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Indian cattle breeds (Bos indicus) are renowned for their greater resilience compared to Bos taurus in

diverse environments and resistance to infections. However, the genomic signatures associated with

disease-resistance traits in Indian cattle remain underexplored. A genome-wide comparison between

Bos indicus and Bos taurus could uncover key immune markers related to disease-resistance traits. We

conducted chromosome-by-chromosome analyses among Bos genomes using three pairwise

combinations, namely Bos taurus (Hereford) vs. Bos indicus (Nelore breed), Bos taurus (Hereford) vs. Bos

indicus (Gir), and Bos indicus (Nelore) vs. Bos indicus (Gir), to investigate genomic variations in

immunity genes and quantitative trait loci (QTLs). The whole genome for Nelore, Gir, and Hereford

breeds were compared using bioinformatics tools: SyMAP, GSAlign, and SyRI. Non-syntenic regions

were associated with four immunity genes in Nelore: VSTM1L, Galectin-9, HDAC5, and POLH.

Signi�cant genomic differences were observed on chromosomes 1 and X across all inter-breed

comparisons. Chromosome X of Nelore lost 50 Mbps of genomic regions compared to those of

Hereford, although all genes remained intact. Further exploration of translocation events on

Chromosome X in Nelore revealed chromosomes 13 and 11 had more single nucleotide variants and

insertions, respectively. In total, 8, 16, and 209 innate immunity genes in Nelore were impacted by

longer insertions, deletions, and substitutions respectively, and 62 innate immunity genes were

affected by all three structural variations. QTL analysis indicated these variations were primarily

linked to milk and health traits. This study highlights genomic variations in innate immunity genes in

Nelore and associated QTLs.
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Introduction

Indicine cattle (members of Bos indicus), such as zebu cattle, native to the Indian subcontinent, have

shown economic advantages over taurine cattle (members of B. taurus), particularly when raised under

tropical conditions, and account for about 80% of India’s total cattle population[1][2]. The native breeds

are crucial to the country’s dairy industry, have made India a global leader in milk production, and

support over 80 million rural households. Currently, 50 distinct breeds of indicine cattle are registered in

India, evolved through both natural selection and selective breeding for adaptation to different climatic

conditions. These breeds can cope with extreme heat or similar adverse climatic conditions, survive

despite poor nutrition, and are resistant to several diseases[3][4][5][6]. One notable example is ‘Vechur’

(named after a village of the same name), the smallest cattle breed in the world, found in Kottayam

district of Kerala and well-known for its greater resistance to viral, bacterial, and parasitic diseases than

that shown by other exotic breeds and crossbred cattle[7].

The innate immune response, which kicks in at the earliest stages of infection in mammals, protects

them from pathogenic infections. The response is speci�c to the pathogen[8][9][10]. Understanding the

differences between the immune systems of indicine and taurine cattle could provide valuable insights

into disease resistance shown by members of Bos indicus, a trait that is essential for better management

of herds[11][12]. Exploring the genomic regions responsible for variations in disease resistance and

susceptibility opens new opportunities to identify signi�cant genomic signatures[13].

Recent research on livestock improvement is increasingly focused on whole-genome data to detect

genetic factors or signatures associated with important traits such as disease resistance by identifying

such structural variations as insertions, deletions, duplications, inversions, and translocations. Two

relevant sources of assembled whole-genome data at chromosome level cattle are (1) the �rst whole-

genome sequence of Bos indicus cattle (Nelore breed) with 52X coverage by the SOLiD sequencing

platform with a short-read length of 25–50 bases[14] and (2) the whole-genome sequencing data of Bos

taurus cattle with multiple improvements, such as covering 91% of the genome, closing gaps, correcting

errors, removing bacterial contigs, and identifying the �rst portion of Y chromosomes using whole-

genome shotgun sequencing methods[15]. Recently, a comparative whole-genome analysis of several Bos
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indicus breeds (Kangayam, Tharparkar, Sahiwal, Red Sindhi, and Hariana) and of Bos taurus cattle

revealed over 155 million single nucleotide polymorphisms (SNPs) and more than one million InDels

among a total of 17,252 genes. Among these genes, many involved in innate immune responses were

associated with key pathways such as toll-like receptor signalling, retinoic acid-inducible gene I-like

receptor signalling, NOD-like receptor signalling, and the Jak-STAT pathway. The same study identi�ed

many missense variants in genes such as TLR3 and TLR4, transcription factors such as IRFs (IRF3/IRF7)

and NF-kB, and non-synonymous variants in genes such as MyD88, IRAK4, RIG-I, TRIM25, MAVS, NOD1,

and NOD2[16]. Furthermore, draft de novo genome assemblies and mitochondrial genome assemblies of

Bos indicus breeds such as Ongole, Kasargod Dwarf, Kasargod Kapila, and Vechur were generated using

Illumina short-read technology. An analysis of the exon-intron structure of 15 key genes related to bovine

traits including milk quality, metabolism, and immune response revealed structural variation in their

exon-intron numbers. Notably, seven of these genes had fewer exons in Ongole than in Bos taurus. Among

those genes, PFKP and GPX4 are involved in glycolysis regulation and immune response[17].

Despite these advances, a genome-wide comparison between completely assembled chromosome-level

genomes of Bos indicus and Bos taurus it yet to be fully explored. To bridge that gap, we conducted a

detailed chromosome-by-chromosome analysis of the Bos genomes available with the National Center

for Biotechnology (NCBI), focusing speci�cally on Bos indicus cattle – zebu cattle such as Nelore

(Bos_indicus_1.0, RefSeq: GCF_000247795.1) and Gir (ASM293397v1) – and Bos taurus cattle, namely

Hereford (ARS-UCD2.0, RefSeq: GCF_002263795.3). We compared between members of three distinct

pairs, namely Bos taurus (Hereford) and Bos indicus (Nelore), Hereford and Gir, and Nelore and Gir, to

obtain fresh insights into the genetic basis of the disease resistance in Bos indicus cattle.

