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ABSTRACT

Indigenous chickens are an essential part of biodiversity and a vital protein resource
to humans, yet global warming and environmental changes pose serious threats to their
survival and productivity. Therefore, assessing population adaptive capacity under
shifting environments is crucial for breeding resilient animalsy“ands guiding
conservation strategies. Here, we integrated ecological and| Wwhole-genome
resequencing data from 1 022 chickens from 44 Chinese indigenous populdtions to
reveal genomic signatures of local adaptation. From~87 agroclimati¢” variables, we
identified eight dominant environmental factors including solar radiation, precipitation,
diurnal temperature range, and five landg¢over variables (cropland areas, water areas,
trees coverage, bare ground and_shiubs“coverage) that shape ecological niches of
indigenous chickens. Landscapé .and”comparative’genomics analyses revealed both
known and novel candidate genes, Stuch as UNC80, PTPRO, NCOR2, CSF2RB, NXT2
and PALLD for-the,solar radiation, precipitation, diurnal temperature range, cropland
areas, trees coverage/and bare ground, respectively. Particularly, adaptive non-coding
variants hatbored in these genes exhibited spatial allelic changes across populations and
acted ‘as-regulatory elements via chromatin accessibility and DNA methylation,
influencing adaptation in a tissue-specific manner. Our findings underscore the rich
genetic diversity of Chinese indigenous chickens and provide new insights into
genomic mechanisms of local adaptation, offering valuable references for domestic
animal breeding, conservation, and climate resilience.

Keywords: Local adaptation; Ecological niche modeling; Landscape genomics;
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INTRODUCTION

Chicken (Gallus gallus domesticus) is found almost everywhere providing high-
quality and affordable protein, entertainment, cultural heritage, and scientific research
value (Eda, 2021). Indigenous chicken populations inhabit diverse ecosystems and
serve as valuable biomedical models. Their gene reservoirs are very, critical for
conservation biology and for long-term genetic improvement in response to changing
breeding goals, such as adaptation to extreme climate conditionsy-disedse-reSistance,
and stress tolerance. However, the rapid expansion of eemmercial breeds has severely
reduced the number of indigenous chickens, inctreasing the risk of extinction and the
loss of unique genotypes and adaptive traits"(Padhiy 2016). This concern is amplified
by the challenges of environment-changing;~tunderscoring the need to harness the
genetic diversity of indigenous pepulations for climate-resilient agriculture (Meek et
al., 2023).

Adaptive responses that€nable survival and reproduction in extreme environments
are often beyond the/range of phenotypic plasticity. Locally adapted populations are
therefore cxpected to experience strong selection and genomic modifications, resulting
in phenotypic changes in metabolism, physiology, and behavior (Rocha et al., 2021).
Earlier comparative studies focused on single-gene or few-gene polymorphisms
underlying adaptation, such as the heat shock proteins (HSPs) and heat shock factors
(HSFs) related to the heat stress in animals (Gourdine et al., 2021; Hariyono &
Prihandini, 2022; McManus et al., 2022; Balakrishnan et al., 2023). However,

differential expression of candidate genes may evolve neutrally and not necessarily
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reflect adaptation. Meanwhile, causal variants may reside in distant regulatory elements
or trans-acting factors, making it difficult to directly link genetic variation with
expression data. Moreover, measuring and collecting fitness-related phenotypes is
challenging due to long generation intervals, experimental constraints, and population-
specific limitations (Savolainen & Lascoux, 2013). Advances in genome sequencing
now allow affordable population-scale analyses, providing a powerful complementary
strategy to study local adaptation across a species’ distributioh range (Ellegreri, 2014).
Furthermore, new approaches including genotype-environmentassociation analyses,
landscape genomics, and multi-omics integration, are increasingly applied for
conserving species in wildlife (Meek et al., 2023; Wang et al., 2025) and for breeding
in crops (Campbell et al., 2025) and-animals (E€nget al., 2024; Lai et al., 2025).
China’s vast geography spans/wide gradients in latitude, altitude and topography,
creating remarkable climatic and-envitonmental diversity. This mosaic of environments
provides a naturalylaboratery for studying ecological adaptation (Mi et al., 2021).
Archaeological and genomic evidence indicates that domestic chickens originated from
the rédjunglefowl subspecies (Gallus gallus spadiceus) in southwestern China ~10000
years age, (Wang et al., 2020). Since then, more than 100 indigenous chicken breeds
distributed across nearly all ecosystems have been developed across the mainland
(Zhang et al., 2023). These populations represent an exceptional resource for
investigating the molecular mechanisms of environmental adaptation. While prior
studies examined chicken adaptation to high-altitude (Wang et al., 2015; Yuan et al.,

2022), tropical and frigid (Tian et al., 2020; Shi et al., 2023), and desert or arid
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environment (Gu et al., 2020). However, the specific ecological environment is driven
by many contributing factors, which were rarely investigated in the region-limited or
single-variable studies. How geography and environmental complexity shape genetic
variations in chickens is still fascinating.

To address this, we sequenced and retrieved genomes of over 1 000°chickens from
44 indigenous populations across China, for which we characterized the functional
relationship between genomic variants and agroclimatic yariables.! By=integrating
ecological and multi-layer omics analysis, we aim to 1)«eharacterize.theSpatial patterns
of genetic diversity and structure, 2) identify key environmental drivers of ecological
niche partitioning, 3) dissect genomic signhattressofilocal environment adaptation and
allele frequency shifts across geographicaliranges, and 4) elucidate potential regulatory
mechanism linking adaptive variants t6 candidate génes.

MATERIALS AND'METHODS

Ethics Statement

All animal procedures were approved by the Animal Care and Use Committee of
Institute of"Anumal Science, Chinese Academy of Agricultural Sciences (No. [AS2021-
46) 'and.performed in accordance with the relevant guidelines and regulations set by
Ministry of Agriculture and Rural Affairs of the People’s Republic of China.

Chicken samples

A total of 1 029 individuals from 44 domesticated chicken populations were used
in our study. The 44 chicken populations were distributed over three-quarters of China’s

administrative divisions (26/34), representing most agro-ecological zones in China
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(Figure 1a and Supplementary Table S1). These areas encompassed diverse
environmental conditions, including variations in temperature, solar radiation,
precipitation, land cover and soil properties. Among these populations, a total of 735
blood samples from 20~30 female chickens per population were collected for 28
populations, while another 294 individual sequencing data from 16 chicken populations
were retrieved from previous studies (Gu et al., 2020; Wang et al., 2020; Huang et al.,
2020; Shi et al., 2023; Zhi et al., 2023; Li et al., 2023; Xu et al.,.2023); Genoniic DNA
was extracted from the blood of the samples using Qiagen DNeasy Bloed & Tissue kit.

Genome sequencing, variant calling and quality control

DNA integrity was verified prior to the-library, construction. Paired-end libraries
with insert sizes of 350 bp were.constructed”and sequenced on the BGISEQ-500
platform (BGI, Shenzhen, China)/to.generate I50°bp paired-end reads. Low quality
reads were filtered usingfastp (v.0.20°T) (Chen, 2023), and the clean reads were aligned
to the chicken reference genome'(GRCg7b) using BWA (v.0.7.17) (Li & Durbin, 2010)
with the default parameters. The Genome Analysis Toolkit (GATK v.4.6.0.0)
‘MarkDuplieatesSpark’ module was subsequently used to filter out potential PCR
duplicatereads (McKenna et al., 2010). The resulting alignments were reordered using
Picard and then indexed using SAMtools (v.1.13) (Li et al., 2009). SNP calling was
processed according to the best practices for GATK by invoking ‘HaplotypeCaller’,
‘CombineGVCFs’ and ‘GenotypeGVCFs’ modules. We set a minimum quality score of
30 for both bases and mapped reads to call variants, and then the common SNP dataset

was subjected to filter with the following rigorous criteria using the GATK
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‘VariantFiltration’ module: (a) quality by depth < 5.0, (b) mapping quality score <40.0,
(c¢) strand odds ratio > 4.0, (d) Fisher strand > 60.0, (¢) MQRankSum < -12.5, (f)
ReadPosRankSum < -8.0, and (g) any three SNPs clustered in a 10 bp window. The
high-quality SNP sets of 1 029 birds was filtered using PLINK v.1.90 software (Chang
et al., 2015) with the following parameters: sample call rate > 90%, SNP ecall rate >
90%, minor allele frequency (MAF) > 0.05 and Hardy—Weinberg equilibrium p-value
< le-5. After these steps, a total of 7 276 708 SNPs distributed aeross 39*autesomes in
1 022 chickens (seven chickens were filtered out due~to low samplescall rate) were
obtained for downstream analyses. Genotypes were subsequently phased and imputed
using Beagle (v.4.1) (Browning et al.; 2021)s with default parameters to obtain
genotyping rate and accuracy of 100%.

Population genomic analysis

The imputed genom€ data were first pruned with the “indep-pairwise 25 5 0.2”
using PLINK w1.90, yiclding 1" 415 317 independent SNPs for population structure
analysis. Principal components (PC) analysis was carried out with the pruned SNPs
using“the “pea’in PLINK v.1.90, and the first two PCs were extracted and visualized
using R.software. We used ADMIXTURE v.1.3.0 (Alexander et al., 2009) with default
parameters to investigate population structure across all samples, with the number of
clusters (K) being set from 2 to 45. By using pruned SNPs. We also constructed the
Neighbor-Joining (NJ) phylogenetic tree based on the distance matrix using FastME
2.0 software (Lefort et al., 2015), and the visualization of tree was performed using

Interaction Tree Of Life (iTOL, https://itol.embl.de). Linkage disequilibrium (LD)
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156  decay was assessed using PopLDdecay (Zhang et al., 2019). For the isolation-by-
157  distance (IBD) analysis, VCFtools (v.0.1.15) (Danecek et al., 2011) was applied to
158  calculate the population differentiation coefficient (Fst) using 50 kb sliding windows
159  with 10 kb increments at each step. The matrix of Fsr/(1-Fst) and the matrix of
160  geographic distance (km) among populations were used for performing'the, Mantel tests,
161  implemented in the vegan R package (Oksanen et al. 2018) with the significance being
162  determined based on 9 999 permutations.

163 Environmental data acquisition and analysis

164 For each of the 44 chicken populations, the central cogrdinates of their original
165  habitats were recorded, based on conservation farms,or marketplaces. To better capture
166  the local environmental conditionss.nine additienal geographic coordinates were
167  selected within 2 km grids surrounding each population site using Google Earth Pro
168  v.7.3. This resulted jin440" coordinate points from all populations, which were
169  considered as ‘“‘occurrence-points” to predict the potential geographic distribution for
170  chicken populations./Based on the occurrence points, we obtained 87 agroclimatic
171 [ wvariables using.the raster R package, including 67 bioclimatic, eight landcover, one
172 topographical and 11 pedologic variables (Supplementary Table S2) from the
173 WorldClim (Fick & Hijmans, 2017), WorldCover (Zanaga et al., 2022) and ISRIC
174 (https://www.isric.org/) databases at a spatial resolution of 30 arc-seconds. These
175  variables reflect ecological factors relevant to chicken survival, such as climate and
176  elevation (physiological tolerance), soil characteristics (food resources), and land cover

177  (food availability and predation risk). After removing two variables lacking records
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within the occurrence ranges, the remaining 85 environmental variables were fed to R
package ENMeval for model evaluation (Kass et al., 2021). Models were tuned with
the maxnet algorithm and randomkfold partitions, testing regularization multipliers
(RM) from 0.5 to 6.0 (increments of 0.5) and six feature class (FC) combinations: L =
linear, Q = quadratic, H = hinge, P = product, T = threshold. The best«FC,and RM
selected based on AAICc were applied in the Maxent software (Fourcade et aly, 2014)
to estimate the contribution of each variable. To improve the model's robustfiess and
biological interpretability, variables with contributions> 1%, wete.rétained for further
analysis. To reduce collinearity, pairwise correlations among variables were calculated,
and the variable with lower contribution'was removed for correlated pairs (r > 0.6)
(Gheyas et al., 2021). Variables with-variance inflation factor (VIF) <5 calculated using
the usdm R package, were rétained. The relative contribution and permutation
importance of remained” variableS“Were re-evaluated by Maxent with best model
parameters output from ENMeval.

In the Maxent, 75% of occurrence points were used for the model training and the
rest 25% weteused as model testing data according to Guisan and Thuiller (Guisan &
Thuiller;=2005). The remained environmental variables were used for predicting the
suitability of chicken populations. The model was replicated 10 times according to the
subsample method to verify the prediction accuracy, and the area under the receiver
operating characteristic curve (AUC) was used to evaluate the model’s performance,
where an AUC value of 0.9~1.0 indicates a perfect prediction and value < 0.5 represent

a random prediction (Elith et al., 2011). The Jackknife test of each environmental
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variable was used to evaluate its importance. Finally, the environmental variables with
contribution rate larger than 4% were considered as important factors for exploring the
distribution of indigenous chickens (Gheyas et al., 2021). The continuous probability
of distribution was divided into four groups using the reclassify tool in ArcGIS (v.10.2)
according to the previous studies: 0-0.05 (unsuitable due to severe~emvironmental
limitations), 0.05~0.33 (moderate environmental limitations), 0.33~0.66 (suitable
without environmental limitations), 0.66~1.00 (optimal environmental conditions for
local chicken populations) (Yu et al., 2022).

