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Summary

Allele and genotype frequencies at the HLA-DQa locus have been determined by the use of polymerase
chain reaction (PCR) amplification and nonradioactive oligonucleotide probes. The probes define six alleles
and 21 genotypes in a dot-blot format. A total of over 1,400 individuals from 11 populations has been
typed by two different laboratories using this method. In contrast to some variable-number-of-tandem-
repeat markers that have been used for identity determination, DQa genotype frequencies do not deviate
significantly from Hardy-Weinberg equilibrium in all populations studied. The distribution of alleles varies
significantly between most of these populations. In Caucasians, the allele frequencies range from 4.3% to
28.5%. In this population, the power of discrimination is .94, and, for paternity determination, the power
of exclusion is .642. These population data will allow the use of the HLA-DQa marker in paternity deter-
mination, the analysis of individual identity in forensic samples, and anthropological studies.

Introduction

The identification of specific DNA polymorphisms has
provided a wealth of genetic markers for mapping
studies and for the analysis of populations. The devel-
opment of the polymerase chain reaction (PCR) (Saiki
et al. 1985, 1988b; Mullis and Faloona 1987) for the
in vitro amplification of specific DNA sequences has
made possible a number of rapid approaches for deter-
mining DNA polymorphisms. One of these approaches,
analysis of amplified DNA by using non-radioactive-
labeled oligonucleotide probes in a dot-blot format
(Saiki et al. 1986, 1988a; Bugawan et al. 1988), repre-
sents a very simple and rapid method for determining
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allele and genotype frequencies in population surveys.
Here we report the allele and genotype frequencies for
the HLA-DQa locus, in U.S. Caucasian, U.S. black,
Southeast Asian, Japanese, and various Hispanic popu-
lations, as well as those in more isolated populations
(Indonesian, Papua New Guinean, Australian, Bedouin,
and Nigerian), as determined by this method.
The DQa locus codes for the polymorphic a-chain

of the HLA-DQ molecule, one of the class II a-0 chain
heterodimers encoded by the HLA-D or class II region
on chromosome 6. These molecules are integral mem-
brane proteins which bind and present antigen peptide
fragments to the T cell receptor of CD4+ T lympho-
cytes (reviewed in Trowsdale et al. 1985). Most of the
polymorphism of HLA class II a- and 1-chain loci
is localized to the second exon encoding the NH2-
terminal outer domain (Trowsdale et al. 1985).
The detection of polymorphic alleles by oligonucle-

otide probes requires the prior determination of allelic
sequence diversity within the population to be tested.
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Table I

Oligonucleotides Used in the Present Study

Sequence
(5' to 3')Name

PCR primers:
GH26 ..........
GH27 ..........

Dot-blot probes:
GH75 ..........
RH83a .........

GH68 ..........
RH71a .........

GH67 ..........
GH66 ..........
GH88 ..........
GH76 ..........
RH119a ........

GH89 ..........
GH77 ..........
RHR1 7a ........

GTGCTGCAGGTGTAAACTTGTACCAG
CACGGATCCGGTAGCAGCGGTAGAGTTG

Sequence
DQA Specificity (5' to 3')

1
1
2
2
3
4
1.1

All but 1.3
All but 1.3
1.2, 1.3, 4

1.3
1.3

CTCAGGCCACCGCCAGGCA
TGAGTTCAGCAAATTTGGAG
TTCCACAGACTTAGATTTG
TTCCACAGACTTAGATTTGAC
TTCCGCAGATTTAGAAGAT
TGTTTGCCTGTTCTCAGAC
CGTAGAACTCCTCATCTCC
GTCTCCTTCCTCTCCAG
GTCTCCTTCCTCTCCAGG
GATGAGCAGTTCTACGTGG
CTGGAGAAGAAGGAGAC
CCTGGAGAAGAAGGAGAC

a Alternative probe used in reverse dot-blot procedure.