Materials and methods

The �owchart (Fig. 1) outlines the steps in a comparative study of the Bos genome. Initially, whole-

genome sequence data were collected for three cattle breeds, namely Nelore, Gir (both from Bos indicus),

and Hereford (Bos taurus). The data were compared for the three pairs speci�ed earlier and also shown in

Fig. 1, and genomic variations were identi�ed using SyMAP[18], GSAlign, and SyRI. Because SyMAP

provides data on syntenic regions and alignment statistics but without detailed data on variation, further

analysis was performed using GSAlign and SyRI. Common chromosomal variations predicted by both

GSAlign and SyRI were identi�ed, and indicine protein-coding data were used to identify genes and
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immunity genes associated with these variations. Lastly, quantitative trait loci (QTLs) were mapped to

the genes, and immunity genes were identi�ed within the common chromosomal variations.

Figure 1. Work�ow.

Sample preparation

The whole-genome assembly data were downloaded from the NCBI in both GenBank and FASTA formats

for the three breeds, namely Nelore (Accession ID: GCA_000247795.2), Gir (Accession ID:

GCA_002933975.1), and Hereford (Accession ID: GCA_002263795.3). The assembly statistics were analysed

for the number of chromosomes assembled, scaffold N50 values, GC percentage, and genome coverage.

The data for all chromosomes from the assemblies of the three breeds were subsequently extracted for

further analysis.

Comparative genomic analysis

To perform comparative genomic analysis among the selected breeds of cattle, we compared pairs made

from three breeds, one from Bos taurus, namely Hereford, and two from Bos indicus, namely Nellore and

Gir. The three pairs were Hereford–Nelore, Hereford–Gir, and Nelore–Gir. The comparisons focused on

variation in terms of the length, number, and function of genetic variants as well as interchromosomal

variation as revealed by comparing chromosomes within the same breed, particularly the X chromosome

and autosomes, to detect the translocations of genomic elements from the X chromosome to other

autosomes within the Bos genomes. For the chromosome-by-chromosome analysis, we used three

bioinformatics tools, namely Synteny Mapping and Analysis Program (SyMAP), GSAlign[19], and Synteny

and Rearrangement Identi�er (SyRI)[20]. These tools were employed primarily to analyse the query

genome against the reference genome of bovines chromosome by chromosome.

Analysis using SyMAP

SyMAP was used for detecting and analysing syntenic and non-syntenic regions between the query and

the reference chromosomes of the selected genomes[19]. SyMAP integrates MUMmer, a high-

performance alignment tool using Perl, with the core SyMAP program running on Java. SyMAP requires
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genome sequences in FASTA format and corresponding annotation �les in GFF3 format for both query

and reference genomes. Because an annotation �le for Gir genome was unavailable, we used Bos indicus

(Nelore) as the query genome and Bos taurus (Hereford) as the reference genome. The chromosome-level

FASTA �les and the corresponding annotation �les for both the query and the reference genomes were

uploaded and SyMAP was run with default settings. SyMAP, in turn, generated synteny maps, dot plots of

aligned chromosomes, and basic alignment statistics including coverage, annotations, and gene content.

However, SyMAP does not produce a VCF (variant call format) �le or any detailed variant information but

merely provides a CSV (comma-separated values) �le containing data on the percentage of hits, identity,

similarity, and gene products from both the query and the reference genomes. Therefore, to identify

genes with lower sequence similarity, we used a Python script created in house to extract genes showing

less than 60% sequence similarity between the indicine and the taurine groups from the alignment

output �les.

Analysis using GSAlign

GSAlign ef�ciently aligns larger query and reference genomes by indexing the reference genome using

the Burrows–Wheeler Transform (BWT) in Bowtie2. GSAlign employs a parallelized, divide-and-conquer

approach to rapidly construct alignments and identify gapped regions. We used GSAlign to compare

between the members of each of the three pairs of breeds as mentioned above and to compare between

chromosomes of the same breed to investigate translocations of genetic elements. Speci�cally, we

compared chromosomes X and Y with autosomes in the Bos genome to identify any translocation events.

The input for GSAlign consisted of whole-genome data on the query and the reference genomes in FASTA

format, with the reference �le indexed in Bowtie2[21]. We executed the GSAlign script, specifying the

appropriate query and reference genomes in FASTA format. GSAlign performed the alignment and

generated output �les in mutation annotation format (MAF) or clustal format (ALN), as well as VCF �les

containing the identi�ed sequence variants. An in-house Python script was used to parse these output

�les to quantify variations such as single nucleotide variants (SNVs), insertions, and deletions.

Analysis using SyRI

SyRI was used for detecting genomic differences between related genomes using whole-genome

assemblies. SyRI identi�es syntenic regions, structural rearrangements, and local variations[19]. As

before, we analysed the three pairs chromosome by chromosome. In each comparison, the former
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genome served as the reference and the latter, as the query. We ran SyRI by specifying the appropriate

query and the reference genomes in FASTA format within the script �le. SyRI generated the alignment

�le in sequence alignment map (SAM) format using its integrated minimap2 tool and produced output

�les in tab-separated values (TSV) and VCF formats. The output included annotations on 20 different

parameters and a visual representation of genomic variations generated using the integrated plotsr

tool[22]. The output �les were further processed using a Python script generated in house to count the

occurrences of each variant across a given genome.

