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The crowing of male Gallus exhibits diverse sound patterns. This is believed to
be related to the phenotypic diversity of vocal organs, one of which is influenced
by the nucleotide diversity of the associated genes. The SOX9 gene, involved in
cartilaginous tissue growth and development, is reported to contribute e in the
development of larynx and syrinx. This study aimed to characterize the CDS
regions of exons 1 and 2 of the SOX9 gene in junglefowl to assess its diversity.
Genomic DNA was extracted from ten individuals of G. varius from Lombok and
Sumbawa. The CDS regions of SOX9 gene exons 1 and 2 were amplified using
two primer pairs. Additionally, the CDS regions of SOX9 gene exons 1 and 2 from
54 junglefowl SRA data in an online repository were mapped and analyzed. The
study identified all nucleotide sequences as CDS regions of SOX9 gene exons 1
and 2. Six shared, and 24 unique haplotypes were constructed. A putative amino
acid sequence common to all Gallus species was also identified. The diversity
observed in the CDS regions of SOX9 gene exons 1 and 2 nucleotide sequence
showed a different level with the diversity observed in its amino acid sequence.
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1. Introduction As structural frameworks, the cartilage in syrinx

also acts as the attachment site of muscle and other

The crowing sounds of chickens, a form of
vocalization typically produced by male Gallus birds,
exhibit diverse patterns, as observed in domestic
chickens and junglefowl. It is hypothesized that
phenotypic diversity in the organ responsible for
sound production (syrinx) is associated with the
observed variation in rooster crowing patterns.
The syrinx, comprises various tissues, including
cartilage. The cartilage in the syrinx serves as its
structural framework and the configuration of this
framework exhibits considerable diversity across
bird taxa (Morejohn 1966; Gaban-Lima and Hofling
2006). It is postulated that the varied architecture
of this syrinx framework plays a pivotal role in the
sound production process (Morejohn 1966; Gaban-
Lima and Hofling 2006).

* Corresponding Author
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tissues. Consequently, the cartilaginous structure
provides support and facilitates the activities of
other tissues during the vocalization process. The
variations in syrinx structure, reported by Morejohn
in 1966, between junglefowl and domestic chickens,
specifically in the shape of the first bronchial half-
ring attached to the pessulus and the number of
syringeal bars, suggest the potential for different
degrees of support provided by the framework
during vocalization. In the study conducted by
During et al. (2013), which aimed to construct a
three-dimensional morphological map of the bird's
syrinx, it is suggested that the MVC cartilage (medial
ventral cartilage) within the syrinx plays a crucial
role in regulating the frequency of vocalization
sounds.

Tissue phenotype, including configuration and
other inherent characteristics, is influenced by
many factors, with genetics being critical. Genetic
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variability, shown as differences in nucleotide
sequences within a gene, results in diverse
properties in the encoded protein or RNA, thereby
contributing to a range of tissue phenotypes. Among
the group of genes associated with the processes
of cartilage formation and maintenance, the SOX9
gene is of particular importance. The Sox9 protein,
encoded by the SOX9 gene, serves as a transcription
factor that regulates gene expression linked to the
processes of cartilage formation and maintenance
(Wright et al. 1995; Ng et al. 1997; Zhao et al. 1997;
Oh et al. 2014; Liu and Lefebvre 2015). Gokhman et
al. (2020) assert the involvement of the SOX9 gene
in determining the anatomy of the human vocal
tract, as evidenced by their investigation employing
methylation mapping of bone-related genes across
modern humans, archaic humans (Neanderthals
and Denisovans), and chimpanzees. The findings of
Longtine et al. (2024) showed that SOX9 gene
involved in the development of avian syrinx.

In the Gallus species, RNA expression analysis
employing domesticated chickens as the
experimental model indicates, the SOX9 gene is
involved not only in cartilage development but also
plays roles in limb development, feather growth
and development, sex determination, gonadal sex
differentiation, and neural crest development (Kent
et al. 1996; Healy et al. 1999; Cheung and Briscoe
2003; Scheider et al. 2014; Ayers et al. 2015; Montero
etal. 2017;Suetal. 2019). The information concerning
the SOX9 gene in Gallus is currently constrained to
domestic chickens and red junglefowl, discernible
through SOX9 gene nucleotide sequence data in
online repositories. Hence, the primary objective of
this investigation is to provide a characterization of
the CDS region of exons 1 and 2 of the SOX9 gene in
junglefowl to assess the diversity of this region.

