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ABSTRACT
The bovine leukocyte antigen (BoLA) comprises four regions that contain a high density of polymorphic genes and frequently 
show gene copy number variations (CNV). Therefore, genotyping BoLA using genome-wide resequencing is difficult. This study 
aimed to develop four probe sets for resequencing of the BoLA region using a hybridization capture target next–generation se-
quencing (NGS) method. This proof of concept showed and discussed the several applications of the used strategy. DNAs from 
nine Japanese Black cows and one Holstein cow were genotyped for BoLA-DRB3 using PCR sequence-based typing (SBT). DNA 
libraries were constructed using the KAPA HyperPlus Kit, and BoLA DNA sequences were enriched using the SeqCap EZ kit 
and four custom-made probes. Based on preliminary results, the probe set BoLA2 was selected for further analysis. This analysis 
resulted in a mean coverage of 90.8% with an average depth of 108 reads. A total of 113,646 SNPs and 17,995 indels were detected, 
several of which have previously been described in the dbSNP database. This allowed the genotyping of class II genes, including 
BoLA-DRB3. A comparison between target resequencing and PCR-SBT assays did not show conflicts between the BoLA-DRB3 
genotyping results. CNV analysis based on read number inferred that the BoLA-DQA1, BoLA-DQA2, BoLA-DQA5, and BoLA-
DQB genes would be present in the homozygous or heterozygous states or absent, allowing for the definition of four class II and 
three class I haplotypes. In addition, CNV of non-classical class I genes were also observed. In conclusion, results show that 
approach used in this study is a cost–effective strategy for sequencing large samples for many research purposes.

1   |   Introduction

The major histocompatibility complex (MHC) is one of the most 
polymorphic regions in the vertebrate genome and plays a major 
role in host immune responses against pathogens [1]. The bo-
vine MHC, named bovine leukocyte antigen (BoLA), is located 
on chromosome 23 and comprises: class I, which expands into 
a region of approximately 3 Mb and includes genes involved in 
primarily presenting antigen peptides to CD8+ T cells; class III, 

which extends into a region of approximately 1.92 Mb and in-
cludes genes related to immune response such as complement, 
cytokines, and heat shock proteins; and class II, which was found 
within two regions, designated IIa and IIb [2]. Despite general 
structure being maintained during the evolution, from fish to 
mammals, a major rearrangement within the class II region 
has led to the division of the BoLA region into two subregions, 
class IIa and class IIb, that expand throughout 0.26 and 0.60 Mb, 
respectively. The class IIa subregion contains the functionally 
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expressed DR and DQ genes, whose gene products contain pro-
cessed peptides derived from extracellular antigens to CD4+ 
T-helper cells. In contrast, the class IIb molecules are involved 
in the processing and transport of antigen peptides within the 
cell [2, 3]. Other relevant characteristics of this complex are the 
extensive polymorphisms present in several of its genes, which 
have been hypothesized to be maintained by balancing or over-
dominance selection [4, 5], and the gene copy number variations 
between BoLA haplotypes [6–10]. In the Class II region, genes 
like BoLA-DRB3, BoLA-DRA, and BoLA-DQB1 are consistently 
found across all haplotypes reported to date. However, other 
genes such as BoLA-DQB, BoLA-DQA2, and BoLA-DQA5 ex-
hibit variability, being present in some haplotypes and absent 
in others. Similarly, in the Class I region, there is considerable 
variation in the number and combination of classical and non-
classical Class I genes among different haplotypes [6].

In particular, BoLA-DRB3 alleles were associated with re-
sistance/susceptibility to infectious diseases, such as virus-
induced lymphoma and proviral load in bovine leukaemia virus 
(BLV) infections, somatic cell counts in milk in mastitis, endo 
and ectoparasites, dermatophilosis, immune response traits, re-
sponses to vaccination, and production traits (e.g., milk yield). 
Furthermore, BoLA-DQA1 has been associated with the provi-
ral load in BLV infection and mastitis [11].