Validation

The data generated by all the three tools – SyMAP, GSAlign, and SyRI – were validated by cross-

comparing the results from each tool and arriving at consensus results through the in-house Python

script. Such validation was crucial to predicting and verifying genes and their functions within variable

genomic regions. In comparing the genomes, SyMAP provides sequence-similarity information, GSAlign

identi�es three types of variations, and SyRI detects 20 distinct types of variations. To obtain high-

con�dence data, we focused on variations that were commonly identi�ed by both GSAlign and SyRI

(SyMAP does not provide variant information). Variations identi�ed by two different methods are

considered more reliable. Therefore, we focused on insertions, deletions, and substitutions identi�ed by

both GSAlign and SyRI for variant annotation, particularly in comparing Bos taurus and Bos indicus

(Nelore), because annotations were unavailable for Gir.

Genome annotation from common chromosomal variations

To annotate common chromosomal variations, we �rst extracted the variations identi�ed by both

GSAlign and SyRI. Using in-house Python scripts, we then identi�ed the genes in the indicine cattle

genome (NCBI RefSeq assembly: GCF_000247795.1) that harboured the common chromosomal variations

such as insertions, deletions, and substitutions as identi�ed by both tools. Because the RefSeq and

annotation for Gir were unavailable in the NCBI database, our focus was speci�cally on the pairwise

comparison at the level of chromosomes between Bos indicus (Nelore) and Bos taurus (Hereford) for

annotating these common variations. We applied eight speci�c criteria (outlined in Fig. 2) to determine

the precise locations of these variants within genes. These criteria were used for �ltering and extracting

genes from the indicine protein-coding data associated with common chromosomal variations. This
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process resulted in an annotated output containing detailed information on the genes affected by the

variations.

Figure 2. Rules applied for extracting genes for common chromosomal variation from indicine

protein-coding data. These rules were employed to detect genes within indicine protein-coding

data that are linked to common chromosomal variations as predicted by two tools, GSAlign and

SyRI. GS, gene start; GE, VS, variation start; VE, variation end. All establish the occurrence of

variation in speci�c genomic regions at the beginning (1) or end (2) of a gene, within a gene (3),

between two genes (4), upstream of a gene (5 and 7), and downstream of a gene (6 and 8).

Extracting immunity genes

Using a Python script, we extracted immunity-related genes by using both a keyword-based search and a

gene list from the InnateDB database, which lists 1697 innate immunity genes. The following keywords

were used for the search: immunoglobulin, immunoreceptor, autoimmune, Toll-like receptor (TLR), IgG,

autoimmune, autophagy, immunogen, immune, innate, T-cell, B-cell, lymphocyte, histocompatibility, CD24, CD4,

LY96, IFIT3, PGLYRP1, NKG2D, UL16, leukocyte, cytokine, antimicrobial peptide, beta-defensin 2, IL15, IL2, and

chemokine.

Analysis of qualitative trait loci

Using the genomic variations identi�ed between Nelore and Hereford, we proceeded to look at the QTLs

associated with the genes that were found to have chromosomal variations including insertions,

deletions, and substitutions, as identi�ed by both GSAlign and SyRI. We used the QTL data of the

Hereford breed (ARS_UCD1.2) in GFF format obtained from the cattle QTLdb of the Animal QTLdb

database (www.animalgenome.org). The loci deposited in the database were related to characters

associated with reproduction, production of milk, health, exterior, and meat and carcass. The locus of a

qualitative trait is shown as a 4-bp-long segment, referred to as a QTL span. Using an in-house Python

script, we identi�ed the QTLs associated with various traits that were located in regions with common

chromosomal variations in taurine breeds.
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Results

Identi�cation of non-syntenic regions between Nelore and Hereford using SyMAP

SyMAP analysis revealed both syntenic and non-syntenic regions, along with alignment statistics,

between the genes of Nelore and those of Hereford. We focused on those genes located in non-syntenic

regions with less than 60% sequence similarity. This analysis identi�ed 13 genes across four

chromosomes in Nelore that showed less than 60% sequence similarity when compared to Hereford.

These genes included one gene each on chromosomes 7 and 23, six on Chromosome 18, and �ve on

Chromosome 19 (Table 1). Notably, four of these genes in Nelore were associated with immune function:

VSTM1L, Galectin-9, HDAC5, and POLH.

Table 1. List of the chromosomes that have less than 60% sequence similarity between B. indicus (Nelore

breed) and B.taurus predicted by SyMAP[18]
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Interbreed genomic variations identi�ed using GSAlign

The distribution of different variations including insertions, deletions, and substitutions along the

chromosomes is shown in Fig. 3.

Figure 3. Interchromosomal variation between members of three pairs of cattle breeds: B. taurus (Hereford)

and B. indicus (Nelore), B. taurus (Hereford) and B. indicus (Gir), and B. indicus (Nelore) and B. indicu (Gir), as

identi�ed by GSAlign. Black bars show the highest and the lowest numbers of chromosomal variations.

Panels (A–I) represent the numbers of single nucleotide variations (SNVs), insertions, and deletions.

Comparison between Hereford and Nelore: A, SNVs; B, insertions; C, deletions. Comparison between Hereford

and Gir: D, SNVs, E, insertions; F, deletions. Comparison between Nelore and Gir: G, SNVs; H, insertions; I,

deletions.

In comparing between Hereford and Nelore, we identi�ed a total of 316,230 insertions, 205,618 deletions,

and 6,161,296 substitutions across all 30 chromosomes in Nelore. Among them, Chromosome 1 displayed

the highest number of insertions (21,012) and substitutions (345,118), and Chromosome X, the highest

number of deletions (15,101) (Fig. 2: A, B, and C). The comparison between Nelore and Gir showed a total of

652,716 insertions, 739,807 deletions, and 12,331,978 substitutions in Gir, with Chromosome 1 showing the

highest number of insertions (40,710), substitutions (739,768), and deletions (46,173) (Fig. 2: D, E, and F).

