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Abstract. In a Hawaii Hereditary Anemia Screening Pro-
ject, 4,984 participants were tested for glucose-6-phos-
phate dehydrogenase (G6PD) deficiency by a filter paper
blood spot fluorescence test. Abnormal samples and sus-
pected heterozygotes were checked by quantitative G6PD
assay (normal 4.5 to 14 units/g Hb). G6PD was deficient
(< 1.5 units/g Hb) in 188 of 2,155 males; 7 other males
had low activity (1.5 to 2.8 units/g Hb). The gene fre-
quency, estimated from males after excluding referred and
related cases, was 0.037 for Chinese, 0.134 for Filipinos,
and 0.203 for Laotians. Among 2,829 females tested, fam-
ily data showed 111 females were obliged to be at least
heterozygous, regardless of G6PD activity, and 43 others
had low G6PD activity. Most heterozygotes probably re-
mained undetected by G6PD screening. In 28 females, ac-
tivity was under 10%; in another 9 females, activity was <
1.5 units/g Hb. Since only 25 homozygotes would be pre-
dicted, this apparent excess of females with deficient ac-
tivity could be due to unequal X-inactivation in some het-
erozygotes. DNA analysis by polymerase chain reaction
amplification and special analytic procedures revealed 10
different missense mutations in 75 males. The nucleotide
835 A—T and 1360 C—T transitions were first detected
in this Hawaiian Project; we found that the nucleotide
1360 mutation was the most common cause of G6PD de-
ficiency in Filipinos. This is the first report of G6PD
screening and analysis of molecular G6PD mutations in
Filipino and Laotian populations.

Introduction

Sex-linked recessive glucose-6-phosphate dehydrogenase
(G6PD) deficiency is estimated to affect over 100,000,000
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human males worldwide; most are of African, Middle
Eastern, Asian, or Southeast Asian ancestry (Beutler 1991).

Over 400 variants have been recorded, differing in
severity, clinical expression, and biochemical properties
(Beutler and Yoshida 1988; Beutler 1990). Among class 3
types with 10%-60% enzyme activity (Yoshida et al.
1971), relatively mild variants, such as the A~ type com-
mon in Africans, render red cells susceptible to oxida-
tive damage. In Mediterraneans, Southern Chinese, and
Southeast Asians, class 2 moderately severe variants with
<10% activity are important causes of neonatal jaundice
(Beutler 1990, 1991), and of drug-induced or fever-in-
duced hemolytic anemias (Missiou-Tsagaraki 1992; Beut-
ler 1991). The more severe, class 1 variants, which cause
debilitating chronic hemolytic anemia, are uncommon;
the most severe variants, which also cause chronic granu-
lomatous disease, are very rare.

Gene frequency and prevalence data have been reported
in many studies from Chinese populations (Du et al. 1988;
Panich 1986), but few studies have reported on G6PD de-
ficiencies in Filipinos or Laotians (Motulsky et al. 1964;
Nitowsky et al. 1965; Fernandez and Fairbanks 1968;
Yoshida et al. 1970; Sicard et al. 1978; Panich 1986).

The G6PD allele has been sequenced (Persico et al.
1986), and a growing number of human mutations have
been described, virtually all of which are missense muta-
tions. Specific mutations have been identified for many
variants; some apparently different biochemical variants
have been found to have the same mutation (Beutler
1992).

In the Hereditary Anemia Screening Project in Hawaii,
we have screened families for GOPD deficiency (Hsia
1991), as well as for the a- and B-thalassemias (Hsia et al.
1988). We have compared the qualitative and quantitative
G6PD data from these populations, and estimated gene
frequencies for deficient G6PD variants of Chinese, Fil-
ipino, and Laotian subpopulations in Hawaii (Hsia et al.
1992). DNA has been analyzed for G6PD mutations in se-
lected males (Beutler et al. 1992b).
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Table 1. Results of 4,439 qualitative? and

