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ABSTRACT The genes encoding the human histocompati-
bility antigens (HLA) exhibit a remarkable degree of polymor-
phism as revealed by immunologic and molecular analyses. This
extensive sequence polymorphism either may have been gener-
ated during the lifetime of the human species or could have
arisen before speciation and been maintained in the contempo-
rary human population by selection or, possibly, by genetic
drift. These two hypotheses were examined using the polymerase
chain reaction method to amplify polymorphic sequences from
the DQa locus, as well as the DX locus, an homologous but
nonexpressed locus, in a series of primates that diverged at
known times. In general, the amino acid sequence of a specific
human DQe allelic type is more closely related to its chimpanzee
or gorilla counterpart than to other human DQa alleles. Phy-
logenetic analysis of the silent nucleotide position changes shows
that the similarity of allelic types between species is due to
common ancestry rather than convergent evolution. Thus, most
of the polymorphism at the DQa locus in the human species was
already present at least 5 million years ago in the ancestral
species that gave rise to the chimpanzee, gorilla, and human
lineages. However, one of the DQa alleles may have arisen after
speciation by recombination between two ancestral alleles.

The human histocompatibility class II genes encode three
cell-surface antigens, designated HLA-DR, HLA-DQ, and
HLA-DP. Each antigen consists of an a and a 8 chain. The
allelic sequence diversity resides mainly in the second exon,
which encodes the amino-terminal domain (1-4). Eight allelic
variants have been found at the HLA-DQa locus (also known
as DQAI) (3, 5, 6), and these alleles have been classified into
four major types, designated A1-A4. An homologous and
nonexpressed locus denoted DXa (also known as DQAZ2) has
also been found (7), and appears to be monomorphic (3). With
polymerase chain reaction primers designed for the polymor-
phic second exon of the HLA-DQa locus (5, 8) we have
amplified the homologous DNA segment from nine chimpan-
zees (Pan troglodytes), four gorillas (Gorilla gorilla), and two
individuals each of baboon (Papio leucophaeus), rhesus
(Macaca mulatta), langur (Presbytis entellus), capuchin
monkey (Cebus capucinus), and marmoset (Callithrix spp.).
These species are a set of primates whose divergence times
from the human lineage, estimated from fossil data as well as
from molecular comparisons, rise gradually from the =S§
million years (Myr) ago for Pan and Gorilla to nearly 40 Myr
ago for the New World species (Cebus and Callithrix) (9-15).
This set of species allowed us to test hypotheses concerning
the age of the polymorphism at the DQa locus, as well as to
study the mechanism primarily responsible for generating
variation at these loci.

MATERIALS AND METHODS

One microgram of genomic DNA was subjected to 30 cycles
of polymerase chain reaction (16-18) by using the primers
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and amplification conditions previously described for human
DNA samples (5, 8). By contrast, these primers cannot
amplify the DQa locus from more distantly related mammals
such as sheep (Ovis ovis) and horse (Equus equus) or fish
(brown trout, Salmo trutta) (unpublished work). The se-
quence variation in the 242-nucleotide-pair amplified frag-
ment was first assayed by denaturing gradient gel electro-
phoresis (19) to distinguish between homozygous and het-
erozygous individuals. Homozygous individuals could then
be selected for direct sequence analysis by using the protocol
described for generating single-stranded DNA (5). Amplified
DNA from heterozygous individuals was cloned into M13
vectors and sequenced or the individual alleles were purified
from denaturing gradient gels for subsequent direct sequenc-
ing. Amplified DNA fragments to be cloned were digested
with BamHI and Pst I and ligated into M13mpl18, and the
recombinant phages were identified by plaque hybridization.

The sequences were derived from 30 humans, 9 chimpan-
zees, 4 gorillas, and 2 individuals of each of the other primate
species. In our previous work on HLA class II sequence
polymorphism, we used the locus nomenclature DQa and
DXa and designated the alleles at the DQa locus A1-A4, with
the subtypes of Al denoted Al.1, Al.2, and Al.3. Recently
a new system of nomenclature for the class II loci has been
introduced in which DQa is designated DQAI and DXa is
designated DQA2 (20). To avoid confusion between the locus
and allele description we have in this paper retained our
previous nomenclature.

Maximum parsimony trees (21, 22) were constructed by
using the phylogenetically informative positions in the amino
acid sequence or the third positions of the codons in the
nucleotide sequences and rooted at the midpoint of the
branch separating the most distantly related sequences. All
character changes, including deletions, were given equal
weight. Branch lengths are not proportional to the number of
changes. As a measure of the homoplasy of the tree, caused
by convergent evolution or parallel mutation, we calculated
the weighted sum of the minimum number of changes for each
character divided by the weighted sum of the observed
number of changes for each character. This index varies from
0-1, with 1 indicating absence of homoplasy.