The environmental values for each population were calculated by the raster R
package. By ranking the value of each envirenmental variable, populations ranking in
the top three or bottom three for each.variable'weredesignated as “extremely high” and
“extremely low” groups, respectively! For;some variables, all populations with zero
values of the variable were“divaded“into “extremely low” group. Then, the niche
differentiation.analyses were performed between two groups using the ENMTools
(v1.0.4) R package (Warren et al., 2021). Niche overlap was quantified by Schoener’s
D and-Hellinger’s 1, where a value of 0 suggests no overlap and 1 indicates complete
ovetlap.

Genotype-environment association analysis

In this study, we applied two different methods to identify genomic variants
associated with environmental variables. Firstly, we conducted redundancy analysis
(RDA) to identify genomic variants showing significant relationships with multiple

environmental axes. RDA has been shown to be one of the best genotype-environment
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association analysis (GEA) approaches for large SNP sets and exhibits low false
positive rates (Capblancq & Forester, 2021). Herein, the partial RDA analyses was
implemented using the R package vegan, with environmental variables specified as
explanatory factors and genotypes as response variables, while controlling for latitude,
longitude, and the first three principal components (PCs) derived from PCA. The
significance of model constraints was assessed by using ANOVA like permutation test
(anova.cca). Then, we selected SNPs that distributed in/the~two-tails=ef normal
distribution of SNP loadings using a standard deviationi cutoff<of/3 along each
significant RDA axis as significant environment-associated| variants, which were
further screened out based on largest third-quantile yalue among all variables. Second,
we employed a univariate latent-factors linear .,mixed model (LFMM) to detect
associations between whole genomic/variants and/the eight environmental variables.
The method is good at'conitrolling type 1 errors by estimating residual structure. LFMM
analysis was implementedintheR package LEA (v.3.3.2) (Caye et al., 2019). By setting
the numbet of ancestry clusters inferred from ADMIXTURE as latent factors, we
computed regularized least squares estimates for LFMM to account for population
structure-using a ridge penalty. Then, significance values for the associations were
calibrated by using the genomic control method. The calibrated P-values of each variant
were adjusted for multiple tests using a false discovery rate (FDR) correction, with FDR
<0.01 considered significant.

The associated SNPs that detected by both RDA and LFMM for each variable were

united as the adaptive variants, which were used to investigate the role of geography
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and environment in shaping spatial genetic variations, compared to neutral (the 1 415
317 LD-pruned SNPs) variants according to Sang et al (Sang et al., 2022). Mantel tests
were used to test for correlations among Fst(Fst/1—Fsr), geographic distance
(isolation-by-distance) and environmental distance (isolation-by-environment), in
which environmental distance was represented by Euclidean distanee“of ‘all scaled
environmental variables. The significance of correlations was determined using 9 999
permutations performed in the R package vegan.

Selection signature analysis for chicken populations from.extremely high and
low environmental conditions

Selection signature analysis (SSA) wassperformed by using two complementary
approaches, in which fixation index (Fsr)=analysis compared the frequency of
differential alleles between population’ groups in extremely high versus extremely low
environmental conditions’(Sang.et al;"2022), and cross population extended haplotype
homozygosity (XP<EHH)was deésigned to identify genomic regions under selection by
comparing haplotype homozygosity between two groups (Sabeti et al., 2007). Fst value
wias Calculated.in VCFtools (v0.1.15) using the Weir and Cockerham method (Weir &
Cocketham, 1984), with a 50 kb sliding window and a 10 kb step size. The weighted
Fst were then standardized to zFst, and genomic regions within top 1% zFst values
were retained for further analysis. Prior to the XP-EHH analysis, genotypes of high-
and low-environmental value groups were phased using beagle (v4.1) software,
respectively. XP-EHH analyses were carried out using selscan (v2.0.3) software

(Szpiech & Hernandez, 2014) to obtain the XP-EHH score for each SNP, and then the
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266  standardized XP-EHH (XPEHH std) and its absolute value of XPEHH std
267  (|s_XPEHH|) were calculated. In order to integrate the results of the two methods,
268 |s_XPEHH|were averaged across the same windows used in the Fsr analysis, and
269  genomic regions within top 1% |s_XPEHH| values were considered as selected regions
270  for further analysis. Based on the zF'st and |s_XPEHH|, the correlationssbetween Fst
271 and XP-EHH were calculated using Pearson correlation method. To mifigate potential
272 confounding effects of population structure and demographic histery on SSA-etitcomes,
273 we combined three chicken populations each in high and,low-environment value group
274 (Gheyas et al., 2021). Furthermore, the SHRUBS.and WATER were excluded from
275  SSA due to that the environmental values between two groups were very similar, and
276  the number of populations with extreme values‘exceeded three per group.

277 Function annotation for candidate genes

278 For the genotype-envirofiment association analysis (GEA), the adaptive SNPs were
279  annotated using/SnpEff (v:4:3) (Cingolani, 2022). Genomic regions located in the 100
280 kb upstream and downstream of adaptive SNPs were annotated using Bedtools (v2.30.0)
281 [ withthe GRCg7b genome annotation. For SSA, genomic regions identified by Fst and
282  XP-EHHsanalysis were annotated using Bedtools (v2.30.0) with GRCg7b genome
283  annotation. Finally, the common genes identified by both GEA and SSA were
284  considered as candidate genes that associated with environmental adaptation. Function
285  annotation and enrichment analysis of genes were performed with Gene Ontology (GO)
286  knowledge base and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

287  database using clusterProfiler package (Wu et al., 2021) implemented in R. False
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discovery rate (FDR) method was used to adjust the P-values from the hypergeometric
test. GO terms and KEGG pathways with FDR < 0.05 were significantly enriched.

Identification of functional SNPs

To further characterize adaptive genomic regions, we used VCFtools (v0.1.15) to
calculate nucleotide differences (6m), genetic diversity (Tajima’s D) and'fixation index
(Fst) statistics. The basic parameters were set to a 15 kb sliding window with'a 15.kb
step for calculating 6m. Tajima’s D was calculated in a 15 /kb-window and*Fst was
calculated for every single SNP harbored in candidate genomie” région. Linkage
disequilibrium (LD) and haplotype block structure wese evaluated with 12 statistic and
visualized with LDBlockShow (Dong et al., 20219, for SNPs and R package locuszoomr
for genomic regions (Lewis & Wang, 2025); respectively. The haplotype network
analysis was performed by using R package geneHapR by removing individuals with
heterozygous sites in thefegion (Zhang et al., 2023).

To investigate, the tissue-specific regulatory pattern of selected variants, we
integrated 15 ‘chromatin states including promoters (TssA, TssAHet, and TssBiv), TSS-
proximal transcribed regions (TxFInk, TxFInkWk, and TxFInkHet), enhancers (EnhA,
EnhAMe; EnhAWk, EnhAHet, and EnhPois), repressed regions (Repr and ReprWk),
quiescent regions (Qui), and accessible but did not coincide with any other measured
epigenetic marks (ATAC islands) which covered 23 tissues including adipose, burse,
bone marrow, cecum, cerebellum, colon, cortex, duodenum, gizzard, hypothalamus,
ileum, jejunum, liver, lung, muscle, proventricular, spleen, eggshell gland, testis,

trachea and thymus from publicly available database (Pan et al., 2023). The selected
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SNPs were also annotated with signal peaks including four histone modifications
(H3K4me3, H3K4mel, H3K27ac and H3K27me3), CTCF, ATAC-seq and DNase-seq.
Meanwhile, gene expression profiles across tissues were retrieved from ChickenGTEx
database (Hou et al., 2025). To ensure consistency with our genomic dataset, the
genomic coordinates of regulatory elements and functional features*were ‘converted
from GRCg6a reference genome to GRCg7b reference genome using!LiftOver with
custom chain files, which were generated through whole-genome-alignmentsSing the
transanno toolkit (https://github.com/informationsea/transanno).with minimap2chain
module.

RESULTS

Population structure and genetic diversity of local chicken populations

In the present study, a total of 1029 chickens'from 44 populations were investigated
across China, with sampling Sites, cateégorized into six agroclimatic areas including the
North (N), Northwest (NW);"Middle (M), Southeast (SE), Southwest (SW) and Tibet
(T) (Figure 1a). Whole-genome resequencing data of these chickens were generated
using'next generation sequencing (NGS) techniques on BGI and Illumina platform. By
alighed onto the chicken reference genome (GRCg7b), average > 99% of the clean
reads were mapped with an average depth of 14.40 x and coverage of 96.23%
(Supplementary Table S3). Among 35 739 816 high-quality SNPs across the 1 029
samples, the majority of substitutions were A/G (37.20%) and C/T (37.19%) transitions
(Supplementary Figure S1a). Rare SNPs that with MAF < 5% accounted for 60.41%

of total variants, with most ranging between 0.01 and 0.05 (Supplementary Figure
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S1b), suggesting population-specific pattern of SNPs distribution. we performed
principal component analysis (PCA) for the 1 022 qualified samples based on 1 415
317 pruned autosomal SNPs. Along the first PC, the clusters were changed from
negative to positive values with geographic regions ordered as Southwest (SW),
Southeast (SE), Middle (M), North (N), Northwest (NW) and Xizang'(I).«The PC2
largely reflected the difference between chicken populations in Northjand South China
(Figure 1b). Through deep inspection, we found chicken pepulatiens in“SE-€ould be
separately clustered, whereas several chicken populations werefoverlapped with each
other in other regions, such as the LDC, DGC and.BSC in N; HDC and NYC in NW;
LSC, GSC and MCL in M; NDC, HTC, GXS,; HXC,and WCC in SE; XZJ and LZC in
Xizang (Supplementary Figure S2)..Theéwneighbor-joining (NJ) tree revealed similar
results (Supplementary Figure S3).

To investigate population .structure, we inferred ancestry proportions for all
samples using ADMIXTURE. The number of ancestors that ADMIXTURE converged
with minimum cross-validation (CV) error was 27. We found that BJC, BYC and JYC
AN); EHC and XHC (M), PDC, LYC, XSC, JHW and HTC (SE), LSF, DWS and GZC
(SW),"and RKC (T) showed high genetic purity, whereas all NW chicken populations
exhibited high admixture. Interestingly, populations in central China (LSC, GSC, MCL,
HJC, DAC, and HLC) also showed similar admixture patterns, suggesting that
extensive gene exchange existed throughout the history of these breeds (Figure 1¢). We
also assumed six agroclimatic areas as the six ancestries for all chickens and found that

LHC (M), WBD (M), XSC (SE), DWS (SW) and RKC (T) were genetically
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independent. The remaining ancestry was showing significant different patter between
chicken populations in Southwest China and that in other part of China
(Supplementary Figure S4). Moreover, the substantial admixture increased the
genetic diversity of chicken populations, among which the physical distance that
linkage disequilibrium (LD) decreased to half value (half-life) for pure populations (254
nt) were higher than that of populations with high admixture (194 nt) (Supplementary
Figure S5).

