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Incidence and complete molecular characterization of
glucose-6-phosphate dehydrogenase deficiency in the
Guangxi Zhuang autonomous region of southern China:
description of four novel mutations 

Glucose-6-phosphate dehydrogenase
(G6PD; EC 1.1.1.49) deficiency is the
most common human metabolic disor-

der, affecting an estimated 400 million people
worldwide.1,2 Although almost all affected indi-
viduals with G6PD-deficiency are generally not
anemic and are asymptomatic, this defect may
cause neonatal jaundice, mild hemolytic ane-
mia to chronic non-spherocytic hemolytic ane-
mia (CNSHA) with attacks of severe anemia
induced by infections, specific drugs, or con-
sumption of broad (fava) beans. Due to the fact
that  the G6PD gene is located on the X chro-
mosome, the clinical symptoms of the disease
are usually confined to hemizygous men,
although female carriers with a marked expres-
sion of the aberrant allele may also suffer.1 This
deficiency in erythrocytes is usually found at
high frequency in areas of the world where
malaria is or has been endemic. Previous epi-
demiological studies showed that the geo-
graphic areas known to be at risk for G6PD
deficiency include a broad region extending
from the Mediterranean basin and parts of

Africa, through the Middle East, the Indian
subcontinent, Southeast Asia (SEA) including
southern China, and parts of south America.1,2,3

In the past decades there has been growing epi-
demiological confirmation of the hypothesis
that G6PD deficiency protects against malaria
mortality4 and the application of novel haplo-
type-based techniques has demonstrated that
malaria-protective genes have been subject to
recent balancing selection.5

Over the past few decades, extensive studies
have documented profiles of those G6PD vari-
ants exhibiting a wide range of phenotypes.
Those affecting enzyme activity have been
biochemically characterized.1,6 To date, over
150 hematologically important mutations asso-
ciated with different G6PD enzyme abnormal-
ities, including the mutations responsible for
CNSHA, have been identified at the molecular
level in different ethnic populations of the
world.3,6 Molecular analysis has also revealed
that each ethnic population has a characteristic
profile of deficient variants. In southern China,
where the G6PD deficiency was reported more
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Background and Objectives. Glucose-6-phosphate dehydrogenase (G6PD) deficiency is
the most common human metabolic disorder in southern China. We investigated the
incidence and distribution of mutations, the molecular pathology of affected females
and the haplotype association with G6PD deficiency in patients from the Guangxi
region. 

Design and Methods. A population-based molecular analysis combining phenotypic
screening and genotypic detection using both multiplex primer extension/denaturing
high performance liquid chromatography assay and DNA sequence analysis were per-
formed in a total of 4,704 individuals. 

Results. The mutation frequency of male G6PD-deficient individuals was observed to
be 7.43%. Twenty-seven genotypes from 361 individuals were found. Statistical analy-
sis showed that there were significant differences in both the percentages of methe-
moglobin and the G6PD/6PGD ratio between heterozygote and hemizygote in males
and between heterozygote and homozygote in females. However, no statistically signif-
icance was seen between hemizyotes and homozygotes. The mutation profile showed
that five mutations, G6PD Kaiping1388A, G6PD Canton1376T, G6PD Gaohe95G, Chinese-51024T

and G6PD Viangchan871A, are the most common in the area, accounting for 85% of the
G6PD-deficient alleles. Ten rare mutations were detected in approximately 4% of the
mutant chromosomes. Four novel mutations were found: G6PD Liuzhou442A, G6PD
Nanning703T, G6PD Laibin1414C, and G6PD Hechi202A/871A. In addition, two other rare muta-
tions, c.196T→A and c.202 G→A, were detected for the first time in Chinese patients.
A single dominant haplotype (– – + – –) was observed in 94.0 % of 182 deficient chro-
mosomes. 