Toward this end, the sequence polymorphism at the
HLA-DQa locus was determined by designing primers
to conserved sequences, amplifying a 242 (or 239)-bp
fragment containing the polymorphic sequences, and
cloning and sequencing the amplified fragment (Scharf
et al. 1986; Horn et al. 1988). More recently the am-
plified fragment has been sequenced directly without
cloning (Gyllensten and Erlich 1988). The sequence
analysis both ofDQa genes from over 50 cell lines and
of individual samples has revealed four major allelic
types-DQA1, DQA2, DQA3, and DQA4. The DQA1
and DQA4 types can be further divided into the sub-
types A1.1, A1.2, and A1.3 and A4.1, A4.2, and A4.3,
for a total of eight sequence-defined alleles (Gyllensten
and Erlich 1988; Horn et al. 1988).
The sequences of the oligonucleotide probes used

for typing the allelic diversity at the DQa locus are
shown in table 1. These probes have been labeled with
HRP and hybridized to immobilized PCR-amplified
DNA (dot-blot; Bugawan et al. 1988), or the oligonu-
cleotides have been immobilized on a filter and hybrid-
ized to biotin-labeled PCR-amplified DNA (reverse
dot-blot; Saiki et al. 1989). These probes do not distin-
guish theDQA4 subtypes (4.1, 4.2, and 4.3). The probe
HE46 (Erlich and Bugawan 1989) hybridizes specifically

to the DQA4.2 and DQA4.3 alleles but was not used
in this population survey.

Material and Methods

Nomenclature

According to the most recent system of nomencla-
ture adopted by the World Health Organization HLA
Nomenclature Committee (Bodmer et al. 1990), the
DQa locus is now known as DQA1, and the linked and
homologous locus, previously known as DXa, is now
termed DQA2. The allelic designations are DQA1 *0101
(previously A1.1), *0102 (previously A1.2), *0103
(previously A1.3), DQA1 *0201 (previously A2), * 0301
(previously A3), DQA1 *0401 (previously A4.2),
DQA1 *0501 (previously A4.1), and DQA1 *0601 (pre-
viously A4.3). Since the new locus designation (DQA1)
is the same as our previous allele designation, DQA1,
in the present paper we have retained the older nomen-
clature to avoid confusion.

Populations/samples
Samples of unrelated individuals were obtained from

sources as noted below, some as clean, extracted DNA
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(Maniatis et al. 1982) and some as lymphocytes iso-
lated by buffy coat and stored at -700C in dimethyl-
sulfoxide. The DNA was extracted from the lympho-
cyte samples and was made available for PCR by a quick
lysis procedure described elsewhere (Higuchi 1989; Kel-
logg and Kwok 1990).

Cetus Samples
Black.-A group of 99 DNA samples collected for

a sickle-cell screening program were obtained from Steve
Embury (San Francisco General Hospital/University
of California, San Francisco); 97 lymphocyte samples
collected for a breast cancer screening program were
obtained from Mary-Claire King (University of Califor-
nia, Berkeley); and 28 DNA samples were received from
Ed Blake (forensic case studies). The total number of
samples was 224.

Caucasian.-A group of 324 DNA samples were re-
ceived from Ed Blake (forensic case studies); 80 DNA
samples from the parents of the CEPH (Centre D'Etude
du Polymorphisme Humaine) family collection were
analyzed; five DNA samples were obtained from Allan
Wilson (University of California, Berkeley), and four
lymphocyte samples were collected from Cetus em-
ployees. The total number of samples was 413.

Japanese.-A total of 92 DNA samples, collected from
medical students participating in a study on respon-
siveness to a hepatitis vaccine, were obtained from Take-
hiko Sasazuki (Kyushu University, Fukuoka, Japan).

Mestizo.-A total of 100 lymphocyte samples, col-
lected in Mexico City and environs for this study, were
obtained from Clara Gorodezky (Instituto de Salubridad
y Enfermedades Tropicales, Mexico City).

Hispanic.-A total of 169 DNA samples, collected in
Mexico by Norma Schmill through a Hereditary Dis-
ease Program, were obtained from David Hoar (Alberta
Children's Hospital, Calgary).

Southeast Asian.-A total of 87 DNA samples (Chi-
nese, Vietnamese, Korean, Thai, and Filipino) collected
for an a-thalassemia screening program in San Fran-
cisco, were received from Steve Embury.

Isolated populations.- Genomic DNAs from Bedouins
of Saudi Arabia (33 samples) and Nigerians (12 sam-
ples) were provided by J. Wainscoat. Native Australian
DNAs (16 samples from Perth, Derby, Darwin, and Alice
Springs) and Papua New Guinean DNAs (134 samples
from localities described by Stoneking et al. [1990])
were purified from placental tissue. Indonesian DNAs
(144 samples from the islands of Ternate, Hiri, Alor,

Flores, Roti, and Timor) were purified from lympho-
cytes.