RESULTS

Five different DNA sequences were found in the chimpanzee
and the gorilla and two in each of the other species; their
corresponding amino acid sequences appear in Fig. 1. For
chimpanzee and gorilla, the sequences showed extensive
similarity to the human DQa allelic types Al, A3, and A4 as
well as to DXa. No sequence was found that was more
closely related to the relatively rare human DQA?2 allele than
to the other alleles (6). In humans, the DQA2 allele is found
only on DR7 haplotypes, consistent with the notion of its
recent creation; it is the only DQa allele uniquely associated
with a specific DR haplotype. Based on our phylogenetic
analysis (Fig. 2), the DQA2 allele may have been derived

Abbreviation: Myr, million years.
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Alignment of amino acid sequences of the second exon of the DQa locus and DXa from human (Homo sapiens), chimpanzee (Pan

troglodytes), gorilla (Gorilla gorilla), baboon (Papio leucophaeus), rhesus (Macaca mulatta), langur (Presbytis entellus), capuchin monkey
(Cebus capucinus), and marmoset (Callithrix spp.). Long arrows at bottom indicate polymorphic residues, and short arrows indicate conserved
residues in the alignment of class I and class II sequences (23). In a recent model of class 11 structure, variation in the right portion of the amplified
DQa segment can be tentatively assigned to one of the « helices, whereas part of the left portion is predicted to form a B-pleated sheet (23).

from a DQA3 progenitor sequence after speciation (see
Discussion). The only amino acid residues unique to humans
are the lysine at position 47 and the histidine at position 52 of
the DQA? allele. In addition to the primates studied here by
sequence analysis, the analysis of DQa polymorphism by
oligonucleotide probe hybridization of an additional 19 indi-
viduals (chimpanzee, gorilla, and orangutan) revealed the
presence of DQAI, DQA3, and DQA4 but no DQA? alleles
(A. Bowcock and J. Kurtz, personal communication).

The sequences in Fig. 1 reveal a number of cases where a
given human allelic type is more closely related to its chim-
panzee or gorilla counterpart than to other human alleles; the
most extreme being the DQAI.2 allele from the gorilla the
amino acid sequence of which is identical to that of the human
DQAI.2 allele (Fig. 1). To determine whether the amino acid
sequences of the alleles are more similar within species than
between species, indicating recent divergence of the human
alleles, or vice versa, we used a phylogenetic analysis based
on maximum parsimony. The most parsimonious tree for the
amino acid sequences from Homo, Pan, and Gorilla requires
62 changes and shows the extensive similarity of alleles from
different species, presumably because allelic sequence diver-
gence predates speciation (Fig. 2a). A tree where the se-
quences cluster according to their species origin, represent-
ing the hypothesis that the variation was generated after the
split of the species, requires a total of 128 character changes
(data not shown).

The observed similarity of alleles from different species
may reflect either common ancestry or convergent evolution
(24). However, the most parsimonious tree for the hominoids
based on silent changes (Fig. 2b) is similar to that based on

amino acid sequences in that it also links sequences from
different species (Fig. 2a). The most parsimonious tree based
on silent changes requires 36 changes, compared with 65
changes when the sequences form three species clusters,
indicating that the similarity of alleles between species is due
to a common ancestry predating the split of species. The
clustering of DQa alleles in the silent tree (Fig. 2b) is also
similar to the relationships defined by the supertypic sero-
logic DR specificities in that, in humans, the closely related
DQA2 and DQA3 alleles are linked to the DRwS53 type (DR4,
7,and 9), the DQA4 alleles to the DRwS52 (DR3, 5, and 8), and
the DQAI alleles are found on DR1 and DR2 haplotypes.