The corresponding �gures for Hereford and Gir were 673,875, 672,892, and 11,500,574 in Gir, with

Chromosome 1 showing the highest number of insertions (44,092) and substitutions (722,089), and

Chromosome X, the highest number of deletions (44,455) (Fig. 2: G, H, and I).

Genomic variations in Bos genomes identi�ed using SyRI

Genomic variations across 20 variant annotation parameters were identi�ed using SyRI through

chromosome-by-chromosome comparisons between the reference and the query genomes (Table 2). The

comparison between Bos indicus (Nelore) and Bos taurus (Hereford) served to identify a total of 16,199,633

variations across all 30 chromosomes, comprising 20 variants. The majority of these variations

(15,543,630) were SNPs, distributed across all 30 chromosomes. Chromosome 1 recorded the highest

number of variations (957,165) across 13 variants: CPG (102), CPL (33), DUP (208), DUPAL (269), HDR

(2,233), INV (79), INVDP (154), NOTAL (1,222), SYN (498), TRANS (73), INVDPAL (191), INS (23,003), and SNP
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(929,100). Chromosome X recorded 13,218 variations across four variant types: INVAL (375), INVTR (55),

INVTRAL (106), and DEL (12,682). Chromosome 21 displayed a higher number of SYNAL variants (11,204),

and Chromosome 6 showed an increase in TDM (6) and TRANSAL (139) variants. Chromosome 12 also

recorded more TDM variants (6). More important, Chromosome X in B. indicus (Nelore) was missing a 50

Mbp genomic region, although none of the genes was lost, as can be seen from Fig. 4: C. Additionally, a

3.44 Mbp inversion was found at the head of Chromosome 23, and a 5.627 Mbp inversion on the tail of

Chromosome 27 in B. indicus relative to B. taurus.

Figure 4. Synteny map of all 30 chromosomes, generated using SyRI, comparing between members of

three pairs of breeds. Grey, conserved syntenic regions; yellow, inversions; green, translocations; and cyan,

duplications. A–D, plots generated using plotsr[22]: A, B. taurus and B. indicus (Nelore); B, B. taurus and B. indicus

(Gir); C, structural variations of Chromosome X of B. taurus and B. indicus; D; B. indicus (Nelore) and B. indicus

(Gir).

Table 2. Bos genomes’ comparison statistics as per SyRI
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In the comparison between B. indicus (Gir) and B. taurus, 16,032,892 variations were identi�ed covering 20

variants across all 30 chromosomes. Of these, 14,559,218 were SNPs. Chromosome 1 displayed a large

number of variations (985,003) including INS (44,430), DEL (43,522), and SNP (897,051). Chromosome X

recorded 12,467 variations across 15 variants: CPG (361), DUP (499), DUPAL (699), HDR (2623), INV (213),

INVAL (528), INVDP (290), INVTR (98), NOTAL (2453), SYN (552), SYNAL (2839), TRANS (195), TRANSAL

(478), INVDPAL (414), and INVTRAL (225). Unlike in Nelore, Chromosome X in Gir gained approximately 10

Mbp of the genomic region compared to that in taurine. Chromosome 6 showed an increase in the CPL

variant (19), and Chromosome 4 had more TDM variant (4).

Comparing the two B. indicus breeds (Nelore and Gir) revealed 17,706,687 variations comprising 20

variants across all 30 chromosomes in Gir. Of these, 16,282,402 were SNPs. Chromosome 1 had the most

variations (1,085,899) in eight variants: CPL (151), HDR (2798), 262 INV (174), SYN (624), SYNAL (3371), INS

(36,392) DEL (43,567), and SNP (998,822). Chromosome X showed 10,660 variations across ten variants:

CPG (580), DUP (1136), DUPAL (1789), INVAL (594), INVDP (964), INVTR (146), NOTAL (3128), TRANSAL

(431), INVDPAL (1385), and INVTRAL (507). In addition, Chromosome X in Gir gained 60 Mbp of genomic

material with intergene exchange. Chromosome 6 exhibited more TRANS (167) variants, whereas

chromosomes 4 and 8 showed a greater number of TDM variants (3).

Analysis of interchromosomal variations between X or Y chromosome and autosomes

within a breed using GSAlign

Interchromosomal genomic variations between autosomes and sex chromosomes (X or Y) were

identi�ed within B. indicus (Nelore and Gir) and B. taurus (Hereford) using GSAlign[19], (Fig. 5).

Figure 5. Sex chromosomes X or Y compared with autosomes between members of three pairs of breeds

using GSAlign. Black bars show the highest and the lowest intrachromosomal variation among the breeds.

A–C, Chromosome X compared with autosomes in Nellore. A, single nucleotide variations; B, insertions; C,

deletions. D–F, Chromosome X compared with autosomes in Hereford. D, single nucleotide variations; E,

insertions; and F, deletions. G–I, Chromosome X compared with autosomes in Gir. G, single nucleotide

variations; H, insertions; I, deletions.
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In Nelore (B. indicus), 80,495 insertions, 83,601 deletions, and 1,994,708 substitutions were identi�ed

across autosomes as interchromosomal variations. Chromosome 13 showed the highest number of SNVs

(77,648), whereas Chromosome 11 showed the most insertions (3359) and deletions (3419). Similarly, in

Hereford (B. taurus), a comparison between the X chromosome and autosomes revealed 129,623

insertions, 130,482 deletions, and 3,055,863 substitutions. Chromosome 1 recorded the largest number of

variations, with 128,548 SNVs and 5438 insertions, whereas Chromosome 13 showed the most deletions

(5228). In Gir (B. indicus), the analysis identi�ed 137,587 insertions, 140,017 deletions, and 3,193,030

substitutions. Chromosome 3 showed the highest number of SNVs (122,486), insertions (5683), and

deletions (5908).

Further analysis of Y chromosome variations in Nelore (Fig. 6) showed Chromosome 30 to have the

highest number of SNVs (9290) and deletions (521) whereas Chromosome 17 showed the most insertions

(427).

