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Abstract

This study investigated the association of polymorphisms in four genes with growth traits
in two Japanese quail lines: a high-growth-rate selected line (HGR) and a control line (CL).
It utilized 21 generations of divergent selection to identify potential selection signatures,
comparing allele frequency shifts between the high-growth and unselected base popula-
tions. Growth Hormone (GH), Prolactin (PRL), Bone Morphogenetic Protein Receptor Type-1B
(BMPR-1B), and Vasoactive Intestinal Peptide Receptor 1 (VIPR-1) genes were genotyped using
PCR-RFLP. While the PRL gene was monomorphic, the GH, BMPR-1B, and VIPR-1 loci
were polymorphic. Association analysis demonstrated that these variants significantly
influenced body weight. In the HGR line, the homozygous genotypes (BB) of GH and
BMPR-1B were significantly correlated with increased body weight at various ages. The
AA genotype of VIPR-1 correlated with growth, while the BB genotype reduced body
weight. An in silico analysis suggested that GH and VIPR-1 variants were functionally
disadvantageous. The BMPR-1B variant was tolerated, indicating its potential as a genetic
marker. Significant additive effects were estimated for the associated SNPs, thereby high-
lighting their heritable potential. These findings suggest that GH, BMPR-1B, and VIPR-1
polymorphisms are valuable for marker-assisted selection to improve growth performance
within Japanese quail breeding programs.

Keywords: Japanese quail; growth traits; candidate genes; single nucleotide polymorphisms
(SNPs); marker-assisted selection
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protein, especially in developing economies with limited agricultural resources [2,3]. Quail
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meat and eggs are highly nutritious, serving as a sustainable food source that significantly
This article is an open access article

distributed under the terms and contributes to food security and a diversified diet [4,5].

conditions of the Creative Commons However, although local quail populations are adapted to indigenous environmental
Attribution (CC BY) license. challenges and disease pressures, they usually have lower growth performance and carcass
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yield compared to commercial lines [6]. The improvement in the genetic potential of these
local varieties is thus the main objective of breeders and geneticists. Nonetheless, classical
genetic improvement by genetic selection, despite being very successful, presents serious
drawbacks. Some traits such as carcass composition, meat quality, intramuscular fat content,
and processing yields are difficult to measure in live animals [7]. Using post-slaughter
records or selection indices can slow down genetic progress by reducing the accuracy of
selection and increasing the time needed to achieve breeding goals [8,9].

Integrating molecular genetics into the breeding programs has represents a major step
forward in animal husbandry, providing a means to overcome these challenges. One of
the most promising strategies is MAS, which relies on DNA-level information to enhance
the accuracy and efficiency of selection [9]. Through the identification of particular genetic
markers linked to a trait of economic importance, informed decisions can be made early in
the life of an animal [1]. This approach has been particularly useful in improving complex,
polygenic traits influenced by many genes and environmental interactions.

One of the main tools for this strategy is the candidate gene approach, which uses
genes known to have specific physiological functions in processes like growth regulation,
metabolism, and fat deposition [10]. These genes include, but are not limited to, Growth
Hormone, Insulin-like Growth Factor 2, the Fat Mass and Obesity-Associated gene, and
Insulin Receptor Substrate 1. Variations in these genes have often been linked to differences
in body weight, growth patterns, fat storage, and, ultimately, the quality of carcasses and
meat in various livestock and poultry species. Despite this, research on their polymor-
phisms and associations with growth traits in quail, specifically, remains limited. Most of
the available studies have focused on egg production traits or were conducted in other
poultry species, leaving a clear gap in knowledge regarding the molecular basis of growth
in quail [10,11].