Owing to the main features described above, the study of MHC 
has generated growing interest during the last decades for evo-
lutionary biologists and researchers interested in population 
genetics, animal health, and production. Genotyping of MHC 
genes is of great interest for many purposes such as understand-
ing the response to infectious diseases as well as population and 
evolutionary studies. However, genotyping efforts have mainly 
focused on the analysis of a few class II (BoLA-DRB3, BoLA-
DQA, and BoLA-DQB) and Class I (BoLA1, BoLA2, BoLA3, and 
BoLA-NC1) genes [12] because the complicated genomic struc-
ture of the MHC regions is difficult to analyse [2, 13–18]. During 
the last decades, three types of methods have been used to anal-
yse at the molecular level the BoLA class II variability [18], based 
on polymerase chain reaction (PCR)-restriction fragment length 
polymorphism (RFLP) [19], PCR-sequence-based typing (PCR-
SBT) [13–16], and amplicon next-generation sequencing (NGS) 
[17] based assays. The PCR-RFLP was popular due to its simplic-
ity and cost–effectiveness. However, its accuracy was limited 
because it couldn't distinguish between closely related alleles at 
the nucleotide or amino acid level. The PCR-SBT assay improved 
accuracy by directly sequencing the PCR products, allowing for 
precise detection of alleles based on their nucleotide sequence, 
and the identification of amino acid motifs. In this method, the 
alleles were determined by comparison with reported allele da-
tabases. However, the PCR-SBT has the disadvantage that unex-
plained results and the presence of putative new variants have 
to be confirmed by cloning and Sanger sequencing. The benefits 
of using amplicon NGS for analysing BoLA class II genes. This 
approach is that allows the determination of the phase of multi-
ple polymorphic sites within the second exon. This is crucial for 
increasing the accuracy of allele detection, without the need for 
validation by cloning and sequencing.

New NGS methods allow for the simultaneous analysis of mil-
lions of DNA or cDNA fragments from the whole genome to 

several selected genes, specific gene regions, or a bulk tran-
scriptome in a single test [20]. In 2009, the first draft version 
of the bovine genome was published [21], and for each year 
thereafter whole-genome NGS resequencing was performed 
every year [22–27]. Compared to whole-genome sequencing 
(WGS), targeted NGS aims to achieve ‘targeted enrichment’ 
of genome subregions to significantly reduce the sequencing 
of genomic loci of interest (sequencing coverage), increase the 
number of reads by genomic position (sequencing depth), and 
reduce costs and effort [28]. Increasing the depth of sequenc-
ing is crucial for guaranteeing the accuracy and precision of 
variant (single nucleotide polymorphisms (SNPs) and indels) 
detection, avoiding false positives, and providing higher sen-
sitivity to call rare variants. Highly consistent detection of 
informative genetic markers is critical for the detection of ge-
netic traits and disorders. Applications of targeted NGS meth-
ods include exome sequencing, genotyping for parentage or 
trait analysis, inherited disease research, identification of rare 
variants, microbiome and environmental DNA sequencing, 
and methylation analyses. Currently, different enrichment 
assays are available, such as restriction site-associated DNA 
sequencing (RADSeq) assays that use a non-targeted genotyp-
ing by sequencing (GBS) approach that sequences the DNA 
adjacent to restriction enzyme sites, GBS methods that are 
based on multiple amplicon enrichment, and hybridization 
captures target regions that sequence region capture using a 
set of probes [29, 30].

Thus, progress in genotyping using SNP arrays and WGS has 
successfully accelerated the implementation of genomic se-
lection to identify genetically superior cattle at an earlier age 
[31, 32]. However, the score for the current genomic selection 
may not reflect most BoLA alleles, although various economic 
traits in cattle are associated with these alleles [11]. Because 
the SNP array cannot set probes in complicated genomic re-
gions, including the coding regions of BoLA genes, to deter-
mine BoLA alleles, the objective of this study was to develop 
and validate four sets of probes, designed based on the bovine 
genome versions of ARS-UCD1.2 and UMD3.1, for resequenc-
ing of the BoLA region using a hybridization capture target 
NGS method. In this proof of concept, the several applications 
of this type of assays were discussed, showing that it could be 
a useful tool for deep analysis of the entire genetic diversity 
and structure of BoLA, a crucial region involved in the immune 
response, at the population level, to identify copy gene number 
variations (CNV) in the different haplotypes, as well as for fur-
ther detailed association analysis of regions found in genome 
wide association study (GWAS) studies and direct identifica-
tion of the genes responsible for resistance/susceptibility to in-
fectious and autoimmune diseases.

