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Abstract
Background:

Enteric microbiota are crucial for animal health and performance, but their role is often challenging to
determine. Host genetics appear to influence gut microbial communities, even among individuals in
similar environments. This study aimed to identify host genetic variation associated with the caecal
microbiota in two chicken breeds: the indigenous Indian Kadaknath and commercial Cobb400 broilers.
Blood and caecal contents were collected from 300 chickens per breed in Western India. Genotyping
was performed using the 600K Affymetrix Axiom HD single nucleotide polymorphism (SNP) array, and
caecal microbiota were characterized using 16S rRNA gene sequencing. A subset of 40 chicken
underwent whole genome sequencing for deeper genetic insights. SNP-based heritability estimates and
genome-wide association studies (GWAS) were conducted separately for both breeds to explore the
genetic background of caecal microbial structure (alpha and beta diversity) and the host’s influence on
the establishment of different bacterial genera in the caeca, with a focus on potential pathogens.

Results:

The GWAS in Kadaknath chickens identified 108 significant SNPs across 26 Gallus gallus chromosomes
(GGC1-GGC23, GGC27, and GGC28), associated with heritable caecal microbial traits, including
microbiota structure and the abundance of specific genera. SNP-based heritability estimates ranged
from 0.12 to 0.76, with the nearest genes predominantly involved in immune response and cell signaling
pathways. In Cobb400 chickens, 71 significant SNPs were identified across 22 chromosomes (GGC1-
GGC5, GGC7-GGC11, GGC14, GGC17-GGC22, GGC25-GGC28, and GGCZ), linked to heritable caecal
microbial traits with heritability estimates from 0.16 to 0.61. Genes nearest to these SNPs were primarily
associated with microbial regulation, growth processes, and adaptation under stress conditions. These
findings underscore the role of host genetic variation in shaping caecal microbiota composition and
diversity in indigenous and commercial chicken breeds and reveal breed-specific genetic architectures
underlying caecal microbiota-related traits.

Conclusion:

This study provides valuable insights into the genetic basis of host-microbiome interactions in chickens,
highlighting distinct breed-specific genetic influences on caecal microbiota composition. These findings
have the potential to inform future genomic selection strategies aimed at enhancing protective or
productive gut microbial populations while reducing reliance on antibiotics in poultry production.

Background
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Host-microbiota relationships have garnered attention in recent years due to their impact on animal
productivity, animal health and welfare. Recent studies have indicated a notable host genetic component
controlling microbiota composition, suggesting scope for the identification of genetic markers and
application in selective animal breeding strategies to improve gut health [1, 2]. Many enteric
microorganisms have established symbiotic relationships with their hosts and contribute to vital
functions such as regulating host metabolic and immune pathways, or preventing pathogen colonization,
emphasising their importance [3, 4]. The composition of the gut microbiota can be influenced by
numerous extrinsic factors including diet and environmental conditions [5], medication [6], and host
genetics [7, 8]. Understanding the mechanisms that underpin these interactions can be used to influence
enteric microbiota to improve animal health and productivity. However, studying the microbiota at an
industrial scale in farmed stock such as chickens is costly and laborious.

A deeper understanding of chicken-microbiota relationships and the host genes that can regulate the
colonisation of beneficial microbes can help select individuals with better resistance to diseases, leading
to better growth and reduced use of antimicrobials. Improving chicken health and productivity can
secure a sustainable food source for the global human population [9]. Chickens are the world's most
widely farmed terrestrial animals, their production and consumption having surpassed that of pigs, and
they are a major component of human nutrition [10, 11]. Consideration of host-microbiota relationships
in chickens has revealed inter- as well as intra-breed variation [8]. Chicken breeds have distinct
physiological and anatomical characteristics that can impact the composition and function of their
microbiota. For example, indigenous Indian breeds such as the Kadaknath have gut microbial
communities that are distinct from other indigenous breeds such as the Aseel, or commercial broiler-
type lines like the Cobb400 [8]. These differences may be influenced by diet and digestive physiology [12]
but host genetics can also modulate gut microbial communities [13, 14]. Identification of genotypes that
determine such within breed genetic variation can be used in selective breeding strategies to enhance
enteric microbiota, benefitting chicken health and welfare in balance with regional needs and climates.

In this study, we investigated the genetic factors influencing caecal microbiota in two distinct chicken
breeds from Western India, namely the widely used commercial breed with global representation,
Cobb400, and the indigenous traditional breed, Kadaknath. Cobb400, known for meat production, was
juxtaposed with Kadaknath, recognized for its slow growth, traditional characteristics, high-quality meat,
and disease resistance [15]. Blood and caecal contents were collected from 300 individuals of each
breed. Genotyping utilized the 600K Affymetrix Axiom HD array, and caecal microbiota were
characterized using 16S rRNA gene sequencing. Whole-genome sequencing (WGS) was specifically
performed on 18 Cobb400 and 22 Kadaknath chickens sub-sampled from the main cohorts. The
resulting single-nucleotide polymorphism (SNP) and microbiota datasets were employed in Genome-
Wide Association Studies (GWAS) to systematically assess the role of host genetics in shaping caecal
microbial communities. The WGS analysis of 40 subsamples provided finer resolution, aiding in the
identification of potential candidate genes and variants and contributing to a more comprehensive
understanding of the genetic landscape influencing caecal microbiota. This integrated approach
significantly augmented the depth and precision of the study, offering a nuanced insight into the genetic
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determinants of host effects on the caecal microbial community. The research offers insights to discern
within breed-specific influences on host-microbiota interactions, complementing our recent crossbreed
analyses (manuscript under review) and advancing our comprehension of the intricate relationship
between genetics and gut health in poultry.

Results

Microbial diversity and caecal bacterial genera abundance
in Kadaknath and Cobb400 chickens

The DADA2 pipeline was utilized to generate 9,217 ASVs from 16S rRNA amplicon sequencing. During
the initial filtering process in phyloseq, 41 samples were removed due to low read counts (less than
10,000 per sample). The data were then rarefied to 10,000 reads, resulting in 6,326 ASVs from 556
samples for further analysis, including 292 Cobb400 and 264 Kadaknath chicken. The a- diversity
(Shannon index) varied from 0.78 to 5.37 (Supplementary Fig. 2). No statistically significant differences
were observed in a- diversity between Kadaknath and Cobb400 chickens (Fig. 1A). 3 - diversity analysis
revealed that the first 10 PCoA axes accounted for 38.1% and 45.1% of the total microbial variation for
Cobb400 and Kadaknath chickens, respectively (Supplementary Fig. 3), indicating differences in
microbial community structure and composition between the two chicken lines (Fig. 1B). ASVs were
classified as Bacteria (n = 6,304) and Archaea (n = 9), and further classified into 24 phyla and 319 genera,
with 13 ASVs remaining unassigned. The most abundant genera were Bacteroides, Fecalibacterium,
Alistipes, Clostridiales.vadinBB60.group_X, and Ruminococcaceae_X for both breeds (Supplementary
Fig. 4). After filtering out low-abundance genera, 35 genera were retained for GWAS analysis as
numerical/continuous phenotypes, and 39 as binary phenotypes. These genera had a prevalence ranging
from 0.3 to 0.97 and accounted for at least 93% of the total sequencing reads (Supplementary Table 2).
Among these genera Megamonas, Faecalibacterium, Helicobacter, Erysipelatoclostridium, and
Oscillibacter were more highly represented in Kadaknath chickens, while Phascolarctobacterium,
Lactobacillus, Cloacibacillus and Akkermansia were more highly represented in Cobb400 chickens
(Supplementary Table 3).