545 quantitative glucose-6-phosphate GOPD Activity Normal Low Deficient ;1;(;::1
dehydrogenase (G6PD) assays A+ 245 +H++  15-44 - <15
(units/g (units/g (units/g
Hb) Hb) Hb)
Males 1,854 106 7 8 180 2,155
Females® 2,546 110 9 34 19 2,718
Heterozygotes® 50 22 21 18 111
Total 4,666 93 225 4,984

2 Qualitative activity was scored using a standard fluorescence test with (++++) for full
fluorescence to () for none

® Only females who were not obliged to be heterozygous by family history

¢ Females who were obliged to be heterozygous by family history, regardless of G6PD

activity

Table 2. Quantitative G6PD activity ranges

in 376 subjects over 6 years, and 56 infants GOPD activity

Subpopulation

under 2 months of age

Older subjects Young infants

Number Mean 15D Number  Mean 1SD
Normal males 80 6.63 1.47 11 10.57 3.22
Low activity males 6 1.90 0.46 1 2.80
Deficient males 110 0.42 0.35 25 0.31 0.33
“Normal” females 104 5.59 4.00 9 8.54 3.63
Obligate heterozygotes 63 4.88 4.06 8 4.51 3.63
Positive family history 13 5.66 3.52 2 11.80

Materials and methods

In Hawaii, from 1984 to 1992, over 6,000 individuals were
screened for the thalassemias, and from 1986 to 1992, 4,984 were
screened for G6PD deficiency, under an institutionally approved
protocol (Table 1). Families were recruited by public announce-
ments, by a Laotian outreach worker, at community health fairs,
and by physician referrals of suspected thalassemic heterozygotes
and their relatives. A few families were referred for screening be-
cause a boy was diagnosed to have G6PD deficiency. Blood was
collected by collaborating clinical laboratories, and sent to the cen-
tral laboratory on wet ice. No sample was taken during a hemolytic
crisis or immediately after a transfusion.

Qualitative G6PD activity was assayed on eluates from dried
filter paper blood spots, using a standard fluorescence test, and
scored subjectively by intensity of fluorescence (Beutler 1966).
Quantitative activity was assayed by a kit (Sigma Chemical, St
Louis, Mo.), according to the manufacturer’s instructions. This
was done when samples had less than full fluorescence (++++) and
when females were possible or obligate heterozygotes. A female
was designated to be at least heterozygous when her father or son
was found to have subnormal G6PD, or her daughter had low ac-
tivity but her husband had normal results.

Based on quantitative results in adult males (Table 2), we deter-
mined that normal activity ranged from 4.5 to 17 units/g Hb (mean
6.63 units + 1.63); but subnormal results were distributed in a “de-
ficient” group with 1.5 units activity or less (mostly class 2, some
class 3). Only a few samples were in a “low” group with over 1.5
units but under 3.0 units activity (class 3). A male with deficient or
low activity was diagnosed to be hemizygous for a G6PD muta-
tion; a female with low activity was diagnosed to be heterozygous;
and the deficient activity of one female was attributed to her being
either heterozygous or homozygous for G6PD deficiency.

For calculating gene frequencies, to allow for bias of ascertain-
ment, we excluded those referred for G6PD deficiency and

counted only one related male from each family. One G6PD defi-
cient male who had partial Chinese, and 15 who had partial Fil-
ipino ancestry, were not included when estimating ethnic frequen-
cies.

DNA was extracted from blood of subjects over age 6 years to
analyze for o-globin deletions (Hsia et al. 1988). DNA from 81 se-
lected males with subnormal G6PD was analyzed, using a sequen-
tial strategy to identify mutations known to occur in these sampled
populations (Fig. 1; Beutler et al. 1991a).

Samples were tested successively by the following steps, until a
mutation was identified. First, polymerase chain reaction (PCR)
was used to amplitfy exon 9 of the G6PD locus using previously
described primers (Fig. 1; Beutler et al. 1991a). The nucleotide (nt)
871 G—A mutation was detected by allele-specific oligonu-
cleotide hybridization (ASOH), and the nt 1003 G—A mutation,
by direct sequencing. The nt 871 G6PD’*™ from India (Beutler
1976), or G6PDViang Chane from Laos differ by nt 1311 C/T and in-
tron 11 Hlalll polymorphisms; these were distinguished by haplo-
type analysis (Beutler et al. 1992c¢).