2   |   Methods

2.1   |   Animals

At the beginning of the study, nine Japanese Black cows 
and one Holstein cow with known BoLA-DRB3 genotypes 
were selected from a large sample size (NJapanese Black = 507, 
and NHolstein = 143) that was genotyped for the BoLA-DRB3 
gene using the PCR-SBT in a previous work of our research 
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group [8] (Table  1). This study was approved by the Animal 
Ethical Committee, and the Animal Care and Use RIKEN 
Animal Experiments Committee (approval number H29-
2-104). Genomic DNA was extracted from whole blood using 
Wizard Genomic DNA Purification Kits (Promega KK, 
Tokyo, Japan), according to the manufacturer's recommen-
dations. For BoLA-DRB3 genotyping, the BoLA-DRB3 sec-
ond exon was amplified by PCR using primers DRB3FRW 
(5′-CGCTCCTGTGAYCAGATCTATCC-3′) and DRB3REV 
(5′-CACCCCCGCGCTCACC-3′), and purified PCR fragments 
were sequenced using the ABI PRISM BigDye1.1 Terminator 
Cycle Sequencing Ready Reaction Kit (Applied Biosystems; 
Foster City, CA, USA). Raw sequence data were analysed using 
the Assign 400ATF ver. 1.0.2.41 software (Conexio Genomics, 
Fremantle, Australia) to determine the BoLA-DRB3 genotype. 
This strategy allowed the inclusion of cows that contained 10 
of the most abundant BoLA-DRB3 alleles in Japanese Black 
and Japanese Holstein [8] (Table 1).

2.2   |   Assay Design and NGS Sequencing

Four sets of probes (Set1, Set4, BoLA1, and BoLA2) were devel-
oped to resequence the BoLA region (Table 2). The Set1 and Set4 
were designed based on the UMD3.1 bovine genome ensem-
bles, where the BoLA1 and BoLA2 sets were constructed using 
the ARS-UCD1.2 cattle genome version. Set1 and BoLA1 cover 
only the selected genes located within a 6.2 Mb and 4.2 Mb of 
the BoLA region, respectively, while the target of the Set4 and 
BoLA2 sets include the whole 6.2 Mb and 4.2 Mb sequences of 
the BoLA region, respectively. The difference in coverage (size 
of region analysed) between the developed probe sets is a con-
sequence of the covered regions, the choice of genes included in 
the probe set (selected genes), and the number and placement of 
probes within each gene. While BoLA2 and Set 4 probe sets cap-
ture exonic, intronic and intergenic, BoLA1 and Set 1 probe sets 

capture only the gene region (exonic and intronic). The informa-
tion about target regions included in each probe set is detailed 
in the Table S1.

DNA libraries were constructed from each DNA sample using 
the KAPA HyperPlus Kit (Roche Molecular Systems Inc., San 
Francisco, CA, USA), and BoLA DNA sequences were enriched 
using the SeqCap EZ Kit (Roche Molecular Systems Inc.) and 
a custom-made probe set. These technologies are based on the 
hybridization capture of target regions of genomes specific 
to the researchers' objectives using five biotinylated probes. 
After isolating the probes annealed to complementary frag-
ments with streptavidin-coated beads, library fragments 
were sequenced [29, 30]. The resulting data focused on the 
targeted regions, providing a greater read depth for variant 
identification.

2.3   |   DNA-Seq Data Analysis

Quality control of the DNA libraries was performed using an 
Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA), which produced high–quality libraries suitable for se-
quencing. Libraries were sequenced using a 300 bp paired-end 
method on an Illumina Miseq system (Illumina Inc., San Diego, 
CA, USA) at the Department of Bioinformatics and Genomics 
Laboratory, Kanazawa University (Kanazawa, Japan). The 
quality of the obtained ‘DNA fastq sequences was analysed 
using the FastQC software (FastQC A Quality Control tool for 
High Throughput Sequence Data). Fastq files were processed 
using the GATK Best Practices of the Germline short variant 
discovery (SNPs + Indels) workflow version 4.4.0 (https://​gatk.​
broad​insti​tute.​org/​hc/​en-​us/​artic​les/​36003​55359​32-​Germl​
ine-​short​-​varia​nt-​disco​very-​SNPs-​Indels). Briefly, Illumina 
adapters from the reads were trimmed using the Trimmomatic 
version 0.39 software [33], and thereafter the processed fastq 

TABLE 1    |    Details of analysed animals and the genotypes obtained using PCR sequence-based typing (SBT) and hybridization capture target 
NGS method.

