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Abstract Major histocompatibility complex class I genes
are among the most polymorphic genes characterized. The
high level of polymorphism is essential for generating host
immune responses. In humans, three distinct genomic loci
encode human leukocyte antigen (HLA) class I genes,
allowing individuals to express up to six different HLA
class I molecules. In cattle, the number of distinct genomic
loci are currently at least six, and the number of different
bovine leukocyte antigens (BoLA) class I molecules that

are expressed in individual animals are variable. The extent
of allele variation within the cattle population is unknown.
In this study, the number and variety of BoLA class I
sequences expressed by 36 individuals were determined
from full-length BoLA class I cDNA clones. Twenty
distinct BoLA class I alleles were identified, with only
four being previously reported. The number of expressed
BoLA class I alleles in individual animals ranged between
one and four, with none of the animals having an identical
complement of BoLA class I molecules. Variation existed
in the number of BoLA class I alleles expressed as well as
the composition of expressed alleles, however, several
BoLA class I alleles were found in multiple individual
animals. Polymorphic amino acid sites were analyzed for
positive and negative selection using the ADAPTSITE
program. In the antigen recognition sites (ARS), there were
eight positions that were predicted to be under positive
selection and three positions that were predicted to be under
negative selection from 62 positions. In contrast, for non-
antigen recognition sites (non-ARS), there were three
positions that were predicted to be under positive selection
and 20 that were predicted to be under negative selection
from 278, indicating that positive selection of amino acids
occurs at a greater frequency within the antigen recognition
sites.
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Introduction

Major histocompatibility complex (MHC) genes encode
surface glycoproteins that bind peptides derived from both
the host and associated pathogens. MHC molecules present
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these peptides to T cells through T cell receptors. There are
two types of classical MHC molecules, MHC class I and
MHC class II. MHC class I molecules present endogenous
peptides between 8–10 amino acids in length to CD8+
cytotoxic T cells, whereas MHC II molecules present
exogenous peptides between 12–15 amino acids in length
to CD4+ helper T cells. The differences in antigen
presentation by MHC class I and MHC class II molecules
allow the immune system to differentiate intracellular and
extracellular pathogens. In humans, there are three distinct
genomic loci that encode classical MHC class I molecules,
HLA-A, HLA-B, and HLA-C, allowing individuals to
express between three and six functionally distinct MHC I
molecules. Other animal species also express three different
MHC class I loci, swine SLA-1 SLA-2, SLA-3 (Ando et al.
2003) and chimpanzees Patr-A, Patr-B, Patr-C (de Groot et
al. 2000). In contrast, other animal species such as the rat,
mouse, and rhesus macaque have less rigid MHC I
expression, with less or more than three classical genes
with variable numbers (Roos and Walter 2005). This
evidence indicates that consistent expression of the same
three genes may be unusual. The precise number of MHC
class I loci are not known in cattle, although mapping
studies have suggested that there are at least six loci (Ellis
2004). Complicating this issue in cattle is the suggestion
that interlocus recombination occurs in cattle MHC I genes
(Holmes et al. 2003). In addition, BoLA class I alleles have
yet to be assigned to specific genomic loci, and the gene
content of haplotypes (which alleles are found on the same
chromosome) is variable (Ellis et al. 1999). Cattle MHC
haplotypes are well conserved, for example, an A11
haplotype in one animal will almost invariably consist of
the same two alleles in an unrelated animal, which allows
serological typing to be reasonably effective in cattle (Ellis
et al. 1999).

The ability to express several different MHC molecules
by an individual allows an increased diversity of peptides
displayed for antigen presentation. Increased diversity of
antigen presentation has been demonstrated to be an
advantage to the host against infectious disease. This is most
clearly demonstrated in HIV where heterozygous individuals
delayed acquiring AIDS, whereas homozygous individuals
progress rapidly to AIDS (Carrington et al. 1999). MHC
class I genes are among the most highly polymorphic genes
found in higher vertebrates (Parham et al. 1988). It is
thought that this high degree of polymorphism is a result of
positive selection from infectious agents of protective MHC
alleles. The diversity of MHC molecules within a popula-
tion allows for the survival of the species against infectious
disease, as disease susceptibility is influenced by the
diversity and complement of MHC molecules.

