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Origins and Divergence Times of Mammalian
Class II MHC Gene Clusters
K. Takahashi, A. P. Rooney, and M. Nei

The class I and II major histocompatibility complex (MHC) genes are apparently
subject to evolution by a birth-and-death process. The rate of gene turnover is
much slower in the latter genes than in the former. In placental mammals, the class
II region can be subdivided into different orthologous subregions or gene clusters
(DR, DQ, DO, and DN), but the origins and evolutionary relationships of these gene
clusters are not well established. Here we report the results of our study of the
times of origin and evolutionary relationships of these gene clusters in mammals.
Our analysis suggests that both class II �-chain and �-chain gene clusters are
shared by placental mammals and marsupials, but the gene clusters from non-
mammalian species are paralogous to mammalian gene clusters. We estimated the
times of divergence between gene clusters in placental mammals using the line-
arized tree and distance regression methods. Our results indicate that most gene
clusters originated 170–200 million years (MY) ago, but that DO �-chain genes di-
verged from the other �-chain gene clusters approximately 210–260 MY ago. The
phylogenetic trees for the �- and �-chain genes were not congruent, suggesting
that the evolutionary history of the class II gene clusters is more complex than
previously thought.

The major histocompatibility complex
(MHC) molecules play an important role
in the vertebrate immune system. MHC
molecules bind foreign antigens (pep-
tides) and present them to T lymphocytes,
thereby triggering the appropriate im-
mune responses (Klein and Horejsi 1997).
MHC genes are classified into two groups
known as class I and class II genes. Each
of these groups is composed of a large
number of member genes that appear to
be subject to evolution by a birth-and-
death process, in which new genes are
created by repeated gene duplication and
some of them are maintained in the ge-
nome for a long time, whereas others are
deleted or become nonfunctional through
deleterious mutations (Gu and Nei 1999;
Klein et al. 1993; Nei et al. 1997; Nei and
Hughes 1992).

As a result of the birth-and-death pro-
cess, the evolutionary longevity of new
genes may vary from gene to gene in the
MHC. Class I loci undergo a faster rate of
birth-and-death evolution than class II
loci, and it is difficult to establish the or-
thologous relationships of different class I
genes among different orders of mammals
(Hughes and Nei 1989; Klein and Figueroa
1986). On the other hand, the longevity of

class II genes is much greater than that of
class I genes, and for this reason many or-
thologous loci are shared by different or-
ders of mammals (Hughes and Nei 1990;
Klein and Figueroa 1986). Hughes and Nei
(1990) and Klein and Figueroa (1986) es-
timated the times of divergence between
different gene clusters of mammalian class
II �-chain loci and concluded that the clus-
ters in the human and mouse genomes
were generated about 80–200 million years
(MY) ago. However, the number of gene
sequences available at that time was
small, so the reliability of their estimates
was not very high. Because this problem
is important for understanding how im-
mune system genes have evolved in ver-
tebrates, and since we now have a suffi-
cient number of �-chain sequences, we
have decided to study this problem in
more detail by using many class II genes
from different species with two different
statistical methods.

Materials and Methods

The presence of MHC genes has been con-
firmed in all vertebrates so far studied ex-
cept in the jawless fish (Klein and Horejsi
1997). However, the MHC gene organiza-
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Figure 1. Simplified genomic maps of class II MHC
genes in different vertebrate species. Only relatively
well-characterized genes are presented. These genomic
maps are mostly based on articles by Arimura et al.
(1995) (rat DNA, DOB), Arimura et al. (1996) (mouse
DNA), Hermel and Monaco (1995) (rat DMA/B), Karls-
son and Peterson (1992), Niimi et al. (1995) (cattle
DMA/B), Sittisombut et al. (1989) (rabbit genes), and
Trowsdale (1995). The black boxes indicate pseudo-
genes.