Animal ID Breeda Ageb Sex

BoLA-DRB3 alleles

Determined by PCR-SBT Determined by target NGS

# 1 H 2 ♀ *012:01/*014:01 *012:01/*014:01

# 2 J 5 ♀ *014:01/*016:01 *014:01/*016:01

# 3 J 5 ♀ *016:01/*016:01 *016:01/*016:01

# 4 J 5 ♂ *005:03/*012:01 *005:03/*012:01

# 5 J 1 ♂ *002:01/*015:01 *002:01/*015:01

# 6 J 14 ♀ *007:01/*010:01 *007:01/*010:01

# 7 J 14 ♀ *007:01/*009:02 *007:01/*009:02

# 8 J 13 ♀ *007:01/*014:01 *007:01/*014:01

# 9 J 10 ♀ *011:01/*012:01 *011:01/*012:01

# 10 J 16 ♀ *010:01/*011:01 *010:01/*011:01
aNine Japanese Black (J) cattle and one Holstein (H) cattle were used in this study.
bAge (year) at the time of the sample collection.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-
https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-
https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-
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files were aligned to the ARS-UCD1.2 reference genome en-
semble using the BWA software [34]. SAM and BAM files were 
processed using the SAMtools v1.7 software [35]. The next step 
was to call variants (SNPs and indels) per sample using the 
HaplotypeCaller software to produce GVCFs files for SNPs and 
indels separately, which were consolidated into a GenomicsDB 
database using the GenomicsDBImport tool. Joint genotyping 
was performed using the GenotypeGVCFs tool, the recom-
mended VQSR filtering was applied, and the variants were 
recalibrated using the ApplyVQSR tool to produce the final 
multisample callset in GVCFs for SNPs and indels separately 
for further analysis. Finally, the SNPeff software version 5.1 
(https://​pcing​ola.​github.​io/​SnpEff) was used to annotate the 
SNPs and indels, detect novel polymorphisms, and evaluate 
their effects on the targeted regions. Polymorphisms were visu-
alised using the IGV software [36]. The phases of the multiple 
polymorphic sites present simultaneously in the reads mapped 
on the second exon of BoLA genes were determined, and the 
sequences obtained were then compared against the alleles re-
ported in the IPD-MHC database. This allow to identify which 
alleles are present in each studied animal.

2.4   |   Data Analysis

To evaluate the genetic diversity along the entire BoLA region, 
Minor allele frequencies (MAF) and heterozygosity (he) for 
each SNP were calculated from VCF files using Plink software 
1.9 [37]. Linkage disequilibrium (LD) was estimated within 
each BoLA class region using the command --r2 --ld-window 
1000 --ld-window-kb 1000 --ld-window-r2 0 implemented in 
PLINK 1.9, and visualised using the ggplot R package. The av-
erage and standard deviation of the estimated r2 values were 
calculated for each class region of BoLA using R functions. LD 
analysis linkage blocks among exon 2 of the BoLA class II genes 
were constructed and visualised using the four-gamete block 
(GAM) and solid spine block (SPI) methods implemented in 
Haploview version 4.2 [38].

2.5   |   CNV Identification

The copy number variations (CNVs) in the BoLA genes were 
inferred by comparing the number of mapped reads in the 
genome loci of these genes within and among animals, con-
sidering that the number of reads is correlated with two, one 
or zero copies of a specific gene. The analysis includes class 
IIa genes (e.g., BoLA-DQA, BoLA-DQB) and class I genes (clas-
sic and non-classic). The number of reads mapped to these 
genes is compared within an animal and among different an-
imals to estimate the average depth. Furthermore, comparing 
among animals helps confirm the probe's performance in cap-
turing the locus. Absence of a gene copy is indicated by no 
mapped reads in the locus, while reads are present in upstream 
and downstream sequences. The loci with a single gene copy 
in one animal was inferred because have about half the reads 
compared to upstream and downstream sequences. In addi-
tion, known single-copy loci in the genome (e.g., BoLA-DRB3 
and BoLA-DRA) are also used as internal controls for each 
animal.

3   |   Results and Discussion

3.1   |   Optimal Probe for BoLA Region 
Re-Sequencing by a Hybridization Capture Target 
NGS Sequencing Method

DNA libraries were constructed for 10 cattle samples, as shown 
in Table 1, and then enriched using the four probe sets, Set1, Set4, 
BoLA1, and BoLA2, and finally sequenced. The processed results 
showed that the depth varied from 108 in BoLA2 to 218 in BoLA1, 
whereas the number of SNPs that passed after the data was fil-
tered and recalibrated ranged from 61% in Set1 to 83% in BoLA2 
(Table 2). The results obtained from each probe set were compared 
to evaluate the advantages and disadvantages of each probe set for 
genetic variant discovery studies (reads aligned to a genome and 
depth and uniformity of coverage). In addition, the BoLA2 probe 
set has the advantage that it was developed using the ARS-UCD2.1 
genome assembly which in general has several advantages (more 
continuity, depth, accuracy, completeness, and annotated genes) 
over the UMD3.1 version [39]. Although BoLA1 (which was also 
developed using the ARS-UCD2.1) presented greater depth than 
BoLA2, the latter presented a higher coverage of the BoLA region 
(73% vs. 14%) and a higher percentage of SNPs that passed the fil-
ter (83% vs. 70%) (Table 2). In conclusion, BoLA2 was the optimal 
probe set for BoLA genotyping and was selected for further anal-
yses, as discussed in detail in the following sections. In this proof 
of concept, the several applications of this type of assays were dis-
cussed, showing that it could be a useful tool for deep analysis of 
the entire genetic diversity and structure of BoLA.