Figure 6. Chromosome Y and autosomes in Bos indicus (Nelore) compared using GSAlign. Black bars show

the highest and the lowest intrachromosomal variation. A, single nucleotide variations; B, insertions; C,

deletions.

Identi�cation of high-con�dent variants

Variations involving insertions

We identi�ed a signi�cant number of insertions across various chromosomes. Chromosome 1 showed

the highest number of insertions, with 3238 insertions occurring in intergenic regions, 1311 insertions

affecting 294 genes, and 96 insertions affecting 27 immunity-related genes (Table 3 and Fig. 7).

Figure 7. Insertions in all 30 chromosomes in two genomes (Bos indicus and B. taurus). Circles indicate

the highest number of insertions. A, number of insertions between the intergenic region and within gene

region; B, number of insertions within gene region and genes affected by insertions; C, number of

insertions in immunity genes and immunity genes affected by insertions.
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Table 3. Occurrences of insertions found in the genomic region of B. indicus (Nelore breed) across

chromosomes

For each chromosome, the GSAlign and SyRI data were compared to identify insertion sites that were

identi�ed by both the tools, which werethen compared to the annotated protein-coding data to identify

insertions that are present within a coding region, between two coding regions, start, and end position of

the gene

Chromosome X showed a large number of insertions, with 2782 insertions in intergenic regions and 539

insertions affecting 96 genes, including 18 insertions within 6 immunity-related genes. It is noteworthy

that some chromosomes with fewer insertions affected a greater number of genes. For example,

Chromosome 3 had 903 insertions affecting 296 genes, and Chromosome 18 had 667 insertions affecting

289 genes. Conversely, chromosomes with greater number of insertions often affected fewer genes, such

as Chromosome 26, in which 47 insertions were con�ned to only three immunity genes.
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A total of 54 genes were identi�ed with insertions longer than 50 bp (Table 4 and Fig. 8). Notably, gene

CACNG8 on Chromosome 18 showed the largest length of variation (LOV) at 420 bp, whereas gene SGO2

on Chromosome 2 had an insertion of 356 bp LOV. Gene WIPI1 on Chromosome 19 underwent two

insertions: one of 109 bp and the other of 51 bp.

Figure 8. Characters of 30 genes with variations longer than 50 bp. The circle marks the highest

number of insertions and the arrows show genes with multiple insertions and deletions.

Table 4. Extracting genes impacted by insertions with lengths of variation exceeding 50 bps.

For each chromosome, the genes affected by insertion variation where the length of the variation

exceeded 50 base pairs were identi�ed.

Across all chromosomes, a total of 343 immunity genes were affected by insertions; based on keyword

search, 232 of these were classi�ed as innate immunity genes and the remaining 111, as immunity genes.

Of the total, 182 immunity genes experienced multiple insertions, whereas the remaining 161 experienced

only one insertion. Overall, 78 immunity genes were affected by insertions longer than 10 bp; of these, 52

were innate immunity genes and 26 were keyword-based immunity genes. Notably, 10 genes were

affected by insertions longer than 50 bp; of these, eight innate immunity genes – AP3B1 (2 insertions, 182

bp), PARD3 (24 insertions, 78 bp), ASCC3 (19 insertions, 75 bp), RICTOR (3 insertions, 75 bp), NOX4 (13

insertions, 69 bp), BANK1 (17 insertions, 68 bp), RFTN1 (16 insertions, 54 bp), and ANGPT1 (8 insertions,

50 bp) – and two keyword-based immunity genes (DOCK1, with 29 insertions, 98 bp and DOCK5, with 13

insertions, 69 bp) experienced multiple insertions. Some innate immunity genes were affected by a single

insertion and yet showed variations longer than 10 bp, including MAPK14 (22 bp), DICER1 (19 bp), SRC (15

bp), CASP6 (13 bp), TPP2 (10 bp), IKBKE (10 bp), and RNASEL (10 bp).
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Variations involving deletions

Chromosome 1 experienced the highest number of deletions, 946 in intergenic regions and 428 affecting

157 genes (Table 5 and Fig. 9). Among these 428, 39 deletions affected 11 immunity genes. However,

Chromosome 4 showed a greater number of deletions affecting a total of 440 genes. Chromosome 18

experienced the highest number of deletions affecting immunity genes, with 31 deletions affecting 16

immunity-related genes.

Figure 9. Deletions in all 30 chromosomes in two breeds of cattle (Hereford and Nelore). Circles

indicate the highest number of deletions. A, number of deletions between the intergenic region and

within gene region; B, number of deletions within gene region and genes affected by the deletions;

C, number of deletions in immunity genes and immunity genes affected by the deletions.
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Table 5. Occurrences of deletions found in the genomic region of B. indicus (Nelore breed) across

chromosomes.

For each chromosome, the GSAlign and SyRI data were compared to identify deletion sites that were

identi�ed by both the tools, which were then compared to the annotated protein-coding data to identify

deletions that are present within a coding region, between two coding regions, start, and end position of

the gene.

In addition, we identi�ed 32 genes with deletions longer than 50 bp (Table 6 and Fig. 10). Gene GLTSCR1

on Chromosome 18 experienced the longest deletion, measuring 222 bp. Gene GMDS on Chromosome 23
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experienced two deletions, with LOVs of 73 bp and 62 bp. Genes LOC109573590 and LOC109573589 on

Chromosome 19 experienced deletions measuring 50 bp, and gene FAT3 on Chromosome 29 experienced

deletions measuring 53 bp.

Figure 10. Genes on 30 chromosomes experiencing variations longer than 50 bp in two cattle

breeds (Hereford and Nelore). Circles indicate the greatest number of deletions and arrows indicate

genes experiencing multiple insertions and deletions.
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Table 6. Extracting genes impacted by deletions with lengths of variation exceeding 50 bps.