Exons 11 and 12 were amplified by PCR using previously de-
scribed methods (Beutler et al. 1991a). 5-TGGATCAGCAAGA-
CACTCT and 3"-ACTCCCACCTCGATGGAGTA primers were
use to generate a 325-bp fragment. ASOH was used to detect the
known G—A substitutions at nt 1376 and nt 1388, equivocal re-
sults were checked by direct sequencing. After the nt 1360 C—T
mutation was found to be common, ASOH was also used on the
same amplified fragment to detect this. Since this mutation de-
stroys an Fspl site, equivocal results were confirmed by restriction
digest analysis using this enzyme. 5-TGGCATCAGCAAGA-
CACTCT and 3"-GGACGTATGGACACCCGATA primers were
used to amplify a 146-bp fragment. Fspl digestion splits normal
samples into 102-bp and 44-bp subfragments.

The remaining samples were examined for the nt 835 A—T mu-
tation. The 3-CCGGGTAGACACTGCTCCGT and mismatched
5"-GCCATGGAGAAGCCCGACTC primer were used to amplify
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a 110-bp fragment. Since this mutation creates an Mnll site, the
PCR product was digested with Mnll, producing 79-bp and 31-bp
subfragments when samples had the nt 835 mutation.

Exons 6, 7, and 10 were independently amplified and screened
for mutations using single-strand conformational polymorphism
(SSCP) analysis (Orita et al. 1989). Samples with abnormal results
were sequenced. The mutations at nt 487 G—A and at nt 493
A—G, in exon 6, generated Alul and Sau961 sites, respectively.

These mutations were confirmed by amplification of a 70-bp
fragment using 5"-GGTTCAAGGGGGTAACGCAG and 3"-AG-
TAGCACCTCTTCGGGAAG primers. Upon digestion with the
appropriate enzyme, creation of an Alul site by the nt 487 mutation
resulted in bands of 20-bp, 31-bp, and 19-bp. Creation of a Sau961
site by the nt 493 mutation resulted in bands of 46-bp and 24-bp.

Samples from the one subject with African ancestry who had
the nt 1360 mutation and from two other subjects with African an-
cestry who had low G6PD activity, were tested for the nt 202
C—A and nt 376 A—G mutations of the African A~ variant by
Nlalll and Fokl digests (Hirono and Beutler 1988).

Finally, a 104-bp fragment of exon 2 was amplified using a mis-
matched primer, 5-CTTCCATCAGTCGGATACGC and 3°-GT-
TAGAATTTTCGGTCCTTC (Beutler et al. 1991a) to create a
Hhal site if the nt 95 A—G mutation was present. This mutation
was detected when digestion with Hhal gave bands of 82-bp and
22-bp. All restriction digests were carried out according to the
manufacturers’ recommended protocols.

Results

Screening was completed in 4,984 samples from all ages,
and quantitative assays were done in 545 (Table 1, Fig. 2).
Quantitative assays in 250 samples with full fluorescence
(++++) were normal in all but 11; the lowest activity with
(++++) was 2.6 units. Quantitative assays in 35 samples
with (+++) were normal in all but 8; the lowest was 2.3
units. All 14 samples with (++) were assayed; activity
ranged from 1.4 to 4.2 units. All 22 samples with (+) were
assayed; activity ranged from 0.3 to 4.3 units, and 7 were
deficient. All but 8 samples with no fluorescence () were
assayed; one female with (—) had activity of 4.1 units.

Quantitative assays were done in 293 of 2,155 males
who had qualitative testing, including 187 of 195 with (-)
or (+) qualitative results. One borderline male who had
(+++) and 4.4 units activity was considered normal; none
of the others had > 2.8 units activity. G6PD activity was
deficient in 188 males (120 were class 2, 68 class 3) and
low in 7 (Table 1, Fig.2). Some samples were not tested
until 4 or more days after collection, due to delays in
transfer to our central laboratory, but this was associated
with no noticeable lowering of either qualitative or quan-
titative results.