3.2   |   Performance of BoLA2 Targeted-NGS Assay

The quantitative and qualitative performance of the BoLA2 
targeted-NGS assay for BoLA region resequencing was evalu-
ated for 10 cattle samples, as shown in Table 1, using the FastQC 
software (output files were uploaded at https://​osf.​io/​kbavc/​​
files/​​osfst​orage​). These analyses showed a total of 25.9 million 
reads, with an average of 2.59 million reads per sample, ranging 
between 1.80–3.26 million (Table S2). A low percentage of over-
represented sequences, which corresponded to Illumina uni-
versal adapters, were detected, and 83%–89% of the sequences 
remained if they were deduplicated. Most of the sequences had a 
length between 250 and 350 bp, maintaining average Phred val-
ues per base higher than 28 until nucleotide position 150–210. In 
conclusion, these results demonstrated the high performance of 
the BoLA2 targeted-NGS assay.

Of the 3.97 Mb of the target region captured by the BoLA2 
targeted-NGS assay, a mean of 90.8% was successfully mapped 
to the ARS-UCD1.2 genome, ranging from 89.9 to 91.9 among 
samples, whereas the average depth of 108 after deduplicated 
sequences, ranging from 68 to 143 among samples (Table  3). 
These values were higher than the threshold (10–20×) used by 
some laboratories for the detection of germline heterozygous 
variants, and similar to the recommended minimum read 
depth (100×) for detecting variants in exon sequencing to reach 
a reliable variant call [40, 41]. As expected, the sequencing 
depth obtained in the present work were higher than the mean 
values reached in whole bovine genome resequencing studies 

https://pcingola.github.io/SnpEff
https://osf.io/kbavc/files/osfstorage
https://osf.io/kbavc/files/osfstorage
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[25, 42–46], but was in the same range as other previously re-
ported studies based on different target NGS assays [47–50].

3.3   |   BoLA Genetic Diversity

The BoLA2 probes designed for the MHC region allowed us 
to capture and resequence a 4,158,686 bp target region that in-
cluded the entire BoLA region: class I, class III, class IIa, and 
class IIb (Table  4). This analysis identified, after applying fil-
ters and recalibrating the data according to the GATK Best 
Practices, a total of 113,646 SNPs in the analysed sample, 45,896 
(40.38%) of which have previously been described in the dbSNP 
database (Table S3). This resulted in an average rate of one vari-
ant every 35 bp, ranging from 4.59 for class IIa to 184 in the class 
III region. Most of these polymorphic sites were biallelic, with 
only 5145 multiallelic variants (4.34%) (Table  S3). The num-
ber of variants detected may depend on different factors such 
as genetic background and the number of animals analysed. 
However, to contextualise the results obtained in this work, 
they are compared below with values previously published by 
other authors. As of 2018, more than 82 million SNPs have been 
identified through whole-genome sequencing of more than 2700 
bulls from 121 breeds that cover a reasonable proportion of the 
world's cattle diversity [26]; several of these SNPs are breed-
specific [51]. If the bovine genome is considered to have a size of 
2.7 Gb (https://​www.​ncbi.​nlm.​nih.​gov/​datas​ets/​genome/​GCF_​
00226​3795.1/​), the number of SNPs reported until 2018 by the 
1000 Bull Genomes Project represents one single polymorphism 
variant every 33 bp, similar to the rate observed in the present 
study, despite only 10 animals from two breeds being analysed, 
as shown in Table  1. This could be evidence of a higher level 
of polymorphism in the BoLA region, mainly in some function-
ally specific sequences, compared to the average of the whole 
bovine genome. Furthermore, more missense changes than si-
lent ones were observed in the functional coding sites (57.40% 
vs. 41.34%), revealing other main characteristics of several BoLA 
genes that may be essential for the recognition of antigens and 

the initiation of the immune response. The number of heterozy-
gous SNP in each animal varied from 19,976 (19.49%) to 36,308 
(35.07%) (Table S4). These values were lower than those previ-
ously reported for Danish Holstein and Hanwoo cattle using 
whole-genome resequencing [24, 25].

Multisample indel calling resulted in the identification of 17,995 
processed variants (8045 insertions and 9950 deletions) in 
comparison to the reference genome ARS-UCD1.2.105, 82,823 
(50.99%) of which correspond to known variants because of 
entries in the dbSNP database. The number of heterozygous 
indel in each animal varied from 2821 (15.68%) to 4976 (27.65%) 
(Table S3).