Among these candidate genes, the role of Growth Hormone (GH) in metabolic ac-
tivities, growth, and body composition is significant in determining body weight and
fat content, though its role in avian growth is subject to controversy [12]. Additionally,
Prolactin (PRL) is also multifunctional in nature, and plays a significant role in reproductive
activities such as nesting, hatching, and the onset and maintenance of broodiness, which are
critical in determining egg production in birds [12,13]. Along with these well-recognized
genes, other genes such as Bone Morphogenetic Protein Receptor Type 1B (BMPR-1B)
and Vasoactive Intestinal Peptide Receptor 1 (VIPR-1) are being identified as important
regulators in the process. Variations in the BMPR-1B gene have been associated with signif-
icant egg production and quality traits in quail [14-16]. Although BMPR-1B and VIPR-1
are mainly known for their roles in egg production, there is growing evidence that they
may also influence growth-related processes, supporting their investigation as candidate
markers for growth traits in quail. Understanding the genetic variations and their functions
is proving invaluable in improving the breeding process in quail and other poultry species.
Apart from identifying genetic markers, comparing a line subjected to 21 generations of
intense artificial selection with an unselected control line provides a unique opportunity
to observe how long-term selection pressure shapes the genetic architecture and drives
allele frequency shifts at specific loci. The four SNPs selected for this study were chosen
based on their previously reported associations with production traits in poultry and the
known physiological roles of their respective genes in growth regulation, reproduction, and
metabolic signaling. Specifically, the GH A237B SNP has been linked to growth and body
weight in chickens and quail [11,12]; the PRL C2161G SNP has been associated with egg
production in chickens [17]; the BMPR-1B A290T SNP has been reported to influence egg
production and quality in quail [16]; and the VIPR-1 HpyCH4IV SNP has been associated
with growth traits in meat-type quail [14]. These SNPs therefore represent biologically
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plausible candidates for investigating growth-related genetic variation in the present diver-
gent selection model. This study utilized two Japanese quail lines that differ significantly
in growth rate—a high-growth-rate selected line (HGR) that underwent 21 generations of
selection, and an unselected control line (CL) from the same base population—to provide
a strong framework for linking genetic variation to differences in growth performance.
Ultimately, this study aims to detect and characterize polymorphisms within selected
regions of the GH, PRL, BMPR-1B, and VIPR-1 genes in these two quail lines, to investigate
associations between these genetic variants and growth traits, and to assess the functional
significance of the identified variants using in silico prediction.

2. Materials and Methods
2.1. Ethical Approval

All study procedures followed the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines “https:/ /arriveguidelines.org, (accessed on 5 May 2025)”, and were
approved by the Institutional Animal Care and Use Committee at Fayoum University in
Egypt (FU-IACUC), with an approval number of AEC2408 on 28 August 2024.

2.2. Breeding and Management

All quail used in this study were obtained from the breeding stock maintained at
Fayoum University, Egypt. Two Japanese quail lines were used for this study. These lines
constitute a well-established genetic model for studying the effects of selection. The high-
growth-rate selected line (HGR) has undergone 21 successive generations of individual
selection for fast growth rate from 1 to 21 days of age, based on estimated breeding values.
The base population from which both lines were derived consisted of a randomly mated
flock with no prior selection history. The control line (CL) is maintained through random
mating from the same base population, without any selection pressure, serving as a genetic
control for the HGR line.

For breeding, adult Japanese quails were maintained in cages. Each male was ran-
domly assigned to two females for mating, providing minimized inbreeding. The collected
eggs were incubated artificially under controlled conditions. After hatching, the chicks
were wing-banded to identify the birds easily. They were then transferred to floor pens in a
semi-closed housing system. From hatching through 35 days of age, birds were provided
feed and water ad libitum. The diet was formulated to contain 24% crude protein and
2900 kcal of metabolizable energy per kilogram, consistent with established nutritional
guidelines [18].

The total number of birds used for phenotypic measurements was 2785 birds from
the 21st selection generation, comprising 1887 quails from a line selected for high growth
rate (HGR) and 898 quails from an unselected control line (CL). Body weight was recorded
at hatch and at 7, 14, 21, 28, and 35 days of age (BW;, BW7, BW14, BW31, BWyg, and
BW3s, respectively). Growth rate (GR) was calculated according to Brody [19], using the
following formula:

GR = [BW35 - BW1/1/2 (BW35 + BWl)] (1)

2.3. Sample Collection and Genotypic Analysis

Blood samples of 2 mL were collected from a randomly selected subset of 92 individual
quail, representing both sexes and both lines of these: 56 belonged to the HGR line (25 males,
31 females), and 36 belonged to the CL (14 males, 22 females). Blood samples were collected
from the wing vein into 5 mL vacutainer tubes containing EDTA as an anticoagulant.
Total genomic DNA was extracted using the standard phenol-chloroform method. DNA
concentration and purity were assessed spectrophotometrically by measuring absorbance
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at 260 and 280 nm, and only samples with an A260/A280 ratio between 1.8 and 2.0 were
used for downstream analysis.

Four candidate genes were targeted: growth hormone (GH), prolactin (PRL), Bone
Morphogenetic Protein Receptor Type-1B (BMPR1B), and Vasoactive Intestinal Peptide
Receptor 1 (VIPR-1) genes. DNA amplification was carried out via polymerase chain
reaction (PCR) targeting a specific fragment in each gene. A total reaction volume of
20 uL was used. Each reaction contained 2 uL of DNA template, 1 uL each of forward and
reverse primers, 8 puL of master mix, and 8 uL of nuclease-free water. The cycling protocol
began with an initial denaturation at 94 °C for 5 min, followed by 35 cycles of denaturation
at 94 °C for 1 min, annealing at 53-57 °C (gene-dependent, as listed in Table 1) for 45 s, and
extension at 72 °C for 45 s, with a final extension at 72 °C for 5 min. Primer sequences and
restriction enzymes used for each gene are listed in Table 1. Genotyping was performed
using restriction fragment length polymorphism (RFLP), and the resulting fragments were
separated by agarose gel electrophoresis and visualized under UV light.

