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Summary

DNA samples from 54 male Afro-Americans were examined for glucose-6-phosphate dehydrogenase (G6PD)
genotypes G6PD A( + )376G, G6PD A 202A/376G, and G6PD B and for polymorphisms in intron 5 (PvuII), at

nucleotide 1311, and at nucleotide 1116 (PstI). In the G6PD B subjects, the nucleotide 1311 mutation and
the PstI site appeared to be in linkage equilibrium. No PvuII + G6PD men were encountered. The G6PD
A( +) mutation was in disequilibrium with respect to both the nucleotide 1311 mutation and the PstI site.
The G6PD A - nucleotide 202 mutation was in disequilibrium with all three polymorphic sites. No conclu-
sion could be drawn with respect to the PvuII site, except that it preceded the nucleotide 202 (A- ) mutation.
We conclude from these and our previous studies that G6PD B is the most ancient genotype. The nucleotide
1311 mutation, with its worldwide distribution, probably occurred next. The PstI mutation, limited to

Africans, probably arose next and is more ancient than the A( +) mutation, which occurred in a gene without
either the PstI or the 1311 mutation. G6PD A 202A/376G is the most recent of these mutations and is still in
linkage disequilibrium with all of the sites. Presumably it occurred in an individual with both the A( +) and
PvuII mutations.

Introduction

Three glucose-6-phosphate dehydrogenase (G6PD)
phenotypes are common in Africa-G6PD B, G6PD
A( +), and G6PD A - . G6PD B is the most prevalent.
G6PD A( + ) is characterized by a mutation at nucleo-
tide 376, resulting in an Asn- *Asp mutation that in-
creases electrophoretic mobility of the enzyme (Yo-
shida 1967; Takizawa et al. 1987). G6PD A - shares
the mutation at nucleotide 376 with G6PD A( +) and
has a second mutation that produces enzyme instabil-
ity and therefore deficiency. Four different such second
mutations have been found, three of them producing
the G6PD A - phenotype (Beutler et al. 1989, 1991).
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Although G6PD A - is thus genetically heteroge-
neous, the vast majority of subjects with G6PD A -
contain a second mutation at nucleotide 202 and
are therefore designated G6PD A -202A/376G (Beutler
1989).
Only a small number of additional polymorphic

sites have been found in G6PD. These include two in
the coding region - one at nucleotide 1116 and the
other at nucleotide 1311-and one in intron 5. All
three of these sites are known to be polymorphic in
African populations (Yoshida et al. 1988; Beutler and
Kuhl 1990a, 1990b; Fey et al. 1990). One can there-
fore establish haplotypes with respect both to these
polymorphic sites and to the sites that produce the
G6PD A( +) and the G6PD A _ 202A/376G mutation.
Our previous studies showed that the G6PD A-

202/376G's from both African and non-African popula-
tions were in complete linkage disequilibrium with the
PvuII and PstI sites, suggesting a single origin for the
G6PD A - mutation (Beutler and Kuhl 1990a). More-
over, we found that the DNA sequence of four chim-
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panzees was that of G6PD B, indicating either that the
common precursor ofman and chimpanzee G6PD was

G6PD B or that the polymorphism between G6PD
A and G6PD B predated the divergence of man and
chimpanzee. Accordingly, we regard G6PD B as the
ancestral human genotype, i.e., the "wild type" G6PD
(Beutler et al. 1989). Using all of the available markers
we now examine linkage equilibrium with G6PD
A( +) and reexamine the origin of G6PD A _ 202A/376G
by using a third polymorphism unknown at the time
of our original investigation: that at nucleotide 1311.

Material and Methods

Fifty-four blood samples were collected from Amer-
ican black males selected after enzyme assay and elec-
trophoresis to provide increased numbers of those
with G6PD A and G6PD A -. Only males were stud-
ied, so that X-linkage phase of the polymorphisms was
certain. Samples were initially examined by electro-
phoretic mobility on cellulose acetate. DNA was then
extracted from the whole-blood specimens. The poly-
morphic sites in the G6PD gene examined in the pres-
ent study are illustrated in figure 1. Each site was ex-

amined by amplifying approximately 1 gg of genomic
DNA by using PCR (Saiki et al. 1985, 1988). The
sequences of the sense and antisense oligomers used
have been published elsewhere (Hirono and Beutler
1988; Beutler and Kuhl 1990a). The FokI, NlaIII,
PstI, and PvuII sites were detected using the appro-

priate endonucleases. In each case the site was scored
positive ( + ) if it was cleaved and negative ( - ) if it

was not. The polymorphic site at nucleotide 1311 was
determined by sequence-specific oligonucleotide hy-
bridization (Beutler and Kuhl 1990b). All samples
were examined for the nucleotide 376 A-GG mutation,
which produces a new FokI cleavage site. Samples
without this site were classified as G6PD B. Those
containing the nucleotide 376 mutation were further
examined for the G6PD-deficient A - mutation,
G- A, at nucleotide 202 by restriction analysis with
NlaIII. The samples containing the NlaIII site were

designated A -, and those without it were designated
A( +). Taq polymerase and PstI were obtained from
Stratagene (La Jolla, CA), and PvuII, NlaIII, and FokI
were from New England Biolabs (Beverly, MA).