Metadata

Multiple Correspondence Analysis of the recorded metadata (farm practices categorical variables)
revealed that the first four MCA components accounted for 75.3% and 71.2% of the overall farm practice
variability in Cobb400 and Kadaknath, respectively (Supplementary Fig. 5). Therefore, the first four MCA
components of farm practice categorical variables were used as covariates in the ensuing SNP-based
heritability and GWAS analyses to account for sources of environmental noise.

GWAS

Heritability of caecal microbiota phenotypes. To estimate the contribution of host genetic variation to the
caecal microbiota, SNP-based heritability (A%) was calculated for each selected phenotype. In Cobb400,
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heritability ranged from 0 to 0.73, with 33 out of 85 selected phenotypes exhibiting non-zero estimated
I (likelihood ratio test, P< 0.05; Fig. 2 and Supplementary Table 2). In Cobb400 chickens, 3 - diversity
(PCoA axes 2, 3, 5, 6, 7, and 9) exhibited significant heritability (heritability ranged from 0.20 to 0.73; P<
0.05; Fig. 3), with PCoA axis 6 showing the highest #? (h* = 0.73, P< 0.01; Fig. 2; Supplementary Table 2).
Moreover, the relative abundance of 26 out of 74 genera in the caeca microbiota were identified as
heritable traits. Similarly, in Kadaknath, A% ranged from 0 to 0.77, with 57 out of 85 selected phenotypes
showing non-zero estimated A (likelihood ratio test, P< 0.05; Fig. 2 and Supplementary Table 2).
Significant /% was observed for a- (Shannon index; #* = 0.34) and 8- diversity (PCoA axes 2, 3,4, 5,6, 7,
9,and 10; H? ranged from 0.29 to 0.76; P<0.01; Fig. 3), with the highest H? was estimated for - diversity

of PCoA axis 9 (H? =0.76; P<0.01; Fig. 2; Supplementary Table 2). The relative abundance of 48 out of
74 analyzed genera were identified as heritable traits.

GWAS of a - and B - diversity phenotypes. The Manhattan and QQ plots presenting the GWAS results for
Cobb400 and Kadaknath chickens indicated that several SNPs across various chromosomes were
significantly associated with a- and (- diversity, and the QQ plots indicated substantial deviations from
the expected distribution (Fig. 3). Table 1 summarises the top SNPs associated with the heritable alpha
and beta diversity of caecal microbiota in Cobb400 and Kadaknath.

Cobb400 broiler. In the Cobb400 broiler, significant genomic associations were observed specifically
with B- diversity (PCoA axes 2, 3, and 4; Fig. 3; Supplementary Table 4; Supplementary Fig. 6). A total of
11 SNPs were significantly associated with caecal microbial 3 - diversity: 7 SNPs were associated with
PCoA axis 2, 3 SNPs with PCoA axis 3, and 1 SNP with PCoA axis 4 (Fig. 3; Supplementary Table 4).
Among these top SNPs (Table 1), SNP rs316331412 on Gallus gallus Chromosome Z (GGC Z) at position
58,109,849 bp exhibited the most significant association with PCoA axis 2 (P-value = 1.04 x 10” %8, effect
size =-0.496, SE = 0.084), located within the KIAA0825 gene, also known as C50rf36. Additional
significant associations were found on GGC 2, including SNPs at positions 110,390,949 bp for PCoA axis
3 (P-value = 6.51 x 10799, effect size = 0.495, SE = 0.083), which is 990 kb downstream of the
mitochondrial ribosomal protein L15 (MRPL15) gene, and position 8,757,131 bp for PCoA axis 4 (P-value
=1.17 x 10”9, effect size = 0.734, SE = 0.135) within the DnaJ heat shock protein family (Hsp40)
member B6 (DNAJB6) gene.

Kadaknath. For the Kadaknath chickens, the GWAS analysis identified 15 significant SNPs associated
with seven diversity phenotypes (a-diversity (Shannon index), PCoA axes 2, 3, 4, 6,9, and 10) of the
caecal microbiota, located on multiple chromosomes (Fig. 3, Supplementary Table 5; Supplementary Fig.
7). The top SNP on GGC 25 at position 2,307,838 bp showed the strongest association with PCoA axis
10 (P- value = 4.49 x 10™ %°, effect size = 0.596, SE = 0.098), located within the coatomer protein complex
subunit alpha (COPA) gene (Table 1). Significant associations were also observed on GGC 27 at position
5,121,354 bp for PCoA axis 2 (P- value=1.41 x 10~ 08 effect size =0.718, SE=0.1 22), located upstream
of the DDB1 and CUL4 associated factor 7 (DCAF7) gene, and on GGC 1 at position 167,269,928 bp for
PCoA axis 3 (P-value =3.36 x 10~ 08 effect size =0.674, SE=0.11 8) near the ENSGALT00000049953
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gene. Furthermore, a significant SNP (rs15679485) on GGC 13 at position 7,493,276 bp observed the
strong association with PCoA axis 4 (P- value =2.16 x 10~ %, effect size =-0.513, SE = 0.083) was
located 36 kb upstream of the cyclin G1 (CCNGT) gene. Additionally, the top SNP on GGC 20 at position
5,969,268 bp showed significant associations with PCoA axis 6 (P- value = 1.60 x 10~ %8, effect size =
0.982, SE = 0.168), located within the Sulfatase 2 (SULF2) gene. A significant association was also
observed between the top SNP rs317996850 on GGC 28 at position 2,138,482 bp and PCoA axis 9 (P-

value =3.11 x 10~ %8, effect size = 0.871, SE = 0.153), located within the DOT1 Like Histone Lysine
Methyltransferase (DOT7L) gene.