Table 1. Primer sequences and genotyping information for the genotyped mutations.

Gene SNP Primer T?Iﬁ?iiiti%e Rgfi;ﬁ:n F;l:grf;;t Reference
GH  ADTB  CCICGACATCCAGCICACAT Myl 776 20
o cwe DAACOCCOCCONTIAC oy e m
pupkip  azwr  FCCATAGCAAMACAGATICAG - 6
VIPR-1 Hp¥$ H4 };:C(;:CCTSTCCTCG AG gg gﬁé’l%GISfT 55 HpyCHA4III 1096 [14]

GH, PRL, BMPR1B, VIPR-1—growth hormone, prolactin, Bone Morphogenetic Protein Receptor Type-1B and
Vasoactive Intestinal Peptide Receptor 1 genes.

2.4. In Silico Functional Prediction of Non-Synonymous SNPs

In silico functional prediction of non-synonymous SNPs was conducted to ascertain
their potential effects on protein function. This analysis used the PANTHER (Protein
ANalysis THrough Evolutionary Relationships) classification system “www.pantherdb.
org/tools/csnp (accessed on 21 January 2026)”, which evaluates the impact of amino acid
substitutions—a specific evolutionary conservation (subPSEC) score for each variant. A
subPSEC score approaching zero indicates a neutral substitution, while a more negative
score suggests a higher probability of a deleterious effect. The system also estimated
the probability that each variant is functionally deleterious (P-deleterious), based on the
subPSEC score. A variant was classified as deleterious if P-deleterious > 0.5, and as tolerated
if P-deleterious < 0.5, following the default PANTHER classification criteria.

2.5. Statistical Analysis

Phenotypic data were analyzed using the general linear model (GLM) of SAS
version 9.4 [21]. POPGENE software version 1.32 [22] was used to calculate key population
genetics measures. These included expected heterozygosity (He), observed homozygos-
ity (Ho), tests for Hardy—Weinberg equilibrium (HWE), effective number of alleles (Ne),
polymorphism information content (PIC), and deviation from Hardy-Weinberg equilib-
rium (HWE). The associations of SNPs with growth traits were determined using the
following model:

Yijge = p + Li + Gj + ejj 2)
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where Y; is the phenotypic value, y is the overall mean value, L; is the fixed effect of line, G]-
is the fixed effect of genotype, and e;j is the random error. Sex was not included as a fixed
effect in the current model; however, both male and female quails were present in the study
population. Although sex was not the primary focus of this association study, the potential
influence of sex on growth traits and the genotype x sex interaction should be considered
in future analyses to improve model accuracy. Differences were considered significant at
p < 0.05 and highly significant at p < 0.01. It should be noted that only 92 individuals
were genotyped out of 2785 phenotyped birds, which limits the statistical power of the
association analyses, particularly for detecting genotype-by-line interactions or minor
allele effects. A post hoc power analysis is recommended to quantify this limitation. No
correction for multiple testing (e.g., Bonferroni or FDR) was applied across the multiple
SNPs, age points, and traits tested simultaneously; this should be acknowledged as a
limitation, as it may inflate the risk of false-positive associations.

3. Results
3.1. Genotyping Results

The genotyping results and genetic parameters are presented in Table 2. Restriction
digestion of the PCR products revealed three genotypes for the GH gene: the BB genotype
appeared as one fragment of 776 bp, the AA genotype produced two fragments of 539
and 237 bp, and the heterozygous AB genotype was represented by all three fragments
(776, 539, and 237 bp). For the BMIPR-1B gene, three genotypes were detected in both quail
lines. The AA genotype was represented by three fragments, of 290, 190, and 95 bp; the
AB genotype was represented by four fragments, of 385, 290, 190, and 95 bp; and the BB
genotype generated two fragments, of 385 and 190 bp. A similar pattern was observed
for the VIPR-1 gene, where all the three genotypes were identified in both lines, the AA
genotype was represented by two fragments, of 285 and 811 bp, the AB genotype produced
three fragments, of 285, 811, and 1096 bp, while the BB genotype showed the original uncut
fragment of 1096 bp.

Table 2. Number of genotyped quails, and genetic parameters of the four genotyped SNPs.