Interpretation and Conclusions. Our protocol could be used to extend the knowledge
of molecular defects of G6PD gene in different geographical areas. 
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than 40 years ago, at least 18 different point mutations
associated with reduced G6PD enzyme activity have been
identified in the human G6PD gene.3,7-12 Previous studies
indicated a high population frequency of this defect in
southern China, mainly distributed in the areas south of
the Yangtze River. Population frequencies of G6PD defi-
ciency in China ranged from 3.1%-16.1% in Guangdong,8,9

3.1%-9.0% in Taiwan,10,11 up to 6.9% in parts of Sichuan,8

and 16.7% among the Miao population.12 However, the
prevalence of G6PD deficiency in the Guangxi Zhuang
Autonomous Region, which has a population of over 49
million, has not been determined. In addition, very little is
known about the molecular basis of G6PD deficiency in
female individuals of southern China because nearly all of
the data on the incidence rate and mutation spectra were
previously collected through patient-based investigations
in male subjects only.7-12

In this report, we investigate the incidence and distribu-
tion of the deficiently mutations of the G6PD gene in this
region of southern China using a population-based molec-
ular analysis. The focus of this study was the molecular
pathology of females with G6PD deficiency as well as hap-
lotype-associations of common G6PD-deficient mutations. 

Design and Methods  

Population
A total of 4704 unrelated participants comprising 2368

males (age 29.55±5.03 years) and 2336 females (age
27.55±3.89 years), whose registered parental origin is from
14 different Counties/Districts in Guangxi Zhuang
Autonomous Region, were enrolled for this investigation
between October 2002 and October 2003. Of these indi-
viduals, 98.5% were ethnic southern Chinese. Among
them, most (94.8%) had Guangxi ancestry. Peripheral
blood samples were randomly collected from these partic-
ipants when they received their pre-marriage medical
check-up at Liuzhou Municipal Maternity and Child
Healthcare Hospital. For the molecular studies of G6PD
variants to clarify their distribution and phenotype within
this region, samples collected from the two major ethnic
population groups, Han and Zhuang, which account for
64.3% (3027/4704) and 32.5% (1528/4704) of the total
samples, respectively, were chosen. The remaining 149
individuals belonged to other minority groups. Informed
consent to the investigation was obtained from all the par-
ticipants.

Laboratory methods 
The diagnostic flow chart for targeted detection of G6PD

deficiency in this study is illustrated in Figure 1. Briefly, two
different screening procedures, the conventional methemo-
globin reduction test (MRT)13 followed by the method
advised by the WHO for measurement of G6PD/6PGD
ratio,14,15 were employed to measure the incidence of G6PD

deficiency. The former was primarily used to estimate the
prevalence of heterozygote females with G6PD deficiency
in this region. In the second, genomic DNA was extracted
by standard methods from all suspected positive samples
and subjected to molecular analysis by a multiplex primer
extension/denaturing high performance liquid chromatog-
raphy (PE/DHPLC) assay, which can simultaneously geno-
type ten Southeast Asian G6PD deficiency-causing muta-
tions and a silent polymorphism, as previously described.16

Finally, direct DNA sequencing was performed on all the
negative samples as determined by PE/DHPLC in order to
detect any novel G6PD gene mutations. In this study, both
coding exons and exon-intron boundaries in the human
G6PD gene were completely sequenced using the ABI
Prism DNA Analyzer (Model 377). As a control for this
study, we randomly selected 129 samples from normal
individuals and determined the G6PD mutation status by
PE/DHPLC. Of these 129 samples, we sequenced all 65
female samples except for the two samples with known
mutations detected by PE/DHPLC. The criteria used to
make diagnosis of G6PD-deficiency in this study included:
(i) a positive enzyme test by both MRT and G6PD/6PGD
ratio assay or (ii) a positive mutation as determined by
molecular analysis using PE/DHPLC or DNA sequencing.
Blood counts and red-cell indices were assessed in all the
samples using standard procedures.  
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4704 participants (peripheral blood)
(M: 2368; F: 2336)

441 suspected individuals
(M: 205; F: 236)

4263 normal individuals
(M: 2613; F: 2100)

129 random subjects
(M: 64; F: 65)

89 undetected
individuals

(M: 29; F: 55)

89 undetected
individuals

(M: 29; F: 60)

39 detected
individuals

(M: 0; F: 39)

313 confirmed
deficient patients
(M: 176; F: 137)

46 undetected
patients

(M: 17; F: 29)

41 undetected
patients

(M: 15; F: 26)

5 detected
patients

(M: 2; F: 3)

267 detected
patients

(M: 159; F: 108)

