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Introduction 
Poultry are a major source of animal protein and play a critical role in global food security and 

economic development across low‑ and middle‑income countries. Rising demand for 

affordable meat and eggs has driven rapid intensification of poultry production, but this 

expansion continues to be limited by challenges posed by pathogens. Among these, avian 

influenza virus (AIV) remains one of the most significant threats to the poultry industry as well 

as to wild avian species. Outbreaks of AIV disrupt food supply chains, cause substantial 

economic losses, and pose serious public health concerns due to the zoonotic potential of some 

emerging strains. 

AIV control is challenging due to rapid virus evolution, endemic presence, efficient spread in 

poultry systems and markets, and migratory wild birds (Bi et al., 2024). Conventional control 

measures, including enhanced biosecurity, movement restrictions, culling and vaccination in 

some parts of the world, provide only partial and often short‑lived protection. These limitations 

highlight the need for developing additional sustainable strategies to better control AIV.  

Host genetics is increasingly recognised as a promising avenue for improving disease 

resistance and potentially could be used as a complimentary strategy to better control AIV. 

Previous studies in inbred and commercial chicken populations have demonstrated heritable 

variation in susceptibility to AIV suggesting that selective breeding could contribute to 

long‑term control (Bryson et al., 2023). However, the genetic architecture of AIV resistance 

remains poorly understood. 

This study aims to address this knowledge gap through genome‑wide association studies 

(GWAS) on high‑density imputed genomic data of fast‑ and slow‑growing broilers and 

indigenous chicken lines which have been naturally infected with AIV in Bangladesh and 

Vietnam. 

 

Materials & Methods 
The work described in this study was approved by the ethical committees from National 

Institute of Veterinary Research, Vietnam (020-433/DD-YTCC), Chattogram Veterinary and 

Animal Sciences University, Bangladesh (CVASU/Dir(R&E)EC/2020/165(2)), Bangladesh 

Livestock Research Institute (BLRI0001, BLRI0002, BLRI0004 and BLRI0005) and the Royal 

Veterinary College Ethics Welfare Committee (URN 2020 1983-3). 

 

Animal Populations and Sampling Design. Samples from individual chickens were collected 

from commercial and smallholder systems in Bangladesh and Vietnam. The study included 

samples from fast‑growing commercial broilers (referred to as broilers), slower‑growing 

broilers (Rhode Island Red × Fayoumi cross referred to as Sonali) and indigenous chickens 

(referred to as Desi) in Bangladesh, and improved/crossed local indigenous lines from Vietnam 

(referred to as Hybrids). Two different sampling strategies were applied: cross‑sectional 
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sampling (farms, live‑bird markets, slaughterhouses) to capture spatial variation, and 

longitudinal sampling (repeated visits to selected farms) to capture temporal dynamics of 

natural infection. A total of 2,254 chickens were sampled across both strategies. Chickens were 

sampled for blood on FTA cards for genomic DNA extraction; oropharyngeal and cloacal 

swabs in viral transport media for AIV detection; and caecal and spleen tissues for RNAseq 

and epigenetic analyses. 

 

AIV Detection. Chickens naturally infected with AIV were identified using quantitative 

reverse‑transcription PCR (qRT‑PCR) targeting the conserved AIV M gene. Chickens with 

detectable viral RNA by qRT‑PCR were classified as cases; chickens testing negative were 

classified as controls. 

 

DNA Extraction and Sequencing. Blood samples collected onto FTA cards was used to 

extract genomic DNA and perform Low‑coverage whole‑genome (skim) sequencing. The 

initial variant calls of the skim data were imputed to a high‑density reference panel (~28 million 

variants) aligned to the GRCg6a assembly as described previously (Morris et al., 2024). DNA 

extraction, sequencing and imputation were outsourced to Neogen.  

 

Data Processing. The raw data was filtered using vcftools (Danecek et al., 2011) to remove 

low confidence imputed variants (Genotype Probability < 0.9) and to only include biallelic 

SNPs from the autosomes and converted to PLINK file formats. The data was further filtered 

using: minor allele frequency (--maf 0.01), genotyping rate (--geno 0.1), Hardy-Weinberg 

equilibrium (--hwe 0.000001), and missing genotypes (--mind 0.1) in PLINK2 (Chang et al., 

2015). Moreover, the variants were LD‑pruned using PLINK2 (--indep-pairwise 50 (window 

size) 10 (step size) 0.2 (r2 threshold)).  

 

Heritability Estimation and GWAS. SNP‑based heritability and GWAS for AIV resistance 

(as binary trait for positive/negative) were performed using GCTA (Yang et al., 2011). GWAS 

was performed using a standard univariate linear mixed model in which top Principal 

Components (to control for population structure), sampling location, bird weight, sex and other 

recorded site parameters (details about how birds were reared/kept; and other animals/birds on 

site) were fitted as fixed effects and the genomic relationship matrix (calculated with GCTA -

-make-grm) among individuals was fitted as a polygenic random effect. Bonferroni correction 

was applied to determine a genome‑wide significant (P<0.05) and a suggestive significant 

(accounting for 1 false discovery per genome scan) threshold. Candidate genes were identified 

using 100 kb windows upstream and downstream of significant SNPs using the biomaRt R 

package, and pathway enrichment analyses were performed to infer biological functions using 

ClusterProfiler (Durinck et al., 2009; Yu et al., 2012). The analyses were performed both 

across all chicken lines and within individual chicken lines. 