The SNP/indel rate of 6.58 SNPs was within the range reported 
in previous studies (e.g., 3.36 in Hayes and Daetwyler [26]; 7.96 
in Das et al. [25]; 9.03 in Zhang et al. [27]; 10.02 in Kawahara-
Miki et al. [22]; 10.65 in Choi et al. [23]; 11.75 in Lee et al. [24]). 
Tables 2 and S2 summarise the results obtained for the entire 
BoLA and each class region using the SNPeff software.

3.4   |   Linkage Disequilibrium (LD)

The LD within each class was estimated using the r2 method 
implemented in Plink 1.9 (Figure  1). The average r2 was 
0.183 ± 0.231, 0.229 ± 0.283, 0.226 ± 0.288, and 0.204 ± 0.286 for 
classes I, IIa, IIb, and III, respectively. LD has been extensively 
studied at the whole-genome level in several breeds of cattle, 
including Holstein and Japanese Black, using SNP microarrays 
and NGS data [52, 53]. These studies showed that LD tends to 
decay when genetic distance increases, following an inverse ex-
ponential curve. The LD results obtained in the present work 
for classes I, IIb, and III exhibited an expected LD distribution 
with r2 values; however, class II showed an atypical trend with 
low LD until a distance of 60 kb and two peaks of r2 higher than 
0.7 between 60 and 100 kb (Figure 1A–D). The LD among the 
second exons of BoLA class II genes is shown in Figure 2. These 
results indicate the presence of long linkage blocks in this BoLA 
class, but with low r2 values at short distances because of the high 
variability within these blocks. Similar results were reported by 
Fukunaga et  al. [9] who found a strong LD in the absence of 
BoLA-DQB2 (DQB2*deletion) and BoLA-DQA5 (DQA5*deletion) 
and the presence of the BoLA-DRB3*27:03 allele. Analysis of a 
large sample size is necessary to confirm the observed LD pat-
tern for the class IIa region. Elucidating this point is important 
for understanding the structure and evolution of BoLA and de-
termining its effect on GWAS studies.

3.5   |   Copy Gene Number Variation

As mentioned above, one of the main characteristics of the BoLA 
complex is the CNVs between BoLA haplotypes within and 
among breeds [2, 8, 9]. CNVs were detected based on the dif-
ference between the probe signals obtained using microarrays 
or the TaqMan Copy Number Assay; however, the development 
of NGS allowed them to detect CNVs by counting the mapped 
reads from two individuals and reporting regions that exhibited 
statistically significant read depth differences [54]. Compared to 
previous methods based on SNP chips and aCGH for detecting 

TABLE 3    |    Total number of SNPs and INDELs detected in the ten 
cows in the whole bovine leukocyte antigen (BoLA) region within 
different types of genomic regions using the BoLA2 targeted NGS assay.

Type of genomic 
region

Number of 
SNPs (%)

Number of 
INDELs (%)

Downstream 30,445 (14.97) 4,680 (15.07)

Exon 7,840 (3.86) 545 (1.75)

Intergenic 73,500 (36.15) 11,429 (36,79)

Intron 58,455 (28.75) 9,078 (29.22)

Splice site acceptor 18 (0.009) 3 (0.01)

Splice site donor 29 (0.01) 6 (0.02)

Splice site region 601 (0.30) 72 (0.23)

Upstream 29,985 (14.75) 4,830 (15.55)

3´ UTR 1,715 (0.84) 325 (1.05)

5´ UTR 736 (0.36) 91 (0.29)

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_002263795.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_002263795.1/
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CNV, NGS has many advantages in terms of both CNV numbers 
and sizes because the sequencing approach overcomes the sensi-
tivity limits of previous methods and can more precisely identify 
CNV boundaries [55].

Different class IIa genes have been annotated in the ARS-UCD1.2 
genome version, such as BoLA-DRB3 (Chr23: 25,723,691—
25,734,819), BoLA-DRB2 (Chr23: 25,795,927—25,828,806), 
LOC100848815 (Also known as BoLA-DQA1; Chr23: 
25,691,259—25,695,296), BoLA-DQA2 (Chr23: 25,582,895—
25,589,220), BoLA-DQA5 (Chr23: 25,631,993—25,643,886), 

BoLA-DQB (Chr23: 25,607,491—25,620,857), BLA-DQB (Also 
known as BoLA-DQB1; Chr23: 25,672,687—25,680,507), 
BoLA-DRA (Chr23: 25,838,391—25,843,092), and BoLA -DRB 
(BoLA-DRB1 pseudogene; Chr23: 25,768,250—25,780,395). 
Furthermore, genes such as BoLA-NC2, BoLA-NC4, the BoLA 
pseudogene, BoLA-NC3, BoLA3, BoLA-NC10, BoLA-NC1, and 
BoLA2 were mapped to the class I region.