Table 1. Class II MHC �-chain genes used in this study

Species
Gene [accession
number] Species

Gene [accession
number] Species

Gene [accession
number]

Human DRB1*0101 [M11161] Mouse DRB1(EB1) [K01145] Wallaby DAB [M81624]
DRB3*0201 [ANRI] DQB1(AB1) [M13538] DBB [M81625]
DRB4*01011 [ANRI] DOB [M19423] Chicken BLBII(1) [M26306]
DRB5*0101 [ANRI] Rat DRB1(EB1) [M12382] BLBII(2) [M29763]
DRB6*0201 [ANRI] DQB (BB) [X56596] BLBII(3) [M26307]
DQB1*0602 [M20432] Mole rat DPB [M16685] BLBIII [X07447]
DPB1 [M57466] Cattle DRB1 [U77067] Xenopus B(1) [D14688]
DOB [L29472] DQB [M30003] B(2) [D13684]

Chimpanzee DOB [M24358] Sheep DRB [M93432] B(3) [D13685]
Gorilla DRB1 [M77154] DQB [L08792] Zebrafish DAB1 [L04805]

DRB3 [M77153] Pig DRB [M55165] DAB4 [U08870]
DRB5 [M76488] Horse DQB [L33910] DCB [U08873]

Macaque DRB1 [M60059] Dog DRB [M29611] DEB [U08874]
DRB3 [M60060] Rabbit DPB [M21468] Shark B(1) [L20274]
DRB4 [M60062] DOB [M96942] B(2) [L20275]

Tamarin DRB [M76488]

Alternative nomenclatures of some mouse and rat genes are given in parentheses. Four HLA-DRB genes were
obtained from the Anthony Nolan Research Institute (ANRI) web site (http://www.anthonynolan.com/HIG/in-
dex.html).

Table 2. Class II MHC �-chain genes used in this study

Species Gene [accession number] Species
Gene [accession
number] Species

Gene [accession
number]

Human DRA*0101 [M60334] Cattle DRA [D37956] Dog DRA [L37332]
DQA*05012 [M26041] DQA [D50045] DQA [U42407]
DPA*0101 [M27487] Sheep DRA [M73983] Wallaby DRA [U18109]
DNA [M26039] DQA [M93430] DNA [U18110]

Macaque DRA [L27739] DNA [Z29533] Zebrafish A(1) [L19445]
Mouse DRA (EA) [U13648] Pig DRA [M93028] A(2) [L19446]

DQA (AA) [M21931] DQA [M29938] A(3) [L19451]
DNA [M95514] Horse DRA [M60100] Shark A [M89950]

Rat DRA (EA) [Y00480] DQA [L33909]
DQA (BA) [X14879] Rabbit DRA [M28161]
DPA (S80415) DQA [M15557]
DNA (S80424) DPA [M22640]

tion in mammals differs significantly from
that in other vertebrates (Bingulac-Popov-
ic et al. 1997; Edwards et al. 1999; Flajnik
et al. 1999; Kaufman et al. 1999; Shiina et
al. 1999). The MHC of mammals is orga-
nized into a class I gene region and a class
II gene region. The class II gene region can
be further subdivided into several gene
clusters (or subregions) that typically in-
clude at least one �- and one �-chain gene
(Figure 1). There are four such gene clus-
ters known in the human: DR, DQ, DP, and
DM. Two other subregions, DO and DN,
have been identified, but DO includes only
one �-chain gene and DN only one �-chain
gene. A similar organization of class II
genes has been found in other mammalian
species, including artiodactyls, rodents,
and lagomorphs (rabbits). Thus the basic
organization of mammalian class II genes
was established prior to the divergence of
these mammalian orders, though some of
the gene clusters were apparently lost in
some evolutionary lineages. For example,
the DR cluster appears to be absent in the
mole rat (Spalax ehrenbergi) (Nizetic et al.
1987). In cattle and sheep, the DP cluster
appears to have been replaced by the DI/
DY cluster (Figure 1; Andersson and Rask
1988). The orthologous relationships of
these gene clusters between marsupials
and placental mammals are even less

clear. Furthermore, nonmammalian class II
genes are not orthologous to mammalian
genes (Hughes and Nei 1990; Nei et al.
1997).

Nucleotide sequences of the class II
genes consisting of the two extracellular
domains, connecting peptide, transmem-
brane, and part of the cytoplasmic tail
were obtained from GenBank (Tables 1
and 2). Pseudogenes were not used. In the
case where allelic variants were found at
a locus, only a single typical allele was
used to represent that locus. We studied
several different species including a mar-
supial (wallaby), several different placen-
tal mammals, chicken (�-chain gene only),
Xenopus (�-chain gene only), a bony fish
(zebrafish), and a cartilaginous fish (shark)
(Tables 1 and 2). The DM genes were ex-
cluded from our analysis because their
function is different from that of other
genes and their sequences are very differ-
ent. The DM genes are known to have orig-
inated much earlier than the diversifica-
tion of mammalian orders (Nei et al.
1997).