GWAS of microbial genera

In Cobb400, from the identified 26 heritable caecal genera, we identified significant associations
between SNP markers with their relative abundance only for 9 genera [Campylobacter (h* = 0.16),
Cloacibacillus (h* = 0.39), Desulfovibrio (h* = 0.28), Enterococcus (h* = 0.61), Erysipelatoclostridium (h* =
0.19), Fournierella (H* = 0.33), Rikenellaceae_RC9_gut_group (H* = 0.32), Ruminococcaceae_UCG_014 (1
= 0.26), and Sutterella (H* = 0.29)] (Fig. 4; Supplementary Table 6; Supplementary Fig. 8). These 9 genera
collectively accounted for a relative abundance of 9.28%, with the highest relative abundance being
2.63% (Ruminococcaceae.UCG.014; Supplementary Table 2). From the 48 heritable caecal genera of
Kadaknath, we identified significant associations between SNPs with their relative abundance only in 17
genera [Alistipes (h* = 0.51), Bacteroides (h* = 0.28), Blautia (h* = 0.17), Cloacibacillus (h* = 0.21),
Clostridiales.vadinBB60.group_X (h* = 0.17), Desulfovibrionaceae_X (h* = 0.49), Eisenbergiella (h* = 0.17),
Erysipelatoclostridium (h* = 0.36), Erysipelotrichaceae_X (H* = 0.27), Helicobacter (h* = 0.36),
Muribaculaceae_X (h* = 0.12), Parasutterella (H* = 0.30), Rikenella (W* = 0.36), Rikenellaceae_X (h* = 0.45),
Ruminiclostridium (h? = 0.35), Ruminococcaceae.UCG.009 (h* = 0.26), and Ruminococcus.1 (h* = 0.24)]
(Fig. 5; Supplementary Table 7; Supplementary Fig. 9). These 17 genera collectively accounted for a
relative abundance of 32.04%, with the highest relative abundance being 12.41% (Bacteroides;
Supplementary Table 2).

Cobb400 Breed. For Cobb400, we discovered a total of 60 significant SNPs that were associated with 9
heritable caecal genera (Fig. 4; Supplementary Table 6; Supplementary Fig. 8). Notably, the highest
number of these SNPs was found on GGC 1, with a total of 12 SNPs. Following closely, we observed 8
SNPs on GGC 10, 7 SNPs on GGC 3, and 5 SNPs on GGC 2. Most of these SNPs were primarily
associated with the genera Rikenellaceae_RC9_gut_group, Erysipelatoclostridium, Desulfovibrio and
Campylobacter.

Among these 60 SNPs, 40 were significantly associated with the genus Rikenellaceae_RC9_gut_group,
located across various regions of the genome (Fig. 4 and Supplementary Table 6;). The top SNP
rs313227007 located on GGC 4 at position 6,663,045 bp exhibited the most significant association with

Rikenellaceae_RC9_gut_group (P- value =3.95 x 10~ 10 effect size = 0.258, SE = 0.004; Table 2),is
located within the protocadherin 11 X-linked (PCDH11X) gene. Moreover, there was a significant positive

Page 7/32



association between the genus Erysipelatoclostridium and 6 SNPs (Fig. 4 and Supplementary Table 6).
Five of these SNPs were primarily located on GGC 10, specifically in the region spanning positions 16.78
to 16.82 Mb. Notably, this region is approximately 14 kb downstream of the arrestin domain containing 4
(ARRDC4) gene. The top SNPs on GGC 10 at position 16,787,954 bp had the strongest association with
the genus Erysipelatoclostridium (P- value = 3.12 x 10~ 98, effect size = 0.546, SE = 0.096; Table 2).
Additionally, there were five SNPs significantly associated with genus Desulfovibrio, two of them on GGC
10 at position 18.34 Mb, located within immunoglobulin superfamily DCC subclass member 3 (/GDCC3),
also known as Neogenin 1-like (NEOT- like). The SNP showing the strongest association (P- value =2.10
x 10798 effect size = 0.251, SE = 0.043; Table 2) with the genus Desulfovibrio was located on GGC 1 at
position 109,193,389 bp, located upstream of ETS proto-oncogene 2, transcription factor (ETS) gene.
This top SNP also showed the strongest association with the genus Cloacibacillus (P - value =1.05 x 10~
08 effect size = 0.33, SE = 0.056; Table 2). We also discovered three SNPs that were significantly and
positively associated with Campylobacter (Supplementary Table 6). The top SNP on chromosome 27 at
position 6,810,316 bp showed the strongest association with Campylobacter (P- value = 3.42 x 10-°,
effect size = 0.414, SE = 0.068; Table 2). This SNP is located within the Mixed-Lineage Leukemia
Translocated To 6 (MLLT6;, PHD Finger Containing) gene. In addition, our GWAS analysis revealed a
significant positive association between the genus Ruminococcaceae_UCG_074 and a SNP

(rs314860198) on GGC 22 at position 4,186,483 bp (P- value = 7.36 x 10~ %8, effect size = 0.485, SE =
0.088; Table 2). Notably, this SNP is positioned approximately 14 kb upstream of the transforming
growth factor alpha (7GFA) gene. In addition, top SNP rs312299864 on GGC 17 at position 6,835,139 bp
had the strongest association (P- value =5.44 x 10~ 08 effect size = 0.365, SE = 0.065; Table 2) with the
genus Fournierella, located within cilia and flagella associated protein 77 (CFAP77) gene. Top SNP
rs315494328 on GGC 1 at position 12,446,509 bp was significantly associated with the genus Sutterella
(P-value = 4.90 x 10”98, effect size = 0.253, SE = 0.045; Table 2), located within membrane associated
guanylate kinase, WW and PDZ domain containing 2 (MAGI/2) gene.

Kadaknath breed. GWAS analysis for Kadaknath chickens identified a total of 93 SNPs significantly
associated with 17 heritable caecal genera (Fig. 5; Supplementary Table 7; Supplementary Fig. 9).
Interestingly, a substantial proportion of these significant SNPs were located on chromosome 1 (20
SNPs), followed by chromosome 2 (16 SNPs). These significant SNPs in Kadaknath were primarily
associated with the genera Bacteroides, Cloacibacillus, Clostridiales.vadinBB60.group_X and
Helicobacter.