Based on findings in relatives, 111 females were
obliged to be at least heterozygous for a deficient variant,
89 of these bad quantitative assays (Table 1, Fig.3).
Among these obligate heterozygotes, activity was normal
in 50, low in 21, and deficient in 18 (11 of these had <
10% activity), 7 other females with affected relatives also

nt 1360
nt 1376
nt 1388

Fig. 1. The G6PD gene on Xq28, showing the ten
mutations found in the Hawaii study (Beutler et
al. 1991a)

Number

G6PD activity [units/g Hb]

Fig.2. G6PD activity in males over age 6. Deficient: Bl < 1.5;
low: I 1.5-4.4; normal: B > 4.4
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Fig.3. G6PD activity in obligate heterozygotes (upper histogram)
and other females (lower histogram) over age 6

had low activity. Of 2,656 other females with (++++) or
(+++) results, 110 had quantitative assays; of 62 with
(++), (+), or (=) results, 53 had quantitative assays. Re-
sults were low in a total of 55 females and deficient in a
total of 37 females (28 of these had < 10% activity). The



Table 3. Gene frequencies for G6PD deficiency by race?

Ethnicity

Chinese Filipino Laotian
Total males 272 783 74
Affected males 10 105 15
G6PD deficiency 0.037 0.135 0.202

2 Referred or related cases and those with mixed ancestry were ex-
cluded

family history did not prove or exclude homozygosity in
any of the 37 females with deficient activity.

The means and standard deviations of quantitative
GO6PD were calculated separately for infants and for those
over age 6 years, in males who were normal, low, or defi-
cient, in females obliged to be heterozygous, and in other
females (Table 2). Excluded from these calculations were
two males, three obligate heterozygotes, and four other fe-
males who had excessive activities (27-69.3 units).

After allowing for bias of ascertainment, 157 of 1,983
GOPD alleles in males were deficient, and 6 were low;
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three of the four African Americans with abnormal G6PD
had low results.

Calculated gene frequencies for G6PD-deficient alleles
in Chinese, Filipinos, and Laotians are in Table 3.

DNA was analyzed on samples from 75 males with low
or deficient G6PD, including three brother-pairs. Two
transversion and eight transition missense mutations at the
G6PD locus were found (Table 4, Fig.1), including 2 re-
ported for the first time from Hawaii (Beutler et al.
1992b). No mutation was detected in 6 other samples that
had insufficient DNA for completing the sequential analy-
sis. The 1360 mutation was common in Filipinos but was
also found in one Laotian and one African American who
was born in Florida and was unlikely to have any South-
east Asian ancestry.

We found the nt 1360 mutation had well under 10%
G6PD activity. The nt 95, nt 1003, and nt 1376 mutations
also had < 10% activity; the nt 487, nt 493, nt 871, and nt
1388 mutations had > 10% activity. The A~ and nt 835
mutations had > 20% G6PD activity.

Quantitative G6PD activity had been determined in 68
of the 75 subjects who had DNA analyses. From these, the
mean and standard deviation were calculated for each mu-

Table 4. G6PD DNA mutations in 72
chromosomes by race

Table 5. Means and standard deviations of
GOPD activity in 68 mutant samples,
including three brother-pairs

G6PD mutation Chinese Filipino Laotian African Japanese Total
American
95 A—G Arg—Cys 3 3
202 G—A Val->Met 2 2
376 A—G Asn—Asp
487 G—A Gly —Ser 2 2
493 A—G Asn—Asp 4 4
835 A>T Thr —Ser 1 1
871 G—A Val->Met 6 5 11
1003 G—A Ala—Thr 8 8
1360 C—T Arg—Cys 35 1 1 37
1376 G>T Arg—Leu 1 1
1388 G—A Arg—His 2 3
Total 6 53 9 3 1 72