Because MHC restriction plays a critical role in the gener-
ation of specific T cell responses, knowledge of the number of

expressed MHC class I genes, as well as the allele com-
plement in different animal species, is critical. This informa-
tion is particularly important in vaccine development for the
identification of potential candidate peptide epitopes that can
be used in vaccine components or as assay reagents for
quantifying immune responses to vaccines. In addition, MHC
class I allele frequency information at the population level is
useful for determining the effectiveness of epitope-based
vaccines within the population, as a restricted combination of
class I alleles can be found in the majority of the population.
HLA supertypes consist of different HLA alleles that are
capable of binding identical peptide epitopes. For example, in
humans, the A2 supertype includes A*0201, A*202, A*203,
A*204, A*205, A*206, A*207, A*3802, and A*6901 (del
Guercio et al. 1995). In humans, nine HLA supertypes cover
90% of the population (Sette and Sidney 1999).

MHC class I polymorphisms were first determined using
serology. However, serology is not as sensitive as molecular
approaches such as DNA sequencing in detecting and
analyzing MHC class I polymorphisms. Indeed, DNA
sequence data have been used to identify additional poly-
morphisms in cattle from serologically identical samples
(Ellis et al. 1998). Previous BoLA class I sequence data
indicate that multiple BoLA class I alleles exist and that
there is variation in the number of BoLA class I genes
expressed in different animals (Ellis et al. 1999). However,
there is only limited sequence information available for
BoLA class I molecules, with only 58 validated full-length
sequences (http://www.ebi.ac.uk/ipd/mhc/bola/) and several
partial sequences available in GenBank (Bensaid et al.
1991; Brown et al. 1989; Ellis et al. 1992, 1996; Ennis et al.
1988; Garber et al. 1994; Pichowski et al. 1996; Russell et
al. 1996; Ellis 2004). There is limited information regarding
allele composition in individual animals and allele frequen-
cies at the population level. Although, there have been
individual cattle that have been typed both serologically
and molecularly for MHC I (Ellis et al. 2005). To address
these shortcomings, full-length BoLA class I alleles from
36 individual animals within a single herd were analyzed to
determine individual allele expression and population
frequencies. In addition, polymorphic amino acid positions
were examined for positive and negative selection using the
ADAPTSITE program (Suzuki and Gojobori 1999; Suzuki
et al. 2001) using these BoLA alleles as well as the
currently validated BoLA alleles.

Materials and methods

Animals

The 36 animals used in this study for determining BoLA
class I allelic variation in individual animals as well as in
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the herd were Charolais cross cattle from a farm outside
Saskatoon, Canada. Animals were treated in compliance
with the Canadian Council for Animal Care.

Cloning and sequencing of BoLA class I genes

Cattle blood was collected using Vacutainer tubes contain-
ing ethylenediaminetetraacetic acid (EDTA). Peripheral
blood mononuclear cells (PBMCs) were isolated from
whole bovine blood as follows. Blood was centrifuged at
900×g for 20 min. The buffy coat was removed and
resuspended in phosphate buffered saline (PBS)−0.1 M
EDTA. The cells were overlayed on isotonic 60% Percoll
(Amersham Biosciences, Baie dUrfe, QC) and centrifuged
at 1,400×g for 30 min. The PBMCs were washed three
times in PBS-EDTA.

Total RNA was isolated from the PBMCs using the
following method. One milliliter of Trizol (Invitrogen,
Burlington, ON) was placed on PBMCs in a loosened cell
pellet. RNAwas extracted from the Trizol by adding 200 μl
of chloroform, shaking and incubating for 3 min at room
temperature, followed by centrifugation (12,000 for 10 min
at 4°C). The aqueous phase was removed, and the RNA
was precipitated with 500 μl of isopropanol and incubated
for 5 min at room temperature and resuspended in nuclease-
free water. The RNA was further purified with an RNeasy
MinElute column using the manufacturer’s instructions
(Qiagen Mississauga, ON) with DNA removal from the
RNA using DNase 1 (Qiagen) treatment for 15 min at room
temperature. RNA quality and quantity were analyzed using
a 2100 Bio-analyzer (Agilent, Mississauga, ON), and there
was no degradation of the RNA samples.