The nucleotide sequences obtained

were aligned by using the CLUSTAL W
computer program (Thompson et al.
1994), taking into account the deduced
amino acid sequences. Sequence align-
ment was done separately for the �- and
�-chain genes. Minor adjustments were
made to the alignments after visual in-
spection. The numbers of nucleotides
used for the �- and �-chain genes were 612
(204 codons) and 573 (191 codons), re-
spectively. Phylogenetic trees were con-
structed from both nucleotide and amino
acid sequences by using the neighbor-join-
ing (NJ) method (Saitou and Nei 1987) as
implemented in the computer program
MEGA 1.03 (Kumar et al. 1993). For nucle-
otide sequences, the Kimura distances
(1980) for all codon positions and for first
and second codon positions were used.
The Poisson-correction (PC) and PC gam-
ma distances (Nei and Kumar 2000) were
also used for amino acid sequence data.
We estimated the gamma shape parame-
ter, a, by the method of Gu and Zhang
(1997) and obtained a � 3.3 for the �-
chain genes and a � 2.3 for the �-chain
genes. For all trees, the statistical reliabil-
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Figure 2. Neighbor-joining tree for class II MHC �-chain genes when all codon positions are used. Kimura two-
parameter distance was used with a total of 573 nucleotides. Bootstrap values were obtained with 2000 replications.
The bootstrap values obtained when two marsupial genes were excluded are shown in parentheses for the nodes
of interest. The sequences that evolved significantly faster or slower than the average are indicated by *. See Table
1 for the sequence data used.

ity of each interior branch was examined
by the bootstrap test (Felsenstein 1985)
with 1000 replications.

The divergence times of class II MHC
gene clusters were estimated by the line-
arized tree method (Takezaki et al. 1995)
and the distance regression method. In
the linearized tree method, we used the
branch length test to identify sequences
that evolved significantly faster or slower
than the average in the phylogenetic tree.
After elimination of these deviant se-
quences, we constructed a linearized tree
under the assumption of a molecular
clock. This linearized tree was used to es-
timate the times of divergence of different
gene clusters. In the distance regression
method, a linear regression of pairwise
distances against various evolutionary
times was used to obtain the rate of sub-
stitution, and using this rate, we estimated
divergence times.

In order to estimate divergence times,
we must have geologic time estimates by
which the molecular clock can be cali-
brated. In the case of the linearized tree
method, we used the time of divergence
between bony fish (zebrafish) and tetra-
pods (450 MY ago) for �-chain genes and
that between chicken and mammals (300
MY ago) for �-chain genes. To calibrate
the clock with the distance regression
method, we used five different geologic
time estimates. They were the times be-
tween (1) rodents and humans (110 MY
ago), (2) marsupials and placental mam-
mals (170 MY ago), (3) bird and mammals
(300 MY ago), (4) frogs and mammals (360
MY ago), and (5) bony fish and tetrapods
(450 MY ago). These time estimates were
obtained from Benton (1990), Kemp
(1982), and Kumar and Hedges (1998).

Results

Phylogenetic Trees
Figure 2 shows the phylogenetic tree for
�-chain genes from various vertebrate
species when the Kimura distance for all
three codon positions was used. The
genes from mammalian species form a
monophyletic group separate from the
clusters for chicken, Xenopus, zebrafish,
and sharks. This evolutionary pattern of
genes is similar to that obtained by Nei et
al. (1997) and indicates that nonmammal-
ian vertebrate genes are not orthologous
to the class II genes of mammals. In mam-
mals there are four clusters of genes cor-
responding to DRB, DPB, DQB, and DOB.
In addition, wallaby DAB and wallaby DBB
appear to be basal to the DRB and DRB/

DPB/DQB clusters, respectively. In this
tree the DI/DY cluster genes from cattle
were not included because these genes
have been found only in certain artiodac-
tyls. The monophyletic groups of the DRB,
DPB, DQB, and DOB genes were previously
noted by Hughes and Nei (1990) when
they studied the human and mouse genes.
According to Figure 2, the DPB and DQB
clusters are more closely related to each
other than to the other clusters. When the
Kimura distance was used for first and
second codon positions, the topology of
the tree was slightly different from that of
Figure 2, but the evolutionary relation-
ships of the gene clusters remained the
same. Essentially the same results were
obtained when the PC or the PC gamma
distance was used.