A total of 25 SNPs showed significant associations with Bacteroides, and these SNPs were located
across various chromosomes (GGC 1 to 6, GGC 8, GGC11, GGC 14 to 21, and GGC 23; Fig. 5;
Supplementary Table 7). The top SNP rs314430640 on GGC 19 at position 954,411 bp had the strongest
association with Bacteroides (P- value = 5.07 x 10~ 25, effect size = 1.994, SE = 0.169; Table 2), located
within the MAX network transcriptional repressor (MNT) gene. We identified 12 significant SNPs that
showed associations with Clostridiales.vadinBB60.group_X in the caecal microbiome of the Kadaknath
(Fig. 5; Supplementary Table 7). The top SNP on GGC 4 at position 1,249,188 bp was associated with
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Clostridiales.vadinBB60.group_X (P- value = 5.74 x 10719, effect size = -1.105, SE = 0.172; Table 2)
located within RAB47 gene (member RAS oncogene family). There were 11 SNPs significantly
associated with the genus Cloacibacillus (Fig. 5; Supplementary Table 7), with the majority located on
GGC 1, including the top SNP rs316303702 at position 38,074,354 bp located upstream of nucleosome
assembly protein 1 like 1 (NAP7L7) gene (P-value =5.12 x 10~ %%, effect size =-0.419, SE = 0.069; Table
2). Meanwhile, a total of 11 significant SNPs were positively associated with the genus Helicobacter,
with the majority located on GGC 2 (Fig. 5; Supplementary Table 7). The top SNP on GGC 2 at position
116,059,085 bp observed the strongest association with the genus Helicobacter (P- value =7.77 x 107 °,
effect size = 0.509, SE = 0.008; Table 2), located upstream of open reading frame (C8orf34) gene. Six
SNPs significantly associated with the genus Helicobacter were on GGC 2 at position ~ 12.2 Mb, located
upstream of RALY RNA binding protein-like (RALYL) gene. Meanwhile, 8 SNPs located on GGC 1 at
position ~ 14 Mb were significantly associated with the genus Rikenellaceae_X, all located within the
collagen type IV alpha 2 chain (COL4A2) gene (Fig. 5; Supplementary Table 7). There were 5 SNPs
significantly associated with the genus Parasutterella, with 4 SNPs on GGC 9. The top SNP on
chromosome 9 at position 13,695,119 bp, located within ENSGALG00000052927 gene, had the strongest
association (P- value = 4.59 x 10”12, effect size = 0.482, SE = 0.066; Table 2) with the genus
Parasutterella.

Whole genome sequencing

Variant calling using the GATK pipeline revealed the presence of approximately 20 million genetic
variants, including SNPs and INDELs, in the chicken WGS data. A total of 222,596 variants spanning 430
protein-coding genes were analyzed from 154 genomic regions (65 from Cobb400 and 89 from
Kadaknath). The variants were categorized into several types including intron_variant (47.28% in
Cobb400; 57.68% in Kadaknath), intergenic_variant (43.16% in Cobb400; 32.17% in Kadaknath), and
non_coding_transcript_variant (4.38% in Cobb400; 5.16% in Kadaknath; Supplementary Fig. 10). Based
on the VEP annotations of the variants, we focused our interrogation on missense variants, start_lost
variants, and splice_region variants with a predicted moderate to high impact on the encoded proteins
(Supplementary Table 8). These variants had SIFT scores indicating deleterious effects, ranging from 0
to 0.05, across several genes in both Cobb400 and Kadaknath chickens.

According to the VEP analysis, we identified several missense variants with moderate predicted impact
that overlapped with genes in close proximity to the SNPs significantly associated with phenotypes of
interest in the GWAS analysis (Table 3). Specifically, in Cobb400 chickens, four genes—KIAA0700, ITPR2,
PSMGT1, and MIA3—were prioritized by VEP analysis. These genes overlapped with the loci closest to
significant SNPs associated with traits of interest. Each of these genes harbored significant missense
variants linked to traits related to the Rikenellaceae_RC9_gut_group caecal genus. The genomic
locations of the variants were as follows: KIAA0700 (GGC 19: 5906905-5908070), /ITPR2 (GGC 1:
67693634), PSMG1 (GGC 1: 109268092), and MIA3 (GGC 3: 18147884). Each of these variants involved
different alleles (A, T) and were classified as missense variants with moderate predicted impacts on
gene function. SIFT analysis consistently predicted these variants to be deleterious, with scores ranging
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from 0 to 0.05, indicating a high likelihood of adverse effects on the protein functions encoded by these
genes. In Kadaknath chickens, nine genes—ESYTZ2 (Extended Synaptotagmin 2), LRBA
(Lipopolysaccharide Responsive Beige-Like Anchor Protein), BSN (Bassoon Presynaptic Cytomatrix
Protein), ATP6V1H (ATPase H + Transporting V1 Subunit H), FBXW8 (F-box and WD Repeat Domain
Containing 8), FAM161A (Family With Sequence Similarity 161 Member A), FGF12 (Fibroblast Growth
Factor 12), /IQCB1 (IQ Motif Containing B1), and UTRN (Utrophin)—were prioritised. These genes were the
closest to significant SNPs associated with traits related to bacterial taxa such as Bacteroides,
Cloacibacillus, Clostridiales, Erysipelotrichaceae, Helicobacter, Parasutterella, and Ruminococcaceae
abundance. The genomic positions of the significant variants were: ESYT2 (GGC 2: 9557745), LRBA
(GGC 4: 32872969), BSN (GGC 12: 2920447-2946803), ATP6VTH (GGC 2: 110272741), FBXW8 (GGC 15:
11677524), FAM161A (GGC 3: 15445199-15451241), FGF12 (GGC 9: 13611602), /QCB1 (GGC 7:
26302335-26316863), and UTRN (GGC 3: 46127091). The identified variants involved different alleles
(A, C, G, T) and were classified as either missense variants or combined missense and splice region
variants, all with a moderate predicted impact. SIFT analysis consistently indicated these variants as
deleterious, with scores ranging from 0 to 0.05, suggesting potential deleterious effects on the protein
function of these genes

Fine-mapping analysis was performed to identify potential causal variants within the GWAS-associated
candidate regions. Variants from the WGS data with predicted high or moderate functional impact on the
encoded proteins by VEP were tested for a significant association with the respective phenotypes of
interest using a linear model. This analysis identified 36 significant associations across 5 phenotypes in
Cobb400 (Supplementary Table 9) and 60 significant associations across 6 phenotypes in Kadaknath
(Supplementary Table 10). The significant variants spanned 15 genes in Cobb400 and 14 genes in
Kadaknath. Notably, the largest number of significant associations were observed with PCoA axis 4 in
Kadaknath (n = 52) and with Campylobacterin Cobb400 (n = 28). In Cobb400, variants associated with
Campylobacter were located on GGC 4, spanning multiple genes, including BCORL1, ZDHHC9, SASH3,
ERCC6L, and NHSL2. The strongest associations were observed in ERCC6L (adjusted R? = 1; P-value =
3.10 x 10-%2) and SASH3 (adjusted R? = 0.995; P-value = 5.50 x 10-7). Additionally, two highly significant
variants in PCGF2 were identified on GGC 27 (adjusted R? = 1; P-value = 1.96 x 10-7). For Fournierella,
variants on GGC 17 were mapped to SETX and TTF1, with significant associations (adjusted R? = 1; P-
values as low as 9.45 x 10-28). Variants associated with microbial diversity, represented by PCoA2, were
identified on GGC Z in ENSGALG00000000264 (adjusted R? = 0.948; P-value = 0.0065). Variants linked to
Rikenellaceae_RC9_gut_group were found on GGC 3, 19, and 28, with the most significant associations
located in ASXL2 on GGC 3 (adjusted R? = 1; P-value = 1.48 x 10-88). Associations with Sutterella were
observed on GGC 1, mapped to ENSGALG00000048789 (adjusted R? = 0.839; P-value = 0.0395). In
Kadaknath, genetic associations were observed with Alistipes on GGC 6, with the gene
ENSGALG00000045754 (adjusted R2 = 0.674, P- value = 0.0489), and with Cloacibacillus on GGC 1 and
2, linked to genes ENSGALG00000057395 and ASXL3, respectively. Significant loci for Helicobacter
abundance were found on GGC 15, associated with RNFT2 (adjusted R2 = 0.73, P- value =0.0115).
Multiple loci were associated with Parasutterella on GGC 3, within the genes FAM167A and SEC23B.
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Additionally, loci on GGC 2, 13, and 17 were significantly linked to microbial diversity as represented by
PCoA4 and PCoAG6, involving genes such as DNAJB6, HMMR, SETX, TTF1, and SULF2, with the most
significant associations occurring in SETX (adjusted R? up to 0.928, P-value = 6.55 x 10-%).