Roche Biomedical Laboratories (RBL) Samples
A total of 492 samples (172 black, 174 Caucasian,

and 146 Hispanic) were obtained from a random sam-
pling of blood specimens. These samples were collected,
with no geographical preference, from individuals
throughout the United States. Total cell DNA was ex-
tracted from leukocytes by using a modification of a
procedure of Miller et al. (1988).

PCR Amplification

Amplification by PCR was performed on approxi-
mately 0.5 gg human genomic DNA by using 20 pmol
each of primers GH26 and GH27 (Scharf et al. 1986).
Two and one-half units of AmpliTaqmrTaq DNA Poly-
merase (Perkin Elmer Cetus Instruments [PECI]) (Saiki
et al. 1988b) were added in a 100-gl vol of polymerase
buffer containing 50 mM KCI, 10 mM Tris pH 8.4,
2.5 mM MgCl2, and 0.01% gelatin. Each of the four
deoxynucleotide triphosphates was present at 2 mM
(8 mM total dNTP). The reactions were amplified for
30 cycles by using a PECI thermal cycler (denaturation
was at 94°C for 30 s; annealing was at 550C for 30
s; and extension was at 72°C for 30 s).

DQa Typing

A dot-blot procedure was done essentially according
to a method described by Bugawan et al. (1988) by using
the oligonucleotide probes listed in table 1 and hybrid-
ization and wash conditions that distinguish alleles that
differ by as little as a single base. These probes were
labeled by the conjugation of their 5' ends with horse-
radish peroxidase (HRP). Hybridized probe was de-
tected by an HRP-catalyzed reaction resulting in a
colored precipitate that adheres to the dot-blot mem-
brane.
Some samples were also typed by the "reverse dot-

blot procedure" (Saiki et al. 1989) with biotinylated
DQa primers and immobilized oligonucleotide probes
(Erlich and Bugawan 1989; Saiki et al. 1989). The DQa
genotypes obtained with both the dot-blot and the re-
verse dot-blot procedures have been identical for all sam-
ples tested.

Results

The allele frequencies for the 11 populations studied
are shown in table 2. As shown, Caucasian, black, and
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Hispanic populations were studied by two different labs
(Cetus and RBL). The frequencies determined by the
two labs for the Caucasian samples are very similar,
as are the distributions of alleles for the two black popu-
lations (see Note to table 2). In contrast, the allele fre-
quencies for the Cetus Hispanic samples (random sam-
ples from Mexico) are more similar to the known
Mestizo samples (from Mexico City) than to the RBL
Hispanic samples, (chosen, by Spanish surname, from
U.S. samples) for which the allele distribution is more
similar to that of the Caucasian or black population.
The term "Hispanic;' which denotes "defined by Span-
ish surname;" can include Mexicans, Cubans, Puerto
Ricans, and Spaniards, as well as other Latin American
nationalities, and, therefore, does not really define a
homogeneous racial group.
The allele distribution in the Japanese population

differs dramatically from those of all the other groups,
including the Southeast Asians. The Japanese frequency
of the A2 allele is lower (0.5%, vs. 5%-13.5% in the
other populations), as is the frequency of the A4 allele
(11.4%, vs. 25%-40% in the other populations), and
the frequency of the Japanese A1.3 allele is significantly
higher (22.8%, vs. 0%-8.5% in the other populations).

Heterogeneity in DQa allele frequencies was assessed
by the method of unplanned tests (Sokal and Rohlf 1981)
for all pairwise comparisons of the 11 populations. Only
13 of the 55 pairwise comparisons were not statisti-
cally significant; 12 of these involve Nigerians, Aus-
tralians, and/or Bedouins and presumably reflect the
much smaller sample sizes of these populations. All of
the other comparisons showed significant between-
population heterogeneity in DQa allele frequencies.
The observed frequency of genotypes, as well as the

expected frequencies based on the assumption ofHardy-
Weinberg equilibrium for the large populations sur-
veyed, are shown in table 3. No significant differences
are observed. This observation is significant for the util-
ity of the HLA-DQa marker in individual identifica-
tion, because it indicates that genotype frequencies can
be reliably estimated from allele frequency data. The
expected genotype frequencies in five isolated popula-
tions of anthropologic interest (Indonesian, Papua New
Guinean, Australian, Bedouin, and Nigerian; table 3)
indicate, at the DQa locus, a genetic diversity (i.e., mean
heterozygosity) that is quite high (.69 and .72, respec-
tively). This is comparable to the range of diversity
values observed in the less isolated populations.
The power of discrimination, PD (Fisher 1951) (PD