The phylogenetic tree of �-chain genes
when all three codon positions were used
is presented in Figure 3. Although the �-
chain sequences from chicken were not
available, this phylogenetic tree again
shows that the mammalian genes are
monophyletic and that they were gener-
ated before the mammalian radiation. The
sequences belonging to each of the DR,

DP, DQ, and DN clusters are also mono-
phyletic, and in this case the DP cluster is
closer to the DR cluster rather than to the
DQ cluster. Of course, these relationships
are not well established, because the boot-
strap values for the interior branches sep-
arating the clusters are not very high (53
and 54%). An interesting feature of the tree
in Figure 3 is that the wallaby DRA and
DNA genes now cluster with the placental
DRA and DNA genes, respectively, with
rather high bootstrap values. Essentially
the same topology was obtained when nu-
cleotide sequence data for first and sec-
ond codon positions were used or when
amino acid sequence data were used.

Linearized Trees
Using the branch length test of the molec-
ular clock mentioned earlier, we first elim-
inated three deviant sequences (indicated
by asterisks), which evolved significantly
faster or slower than the average at the
0.5% level, from the phylogenetic tree of
�-chain genes (in Figure 2). Here we used
a rather high level of statistical signifi-
cance, because reasonable estimates of di-
vergence times are usually obtained even
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Figure 3. Neighbor-joining tree for class II MHC �-chain genes when all codon positions are used. The total
number of nucleotides used was 612. See the legend to Figure 1 for more information, and see Table 2 for the
sequence data used. In this case no deviant sequences were detected at the 0.5% significance level.

Table 3. Estimates of the times of divergence between different �-chain gene clusters

Divergence between clusters

DOB/(DRB,DQB,DPB) DRB/(DQB,DPB) DQB/DPB

Phylogenetic approach
Nucleotides

All codon positions 254 � 16 189 � 12 179 � 12
1,2 codon positions 237 � 20 181 � 15 175 � 16

Amino acids
PC distancea 219 � 19 195 � 17 195 � 17
Gamma distanceb 209 � 21 189 � 20 177 � 18

Distance regression approach
Nucleotides

All codon positions 252 � 13 176 � 10 168 � 11
1,2 codon positions 247 � 19 172 � 14 169 � 16

Amino acids
PC distancea 260 � 22 188 � 19 196 � 19
Gamma distanceb 244 � 23 171 � 16 179 � 19

The numbers after the � sign are standard errors.
a PC distance: Poisson correction distance (Nei and Kumar 2000).
b Gamma distance: PC distance with a gamma distribution of substitution rate among different sites.

if the molecular clock is violated to some
extent (Nei and Kumar 2000). Using the Ki-
mura distance, we then constructed a lin-
earized tree, which is presented in Figure
4. In this tree, the zebrafish sequences
were used as outgroups, so that the line-
arized tree refers to the rest of the se-
quences (shark sequences excluded). The

time scale given for the tree was obtained
under the assumption that mammals and
chicken diverged 300 MY ago. This tree
shows that amphibians (Xenopus) and
birds (chicken) diverged about 350 MY
ago, which is supported by geologic data.

Estimates of the times of divergence be-
tween different �-chain gene clusters,

which were obtained by using various dis-
tance measures, are presented in Table 3.
When we used the Kimura distance for all
nucleotide positions, we obtained an esti-
mate of 254 MY for the divergence be-
tween DOB and other gene clusters. Near-
ly the same estimate (237 MY) was
obtained when the first and second codon
positions were used. When we used the
Poisson correction (PC) distance, we also
obtained a similar estimate (219 MY),
whereas the PC gamma distance gave an
estimate of 209 MY. These estimates are
considerably larger than those obtained
by Hughes and Nei (1990) and Klein and
Figueroa (1986), but they are reasonable
because the wallaby sequences diverged
from mammalian sequences later than
these times. The estimates of the times of
divergence between the DRB cluster and
the DQB and DPB clusters are similar to
those between the DQB and DPB gene
clusters, as expected from the tree in Fig-
ure 2. They are also considerably larger
than those obtained by Hughes and Nei
(1990) and Klein and Figueroa (1986).