 

Results & Discussion 
From all the collected samples, 15.04% chickens tested positive for AIV by qRT-PCR. For 

genetic analyses, 1,533 chickens were genotyped by skim-sequencing and imputation 

prioritising AIV positive chickens. The data was filtered to obtain a final dataset of 1,414 

samples containing ~8.4 million variants, reduced to 908,390 variants after LD pruning. The 

full dataset was also used to extract and filter for 4 individual chicken lines giving individual 

datasets with 456 samples (5,118,617 variants; 345,281 LD-pruned variants), 114 samples 

(4,354,004; 517,493), 483 samples (5,864,983; 667,677), and 361 samples (6,790,888; 

626,169) from Broilers, Desi, Hybrid, and Sonali chickens, respectively. 
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Heritability of AIV Resistance. A moderate SNP‑based heritability was estimated for natural 

AIV infection across the chicken populations (h2 = 0.36, SE = 0.10, p < 0.001). This estimate 

in accordance with previous reports (Drobik-Czwarno et al., 2018; Liu et al., 2014) 

demonstrating substantial genetic variation underlying resistance and supports the feasibility 

of selective breeding for improved resilience. 

 

Genome‑Wide Association Findings. Analysis of GWAS across all chicken populations 

identified three significant SNPs on GGA14 (Gallus gallus autosome), GGA18 and GGA20 

which have genome‑wide suggestive significant associations with AIV resistance (Figure 1A). 

In addition, genome‑wide suggestive associations were identified separately in each line: 

Sonali chickens showed one suggestive locus on GGA4, Broiler chickens showed two 

suggestive loci on GGA22 and GGA33, and Hybrid chickens showed six suggestive loci on 

GGA1, GGA3, GGA7, GGA8, GGA11, and GGA33 (Figure 1B). In addition, Hybrid chickens 

exhibited three genome‑wide significant loci on GGA1, GGA7, and GGA9. While LMMs can 

be prone to inflation with binary traits, our approach successfully controlled for population 

structure and zero-inflation, as evidenced by genomic inflation factors (λ) near 1 for all samples 

(0.973), broilers (0.922), Desi (0.933), hybrids (0.956), and Sonali (0.918). 

 

 
Figure 1: Manhattan plot showing GWAS results for natural AIV infection in A. combined 

dataset, and B. Hybrid chickens. 

 

Based on the GWAS results across all chicken populations, four pathways were enriched: base 

excision repair, mTOR signalling, Wnt signalling, and ribosome. Broilers also showed 

enrichment for another five pathways including mRNA surveillance, mitophagy, tight 

junctions, and pathways linked to epithelial barrier function. Sonali was enriched for 

phosphatidylinositol signalling, glycerophospholipid metabolism, and autophagy. Hybrid 

chickens exhibited the broadest profile, with enrichment of multiple metabolic pathways (e.g., 
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retinol, tyrosine, cytochrome P450), innate immune signalling (C‑type lectin, Toll‑like 

receptor, TGF‑β), and processes related to apoptosis, endocytosis and protein processing; with 

several pathways supported by multiple genes, indicating stronger enrichment signals. 

Across the combined and line‑specific enrichment results, a core set of host processes recur 

indicating partially shared mechanisms of genetic influence on AIV response alongside 

line‑specific tuning. Innate immune signalling pathways such as Toll‑like receptor and C‑type 

lectin receptor signalling are repeatedly implicated, consistent with experimental evidence that 

TLR induction is central to the chicken response to influenza (Rehman et al., 2021). Autophagy 

and related cellular processes (mitophagy, mRNA surveillance, DNA repair) appear across 

chicken lines and align with functional studies showing that modulation of autophagy and 

mTOR/MAPK signalling alters antiviral effector expression in chickens (Kim et al., 2020). 

Metabolic pathways (lipid, retinol, amino‑acid metabolism and cytochrome P450 activity) are 

enriched particularly in the Hybrid chickens, supporting the idea that metabolic reprogramming 

accompanies host defence and can vary by genetic background; metabolic shifts have been 

observed in transcriptomic analyses of infected chickens and are linked to viral replication and 

immune outcomes (Raj et al., 2023).  

Ongoing integration of transcriptomic (RNA‑seq) and epigenomic (Reduced Representation of 

Bisulfite Sequencing) data with the genomic data is expected to improve the resolution of 

candidate‑gene mapping and provide further insights on the regulatory pathways that mediate 

AIV resistance. 

 

Conclusions 
According to the results of the present study, AIV resistance is a heritable complex polygenic 

trait. Significant heritability estimates and significant genomic associations highlight the 

potential for selective breeding programmes to enhance AIV resistance in chickens. The trait 

genomic architecture seems to differ among different populations of chickens underscoring the 

importance of considering genetic background when interpreting host–pathogen interactions 

and when designing breeding or intervention strategies to improve resilience to avian influenza 

to support sustainable poultry production, strengthen food security, and reduce zoonotic 

threats. Future studies utilizing larger datasets will be essential to refine these estimates and 

validate the identified loci. Future multi‑omics analyses will further clarify the molecular basis 

of resistance.  
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