2. Materials and Methods

2.1. Sample Collection

Gallus varius specimens were obtained from two
breeders, a hunters and a pet seller at the local market.
Before the sampling process, brief interviews were
conducted to validate the geographical origin of each
specimen. Feather samples were procured from 10 G.
varius individuals, with 8 originating from Lombok
and 2 from Sumbawa (Table 1). Adhering to the DNA
Diagnostic Center (DDC) protocol (c2019), feathers
were collected from the chest region, and following

the collection process, feathers from each individual
were organized into clean paper containers, each
labeled accordingly. The samples were then stored in
the laboratory freezer at -20°C.

2.2. Total Genomic DNA Extraction

The genomic DNA was extracted from the feather
base, precisely the tip of the calamus section, where
DNA-containing subcutaneous tissue is located (DDC
€2019). Utilizing a sterile surgical scissors, the calamus
tip was excised and placed into a 1.5 ml tube. Then,
GT Buffer solution, one of the buffer components of
the DNA extraction kit, was added. The calamus tip
was fragmented into smaller portions using the same
sterilized surgical scissors. The subsequent steps were
performed according to the protocol provided in the
GENEAID DNA Extraction Kit "Tissue Genomic DNA
Mini Kit" (Geneaid, Canada).

2.3. Amplification and Sequencing of the Exons
1 and 2 Regions of the SOX9 Gene in G. vairus

Amplification of exons 1 and 2 regions of the
SOX9 gene in G. varius samples was performed
using the Touchdown Polymerase Chain Reaction
(TD-PCR) technique on the Biometra Thermo Cycle
instrument. The amplification employed two manually
designed primer pairs based on the G. gallus sequence
(NC_052549). The primer pair AF635 (forward)
5'-TTTTCTCTCCGTTTTCTCCTC-3" and AF636 (reverse)
5'-ACAGAGCTGATGCAATCTAGG-3" was utilized for exon
1 amplification, while the primer pair AF637 (forward)
5'-CTCTCGTTTGGTCATTGAAAC-3" and AF638 (reverse)
5'-AAGAGAGAGTGTGAGCGTGAT-3" was used for exon 2
amplification (Figure 1). The GoTaq® Green Mastermix
reagent was used for the amplification process. The
PCR conditions comprised an initial pre-denaturation
at 94°C for 3 minutes, followed by 35 cycles of
denaturation at 94°C for 1 minute, annealing at 62-
57.5°C for the first 10 cycles (with a temperature
decrease of 0.5°C per cycle)and 57°C for the subsequent
25 cycles for 1 minute, and extension at 72°C for 1
minute. This was followed by a post-elongation step at
72°C for 2 minutes and a finalization step at 15°C for 10
minutes. Subsequently, the amplicons were migrated in
a 1% agarose gel supplemented with Florosafe staining
dye (1t Base, MY) at 80 V for 55 minutes. The DNA
bands were visualized under UV light using Geldoc.
Amplicons with high-quality DNA bands were sent to
15t Base, a sequencing service company, for sequencing
using the Sanger method (Sanger et al. 1977).
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Table 1. CDS region of exons 1 and 2 of SOX9 gene of Gallus species used in data analysis

Species Origin of location N Sample name  Accession number Source Ref
. Gv_L34,6 - Pet seller
Lombok, Indonesia 8 Gv_L7.10-13 ] Breeder
. Gv_Sw1 - Hunter *
Sumbawa, Indonesia 2 Gv_Sw2 _ Breeder
Madura, Indonesia 7 - DRX083687-93 A
) East Java, Indonesia 1 - DRX083685
G. varius™ Central Java, Indonesia 1 - ERX4842472 B
Bali, Indonesia 1 - ERX4842466 GenBank
Indonesia 3 - SRX5173445-47
Zoological Park, Japan 1 - SRX9334260
Zoological Park, Taiwan 1 - SRX9334259 D
- 1 - SRX7909216 -
2 - ERX4842448-49 b
G. lafayetii™ Sri Lanka 5 SRX5173433; GenBank
- SRX5173439 enbank ¢
Zoological Park, France 2 - SRX9334251-52 d
Zoological Park, France 2 - SRX9334254;
SRX9334256 d
G. sonneratii** Andhra Pradesh, India 2 - SRX9334257-58 GenBank
- 1 - SRX7909214 -
Indian subcontinent 1 - SRX5173441 c
ok . NC_052549;
G. gallus Fayetteville, Arkansas (USA) 2 - NC._052590 GenBank -
Forest, Chiang-Mai, Thailand 3 - g%gggggg_% d
G. gallus gallus™** GenBank
Aceh, Indonesia 2 - ERX4842911; b
’ ERX4842913
Zoological Park, France 2 - SRX9334243-44 d
G. gallus bankiva™* East Java, Indonesia 1 - ERX4842909 GenBank b
Central Java, Indonesia 1 - ERX4842907
Ruili, Yunnan, China 2 - ERX4843040-41
. . ERX4843025;
G. gallus spadiceus™  Mangshi, Yunnan, China 2 } ERX4843032 GenBank 9
. . . SRX9334245;
Forest, Chiang-Mai, Thailand 2 SRX9334249
. . . ERX4842930;
G. gallus jabouillei** D15 Guangxi, China 3 - ERX4842935.36 GenBank b
Luchuan, Guangxi, China 2 - ERX4842928-29
Jammu & Kashmir, India 1 - SRX9334265
Dehadrun, India 1 - SRX9334266 d
C . Uttar Pradesh, India 1 - SRX9334267
. gallus murghi . GenBank
Haryana, India 2 - ERX4842982;
’ ERX4842987 b
Bihar, India 1 - ERX4842997
N: Number of DNA sequence; Ref: Reference; “-“: data unavailable. “*”: this study; ““*: junglefowl; “***’: domesticated