Tentative estimates of the age of the DQe allelic types were
calculated from both the silent nucleotide substitutions that
have accumulated between allelic types (e.g., between DQA4
and DQA/) and the divergence time of the species estimated
from the fossil data. The number of silent changes indicate
that the allelic types split ~20-40 Myr ago (for example,
Al-Ad4, 26-40 Myr ago; A1-A3, 23-31 Myr ago), assuming a
substitution rate of 0.12-0.16% per nucleotide pair per mil-
lion years (12, 15). The presence of DQAI-, DQA3-, and
DQA4-like sequences in all the hominoids shows that these
allelic types are at least 5 Myr old (14). Thus, both the
molecular estimates and those derived by methods that are
independent of the molecular clock consistently show that
the allelic types in the contemporary human population
predate the divergence of Homo, Pan, and Gorilla. The
phylogenetic assignment of some of the other primate se-
quences (e.g., Presbytis sequence 1, A4; or Macaca se-
quence 1, Al) suggests that these allelic types may, in fact,
be considerably older.
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Fi1G.2. Parsimony trees for the DQa and DXa (DXA) sequences from human (Homo), chimpanzee (Pan), and gorilla (Gorilla). (a) The most
parsimonious tree for the sequences from Homo, Pan, and Gorilla based on 30 phylogenetically informative amino acid positions. This tree
requires 62 character changes (homoplasy index, 0.77). A tree based on the same set of data where the sequences form three groups reflecting
their species origin requires 128 character changes (homoplasy index, 0.38). (b) Tree based on phylogenetically informative variation at the third
nucleotide position of 21 codons. This tree requires 36 changes (homoplasy index, 0.67) compared with 65 changes (homoplasy index, 0.37) when
the sequences form three species clusters. The topology given suggests that the gene duplication originating the DXa locus predates the
diversification of the DQa alleles (7). However, equally parsimonious topologies are possible that join the DX and the DQAI lineages. This fact
may indicate either a common origin for the DX/DQA! sequences or the possibility of sequence exchange between the two loci. Bootstrapping
of the amino acid sequence data indicates that the topology most consistent between subsets of the data positions the DX outside the DQ alleles.

These age estimates allow us to reject the hypothesis that
the alleles are neutral. The time at which two neutral alleles
diverged from an ancestral sequence is =4N, generations
(25), where N, is the long-term effective population size for
the species. For DQa, 4N, = 5-20 Myr, which, with a
generation time of 5 yr, equals 1-4 million generations. The
effective population size required to retain the DQa alleles if
they were completely neutral is, therefore, 250,000-1 million,
a number unrealistic for most of these primate species.

DISCUSSION

It has been proposed that the extensive polymorphism ob-
served at HLA loci has been generated, in part, by mecha-
nisms such as gene conversion or segmental transfer (26). By
combining fragments from different preexisting alleles, the
overall similarity of alleles within species would increase and,
if these exchanges were frequent enough, they would even-
tually obliterate the similarity of alleles between species. If
the polymorphism was generated mainly by point mutations
and interallelic recombination were rare, allelic types should
be more similar between species. The hominoid DQa se-
quences show no indication of frequent segmental transfer or
gene conversion over a time span of S Myr. However, the
sequences Papio 2 and Presbytis 2 could have been generated
by combining the first half of an A3-like sequence with the
last half of an Al-like sequence (Fig. 1). These sequences
therefore do not group with any of the major types and have
not been included in the tree based on all phylogenetically
informative nucleotide positions (Fig. 3). Similarly, the
DQA? allele, unique to humans, may have arisen by intra-
exon recombination between the A3 and A4 allelic types. Due
to the limited number of alleles analyzed in these species it is
hard to estimate the relative importance of gene conversion
and point mutations. However, some of the other Old World
monkey sequences show similarity to a specific hominoid
allele (e.g., Presbytis sequence 1to type A4). By contrast, the

New World monkey sequences show little similarity with any
particular hominoid sequence, and they form a separate
branch in the phylogenetic tree (Fig. 3).

The effect of selection was inferred from the ratio of amino
acid-replacement to silent nucleotide substitutions in com-
paring sequences of the same allelic type between species.
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FiG. 3. Parsimony tree for the primate DQa and DXa sequences,

based on 66 phylogenetically informative nucleotide positions. This
tree requires 176 character changes (homoplasy index, 0.55). All
sequences except Papio 2 and Presbytis 2 (Fig. 1) have been included
in the tree. Alternative trees for positioning the Old World monkey
sequences require an additional 6-13 character changes (e.g., Macaca

1 with DQA2, -3, and 4: 6 changes; Macaca 3 with DQAI: 13 changes;
Presbytis 1 with DQAI: 12 changes; Papio 1 with DQAI: 8 changes).
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The ratio of replacement to silent changes for the hominoid
Al allelic type is close to the ratio observed for the nonex-
pressed DXa locus and conforms to the 3:1 ratio found for
nuclear genes under weak functional constraints (Table 1).
Thus, the DQa alleles are evolving at a comparable rate (e.g.,
DQAI) or more slowly (e.g., DQA4) than the DXa gene,
suggesting that they have been conserved by selection and
not subjected to positive selection for variation, which should
increase the ratio relative to a nonexpressed gene. These
results, as well as those of other recent studies on major
histocompatibility complex polymorphism (27-32), are con-
sistent with a model of ancient allelic diversity and in contrast
to the expectation for recently generated polymorphisms and
strong selection maintaining newly arisen mutations.