The number of reads mapped for each class II and I gene was 
compared among the 10 analysed cattle to identify putative 
gene copy variations. This analysis revealed that BoLA-DQA2, 
BoLA-DQB, BoLA-DQA5, and BoLA-DQA1 class II genes were 
present in two gene copies, in hemizygous state (only one copy), 
or completely absent, depending on the individual samples, 
which allowed us to define four class II haplotypes (Figure 3). 
The IGV image captures presented in Figure  4 illustrate this 
analysis, showing the regions belonging to class II, including 
BoLA-DQB—BoLA-DQA5 (Figure 4A), and class I, comprising 
the pseudogene BL3-7 (Figure  4B) in two samples, with zero 
and two copies of these genes. These results agree with the data 
recently published by Fukunaga et al. [9]. These authors used 
the TaqMan Copy Number Assay to evaluate the copy num-
ber within the BoLA region based on the analyses of only six 
class II genes and reported three class II haplotypes in Japanese 
Holstein cattle according to the presence or absence of the 
BoLA-DQB, BoLA-DQA2, and BoLA-DQA5 genes. In addition, 
analyses of the class I region demonstrated that BoLA-NC4, 
BoLA pseudogene, and BoLA-NC3 class I genes were present in 
homozygous or heterozygous states or absent, depending on the 
individual samples, indicating the presence of three class I hap-
lotypes (Figure  3). Furthermore, combining the results of the 
copy numbers and alleles obtained by targeted NGS based on 
multiplex PCR, they identified nine BoLA haplotypes in class I 
and class II genes among the 10 analysed cattle (Figure 3).

BoLA alleles could not be distinguished between BoLA-DQA 
and BoLA-DQB using the IPD-MHC Database. Previous stud-
ies inferred the number of alleles and assigned the variants to 
putative copies by phylogenetic tree analysis [8, 56, 57]. In con-
trast, using NGS, alleles can be identified and directly assigned 
to a specific gene copy by analysing the mapped reads without 
inferences. This will contribute to determining the BoLA haplo-
types and examining these variations in resistance to infectious 
diseases.

The class I region extension is considerably larger and more 
complex than that of class II. To date, the bovine section of the 
IPD-MHC contains six classical and 10 non-classical genes (up-
dated on May 22, 2024). However, the number of copies and 
their combinations varied according to the class I haplotypes 
[6]. Moreover, these genes were not completely annotated in the 
latest version of the cattle genome. To solve this, the number of 
count reads mapped in different classical and non-classical class 
II genes were compared among samples to determine the pres-
ence or absence of each gene, identifying three putative haplo-
types; nine haplotypes were determined when class II and class 
I information were combined (Figure 3). In addition, polymor-
phic phases were determined and the allelic sequences of these 
genes were assigned to a particular gene using the BLAST tool 
implemented on the IPD-MHC webpage. Thus, the genome po-
sitions of these genes are still unclear, and the developed assay 

FIGURE 1    |    Trend of the linkage of disequilibrium (LD), measured 
through the r2 index, between single nucleotide polymorphisms (SNPs) 
within Bovine leukocyte antigen (BoLA). (A) class I, (B) class IIa, (C) 
class IIb, and (D) class III. Arrows indicate the two peaks of r2 higher 
than 0.7 between 60 and 100 kb observed in the class IIa LD analysis.
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would contribute to increasing our knowledge about the struc-
ture of class I. Further analysis including a large sample size is 
necessary to elucidate this issue within different cattle breeds.

3.6   |   Gene Genotyping

In the present study, the processed Fastq files obtained using 
the BoLA2 targeted-NGS assay were aligned to the ARS-
UCD1.2 reference genome ensemble, and the SAM/BAM files 
were performed. By inspecting overlapping forward and re-
verse reads, the phases of the multiple polymorphic sites present 

simultaneously in the second exon of these BoLA genes were 
determine (Figure 5). The consensus sequences obtained from 
the second exon are then compared against the alleles reported 
in the IPD-MHC database. This step helps in identifying which 
specific alleles are present.

The 10 cattle included in the present study were first genotyped 
for the BoLA-DRB3 gene using PCR-SBT which included 10 
alleles in total (Table 1). A comparison between the two meth-
ods showed no conflicts between their results, inferring the 
same BoLA-DRB3 genotypes for each animal (Table 1). To date 
more than 386 BoLA-DRB3 alleles have been reported in the 

FIGURE 2    |    Linkage of disequilibrium (LD) analysis performed between the single nucleotide polymorphisms (SNPs) located within the second 
exon of the BoLA class II genes using the four-gamete rule implemented in the Haploview software. The scale of grey indicates the magnitude of r2 
values.