The genetic differentiation among the 44 populations was assessed.uising weighted
Fsr. The Fst value ranging from 0.01 to 0.25(mean = 0.09) indicated a moderate
genetic differentiation among populations. AS showing in the Figure 1d, the highest
Fst(0.25) was found between LHC.and WBD=We.detected that populations with high
purity were significantly divergeént with other populations (average Fst = 0.07-0.16),
and the divergence among admixed populations showed area-specific differentiation.
For example, the LDC, and-DGC (0.04), the NYC and XWC (0.04), the LSC, GSC,
MCL, HIC; DAC and HLC (0.01-0.06), the HXC, GXS and WCC (0.01-0.03), the PDG
and CSL (0:04).and the XZJ and LZC (0.03) were slightly divergent (Fst = 0.01-0.06)
within'each area compared to that among areas (Fst= 0.01-0.19). This was consistent
with the clusters identified in the PCA. Notably, although CLZ exhibited an admixed
genetic structure, it was highly divergent with all other populations with Fst ranging
from 0.09 to 0.22, exceeding divergence seen in some purebreds like JYC, LYC, JHW,
HTC, LSF and RKC from other populations. This suggested that CLZ represented an

independent genetic lineage shaped by human migration and unique environmental
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conditions in the edge of the Qinghai—Xizang Plateau. Furthermore, the genome-wide
estimates of nucleotide diversity (n) revealed that the © of CLZ was lower than almost
all populations except for WBD and XSC (Supplementary Figure S6). Combined with
high half-life LD decay of CLZ, it is highly recommended that CLZ is a potentially new
genetic resource undergone a long-term natural selection and domestication.
Environmental variables contribute to ecological niche of chicken populations
Ecological niche model (ENM) was applied to predict the~distributien”of each
chicken population, following the conceptual model of environmental factors
governing species distributions (Soberon & Osorio-Olyera, 2023). Firstly, we built the
models with different tuning parameters and-€valuated their performance and detected
that the AAICc reached zero, when-the féature class (FC) was set as linear, quadratic
and hinge (LQH) with RM = 1_.(Supplementary Figure S7). Then, based on the
contribution rate for gach variable, W€ selected a total of 22 environmental variables
with contribution “tate, larger than 1% for the further analysis (Figure 2a). After
removing variables highly correlated (r > 0.6) and VIF > 5, nine variables including
BARE- (areas-with minimal vegetation), BIO 2 (mean diurnal range), CLAY
(proportien of clay particles), CROPLAND (land used for crops), SRAD 11 (solar
radiation in November), PREC 08 (precipitation in August), TREES (land covered by
tree foliage), SHRUBS (woody plants) and WATER (areas covered by lakes and rivers)
were fed to the ENMeval for automated tuning and evaluations of ENM. The optimal
settings for ENM included five FCs (linear, quadratic, hinge, product and threshold)

and a regularization multiplier value of 0.5 (Supplementary Figure S8), suggesting
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that the optimized model had a better fit and transferability to reduce overfitting of the
chicken distribution model compared to the default parameters (FC =LQHPT, RM =1).
After running 10 replicates under the optimized parameter settings, the average AUC
values for Chinese local chicken reached 0.95, and average omission rate was closed to
the predicted omission (Supplementary Figure S9), indicating the high*accuracy and
effectiveness of the optimized MaxEnt model in predicting the suitability of local
chickens. The Jackknife test revealed that BARE, BIO 2, CROPEAND, PRE€" 08 and
SRAD 11 that with test gain > 0.4 were the primary yariables influencing the
distribution of local chickens, whereas the CLAY contributed little in both regularized
gain and AUC (Supplementary Figure S10)» The relative contributions of each
variable to the Maxent model showed“that*SRAD 11 contributed largest to the
ecological niche of chicken populations (28%), followed by the CROPLAND (27%),
WATER (12.5%), PREC"087(9.1%), BIO 2 (6.5%), TREES (5.2%), BARE (4.7%),
SHRUBS (4.2%),%and. the~<CLAY possessed the smallest contribution (2.9%) and
permutation importance (1.7%) (Figure 2b).

Based on_the nine environmental variables, we found the highly suitable regions
for chicken populations were located in the Southwest and Southeast China (Figure 2¢),
where rich biodiversity and a long history of traditional poultry farming were
previously recognized and inferred for survival and formation of diverse local breeds
(Zhuang et al., 2023). Moreover, we explored the suitability map for each chicken
population by excluding the CLAY due to its negligible effect. The AUC values of all

distribution models exceeded 0.9 in the suitability analysis, and we found that the eight
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remained environmental variables exerted different impacts on the chicken distributions
(Supplementary Figure S11). For example, the ecological niche of BJC (N) and XSC
(SE) was mainly affected by BIO 2, which make them adapted to the north China (high
diurnal range) and the east coast of China (low diurnal range), respectively (Figure 2d
and 2g). CLZ (NW), LHC (M), DWS (SW) and RKC (T group) adapted.tomountain
areas, north China plain, south humid-hot areas and Xizang environmert, respectively,
driven by dominant environment factors (Figure 2e, 2f, 2h and.2i):

By focusing on the eight remained variables, we selected three pepulations each
with extremely high and low value, respectively ‘(Supplementary Figure S12),
between which niche differentiation were/tested:«For the BIO 2, the H group included
NYC, XWC and SNC with average~alue'of 15:594/and the GXS, PDC and WCC with
average value of 7.07 were selected as'L group. Similarly, we extracted H and L group
for the BARE (0.68 y5,70.01), CROPLAND (0.62 vs. 0.003), PREC 08 (292.87 vs.
3.33), SRAD M (14389.97vs./8199.07), TREES (0.92 vs. 0), SHRUBS (0.04 vs. 0)
and WATER'(0.23 ys./ 0), respectively. For all variables, the empirical values of
Hellinger ’s*l.and Schoener’s D were significantly lower than those expected from 100
pseudo-replicated simulations (Figure 2j), suggested a clear niche differentiation
affected by selected environmental variables. However, observed I and D of SHRUBS
and WATER were larger than that of other variables, indicating smaller differentiation.
Overall, ENM revealed the environmental diversity of Chinese indigenous chicken
habitats and identified eight important environmental drivers of local adaptation. The

significant niche difference was in consistent to the genomic divergence between
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chicken populations with extremely high and low environmental variables.

Genotype-environment associations analysis

By integrating eight environmental variables with genomic data from 1 022
individuals, we performed genotype-environment association (GEA) analyses to detect
the environment-associated genetic variants using RDA and LFMM méthods. In the
RDA, the overall model was significant (P < 0.01) under 500 permutations, explaining
3.04% of the total genetic variance (Supplementary note 1)./This'result Was-eonsistent
with previous findings in Ethiopia indigenous chiekens. (Gheyasset al., 2021),
supporting the polygenic inheritance of adaptivetraitsisince only a small proportion of
genomic variants are expected to be associated with several environmental predictors
(Forester et al., 2018). The eight-RDA%axes in/the model were significant with
permutation P-value < 0.05, explaining all the variance captured by the RDA model
(Supplementary Figure'S13, Supplémentary note 1). The PCoA showed that first
two RDAs explained"36:75% (RDA1, 19.12%; RDA2, 17.63%) of the variation of
environmental variables. The RDA1 was positively correlated with most variables,
imcluding “BARE, CROPLAND, PREC 08, SHRUBS, SRAD 11 and WATER,
wheteasRDA?2 was correlated with and TREES. BIO 2 and CROPLAND were pointed
to opposite direction, in which BJC was positively correlated with high BIO 2, whereas
PDC was positively correlated with CROPLAND. BARE and TREES were pointed to
opposite direction, in which TGC was positively correlated with BARE, whereas CLZ
was positively correlated with TREES. XHC was found in the areas with highly covered

with water land (Figure 3a). We identified 35 688 outlier SNPs (1 862~6 549 SNPs per
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environmental variable), with correlations ranging from 0.03 to 0.41 (Supplementary
Figure S13, Supplementary Table S4). Using r > 0.2 as threshold, we obtained 307,
812, 510, 613, 113, 883, 1 693 and 1 436 SNPs for BARE, BIO 2, CROPLAND,
PREC 08, SHRUBS, SRAD 11, TREES and WATER, respectively. LFMM was a
complementary univariate landscape genomic method to test associations, between
genomic variants and environment variables, while accounting /for background
population structure (Frichot et al., 2013). We identified a total-of-205~19-+26 SNPs
were significantly (FDR < 0.01) associated with one,or more €nvironmental factors.
The largest number of associated SNPs was found,in"BIO 2, whereas the BARE and
SHRUBS were associated with only ~ 200-€ach. “Moreover, a total of 1 190 SNPs
affected two or more environmentaly, factors’ (Supplementary Figure S14,
Supplementary Table S5).

By overlapping SNPs déetected by both RDA and LFMM, we identified 13, 276, 66,
69, 39, 19, 307-and, 500 SNPs, corresponding to 90, 1 860, 546, 578, 315, 110, 2 167
and 2 865 genes for BARE, BIO 2, CROPLAND, PREC 08, SHRUBS, SRAD 11,
TREES, and-WATER, respectively (Figure 3b, ¢, Supplementary Table S6). Gene
enrichment analysis showed that BARE-associated genes were overrepresented in
cytokine-cytokine receptor interaction and metabolic pathways including amino acid
metabolism (xenobiotics by cytochrome P450, tyrosine, retinol and pyruvate),
glycolysis and fatty acid degradation. CROPLAND-associated genes were
overrepresented in biological processes, such as cellular response to chemical stimulus,

response to bacterium and chemotaxis. Interestingly, WATER-associated genes were
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overrepresented in four same biological processes that identified in the CROPLAND,
involving same genes including AvBD (avian B-defensin) gene family (1, 6, 8, 9, 10,
11, 13), DEFB4A4 and SBDS. (Figure 3d, Supplementary Table S7). The AvBD
represented a key family of antimicrobial host defense peptides in birds and might also
influence nutrient metabolism under varying nutrient availability, as™indicated by
CROPLAND (Fu et al., 2023).

We used the 1 283 variable-associated SNPs that were regardedias adaptivevariants
to explore patterns of isolation-by-distance (IBD) and.isplation-by-environment (IBE)
compared to neutral variants (excluding adaptive SNPs)." We found that genetic
divergence calculated by both adaptive and neutral SNPs were not correlated with
geographic distance (Figure 3e). In-contrast, adaptive SNPs showed a significant IBE
indicated by partial Mantel tests/(Figure 3f), whereas the neutral SNPs was not
significant, indicating that “genetic Variation of the adaptive variants was mainly
influenced by _.the“environment:’ Our results suggested that the adaptive SNPs were
relatively robust to the,confounding effects of population structure and highlight the
centralroleef ecological factors in shaping genomic variation across landscapes.

Selection signatures associated with environmental extremes in indigenous
chickens

The niche differential analysis for BARE, BIO 2, CROPLAND, PREC 08,
SRAD 11 and TREES suggested that the significant environmental divergence
prompted the genomic changes between chicken populations with extremely high and

low environmental variables. Given that smaller niche differentiation and more than
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three populations in the extreme group, the SHRUBS and WATER were discarded
before the selection signature analysis and candidate gene analysis. For the six retained
drivers, we applied two methods to detected the potential genomic regions and variants
that associated with the environmental changes. First, we performed Fsr analysis and
extracted top 1% selected regions (N =935) with zFst threshold largerthan 3,34, 3.44,
3.29, 3.34, 3.37 and 3.42 for BARE, BIO_2, CROPLAND, PREC 08, SRAD11 and
TREES, respectively. These regions were annotated with 548-6793Ensembl-genes per
variable, the gene sets of which were independent with-few overlaps’(Supplementary
Figure S15a, Supplementary Table S8). Function.annotation revealed that about half
(41.97%~49.30%) of genes lacked withygene symbols. GO and KEGG enrichment
showed that MAPK signaling pathway, calcium signaling pathway were significantly
(FDR < 0.05) enriched by BARE-asseciated genes{Supplementary Figure S15b). In
the XP-EHH analysis,the'sighaturesof individual SNP were merged into 935 windows,
in which top 1% selectedregions were obtained with |s_XPEHH]| threshold exceeding
2.82,2.89,2.86, 2.79; 2.80 and 2.83 for the six variables, respectively. These genomic
regions,were.annotated with 425-510 Ensembl genes for 6 variables (Supplementary
Figure S15¢, Supplementary Table S9), in which the BARE-associated genes and the
CROPLAND-associated genes were significantly (FDR < 0.05) overrepresented in
eight and four KEGG pathways, respectively (Supplementary Figure S15d). Among
these pathways, alpha-linoleic acid metabolism, linoleic acid metabolism and GnRH
signaling pathway were shared by two variables. Similarly, the gene sets of the six

variables from XP-EHH were independent with few overlaps, and 41.39%~53.18%
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genes lacked gene symbol annotation.

Notably, we observed a modest but significant positive correlation ranging from
0.23 to 0.39 between the Fst and the XP-EHH results (P < 2.2e-16) across the six
environmental variables (Supplementary Figure S16), consistent with previous
studies and confirming the robustness of our analysis (Ma et al., 2015)"" However, the
overlap between the top 1% signatures detected by both methods was low, with
significant correlations observed only for BIO 2 and PREC_.08y(Figure-4a). This
highlighted the complementary roles of two methods insdetecting.significant selection
signatures. We further screened top genes defingd.asthose annotated to the top 0.1%
selection signatures in either method or top 4% selected genes shared by two methods
(Supplementary Table S10). This.yielded, 168,194, 107, 214, 126 and 184 top genes
for BARE, BIO 2, CROPLAND; PREC,08,"SRAD 11 and TREES, respectively
(Figure 4b, Supplementary Tablé"S11). Unlike to the distribution pattern in Fst and
XP-EHH, we found,that top-genés were common to two or more variables, with overlap
proportion [ranging from 46.26% to 71.73% (Figure 4b-c). Spearman correlation
analysis, indicated that this overlap was not owing to the number of shared chicken
populatiens used in the SSA (Figure 4d). Functional enrichment revealed that calcium
signaling pathway was significantly enriched by BARE-associated genes including
CHRM?2, CAMK2G, CAMK2D, CYSLTR2, CACNAIB and FLTI. (Figure 4e).
Moreover, we mapped these genes to the chicken QTL database and revealed
associations with 66 traits, covering growth, health, feeding, fatness, exterior, digestion,

egg and meat quality traits, physiology and reproduction traits (Figure 4f,
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Supplementary Table S12). Notably, only a small proportion of genes (9-39) were
overlapped with known QTLs, suggested that the candidate genes were more potential
to affect traits, such as adaptation, since the QTLs mapping was generally conducted
for economic traits and those associated with environment changes were rarely reported
in chickens (Hu et al., 2022). Few environment-associated genes were everlapped with
QTLs, together with few enriched pathways by environment-associated: genes
confirmed polygenic nature of adaptation in local chicken populations, ‘whieh were a
complex combination of multiple minor gene effects (Sang ét al«.2022).