Some hominoid alleles have accumulated fewer replace-
ment changes than that expected from the number of silent
differences (Table 1). For example, DQA4, next to DQA3,
has accumulated the largest number of silent changes; yet, its
amino acid sequence is the most conserved of all allelic types
examined. The selection conserving the amino acid sequence
of the a chain encoded by this allele could possibly be
imposed by the necessity for the A4 a chain to pair with
several different B chains. In humans, nonrandom haplotypic
association of DQa and DQp alleles has been seen (Table 2).
Experiments with transfected cells also suggest that certain
human DQa chains are unable to pair with some DQp chains
(37). In the mouse, the preferential association of specific
combinations of A a chains and B chains (murine homologues
to the DQ heterodimer) has been demonstrated (33) and
mapped to polymorphic residues in the amino-terminal do-
main of both the a and B chains (34).

This putative selective constraint on A4 variability may
extend to the other DQa alleles (Table 2). The a chains
encoded by the DQA4 and DQA3 alleles (with a low ratio) pair
with a diverse group of 8 chains, whereas the a chain encoded
by the Al allele (high ratio) pairs with a more restricted set
of B chains. Thus, there appears to be an inverse relationship
between the variability of the a chain between species and the
diversity of the associated B chains, suggesting that selection

Table 1. Average number of amino acid and silent nucleotide-
pair differences between DQa and DXa sequences

Homo Homo Pan Average
vs. vs. vs. (Pan, Homo,
Pan  Gorilla Gorilla and Gorilla)

Average
(Homo vs.
OW monkeys)

DXa*
aa 2 2 4 2.7
snp 1 1 1 1
DQAI
aa 2.3 1.7 3 2.3 10t
snp 1 1 0 0.7 3
DQA3
aa 7 5 10 73
snp 6 3 6 h)
DQA4
aa 2.5 3 1 2.1 12.3%
snp 3.5 1.3 3 2.4 8

The numbers are based on averages of all possible pairwise
combinations within allelic type. It is difficult to assess the statistical
significance of differences in the ratio of amino acid (aa) to silent
nucleotide-pair (snp) changes. A nonparametric test of the ratio of
replacement to silent changes in all pairwise combinations of DQA/
alleles and DQA4 alleles was done. In this test the ratios were ranked
according to size, and the number of runs of DQAI and DQA4
comparisons was computed. The probability of equal ratios for the
Al and A4 type was P < 0.025. OW, Old World.

*DXa sequences were found only in Homo, Pan, and Gorilla.

fComparison between DQAI.] and Macaca sequence 1.

Average of comparisons between HDQA4.1 vs. Presbytis sequence
1, Papio sequence 1, and Macaca sequence 3.
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Table 2. Haplotype association of alleles at the DQa and DQB
locus in human

a chain B chain

DQAI.I DQBI.1 (Dw1), —1.3 (DW9)

DQAI.2 DQBI1.2 (DW21), —1.3 (DW9), —1.5 (Dw2),
—-1.7 (DW19)

DQAIL3 DQBI .4 (DW12), —1.6 (DW18)

DQA2 DQB2, DQB3.3

DQA3 DQB3.1, —3.2, —3.3, DQB2 (Black DR7),
DQB4 (Japanese DR4)

DQA4 DQB2, DQB3.1, DQB4

is acting to conserve the functional interaction of the a and
B chains. Consistent with this hypothesis is the observation,
in humans, that the DRa (one allele) and DPa (two alleles)
chains, both of which pair with many different B chains
(=25-30), show very restricted polymorphism. Also, the
ratio of replacement to silent changes for the DRa (or DRA)
locus of humans and chimpanzee is low (35). Although our
hypothesis to account for the observed differences in DQa
evolutionary rates is based on the specific combinations of a-
and B-chain alleles found on human haplotypes, the analysis
of DQB chain variation in the primates supports the conser-
vation of certain haplotypic combinations of a and B chains
(unpublished work).

In summary, most allelic diversity at the DQa locus, in
contrast to the evolution of the DQB and DR loci (unpub-
lished work), in hominoids appears to have preceded speci-
ation, and the rate of accumulation of amino acid substitu-
tions is comparable to that of other nuclear genes. The
maintenance of polymorphism at the DQa locus may be due
predominantly to either overdominant (36) or frequency-
dependent selection for ancient alleles rather than the oper-
ation of a mechanism for generating new variants by inter-
allelic recombination. Further, different alleles at the DQa
locus appear to be acquiring replacement substitutions at
different rates. To account for this, we have proposed that the
diversity of B chains with which an a chain pairs may
constrain the a chain from evolving freely.
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