However, it should be noted that
Hughes and Nei (1990) used the distance
regression method rather than the linear-
ized tree method. We therefore estimated
the divergence times using the former
method for the same set of data. The re-
gression model used here is dAB � 2rt,
where dAB is the average evolutionary dis-
tance between two gene clusters, A and B,
and t is the divergence time corresponding
to dAB. Therefore once the regression co-
efficient 2r is estimated from available da-
tasets, we can estimate the times of diver-
gence between two gene clusters for
which geologic data are not available. For
example, when we used the Kimura dis-
tance for all three codon positions, the re-
gression lines in Figure 6 gave r � 0.9 �
10�9 and r � 1.1 � 10�9 for the �-chain and
�-chain genes, respectively. We therefore
used these rates for estimating the times
of divergence between different gene clus-
ters. The results obtained in this way by
using various distance measures are pre-
sented in Tables 3 and 4. It is interesting
to see that these estimates are very close
to those obtained by the first method.
These results suggest that the differences
observed between the previous estimates
and ours are not due to the difference in
method. It is probably caused by the fact
that Hughes and Nei (1990) and Klein and
Figueroa (1986) used only human and
mouse genes and the total number of se-
quences used was much smaller than that
of our study.
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Figure 4. Linearized tree for class II MHC �-chain genes obtained after elimination of deviant sequences shown
in Figure 2. The molecular clock was calibrated by assuming that the chicken and the mammalian lineages diverged
300 MY ago. Zebrafish sequences were used as outgroups.

Table 4. Estimates of the times of divergence between different �-chain gene clusters

Divergence between clusters

(DNA,DQA)/(DPA,DRA) DNA/DQA DPA/DRA

Phylogenetic approach
Nucleotides

All codon positions 210 � 12 192 � 11 201 � 12
1,2 codon positions 181 � 13 168 � 14 164 � 13

Amino acids
PC distancea 201 � 17 181 � 16 181 � 16
Gamma distanceb 179 � 16 159 � 15 173 � 15

Distance regression approach
Nucleotides

All codon positions 210 � 10 192 � 10 200 � 11
1,2 codon positions 183 � 13 170 � 14 166 � 13

Amino acids
PC distancea 205 � 15 188 � 16 198 � 17
Gamma distanceb 187 � 15 170 � 15 180 � 17

The numbers after the � sign are standard errors.
a PC distance: Poisson correction distance (Nei and Kumar 2000).
b Gamma distance: PC distance with a gamma distribution of substitution rate among different sites.

Figure 4 shows that the five human DRB
genes diverged about 50 MY ago and
therefore these multiple loci have persist-
ed in the genome for a long evolutionary

time. Similarly, the multiple DRB loci in go-
rillas and macaques apparently persisted
in the genome for a long time. Yet they are
more closely related to one another than

to the rodent or artiodactyl genes. This
suggests that multiple copies within a
gene cluster of a species were generated
by recent gene duplication events. In oth-
er words, the rate of gene turnover within
each gene cluster is faster than that
among gene clusters. The same process
may be involved in the evolution of mul-
tiple copies of the DRB cluster in cattle
and rabbits, but at the present time no suf-
ficient sequence data are available to
study this problem.

The linearized tree obtained for the �-
chain gene clusters is presented in Figure
5. The time scale given for this tree was
obtained under the assumption that bony
fish (zebrafish) diverged from tetrapods
(mammals) 450 MY ago. Estimates of the
times of divergence between different �-
chain gene clusters, which were obtained
by using various distance measures, are
presented in Table 4. The estimate of the
divergence time between the DNA/DQA
clusters and the DRA/DPA clusters was
210 MY when the Kimura distance for all
three codon positions was used. When
only the first two codon positions were
used, we obtained an estimate of 181 MY.
We also obtained similar estimates by us-
ing PC and PC gamma distances (201 and
179 MY, respectively). The DNA and DQA
clusters appear to have diverged between
about 160 and 190 MY ago (Table 4), and
the DRA and DPA clusters appear to have
diverged at about the same time, between
about 165 and 200 MY ago (Table 4). The
distance regression method essentially
gave the same results as those from the
linearized tree method (Figure 5). To the
best of our knowledge, these are the first
estimates of the divergence times of �-
chain gene clusters.