2 These samples had the nt 376 mutation of the A+ variant and the common nt202 muta-
tion of the A— subvariant

G6PD mutation Name Class Number  Mean 1SD
95 A—>G Arg—Cys Gao He 3 3 0.47 0.06
36 ASG Amohsp A 3 2 170
487 G—A Gly —Ser Mahidol 3 3 0.80 0.10
493 A—G Asn—Asp 3 3 0.90 0.35
835 A>T Thr —>Ser 3 1 2.30
871 G—A Val->Met Viang Chan 2 12 0.99 0.30
1003 A—>G Ala—Thr Chatham 3 5 0.38 0.16
1360 C—>T Arg —Cys 2 35 0.21 0.25
1376 GoT Arg—Leu Canton® 3 1 0.40
1388 G—A Arg—Hi Kai Ping 2 3 0.87 0.15

2 Also Taiwan Hakka, Class2
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tation (Table 5). We were unable to obtain additional sam-
ples from these subjects for G6PD enzyme electrophore-
sis or full biochemical characterization.

Discussion

Specificity and sensitivity

In comparing qualitative with quantitative testing, we
found qualitative fluorescence was simple and sufficient
for identifying moderately severe G6PD variants, al-
though it could have missed some mild variants that had
borderline low (class 3) quantitative activity. A (—) or (+)
results was always subnormal on quantitative testing, but
was sometimes > 1.5 units; a (++) result was likely to
have > 1.5 units activity, while a (+++) or (++++) result
did not always rule out class 3 deficiency (1.5-3.0 units).
Subnormal activities in males were all well below the nor-
mal range.

In infants, normal values had a higher range, possibly
due to raised nucleated cells, reticulocytes and platelets
(Morelli et al. 1981; Table 2). This could have caused
more G6PD-deficient infants to have activity > 1.5 units,
but only 1 male infant was among the 7 with > 1.5 units
activity, while 37 infants had < 1.5 units. Therefore, qual-
itative testing was unlikely to have missed moderately de-
ficient class 2 G6PD variants in infants. Three of the 7
males with low activity had mutation analysis; all were
found to have mild class 3 variants.

Assuming that the normal range was similar in both
sexes, females with low activity were diagnosed to be
heterozygous. About half the obligate heterozygotes had
normal results; therefore, many additional heterozygotes
must have been among those with normal test results.

Seven of the 9 samples with exceptionally high results
were from children, 4 were associated with leucocytosis
(white cell counts over 11.5 x 10%1). Based on Hardy-
Weinberg equilibrium for the estimated gene frequencies
in each ethnic group, we had expected to find 25 homozy-
gous females, but 37 had deficient class 2 or class 3 activ-
ity. This apparent excess of G6PD-deficient females is
likely to be due to imbalanced X-inactivation in heterozy-
gotes (Beutler et al. 1962).

Gene frequencies

The gene frequency of G6PD deficiency in Chinese from
Hawaii was similar to that reported in other Chinese pop-
ulations (Panich 1986; Du et al. 1988), but Filipinos and
Laotians showed much higher frequencies (Table 3). The
large numbers that we tested leave littie doubt about the
data for Filipinos. The data from Laotians might have
been exaggerated by smaller sample size and possible se-
lection bias, but must still be very high.

Over 95% of the Chinese in Hawai are originally from
a small region of Guangzhou Province, and over 95% of
the Filipinos are from northern Luzon, so the results need
not be representative of other regions in these countries.
The Laotians were from the northern, central, and south-
ern regions of Laos.