Pathway and Network analyses

Based on the significant heritability estimates and the substantial genetic variance explained by the
identified SNPs, we hypothesized that the candidate regions pinpointed by the GWAS might harbor genes
involved in common pathways related to caecal microbiome composition or the abundance of individual
genera. To explore this, we identified sets of annotated genes located within these candidate regions
and investigated potential gene set enrichment.

For the B-diversity of the caecal microbiota in both Cobb400 and Kadaknath, several significant KEGG-
enriched pathways (adjusted p-value < 0.1) were identified based on annotated genes located within 50
kb upstream or downstream of significant associated SNPs (Supplementary Fig. 11). In Cobb400, the
enriched pathways were primarily associated with signal transduction, including the GnRH signaling
pathway, MAPK signaling pathways, and RIG-I-like receptor signaling pathways, as well as pathways
related to cell junctions (Adherens junction and Tight junction) and ubiquitin-mediated proteolysis. In
Kadaknath, enriched pathways were mainly related to cytoskeletal regulation (regulation of actin
cytoskeleton), cell adhesion and extracellular interactions (cell adhesion molecules, ECM-receptor
interaction), cell cycle control (p53 signaling pathway), and ubiquitin-mediated proteolysis.

For individual caecal genera, significant pathways (adjusted P-value < 0.1) were identified based on
annotated genes located within 50 kb upstream and downstream of significant associated GWAS SNPs
in both Cobb400 (Supplementary Fig. 12) and Kadaknath (Supplementary Fig. 13). In Cobb400 chickens,
significant KEGG-enriched pathways were identified for the specific genera Campylobacter, Desulfovibrio,
Enterococcus, Rikenellaceae_RC9_gut_group and Ruminococcaceae_UCG_074. These pathways
encompassed signalling processes (Phosphatidy signaling system), epigenetic regulation (Polycomb
repressive complex) and RNA processing (Spliceosome). Additionally, pathways related to metabolic and
biosynthesis processes, such as Inositol phosphate metabolism, Arachidonic acid metabolism, Folate
biosynthesis, Metabolism of xenobiotics by cytochrome P450, Retinol metabolism, Other glycan
degradation, Sphingolipid metabolism, Amino sugar and nucleotide sugar metabolism, Terpenoid
backbone biosynthesis, were enriched.

In Kadaknath chickens, significant KEGG-enriched pathways (adjusted P-value < 0.1) were identified for
the genera Cloacibacillus, Desulfovibrionaceae_X, Eisenbergiella, Helicobacter, Muribaculaceae_X,
Parasutterella, Rikenellaceae_X, Ruminococcaceae.UCG.009, and Ruminococcus.1. These pathways
included Nicotinate and nicotinamide metabolism, Purine metabolism, and Ubiquitin-mediated
proteolysis. Pathways related to adhesion and junctions were also significant, such as Adherens
junction, Cell adhesion molecules, Focal adhesion, and Tight junction. In terms of the immune response,
pathways like Cytokine-cytokine receptor interaction and TGF-beta signalling pathways were enriched.
Additionally, several signalling pathways were identified, including the Wnt signalling pathway, Cytosolic
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DNA-sensing pathway, and ECM-receptor interaction. Other significant pathways included Peroxisome,
Protein processing in the endoplasmic reticulum, Vascular smooth muscle contraction, and
Phototransduction, indicating their potential roles in metabolism, protein folding, muscle function, and
light response mechanisms.

Discussion

Understanding host-microbiota interactions in chickens can support improved health, disease
resistance, and nutrient utilization, thereby enhancing poultry productivity and reducing environmental
impact. Insights gained can guide breeding programs and reduce antibiotic reliance, promoting
sustainable and efficient poultry farming including utilization of low-value diets and resistance to
pathogen colonization. In this study, we focused on identifying host genetic variation associated with
caecal microbial communities in two chicken breeds — the indigenous Indian Kadaknath and the
commercial Cobb400 broiler.

Building on a previous study that demonstrated the significant influence of environmental factors and
chicken breeds on caecal microbiome composition [8], we aimed to study the host's genetic contribution
by controlling for environmental and management variables. To achieve this, we co-raised chickens of
the two breeds in most of the studied farms and we incorporated the first four MCA components of
environmental variables as covariates in the GWAS and SNP-based heritability analysis of microbial
traits. By controlling for these factors, our analysis more precisely attributed differences in the caecal
microbiome to genetic factors. Nevertheless, as a field study, our findings should be interpreted with the
consideration of the limitations and advantages of field-based genome-wide association studies [41].
Compared to controlled challenge experiments, the unknown and uncontrolled exposure to non-genetic
factors in a field study may reduce its power, but this does not undermine its ability to demonstrate host
genetic differences [18]. Moreover, demonstrating heritable resistance in field studies that simulate
commercial practice is highly relevant to the production system into which selectively-bred chicken
would be introduced.

Good enteric health is of key importance to poultry production, influencing performance, health and
welfare. Recent studies of microbial population structures in Cobb400 and Kadaknath chickens revealed
three distinct population types, termed enterotypes, one of which presented a dysbiotic aspect with low
alpha diversity and high proliferation of Campylobacter [41]. Identification of a ‘good’ or optimal
enterotype is controversial and likely to differ between breeds and management systems, however,
evidence of heritability and SNPs associated with distinct PCoAs offers opportunities for selective
breeding towards defined bacterial populations.