chicken; a: Ulfah et al. 2016; b: Wang et al. 2020; c: Lawal et al. 2020; d: Mariadassou et al. 2021.
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Figure 1. Schematic structure of SOX9 gene in domestic chicken and amplification target region of primers, constructed
based on nucleotide sequence of G. gallus (NC_052549)

2.4. Assembling of SOX9 Gene Exons 1 and 2
of Gallus from SRA Database

The nucleotide sequences of protein- coding regions
(CDS) for the SOX9 gene's exons 1 and 2 in four Gallus
species, stored in SRA data format in the GenBank
(Table 1), were mapped using BLASTN (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) with maximum number
of aligned sequences to display is 100 (Altschul et al.
1990; Johnson et al. 2008). The reference sequence
selected for this mapping encompassed the CDS region
of exon 1 of the SOX9 gene, along with its flanking
region (116 bp before and 153 bp after), and exon 2,
along with its flanking region (145 bp before and 162
bp after), from G. gallus (NC_052549). Following the
mapping process, the assembly of the mapped CDS
region of exons 1 and 2 sequences of Gallus was carried
out using MEGA7 (Kumar et al. 2016). The assembly
process only used a full length sequence of nucleotide
sequence fragment to construct CDS region of exons
1 and 2 of SOX9 gene. After the assembling process,
the CDS region of exons 1 and 2 was combined using
MEGA?7.

2.5. Bioinformatic Data Analysis

The sequencing products from two primer pairs
were edited using MEGA7. Subsequently, each
sequence was compared to reference sequences
stored in GenBank using BLASTN. After the
comparative analysis between the sample data and
the database, 10 sequences of SOX9 gene CDS region
exons 1 and 2 from each G. varius sample were
concatenated. These sequences were then aligned
with SOX9 gene sequences assembled from SRA data
format and with reference sequences of domestic

chicken (NC_052549 and NC_052590) (Table 1)
using the ClustalW tool integrated within MEGA?7.
After alignment, a series of analyses, encompassing
assessments of nucleotide composition, nucleotide
variation, haplotype construction (nucleotide
and amino acid sequence), and putative amino
acid composition and variation, were undertaken.
Nucleotide composition assessment, putative amino
acid construction, and amino acid variation analyses
were conducted within MEGA?7. In addition to MEGA?7,
putative amino acid construction was executed using
web-based software, BLASTX (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) (Altschul et al. 1990; Johnson et al.
2008) and EMBOSS Transeq (https://www.ebi.ac.uk/
Tools/st/emboss_transeq/) (Rice et al. 2000). For
the analysis of nucleotide variation and haplotype
construction (nucleotide sequence), DnaSP6 software
(Rozas et al. 2017) was utilized. As for haplotype
construction based on amino acid sequence were
conducted manually.

3. Results

3.1. Comparison and Nucleotide Composition
of Exons 1 and 2 SOX9 Gene

The G. varius specimens from Lombok and Sumbawa
Islands yielded a set of 20 SOX9 gene sequences,
comprising 10 sequences for each CDS region of exons
1 and 2, complemented by partial flanking regions
like UTR regions and introns. The length of these
sequences ranged from 653 to 796 bp for exons 1 and
its flanking region and from 461 to 864 bp for exon 2
and its flanking region. Sequence database comparison
using BLASTN revealed a significant degree of similarity
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with the SOX9 gene sequences of G. gallus, including
the full-length gene, mRNA region, and CDS region
(Supplementary Table 1). The confirmation of these
findings is supported by the significant values observed
for the E-value, Identity and Query Cover parameters,
elucidated in Table 2.