Total RNA was used to generate cDNA with Superscript
III first strand cDNA synthesis for real-time polymerase
chain reaction (RT-PCR) using the manufacturer’s instruc-
tions (Invitrogen). Full-length cattle MHC class I amplicons
were generated from cDNA by PCR using the primers
Bo21 5′ CATGGGGCCGCGAGC 3′ and Bo3 5′ GGAT
GAAGCATCACTCAG 3′(Ellis et al. 1999). PCR was done
with Accuprime Pfx polymerase (Invitrogen) under the
following PCR cycle conditions with [Mg 2.1 mM]: 95°C
for 5 min followed by 30 PCR cycles, conditions of 95°C
for 15 s, 51.4°C for 30 s, 68°C for 90 s, with a final
extension reaction at 68°C for 7 min. Amplified DNA was
run on a 1% agarose gel, and the DNA band was excised
and purified using a gel purification kit (Qiagen). The PCR
amplified DNA was then ligated into blunt-end TOPO
cloning vectors following the manufacturer’s instructions
(Invitrogen), and competent E. coli cells were transformed
with the ligation mixture and plated on LB kanamycin
plates. Over 600 clones were sequenced, with multiple
clones (up to 20) sequenced from each individual animal
using both M13 forward and M13 reverse primers for each

clone. Potential sequences were generated from at least
three clones. These potential sequences were confirmed by
independent PCR by the discovery of the same sequence in
two or more different animals.

Phylogenetic analysis of BoLA class I sequences

The BoLA class I protein sequences (animo acids 1–339)
with the antigen recognition sites (ARS) removed (sites 5,
7, 9, 22, 24, 26, 58–60, 62–87, 95, 97, 99, 101, 114, 116,
146, 148–150, 152–156, 158–162, 164–166, 168–170, 172,
and 174) were used to construct a phylogenetic tree. First, a
multiple sequence alignment was performed using Clustal
X (Thompson et al. 1997). Phylogenetic analysis was done
using Phylip 3.5 c and based on the amino acid sequences
from positions 1–339 with the ARS amino acid sites
removed. Sequences were bootstapped using 1,000 repli-
cates, distance matrices computed using protein distance,
unweighted pair group method with arithmetic mean
clustering performed to obtain rooted trees, and a consensus
tree determined. The results were displayed using TreeView
(Page 1996).

Analysis of selection at single amino acid sites using
ADAPTSITE

To detect natural selection for both negatively and
positively selected amino acid sites, BoLA class I alleles
starting at codon 1 were analyzed using ADAPTSITE
(Suzuki and Gojobori 1999; Suzuki et al. 2001). Because
ADAPTSITE requires aligned sequences that contain no
gaps, gaps were removed from the gene sequences at
position before the analysis was performed. This was done
by excising the CACTGG DNA sequence corresponding to
a TG insertion in the protein sequence and removing
sequences that contained gaps in the consensus sequence. A
phylogenetic tree was made from the 20 BoLA class I DNA
sequences identified, as well as the validated BoLA class I
DNA sequences obtained from the European Bioinfor-
matics Institute (http://www.ebi.ac.uk/ipd/mhc/bola/) by the
neighbor-joining method on the basis of Tamura–Nei
distances (Tamura and Nei 1993). The human HLA-A, -B
and -C validated sequences and swine SLA class I
validated sequences obtained from the European Bioinfor-
matics Institute were also assessed using the ADAPTSITE
program.

Using the phylogenetic tree, the number of synonymous
and non-synonymous substitutions and the average number
of synonymous and non-synonymous sites for each codon
site were determined using ADAPTSITE-P. The p value
that a given site was positively or negatively selected was
calculated using ADAPTSITE-T using a two-tailed test.
Amino acid sites that potentially represent ARS (sites 5, 7,
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9, 22, 24, 26, 58–60, 62–87, 95, 97, 99, 101, 114, 116, 146,
148–150, 152–156, 158–162, 164–166, 168–170, 172, and
174) were compared to non-ARS codon sites that were
either positively or negatively selected, not significantly
selected, not changed, or codon sites for which the
statistical test could not be conducted (amino acids that
have only one codon).

Statistics

The statistical significance of the differences between ARS
and non-ARS groups was confirmed using Prism GraphPad
statistical software (GraphPad Software, San Diego, CA)
using Fisher’s exact test.