Our GWAS analysis identified significant genetic associations with caecal microbiome diversity in both
Cobb400 and Kadaknath chickens, highlighting the influence of host genetics on microbial community
structure. In Cobb400 chickens, significant associations were specifically observed with - diversity,

particularly involving SNPs on GGC 2 associated with PCoA axes 3 and 4. These SNPs, located several
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megabases apart, suggest the involvement of multiple loci within this chromosome in shaping microbial
composition. There are 7 SNPs located on GGCZ associated with PCOA axes 2, and the strongest
association was identified with SNP rs316331412 within the KIAA0825 (C50rf36) gene. Although
KIAA0825's function in chickens is uncharacterized, studies on its mouse ortholog, show expression in
developing limbs, with knock-out models exhibiting skeletal irregularities, such as altered growth and
bone density [42]. Genes closest to the SNPs associated with PCoA axis 2 were enriched in pathways
such as Adherens Junction, Ubiquitin-Mediated Proteolysis, and MAPK Signaling, all of which play critical
roles in regulating growth processes. Moreover, the enrichment of the MAPK signaling pathway in PCoA2
of Cobb400 has been previously linked to growth factors and body weight, as identified in the largest
GWAS conducted in broiler chickens to date [43]. Fine-mapping association analysis identified SNP
rs317417966 as significantly associated with PCoA axis 2, located on GGC Z, suggesting that this
genomic region may act as a potential regulator of microbial diversity.The MRPL15 gene encodes a
mitochondrial ribosomal protein involved in protein synthesis within the mitochondria. While not
previously linked to growth in chickens, it has been identified as a candidate gene associated with
growth in beef cattle [44]. Its association with PCoA axis 3 in Cobb400 suggests a potential connection
between mitochondrial function and the regulation of gut microbial communities, possibly influencing
cellular energy metabolism and ultimately impacting the growth of Cobb400.

DNAJBE, a highly conserved co-chaperone in the heat shock protein (HSP) family that binds and refolds
misfolded proteins [45], associated with PCoA axis 4 in both Cobb400 and Kadaknath and was
confirmed by fine-mapping analysis using WGS data in Kadaknath. This gene is significantly upregulated
in the chicken HD11 cell line during acute heat stress combined with lipopolysaccharide stimulation [46].
The studies above indicated that DNAJBG6 is capable of being involved in various types of stress through
transcriptional up-regulation. Additionally, circRNA derived from DNAJB6 (exon 2 to exon 5 on GGC2) is
speculated to play a critical role in the chicken immune response [47]. This suggests that both Cobb400
and Kadaknath chickens may rely on DNAJB6 to maintain cellular function and resilience under
environmental stress or disease, supporting their growth and adaptation.

Meanwhile, in Kadaknath chickens, the identified significant SNPs associated with both a-and -
diversity were also distributed across various chromosomes. Among these, the most significant SNP
associated with PCoA axis 10 was located within the COPA gene, and was part of a prominent
association peak in the Manhattan plot, reinforcing its statistical robustness and potential biological
significance. Gene COPA plays a critical role in intracellular protein transport and vesicular trafficking,
and expression of mutant COPA results in endoplasmic reticulum stress and the upregulation of
cytokines priming for a T helper type 17 (TH-17) response [48]. In addition, genes such as DCAF7,
CCNGT, SULF2, and DOTTL, identified through GWAS associations with S-diversity of caecal microbiota
in Kadaknath, are involved in key biological processes, including cell cycle regulation, gene expression,
immune signalling, and extracellular matrix (ECM) modulation [49-51], all of which can directly or
indirectly influence the gut environment and microbial populations. Fine-mapping revealed that most
SNPs associated with PCoA axis 4 were located within the SETX genes. The gene SETX has been
reported to exert an inhibitory effect on the transcriptional response to viral infection [52].
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In this study we have shown that caecal microbiota structure was breed-specific, differentiating between
Kadaknath and Cobb400, consistent with our previous findings [8]. Our GWAS analysis further
highlighted these differences, revealing significant but distinct genetic associations with microbial
diversity in both breeds. In Cobb400 chickens, genes were associated with g - diversity, primarily related
to microbial regulation and growth adaptation under stress conditions, as previously stated. In contrast,
Kadaknath chickens exhibited genetic associations with both a-and g - diversity, primarily impacting gut
health through immune response and cell signalling pathways. These associations were further
supported by enriched pathways such as ECM-receptor interaction, the p53 signalling pathway, and the
regulation of the actin cytoskeleton, all of which were linked to the g - diversity of caecal microbiota in
Kadaknath. These findings underscore the importance of selective breeding strategies tailored to each
breed’s unique genetic makeup.

Colonization by Cloacibacillus was relatively higher in Cobb400 chickens compared to Kadaknath,
consistent with previous studies reporting a higher relative abundance of Cloacibacillus in fast-growing
compared to slow-growing broilers [53, 54]. The relatively high heritability of Cloacibacillus (H* =0.39) in
Cobb400 suggests a strong genetic component in its colonization. GWAS, identified one significant SNP
49 kb upstream of the ETS2 gene that was positively associated with the abundance of Cloacibacillus.
ETSZ2 has previously been reported to be essential for normal progression of the adipocyte
differentiation program in vitro, and as a functionally important transcription factor in adipogenesis [55].
This SNP associated with Cloacibacillus was also significantly and positively associated with
Desulfovibrio in Cobb400 broilers, with a moderate heritability (#* = 0.28). Desulfovibrio utilizes free
hydrogen to reduce sulfate, thereby aiding in the removal of hydrogen produced during anaerobic
fermentation in the gut [56]. Hydrogen removal is critical for sustaining anaerobic fermentation, ensuring
a steady production of short-chain fatty acids, key energy sources that support the host's growth. These
findings suggest that ETS2 and its associated genetic variants may play a crucial role in modulating the
caecal microbiome, specifically influencing the abundance of Cloacibacillus and Desulfovibrio in
commercial broiler chickens. In addition to the top SNP significantly associated with Desulfovibrio,
another significant SNP on GGC10 was identified with a negative association to Desulfovibrio
abundance. This SNP, located within the /GDCC3 gene (also known as NEO1-like),, a member of the
immunoglobulin superfamily, that encodes a protein involved in cell adhesion and interaction. This gene
is thought to regulate critical cellular processes such as growth, migration, and development by
facilitating intercellular communication, potentially linking host genetic regulation to microbial
composition in the gut [57].

We identified five SNPs on GGC10 that were positively associated with Erysipelatoclostridium
abundance in Cobb400. These SNPs were mapped to the ARRDC4 gene, whose expression is controlled
through carbohydrate-response elements by a MondoA-dependent mechanism [58-60]. High glucose
levels induce ARRDC4 expression in cultured human beta cells through MondoA, which is found to be
important for insulin resistance and lipid metabolism [59, 61, 62]. The abundance of
Erysipelatoclostridium was higher in Cobb400 chickens compared to Kadaknath, consistent with
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previous findings in fatty-type chicken breeds with fast growth rates [63], and Erysipelatoclostridium is
positively associated with lipid metabolism [63]. Our findings suggest that ARRDC4 variants may impact
lipid metabolism and create a gut environment that promotes Erysipelatoclostridium abundance.
ARRDC4 may serve as a key regulator of the host-microbiome-lipid metabolism axis, influencing traits
such as growth rate and fat deposition in chickens. Further studies are needed to confirm the role of
ARRDCA4.