For each chromosome, the genes affected by deletion variation where the length of the variation

exceeded 50 base pairs were identi�ed.

Across all 30 chromosomes, 183 immunity genes were affected by deletions, of which 119 were identi�ed

as innate immunity genes, whereas 64 were keyword-based immunity genes. Among these, the innate

immunity genes PRKCE and STIM1 each experienced 12 deletions, which was the maximum number. A

total of 22 immunity genes were affected by deletions longer than 10 bp, of which 16 were innate

immunity genes. No gene was affected by deletions longer than 50 bp. The keyword-based immunity

gene BCL7B experienced two deletions, affecting 46 bp, and the innate immunity gene NFATC2 was
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affected by two deletions spanning 39 bp. Several innate immunity genes were affected by single

deletions longer than 10 bp, including MERTK (13 bp), GAS6 (18 bp), and C2 (28 bp). Notably, no immunity

gene on Chromosome X was affected by deletions.

Furthermore, 11 innate immunity genes experienced multiple deletions, each longer than 10 bp: PTK2B (3

deletions affecting 33 bp), RFTN1 (8, 27 bp), ARHGAP15 (6, 24 bp), TRIM9 (2, 23 bp), PRKCE (12, 21 bp),

FSTL1 (5, 19 bp), SMAD6 (2, 19 bp), STIM1 (12, 17 bp), DMBT1 (3, 17 bp), TRIM66 (2, 15 bp), ITGB3 (2, 15 bp),

and ITPR1 (10, 11 bp).

Variations involving substitutions

Chromosome 1 showed the highest number of substitutions in intergenic regions, with a total of 122,906

substitutions. Chromosome 4 showed the highest number of substitutions within genes, totalling 70,079

substitutions (Table 7 and Fig. 11).

Figure 11. Substitutions across all 30 chromosomes in three breeds of cattle. Circles indicate the highest

number of substitutions. A, substitutions between the intergenic region and within gene region; B, genes

affected by substitutions; C, number of substitutions in immunity genes; D, immunity genes affected by

substitutions.
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Table 7. Occurrences of substitutions found in the genomic region of B. indicus (Nelore breed) across

chromosomes.

For each chromosome, the GSAlign and SyRI data were compared to identify substitution sites that were

identi�ed by both the tools, which were then compared to the annotated protein-coding data to identify

substitutions that are present within a coding region, between two coding regions, start, and end

position of the gene.

Many genes were affected by substitutions: 995 genes on Chromosome 18 and 997 genes on Chromosome

19. Substitutions were also found both upstream and downstream of genes. Chromosomes 7, 10, 11, and 18

each experienced three substitutions affecting the downstream region of three genes, and Chromosome

13 experienced four substitutions affecting the upstream region of four genes. Chromosome 3 showed
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the highest number of substitutions in immunity genes, with 78 immunity genes affected by 3497

substitutions.

A total of 5188 genes showed more than 50 substitutions each (Table 8), Chromosome 5 topping the list at

48,935 substitutions across 271 genes. Among the immunity genes, 301 were affected by substitutions

across all 30 chromosomes: 209 were innate immunity genes and 92 were identi�ed as keyword-based

immunity genes, and all 301 experienced more than 50 substitutions. Chromosome 2 had the highest

number of substitutions, with 3909 substitutions affecting 49 immunity genes. Gene SPAG16, which had

been predicted, based on keywords, to be conferring immunity, experienced the highest number (1457) of

substitutions, whereas the innate immunity gene PLXNA4 experienced 1338 substitutions. The innate

immunity genes PRKCE, EDIL3, and PRKCA each experienced more than a thousand substitutions.

Table 8. Exploring the immune genes affected by substitution events with more than 50 substitutions.

For each chromosome, the immune genes impacted by substitution variation where the length of the

variation exceeded 50 substitution counts were identi�ed.

Notably, 93 immunity genes were affected by all three types of variations, namely insertions (INS),

deletions (DEL), and substitutions (SUB). Of these, 62 were innate and 31 were predicted. Thus, we

identi�ed 12 innate immunity genes that had been affected by variations amounting to more than 500

bps: RFTN1 (16 INS affected by 54 bps, 8 DEL affected by 27 bps, and 433 SUB) on Chromosome 1 affected

by 514 bps; ARHGAI (14 INS affected by 25 bps, 6 DEL affected by 24 bps, and 534 SUB) on Chromosome 2

affected by 583 bps; PLXNA4 (14 INS affected by 34 bps, 6 DEL affected by 9 bps, and 1338 SUB) on

Chromosome 4 affected by 1381 bps; EDIL3 (17 INS affected by 44 bps, 4 DEL affected by 6 bps, and 1147

SUB) on Chromosome 7 affected by 1197 bps; AP3B1 (2 INS affected by 182 bps, 1 DEL affected by 1 bp, and

488 SUB) on Chromosome 10 affected by 671 bps; PRKCE (16 INS affected by 43 bps, 12 DEL affected by 21
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bps, and 1184 SUB) on Chromosome 11 affected by 1248 bps; PARD3 (24 INS affected by 78bps, 2 DEL

affected by 2 bps, and 703 SUB) on Chromosome 13 affected by 783 bps; ZFPM2 (12 INS affected by 18 bps,

5 DEL affected by 6 bps, and 649 SUB) and ANGPT1 (8 INS affected by 50 bps, 2 DEL affected by 3 bps, and

495 SUB) on Chromosome 14 affected by 673 bps; PTPRC (5 INS affected by 5 bps, 1 DEL affected by 1 bp,

and 590 SUB) on Chromosome 16 affected by 596 bps; PRKCA (9 INS affected by 10 bps, 2 DEL affected by

2 bps, and 1089 SUB) on Chromosome 11 affected by 1101 bps; and TCF4 (3 INS affected 4 bps, 2 DEL

affected by 2 bps, and 819 SUB) on Chromosome 24 affected by 825 bps.