Breed Number of Animals  Genotypic Frequency  Allelic Frequency Genetic Parameters Deviation from HW
ree

AA AB BB p2 2pq q2 p q He PIC  Ne x2 p Value

GH (A237B)
Selected 9 23 24 0161 0411 0429 0.37 0.63 0.46 0.36 1.87 0.01 0.91
Control 18 13 5 0.5 0.361  0.139 0.68 0.32 0435 034 1769 0.0287 0.8654
PRL (C2161G)
Selected 56 0 0 1 0 0 1 0 0 0 1
Control 36 0 0 1 0 0 1 0 0 0 1
BMPR-1B (A2907)
Selected 11 27 18 0196 0482 0.321 0.44 0.56 0492 0371 1.969 0.0004 0.9837
Control 29 7 0 0.806  0.194 0 0.9 0.1 0176  0.16 1.213 0.0116 0.9142
VIPR-1 (HpyCH4 IV)

Selected 16 21 19 028 0375 0339 0.47 0.53 0499 0374 1.99%4 0.0614 0.8043
Control 12 6 18 0.333 0.167 0.5 0.42 0.58 0.486 0.368 1.946 0.4318 0.5111

GH, PRL, BMPR1B, VIPR-1—growth hormone, prolactin, Bone Morphogenetic Protein Receptor Type-1B and
Vasoactive Intestinal Peptide Receptor 1 genes. He, PIC, Ne, HW—the expected heterozygosity, the polymorphism
information content, the effective number of alleles, and Hardy-Weinberg equilibrium.

For the GH SNP, moderate levels of genetic diversity were detected. In the HGR Line,
observed heterozygosity was close to the expected heterozygosity (He = 0.464), with a
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PIC value of 0.356 and an effective number of alleles (Ne) of 1.87. The Hardy—Weinberg
equilibrium (HWE) test indicated no significant deviation (x% =0.013, p = 0.908). Similarly,
in the CL, Ho was slightly lower than He, with PIC and Ne values of 0.340 and 1.77,
respectively. No significant deviation from HWE was observed (x? = 0.029, p = 0.865),
suggesting genetic equilibrium at the GH locus in both lines.

The PRL locus was monomorphic in both lines, with all individuals carrying the same
allele. Observed and expected heterozygosity were zero (Ho = He = 0.000), with PIC
values of 0.000 and Ne equal to 1.00, indicating fixation of a single allele. Consequently,
Hardy-Weinberg equilibrium could not be assessed for this locus in either line.

At the BMPR1B locus, moderate polymorphism was found in both lines. In the HGR
line, a relatively high level of heterozygosity was observed, with a PIC of 0.371 and an Ne
of 1.97. The HWE test showed no significant deviations from HWE (x? = 0.0004, p = 0.984).
In the CL, a lower level of diversity was found, with an He of 0.176, a PIC of 0.160, and an
Ne of 1.21. This locus was found to be in HWE (x? = 0.012, p = 0.914).

Regarding the VIPR-1 locus, relatively high genetic variability was recorded in both
lines. In the HGR line, Ho was 0.375, while He reached 0.499, with PIC and Ne values of
0.374 and 1.99, respectively. The HWE test showed no significant deviation (x> = 0.061,
p = 0.804). In the CL, Ho was lower than He, with a PIC value of 0.368 and Ne of 1.95.
Nevertheless, this locus also conformed to Hardy-Weinberg expectations (x> = 0.432,
p =0.511).

3.2. Association Analysis

Three of the four genes were included in the association analysis, as the PRL gene
was monomorphic. In the HGR line, the association analysis of the GH locus revealed
significant effects on most growth traits (Table 3). Birds carrying the BB genotype had
significantly higher body weights than those with the AA genotype at hatch (p < 0.0002),
BW7 (p < 0.0085), BW14 (p < 0.0011), BWy; (p < 0.0004), BWs (p < 0.0004), and BW35
(p < 0.0001). No significant effect was detected for growth rate (p < 0.327).

Table 3. Association between GH gene SNP and growth traits in selected and control lines.

AA AB BB

p-Value
Trait Mean SD Mean SD Mean SD
Selected line
BW; 7.842 0.56 7.842 0.69 8.64b 0.63 0.0002
BW> 35.294 4.37 35.40° 4.53 39.32b 4.58 0.0085
BW14 81.112 7.59 81.00° 8.18 90.14 b 9.22 0.0011
BW»; 144.00 @ 12.52 146.39 @ 10.97 158.42b 10.70 0.0004
BWyg 186.33 @ 19.40 194.70 @ 12.87 208.08 b 14.26 0.0004
BW35 210.17 2 19.41 221952 11.97 236.34 b 16.30 <0.0001
GR 1.792 0.01 1.80° 0.01 1.79¢ 0.01 0.327
Control line
BW; 8.59 0.56 8.14 0.59 8.64 0.66 0.0828
BW5 31.34P 4.24 32.76 P 3.53 38.60 2 5.04 0.0055
BWy4 70.21 943 74.66 7.55 79.68 7.34 0.0801
BW» 126.61 16.02 127.62 11.95 133.00 10.25 0.6678
BWog 170.11 18.81 171.52 14.15 181.80 10.50 0.3732
BW35 195.34 15.62 197.01 11.34 207.74 8.80 0.2024
GR 1.74 0.04 1.76 0.03 1.75 0.03 0.4365