Conversely, for Cloacibacillus (h? = 0.21) in Kadaknath, we identified 11 significant SNPs associated with
its abundance a. Notably, some of these SNPs were located on GGC 1, similar to findings for Cobb400,
but at different positions and within different genes. This suggests breed-specific effects and distinct
genetic background on Cloacibacillus colonisation between the two breeds. Intriguingly, the GWAS
results identified one significant SNP negatively associated with Cloacibacillus abundance located
within the LRBA gene. VEP analysis revealed that this gene contains deleterious missense variants.
LRBA plays a crucial role in cellular and immune processes. In humans, mutations in the LRBA gene
result in severe immunodeficiency, characterized by hypogammaglobulinemia and recurrent infections,
as well as immune dysregulation with a wide range of autoimmune manifestations [64]. LRBA deficiency
leads to T-cell dysfunction and mislocalization of the immune receptor CTLA-4 [65], while other immune
cell types are also affected, potentially contributing to conditions such as inflammatory bowel disease
[66, 67]. Deleterious variants within the LRBA gene suggest that functional changes in the encoded
proteins could impact cellular processes and immune responses, influencing Cloacibacillus colonization.
This might result in lower Cloacibacillus abundance in Kadaknath, which may contribute to a slower
growth rate in this breed when compared to Cobb400. This also emphasizes breed-specific host effects
and distinct genetic influences on Cloacibacillus colonization between Kadaknath and Cobb400.

The genus Campylobacter, a significant foodborne zoonotic pathogen and potential threat to poultry
health, was identified as a breed-specific biomarker for Kadaknath chickens in our previous study [8]. In
the present study, no specific SNPs were associated with Campylobacter abundance in Kadaknath.
However, in Cobb400 chickens, SNPs on GGC4, GGC1, and GGC27 were positively associated with
Campylobacter abundance, highlighting differences in genetic architecture between the breeds. This was
further confirmed by fine-mapping association analysis, where 26 SNPs were identified in Cobb400
chickens located between 1,599,253 and 1,684,226 bp on GGC4. This region also includes the SNP
(1,646,099 bp on GGC4) previously identified by GWAS, further supporting its significance in influencing
Campylobacter colonization. Genes located in this associated region, are BCORL 1 (transcriptional
regulation) [68], ZDHHCY (protein palmitoylation) [69], SASH3 (T-cell signaling) [70], ERCC6L (DNA repair
and genomic stability) [71], NHSLZ2 (cytoskeletal organization), and APLN (angiogenesis and
metabolism) [72]. Enrichment analysis revealed that these genes are involved in pathways such as
inositol phosphate metabolism, the phosphatidylinositol signaling system, and polycomb repressive
complex. Dysregulation in these pathways could impair the host's ability to control pathogen
colonization, leading to increased abundance of Campylobacterin the gut. While there is some evidence
for genetic control of Campylobacter jejuni colonization in inbred chickens [75], the overall heritability of
Campylobacter in the studied population was relatively low at 0.16, in line with previous studies [76-78],
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suggesting that environmental and other non-genetic factors contribute more significantly in chickens.
Future studies should focus on functional validation of these variants and exploring their roles in broader
populations and under different environmental conditions.

Conversely, in Kadaknath we found 11 SNPs mainly located on GGC 2 that were positively associated
with Helicobacter (h* = 0.36). Helicobacter is an emerging foodborne pathogen that commonly colonizes
the gastrointestinal tract of poultry, where it can cause gastroenteritis in human [79]. The moderate
heritability indicates that an important component of the variation in Helicobacter colonization can be
attributed to host genetic factors. Six of these SNPs were located within the gene RALYL, implying that
these variants in RALYL might influence Helicobacter colonization or abundance. RALYL is known for its
involvement in RNA binding and regulation of gene expression, processes that are crucial for maintaining
cellular homeostasis and immune responses [80]. Additionally, one SNP located within the FBXW8 gene,
with deleterious effect (missense and splice region variant), suggests a potential role of FBXWS, an F-
box protein, that plays a critical role in ubiquitination and protein degradation and is implicated in both
the MAPK signaling pathway [81] and ubiquitin-mediated proteolysis pathways.

Parasutterella, a genus of Betaproteobacteria, is part of the healthy fecal core microbiome and has been
identified in various host species [82]. Its abundance is negatively correlated with high-fat diet (HFD)-
induced metabolic phenotypes, including hypothalamic inflammation [83, 84], and it responds to dietary
and antibiotic interventions, highlighting its role in maintaining gut and metabolic health [85, 86]. In this
study, we identified a strong association peak on GGC 9 linked to Parasutterella abundance, with a
moderate heritability (h? = 0.30), as well as three SNPs on GGC 3 by fine-mapping, suggesting that its
colonization is influenced by host genetics across multiple genomic regions. Notably, the significant
SNPs on GGC9 mapped to the FGF12 gene, and those on GGC3 located within the FAMT7617A gene were
missense variants with predicted deleterious effects suggesting a potential role on protein activity.
FGF12 (Fibroblast Growth Factor 12) plays critical roles in embryo development, and immune responses
to infectious diseases [87], while FAM7617A has been implicated in cellular structural maintenance and
retinal function [88]. These findings suggest that genetic variants in these genes may affect host
processes that influence the gut environment and microbial colonization.

Lactobacillus, a core caecal lumen bacterial genus, has previously been identified as candidate breed-
specific biomarker for the Cobb400 [8] and may contribute to effective food conversion in terms of
hydrolysing starch and other macromolecules, and the subsequent formation of short-chain fatty acids
via fermentation that are absorbed by the host [8]. The higher abundance of Lactobacillus in Cobb400
suggests its potential role in enhancing feed conversion efficiency in this breed. No specific SNPs were
associated with Lactobacillus in the current study, although we identified a significant heritability for this
genus in Cobb400, indicating that its colonization has likely a more complex polygenic architecture and
is potentially influenced more by diet or environmental factors. Except for Lactobacillus, other breed-
specific bacterial biomarkers identified in our previous study were not significantly different between
Cobb400 and Kadaknath in the current study. This could be attributed to the adjustment for substantial
environmental variation (> 70%) through the inclusion of MCA components in the present analysis, rather
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than just adjusting for the location. These findings suggest that the selection of bacterial biomarkers
may be largely influenced by environmental factors rather than solely by breed-specific genetic
differences.

In the current work, we were able to show through the GWAS the significant association between the
respective microbiome trait/phenotype and identify potential variants of interest in nearby regions from
the high-coverage WGS data. Even though we identified many significant associations, a smaller number
of samples is a limitation for the association, therefore, the results should be interpreted with caution
and further studies with larger sample sizes need to validate our findings.