The nucleotide composition analysis of 64 CDS
regions spanning exons 1 and 2 of the SOX9 gene
obtained from four Gallus species, 54 assembled
SRA data and 10 sample data, reveals a consistent
distribution pattern closely resembling that of the
CDS regions in exons 1 and 2 of the SOX9 gene of G.
gallus (NC_052549 and NC_052590) (Supplementary
Table 2). The outcomes derived from BLASTN analysis,
coupled with examining nucleotide distribution
patterns, collectively authenticate the identity of the
CDS regions within exons 1 and 2 of the SOX9 gene in
the sampled sequence and the assembled sequence
from 54 SRA data formats of Gallus.

3.2. Heterozygosity, Nucleotide Variation and
Haplotype of Exons 1 and 2 SOX9 Gene

The CDS regions of exons 1 and 2 within the SOX9
gene sequence, spanning 658 bp across 66 Gallus
species, exhibited a total of 34 nucleotide variations
(Supplementary Table 3) and a nucleotide diversity
valueof0.00214.0fthesevariations,20wereidentified
within the CDS of exon 1 (nucleotide positions 16-
416), while 14 were founded in the CDS of exon 2
(nucleotide positions 433-680) (Supplementary
Table 3). Heterozygosity, identified by IUPAC
ambiguity nucleotide symbols within nucleotide
sequences, was observed in 20 Gallus sequences
(Table 2 and Supplementary Table 3). Heterozygotes
were recognized when the frequency of each of the
two-nucleotide type at a position fell within 40 to
60% of the depth of coverage. Heterozygous positions
were detected in every junglefowl species, including

sequences obtained through both the Sanger method
(our sample, G. varius) and the NGS method (Gallus
SRA data). These heterozygous positions contribute
significantly to nucleotide variation (>80%). The
total heterozygous sites (each species) in these 20
individuals ranged from 1 to 13 bp, with the lowest
occurrence observed in G. sonneratii, G. gallus gallus, G.
gallus bankiva, and G. gallus jabouillei, and the highest
in G. gallus murghi (Table 2). A haplotype diversity of
0.711 was observed in the 66 nucleotide sequences
of Gallus species, where 30 distinct haplotype groups
were formed from the 34 identified nucleotide
variations (Supplementary Table 4). Among these
haplotypes, six were shared either among different
species (Hap_1) or subspecies (Hap_16) or within
the same species (Hap_13, Hap_14 and Hap_15) or
subspecies (Hap_22), while the remaining 24 were
unique (Supplementary Material, Table S4). Based on
haplotype number and diversity, the genetic diversity
of the CDS region of SOX9 exons 1 and 2 in Gallus was
found to be moderately high.

3.3. Amino Acid Variation of Exons 1 and 2
SOX9 Gene

The CDS of exons 1 and 2 within the SOX9 gene
sequence from 64 Gallus species (junglefowl),
spanning 658 bp, encoded 228 putative amino acids.
The amino acid sequences derived from MEGA?7,
Transeq, and BLASTX for the same nucleotide
sequence were identical. BLASTX comparison analysis
across all junglefowl indicated a high similarity with
the amino acid sequence of the SOX9 gene in G.
gallus, as evidenced by substantial values for E-value,
Query Cover, and Identity parameters (Table 3). The
previously mentioned 34 bp nucleotide variations
impacted 31 amino acid sequences; however, not all
of these 31 amino acids exhibited variations. Amino
acid variations were observed in only 19 positions

Table 2. Summarize of heterozygous position in CDS region of exons 1 and 2 of SOX9 gene in Gallus

Number of heterozygous

Species N n Nucleotide position which heterozygous " )
positions in each sequence

G. varius 5 5 170; 433; 487; 513; 654 1-3

G. lafayetii 2 2 384; 447 1

G. sonneratii 1 1 633 1

G. gallus gallus 1 1 102 1

G. gallus bankiva 1 1 411 1

G. gallus spadiceus 4 8 22:102; 146; 250; 416; 447; 627; 680 1-3

G. gallus jabouillei 1 1 102 1

G. gallus murghi 5 13 16; 102; 181; 183; 204; 303; 374; 395; 1-6

401; 434; 435, 452; 602

N: number of sequences with heterozygosity, n: number of heterozygous
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(non-synonymous), while the remaining 12 were
synonymous (Supplementary Table 5). From those,
19 non-synonymous variations formed 12 amino acid
haplotypes (Supplementary Table 6), with haplotype
diversity value at 0.241. Notably, there are certain
putative amino acid sequences that was shared
among all Gallus species (Hap_aa_1) (Supplementary
Table 6). Amino acid variations were observed solely
in G. varius and G. gallus species with heterozygous
sites. Due to that, some of G. varius (sample and
SRA data), G. gallus spadiceus, and G. gallus murghi
sequences which showed heterozygosity formed
unique haplotypes (Hap_aa_2-11) (Table 4). Based
on this finding, it was shown that the amino acid
encoded by exons 1 and 2 of the SOX9 gene was
relatively conserved.