Means having different superscripts in the same row significantly differed at specified probability. BW;, BW7,
BW14, BWy;, BWyg and BW3s—body weights at hatch, 7, 14, 21, 28 and 35 days of age, respectively; GR—growth
rate during the periods between 1 and 35 days of age; SD—standard deviation.
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In the CL, no significant differences were observed between genotypes for any trait
except for BWy, where the birds with the BB genotype had significantly higher body weights
(p < 0.0055) than those with the AA and AB genotypes.

The association results for the BMPR-1B locus are presented in Table 4. In contrast to
the GH gene results in the HGR line, the BB genotype was superior in growth performance.
Birds with the AA genotype had significantly lower body weight at hatch (p < 0.0003) than
the other two genotypes, and BB individuals showed higher body weights than AA and
AB birds at 7 (p < 0.0008), 14 (p < 0.0011), 21 (p < 0.0045), 28 (p < 0.0119), and 35 days of age
(p < 0.0008). As with the GH locus, no significant differences were detected between
genotypes for growth rate. In the CL, the BB genotype was absent, and no significant
differences were observed between AA and AB birds for any trait. Consequently, additive
and dominance effects for the BMPR-1B locus could not be estimated in the CL, due
to the absence of the BB homozygous genotype; therefore, no additive effect values are
reported for this locus in the control line (Table 4). Similar to GH gene results, no significant
differences were obtained between different genotypes in growth rates.

Table 4. Association between BMPR-1B gene SNP and growth traits in selected and control lines.

AA AB BB
- p-Value
Trait Mean SD Mean SD Mean SD
Selected line
BW; 7.52P 0.71 8.172 0.71 8.612 0.53 0.0003
BW; 33.53b 4.22 36.51 P 461 40.04 2 3.96 0.0008
BWy4 77.22 P 9.77 84.62 P 8.64 90.12 2 7.61 0.0011
BWy; 141.09 b 13.29 151.78 b 12.02 156.39 2 9.82 0.0045
BWog 186.36 P 18.50 200.85 P 17.08 204.222 10.40 0.0119
BWss 211.73P 17.48 229.09 P 18.93 230.78 2 11.35 0.008
GR 1.80 0.01 1.80 0.01 1.79 0.01 0.1212
Control line
BW; 8.48 0.60 8.26 0.64 0.3931
BW; 33.11 4.97 31.83 3.18 0.5211
BW14 73.51 9.58 71.56 6.01 0.6111
BWy, 127.62 14.72 128.86 9.82 0.835
BWos 172.06 17.95 173.00 7.90 0.8942
BW3s 199.08 14.52 191.83 8.27 0.2152
GR 1.75 0.04 1.76 0.03 0.5013

BMPR1B—Bone Morphogenetic Protein Receptor Type-1B gene. Means having different superscripts in the same
row significantly differed at specified probability. BW;, BW7, BW14, BW3;, BWyg and BW3s—body weights at
hatch, 21 and 35 days of age, respectively; GR—growth rate during the periods between 1 and 35 days of age;
SD—standard deviation.

The VIPR-1 locus also showed significant associations with growth traits in both lines
(Table 5). In the HGR line, AA birds had significantly higher body weights than BB birds
at hatch (p < 0.0075), BW14 (p < 0.0129), and BW»; (p < 0.0137). At BWy, BB birds were of
significantly lower body weight than both other genotypes (p < 0.0023). At later ages, AA
birds were significantly heavier than both AB and BB birds at 21 (p < 0.0037), 28 (p < 0.0009),
and 35 (p < 0.0002) days. No significant association was detected for growth rate. In the
CL, BB birds showed significantly lower body weights at 7 (p < 0.0002), 14 (p < 0.0028),
21 (p < 0.0032), and 28 and 35 (p < 0.0001) days of age, while hatch weight and growth rate
were not significantly affected.
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Table 5. Association between VIPR-1 gene SNP and growth traits in selected and control lines.