Results

Sequence analysis of transcribed BoLA class I genes
in cattle

RT-PCR amplification was performed on PBMCs isolated
from 36 individual animals with a single herd of Charolais
cattle. Full-length BoLA class I cDNA sequences were
amplified using the PCR primers Bo21 and Bo3 (Ellis et al.
1999). Figure 1 shows the level of polymorphism in the
cattle BoLA class I genes. Twenty different BoLA class I
alleles were identified from the sample population. A Blast
search was performed on the putative BoLA class I gene
sequences and corresponding BoLA class I protein se-
quences. The results from the Blast search revealed that
there was significant sequence homology with other BoLA
class I sequences. However, only 4 of the 20 DNA
sequences (DQ121139, DQ121183, DQ121184, and
DQ121191) shared 100% identity at the nucleotide level.
These sequences have been previously described as
pBoLA-1 for DQ121184 (Brown et al. 1989), as D18.2
for DQ121191 (Davies et al. 1997), 4221.1 for DQ121139
(Ellis et al. 1999), and as D18.1 for DQ121183 (Davies et
al. 1997) and were all identified from the Holstein breed.

The level of polymorphism in the BoLA class I
molecules was very high in certain regions of the BoLA
class I molecule, primarily within the alpha 1 and alpha 2
regions (Parham et al. 1988). These regions contain specific
amino acid positions that are involved in peptide binding
and T cell receptor (TCR) recognition (Parham et al. 1988).
Furthermore, the amino acid positions involved in peptide
binding and TCR recognition display the highest level of
polymorphism as illustrated in Fig. 1. These results are
similar to studies with HLA and SLA class I molecules
where the polymorphism occurs primarily at amino acid
sites involved with antigen presentation.

Possible recombination events between BoLA class I
molecules

There were two instances where there was possible
recombination of BoLA class I molecules. Sequences
DQ121149 and DQ121150 are identical, apart from a small
region in the alpha 2 domain. In addition, sequences
DQ121165 and DQ121170 are identical through the alpha
1 and part of the alpha 2 domain. Both of these instances
are unusual if compared to the other full-length sequences
and suggest recombination.

BoLA class I typing of individual animals

The number of different BoLA class I alleles that were
expressed in individual animals varied between 1–4 alleles
(Table 1). The majority of animals displayed between 1–4
different BoLA class I alleles. The alleles identified in
Table 1 show little evidence of haplotypes, illustrated by
individual alleles occurring in different animals with
different sets of accompanying alleles. Because most cattle
MHC I haplotypes express two alleles, most heterozygous
animals will generate at least four sequences. It is likely that
it reflects the fact that probably only half the expressed
alleles were detected in each case, as indicated by the low
number of sequences from each animal. As only alleles that
were obtained by at least two independent PCRs were
included in the analysis, it is possible that additional alleles
were present in individual animals but not identified and
used in the analyses. This is very likely for animal 28 where
no alleles were identified. Analysis of the allele comple-
ment of each of the 36 animals revealed that no two animals
expressed the identical complement of BoLA class I alleles,
indicating that this group of animals did not represent a
high frequency of a limited number of alleles.

BoLA class I frequency in the cattle herd

The frequency of the 20 different BoLA class I alleles was
determined for the sample population. Eight alleles were
found in two animals (DQ121165, DQ121170, DQ121175,
DQ121180, DQ121184, DQ121190, DQ121196, and
DQ121204), one allele (DQ121206) in three animals, four
alleles (DQ121177, DQ121168, DQ121191, and
DQ121161) in four animals, two alleles (DQ121139 and
DQ121183) in five animals, two alleles (DQ121176
and DQ121149) in six animals, one allele (DQ121193) in
eight animals, one allele (DQ121150) in nine animals, and

Fig. 1 Alignment of the predicted amino acid sequences of the 20
identified BoLA class I genes. A dot indicates a conserved amino acid
codon, and a dash indicates a gap induced to aid alignment. The
sequence alignment was generated using Clustal X

b
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one allele (DQ121144) was found in ten animals. The five
most frequent alleles occurred in 30/36 animals, indicating
the possibility that these sequences might be BoLA super-
types (Sette and Sidney 1999) or may have occurred due to
the similar genetic backgrounds of the animals.