4. Discussion

Significant value in E-value, Identity, and Query
Cover parameters obtained from BLASTN or BLASTX
comparisons of sample nucleotide or amino acid
sequences against reference sequences indicate a
strong relationship or sequence similarity to the
reference. The E-value gauges the likelihood of
chance-based encounters with alignments whose
scores are at least as high as the observed scores

when query sequence comparison. A lower E-value
(near 0) suggest a non-random similarity, implying
potential functional or evolutionary significance
(shared ancestry, similar function or structural).
The Query Coverage (Query Cover) signifies the
proportion of the query sequence that aligns with
the database sequence. A heightened Query Cover
value indicates that more nucleotides or amino acids
from the query aligning or are being covered by the
database. The Percentage of Identity indicates the
proportion of matching nucleotides between the
query and subject sequences. A greater percentage
of Identity signifies a higher resemblance between
the nucleotides or amino acids in the aligned query
and those in the database.

Based on the haplotype diversity value (0.711), it
suggested that the CDS region of SOX9 gene exons 1
and 2 nucleotide sequence had a relatively high level
of diversity. The mainfactor contributing to thisresult
was the presence of heterozygous positions (28 out
of 34 nucleotide variations) (Supplementary Table
3). The red junglefowl species, specifically G. gallus
spadiceus and G. gallus murghi, exhibited the highest
number of heterozygous positions, totalling 8 and 13
bp, respectively (Table 2 and Supplementary Table
3). Moreover, the red junglefowl species showed the
highest number of nucleotide variants, comprising

Table 3. BLASTX result of CDS region of exons 1 dan 2 of SOX9 gene of Gallus

. . Accession Value Range
Description Species -
number Query cover (%) E-value Identity (%)
SOX9 protein NP_989612 99 7e-133 - 2e-128 97.81-100
SOX9 protein isoform X1 G. oallus XP_046785201 99 le-132 - 3e-128 97.81-100
SOX9 protein -8 AAB09663 99 le-127 - 4e-123  95.63-97.82
SOX10 protein NP_990123 52 le-78 - 6e-75 88.43-91.74

Table 4. Putative amino acid sequence variation in CDS region of exons 1 and 2 of SOX9 gene between Gallus species

Haplotype group N

Amino acid position

11 49

57 61 68 49 84 102 125 132 134 139 145 151 163 171 201 227

~
9)]

Hap_aa_1
Hap_aa_2
Hap_aa_3
Hap_aa_4
Hap_aa_5
Hap_aa_6
Hap_aa_7
Hap_aa_8
Hap_aa_9
Hap_aa_10
Hap_aa_11
Hap_aa_12

— e e e el ek e e e e

L. .. .Q

—

8
M TAQD KYQTXK D N E L L K V

D N H
M . M E

. E
M E

N: number of sequences; Red-coloured number: heterozygous position
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21 heterozygous and 5 non-heterozygous positions
(Supplementary Table 3). This finding was intriguing
and in need of exploration.

The depth of coverage in NGS sequencing refers
to the number of read covering each base in a
sequenced genome or target region. The depth of
coverage implicates the quality and reliability of the
obtained data, the higher the sequencing depth, the
more accurate the base calling, reducing sequencing
error (Bentley et al. 2008; Kim et al. 2015; Borisevich
etal. 2017).Each nucleotide position in this study had
a diverse depth of coverage in all Gallus species (SRA
data). A different methodology in conducting NGS
sequencing was demonstrated, affecting the depth
of coverage (Borges et al. 2020). Considerable debate
revolves around determining the minimum depth
of coverage necessary for generating sufficiently
accurate results and minimizing the likelihood of
false positives and negatives (Desai et al. 2013; Kim
et al. 2015; Borisevich et al. 2017; Petrackova et
al. 2019). The least minimum number of depth of
coverage was reported by Borisevich et al. (2017).
Their research demonstrated that to achieve accurate
base calling of heterozygotes and single nucleotide
variants (SNVs), a depth of coverage of 12-fold is
required.). In G. gallus spadiceus and G. gallus murghi,
the majority of depth of coverage in the nucleotide
variant position is lower than 10-fold, which made
the accuracy in those positions was low. It might be
due to this the total nucleotide variant that found
in these 2 species was considerably higher than
the others. Furthermore, while mapping G. gallus
murghi SRA data, we identified nucleotide variants
at numerous positions in the majority of G. gallus
murghi sequence. Therefore, we speculated about
the potential occurrence of interbreeding between
red junglefowl and domestic chicken within the
red junglefowl dataset, specifically within G. gallus
murghi and G. gallus spadiceus. The study by Ulfah et
al. (2016) delved into the genetic and phylogenetic
relationships among red and green junglefowl along
with domestic chicken breeds, detecting indications
of interbreeding between red junglefowl and
domestic chicken breeds in the red junglefowl data
which stored in the online repository.