Results

Two of the 15 samples initially classified as G6PD
A( + ) by cellulose acetate electrophoresis were G6PD
A 202A/376G by molecular analysis. Otherwise, all sam-
ples classified as G6PD A( + ), A - , or B by electropho-
resis were confirmed by DNA analysis. Nineteen of
the samples proved to be G6PD B; 13 were G6PD
A( +); and 22 were G6PD A-.

If only the PvuII, PstI and nucleotide 1311 polymor-
phisms are taken into account, four different haplo-
types were found. The data are summarized in table
1. None of the G6PD B patient samples contained
the PvuII site; 75% contained the PstI site; and 25%
contained the C-UT mutation at nucleotide 1311.
DNA from only 1 of the 13 G6PD A( + ) subjects con-

tained the PvuII site, but all had the PstI site, and none

Figure I
(1986).
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Table I

Distribution of Males with G6PD B,A( +) and A( -)
among Four Haplotypes

No. WITH HAPLOTYPEa

GENOTYPE -/-/- -/ + /- -/ + / + + / + / -

B ....... 4 11 4 0
A+....... 0 12 0 1
A-....... 0 0 0 22

a PvuII/PstI/1311 C-aT.

carried mutations at the 1311 site. All of the samples
from G6PD A - subjects contained both the PvuII
site and the PstI site, and none contained the C )T
mutation at nucleotide 1311.

Discussion

Frequency of Mutations in G6PD B African-Americans

Three different haplotypes were encountered in
males of African origin who had G6PD B. The fre-

quencies of some of these polymorphisms have been
reported elsewhere (tables 2 and 3).
Among Algerians, Kenyans, and Zambians, the

gene frequency of the PvuII mutation is quite high,
being .32-.40. In American blacks, as reported by
Yoshida et al. (1988), only a .12 frequency was en-

countered. In the present study the PvuII mutation was
not found in any of the 19 G6PD B males. It is likely
that the frequency of this mutation will differ among
various African peoples. Moreover, among African-
Americans the gene frequency is expected to be some-

what lower because of non-African admixture (Reed
1969).
D'Urso et al. (1988) found the PstI site in all Europe-

ans, but it was missing from 20% of Africans. Simi-
larly, we found this site to be missing in 4 of 19 G6PD
B African-American males.
Four of the 19 G6PD B males had the nucleotide

1311 mutation, but they were not the same individuals
who lacked the PstI site. This frequency of the nucleo-
tide 1311 mutation is very similar to the 25% we have
reported elsewhere (Beutler and Kuhl 1990b).

Table 2

Frequency of G6PD Polymorphisms in Various Populations
Not Characterized by G6PD Status

INVESTIGATORS AND PROPORTION (frequency) OF

ETHNIC ORIGIN
(no. of X chromosomes) pstIa PvuIIb 1311c

Fey et al. 1990:
African (117) .................... ... 41/117 (.35) ...

West Indian (22) ............... ... 8/22 (.36) ...

British (74) ....................... ... 0/74 ...

Saudi (20) ........................ ... 0/20 ...

Icelandic (10) ... 0/10
Filipino (20) .................... ... 0/20 ...

D'Urso et al. 1988:
African (64) .51/64 (.80)
West Indian (24) .23/24 (.96) ...

European (54) .54/54 (1.00) ...

Beutler and Kuhl 1990b:
African (20) . ... 5/20 (.25)
Asian Indian (20) .............. ... ... 9/20 (.45)
White non-Jewish (68) . . 9/68 (.132)
White Jewish (41) .............. . . ... 9/41 (.220)
Oriental (59) .................... ... 3/59 (.051)

Kurdi-Haida et al. 1990:
Middle Eastern (36) ........... ... 5/36 (.14)
a The PstI site is found if a G is present at NT 1116. In this event, cleavage of a 3.0-kb genomic

fragment produces 2.1-kb and 0.9-kb fragments (Fey et al. 1990).
b A new PvuII site is created in intron V if a mutation has occurred; it has been designated as PvuII

type 2 by Yoshida et al. (1988).
c 1311 C-T mutation present.
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Table 3

Occurrence of Pvull Site with Respect to G6PD Type in African-Americans

PROPORTION (frequency) OF

A-
INVESTIGATORS B A (+) (not genotyped) A - 202A/376G A376G/680T A376G/968T

Yoshida and Takizawa 1988... 5/43 (.12) 7/17 (.41) 5/12 (.42) ... ... ...

Beutler and Kuhl 1990a ......... . ... ... ... 16/16 (1.00) 0/1 0/1
Authors of present study ........ 0/19 1/13 (.08) ... 22/22 (1.00) ... ...