Geographic distribution of genomic yariants in the candidate genes
underlying adaptive responses to climate ehanges

According to previous analysis.tesults; SRAD/11, PREC 08 and BIO 2 are three
most important climatic factors contributing to*the” ecological niche of local chicken
population (Figure 2b). SRAD LI, t€presenting total solar radiation in November, was
strongly correlatedswith annualsSolar radiation (r = 0.59, p = 2.6e-5; Supplementary
Figure S17a), making it a robust indicator of adaptation to ultraviolet and heat stress.
We'identified PRMT3, EPC2 and TPK1 associated with SRAD 11 were involved in the
regulation of DNA damage and repair, which are crucial in how organisms respond to
the solar radiation (Jessulat et al., 2021; Angrand, 2022; Brobbey et al., 2022) (Figure
5a). The common genomic regions identified by SSA and GEA included MAML?,
C20H200RF112, POUG6F?2 and one gene cluster (Supplementary Table S13). The
gene MAML?2 encoded the Mastermind-like proteins that acted as a vital transcriptional

coactivator in the Notch signaling, which was responded to high-dose radiation
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(Banerjee et al., 2020). Within MALM?2, we identified 11 SNPs with Fst > 0.5 in high
LD (Supplementary Figure S18a, b). We selected an index SNP rs/5536665 (Fst =
0.65) to show the alleles frequency pattern and found that chicken populations
originated from high SRAD 11 in Xizang and Southwest areas possessed more G allele
(Supplementary Figure S18c¢). In the gene cluster, we firstly identified index SNP
rs316099750 that was divergently selected between high and low group (grey shadow).
Given that the negative Tajima's D value suggested an excess/of rare genétie-variants in
a population compared to that under neutral evolution, we futther focused on two
genomic regions with -0.57 and -0.36 of Tajima’D,insthe low SRAD 11 group in the
gene cluster, among which the genomic regieni ranging from 2 745 001 bp to 2 760 000
bp (red shadow in Figure Sb) contained, significant divergent values across three
statistics. The region was located in UNCS80 gene and harbored an index intronic SNP
rs316174149 (Fst = 0:56). The allele frequency patterns showed that chicken
populations originated, frem™ arcas with high SRAD 11 possessed more A allele,
whereas the T allele was dominant in chicken populations originated from areas with
low, SRAD*11(Figure 5c, Supplementary Figure S19). Notably, the Sichuan basin
wasiexposed to less solar radiation, as shown in Figure Sc. We then investigated the
gene frequency of rs316174149 for chicken breeds in Sichuan basin including Miyi
chicken (MYC), Pengxian Yellow chicken (PXC), Emei Black chicken (EMB), Jiuyuan
Black chicken (JYB) and Jinyang silky chicken (JYS) ( (Li et al., 2019), frequency of
which was consistent with pattern that T allele was dominant in these chicken

populations in contrast to that A allele was dominant in the Xizang fowl (TF) and Red
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596  jungle fowl (RJF) in tropical areas (Figure 5d). Given that most non-coding variants
597  were located in regulatory elements, we further annotated the SNP based on the atlas of
598  chicken regulatory elements (Pan et al., 2023). Five regulatory elements including
599  EnhAWKk, ATAC, Repr, ReprWk and Qui were annotated for rs316174149 across 23
600 tissues (Figure Se). Correspondingly, we also found significant H3K27me3 signals for
601  hypothalamus, duodenum, and eggshell gland, as well as ATAC-seq sighals forikidney
602  (Figure 5f). Moreover, the expression data from Chicken GTEx(Guan-et-al., 2025)
603  showed that the UNCS80 was highly expressed in the hypethalamus (Figure 5g). UNCS80
604  encodes a key component of the NALCN sodium ‘¢hannel complex that regulates
605  neuronal excitability and is actively expressed in‘the'nervous systems (Chua et al., 2020;
606  Wieetal., 2020). These suggested thatthens376774149 might act as a repressor to alter
607  gene expression within the hypothalamus, mediating the long-term adaptation to solar
608  radiation (Vrettos et al., 2025).

609 PREC 08,~an%indicater of‘monthly precipitation, was strongly correlated with
610  annual precipitation (r 7 0.75, p = 5.8¢-9; Supplementary Figure S17b), making it a
611 { robustumarker.of adaptation to humid versus arid environments. We identified SSA
612  genes ‘including ABCBI10, ANK2, KCNAI, PRMTI, SLC22415 and TRAPPCII
613  associated with PREC 08 were involved in the matter transportations to enhanced
614  utilization of metabolic water in arid-dwelling animals (Rocha et al., 2021) (Figure 6a).
615  The common genomic regions identified by SSA and GEA were annotated with PTPRO,
616  SOX5, SPOCKI and four gene clusters (Supplementary Table S14). In PTPRO,

617  Tajima’D and Fst analyses identified a region (62 835 001 bp ~ 62 840 000 bp) with
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negative Tajima’D (-0.18) for the high PREC 08 group, contrasting with a positive
Tajima’s D (1.64) in low PREC 08 group (Figure 6b), indicated that an excess of low
frequency SNPs was under putative selective sweep in the chickens originated from
areas with high precipitation. In this region, 10 SNPs with Fst > 0.25 were detected.
The most divergent SNP was an intronic SNP rs/52921735, which was“in_a*LD block
with nearby 6 SNPs (Figure 6¢). The allele frequency of rs75292135 showed that'C
allele was dominant in the chicken populations adapted to therarid “environment,
whereas T allele was dominant in the chicken populations, addpted t0 the humidity
environment (Figure 6d). The chromatin state analyses showed that 575292735 lied
in short regions for most tissues annotated by ATAC, Repr, ReprWk and Qui (Figure
6e). Notably, the key roles of kidney..andtracheaswere confirmed by the significant
signals identified in the ATACtséq.data (Figure® 6f), suggesting that rs/5292135
affected the chromatin accessibility, altering gene regulation and contributed to the
adaptation of humid ‘or “arid environment. Among four gene clusters, we scanned
genomic regions with large difference among 0n, Tajima’s D and Fsr value on the
chromesome. l.-In the region, the index SNP rs3384544359 that possessed highest Fst
(0.46)'was located in the region ranging from 64 545 001 bp to 64 560 000 bp. However,
the MAF of rs3384544359 was low (0.13), resulting in almost fixed A allele in many
chicken populations (Supplementary Figure S20). Therefore, we focused on another
region ranging from 64 590 001 bp to 64 605 000 bp (red shadow in Supplementary
Figure S21a), in which we identified a set of SNPs with high Fst were under putative

selection sweeps. The index SNP rs312280416 with a MAF of 0.4 was in high LD with
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surrounding SNPs, locating in the AEBP2 (Supplementary Figure S21b). The allele
frequency pattern showed that the frequency of G allele was growing up when the
precipitation increased across chicken populations, suggested that the function of SNP
and candidate gene AEBP2 were involved in the adaptation of humidity
(Supplementary Figure S21c).

For the BIO 2, we also identified a number of genes that previously reported to.be
associated with temperature adaptation (Supplementary Figure-S22a)."Fer-¢xample,
the gene DIO3 identified for the BIO 2 was a deiodinase ‘enzyme that converts the
inactive thyroid hormone T4 to its active form T3, Cold exposure decreases hepatic
DIO3 activity in chicks, leading to less T3 degradation. The increased T3 levels
contribute to enhanced metabolic.rate and heat production, which are essential for
thermoregulation in cold environments’ (Amaz and Mishra, 2024). Using same pipeline,
we obtained 2 intersected genes(EVL, NCOR?2), 1 IncRNA (ENSGALG00010004931)
and 6 gene clustersy(Supplementary Table S15). We identified a 30 kb genomic region
in the NCOR2 was differentially selected between high and low groups across three
mdices,, with, Tajima’D =-0.71 in low BIO 2 group (Supplementary Figure S22b).
Accompanied with Fst value of single SNP, we detected that an intronic SNP
rs316512683 possessed the highest Fst(0.31) and was in a medium LD (0.46~0.66)
with surrounding SNPs with Fst > 0.25 (Supplementary Figure S22¢). The A allele
of rs316512683 was mainly distributed in the north region that is characterized by large
diurnal temperature difference, whereas the G allele was almost fixed in other chicken

populations (Supplementary Figure S22d, e). Moreover, we detected SNP
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rs316512683 as a repressor in the heart via H3K27me3 modification, contributing to
the thermal adaptation (Supplementary Figure S22f, g). Among gene clusters, we
identified candidate SNP rs/4836021 was harbored in the intron of EPSS. As a
signaling adaptor, it was involved in the EGFR pathway that promote cell survival and
tissue repair under temperature-induced damage (Tito et al., 2025)."Fhe Asallele of
rs14836021 was almost fixed in the region that is characterized by small 'diurnal
temperature difference, while the G allele increased” im=ythe terth™ region
(Supplementary Figure S23). Another SNP 75377631326 wassan.index SNP located
in the DSEL and was in high LD with surrounding SNPs. The A allele of rs317631326
was dominant in NYC, XWC, SNC' and™BJC with extremely high BIO 2
(Supplementary Figure S24). DSEL “encoded enzymes for dermatan sulfate
biosynthesis, a key extracellulat matrix component influencing cell behavior,
metabolism, and homgostasis (Miztimoto & Yamada, 2022).

Geographic¢ distribution of genomic variants underlying local landcover
adaptation

For, thewlandcover, we identified three physical materials at the land surface
including, CROPLAND, TREES and BARE non-negligibly affect the animal local
adaptations (Figure 2b). For the CROPLAND, a few top genes were annotated in the
selection signatures analysis (Figure 7a, Supplementary Table S11), which were
rarely reported to be associated with cropland coverage and availability. However,
genes including TPKI, COA3, G6PCland LEPROT were demonstrated to play

important role in metabolism, digestion and energy homeostasis. For example, G6PC1
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encodes glucose-6-phosphatase, crucial for maintaining blood glucose levels between
meals (Claxton et al., 2022). After overlapping with associated genes identified in
landscape genomic analysis, we detected a continuous genomic regions ranging from
51 548 866 bp to 51 626 768 bp on chromosome 1 (Supplementary Table S16). The
On and Tajima’s D indicated that chicken populations located in the“afeas with high
CROPLAND were under intensive selection (Figure 7b). We furtherscreened a 10,kb
region with most significant value across three indices. Within-this regiony=dn index
SNP rs794437951 with highest Fst (0.65) was in high IsD with eightSurfounding SNPs
with Fst > 0.5. The allele frequency pattern showed that the index SNP was almost
fixed to T allele for most chicken populatienis (Supplementary Figure S25), which
probably due to the low minor allelefiequéncy(MAF). Therefore, we profiled the MAF
of nine SNPs, among whi¢h/ an infronic .SNP rs732137070 harbored in
ENSGALG00010014829artied-highest MAF (0.26), and the surrounding SNPs were
in high LD with#s%732137070 (:* = 0.53~0.74) (Figure 7¢, d). The chicken populations
originated from areas/with high CROPLAND possessed more G allele of 75732137070,
while'the Aallele of rs732137070 was dominant in chicken populations originated from
mountain, areas with few croplands (Figure 7e, f). The chromatin state annotation
revealed that 75732137070 lied in the EnhAWk of hypothalamus and testis, suggested
transcriptional activation at this site in two organs (Supplementary Figure S26).
However, no any regulatory peak was detected for the SNP.

For the TREES, we identified /7TGB2 that belonged to integrin-beta gene family

(Figure 8a, Supplementary Table S11), in which /TGBI was previously reported to
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associated with land use pattern by RDA analysis in chickens (Gheyas et al., 2021),
suggesting that the cell-to-cell and cell-to-extracellular matrix interactions regulated by
integrin-beta were essential for individuals adapted to the specific environment. Using
same pipeline, we identified six genes and four gene clusters distributing on the
chromosome 1, 4, 10 and 23 (Supplementary Table S17). Some genes‘were,involved
in the neural development and signaling transduction (FOXP2, TRPA L, PRKCE, and
NRXN?3), which contribute to the ability in sensor, communicating;ymating-and seeking
in the dense tree areas. For example, TRPAI was demenstrated_torbe’participates in
sensory processes, such as cold sensation (Zhang, etsal., 2022) and hearing (Vélez-
Ortega et al., 2023), which were essential for living in the forest. In the TRPAI, we
identified SNP 5317006675 in the intron was unider selection (Supplementary Figure
S27a). The C allele of rs317006675 was significantly dominant in chicken populations
from high TREES group/andsignificatitly decreased in chicken populations from areas
with few trees (SupplementaryFigure S27b). We then refined the four gene clusters,
in which we identified most divergently selected regions on the chromosome 4
(Supplementary Figure S28). By focusing on genomic region with highest Fsr (red
shadow in Figure 8b), we found a large divergence (A6 = 0.0023 and ATajima’s D =
2.81) between high and low TREES group. The region harbored 17 SNPs with Fsr >
0.25. The index SNP 5374594662, a synonymous variant in the NX72, was in high LD
with surrounding eight SNPs. Chicken populations originated from high trees coverage
possessed more G allele, while the A allele was dominant in chicken populations

originated from northwest areas with few trees (Figure 8c, d). Given that the nine SNPs

= ZR

Zoological
Research



728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

located in the gene NX72 were in high LD, we further analyzed the haplotypes between

high and low TREES group. The 9 SNPs formed 5 unique haplotypes across 62 samples.