From the viewpoint of amino acid sequences of
the CDS region of exons 1 and 2 of the SOX9 gene,
there is no clear difference among 4 junglefowl
species. This uniformity is underscored by the
predominant clustering of putative amino acid

sequences within the Hap_aa_1 (>87%) and its
small haplotype diversity value (0.241). This result
implies that the amino acid encoded by exons 1
and 2 of the SOX9 gene is considerably conserved
and had low diversity level. Codon redundancy
and selective constraint on protein function is 2 of
the factors that could influence the differences in
diversity level between nucleotide and amino acid
sequences. The majority of amino acids are encoded
by multiple codons, resulting in redundancy
in the genetic code. This redundancy permits
synonymous mutations. Selective pressures on
amino acid sequences maintain protein function
and structure making non-synonymous mutations
often deleterious and subject to negative selection.
Synonymous mutations, however, are usually
neutral, contributing to higher nucleotide diversity
over time.

Although nucleotide variations within coding
regions (CDS) can influence phenotype via changes
in encoded amino acids, it is acknowledged that
other genomic segments, such as untranslated
regions (UTRs) and introns, also contribute to
phenotypic outcomes. Regulatory elements located
within the untranslated regions (UTRs) and introns
of genes modulate the gene expression, thereby
impacting phenotypic traits (Touriol et al. 2003;
Fablet et al. 2009; Fejes-Toth et al. 2009; Kiihn et
al. 2009; McClelland et al. 2009; Raveh-Amit et
al. 2009; Beaudoin and Perreault 2010; Smith et
al. 2010). Throughout cartilage tissue formation
and development, the SOX9 gene plays critical
roles, including chondrogenic mesenchymal
condensation, maintenance of chondrocyte
viability, facilitation of chondrocyte differentiation
and proliferation, regulation of chondrocyte
hypertrophy, extracellular matrix (ECM) component
regulation, and modulation of cartilage-specific
transcription factors (TFs) (Bi et al. 2001; Akiyama
et al. 2002; Ikegami et al. 2011; Liu and Lefebvre
2015; He et al. 2016). Given its importance in
cartilage development and has been hypothesized
as a genetic factor involved in larynx formation and
development, it is appropriate to continue to study
the SOX9 gene, including analysis of regions such
as CDS exon 3, UTRs, introns, and other regulatory
elements. Longtine et al. (2024) suggest that changes
in syrinx developmental pathway signals correlate
with syrinx diversification.
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Within the coding sequence (CDS) regions of
exons 1 and 2 of the SOX9 gene, the nucleotide
sequence demonstrates high diversity among the
four junglefowl species. This diversity is evident in
both nucleotide variation and its haplotype diversity
value. Notably, distinct nucleotide characteristics
are observed exclusively in G. sonneratii and G.
lafayetii within the CDS regions of exons 1 and 2
of the SOX9 gene, delineated by the formation of
unique haplotype groups. Of the species studied,
Gallus gallus (red junglefowl) displayed the highest
nucleotide variations. However, validation is
necessary due to the low depth of coverage for
individual nucleotide variants and the possibility of
interbreeding between red junglefowl and domestic
chicken lineages. From an amino acid perspective,
there is no clear differentiation among the four
junglefowl species within the CDS region of exons 1
and 2 of the SOX9 gene underscores a considerable
level of conservation in amino acid sequences, and
based on its haplotype diversity value, the amino
acid sequence had low diversity level. To attain a
more comprehensive insight of the genetic features
of junglefowl SOX9 gene, it is important to integrate
additional data from other regions, such as the CDS
region of exon 3, untranslated regions (UTRs), and/
or introns.
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Supplementary Materials

Supplementary Table 1. BLASTN result of exons 1 and 2 of SOX9 gene of G. varius sample

Species Accession Exon Value Range
number Query cover (%) E-value Identity (%)
CP100572 1 100 0.0 99.24-99.69
2 99-100 0.0 98.10-99.35
1 58-66 0.0 99.79-100
XM_046929245 2 30-56 8e-142-4e-130 96.23-100
G. gallus 1 58-66 0.0 99.79-100
NM_204281 2 29-55 2e-133-2e-128 98.46-100
1 58-66 0.0 99.79-100
ABO12236 2 29-55 4e-132-20-127 98.44-100

Supplementary Table 2. Percentage mean of nucleotide composition of the CDS region of exons 1 and 2 of the Gallus SOX9

gene
. Mean length Percentage mean of each nucleotide type
Species group
(bp) T C A G