Molecular mutations

Most of the mutations we found in Hawaii (Tables 4, 5)
had been reported previously, but with different popula-
tion distributions. The nt 95 G6PDO2°He reported in some
Chinese from Taiwan (Chiu et al. 1991b; Chang et al.
1992), was found in 3 of 6 G6PD-deficient Chinese from
Hawaii. The nt 487 G6PDMahidol originally reported from
Thailand (Panich et al. 1972; Vulliamy et al. 1989), and in
one Chinese from Taiwan (Chang et al. 1992; Tang et al.
1992), was found in two of nine Laotians. The nt 493, re-
ported in Chinese (Tang et al. 1992; Chang et al. 1992),
was found in four Filipinos. The nt 871 G6PD'a™™ from
India (Beutler 1976), or GOPDViang Chan from [aos (Poon et
al. 1988) was seen in five Laotians and six Filipinos, who
all had the polymorphisms characteristic of G6PD Yiang Chan
(Beutler et al. 1991b, 1992¢). The nt 1003 G6PDChatham
(Vulliamy et al. 1988) was seen by us in eight Filipinos.
The nt 1376 G6PDTiwan-Hakka o GEPDC#nton the most com-
mon in Taiwan (Chiu et al. 1991b; Chang et al. 1992;
Stevens et al. 1990; Tang et al. 1992), was seen by us in
only one Japanese male. The nt 1388 G6PDXaring, a]so
common in Taiwan (Chiu et al. 1991a, b; Chang et al.
1992; Tang et al. 1992), was seen in two Chinese and one
Laotian.

The nt 1360 mutation (Beutler et al. 1992b) detected in
Hawaii was found in 36 of 53 chromosomes from Fil-
ipinos, in 2 from Laos, and 1 from Japan; it has also been
reported independently in Chinese (Perng et al. 1992), and
so must be a common variant, probably a well-character-
ized biochemical variant (Beutler and Yoshida 1988) that
has not yet been identified at the molecular level, such as
G6PDUrion or possibly G6PDP#@y (Beutler 1990; Fernan-
dez and Fairbanks 1968; Yoshida et al. 1970). Most of
those with the nt 1360 mutation had little or no enzyme
activity, including the African American subject. Four
Oriental males with the nt 1360 mutation had > 1.5 units
GO6PD activity; two of these had a leucocytosis. The mild
nt 835 mutation we found in one Chinese might be a rare
variant. The two African Americans with the G6PD A-
variant had 1.5 and 1.9 units activity.

The residual enzyme activity we found in the different
mutant types failed to correlate fully with previously re-
ported activity levels (Table 5; Beutler et al. 1988). This
could be attributed mostly to minor variations or small
sample size, but not for the 12 samples with the nt 871
mutation, where we consistently found much higher activ-
ity than reported, equivalent to class 3 rather than class 2
in severity.

Clinical history

None of the 188 males or 37 females with deficient GGPD
activity detected in this study had a positive clinical his-
tory of neonatal hyperbilirubinemia, deafness or brain
damage from kernicterus, episodes of hemolytic anemia,
favism, or any other adverse effects on their general
health. In Hawaii, prior to this study, a boy of partial Chi-
nese ancestry and a Filipino boy with brain damage from
kernicterus due to G6PD deficiency had been seen, one 3-
year-old boy had developed acute hemoglobinuria after



aspirin treatment for a fever, and one 8-year-old Filipino
boy had collapsed with acute hemolysis after eating about
20 dried fava beans.

Several G6PD-deficient males were also heterozygous
for an o- or a B-thalassemia; one Laotian boy with G6PD
deficiency had transfusion-dependent Hb H/Constant
Spring disease. The presence of heterozygosity or com-
pound heterozygosity for a thalassemia did not seem to af-
fect either the GOPD activity or the expression of any o or
B globin genotype.

Conclusions

GOPD deficiency can cause susceptibility to neonatal
jaundice and to later fever- or drug-induced hemolytic
anemia. Although most patients with G6PD deficiency
detected in this screening project had benign histories,
G6PD deficiency clearly can have serious consequences.
Standard qualitative and quantitative screening tests will
detect all samples with deficient activity, and most with
low activity. Population screening will find a very large
number of G6PD-deficient males and some G6PD-defi-
cient females in Chinese, Filipinos, and Laotians. A vari-
ety of molecular mutations account for the deficiencies in
each ethnic group. Successful mutation analysis will al-
low for accurate heterozygote detection and fetal diagno-
sis of the more serious G6PD deficiencies (Beutler et al.
1992a).
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