FIGURE 3    |    Schematic diagram of the inferred BoLA class II and class I haplotypes in the studied sample based on the read count mapped to the 
reference genome. On the right side, the animal IDs are indicated.
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IPD-MHC database (accessed on January 5th, 2025). The main 
challenge to the development of a genotyping assay for this and 
other BoLA gene is the ability to identify all reported alleles. In 
the PCR-SBT methods, this genotyping capacity depends on the 
primers design, since mutations in the primer sequences would 
make amplification of some alleles difficult. This has been ex-
tensively discussed in previous works [13–16]. By contrast, the 
assay development in the present work employs probes to en-
rich genomic DNA for target regions and then the DNA is se-
quenced using the adapters added during library construction. 
As described in Table S1, target sequences are much longer than 
primer sequences, which increases the probability of being able 
to capture all target regions included in the design, regardless 
the alleles present in BoLA genes.

As mentioned above, BoLA alleles were not distinguished 
among the BoLA-DQA and BoLA-DQB genes in the IPD-MHC 
Database; however, the developed targeted NGS assay al-
lowed simultaneous determination of the genotypes of other 
BoLA genes (Table  4). In the present study, four BoLA-DQA2, 
one BoLA-DQA5, one BoLA-DQB, 14 BoLA-DQB1 (including 
nine novel alleles that must be confirmed), eight BoLA-DRB1 

pseudogene, and two BoLA-DRB2 and three BoLA-DRA genes 
were identified and assigned to a specific gene copy. Regarding 
class I genes, the allele diversity varied from one in BoLA-NC3 
and BoLA-NC10 to several in BoLA2 in the analysed sample 
(Figure 3). Sequencing many animals using the BoLA2 targeted-
NGS assay would allow the estimation of linkage disequilibrium 
between different genes and the determination of haplotypes 
present in a particular breed.

The alleles of BoLA class I and class II genes are defined by the 
extensive polymorphisms present in their second exon, which 
encodes antigen binding sites (ABS). However, the targeted 
NGS method developed in the present study allows the re-
sequencing of the entire region and analysis of polymorphisms 
present in other regions of interest for their biological functions. 
Recently, the annotation of functional regulatory elements in 
cattle was reported by Goszczynski et al. [58] in the context of 
the International Functional Annotation of Animal Genomes 
Consortium (FAANG; www.​faang.​org). This work confirmed 
the presence of the upstream regulatory region (URR) of the 
BoLA-DRB3 gene that is located upstream of the initiation of 
transcription and is composed of highly conserved sequence 

FIGURE 4    |    IGV software capture showing the phase of different polymorphic sites.

FIGURE 5    |    IGV software capture showing the haplotype phases of the BoLA-DRB3 second exon.

http://www.faang.org
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motifs that include from 5′ to 3′ the W, X, Y, CCAAT, and TATA 
boxes. Polymorphisms in URR can affect the expression levels of 
this genes. Analysis of the URR of the BoLA-DRB3 gene revealed 
the presence of six SNPs (four of which are known polymor-
phisms) [59, 60], that result in 11 URR sequences. Simultaneous 
genotyping of regulatory regions and ABS could be relevant for 
studying the linkage disequilibrium and coevolution of these 
important functional regions.

3.7   |   Balance Among Cost, Coverage, Depth 
and Accuracy of Polymorphism Detection

The output of NGS sequencer depend of the used instru-
ments. High-end NGS instruments can produce up to 8 tera-
bytes per flow cell. For genome assembly like ARS-UCD2.0 
(2.8 gigabytes), over 0.2 terabytes are need to sequence to get 
the recommended depth (100×) for accurate detecting vari-
ants [40, 41]. Considering the coverage of the BoLA2 probe 
set (4.2 Mb), this output is enough to sequence more than 450 
samples with a 100× depth, optimising cost (more than 1000 
dollar vs. less than 150 dollar per sample) and reducing com-
puting and storage needs.

In conclusion, the results of the present work showed that the 
BoLA2 target NGS assay based on probe capture allowed re-
sequencing of the entire BoLA region with high quality, more 
than 89% of coverage, and enough depth (higher than 68) to 
detect confidence polymorphisms. This approach is a cost-
effective strategy for sequencing many samples for different 
research purposes, such as estimating the rates of genetic 
diversity, including the detection of novel polymorphisms, 
alleles, and haplotypes; the level of LD; gene copy variation; 
runs of homozygosity; detection of selection signatures; and 
performing GWAS studies.
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