AA

AB

BB

p-Value
VIPR-1 Mean SD Mean SD Mean SD
Selected line
BW; 8.58 2 0.78 16 8.22 b 0.70 21 7.81b 0.61 0.0075
BW, 39.76 2 5.32 16 37.50 2 3.96 21 3429 b 4.07 0.0023
BW14 89.75 2 10.40 16 85.34 ab 8.30 21 80.43 b 8.38 0.0129
BWo, 159.192 12.99 16 150.24 b 11.46 21 145.42b 10.41 0.0037
BWog 211.442 15.74 16 195.86 P 15.09 21 192.26 b 13.67 0.0009
BW3s 240.13 2 15.69 16 223.65P 14.40 21 217.36 P 16.50 0.0002
GR 1.80 0.01 16 1.79 0.01 21 1.80 0.01 0.4124
Control line
BW; 8.58 0.70 12 8.33 0.78 6 8.38 0.49 0.6306
BW; 36.08 4.47 12 35.27 2 231 6 29.92b 3.45 0.0002
BW14 77.28 2 8.60 12 79.20 2 2.29 6 68.34 P 8.15 0.0028
BWy, 133.83 2 12.93 12 138.17 2 6.49 6 120.44 ® 12.26 0.0023
BWog 184.33 2 11.26 12 185.17 2 8.84 6 159.88 P 11.14 <0.0001
BW3s 207.48 2 11.17 12 208.37 2 6.24 6 187.56 P 8.94 <0.0001
GR 1.76 0.03 12 1.77 0.02 6 1.74 0.03 0.0631

VIPR-1—Vasoactive Intestinal Peptide Receptor 1 gene. Means having different superscripts in the same row
significantly differed at specified probability. BW;, BW7, BW14, BW3;, BWyg and BW3s—body weights at hatch, 7,
14, 21, 28 and 35 days of age, respectively; GR—growth rate during the periods between 1 and 35 days of age;
SD—standard deviation.

3.3. Additive and Dominance Effects

The additive and dominance effects estimated for each locus in the two lines are
presented in Table 6. For the GH locus in the HGR line, additive effects were significant
at all ages, but were negative for all body weight traits, ranging from —0.400 at hatch to
—13.085 at 35 days. These negative values are consistent with the observation that the B
allele was associated with higher body weight, indicating that allele frequency has shifted
toward the B allele under selection. In the CL, the additive effect was also negative but
significant only at BW7. The dominance effect was significant and negative for hatch weight
in the HGR line and non-significant for all traits in the CL.

For the VIPR-1 locus in the HGR line, additive effects were significant at all ages and
were positive, reflecting the advantage of the AA genotype in this line. Dominance effects
were non-significant at all ages except BW35. In the CL, additive effects were significant
at all ages except hatch weight, ranging from 3.08 at BW7 to 12.23 at BWj3. Dominance
effects were non-significant throughout. No significant additive or dominance effects were
detected for growth rate in either line.

For the BMPR-1B locus in the HGR line, additive effects were highly significant for
body weight at all ages, but were negative, similar to the pattern observed for the GH
locus. The exception was the growth rate trait, which showed a significant positive additive
effect, a pattern not observed for the GH locus. Dominance effects were non-significant and

positive for all traits.
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Table 6. Estimated additive and dominance effects for each SNP and growth trait in the two

quail lines.

Selected Line Control Line
Gene Trait
Additive p-Value Dominance p-Value Additive p-Value Dominance p-Value
GH BW; —0.400 0.001 —0.400 0.034 —0.025 0.880 —0.475 0.044
BW7 —2.015 0.024 —1.905 0.140 —3.630 0.005 —2.210 0.200
BWyy —4.515 0.006 —4.625 0.052 —4.735 0.080 —0.285 0.860
BWy —7.210 0.003 —4.820 0.150 —3.195 0.670 —-1.195 0.770
BWyg —10.875 0.003 —2.505 0.580 —5.845 0.370 —2.345 0.680
BW3s —13.085 0.001 —1.305 0.770 —6.200 0.200 —3.200 0.560
GR 0.000 1.000 0.010 0.001 —0.005 0.440 0.015 0.440
VIPR-1 BW; 0.385 0.008 0.025 0.900 0.100 0.630 —0.150 0.630
BW; 2.735 0.002 —0.235 0.800 3.080 0.000 —0.080 0.950
BWi4 4.660 0.013 —0.340 0.850 4.470 0.003 2.470 0.290
BWy 6.885 0.004 —4.435 0.120 6.695 0.002 1.695 0.480
BWopg 9.590 0.001 —5.290 0.090 12.225 0.001 1.225 0.650
BW35 11.385 0.001 —6.385 0.050 9.960 0.001 2.960 0.120
GR 0.000 1.000 —0.010 0.410 0.010 0.063 0.020 0.410
BA;III;R_ BW; —0.545 0.001 0.105 0.680
BW7 —3.255 0.001 0.255 0.780
BWiy —6.450 0.001 1.450 0.480
BWy, —7.650 0.005 3.650 0.180
BWys —8.930 0.012 4.930 0.140
BW3s —9.525 0.008 4.525 0.210
GR 0.005 0.012 0.005 0.072
BW;, BWy7, BW14, BWy;, BWyg and BW35—body weights at hatch, 7, 14, 21, 28, and 35 days of age, respectively;
GR—growth rate during the periods between 1 and 35 days of age; SD—standard deviation. GH, BMPRI1B,
VIPR-1—growth hormone, Bone Morphogenetic Protein Receptor Type-1B and Vasoactive Intestinal Peptide
Receptor 1 genes.
3.4. In Silico Functional Prediction of Non-Synonymous SNPs
In silico prediction was carried out using the PANTHER classification system to assess
the potential functional impact of the identified non-synonymous SNPs on protein function
(Table 7). The GH SNP (A237B) results in a valine-to-alanine substitution at position 78
of the protein (p.Val78Ala), with a subPSEC score of —4.12 and a P-deleterious of 0.78,
classifying it as deleterious. Similarly, the VIPR-1 SNP (HpyCHA4IV) causes a serine-to-
glycine substitution at position 312 (p.Ser312Gly), with a subPSEC score of —5.47 and a
P-deleterious of 0.94, also classified as deleterious.
Table 7. PANTHER in silico functional prediction of the studied nonsynonymous SNPs.
Gene SNP Amino Acid Change  subPSEC Score  P-Deleterious Prediction
GH A237B p-Val78Ala —4.12 0.78 Deleterious
BMPR-1B A290T p-1le97Phe —1.05 0.23 Tolerated
VIPR-1 HpyCHA41V p-Ser312Gly —5.47 0.94 Deleterious