Phylogenetic analysis of BoLA class I alleles

The 20 BoLA class I protein coding sequences (amino
acids 1–339) with the ARS sites removed were used to
create a phylogenetic tree (Fig. 2). The phylogenetic
analysis revealed that the BoLA class I sequences clustered
into three groups. Three distinct groups were observed most
notably in the transmembrane and cytoplasmic regions
(Figs. 1 and 2). It is tempting to speculate that each group
represents the alleles of a locus. However, this hypothesis is
suspect, as the allele distribution found in some animals (8
and 18) contained three alleles in the same phylogenetic
grouping. Therefore, it is unlikely that these groups
correspond to discrete loci.

Detection of natural selection at single amino acid sites

To detect natural selection at individual amino acid sites on
BoLA class I alleles, ADAPTSITE program was utilized on
the 20 BoLA class I alleles that were identified from the
cattle herd together with the validated BoLA alleles from
the European Bioinformatics Institute. Amino acid sites
were characterized as positively or negatively selected if
they reached the 5% significance level. The BoLA class I
amino acid positions were separated into sites potentially
involved in antigen recognition (ARS) and sites that are not

involved in antigen recognition (non-ARS). The ARS
codons chosen were similar to the ARS codons used by
Ando et al. (2003) in a previous study and described in
“Materials and methods”. In the BoLA class I alleles,
positive selection was detected at 11 amino acid sites.
Comparing the values for ARS codons (8 out of 62
positions) versus non-ARS codons (3 out of 278 positions)
revealed that amino acid sites undergo significantly more
positive selection than non-ARS sites (see Table 2). This
result is similar to humans HLA-A, and -B where positively
selected amino acids were found primarily in the ARS with
5 and 12 sites out of 62, respectively. However, for HLA-C,
there were no positively selected amino acid sites detected
at any sites. When the combined swine SLA-1, -2 and -3
class I sequences were analyzed using ADAPTSITE, it was
demonstrated that amino acid sites in the ARS undergo
more positive selection (7 out of 62) than amino acids sites
in non-ARS (2 out of 281). These results are similar to the
results determined in swine previously (Ando et al. 2003).
Because amino acid changes in the ARS can affect peptide
binding and TCR recognition, it would be expected that
amino acids in these sites would undergo more positive
selection than amino acid sites that are not involved in
peptide binding and TCR recognition. In contrast, amino
acid changes in the non-ARS region undergo less selection
compared to the ARS region and, where selection occurred,
it was predominantly negative selection. This was also
observed with human and swine class I molecules.

In cattle, 8 of the 11 positions that undergo positive
selection were found in the ARS at positions 9, 67, 73, 77,
80, 97, 114, and 152. In humans, combining the results
from HLA-A and -B class I molecules, positive selection

Fig. 1 (continued)
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was previously detected in the ARS at 15 amino acid
positions: 9, 62, 63, 67, 69, 80, 81, 82, 83, 95, 97, 114, 116,
152, and 156. In porcine, SLA class I molecules positive
selection was detected in the ARS at seven amino acid
positions: 9, 67, 74, 77, 95, 152, and 156 (Ando et al.
2003). A comparison of amino acid sites in the MHC class I
molecules that undergo positive selection between cattle,
human, and swine illustrates that there is overlap in the sites
that undergo positive selection among the three species
(Table 3).

Discussion

There have been no studies that have characterized the
diversity of BoLA class I molecules at the population level,
however, these studies have been done with human HLA
class I molecules (Ivanova et al. 2001). These population
studies reveal that the high genetic diversity of the HLA
class I molecules within the population and differences in
the frequency of different HLA class I alleles vary between
different ethnic groups (Mori et al. 1997). The limitations
of this study were: (1) the possibility that the primers used
might not amplify all the alleles; (2) the maximum number
of 20 clones per animal was not very many; and (3) some
alleles are only represented at a low level.