Mapping of quantitative trait loci

We mapped quantitative trait loci (QTLs) on genes with common chromosomal variations, identi�ed

using both GSAlign and SyRI, across all 30 chromosomes.

For insertions, we mapped QTLs for 3609 genes, including 218 immunity genes (159 innate and 69

keyword-based). These genes were associated with various QTLs: health (889 genes), reproduction (1314

genes), milk (2129 genes), meat and carcass (1338 genes), and the exterior (680 genes). Among the

immunity genes, 67 were linked to traits associated with health; 126, to milk; 76, to meat and carcass; 68,

to production; 70 to reproduction; and 47, to exterior traits.

For deletions, we mapped QTLs on 2005 genes, including 131 immunity genes (92 innate and 47 keyword-

based). These genes were associated with various traits: health (540 genes), reproduction (767 genes),

milk (1,210 genes), meat and carcass (821 genes), and exterior traits (424 genes). Among the immunity

genes, 42 were linked to traits associated with health; 76, to milk; 54, to meat and carcass; 49 to

reproduction; and 32, to the exterior.

For substitutions, we mapped QTLs on 7883 genes, including 546 immunity genes (368 innate and 209

keyword-based). These genes were linked to health (1602 genes), reproduction (2582 genes), milk (4387

genes), meat and carcass (2364 genes), and the exterior (1188 genes). Additionally, among 3411 genes with

more than 50 substitutions, including 213 immunity genes (153 innate and 70 keyword-based), we found

associations with health (866 genes), reproduction (1287 genes), milk (2030 genes), meat and carcass (1311

genes), and the exterior (699 genes). Among these immunity genes, 140 were mapped to traits related to

health; 285, to milk; 154, to meat and carcass; 166, to reproduction; and 85, to the exterior.
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Discussion

The current study sought to explore genomic variations between two Bos indicus breeds (Nelore and Gir)

and one Bos taurus breed (Hereford) to identify unique features related to immunity and QTLs in indicine

cattle.

Identi�cation of non-syntenic immunity genes in indicine and taurine cattle

Our synteny analysis revealed reduced sequence similarity across 13 genes in indicine cattle compared to

their taurine counterparts. The variations occurred in four immunity-related genes, underscoring the

potential for distinct immune responses by indicine cattle. One such gene, VSTM1L, is expressed in

multiple immune cells, including T cells, B cells, natural killer cells, and dendritic cells. This gene plays a

vital role in regulating immune cell activation, differentiation, and the expression of immunity-related

proteins such as antibodies and cell surface receptors[23]. Another gene, Galectin-9, which is

evolutionarily conserved, has been implicated in innate immune responses to bacterial infections and

also plays a role in modulating cytotoxic immune responses by suppressing the activity of T cells and

natural killer cells.[24]. Additionally, Histone deacetylase 5 (HDAC5) was identi�ed as a gene involved in

the regulation of cytokine signalling pathways and immune cell activity, as well as the development of

immune-related diseases[25]. DNA polymerase eta (POLH), another gene identi�ed in this study, is a

specialized polymerase crucial to error-free bypass of DNA damage, is highly expressed in rapidly

proliferating immune cells such as B and T lymphocytes, and plays a key role in the development and

function of the immune system[26]. These �ndings highlight the genetic distinctions between indicine

and taurine cattle, particularly in genes linked to immunity, suggesting the genetic make-up of the

immune system in indicine cattle.

Comparison of chromosomes in different breeds

Indicine cattle showed a signi�cantly higher number of variations on chromosomes 1 and X than those

seen in taurine cattle. Similarly, comparisons between Nelore and Gir, both indicine breeds, also showed a

higher number of variations on Chromosome 1. These �ndings suggest that compared to other

chromosomes, chromosomes 1 and X exhibit notable genomic differences. Furthermore, substitutions

were more frequent than insertions and deletions across all comparisons. A particularly noteworthy

�nding was the loss of approximately 50 Mbp of genomic regions on Chromosome X in Nelore. Despite

381 deletions across 52 genes and 1532 deletions in intergenic regions in Chromosome X, no deletions
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were observed in immunity-related genes within Nelore. Chromosome X is the second largest in the

genome and harbours many genes that can in�uence various phenotypes[27][28], a feature attributed to

higher linkage disequilibrium than that seen in autosomes[29]. To investigate whether the lost genomic

regions from Chromosome X could have translocated to other autosomes, we compared Chromosome X

with other chromosomes in Nelore. The comparison revealed that compared to Chromosome X,

Chromosome 13 accounted for a higher number of substitutions, and Chromosome 11 accounted for a

greater number of insertions and deletions. In addition, intrachromosomal insertions, deletions, and

substitutions between Chromosome X and autosomes within each breed suggest a possibility of genome

dose compensation among cattle breeds. A genome-wide association study (GWAS) aimed at identifying

chromosome regions linked to sexual precocity in Nelore cattle found that the highest proportion of

genetic variation for early pregnancy and scrotal circumference was concentrated on speci�c

chromosomes. Large effects for early pregnancy were located on chromosomes 5, 6, 7, 14, 18, 21, and 27,

whereas those for scrotal circumference were located on chromosomes 4, 8, 11, 13, 14, 19, 22, and 23[30].

Notably, the region on Chromosome 13 associated with scrotal circumference had previously been linked

to the phenotype of fat layer thickness in Nelore cattle[29].

