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Introduction

The concept of a pangenome, representing the entire genomic repertoire of a species, was first
defined by Tettelin and co-authors (Tettelin et al., 2005) two decades ago. Since then, the field
has expanded rapidly from prokaryotes to complex eukaryotes, including humans (Loegler et
al., 2026; Sherman et al., 2019; Wong et al., 2018) and livestock such as goats, sheep, and pigs.
Unlike a linear reference genome, a pangenome captures diverse non-reference sequences,
significantly enhancing genomic analysis. This approach improves read mapping quality and
the accuracy of SNP identification, a benefit consistently demonstrated in human genomic
studies (Gao et al., 2023).

India possesses the largest cattle population globally, hosting a rich diversity of indigenous Bos
indicus (desi) breeds. Evolved over centuries to survive tropical climates and poor fodder, these
breeds include high-yielding milch cattle such as Gir, Kankrej, Sahiwal, and Tharparkar
(Ahmad et al., 2019). However, despite this genetic richness, genomic resources for these
breeds remain limited compared to their Bos taurus counterparts.

Current cattle pangenome studies have predominantly focused on Bos faurus (Xia et al., 2023).
While researchers have successfully identified millions of bases absent in Bos taurus reference
assembly (ARS-UCD1.2), a dedicated pangenome for Indian cattle (Bos indicus) remains a
critical gap, particularly significant given the genomic and adaptive distinctiveness of Bos
indicus breeds. The publication of diverse human pangenomes has demonstrated that complex
mammalian genomes contain substantial ancestry-specific variation (Sherman et al., 2019),
suggesting that a Bos indicus-specific pangenome would similarly reveal variation invisible to
Bos taurus-centric references, and we therefore aimed to: (1) characterize Non-Reference
Novel Sequences (NRNS) from short reads and Non-Reference Unique Insertions (NUIs) from
linked reads; (2) quantify synteny and rearrangement hotspots; and (3) establish a public
database, GauPanDB, to facilitate future breeding and evolutionary research.

Materials & Methods

In this study, we constructed a Bos indicus pangenome using a combination of standard whole-
genome sequencing (WGS) and 10x Genomics linked-reads from five prominent Indian breeds
(Gir, Tharparkar, Kankrej, Sahiwal, and Red Sindhi). While 10x Genomics technology
provides 'synthetic' long-read information by barcoding short reads derived from long DNA
fragments, it remains fundamentally limited by its reliance on [llumina short-read sequencing.
It should be noted that the reliance on short-read and linked-read data, in the absence of true
long-read sequencing technologies such as PacBio HiFi or Oxford Nanopore, represents a
limitation of this study, as long reads are better suited for resolving repetitive regions, large
structural variants, and complex genomic rearrangements that might be missed or
misassembled with shorter reads.

Identification of Non-Reference Novel Sequences (NRNS). A total of 68 female cattle were
sequenced using the Illumina platform, and short reads were processed using the custom
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PanGA pipeline (Sherman et al., 2019), which integrates fastp, Bowtie2, and Samtools for
processing, MaSuRCA for assembly, and CD-HIT for clustering (identity threshold: 0.95) for
NRNS identification . Functional characterization was performed via BLASTp against the
ARS UCD 1.2 annotation and cross-referenced with the Cattle QTL Database. To assess
utility, [llumina reads from 30 individuals sequenced in the study, were aligned to both the
standard Brahman reference and the new pangenome. Variants were called using Picard and
GATK, with high-confidence SNPs (QUAL > 30, QD > 2) compared across references to
evaluate improvements in mapping quality and detection accuracy.

Linked-Read Assembly and Structural Variant Analysis (NUI). Genomes from five
representative breeds were assembled using Supernova v2.1.1 , with Non-Reference Unique
Insertions (NUIs) identified via the Wong et al. (Wong et al., 2018) pipeline. Validation
employed 30X short-read data from 98 individuals mapped to pseudo-haplotypes using BWA-
MEM2. NUI presence was defined by >80% coverage and >90% identity; variants with MAF
< 5% were excluded to define Bos indicus Common Insertions (BICIs). Coding potential was
assessed using Augustus (Hoff & Stanke, 2019). Transcriptional activity was verified by
mapping RNA-Seq data generated on illumina platform (n=47) to BICIs using STAR and
StringTie, followed by QTL association analysis.

Synteny and Evolutionary Analysis. Assembly contiguity was enhanced using ARCS v1.2.4
and reference-guided refinement via RagTag v2.1.0 (Liu & Xie, 2024) against the Brahman
reference (UOA Brahman 1), with completeness verified by BUSCO (Seppey et al., 2019).
Genomic rearrangement analysis was performed using SyRI (Goel et al., 2019). Structural
variation was quantified using synteny diversity (pi_syn) (Jiao & Schneeberger, 2020),
calculated as the average proportion of non-syntenic sites in 5 kb sliding windows. Regions
with pi_syn > 0.5 were designated as rearrangement hotspots (HOT regions). Evolutionary
conservation was assessed against BUSCO mammalian orthologs, while functional divergence
in HOT regions and Immune Gene Clusters (IGCs) was explored via GO enrichment using
clusterProfiler (Yu et al., 2012).