Among these haplotypes, the haplotype CCGTGAGGA (HO01) was dominant in terms
of total amount and frequency in high TREES group, whereas the SNP sites in low
TREES group were heterozygous and haplotypes were sporadic (Figure8e), eonfirmed
that NX72 was under intensive selection in chickens to adapted to the environment with
dense coverage of trees. Moreover, the chromatin state and.regulatoty-anhotation
revealed that candidate SNPs might be active enhancersswithin ehromatin accessibility
and DNA methylation region in bone marrow, itrachea, kidney, liver, heart, gizzard,
ileum, colon and cecum (Supplementary; Figure,S29).

For the BARE, we identified.a-bunch of*top’genes like CACNAIB, COL1IAl,
MGAT4C, SLC4A410, SLC25420 wasrassociated with starvation and dehydration that
usually happened in BARE énvironment (Rocha et al., 2021; Rocha et al., 2023) in the
SSA (Supplementary, Figure’ S30a, Supplementary Table S11). However, no
common genes were screened across four methods, whereas a total of 31 genes were
identified by.any three of four methods (Supplementary Figure S30b). Notably, the
common-genes identified in the GEA were rarely under intensive selection by Fst (n=6)
and XPEHH (n=1), indicated polygenic inheritance of chicken adaption to the BARE
environment. Nevertheless, the genomic regions under intensive selection were from
natural and artificial interventions. We further focused on common SSA genes that
overlapped with RDA or LFMM, from which we obtained three genes and one gene

cluster in the RDA and one gene, one IncRNA and two gene clusters in the LFMM,
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respectively (Supplementary Table S18). By scanning individual SNP among these
candidates, we found significant selection signatures in PALLD across three indices in
RDA. The intronic SNP 5373027723 harbored in the PALLD was divergently selected
between extremely high and low BARE group (Supplementary Figure S30c¢). The
SNP was in a completed LD block with surrounding SNPs (Fst ><0:25), and the
haplotype analysis showed that 2 haplotypes were existed in the populations, The
haplotype CCAATAG was abundant and dominant in low BARE group;-whereas the
haplotype TGGGCGA was less belonging to the high.group, (Supplementary Figure
S30d, e). The G allele of rs3/3027723 was increasingly important in the chicken
located in the areas with extremely high bare ground (Supplementary Figure S30f).
For LFMM, the candidate region was.mapped-in the chromosome 3. An intronic SNP
rs316823963 located in the GPR63 was screengd otit and in high LD (12 = 0.61) with
an index SNP rs/538838% that located in the 3°’UTR (Supplementary Figure S31a).
Functionally important, we-further showed the allele frequency pattern of 7575388384,
where the € allele was increased with increased bare ground (Supplementary Figure
S31b)=Furthermore, the two SNP 75373027723 and rs15388384 were annotated as
regulatory SNPs in the brain and heart, respectively (Supplementary Figure S32),
suggested the distinct tissue-specific regulatory patterns.

DISCUSSION

Coping with environmental changes is common to all species. Unlike studies that
focus on intraspecific adaptive variation to mitigate extinction risks in wildlife (Sang et

al., 2022), we leveraged the abundant genetic diversity and adaptive variations to

= ZR

Zoological
Research



772 cultivate environment-resilient livestock and poultry for sustainable global food supply
773 (Boettcher et al., 2014). Compared to commercial chicken strains used in the intensive
774  farming, indigenous populations exhibit superior adaptive traits, such as environmental
775  resilience, foraging ability, welfare living (free range and organic product) and disease
776  resistance, providing valuable resources for new breeding goals that'met changes in
777  climate, husbandry environment and customer demand (Gheyas et al.;/2021).;In this
778  study, we collected and generated genomic variants data for-over' 1*000-Chinese
779  indigenous chickens, representing the largest population «dataset’ spanning all
780  agroclimatic zones of China to date. Based on th¢ large-scale/population genomic data,
781  we systematically analyzed the genetic .diversity and structure of 44 chicken
782  populations, which confirmed the puzity of some populations like BYC (Wang et al.,
783 2023), JYC (Yue et al., 2025),l LHC (Wang et al., 2023), as well as the admixed
784  genomic component of populatienslike CSL (Xu et al., 2023), WCC (Qi et al., 2024)
785  previously reperted by “wsing./whole genome resequencing data. The large-scale
786  population genomic analysis also enlarged the admixture of NDC (Huang et al., 2020),
787 | BHC(Zhong.et al., 2022). Regionally, Xizang populations (SNC and RKC) formed a
788  genétically distinct cluster, likely shaped by prolonged geographic isolation and
789  independent domestication history (Li et al., 2023). In addition, chicken populations
790  from central China (LSC and GSC in Henan province, MCL and HJC in Hubei province,
791 DAC and HLC in Hunan province) displayed similar genomic structure, consistent with
792  findings in local pig populations (Du et al., 2024), indicated that local pig and chicken

793  populations experienced similar demographic histories and human interventions, such
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as selective breeding, migration and ecologically diverse habitats (Wiener & Wilkinson,
2011).

Animal adaptation was a long-term systematic process to cope with local stressors
like heat, drought, disease and nutritional challenges, through a combination of genetic
selection and physiological changes over generations. Traditionally, it"is difficult to
dissect the genetic basis of environmental adaptation due to the complexity sof
environment posing as selection pressures. With aid of ecolggical:methodsy-we firstly
disentangle and identify the important environmental faetorsiof adaptation from a large
array of environmental variables. Then, by integrating large-scale genomic data, we
focused on the important factors to identify the associated genomic regions using
multiple complementary genomic.approaches: These were effectively and robustly
applied in plant and animal, ayoiding false positiy€ errors and offering more reliable
and explainable results (Gheyas et al:;2021; Wu et al., 2024; Teng et al., 2025). Notably,
our analysis refined solarradiation (SRAD 11), cropland use (CROPLAND), rainfall
(PREC_08), temperature difference (BIO 2), trees coverage (TREES) and bare ground
(BARE) as'most important environmental drivers, which was more representative and
significant than other similar studies based on only climate variables (Niu et al., 2024;
Liu et al., 2025; Liu et al., 2025; Zhao et al., 2025) or a smaller geographical region
(Gheyas et al., 2021). These variables were further demonstrated to be key factors for
comparative genomic analysis by niche difference test, which was a result of genetic
selection over centuries by environmental conditions and human purposes within

livestock species (Velado-Alonso et al., 2022). Moreover, the genetic divergence
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calculated by adaptive SNPs showed a significant association with environmental
distances based on these variables, reinforcing the important and independent selection
of environmental variables in shaping adaptive differentiation, as also reported in
livestock like sheep (Lv et al., 2014) and pig (Liu et al., 2025). Among a bunch of
adaptive genes, the function annotation confirmed their roles in=€nvironmental
adaptation, such as BARE-associated genes that were overrepresented injenergy
metabolism (amino acid, fatty acid and glycolysis) pathways,that-help animals'manage
energy stores to survive periods of food and water scareity (Rocha.et al’, 2021; Cheng
et al., 2023; Rocha et al., 2023).

Environmental adaptation within speeiesgenerally accompanied by micro-
evolution happened in the genome (Bomblies &Peichel, 2022). By leveraging genomic
data using multiple methods, we presented robust evidence for adaptive genes including
well-known gene PTPRO and-NCOR2 for precipitation and diurnal temperature
difference, respéctively, as-well.ds novel gene UNC80, CSF2RB, NXT2, and PALLD for
solar radiation, cropland use, trees coverage and bare ground, respectively. NCOR2 was
ainuclear reeeptor corepressor that played a crucial role in regulating thermogenesis in
brown'adipose tissue and maintaining body temperature functionally associated with
BIO 2 (Richter et al., 2022). PTPRO modulates the glomerular pressure and filtration
rate in the kidney, affecting conservation and loss of water to adapted the humid and
dry environments (Wharram et al., 2000; Ozaltin et al., 2011). CSF2RB encoded
receptors that bound to ligands of colony stimulating factor (CSF), which was

conserved in the vertebrates (Mun et al., 2020). The knockout of CSF receptors
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significantly caused fatty changes in the liver in the zebrafish (Meng et al., 2021),
suggested that the alteration of gene modified the metabolism of chickens to adapted
different crops availability. In addition, the pleiotropic genes associated with BIO2,
SRAD 11 and BARE indicated that interaction of climatic and landcover factors at
genomic level shaped the local adaptation, which need more investigation by
considering human-mediated management. The variants suffered from intensive
selection in the candidate genes were mostly located in non-coding tegieri, which
implied that the regulatory elements played dominant-ole ‘allowing miore subtle and
fine-tuned evolutionary changes with fewer negative side effects (Haygood et al., 2010;
Bomblies & Peichel, 2022). By integrating Chicken GTEX data, we found these SNPs
possessed different chromatin state.acrossstissues,for example, acting as repressor in
hypothalamus through H3K27me3 +modificationto respond the solar radiation;
adaptation to the humidity/arid through altering chromatin accessibility (ATAC-seq) in
kidney and tracheasTheseindicated that the non-coding SNPs generally regulated gene
function in/a tissue-specific manner (Albert & Kruglyak, 2015; Khurana et al., 2016),
on the-other.hand, the rapid adaptation controlled by these variants were prevalent
across'lecal chicken populations (Agrawal & Hastings, 2023; Henschen et al., 2023;
Durkin et al., 2024; Nair et al., 2024). Therefore, the corresponding interactions
between key genes and genomic variants explained their potential regulatory
mechanism for environmental adaptation.

Specifically, our findings provide genomic resources to further understand the

genetic basis and regulatory mechanisms of adaptations in domestic animals and lays a
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foundation for future research with potential application in genetic resource
conservation and animal breeding under environmental change, as well as may
accelerate comparative studies on adaptation in other species. Nevertheless, several
limitations should be acknowledged. First, we found substantial adaptive genes lacked
gene symbols, which limited the function interpretation. A more *well-assembled
genome and completed genome annotation were needed for the functign annotations.
Second, the relatively low sequencing depth and the présencer of medest breed
admixture may reduce the statistical power, potential leading toithe‘omission of some
causal variants. Third, our study lacked morejcomprehensive experiment, such as
CRISPR-based functional validation and population:specific regulatory omics data for
investigating SNP-specific regulatory.meehaniSms. In addition, we should recognize
that adaptive signals are generally not stable and.shifting rapidly due to the climate
change and modern genoemic breedifig practices. Future studies incorporating higher-
depth sequencing, larger samplessize and field experiment areas, complementary multi-
omics technologies, and validation experiment could strengthen the applicability of the
conclusionsy.and enhance the translational relevance for agricultural and biomedical
researchs

In conclusion, we dissected the agroclimatic factors and identified key environment
factors driving the ecological niche partitioning of Chinese indigenous chickens. By
incorporating landscape genomic analysis, comparative genomic analysis and atlas of
chicken regulatory elements, we proposed candidate genes and SNPs that affected the

environmental adaptation in a tissue-specific manner. Furthermore, we compiled a
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comprehensive list of potential variant-gene associations to serve as a valuable resource
for future functional studies and breeding programs.
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910  Data Center (NGDC, https://www.cncb.ac.cn/) at PRICA046667.

& Zoological
i 4 Research




911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

REFERENCES

Agrawal AA, Hastings AP. 2023. Tissue-specific plant toxins and adaptation in a
specialist root herbivore. Proceedings of the National Academy of Sciences of the
United States of America. 120:€1992716176.

Amaz Al S, Mishra B. 2024. Embryonic thermal manipulation: a potential strategy to
mitigate heat stress in broiler chickens for sustainable poultry production. Journal
of Animal Science and Biotechnology, 15:75.

Albert FW, Kruglyak L. 2015. The role of regulatory variation in complex traits and
disease. Nature Reviews Genetics, 16:197-212.

Alexander DH, Novembre J, Lange K. 2009. Fast model-based estimation of ancestry
in unrelated individuals. Genome Research, 19:1655-1664.

Angrand P. 2022. Structure and function of the Polycomb repressive complexes PRC1
and PRC2. International of Journal of Molecular Science, 23 (11):5971.

Balakrishnan KN, Ramiah SK, Zulkifli I. 2023. Heat shock protein response to stress
in poultry: a review, Animals, 13: 2.