In human HLA class I molecules, there are approxi-
mately 1,000 alleles at the three class I loci. It is
hypothesized that the level of diversity and polymorphism

Table 1 BoLA class I typing of individual animals

Animal Total
alleles

Alleles

2 2 DQ121168, DQ121193
3 4 DQ121168, DQ121170, DQ121175,

DQ121193
4 2 DQ121139, DQ121176
5 4 DQ121161, DQ121180, DQ121184,

DQ121193
6 1 DQ121176
7 2 DQ121139, DQ121149
8 3 DQ121139, DQ121144, DQ121150
9 2 DQ121150, DQ121191
10 1 DQ121177
11 2 DQ121149, DQ121183
12 3 DQ121149, DQ121177, DQ121193
13 3 DQ121168, DQ121170, DQ121193
14 3 DQ121150, DQ121177, DQ121196
15 2 DQ121150, DQ121175
16 1 DQ121150
17 3 DQ121161, DQ121165, DQ121193
18 4 DQ121176, DQ121191, DQ121193,

DQ121204
19 2 DQ121144, DQ121149
20 3 DQ121144, DQ121180, DQ121184
21 1 DQ121150
22 3 DQ121176, DQ121204, DQ121206
23 3 DQ121150, DQ121161, DQ121193
24 2 DQ121190, DQ121206
25 1 DQ121149
26 3 DQ121165, DQ121190, DQ121193
27 2 DQ121144, DQ121150
28 0
29 2 DQ121150, DQ121144
30 2 DQ121144, DQ121149
31 2 DQ121139, DQ121144
32 2 DQ121144, DQ121196
33 1 DQ121144
34 2 DQ121139, DQ121176
35 2 DQ121176, DQ121206
36 1 DQ121191

BoLA class I alleles that were found in each individual animal as well
as the number of different alleles found in each animal are displayed
in the table.

Fig. 2 Phylogenetic tree of BoLA class I amino acid sequences with
the ARS sites removed. The BoLA class I protein sequences 1–339,
with the ARS sites removed, were used to construct the phylogenetic
tree. Forks of the tree are labeled with values, which are the
percentage of times the group consisting of the species to the right
of that fork occurred among the trees out of 1,000 bootstrap trees. All
branch lengths are drawn to scale
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in cattle BoLA class I is likely high. Polymorphism was
found in this cattle herd with 20 different BoLA class I
sequences identified in 36 animals. From 20 different
BoLA class I alleles, only four BoLA class I alleles shared
100% identity at the nucleotide level to any known BoLA
class I sequences. It is interesting though that the four
BoLA class I alleles that were previously identified have
been among the first BoLA class I alleles reported and have
been verified by different groups. The four previously
identified BoLA class I alleles were all reported from
Holstein cattle. Our study used Charolais cross, indicating
that there are some shared BoLA class I alleles between
Holstein and Charolais cattle. As only a small number of
BoLA class I alleles identified in this study were previously
identified, our results indicate that polymorphism is likely
high in cattle BoLA class I alleles.

The pattern of polymorphism in cattle BoLA class I
genes determined using ADAPTSITE showed a similar
pattern of positive selection in the ARS as with human and
porcine MHC I sequences. Analysis of human HLA-A, -B,
and -C class I alleles by ADAPTSITE displayed significant
differences between amino acid sites that were positively
selected. One possible reason for these differences is that
these loci experience different selection pressures leading to
differences in amino acid sites that are positively selected.
With cattle, it is currently unknown if there are different
selection pressures on different BoLA class I loci. If BoLA
class I alleles undergo the same selection pressures, it may
explain the difficulties in assigning alleles to loci. The
differences seen in amino acid sites that undergo positive
selection between humans, swine, and cattle likely reflect

different selection pressures of MHC class I molecules
caused by the different pathogens that infect each species.

The ADAPTSITE method has been shown to have a
very low rate of false positives but little power for
identifying positive selection (Wong et al. 2004). Despite
these limitations of ADAPTSITE, it was still able to
identify several positively selected sites in the limited

Table 3 Overlap of positively selected amino acid sites in the ARS
between cattle, humans, and swine

Species Amino acid sites where positive selection was detected in the
ARS

Cattle 9 67 73 77 80
Swine 9 67 74 77
HLA-A 9 62 76
HLA-B 63 67 69 74
HLA-C
Species Amino acid sites where positive selection was detected in the

ARS
Cattle 97 114 152
Swine 95 152 156
HLA-A 81 152
HLA-B 81 82 83 95 97 116 152 156
HLA-C

Amino acid sites that were identified as sites that were positively
selected using ADAPTSITE from cattle, human, and swine MHC I
molecules were compared. Cattle versus human had 4 out of 19
possible sites identical, cattle versus swine had 4 out of 11 possible
sites identical, and human versus swine had 6 out of 16 possible sites
identical. Among the three species, there were three identical sites out
of 19 total sites where positive selection was determined in the three
species.

