 

2.4. BIOINFORMATICS ANALYSIS 

The open reading frame and deduced amino acid sequence 
were predicted using ORF Finder. Physicochemical proper
ties, including molecular mass and theoretical isoelectric 
point, were analyzed using ProtParam. Multiple sequence 
alignment was performed using DNAMAN. A phylogenetic 
tree was constructed using MEGA7 with the neighbor-join
ing method based on 1,000 bootstrap replicates.14 The 
exon-intron structure was determined by comparing the 
cDNA sequence with the genomic DNA sequence. The pres
ence of signal peptide and transmembrane domains was 
predicted using SignalP-6.0 (https://ser
vices.healthtech.dtu.dk/services/SignalP-6.0/) and 
TMHMM-2.0 (https://services.healthtech.dtu.dk/services/
TMHMM-2.0/), respectively. Nuclear localization signals 
were predicted using cNLS Mapper (http://nls-map
per.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi). 

2.5. QUANTITATIVE REAL-TIME PCR 

Quantitative real-time PCR (qRT-PCR) was performed to 
measure HynPax9 mRNA expression levels using gene-spe
cific primers: HynPax9-F, 5′-GACTGCTTGCGGACGGTGT-3′, 

and HynPax9-R, 5′-GGTGGGTTGAGGCTGAGGAT-3′. The 
endogenous reference gene was β-actin, with forward 
primer Hyn-β-actin-F (5′-TATCCTATTGAGCACGGGT-3′) 
and reverse primer Hyn-β-actin-R (5′-CCTGTTG
GCTTTGGGATTC-3′). The stability of β-actin expression 
across tissues and between groups was confirmed by pre
liminary experiments. qRT-PCR was performed on an ABI 
StepOne™ real-time PCR system using Power SYBR Green 
PCR Master Mix. The thermal cycling protocol was as fol
lows: 95°C for 10 min, followed by 40 cycles of 95°C for 15 
s, 62°C for 30 s, and 72°C for 45 s. Primer amplification 
efficiency was validated using standard curves generated 
from 5-point 10-fold serial dilutions of pooled cDNA. The 
amplification efficiencies were 101.7% for HynPax9 (slope 
= –3.28, R² = 0.999) and 98.9% for β-actin (slope = –3.35, 
R² = 0.998). Melt-curve analysis confirmed a single specific 
product for each primer pair (Supplementary Fig. S1). Rel
ative expression levels were calculated using the 2−ΔΔCT 

method with β-actin as the internal control. Due to the 
limited sample size (n = 5 per group), non-parametric 
Mann–Whitney U tests were used to compare HynPax9 ex
pression levels between the heavy and light groups for each 
tissue. The Benjamini–Hochberg false discovery rate (FDR) 
procedure was applied to the five pairwise comparisons, 
and FDR-adjusted P < 0.05 was considered statistically sig
nificant. All data are presented as mean ± standard error of 
the mean (SEM). 
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Figure 1. Schematic structure of the     HynPax9  gene  
Boxes represent exons; lines represent introns. Light gray = UTRs; dark gray = CDS. Coordinates are genomic positions numbered from the transcription start site. Lengths are indi
cated in bp. The exon and intron lengths are drawn approximately to scale relative to the indicated base-pair numbers. 

3. RESULTS 

3.1. GENE STRUCTURE OF HYNPAX9 

The genomic DNA sequence of HynPax9 spans 7841 bp and 
consists of four exons and three introns (Figure 1). The full 
length of cDNA is 2018 bp, containing a 165 bp 5′ untrans
lated region (UTR), a 1032 bp ORF encoding a 343 amino 
acid protein, and an 821 bp 3′ UTR. Exon 1 includes the 5′ 
UTR and the first three nucleotides of the coding sequence 
(CDS); Exon 2 is entirely CDS; Exon 3 is entirely CDS; and 
Exon 4 contains the remaining CDS and the complete 3′ 
UTR. The three introns are located between Exon 1–2, Exon 
2–3, and Exon 3–4, respectively (exact splice junctions are 
indicated in Figure 1). 

3.2 AMINO ACID SEQUENCE ALIGNMENT OF HYNPAX9 

Multiple sequence alignment of Pax9 orthologs from repre
sentative vertebrates revealed a highly conserved N-termi
nal region corresponding to the paired box domain. Within 
this domain, the deduced HynPax9 sequence showed high 
identity with other cyprinid fishes including Danio rerio, 
Siphateles boraxobius, Acnodon oligacanthus, Serrasalmus 
rhombeus, and Clarias magur. The conserved core motif sug
gests an essential function in transcriptional regulation. 
The alignment is shown in Figure 2. 