Haplotype Analysis

We find three ofthe four possible combinations with
respect to the PstI and nucleotide 1311 mutations-
i.e., combinations - / -, + / -, and + / + -lacking
only individuals without the Pst site and with the
nucleotide 1311 mutation, i.e., individuals who are

- / + . The absence of such individuals is not a surpris-
ing finding at equilibrium because of the low frequency
of both. It appears, then, the PstI and the nucleotide
1311 mutation have approached linkage equilibrium
in the African population, suggesting that, like the
nucleotide 1311 mutation, the PstI is of very ancient
origin.

The nucleotide 376 mutation that gives rise to
G6PD A( +) is probably of more recent origin. All 13
subjects with G6PD A( +) also had the PstI site and
lacked the nucleotide 1311 mutation, i.e., were + / -
with respect to these two polymorphic sites. Only 11
of 19 of the G6PD B individuals had this haplotype.
A two-tailed analysis utilizing Fisher's exact test indi-
cates that this difference is significant at the .01 level.
G6PD A _ 202A/376G is in complete linkage disequilib-

rium with respect to all three polymorphic sites. In-
deed, the rare PvuII site was present in none of the
G6PD B subjects, in only one of 13 G6PD A( +) sub-
jects, but in all 22 G6PD A - samples examined. The
absence of the PvuII sites from some of the G6PD
A - subjects studied by Yoshida and Takizawa (1988)
could be due to inclusion of genetically different forms
of G6PD A -, such as the G6PD A -376G/680T and
G6PD A _ 376G/968T mutations. Elsewhere we have
shown that the PvuII site is missing from subjects who
have both of these mutations (Beutler and Kuhl
1990a).
Order in Which Mutations Have Occurred
Our findings allow us to consider the order in which

various mutations may have occurred in the G6PD
gene. The first of these mutations to arise must have
been the one at nucleotide 1311. The C at this position

may be regarded as the wild type, since it was present
in the common precursor of man and chimpanzee
(Beutler and Kuhl 1990b). Since the mutant type, with
a T at nucleotide 1311, has a worldwide distribution,
it must have preceded the dispersion of the human
race. All of the other mutations appear to be confined
to Africans and therefore probably came later. The
PstI mutation, although limited to Africa, appears to
be in linkage equilibrium with the nucleotide 1311
mutation and therefore is the next oldest of the group.
The nucleotide 376 mutation, giving rise to G6PD
A( + ), is more recent, since it is still in marked linkage
disequilibrium with the PstI/nucleotide 1311 haplo-
type. Presumably the nucleotide 376 mutation arose
in someone who had not sustained the loss of the PstI
site and who had a C at nucleotide 1311. The G6PD
A - mutation at nucleotide 202 is clearly the most
recent. Not only did it arise in a gene that already had
both the A( + ) mutation at nucleotide 376 and the
PvuII mutation, but it is still in complete linkage dis-
equilibrium with all of the other sites. Thus the data
on this group of men with predominantly African an-
cestry, along with our earlier studies, suggest the fol-
lowing sequence in which mutations of the G6PD gene
were introduced into the human species: nucleotide
1311, PstI, FokI [A( + )], and NlaIII [A- ]. The PvuII
mutation was too rare to be assigned an accurate place
in this sequence, but it must have preceded the NlaIII
mutation, since the latter mutation apparently oc-
curred in an individual with the PvuII restriction site.

It is interesting to speculate how recent the origin of
the nucleotide 202 mutation may be. It is located only
slightly more than 1,500 genomic nucleotides from
the PvuII site, and no crossovers between these sites
have been documented. In the present, previous (Beut-
ler and Kuhl 1990a), and unpublished studies we have
examined DNA from 42 G6PD A - 202A/376GX chromo-
somes, without finding a single crossover with the
PvuII site. Crossovers at the more 3' polymorphic sites
at nucleotides 1116 and 1311 are less informative be-
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cause most of the population carries the same sequence
as do the G6PD A - 202A/376G genes. Thus, most cross-

overs would be inapparent and therefore uninforma-
tive. If we use the rule of thumb that 1 cM equals 1
Mb of sequence (White et al. 1989), then, if we correct
for the fact that only two-thirds of X chromosomes
are at risk ofrecombining in each generation, the prob-
ability of recombination between these two polymor-
phic sites is 10' per generation. There is an 82%
(1 - .9642) binomial probability that the population
frequency of crossover is less than 4% with the 0/42
recombinants being observed. If there were 10'-
crossovers per generation, then achieving 4% cross-
overs would require 4,000 generations, or 80,000
years. This places a very rough upper limit on the time
that has elapsed since this mutation first occurred. On
the other hand, the origin of the G6PD A - mutation
could have been quite recent. Without any informa-
tion about the survival value of this mutation, one can
only speculate about the time involved. A 5% selective
advantage of the mutation having occurred in 1 indi-
vidual in 200,000 would result in a 10% frequency in
the population in only 250 generations, or approxi-
mately 5,000 years. If such an advantage were ex-
pressed only in heterozygotes, as has been suggested
(Bienzle et al. 1972), then nearly 500 generations, or
10,000 years, would have been required to achieve
this level in the population. Thus, a much more recent
origin of the G6PD A - mutation is possible if its
selective advantage is sufficiently strong.
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