G. gallus (domesticated chicken) 685 12.6 12.6 24,5 29.6
G. varius 685 12.6 12.6 245 29.6
G. lafayetii 685 12.8 12.8 245 29.7
G. sonneratii 685 12.8 12.8 245 29.6
G. gallus gallus 685 12.6 12.6 24,5 29.7
G. gallus bankiva 685 12.6 12.6 24.6 29.6
G. gallus spadiceus 685 12.6 12.6 24,5 29.7
G. gallus murghi 685 12.6 12.6 24.4 29.7

Supplementary Table 3. Nucleotide variation and heterozygous position in CDS region of exons 1 and 2 of SOX9 gene
between Gallus species

Nucleotide position
16 22 31 99 102 146 156 170 181 183 204 250 303 306 374 384 395
G_gallus_NC_052549 C AACCAC A A G A T C A A G A
G_gallus_NC_052590 . . . . . . . . . . . . . .
G_varius_Sumbawa_2
G_varius_Sumbawa_1
G_varius_Lombok_13
G_varius_Lombok_12
G_varius_Lombok_11
G_varius_Lombok_10
G_varius_Lombok_7
G_varius_Lombok_6
G_varius_Lombok_4
G_varius_Lombok_3
G_varius_SRX9334260
G_varius_SRX9334259 .. .. . . . .
G_varius_SRX7909216 .. .. . . . M
G_varius_SRX5173447 .
G_varius_SRX5173446
G_varius_SRX5173445
G_varius_ERX4842472
G_varius_ERX4842466
G_varius_DRX083693
G_varius_DRX083692
G_varius_DRX083691
G_varius_DRX083690
G_varius_DRX083689 .. .
Red-coloured number: heterozygous position

Sequence name
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Supplementary Table 3. Continued

Nucleotide position
16 22 31 99 102 146 156 170 181 183 204 250 303 306 374 384 395
G_varius_DRX083688 C AACCATCAAG A T cC A A G A
G_varius_DRX083687 e . . . . . . . . . . . .
G_varius_DRX083685
G_lafayetii_SRX9334252
G_lafayetii_SRX9334251
G_lafayetii_SRX5173439
G_lafayetii_SRX5173433
G_lafayetii_ERX4842449
G_lafayetii_ERX4842448
G_sonneratii_SRX9334258
G_sonneratii_SRX9334257
G_sonneratii_SRX9334256
G_sonneratii_SRX9334254
G_sonneratii_SRX7909214
G_sonneratii_SRX5173441
G_gallus_gallus_SRX9334263
G_gallus_gallus_SRX9334262
G_gallus_gallus_SRX9334255
G_gallus_gallus_ERX4842913
G_gallus_gallus_ERX4842911
G_gallus_bankiva_SRX9334244
G_gallus_bankiva_SRX9334243 .
G_gallus_bankiva_ERX4842909 ... T
G_gallus_bankiva_ERX4842907
G_gallus_spadiceus_SRX9334249
G_gallus_spadiceus_SRX9334245 . . .
G_gallus_spadiceus_ERX4843041 . M C . . . . . . . . .
G_gallus_spadiceus_ERX4843040 . . . . . . . . . . . . T
G_gallus_spadiceus_ERX4843032
G_gallus_spadiceus_ERX4843025
G_gallus_jabouillei_ERX4842936
G_gallus_jabouillei_ERX4842935
G_gallus_jabouillei_ERX4842930
G_gallus_jabouillei_ERX4842929
G_gallus_jabouillei_ERX4842928
G_gallus_murghi_SRX9334265 .
G_gallus_murghi_ERX4842982 M
G_gallus_murghi_SRX9334266
G_gallus_murghi_SRX9334267 e . . . . . . . . .
G_gallus_murghi_ERX4842987 e . . . . . . . . . C
G_gallus_murghi_ERX4842997 ... .
Red-coloured number: heterozygous position

Sequence name
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Supplementary Table 3. Continued

Nucleotide position
401 411 416 433 434 435 447 452 474 487 513 602 627 633 654 672 680
G_gallus_NC_052549 A G T CT G C A C G C A G C C C A
G_gallus_NC_052590 e . . . . . . . . . . . . .
G_varius_Sumbawa_2
G_varius_Sumbawa_1
G_varius_Lombok_13
G_varius_Lombok_12

Sequence name

G_varius_Lombok_11 .. . M . . . . . . S
G_varius_Lombok_10 L. . . . . . . .
G_varius_Lombok_7 L. . . . . . . S
G_varius_Lombok_6 L. . . . . . . .
G_varius_Lombok_4 .. . M . . . . . R S