= 1- EP, where P1 is the frequency of each geno-
type), calculated from the genotype data in table 3 is
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shown for each population in table 3. The PD values
range from .83 to .94. For paternity determination,
where the distribution of alleles-not genotypes- is the
relevant parameter, the average power of exclusion for
this DQa genotyping system was determined from the
equation derived by Garber and Morris (1983). This
equation gives the average power of exclusion of a
genetic system of n codominant alleles, where i = 1, . . .

n is the index for alleles of frequencies Pi, Pj, . . . Pn.
On the basis of the allelic frequencies presented in ta-
ble 1, the average power of exclusion for this genotyp-
ing system is 62.7%, 59.2%, and 58.8% for Cauca-
sians, blacks, and Hispanics, respectively. These values
are comparable to the combined power of exclusions
for four relatively informative red-blood-cell antigens
or serum protein genetic markers (Peck 1989).
From the paternity cases analyzed (Caucasians and

blacks), paternity index (PI) and random man not ex-
cluded (RMNE) were determined by the methods of
Lee (1983) and Lee and Lebeck (1983), respectively. The
mean PI was 2.56 (probability ofpaternity being 71.9%)
for Caucasians and 2.28 (probability of paternity be-
ing 69.5%) for blacks. The mean RMNE for Cauca-
sians was 40.2%, and that for blacks was 45.0%. An
unusual example of the utility ofDQa typing in pater-
nity testing is the resolution of a case involving a de-
ceased child, where the typing was based on the ability
to PCR amplify informative sequences from a tissue
section. In this case, DQa typing of the mother, two
alleged fathers, and a kidney section from the deceased
child excluded one potential father and included the
other, on the basis of the shared A1.3 allele. This anal-
ysis yielded a 92% probability of paternity (J. Chimera
and M. C. Luce, unpublished data).

Discussion

The HLA-DQa dot-blot typing system using PCR-
amplified DNA and nonradioactive oligonucleotide
probes is a powerful approach for analyzing the genetic
structure ofpopulations. It is a simple and rapid method
for typing large numbers of samples, and only very small
amounts (e.g., single hairs) of the individual samples
are required (Higuchi et al. 1988). The definition of
alleles by specific hybridization probes has some ad-
vantages over the definition by electrophoretic mobil-
ity, in that problems in identifying the precise size of
DNA fragments in different lanes of the gel are elimi-
nated. However, this method raises the issue of poten-
tial "blank" alleles - i.e., alleles which either fail to am-
plify with the primers or fail to type with the probes.

In our survey of over 2,000 individuals and over 200
cell lines since this typing method was first reported
(Saiki et al. 1986), we have observed no evidence of
such putative blank alleles.

First, we have never observed a sample which am-
plified the DQa 242-bp fragment but failed to type with
the oligonucleotide probes (i.e., a putative homozygous
blank variant in the probe region). Second, we observe
no excess of homozygotes over the expected frequency
(table 2) and thus find no evidence of a putative hetero-
zygote with one blank allele. Third, in family studies
we have never observed a homozygote who failed to
transmit his or her one DQa allele to allprogeny. Fourth,
phylogenetic analysis ofDQa sequences from a variety
of primate species indicates that the DNA sequences
complementary to the primers and to the Al, A3, and
A4 probes as well as to the subtyping probes have been
conserved for 5-20 million years (Gyllensten and Er-
lich 1989). The human DQA2 allele appears to have
arisen after speciation and represents a more recent al-
lele derived from recombination between the ancestral
A3 and A4 allelic types (Gyllensten and Erlich 1989).
In fact, these DQa primers and probes can be used to
type individual nonhuman primates (U. B. Gyllensten,
unpublished data). It is possible that, as more ethnic
groups are examined, very rare, new DQa allelic vari-
ants may be identified, but, if so, these are likely to be
new subtypes of the existing allelic types (Al, A2, A3,
and A4) and would not type as blanks.
Polymorphism in the HLA-D region previously has

been characterized by using serologic reagents to type
the subset of cells that expressed the class II antigens.
A detailed discussion of the relationship between these
sequence-defined alleles and the serologic specificities
will be presented elsewhere (H. A. Erlich, unpublished
data). In brief, however, the DQA1 alleles (1.1, 1.2, and
1.3) correspond to haplotypes encoding the DQw1
specificity, and the DQA1.1 subtype is associated with
haplotypes encoding the DR1 specificity. The DQA2
allele corresponds to haplotypes encoding the DR7
specificity. The reported frequencies of these serologic
specificities (Albert 1984) agree very closely with the
frequency of the associated DNA-defined alleles
reported here.