GH, BMPR1B, VIPR-1—growth hormone, Bone Morphogenetic Protein Receptor Type-1B and Vasoactive Intestinal
Peptide Receptor 1 genes.

In contrast, the BMPR-1B SNP (A290T) results in an isoleucine-to-phenylalanine
substitution at position 97 (p.1le97Phe), with a subPSEC score of —1.05 and a P-deleterious
of 0.23, classifying it as tolerated. This suggests that the BMPR-1B SNP is unlikely to be the
functional mutation responsible for the observed growth associations, and may instead be
in linkage disequilibrium with the true causal variant.
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4. Discussion

Two lines of Japanese quail were used in this study to investigate the associations
between SNP polymorphisms and growth traits. Significant divergence was observed in
the HGR line over time, as reflected by significantly greater body weights at 7, 14, 21, 28,
and 35 days compared to the CL. This two-line model provides a powerful framework for
linking specific genetic markers to growth performance [23,24].

The genetic diversity results indicated that the PRL gene was completely monomorphic
in both lines. This was unexpected, given reports of polymorphism at this locus in other
poultry species [25,26], and suggests that this locus is highly conserved in these quail
populations. This fixation may indicate that the allele presents as functionally critical, such
that any mutation was eliminated by purifying selection [27], or alternatively, that the
specific SNP targeted (C2161G) does not segregate in this quail population. It should be
noted, however, that the monomorphism observed here may also reflect the relatively small
genotyping sample size (n = 92), and the conclusion should therefore be limited to this
specific SNP, rather than the PRL gene as a whole. Only one SNP in the PRL gene was
evaluated; other variants may still be polymorphic and functionally relevant in these or
other quail populations.

These results were consistent with those reported previously for the same SNP [16].
The monomorphism of this locus excludes PRL from further consideration as a marker for
growth-related MAS in these populations, though it also confirms that long-term selection
for growth has not inadvertently altered allele frequencies at this locus, which are primarily
associated with reproductive, rather than growth traits [28]. Another PRL mutation in
the promoter region was reported to be polymorphic in quails in Iraq [29,30], but was not
significantly associated with egg production [30]. Another polymorphic PRL SNP was also
associated with growth and carcass traits in local quail in Iraq [31], suggesting that other
PRL variants may still hold potential as markers in different populations.

In contrast, the GH, BMPR-1B, and VIPR-1 loci showed considerable polymorphism
in both lines. It was also encouraging that both populations conformed to Hardy—Weinberg
equilibrium at these loci. In long-term breeding programs, particularly one as intensive as
the HGR line selected over 21 generations, there is concern about genetic drift or inbreeding
reducing allelic diversity [32,33]. The absence of significant deviations from HWE suggests
that the genetic composition at these loci remains stable. This provides a level of confidence
that the observed associations reflect genuine biological effects, rather than artifacts of
population structure or drift.

This marked change in the allele frequencies indicates positive selection acting on
these genes. This is evidenced by the absence of the BMPR-1B BB genotype in the control
population. In the selected population, the presence of the B allele of the GH and allele B
of the BMPR-1B genes indicates that 21 generations of artificial selection for body weight
were able to enhance the growth-promoting alleles.