Banerjee D, Barton SM, Grabham PW, et al. 2020. High-Dose Radiation Increases
Notchl in Tumor Vasculature. International Journal of Radiation Oncology-
Biology-Physics, 106:857-866.

Boettcher PJ, Hoffmann I, Baumung R, et al. 2014. Genetic resources and genomics for
adaptation of livestock to climate change. Frontiers in Genetics 5:461.

Bomblies K, Peichel CL. 2022. Genetics of adaptation. Proceedings of the National

Academy of Sciences of the United States of America. 119:€2122152119.

= ZR

Zoological
Research



933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

Brobbey C, Liu L, Yin S, et al. 2022. The role of protein arginine methyltransferases in

DNA damage response. International Journal of Molecular Sciences, 23(17):9780.

Browning BL, Tian X, Zhou Y, et al. 2021. Fast two-stage phasing of large-scale
sequence data. American Journal of Human Genetics, 108:1880-1890.

Campbell Q, Bedford JA, Yu Y, et al. 2025. Agricultural landscape genomics to
increase crop resilience. Plant Communications, 6:101260.

Capblancq T, Forester BR. 2021. Redundancy analysis: A Swiss Army Knife for
landscape genomics. Methods in Ecology and Evolution, 12:2298-2309.

Caye K, Jumentier B, Lepeule J, et al. 2019. LFMM 2: Fast and accurate inference of
gene-environment associations in genome-wide studies. Molecular Biology and
Evolution, 36:852-860.

Chang CC, Chow CC, Tellier LC, et al. 2015. Second-generation PLINK: rising to the
challenge of larger and richer datasets. Gigascience. 4:7.

Chen S. 2023. Ultrafast one-pass FASTQ data preprocessing, quality control, and
deduplication using fastp. iMeta. 2:e107.

Cheng J, Peng X, Li H, et al. 2023. Similar adaptative mechanism but divergent
demographic history of four sympatric desert rodents in Eurasian inland.
Communications Biology 6:33.

Chua HC, Wulf M, Weidling C, et al. 2020. The NALCN channel complex is voltage
sensitive and directly modulated by extracellular calcium. Science Advances,
6:eaaz3154.

Cingolani P. 2022. Variant annotation and functional prediction: SnpEff. Methods in

= ZR

Zoological
Research



955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

Molecular Biology 2493:289-314.

Claxton DP, Overway EM, Oeser JK, et al. 2022. Biophysical and functional properties
of purified glucose-6-phosphatase catalytic subunit 1. Journal of Biological
Chemistry, 298:101520.

Danecek P, Auton A, Abecasis G, et al. 2011. The variant call format and VCFtools.
Bioinformatics. 27:2156-2158.

Dong S, He W, Ji J, et al. 2021. LDBlockShow: a fast and convenient tool for
visualizing linkage disequilibrium and haplotype blocks based on variant call
format files. Briefings in Bioinformatics, 22:bbaa227.

Du H, Zhou L, Liu Z, et al. 2024. The 1000 Chinese Indigenous Pig Genomes Project
provides insights into the genomic architecture of pigs. Nature Communications,
15:10137.

Durkin SM, Ballinger MA, Nachman MW. 2024. Tissue-specific and cis-regulatory
changes underlie parallel, adaptive gene expression evolution in house mice. PLoS
Genetics, 20:¢1010892.

Eda M. 2021. Origin of the domestic chicken from modern biological and
zooarchaeological approaches. Animal Frontiers 11:52-61.

Elith J, Phillips SJ, Hastie T, et al. 2011. A statistical explanation of MaxEnt for
ecologists. Diversity and Distributions. 17:43-57.

Ellegren H. 2014. Genome sequencing and population genomics in non-model
organisms. Trends in Ecology & Evolution, 29:51-63.

Fick SE, Hijmans RJ. 2017. WorldClim 2: new 1-km spatial resolution climate surfaces

= ZR

Zoological
Research



977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

for global land areas. International Journal of Climatology. 37:4302-4315.

Forester BR, Lasky JR, Wagner HH, et al. 2018. Comparing methods for detecting
multilocus adaptation with multivariate genotype-environment associations.
Molecular Ecology. 27:2215-2233.

Fourcade Y, Engler JO, Rodder D, et al. 2014. Mapping species distributions with
MAXENT using a geographically biased sample of presence data: a performance
assessment of methods for correcting sampling bias. PLoS One. 9:¢97122.

Frichot E, Schoville SD, Bouchard G, et al. 2013. Testing for associations between loci
and environmental gradients using latent factor mixed models. Molecular Biology
and Evolution. 30:1687-1699.

Fu J, Zong X, Jin M, et al. 2023. Mechanisms and regulation of defensins in host
defense. Signal Transduction and Targeted Therapy, 8:300.

Gheyas AA, Vallejo-Trujillo A, Kebede A, et al. 2021. Integrated environmental and
genomic analysis reveals the drivers of local adaptation in African indigenous
chickens. Molecular Biology and Evolution 38:4268-4285.

Gourdine J, Rauw WM, Gilbert H, et al. 2021. The genetics of thermoregulation in pigs:
a review. Frontiers in Veterinary Science, 8:770480.

Gu J, Liang Q, Liu C, et al. 2020. Genomic analyses reveal adaptation to hot arid and
harsh environments in native chickens of China. Frontiers in Genetics 11:582355.

Guan D, Bai Z, Zhu X, et al. 2025. Genetic regulation of gene expression across
multiple tissues in chickens. Nature Genetics 57:1298-1308.

Guisan A, Thuiller W. 2005. Predicting species distribution: offering more than simple

= ZR

Zoological
Research



999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

habitat models. Ecology Letters 8:993-1009.

Hariyono DNH, Prihandini PW. 2022. Association of selected gene polymorphisms
with thermotolerance traits in cattle - A review. Animal Bioscience 35:1635-1648.

Haygood R, Babbitt CC, Fedrigo O, Wray GA. 2010. Contrasts between adaptive
coding and noncoding changes during human evolution. Proceedings of the
National Academy of Sciences of the United States of America. 107:7853-7857.

Henschen AE, Vinkler M, Langager MM, Rowley AA, Dalloul RA, Hawley DM,
Adelman JS. 2023. Rapid adaptation to a novel pathogen through disease tolerance
in a wild songbird. PLoS Pathogens. 19:¢1011408.

Holsinger KE, Weir BS. 2009. Genetics in geographically structured populations:

defining, estimating and interpreting F(ST). Nature Reviews Genetics, 10:639-650.

Hou Y, Zou D, Chu Q, et al. 2025. The ChickenGTEXx portal: a pan-tissue catalogue of
regulatory variants shaping transcriptomic and phenotypic diversity. Nucleic Acids
Research, gkaf731, doi: 10.1093/nar/gkaf731.

Hu Z, Park CA, Reecy JM. 2022. Bringing the Animal QTLdb and CorrDB into the
future: meeting new challenges and providing updated services. Nucleic Acids
Research, 50:D956-D961.

Huang X, Otecko NO, Peng M, et al. 2020. Genome-wide genetic structure and
selection signatures for color in 10 traditional Chinese yellow-feathered chicken
breeds. BMC Genomics, 21:316.

Oksanen J, Blanchet FG, Friendly M, et al. 2018. vegan: Community Ecology Package.

R package version 2.5, Available from: https://CRAN.R-

= ZR

Zoological
Research



1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

project.org/package=vegan.

Jessulat M, Amin S, Hooshyar M, et al. 2021. The conserved Tpkl regulates non-
homologous end joining double-strand break repair by phosphorylation of Nejl, a
homolog of the human XLF. Nucleic Acids Research 49:8145-8160.

Kass JM, Muscarella R, Galante PJ, et al. 2021. ENMeval 2.0: Redesigned for
customizable and reproducible modeling of species' niches and distributions.
Methods in Ecology and Evolution, 12:1602-1608.

Khurana E, Fu Y, Chakravarty D, et al. 2016. Role of non-coding sequence variants in
cancer. Nature Reviews Genetics, 17:93-108.

Lai D, Qu X, Wang Z, et al. 2025. Integrative genomic, transcriptomic and epigenomic
analysis reveals cis-regulatory contributions to high-altitude adaptation in Tibetan
pigs. Molecular Biology and Evolution, 42 (7):msaf169.

Lefort V, Richard D, Gascuel O. 2015. FastME 2.0: A comprehensive, accurate, and
fast distance-based phylogeny inference program. Molecular Biology and
Evolution, 32:2798-2800.

Lewis MJ, Wang S. 2025. locuszoomr: an R package for visualizing publication-ready
regional gene locus plots. Bioinformatic Advances, 5:vbaf006.

Leng D, Zeng B, Wang T, et al. 2024. Single nucleus/cell RNA-seq of the chicken
hypothalamic-pituitary-ovarian axis offers new insights into the molecular
regulatory mechanisms of ovarian development. Zoological Research, 45(5):
1088-1107. DOI: 10.24272/j.issn.2095-8137.2024.037

Li D, Li Y, Li M, et al. 2019. Population genomics identifies patterns of genetic

= ZR

Zoological
Research



1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

diversity and selection in chicken. BMC Genomics. 20:263.

Li H, Handsaker B, Wysoker A, et al. 2009. The sequence alignment/Map format and
SAMtools. Bioinformatics. 25:2078-2079.

Li H, Durbin R. 2010. Fast and accurate long-read alignment with Burrows-Wheeler
transform. Bioinformatics. 26:589-595.

Li S, Zhang X, Dong X, et al. 2023. Genetic structure and characteristics of Tibetan
chickens. Poultry Science, 102:102767.

Liu Y, Xu VY, Li G, et al. 2025. Local climate adaptation in Chinese indigenous pig
genomes. Animals. 15:16.

Liu Z, Zhang N, Wen Z, et al. 2025. Genomic insights into the origin, high fecundity
and environmental adaptation of Hu sheep. Advanced Science, 12:¢06492.

Lv F, Agha S, Kantanen J, et al. 2014. Adaptations to climate-mediated selective
pressures in sheep. Molecular Biology and Evolution, 31:3324-3343.

Ma Y, Ding X, Qanbari S, et al. 2015. Properties of different selection signature
statistics and a new strategy for combining them. Heredity. 115:426-436.

McKenna A, Hanna M, Banks E, et al. 2010. The Genome Analysis Toolkit: a
MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Research, 20:1297-1303.

McManus CM, Lucci CM, Maranhdo AQ, et al. 2022. Response to heat stress for small
ruminants: Physiological and genetic aspects. Livestock Science 263:105028.

Meek MH, Beever EA, Barbosa S, et al. 2023. Understanding local adaptation to

prepare populations for climate change. BioScience, 2025:36-47.

= ZR

Zoological
Research



1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

Meng H, Shang Y, Cheng Y, et al. 2021. Knockout of zebrafish colony-stimulating
factor 1 receptor by CRISPR/Cas9 affects metabolism and locomotion capacity.
Biochemical and Biophysical Research Communications, 551:93-99.

Mi X, Feng G, Hu Y, et al. 2021. The global significance of biodiversity science in
China: an overview. National Science Review, 8:nwab032.

Mizumoto S, Yamada S. 2022. The specific role of dermatan sulfate as an instructive
glycosaminoglycan in tissue development. International Journal of Molecular
Sciences, 23.

Mun SH, Park PSU, Park-Min K. 2020. The M-CSF receptor in osteoclasts and beyond.
Experimental and Molecular Medicine, 52:1239-1254.

Nair VD, Pincas H, Smith GR, et al. 2024. Molecular adaptations in response to
exercise training are associated with tissue-specific transcriptomic and epigenomic
signatures. Cell Genomics, 4:100421.

NiuY,LiY, ZhaoY, etal. 2024. Whole-genome sequencing identifies functional genes

for environmental adaptation in Chinese sheep. Journal of Genetics and Genomics,

51:1278-1285.

Ozaltin F, Ibsirlioglu T, Taskiran EZ, et al. 2011. Disruption of PTPRO causes
childhood-onset nephrotic syndrome. American Journal Human Genetics, 89:139-
147.

Padhi MK. 2016. Importance of indigenous breeds of chicken for rural economy and

their improvements for higher production performance. Scientifica. 2016:2604685.

Pan Z, Wang Y, Wang M, et al. 2023. An atlas of regulatory elements in chicken: A

= ZR

Zoological
Research



1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

resource for chicken genetics and genomics. Science Advances, 9:eade1204.

Qi L, Xiao L, FuR, et al. 2024. Genetic characteristics and selection signatures between
Southern Chinese local and commercial chickens. Poultry Science 103:103863.

Richter HJ, Hauck AK, Batmanov K, et al. 2022. Balanced control of thermogenesis by
nuclear receptor corepressors in brown adipose tissue. Proceedings of the National
Academy of Sciences of the United States of America. 119:¢2089691177.

Rocha JL, Godinho R, Brito JC, et al. 2021. Life in deserts: the genetic basis of
mammalian desert adaptation. Trends in Ecology & Evolution, 36:637-650.