Discussion

As mentioned above, our estimates of di-
vergence times of mammalian class II MHC
gene clusters are considerably larger than
the previous estimates. However, all esti-
mates are lower than 300 MY, so that the
gene clusters appear to have originated af-
ter mammals and birds diverged. This con-
clusion is supported by the fact that the
bird class II �- and �-chain genes are not
orthologous to the mammalian genes.
However, if our estimates are correct, the
genomes of most mammalian species in-
cluding marsupials are expected to con-
tain orthologous class II genes, because
our estimates of divergence times (160–
260 MY) are nearly equal to or greater
than the estimate of divergence time be-
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Figure 5. Linearized tree for class II MHC �-chain genes obtained under the assumption that the fish and the
tetrapod lineages diverged 450 MY ago.

Figure 6. Linear regression lines between evolutionary distances (Kimura distance for all codon positions) and
evolutionary times to estimate the rate of nucleotide substitution (r). This rate is given by dividing the regression
coefficient by 2. (A) Class II �-chain genes. (B) Class II �-chain genes.

tween marsupials and placental mammals
(147–170 MY ago). It would therefore be
interesting to test this prediction by
studying more marsupial class II genes. Of
course, marsupials may have generated
some new groups of class II genes by re-
cent gene duplication, like the wallaby
DAB gene (see Figure 2), and some original
gene clusters may have been lost.

Previously we mentioned that the rate
of gene turnover is much higher in class I
MHC genes than in class II genes. In fact,
Chen et al. (1992) and Boyson et al. (1996)
showed that the gene homologous to the
human class I MHC (HLA) C locus is ab-
sent in Rhesus monkeys, gibbons, and
orangutans, and it probably originated in
the ancestor of humans, chimpanzees, and
gorillas. Furthermore, Rhesus monkeys
appear to have two duplicate copies of the
class I B locus gene. Cadavid et al. (1999)
showed that no homologous class I genes
are shared between humans and cotton-
top tamarins (New World monkey). These
data give further evidence that the turn-
over rate of class I genes is much faster
than that of class II genes. Unfortunately
the genomic sequences of the class I re-
gions of these nonhuman primate species
are not available at the present time.
Therefore it is difficult to study the lon-
gevity of class I gene clusters quantitative-
ly.

One of the major events in the evolution
of class II MHC genes is the acquisition of
a clustered organization in mammalian
species, where both the �-chain and �-
chain genes of each subregion (DR, DQ,
DN, DP, or DO) are grouped together (Fig-
ure 1). A number of different evolutionary
scenarios have been proposed to explain
this organization. Blanck and Strominger
(1988), Kasahara et al. (1995), and Klein
and Figueroa (1986) proposed that subre-
gions successively duplicated in clusters
and eventually diverged from one another.
These scenarios include a number of dif-
ferent gene duplication, translocation, and
inversion events. According to these sce-
narios, the phylogenetic trees for the �-
chain and �-chain genes should be con-
gruent. However, our phylogenetic trees
for the �- and �-chain genes are quite dif-
ferent from each other with respect to the
clustering of the four gene clusters (Fig-
ures 2 and 3), though the bootstrap values
for the crucial interior branches are not
very high. (Note that the DO and the DN
genes are considered to show coevolu-
tion.) Actually, as Hughes and Nei (1990)
indicated, the evolution of the class II re-
gion is quite complex, and at this moment
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it is very difficult to reconstruct the evo-
lutionary history of this gene region. To
solve this problem, it would be necessary
to know the genomic maps of class II
genes from many other mammalian spe-
cies.

Fortunately many investigators are now
studying the genomic sequences of vari-
ous mammalian species. In humans the
entire DNA region (3.6 Mb) of the MHC has
been sequenced (MHC sequencing con-
sortium 1999). If similar data or even par-
tial sequence data become available from
many other species, we will be able to un-
derstand the dynamic nature of the evo-
lution of the MHC and the immune defense
system in relation to the evolutionary
change of foreign antigens. It would also
be interesting to study the evolutionary
changes of MHC genes in nonmammalian
species such as birds, reptiles, and fishes
(e.g., Edwards et al. 1999; Sammut et al.
1999; Shiina et al. 1999), since they are ex-
pected to provide important information
about the general features of MHC evolu-
tion.
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