Conclusion

In conclusion, our study highlights the role of host genetics in shaping caecal microbiota composition
and its impact on key traits such as growth, immune function, and disease resistance in Kadaknath and
Cobb400 chickens. GWAS and fine-mapping analyses identified breed-specific genetic associations with
microbial diversity, including key genes such as KIAA0825, ARRDC4, ETS2, COPA, RALYL, LRBA, FGF12
and FAM161A, which are linked to growth regulation, lipid metabolism, and immune responses.
Kadaknath exhibited stronger genet resistance against colonization by pathogens, as well as supporting
a healthy fecal core microbiome, including Parasutterella. In contrast, Cobb400 displayed genetic
associations with traits linked to rapid growth The significant heritability estimates for genera such as
Cloacibacillus and Erysipelatoclostridium, further highlight substantial genetic influence on microbial
composition and colonization traits that contribute to rapid growth of chicken. These findings
demonstrate the potential for selective breeding strategies targeting microbiome-related traits to
enhance productivity, disease resistance, and sustainability in poultry production. Future work with larger
sample sizes is needed to validate these associations and their functional implications.
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Figure 1

(A) a- diversity between Cobb400 and Kadaknath chickens. a- diversity was calculated based on the
Shannon index, which was not significantly different between Cobb400 and Kadaknath (P>0.05). (B) b-
diversity between Cobb400 and Kadaknath chickens. b - diversity was calculated by Bray-Curtis’s
distance, which was significantly different between Cobb400 and Kadaknath (P = 0.001) after taking into
account the environmental variation. NMDS = Nonmetric multidimensional scaling.

Page 27/32



Abundance Heritability

Genus Prevalence Cobb400 Kada Cobb400 Kada
00 04 08 0 4 8 12 0 4 8 12
A [ |

-X.Ruminococcus..torques.group I | | | ——— ———

-Ruminacoccaceae. UCG.013 1 —— * - *

Bacteroides | ] —a - E3

X.Eubacterium..halli.group — —_—— [ ]

—-DTUD1T4 X X | —— LI
----Megamonas # | O | —a — = ¥
uminococcaceae. NK4A214.group I ] —— —.— *

scillibacter # — ] B e —s %
-+~ Enterococcus ] —a— % - *
-+Mollicutes. RF39 X X 1 —_— — -

-Gastranaerophilales X X — = m —a— ¥ —_—

Campylobacter | 1] 1] - * - E3

Desulfovibrio —1 1 . * - *

Butyricicoccus ] 0 - E 3 —

-Methanocorpusculum . [ ] * —.— %k

Ruminococcaceae, UCG.010 I — —-— *

DTU08Y C —_—l ——

-“Muribacuiaceae X —J — n *

Victivallis — —- —

Bamesiella — 0 ] —a— X —

- Parasutterelta 1 0 1] o —a— ¥
----Foumierella 1 —a— ¥ —— *

Ruminiclostridium.5 — ] i] —_— —_—

Peptocaccaceae X T —— - *

-Ruminococcaceae. UCG.014 ——— - =) —. * — -

--Tyzzerella.3 C —_— ——
i RC9.gut.group = 0 1] v % - *
- Rikenella o — —a— ¥
-+ Ruminacoecus.2 ] —— —

Oties — — — v * ———
- Odoribacter — 0 —. R ——
--Tyzzerella —— 1] - *

Ruminccoccus. 1 — —— —- *

Subdoligranulum . 0 —_— . - E 3

Rhodospirillales X X 1 0 ] — —— *

---- Anaerostipes 3 —— * —a— ¥
-~ Ruminococcaceae. UCG.009 E— — —a— X

Victivallaceae X —— —a—

Faecalibacterium # :I:l —1 | —a— * —.

-Rikenellaceae X — — * — e %

-Bacillus — —.— —a

vadinBE97 X — —_— % —a— ¥
—.-Bilophila [ — * *

Pl -
Flavonifractor %' — —a
[ idium. O — —a
- Bamnesiellaceae X [ —1 = — —a—— %
Defluvi €6.011 | — - *
-Eisenbergiella — il i} —. - k3
R.7.group — 0 —a— —a—— ¥k
-X. i —_— —
-+ Flavobacteriales X X — —a— ¥ R L
----Escherichia. Shigefla — 0 i - = —
-+ Lachnoclostridium — | ] - * .
R UCG.005 — O o —-— * —wk
group X — = — - *

-Butyricimonas I | —.— — K

Negativibacillus — —_—— - ¥

Blautia — 0 . * - ¥

Abkermansia — = —a— 3k — -

Erysi L1 b - * —a
---Cloacibacilius — = 0 —e—— % - *
- Ruminiclostridium — 0 ] — — =¥

Helicobacter # I | ] B —.— * —a— X

Phascolarctobacterium # ] = — —a—— ¥

-Coprobacter — 1] —a——— ¥k —n——k
«++ Ruminococcaceae X ] | = —_— e

Sht thia — —— —a— *
~-Lactobacillus i — - * -

Sutterella | i} —. ——

GCA.900066575 I 0 g —1T— —a
+---Parabacteroides — | i —-— —_—

Lachnosp = — - *

Erysipelotrich X = =] E— —-— 3k

Figure 2

Maximume-likelihood phylogenetic tree of caecal microbial genera used in genome-wide association
studies. Bar plots on the right describe the prevalence and the standardized mean abundance of
bacterial genera in the whole chicken population, and estimated SNP-based heritability (*highlight the
heritability estimatesdetermined to be different from zero using GCTA-GREML). The red # indicates the
relative abundance of the genera that were different between Kadaknathand Cobb400.
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Manhattan plots and QQ plots display the GWAS results for alpha- (Shannon index) and beta-diversity
(PCoA axes) in Cobb400 and Kadaknath using the imputed 600K (B) HD arrays. (i) Genomic location is
plotted against — log10(P) in the Manhattan plot. Genome-wide (P < 0.05) and suggestive genome-wide
thresholds are shown as red and grey lines, respectively. (ii) QQ plot of observed P - values against the
expected P - values for alpha- (Shannon index) and beta-diversity (PCoA axes) in Cobb400 and

Kadaknath.
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Figure 4

Manhattan plots and QQ plots display the GWAS results for significant SNP-based heritable phenotypes
of caecal bacterial genera in Cobb400 using the imputed 600K (B) HD arrays. (i) Genomic location is
plotted against — log10(P) in the Manhattan plot. Genome-wide (P < 0.05) and suggestive genome-wide
thresholds are shown as red and grey lines, respectively. (ii) QQ plot of observed P - values against the
expected P - values for significant SNP-based heritable phenotypes of caecal bacterial genera in
Cobb400.
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Figure 5

Manhattan plots and QQ plots display the GWAS results for significant SNP-based heritable phenotypes
of caecal bacterial genera in Kadaknath using the imputed 600K (B) HD arrays. (i) Genomic location is
plotted against — log10(P) in the Manhattan plot. Genome-wide (P < 0.05) and suggestive genome-wide
thresholds are shown as red and grey lines, respectively. (ii) QQ plot of observed P - values against the
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expected P - values for significant SNP-based heritable phenotypes of caecal bacterial genera in
Kadaknath.
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