Development of GauPanDB. To facilitate access, we developed GauPanDB, a repository built
on the LAMP architecture (Linux, Apache, MySQL, PHP) (Li et al., 2019). The interface
integrates JBrowse for visualization and NCBI BLAST for homology searches, hosting the Bos
indicus pangenome, assemblies of five breeds , and comparative genomic datasets.

Results

Identification of Non-Reference Novel Sequences (NRNS). Processing whole-genome data
from 68 desi cattle via the PanGA pipeline revealed 13,065 Non-Reference Novel Sequences
(NRNS), capturing 40.97 Mb of genomic content absent in the standard ARS-UCDI1.2
reference. These sequences range from 1 kb to 58.7 kb (N50: 4,629 bp) and harbor 1,453 non-
redundant genes. Functional analysis indicated that 500 of these genes map to known
Quantitative Trait Loci (QTLs), with a notable enrichment (33.2%) for milk production traits,
highlighting the genomic basis of desi dairy performance.

Benchmarking against 30 independent samples demonstrated the pangenome’s superior utility.
Inclusion of NRNS improved the average read mapping rate from 97.29% to 98.62%.
Crucially, this enhanced reference eliminated 133,989 spurious SNPs associated with reference
bias while enabling the discovery of 314,498 novel SNPs, significantly refining the resolution
of Bos indicus variation.



Linked-Read Assembly and Structural Variant Analysis (NUI). To resolve complex
structural variants, we assembled genomes for five representative breeds (Gir, Tharparkar,
Kankrej, Sahiwal, Red Sindhi) using 10x Genomics linked-reads. A dual discovery approach
(NUI pipeline + multi-assembly graph) identified a high-confidence intersection of 6,844
breakpoint-resolved Non-Reference Unique Insertions (NUIs), spanning 7.57 Mb.
Genotyping these insertions across a larger population (MAF > 5%) yielded a refined set of
2,312 Bos indicus Common Insertions (BICIs). While 50% of BICIs were small (<286 bp),
they are functionally significant: they intersect 754 genes (682 protein-coding). Integration
with the Cattle QTL Database linked 539 of these genes to 3,368 known QTLs, suggesting
these common insertions drive phenotypic variation in production traits.

Synteny, Conservation, and Immune Hotspots. Reference-guided scaffolding anchored
93.3%-96.7% of the desi genomes into pseudomolecules, achieving high annotation
completeness (BUSCO: 94.0-95.5%). While overall synteny with the Brahman reference was
high (87-95%), we identified significant structural divergence, including 14.9-144.0 Mb of
translocations.

To quantify this divergence, we calculated synteny diversity (pi_syn). We identified 10,643
perfectly conserved regions (pi_syn = 0) containing genes with high mammalian orthology
(41%). In contrast, we defined 6,622 Hotspots of Rearrangement (HOT regions) (pi_syn > 0.5)
spanning 55.2 Mb. These HOT regions are gene-sparse but functionally critical; Gene
Ontology (GO) analysis of the 2,794 genes within them revealed a strong bias toward
immunological responses and cell-cell adhesion. Notably, major Immune Gene Clusters,
including the Major Histocompatibility Complex (MHC), Leukocyte Receptor Complex
(LRC), and Natural Killer Complex (NKC), co-localize with these rearrangement hotspots.
This suggests that genomic instability in these regions may contribute to immune adaptation in
desi cattle.

GauPanDB Resource. All identified sequences, variants, and annotations are hosted on
GauPanDB (http://158.144.186.25/). The database features a graphical interface with
integrated JBrowse and BLAST tools, providing the research community with direct access to
the Bos indicus pangenome.

Discussion

In this study, we developed a pangenome for desi cattle, demonstrating that the integration of
41 Mb of Non-Reference Novel Sequences (NRNS) significantly refines read alignment and
reveals hidden genetic variation compared to the standard Brahman reference. By
characterizing structural variants (NUIs) across five breeds, we highlight substantial genomic
divergence between indigenous Indian breeds and Brahman cattle, with a high prevalence of
private variants. This pattern mirrors findings from our NRNS analysis as well as from human
and other pangenome studies. Evolutionary analysis revealed a distinct genomic organization
where perfectly collinear regions preserve conserved gene functions, while "HOT regions" of
structural instability co-localize with major Immune Gene Clusters (MHC, LRC, NKC). This
overlap suggests that localized genomic rearrangement may contribute to immune diversity
and adaptation in desi cattle.

Conclusions

Our construction of a dedicated Bos indicus pangenome reveals substantial novel genetic
diversity previously hidden in standard cattle references. Beyond uncovering functional
variants specific to Indian milch breeds, this study provides the research community with a



crucial public resource. This genomic foundation is essential for future efforts in improving
the productivity and resilience of indigenous cattle.
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