The GH locus is frequently investigated in such studies, due to its well-established
physiological role in growth [34]. The present results confirmed a significant association
between GH genotype and body weight in the HGR line, with the BB genotype consistently
associated with higher body weights across all measured ages. Similar findings were
reported in Pakistani quails, where significant association of GH SNPs with body weight
and body length were obtained [34]. In Iraq, the GH gene was genotyped using a 776 bp
amplicon in three local quail lines, and was found to be associated with egg production
traits [35].

The most notable finding was noted in the CL, where BB birds had higher body weight
at 7 days of age, with no advantage sustained at later ages. This pattern suggests that the
effect of the GH SNP on growth is dependent on the genomic background. In the HGR
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line, where the genomic background has been optimized for rapid growth, the BB allele
appears to act synergistically with other loci. In the unselected CL, the absence of this
optimized genetic background may limit the ability of the BB allele to exert a sustained
effect on growth, as previously suggested for genotype-by-background interactions in
selected poultry populations [36].

The findings regarding the BMPR-1B and VIPR-1 loci were especially informative.
The BB genotype of the BMPR-1B demonstrated a clear advantage in growth performance
within the HGR line. However, the in silico analysis using the PANTHER tool predicted
the associated amino acid substitution to be tolerated, implying a minimal direct effect on
protein function. This dissociation between the phenotypic association and the functional
prediction suggests that the genotyped SNP is unlikely to be the causal variant, but is rather
a marker of linkage disequilibrium with the true functional mutation. While it may still
serve as a useful marker for breeding applications, the associated amino acid substitution
should not be interpreted as the primary determinant of growth. Fine-mapping of this
region will therefore be necessary to identify the causal variant before this marker can be
fully validated for MAS.

On the other hand, the VIPR-1 locus showed consistent and significant results asso-
ciations with body weight, with the AA genotype associated with greater body weight
at most ages in both lines. This was supported by the in silico prediction, which classi-
fied the Ser312Gly substitution as deleterious, suggesting a possible functional effect on
receptor activity and its downstream signaling pathways, including those linked to the
pituitary—gonadal axis and associated metabolic regulation. The convergence of pheno-
typic association and functional prediction makes VIPR-1 a strong candidate for further
experimental validation.

Evaluation of additive and dominance effects provided further insight into the genetic
architecture of these traits and their relevance to breeding. Predominantly significant
additive effects were detected, especially for the GH and VIPR-1 loci in the HGR line.
The predominance of additive genetic variance is favorable for breeding applications,
as it constitutes the primary component of heritable variation and supports a consistent
response to selection [37]. Dominance effects were generally weaker or non-significant,
suggesting that heterosis at these specific loci is unlikely to be a major contributor to growth
performance [38]. The negative additive effects estimated for GH and BMPR-1B in the
HGR line are consistent with the observation that the B allele is the favorable allele for
growth, reflecting the shift in allele frequencies toward heavier genotypes under long-term
selection, while the CL retains a higher frequency of the lighter AA genotype.

The present study has several limitations that should be acknowledged. The sample
size used for the genotyping (n = 92) was relatively small, compared to the total phenotyped
population (n = 2785), which may have limited the statistical power of the association
analysis, particularly in the CL (n = 36). Validation of these findings in larger, independent
populations is therefore recommended. Additionally, the statistical model did not include
hatch batch or pen as fixed effects, nor a line x genotype interaction term, which would
have been informative, given the substantial difference in genetic background between
the HGR and CL lines. Furthermore, no correction for multiple testing was applied across
the large number of trait-SNP combinations evaluated; future studies should consider
Bonferroni or FDR correction to reduce the risk of false-positive findings. While the in
silico predictions were useful, they remain computational predictions, and should not
be interpreted as experimental evidence of functional effect. Protein-level assays or gene
expression studies will be needed to confirm the functional consequences of the GH
and VIPR-1 substitutions. Regarding VIPR-1, it remains to be determined whether the
Ser312Gly substitution disrupts receptor signal transduction capability. For BMPR-1B,
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fine-mapping of the associated region is needed to pinpoint the causal variant. Regardless
of these limitations, the markers identified in the present study provide a useful foundation
for further research aimed at improving growth performance in Japanese quail through
molecular breeding strategies.

5. Conclusions

Polymorphisms in the GH, BMPR-1B, and VIPR-1 genes were significantly associated
with growth performance in Japanese quail, while the PRL gene was monomorphic in both
lines. The BB genotypes of GH and BMPR-1B were associated with superior body weight in
the HGR line, whereas the VIPR-1 AA genotype conferred a growth advantage. Significant
additive effects at all three loci indicate exploitable heritable variation, supporting the use
of these markers in marker-assisted selection programs aimed at improving growth in
Japanese quail.
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