Genetic variations in immunity genes in Nelore

By identifying common chromosomal variations, we were able to pinpoint high-con�dence variants,

particularly highlighting the impact on immunity genes. Notably, 78 immunity genes were affected by

insertions longer than 10 bp. Among these, 52 were classi�ed as innate immunity genes, as identi�ed

through the InnateDB database, and the remaining 26 were identi�ed as immunity-related genes based

on keyword searches. Ten immunity genes were affected by longer insertions, greater than 50 bp, and

eight of these were innate immunity genes, namely AP3B1, PARD3, ASCC3, RICTOR, NOX4, BANK1, RFTN1,

and ANGPT1. Among these, AP3B1 is probably involved in regulating coat colour in cattle and other

domesticated mammals[31][32][33]. Several genes that activate the immune system, such as CD59[34],

CDH9[35], PROCR[36], RLBP1[37], BOLA[38], and STOM[32], respond to environmental stress and are

strongly associated with responses to parasitic diseases as well[39]. Nelore macrophages control the

intracellular replication of Brucella abortus more effectively, suggesting that, compared to Holstein, Nelore

may possess greater natural resistance to brucellosis[40].

Additionally, we also identi�ed 22 immunity genes affected by deletions longer than 10 bp, 16 of these

being innate immunity genes. Regarding variations in the substitutions, 301 immunity genes were
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affected across all chromosomes, including 209 innate immunity genes and 92 immunity genes

identi�ed through keyword-based searches. Each of the 301 immunity genes experienced more than 50

substitutions. Notably, the innate immunity genes PRKCE, EDIL3, and PRKCA were particularly affected:

each had experienced over a thousand substitutions.

It is also noteworthy that 93 immunity genes were affected by all the three types of variations, namely

insertions, deletions, and substitutions. Of these, 62 were innate immunity genes, of which the following

12 had experienced variations longer than 500 bp: RFTN1, ARHGAI, PLXNA4, EDIL3, AP3B1, PRKCE,

PARD3, ZFPM2, ANGPT1, PTPRC, PRKCA, and TCF4. We identi�ed variations in genes such as IFNGR1,

IFNAR1, IGSF21, IL23R, and others in Nelore. Some of these gene variations have been linked to resistance

to viral infections in mice and humans[41], although information on bovines remains scarce. A

comparative analysis of innate and adaptive immunity in European breeds (Holstein, Brown Swiss, and

Hereford) and zebu breeds (Gir, Nelore, and Guzera) was conducted by evaluating their peripheral blood

leukocyte pro�les, including monocytes, eosinophils, lymphocytes, CD4+ and CD8+ T cells, and CD21+ B

cells. Zebu breeds, particularly Nelore, showed higher frequencies of cells involved in innate immunity,

such as monocytes and non-T, non-B cells, which may explain the greater resistance shown by Nelore to

some infectious and parasitic diseases[40]. Additionally, BOLA genes located on Chromosome 23, part of

the bovine major histocompatibility complex (MHC) class II gene family, are promising candidates for the

immune response and adaptation to tropical environments[42].

Identi�cation of QTLs by mapping immunity genes

We mapped genes affected by common chromosomal variations to taurine QTLs and identi�ed

associations with 3609 genes, including 218 immunity genes affected by insertions, 2005 genes

including 131 immunity genes affected by deletions, and 7883 genes including 546 immunity genes

affected by substitutions. A total of 36 QTLs were identi�ed across chromosomes 1, 2, 3, 5, 6, 7, 8, 9, 10, 12,

14, 15, 16, 18, 19, 20, 21, 22, 24, 25, and 26 (UMD 3.1), including eight candidate genes related to feed

ef�ciency in Nelore[43]. Additionally, 2531 CNVRs (95.5%) in Nelore overlapped by at least one base with

QTLs from the Cattle Animal QTLdb. In most cases, these CNVRs were completely contained within the

QTL regions. Among them, 482 polymorphic CNVRs overlapped with 2310 QTLs, corresponding to 282

traits, including several related to milk production. Furthermore, ten CNVRs overlapped with regions

linked to meat tenderness in Nelore[44][45]. Notably, we observed that many of the immunity genes

mapped to QTLs were associated with milk, health, reproduction, meat and carcass quality, and the
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exterior. Speci�cally, we identi�ed 67 genes affected by insertions, 42 genes affected by deletions, and 140

genes affected by substitutions that were mapped to health-related QTLs. These �ndings suggest that

variations in immunity genes are critical not only to health but may also in�uence other economically

important traits in cattle, such as milk production and meat quality. We also identi�ed 46 genes within

selection signature regions—genes that modulated 24 key biological processes in Nelore heifers[46]. Five

of the genes – TBC1D23, NIT2, CELA1, BMPR1B, and HEXB – affect immune system pathways and

in�ammatory responses, and SPTBN1 is involved in the MAPK signalling pathway. These pathways are

activated by in�ammatory interleukins and cytokines released from damaged tissues[47][48][49]. Banos et

al.[47] also observed correlations between traits related to immunity and those related to reproduction in

dairy cattle.

Conclusion

A comprehensive comparative genomic analysis of the Bos genome is presented, emphasizing the

identi�cation of syntenic and non-syntenic regions, genomic variations between breeds, translocations

in sex chromosomes, and genomic variations in innate immunity genes and QTLs. Our �ndings highlight

signi�cant genomic variations on chromosomes 1 and X seen in comparisons between two members of

each pair of breeds, and non-syntenic regions identi�ed in four immunity genes in Nelore, namely

VSTM1L, Galectin-9, HDAC5, and POLH. More speci�cally, chromosomes 13 and 11 in Nelore recorded a

greater number of SNVs and insertions, respectively, suggesting possible translocations involving

Chromosome X. The chromosome-by-chromosome analysis comparing Nelore with Hereford revealed

variations in innate immunity genes in Nelore, along with their association with QTLs related to milk and

health. These �ndings not only extend our understanding of the genetic basis for disease resistance in

Indian cattle but also provide valuable information for developing future breeding strategies that could

enhance immunity and overall productivity of indicine cattle.
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