Rocha JL, Silva P, Santos N, et al. 2023. North African fox genomes show signatures
of repeated introgression and adaptation to life in deserts. Nature Ecology &
Evolution, 7:1267-1286.

Sabeti PC, Varilly P, Fry B, et al. 2007. Genome-wide detection and characterization
of positive selection in human populations. Nature. 449:913-918.

Sang Y, Long Z, Dan X, et al. 2022. Genomic insights into local adaptation and future
climate-induced vulnerability of a keystone forest tree in East Asia. Nature
Communications 13:6541.

Savolainen O, Lascoux M, Merild J. 2013. Ecological genomics of local adaptation.
Nature Reviews Genetics, 14:807-820.

Shi S, Shao D, Yang L, et al. 2023. Whole genome analyses reveal novel genes
associated with chicken adaptation to tropical and frigid environments. Journal of
Advanced Research, 47:13-25.

Soberdn J, Osorio-Olvera L. 2023. A dynamic theory of the area of distribution. Journal

& Zoological
i 4 Research




1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

of Biogeography 50:1037-1048.

Szpiech ZA, Hernandez RD. 2014. selscan: An efficient multithreaded program to

perform EHH-based scans for positive selection. Molecular Biology and Evolution,

31:2824-2827.

Teng Y, Li W, Wang X, etal. 2025. Integrating population genomics and environmental
data to predict adaptation to climate change in post-bottleneck Tibetan macaques.
Science Advances, 11:eadw0562.

Tian S, Zhou X, Phuntsok T, et al. 2020. Genomic analyses reveal genetic adaptations
to tropical climates in chickens. iScience, 23:101644.

Tito C, Masciarelli S, Colotti G, et al. 2025. EGF receptor in organ development, tissue
homeostasis and regeneration. Journal of Biomedical Science. 32:24.

Velado-Alonso E, Morales-Castilla I, Gomez-Sal A. 2022. The landscapes of livestock
diversity: grazing local breeds as a proxy for domesticated species adaptation to
the environment. Landscape ecology. 37:1035-1048.

Vélez-Ortega AC, Stepanyan R, Edelmann SE, et al. 2023. TRPAL1 activation in non-
sensory supporting cells contributes to regulation of cochlear sensitivity after
acoustic trauma. Nature Communications 14:3871.

Vrettos M, Reynolds C, Amar A. 2025. No support for solar radiation as a major
evolutionary driver of malar stripes in falcons. Journal of Avian Biology,
2025:¢03322.

Wang H, Zhao X, Wen J, et al. 2023. Comparative population genomics analysis

uncovers genomic footprints and genes influencing body weight trait in Chinese

= ZR

Zoological
Research



1131 indigenous chicken. Poultry Science 102:103031.

1132 WangJ, Lei Q, Cao D, etal. 2023. Whole genome SNPs among 8 chicken breeds enable
1133 identification of genetic signatures that underlie breed features. Journal of
1134 Integrative Agriculture, 22:2200-2212.

1135  Wang M, Thakur M, Peng M, et al. 2020. 863 genomes reveal the origin and
1136 domestication of chicken. Cell Research 30:693-701.

1137 Wang M, Li Y, Peng M, et al. 2015. Genomic analyses reveal potential independent
1138 adaptation to high altitude in Tibetan chickens. Molecular Biology and Evolution,
1139 32:1880-1889.

1140  Wang Q, Li D, Guo A, et al. 2020. Whole-genome resequencing of Dulong Chicken
1141 reveal signatures of selection. British Poultry Science, 61:624-631.

1142  Wang T, Yang M, Shi X, et al. 2025. Multiomics analysis provides insights into musk
1143 secretion in muskrat and musk deer. GigaScience, 14: giaf006,
1144 https://doi.org/10.1093/gigascience/giat006

1145  Warren DL, Matzke NJ, Cardillo M, et al. 2021. ENMTools 1.0: an R package for
1146 comparative ecological biogeography. Ecography. 44:504-511.

1147  Weir BS, Cockerham CC. 1984. Estimating F-statistics for the analysis of population
1148 structure. Evolution. 38:1358-1370.

1149  Wharram BL, Goyal M, Gillespie PJ, et al. 2000. Altered podocyte structure in GLEPP1
1150 (Ptpro)-deficient mice associated with hypertension and low glomerular filtration
1151 rate. Journal of Clinical Investigation, 106:1281-1290.

1152  Wie J, Bharthur A, Wolfgang M, et al. 2020. Intellectual disability-associated UNCS80

& Zoological
i 4 Research




1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

mutations reveal inter-subunit interaction and dendritic function of the NALCN
channel complex. Nature Communications, 11:3351.

Wiener P, Wilkinson S. 2011. Deciphering the genetic basis of animal domestication.
Proceedings of the Royal Society B: Biological Sciences, 278:3161-3170.

Wu T, Hu E, Xu S, et al. 2021. clusterProfiler 4.0: A universal enrichment tool for
interpreting omics data. Innovation, 2:100141.

Wu Z, Chapman MA, Liu J, et al. 2024. Genomic variation, environmental adaptation,
and feralization in ramie, an ancient fiber crop. Plant Communications, 5:100942.

XuD, Zhu W, Wu Y, et al. 2023. Whole-genome sequencing revealed genetic diversity,
structure and patterns of selection in Guizhou indigenous chickens. BMC
Genomics, 24:570.

Yu X, Tao X, Liao J, et al. 2022. Predicting potential cultivation region and paddy area
for ratoon rice production in China using Maxent model. Field Crops Research
275:108372.

Yuan J, Li S, Sheng Z, et al. 2022. Genome-wide run of homozygosity analysis reveals
candidate genomic regions associated with environmental adaptations of Tibetan
native chickens. BMC Genomics. 23:91.

Yue Y, Zhang X, Zhai B, et al. 2025. Whole-genome resequencing revealed genetic
structure and specific breed identification loci of Ningxia Jingyuan chicken breed
(Gallus gallus). BMC Genomics. 26:772.

Zanaga D, Van De Kerchove R, Daems D, et al. 2022. 10 m 2021 v200.

https://doi.org/10.5281/zenodo.7254221

& Zoological
i 4 Research




1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

Zhang C, Dong S, Xu J, et al. 2019. PopLDdecay: a fast and effective tool for linkage
disequilibrium decay analysis based on variant call format files. Bioinformatics,
35:1786-1788.

Zhang H, Wang C, Zhang K, et al. 2022. The role of TRPA1 channels in
thermosensation. Cell Insight, 1:100059.

Zhang M, Wang S, Xu R, et al. 2023. Managing genomic diversity in conservation
programs of Chinese domestic chickens. Genetics Selection Evolution, 55:92.
Zhang R, Jia G, Diao X. 2023. geneHapR: an R package for gene haplotypic statistics

and visualization. BMC Bioinformatics, 24:199.

Zhao X, Zhang J, Wen J, et al. 2025. Genome-environment association analysis reveals
climate-driven adaptation of chickens. Genetics Selection Evolution, 57:43.

Zhi Y, Wang D, Zhang K, et al. 2023. Genome-Wide genetic structure of Henan
indigenous chicken breeds. Animals. 13:4.

Zhong H, Kong X, Zhang Y, et al. 2022. Microevolutionary mechanism of high-altitude
adaptation in Tibetan chicken populations from an elevation gradient.
Evolutionary Applications, 15:2100-2112.

Zhuang Z, Zhao L, Zong W, et al. 2023. Genetic diversity and breed identification of
Chinese and Vietnamese local chicken breeds based on microsatellite analysis.

Journal of Animal Science, 101:skad182.

= ZR

Zoological
Research



1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

Figure Legend
(a)

30°N

10°N

B0'E 9€°E 100°E

L
Figure 1. Geographi ation e

tic structure of Chinese indigenous chicken

ADMIXTURE analysis (K = 2-45), with the optimal K as 27. (d) Genetic divergence

among populations measured by pairwise Fst. The chicken populations are ordered by

agroclimatic zone.

M0°E

5
(z]
0]

CV error

® North

@ Northwest
® Middle

® Southeast
® Southwest
® Tibet

Altitude (m)
3000

120 130°E

(b) 4 North = Middle * Southwest

(d)

PC2 (15.72%)

Climate zone
@ Northwest ¢ Southeast v Tibet

0.04
0.00
g . Vv v vvv
~0.04 o # $ . @ !
P o s % VW
r 3 v g .
-0.08 i
~0.05 0.00 0.05 010

PC1 (20.31%)

North  Northwest Middle Southeast Southwest  Tibet
—r 1 = i [ Tl e

wen
i PoC

B e

xse

= NDC

== -

0 m [ O anw

] mom

1 |

H B W e

e

| =) Gxs
L & I B .
wee

| P0G
esL

o & B | ] oe
i PuC

| B B B B B

[ i a7
o cHE

xzJ

..... | 1 | RKC
n L] SNC

1zc

R Y S S L R LR L

-—

in of 44 chicken populations. Populations are grouped

es: North, Northwest, Middle, Southeast, Southwest, and Tibet.

= ZR

Zoological
Research



1205

1206

1207

1208

1209

1210

1211

1212

1213

(a) (b) w Feature Class: LQHPT 0
5:— Regularization Multiplier = 0.5
o
—~20 ;; 30 30
2 E
= 5 20 20
s H
= =
2 g 10 10
2 5
e
E , =] .
(&)
Mg P 0F P e e
I II 59&0 o@°"‘) o Vvﬁo 7« e N
o i- - II-I.-.I-.I-..-II-..-II - -
W ¢ 5 of A R T @R NI *® o A * A a0 2] o P (] AN ok &
P & A M g0F ¥ o b S - 2 P $ 2 A0 ot o go-
PSR AN s a_,sz“ éﬁm 07 @ O Gﬁ}o eﬁo o of® ‘s\“" @é\}- ‘wg?- 5?}‘; Jﬁw F et o &
(c) (J) BARE BIO_2
D=0.01 W schoener'sD | Hellinger's | 0= 0.0002 W SchoenersD | Hellinger's /

[ Unsuitable
T Low

[0 Moderate
. High

D =003 M SchoonersD [ Hellinger's |

I

w
S0 S0
2
o (5]
20 I 20 I
al ¥ _.-. L. o ¥ -0
000 025 05 075 100 060 025 050 075  4.00
Identity index Identity index
CROPLAND PREC_08

D=0004 M Schoener'sD [ Hollinger's |

0.00 0.25 0.50 0.75
Identity index
SRAD_11

D=0.002 g gohosnarsD 1 Hellinger's

000 025 05 075
Identity index

SHRUBS

=003

Sao| -
2
S |
20{ | l
ol ¥ -

1.00 (XTI

20 : i )
ol ¥ =k L o
100

; b
1. .l
1.00

25 050 075
Identity index
TREES

D=00002 g schosner'sD [ Hellinger's f

025 050 075
Identity index

60|

Count

0.00

WATER

p=n.21

e _J]

I sehosnarsD | Hellingsr's |

000 035 050 075
Identity index

g

Science Press

04 06 08
Identity index

niche modeling (ENM) for Chinese indigenous chicken

variables. (b). Relative contribution and permutation importance of nine environmental
variables selected based on correlation (r < 0.6) and variance inflation factor (VIF <
5). (¢). The suitability maps of indigenous chicken populations in China generated by
ENM using the nine selected environmental variables. (d-i). Suitability maps for

representative chicken population: BJC (d) in the North, CLZ (e) in the Northwest,

ZR

(24) asuepodun uolenuIag

Zoological
Research



1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

LHC (f) in the Middle, XSC (g) in Southeast, DWS (h) in the Southeast and RKC (i)
in Tibet, predicted from eight key variables (SRAD 11, CROPLAND, WATER,
PREC 08, BIO 2, TREES, BARE and SHRUBS). The details of the variables, refer to
Supplemental Table 2. Green star denotes sampling location. (j). Niche identity tests
between groups of populations from extremes (high vs. low) for each*€nvironmental
variable. In each group, three or more chicken populations are included based on the
value of environmental variable. The arrows indicate the observedriché-equivalency,
and the histograms represent the simulated (expected) equivaleney. All differences
between the observed index and the expected index rejected the hypothesis that

environmental niches between regions weredentical (p <0.01).