3.3. PHYLOGENETIC ANALYSIS 

A phylogenetic tree was reconstructed using the neighbor-
joining method based on full-length Pax9 amino acid se
quences from representative vertebrates. As presented in 
Figure 3, HynPax9 was placed within the cyprinid clade and 
exhibited the highest sequence similarity with zebrafish 
Pax9, with strong bootstrap support of 97%. Other teleost 
Pax9 sequences formed separate branches, and all tetrapod 
Pax9 sequences including those from Mus musculus, Lacerta 
agilis, Gallus gallus, and finches clustered together, as ex
pected based on their evolutionary relationships. This 
topology reflects the conserved evolutionary history of the 
Pax9 gene across vertebrates. 

3.4. TISSUE DISTRIBUTION AND GROWTH-RELATED 
EXPRESSION OF HYNPAX9 

qRT-PCR analysis was performed to examine the tissue dis
tribution of HynPax9 in bighead carp. The results showed 
that HynPax9 was expressed in all five tissues tested, in
cluding brain, heart, liver, intestine, and muscle. The high
est expression level was observed in the brain, as shown in 
Figure 4. 
To explore the association between HynPax9 expression 

and body weight, we compared its expression levels in big
head carp individuals with extreme body-weight pheno
types. The heavy group consisted of the largest individuals 
with an average body weight of 544 ± 14 g, while the light 
group comprised the smallest individuals with an average 
body weight of 117 ± 8 g. In the brain, HynPax9 expression 
was significantly higher in the heavy group than in the light 
group (P < 0.01). In muscle tissue, expression was also sig
nificantly higher in the heavy group (P < 0.05). No signif
icant differences in expression were observed between the 
two groups in heart, liver, or intestinal tissues. 

4. DISCUSSION 

This study systematically characterized the Pax9 gene in 
bighead carp and compared its expression between individ
uals with extreme growth phenotypes. As a core member 
of the Pax gene family, Pax9 belongs to the Pax1/9 sub
family, which plays crucial roles in gill arch formation and 
thymus development.15 As a transcription factor, Pax9 pri
marily functions through interactions with DNA or protein 
interactions. The absence of a signal peptide and trans
membrane domains suggests that Pax9 likely acts within 
the nucleus, directly participating in transcriptional regula
tion, aligning with the known functional role of Pax family 
proteins as nuclear transcription factors.16 

Multiple sequence alignment revealed that HynPax9 
shares high sequence identity with other teleost Pax9 or
thologs, particularly within the paired box domain. This 
high degree of conservation suggests that Pax9 maintains 
essential functions throughout vertebrate evolution. For 
instance, the paired box domain and octapeptide sequence 
of Pax1 and Pax9 are strikingly conserved in Xenopus laevis, 
with the ancestral Pax1/9 gene having remained almost 
invariable for more than 500 million years since the di
vergence between hemichordates and vertebrates.17 The 
phylogenetic tree further supported this notion by placing 
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Figure 2. Multiple sequence alignment of the paired box domain of Pax9 proteins            

HynPax9 within the cyprinid clade, with the closest rela
tionship to zebrafish Pax9 and strong bootstrap support of 
97%. The tree topology reflected the expected evolution
ary relationships, with teleost sequences forming a distinct 
clade separate from tetrapod sequences, including Mus 
musculus, Lacerta agilis, and Gallus gallus. The close cluster
ing of HynPax9 with zebrafish Pax9 is consistent with their 
phylogenetic positions within the Cyprinidae family. 
Previous studies have demonstrated that Pax9 plays in

dispensable roles in craniofacial development. In zebrafish, 
Chen et al. found that Pax9 is involved in chondrocyte dif
ferentiation and bone maturation, further confirming its 
role in skeletal development.3 Neural crest cells play a crit
ical role in craniofacial development, and PAX1-9 functions 
are largely conserved throughout vertebrate evolution, in 
particular during central nervous system and neural crest 
development.18 Pax9 knockout mice exhibit hypoplasia or 
absence of parathyroid glands and tooth agenesis.19,20 In 
zebrafish, Paudel et al. demonstrated that homozygous 