Positive
selection

Negative
selection

Excludeda No proven
selectionb

No
substitutionc

Number
of sites

Cattle
ARS 8 3 1 39 11 62
Non-ARS 3 20 12 144 97 276
Total 11 23 13 183 108 338
Swine
ARS 7 4 1 36 14 62
Non-ARS 2 14 10 93 160 279
Total 9 18 11 129 174 341
HLA-A
ARS 5 1 3 25 28 62
Non-ARS 0 3 16 77 184 280
Total 5 4 19 102 212 342
HLA-B
ARS 12 2 4 20 24 62
Non-ARS 2 15 9 60 191 277
Total 14 17 13 80 215 339
HLA-C
ARS 0 0 2 17 43 62
Non-ARS 0 4 9 54 213 280
Total 0 4 11 71 256 342

Table 2 Identification of amino
acid sites that undergo positive
and negative selection

Numbers of codon sites where
positive, and negative selection
was determined for ARS and
non-ARS in BoLA class I mol-
ecules using ADAPTSITE. A
2×2 contingency table was
constructed for positive and
negative selection versus ARS
and non-ARS. Differences be-
tween positive and negative
selection for ARS and non-
ARS were also analyzed using
Fisher’s exact test (p<0.01).
aContains sites coding an amino
acid for which there is only a
single codon (Try, Met)
bContains amino acid sites where
no significant difference was
detected between the numbers
of synonymous and non-synon-
ymous changes
cContains amino acid sites
where there was no substitution
found
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number of cattle BoLA class I alleles. Because BoLA class
I alleles have not been assigned to loci, the ADAPTSITE
program was run on the entire set of BoLA class I alleles
without grouping the alleles. Running the data as pooled
loci did not prevent the detection of amino acid sites that
undergo selection.

Phylogenetic analysis on the amino acid sequences of
the BoLA class I genes alpha 3 through cytoplasmic
domains revealed three distinct groups, with notable groups
of sequences in the cytoplasmic domain. However, recom-
bination events over time likely cause mixing of these
cytoplasmic domains, potentially limiting their usefulness
in assigning alleles to loci. More studies generating
haplotype data for cattle as well as gene mapping studies
(Di Palma et al. 2002) to assign sequences to specific
locations on chromosomes including sequencing of BoLA
class I introns will be required to assign alleles to loci.

Between one and four, different BoLA class I alleles
were expressed in individual animals at an unknown
number of loci. Despite not being able to assign BoLA
class I molecules to loci, it is clear that cattle can express
several BoLA class I alleles similar to other animals
including humans, although the numbers are less rigid with
cattle. Further studies of the frequency of BoLA class I
genes expressed at the population level will be useful to
define BoLA class I supertypes, if they exist (Sette and
Sidney 1999). Further sequencing of BoLA class I
molecules from different cattle breeds should allow for the
identification of BoLA class I supertypes. The identification
of BoLA class I supertypes would be extremely useful for
the development of epitope based vaccines for cattle.
Serological data have suggested that there is a different
repertoire of alleles expressed in different cattle breeds
(Mackie et al. 1989; Stear et al. 1987). Understanding the
frequency of different BoLA class I alleles in different
cattle breeds will allow for improved design of vaccines.

This study illustrated that there are both similarities and
differences between BoLA class I and class I MHC alleles
from other species. The polymorphism data generated for
BoLA class I alleles could reflect high polymorphism in
one or more genes and little or none in another. Further
studies will be needed to determine the level of polymor-
phism in BoLA class I genes. The results from the detection
of natural selection at amino acid sites indicate that BoLA
class I molecules undergo similar selective pressure as
human HLA class I and swine SLA class I molecules, with
positive selection being significantly higher in the ARS
compared to non-ARS, indicating similarities in evolution-
ary selection pressure on amino acid sites where positive
selection occurs predominantly in the ARS sites in cattle,
swine, and humans, although there are subtle differences in
the particular amino acid sites due to different selection
pressures. The major differences between BoLA class I

alleles and MHC class I alleles from other species include
the lack of clear loci and the variant class I haplotype
composition in cattle. In this small sample of cattle, 16 out
of 20 BoLA class I alleles identified were novel.
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