= ZR

Zoological
Research



1224
1225

1226

1227

1228

1229

(d ) Cytokine-cytokine receptor interaction ]
a # Metabolism of xenabiotics by cyiochrome P450
Tyrosine metabolism -
Retinol metabolism >
Pyruvate metabolism ﬁ
” Giycolysis  Gluconeagenesis
Faity acid degradation
BIC « HIC - NYC o | [Driia metabolism = cytochrome P45 L
BSC + HLC - PDC 5 Collular rosponse to chemical stmalus [ |
BYC « HTC PDG £ ‘Defense response
CHC « HXC - PJC | [Responsstootherorganism
2 CLZ + JHW RKC .©| Responsetoextemal bictic stimulus
a CSL « JYC SNC E 'Response to biotic stimulus (=
& DAC + LDC - TGC @ | Defenseresponsetootherorganism 3
DGC + LHC - WBD | |Biblogicalprocess ivolved ininterspacies intaraction between organisms | 5
DLC + LSC - WCC €| Responsetobacterium &
- DWS - LSF XHC Q| [Dafanss response to basterium =
# DXY + LYC =+ XSC O maxis o
= GSC - LZC XWC Chemotais
= GXS ° MCL - XZJ Golgi vesicle transport
= GZC + MQM - ZZD ‘Coll chemotaxis
« HDC + NDC IDEfensEesponEatel Gram-negative bacterium [ ]
3 Response to bacterium 1
y Defense response to bacterium E
20 L Gall chemotaxis 5
- Defense response to Gram-negative bacterium i
"\Q [\ I\ ,LQ Defense response to Gram-positive bacterium
0.00 0.05 0.10 015 0.20 0.25
(b) RDA1 Gene ratio
o < ©
. - T g 9 g 3 ]
g @ 2w 2 g =gl &
£ g <2 £ . E epez | ogurez |
5 4 — —mgerzz 2 3 A 8 3 1 — - ‘8 5 A — ege=2 @
o — Gumulaive (%) | 3 8 8 — Cumaiatie (5
(s
3 ; ° ey ° = 8] ——— ©
© 7 Areas withiminimal vegetation =] =] =] P‘retlpltatlon in August
I
< i < | < < | |
Ch I e o o I
c i c c c .
2o : £q Lo ol 00T -
£3 ®e wo To
£y Sy £ Sal
G e o & ° G <
(&) - o - - [&] _
=} S =] o |
=] S = =3
c Cl o S
l0g10
© @ ©
g g .3 8 L3 g % -8
o @ - a2 ez | ‘“E" - 1ogP <2 Ter e
g Tmtile § 4 — lhawpsz | g — Cegeez2 @5 4 = T Lo
3 o ] é et 3 = cumimer| ® 3 Tt ®
© ol le - Lo 2 Lo ° o ]
T BT ———— 0
2 =3 Snlan‘ radiation in November o land: covered by tree foliage o |Areas &ovemd by lakes and rivers|
i i 1
< = i = | < |
5 o i o
c® 5 £ 5 c®
] o
= = L. =l = 92
oS ® . ©e SR
[}
gy So B 2y Sl
Q° o< [sad o°
[&] (@] (&} (@]
et = - ]
o S o =
2 2 . . 2 |
= < = =4

SRAD_11

1 Z_faog:'UPS 6 7

& Mantel test r=0.03, p=0.38 (f)

& Mantel test r = 0.005, p = 0.47 04
¢ © Adaptive SNP

© Neutral SNP

o
[

Fsr/(1-Fsr)
=]
N

0.1

0.0

B Mantel test r=0.20, p =0.04

» ®Mantel test r=-0.03, p = 0.60

© Adaptive SNP
© Neutral SNP

0 1000
—8— SNP —8— Gene

Distance (km)

2000

. 5.0 7.5
Environmental distance

Figure 3. Genotype-environment associations analysis for eight important

environmental variables. (a). Principal coordinate analysis (PCoA) for eight

important environmental variables based on the RDA1 and RDA2. Arrow length

denotes the relative contribution of each environmental factor to the principal

components. (b). Scatter plot for SNP statistics of RDA correlation coefficients (y-axis)

Zoological
Research



1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

and LFMM P-value (x-axis) for each environmental variable. Dashed lines denote the
threshold (r =0.2 and FDR =<0.01). Green points indicate candidate SNPs identified
by both RDA and LFMM. (c¢). The number of environment-associated SNPs and the
number of annotated genes for each environmental variable. (d). Significantly enriched
GO biological processes and KEGG pathways for genes associated with each
environmental variable. (e). Isolation-by-distance analyses for Jocal ¢hicken
populations based on neutral and adaptive variants, respectively~The shadew-0f linear
regression denotes the 95% confidence interval. (f). Isolation-by£environment analyses
for local chicken populations based on neutral and adaptive yariants, respectively. The

shadow of linear regression denotes the 95%Contidence interval.

= ZR

Zoological
Research



1240
1241

1242

1243

1244

1245

1246

1247

1248

1249

a b )
( ) * BARE + BIO_2 = CROPLAND * PREC_08 SRAD_11 = TREES ( ) [ shared Unique

. N 200 TREES BARE
7 L] L]
. o ° R =-0.099 , p=0.17 (n=198) 200 A
., . ". . . o R =0.22, p=0.002 (n=191) \ y
_ 81 '. LS . e R=1014,p =018 (n=97) 100 4 N ot
T °s ) R = 0.37, p = 1.6e-07 (n = 194) N
i "!‘ o {SRAD_11 : BIO_2
o 54 - RS _
’;. R = 0.0041 , p = 0.95 (n = 194) N '
=l ‘ .
34
PREC_08 CROPLAND
4 8 12 16
(c) zFST (d) Spearman R=0.27
24 Q - p=0.34 .
23 3 20
5
E 20+ £ 15y «
@
-E E” e /
£ 10 10 B s : :
@ 104 8 H : .
5 . 5 5 ® ol
[C] 4 4 5 4 3 3 [ i ] 3
I I I 2 2 1 I I 111111 1 2 1 Shared population numbers
o] Bems Elipemiiiiiilimd
CROPLAND [
I I } SRAD_11 [mmm
I I I PREC_03 [
E BARE [N
I Blo_2 [
p TREES [
N‘g’1 321211011310 w 72 M % 1 0
Numbers
(e) (f)
Calcium signaling pathway BARE 80 3
Various types of N-glycan biosynthesis u g&chl.:aND 17
5 . - Meat_quality
+| N-Glycan biosynthesis 60 i
c 9 4 Egg_quality
g .—_' —"3— — Digestion
fel tivi g 6 Reproduction
§| -5 rase activity - a g [ Physiology
E _— © 40 5 g Exterior
&| Neuron projection g 5 12y Fatness
(] s 4 6 Feeding
c| Somatodendritic compartment £ 4 + 6 Health
I} - 22 e 2 6 1 Growth
Dendritic tree o -
2 il =
ol Cat
Sarcolemma <
2 ] o AN S
6 ] ) P 0 S 2 a
Gene number ° © cg_o?\} o gﬁ\?‘o <&

method and top 1% selected genes shared by Fst and XPEHH for each environmental
variable. (c). Upset plot for top genes across environmental variables. Red numbers
mark the shared genes and chicken populations between two environmental variables,
used in the correlation analysis (d) using Spearman method. (e). Significantly enriched

GO biological processes and KEGG pathways for top genes associated with each

= ZR

Zoological
Research



1250  environmental variable. (f). QTL annotation for top genes based on the chicken QTLdb.

& Zoological
i 4 Research




1251
1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

(a) 1 (e) I EnhAwk [ ATAG [ Repr I Reprvk [ Qui
u_ -»Rnssrlmzh ‘:::A“iswcr oy m.s . &Z?:::f’ prors-e ShellGland ;
BMarrow
“ - ‘ l Ll T T e ——— !
Bursa —
T T T T T T T T T T T T TI T
3 ) 5 6 7 89 11 13 16 18 21 24 28 32 36 Thymus 1
S I I NN N R ERE TR RETIn] Testis N
= l I ' I I l ” I E Colon I
E 2 Sk Cecum —-—
[ J e B : lleum d=
X 4 o ! powcr|
| wurae - (
o qor mrs;? Mﬁm\ww mm/' "WZQ.;' - o Jejunum m—
6 Erezg - Duodenum —
(b) (c) 7 \ Provent |
= SRAD_11_H = SRAD_11_L a i ~ P
=11 =1 - Gizzard _
0.005 i ] . > @ ,f; Trach
. '{- 2 rachea
0.004 P, L) -——»* uﬂ Kidney |
F 0.003 g o Lung |
0.002 A e Solar radiation Spleen I
0.001 g 18000 Liver| |
&
S [ :wu Heart |
Genotype Muscle ——
3 : i}“ Hypothalamus —
=] o ™ Cerebellum
e ,
£ Sichuan Basin Semple size Cortex !
=1 ¢
& Chr7 2.74 149 275 2.76 (Mb)
of——- - - - - - — - A - ; 315
» rs31609957 ST e Score
« Ingen (d) N H3K27me3 « o ° -5
J EE e — @ ::
iR HiK27ac| ® @
E
0.4 B J : ¥53 & = ATAC ® .
- 0 -
: % - f. Iy
2 = 3 3
2 L & & & @ & "
S —- 5 R
2 A2l o & e
o g 3 QﬂQ @
I - g :
H
o
H H 3 il
MAP2— EN5GALGDOU|IOD11374—' £ _ RIF E . + é .
,2[_ o ol : l&J-......i.a..‘....a.;........_--.i.a.....
—KANSLIL .
S TIPS PIRE TG EEET P FOEISSF FEEE
0 75 80 25 0O $E ﬁ#ffﬁg‘i&f@j‘gﬁls’f‘sﬁ@gg LA t?g“%’gfo
FEIEEE LSS SEISIOIIST LG FVERIT o8
2.50 2.60 2.70 2.80 Gene frequency (%) S&F F TS £y g T8F &
Chromosome 7 (Mb) g, & & g § &
Eyed E & & &

Figure 5. Functional SNPs associated with adaptation to the solar radiation. (a).
Genome-wide selective signals: of standardized Fst and XP-EHH for chicken
populations from high.versus low solar radiation regions. Grey dashed lines highlight
the top. 1% threshold. Orange points represent candidate regions, and black points mark
top, annotated genes associated with solar radiation. (b). Selection signatures for the
gene, cluster on Chromosome 7 that identified by both gene-environment association
analysis and selection signature analysis. O and Tajima’s D are calculated in a 15 kb
window with a 15 kb step. Fsr is calculated for each individual SNP. Grey shadow
highlights genomic region harbored the index SNP, while the red shadow highlights
candidate region harbored SNP 5316174149 used for the next analysis. (¢). Genotype

frequencies of rs316174149 across 44 chicken populations. (d). Allelic frequencies of
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1267

1268
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1270

rs316174149 across eight chicken populations distributed in Sichuan basin, Tibet and
tropical area. A and T represent the alleles of this SNP. MYC, PXC, EMB, JYS, JYB,
TF, RJF and I RJF denote Miyi chicken, Pengxian yellow chicken, Emei black chicken,
Jinyang silky chicken, Jiuyuan black chicken, Tibetan fowl, Red jungle fowl and Red
jungle fowl in Indonesian. (e). Regulatory activity across 23 different tisSues‘annotated
for rs316174149. (f). Epigenomic annotation for rs316174149 based onthe H3K4me3,
H3K4mel, H3K27ac, H3K27me3, CTCF, ATAC-seq and DNase=seq.' (g)=Expression

profile of gene UNCS80 across 32 chicken tissues.
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Figure 6. Functional. SNPs associated with adaptation to the rainfall. (a). Genome-

wide'selective.signals of standardized Fst and XP-EHH for chicken populations from

high; and low-precipitation areas. Grey dashed lines highlight the top 1% quantiles.

Orange points represent candidate regions, and black points mark top genes associated

with precipitation. (b). Selection signatures for gene PTPRO, identified by both gene-

environment association analysis and selection signature analysis. O and Tajima’s D

are calculated in a 15 kb window with a 15 kb step. Fist is calculated for each individual

SNP. (¢). Linkage disequilibrium (LD) block for SNPs with F'st =0.25 in the selected
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1281

1282

1283

1284

region, shown as mean 72 for paired SNPs. (d). Allelic frequencies of the associated
SNP rs15292135 across chicken populations from areas with extremely high and low
precipitation. (e). The regulatory activity across 23 different tissues annotated for
rs15292135. (f). Epigenomic annotation for rs/5292135 based on the H3K4me3,

H3K4mel, H3K27ac, H3K27me3, CTCF, ATAC-seq and DNase-seq.
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points mark top genes associated with cropland coverage. (b). Selection signatures for
gene cluster that identified by both gene-environment association analysis and selection
signature analysis. O and Tajima’s D are calculated in a 15 kb window with a 15 kb
step. Fist is calculated for each individual SNP. (¢). The minor allele frequency of SNPs

surrounding the index SNP rs794437951. (d). Linkage disequilibrium (LD) block for
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1296

1297

1298

SNPs with Fst =0.5 in the selected region, shown as mean 72 for paired SNPs. The
selected SNP 5732137070 is in high LD with surrounding SNPs. (e). SNP genotype
frequencies of rs732137070 across 44 chicken populations in China. (f). Allelic

frequencies of rs732137070 across 44 chicken populations.
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step. Fst is calculated for each individual SNP. The red shadow highlight genomic
region under extensive selection with an index SNP 5374594662 located in gene NXT2.
(¢). Genotype frequencies of 753714594662 across 44 chicken populations. (d). Allelic

frequencies of 15314594662 across 44 chicken populations in China. (e). Genomic

position of candidate SNPs and a haplotype network in gene NX72. The-symbols on the

line between haplotypes represent number of variants.
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