Pax9 mutants develop pharyngeal teeth normally but com
pletely lack the premaxilla and most of the maxilla, and 
also fail to form nasal and maxillary barbels, indicating that 
Pax9 is essential for upper jaw formation rather than tooth 
development.4 These findings in zebrafish are particularly 
relevant for bighead carp, given the shared teleost cranio
facial architecture and the commercial importance of head 
size in this species. However, it is important to note that 
the present study did not directly measure head morphol
ogy traits; rather, we examined HynPax9 expression in re
lation to body weight extremes. While the established role 
of Pax9 in craniofacial development, together with its re
cent identification as a growth-associated candidate gene 
in bighead carp, provides a rationale for examining this 
gene in the context of growth, any connection between 
HynPax9 expression and head development remains spec
ulative at this stage.11 We hypothesize that HynPax9 may 
be functionally linked to growth-related processes, poten
tially through pathways involved in chondrocyte prolifera
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Figure 3. Phylogenetic tree of Pax9 proteins      
Bootstrap support values ≥70% are shown at nodes. The scale bar represents 0.02 amino 
acid substitutions per site. 
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Figure 4. Relative expression of    Hynpax9  in different   
tissues of bighead carp.     
Significance levels are indicated as ** for P< 0.01 and * for P < 0.05. 

tion and differentiation; however, this hypothesis requires 
direct functional testing and morphometric validation in 
future studies. 
qRT-PCR analysis revealed that HynPax9 was expressed 

in all five examined tissues, with the highest expression in 
the brain. Notably, its expression in the brain and muscle 
was significantly higher in heavy individuals than in light 
individuals, while no significant differences were observed 
in other tissues. The preferential expression in the brain 
and its up-regulation in fast-growing individuals suggest 
a potential association with central growth-related 
processes. The concurrent elevation in muscle tissue might 
reflect a peripheral effect, possibly mediated by systemic 
growth factors or neuroendocrine signaling. Similar 
growth-related expression patterns have been reported for 
other genes in bighead carp. For instance, slc5a6a, a gene 
associated with head size and shape in genome-wide asso
ciation studies, is highly expressed in the liver, pituitary, 
and muscle, with significantly higher expression in fast-

growing individuals than in slow-growing individuals.21 

This parallels our findings for HynPax9 and strengthens 
the notion that transcriptional regulation in key metabolic 
and neuroendocrine tissues is a common feature associated 
with growth variation in this species. Given the large head 
proportion and high edible value of bighead carp heads, 
we speculate that HynPax9 expression may be relevant to 
head-related skeletal development; however, as noted 
above, this hypothesis requires direct morphometric vali
dation. The differential expression in muscle tissue further 
suggests that HynPax9 may be associated with muscle 
growth-related processes, although this interpretation re
quires confirmation with larger sample sizes. Although the 
precise mechanism remains unclear, its nuclear localization 
and transcription factor characteristics are consistent with 
a potential role in modulating downstream genes involved 
in cellular proliferation and differentiation—processes fun
damental to both skeletal and muscle growth. Our findings 
are consistent with the genetic evidence reported by Chen 
et al., who identified Pax9 as a growth-associated candidate 
gene in bighead carp through BSA analysis.11 

Several limitations of this study should be acknowl
edged. The sample size (n = 5 per group) is modest, which 
limits statistical power and increases the risk of type I and 
type II errors. Although an FDR correction was applied and 
non-parametric tests were used for confirmation, the ob
served effect sizes should be interpreted with caution. Ad
ditionally, all fish originated from a single pond and a sin
gle cohort, which does not allow us to separate genetic 
effects from microenvironmental factors, such as social hi
erarchy or local feed competition, that may have con
tributed to the observed differences. Moreover, the ex
treme-tail sampling strategy may overestimate effect sizes 
relative to the full population range, so the magnitude of 
the observed expression differences should be viewed as 
upper-bound estimates that require validation in unse
lected populations. Furthermore, the expression data are 
correlational, and without functional experiments, we can
not establish a causal relationship between HynPax9 ex
pression and growth regulation. Despite these limitations, 
our study provides the first molecular characterization and 
tissue-specific expression profiling of Pax9 in bighead carp, 
establishing a foundation for future functional studies and 
independent validation in larger populations. 
In summary, our findings demonstrate that HynPax9 ex

hibits a tissue-specific expression pattern with the highest 
expression in the brain, and its expression levels in the 
brain and muscle are significantly correlated with body 
weight in bighead carp. These results provide preliminary 
evidence that warrants further functional studies and inde
pendent validation before HynPax9 can be considered as a 
marker for breeding programs. 
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