G_varius_Lombok_3

G_varius_SRX9334260

G_varius_SRX9334259

G_varius_SRX7909216

G_varius_SRX5173447

G_varius_SRX5173446

G_varius_SRX5173445

G_varius_ERX4842472

G_varius_ERX4842466

G_varius_DRX083693

G_varius_DRX083692

G_varius_DRX083691

G_varius_DRX083690

G_varius_DRX083689

G_varius_DRX083688 . . . . . . . . . . . . . . .
G_varius_DRX083687 L. . . . . . . . . . . Y
G_varius_DRX083685 . . . . . . . . .
G_lafayetii_SRX9334252 e . .Y . T
G_lafayetii_SRX9334251 e . . T . .
G_lafayetii_SRX5173439 e . . . . T
G_lafayetii_SRX5173433 e . . . . T
G_lafayetii_ERX4842449
G_lafayetii_ERX4842448
G_sonneratii_SRX9334258
G_sonneratii_SRX9334257
G_sonneratii_SRX9334256
G_sonneratii_SRX9334254
G_sonneratii_SRX7909214
G_sonneratii_SRX5173441
G_gallus_gallus_SRX9334263
G_gallus_gallus_SRX9334262
G_gallus_gallus_SRX9334255
G_gallus_gallus_ERX4842913
G_gallus_gallus_ERX4842911
G_gallus_bankiva_SRX9334244
G_gallus_bankiva_SRX9334243
G_gallus_bankiva_ERX4842909 .
G_gallus_bankiva_ERX4842907 . R
Red-coloured number: heterozygous position
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Supplementary Table 3. Continued

Nucleotide position

Sequence name

401 411 416 433 434 435 447 452 474 487 513 602 627 633 654 672 680

G_gallus_spadiceus_SRX9334249 A G T C T G
G_gallus_spadiceus_SRX9334245 . . . .
G_gallus_spadiceus_ERX4843041 . . K
G_gallus_spadiceus_ERX4843040
G_gallus_spadiceus_ERX4843032
G_gallus_spadiceus_ERX4843025
G_gallus_jabouillei_ERX4842936
G_gallus_jabouillei_ERX4842935
G_gallus_jabouillei_ERX4842930
G_gallus_jabouillei_ERX4842929
G_gallus_jabouillei_ERX4842928
G_gallus_murghi_SRX9334265 .
G_gallus_murghi_ERX4842982 M
G_gallus_murghi_SRX9334266
G_gallus_murghi_SRX9334267
G_gallus_murghi_ERX4842987 e . .
G_gallus_murghi_ERX4842997 . . . K K

c A C G C A R
Y

c C A

cloloEkelolickelskekelo koo ke e NaKe)

Red-coloured number: heterozygous position

Supplementary Table 4. Haplotype of nucleotide sequences
of the CDS region of exons 1 and 2
of the SOX9 gene

Haplotype |  Number of nucleotide sequence for each

group Gallus species
b ¢c d e f g h i
- - 2 2

9)]
\S]

1N = e ek ek e e |
1 1
1 1
1 1
1 1
1 1
1 1
1 1

Hap 17
Hap_18
Hap_19
Hap_20
Hap_21
Hap_22
Hap_23
Hap_24
Hap_25
Hap_26
Hap_27
Hap_28
Hap_29
Hap_30

N: number of sequences, -: 0, a: G. varius, b: G. lafayetii,
c: G. sonneratii, d: G. gallus, e: G. gallus gallus, f: G. gallus
bankiva, g: G. gallus spadiceus, h: G. gallus murghi, i: G.
gallus jabouillei
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Supplementary Table 5. Number of synonymous and non-
synonymous mutations in the
putative amino acid sequence of
the CDS region of exons 1 and 2 of

the SOX9 gene in Gallus
Type of Number of Number of amino acid
mutation amino acid containing
containing Heterozygous Non-
mutation site heterozygous
type site
Synonymous 12 8 4
Non- 19 17 2
synonymous

Supplementary Table 6. Haplotype of putative amino acid
sequences of the CDS region of
exons 1 and 2 of the SOX9 gene in
Gallus

N  Number of nucleotide sequence for each
Gallus species

d f

Haplotype
group

Hap_ aa_] 75
Hap_aa_2
Hap_aa_3
Hap_aa_4
Hap_aa_5
Hap_aa_6
Hap_ aa_7
Hap_aa_8

Hap_ aa_9
Hap_aa_10

Hap_aa_11
Hap_aa_12

N: number of sequences, -: 0, a: G. varius, b: G. lafayetii,
c: G. sonneratii, d: G. gallus, e: G. gallus gallus, f: G. gallus
bankiva, g: G. gallus spadiceus, h: G. gallus murghi, i: G.
gallus jabouillei
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