For the populations surveyed here, the observed fre-
quencies ofDQa genotypes do not deviate significantly
from those expected on the assumption of Hardy-
Weinberg equilibrium, although there is a slight excess
of homozygotes in the RBL Hispanic and in the Cetus
Southeast Asian groups (table 4). This observation is
consistent with the known heterogeneity of these groups
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Table 4

Observed versus Expected Frequency of
Homozygous Genotypes

Marker and Population Observed Expected

DQa:
Black (Cetus) .......... 24 22
Black (RBL) ........... 17 23
Caucasian (Cetus) ...... 21 19
Caucasian (RBL) ....... 21 20
Southeast Asian ........ 29 22
Hispanic (Cetus) ....... 38 34
Hispanic (RBL) ........ 29 23

D2S44:
Hispanica ............. 17 4

D17S79:
Hispanic .............. 13 4

a Source: Lander (1989).

as defined. The discrepancy between the allele frequen-
cies of the RBL Hispanic group and those of the Cetus
Hispanic (Mexican) group also reflects the genetic het-
erogeneity of a population defined simply by Spanish
surname (see Results). The dramatic difference in DQa
allele frequencies between different populations (table
2) suggests that this will be a valuable marker for ex-
ploring anthropologic issues, such as the patterns of
migration and the evolutionary history ofhuman popu-
lations.
When employed for individual discrimination and

exclusion, the use of an allele-specific typing system,
as described here for the DQa locus, has several advan-
tages over variable-number-of-tandem-repeat (VNTR)
systems defined by RFLP. An allele-specific system
identifies discrete traits which are transmitted in a clear
Mendelian fashion. In the case of the DQa locus, the
distinctness and permanence of the allelic variants are
emphasized by their maintenance for millions of years
(Gyllensten and Erlich 1989). Comparison of the ob-
served genotype frequencies to Hardy-Weinberg ex-
pected genotype frequencies can help validate the typ-
ing method- and, if there is homozygote excess, reveal
population substructure (Wahlund 1928). The close fit
to Hardy-Weinberg expectation for the DQa genotype
frequencies reported here (tables 3 and 4) affirms the
typing methodology and genetic model and further sug-
gests that neither great departures from panmixis nor
population substructuring exists for most of the popu-
lations as defined.
The assumption of Hardy-Weinberg equilibrium al-

lows the estimation of genotype frequencies from ob-

served allele frequencies and makes possible high levels
of individual discrimination from relatively limited
population data. For manyVNTR systems the discrimi-
nation of alleles is limited by the resolution of the gel
electrophoresis system. Consequently, distortions from
Hardy-Weinberg equilibrium are difficult to interpret.
The great excess of homozygotes found in VNTR popu-
lation samples (see table 4; Lander 1989; Mueller, in
press) cannot be clearly assigned to a single cause. Both
the inability to fully discriminate classes because oflimita-
tions of the typing methodology and potential subpopu-
lation structure may contribute to a homozygote ex-
cess. The high mutation rate present in some VNTR
systems, which may be as great as 5% (Jeffreys et al.
1988), also creates the expectation of homozygote
excess-but, in this case, because of subpopulation
structuring.
Although the power of discrimination for the DQa

marker is less than that for some VNTR systems (Ba-
lazs et al. 1989), this PCR-based typing system is a sim-
ple and rapid method capable of analyzing minute
amounts of sample as well as significantly degraded
DNA templates. As more PCR-based markers become
available, a panel of such tests should be able to pro-
vide valuable information for individual inclusions, in
addition to the exclusionary value provided by the DQa
test. Finally, the use of HLA-DQa genotyping for in-
dividual identification has been significantly facilitated
by the recent development of a reverse dot-blot format
which utilizes immobilized oligonucleotide probes and
a biotin-labeled PCR-amplification product (Saiki et al.
1989). This nonradioactive method, which allows the
analysis of a sample in a single hybridization reaction
with a typing strip to which all of the probes have been
fixed, is now available commercially.
The HLA-DQa typing system described here (either

dot-blot or reverse dot-blot or both) has been used, as
of December 1989, in 106 forensic cases involving the
analysis of over 1,000 evidence samples, including hair,
blood stains, semen stains, and bone fragments. A
detailed discussion of its use in forensics casework will
be reported elsewhere (E. Blake, R. Higuchi, and H. A.
Erlich, unpublished data).
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