6 detected
individuals
(M: 0; F: 6)

128 suspicious
affected individuals

(M: 29; F: 99)
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Figure 1. Diagnostic flow chart for the detection of G6PD deficien-
cy in this study. The sample numbers detected at each step are
indicated in brackets. aThe negative and positive value of tests are
>75% and ≤75%, respectively, for the MTR assay. bThe negative and
positive values of tests are >1.5 and ≤1.5, respectively, for
G6PD/6PGD ratios. cThe PE/DHPLC assay can detect ten G6PD
mutations and a silent polymorphism: c.95 A→G, c.392 G→T,
c.487 G→A, c.493 A→G, c.592 C→T, c.871 G>A, c.1024 C→T,
c.1360 C→T, c.1376 G→T, c.1388 G→A, and c.1311 C→T. Three
of them, c.487 G→A, c.493 A→G, and c.1360 C→T were not deter-
mined in our study. dFor DNA sequencing, a positive result means
the detection of the variants besides the above 11 known G6PD
mutations or novel mutations. The 65 female samples randomly
isolated from normal cohort were subjected to sequence analysis
in order to characterize possible G6PD mutations in the heterozy-
gote state in women in normal phenotypes. The eight mutations
identified in this study were c.196T→A, c.202G→A, c.[202 G→A;
871 G→A], c.442 G→A, c.519C→T, c.703C→T, c.1004C→T and
c.1414A→C (Table 1). 

G6PD/6PGDb

PE/DHPLCc

DNA sequencingd



Haplotype analysis 
Five intragenic polymorphic sites at c.202 G→A (exon 4),

c.376 A→G (exon 5), c.1116 A→G (exon 10), c.1311 C→T
(exon 11), and c.1365-13T→C (intron 11) located in the
G6PD gene, were used to construct haplotype patterns in
the present study.17-20 Haplotype analysis was conducted on
the chromosomes from 176 male G6PD-deficient patients
and six female individuals with newly identified muta-
tions. To determine the frequency of 1311T in cis with
intron 11-93 C in the normal population or in females, a
double amplification refractory mutation system (ARMS)
assay was designed for direct determination of the haplo-
type for these two polymorphic sites.  

Statistical analysis  
χ2 analysis was used to assess statistically significant dif-

ferences between the Han and Zhuang people. Completely
randomized analysis of variance (ANOVA) was used to cal-
culate statistically significant differences among hemizy-
ote, homozygote, heterozygote, and normal control indi-
viduals. The percentages of methemoglobin and the
G6PD/6PGD ratio of the three variants (c.1376 G→T,
c.1388G→A and c.95 A→G) between the positive group
(G6PD/6PGD≤1.5) and negative group (G6PD/6PGD>1.5)
were analyzed by t-tests. Statistical analyses were conduct-
ed with an SPSS software program. The prevalences of dif-
ferent deficient G6PD alleles were calculated from a modi-
fied Hardy-Weinberg formula. 

Results 

Population prevalence and mutation spectrum of G6PD
deficiency 

Screened by MRT, 441 of the 4704 blood samples
(9.38%) were suspected to be G6PD-deficient (positive). Of
the 441 samples, 313 were classified as confirmed G6PD-
deficient patients with a value ≤1.5 while the remaining 128
were clarified as suspicious affected individuals with a
G6PD/6PGD ratio >1.5. These 128 samples underwent
confirmatory testing. By molecular analysis using
PE/DHPLC followed by direct DNA sequencing on sam-
ples from both these two groups as well as the normal pop-
ulation, we identified 272 (86.9% of 313 samples tested),
45 (35.2% of 128 samples tested) and 3 (2.33% of 129 nor-
mal samples tested) samples with a total of 15 mutant alle-
les in the G6PD gene. The number and percentage of dif-
ferent deficient chromosomes observed from our samples
in both males and females are listed in Table 1. Overall,
considering the numbers of mutant alleles contributed by
15 phenotypically positive males with unknown muta-
tions, the total number of G6PD-deficient alleles in males
was 176, given a frequency of 7.43% for G6PD deficiency
in the Guangxi population. Comparison of the mutation
frequency rates between the Han and Zhuang populations,
8.03% (122/1520) and 6.58% (50/760), respectively,

demonstrated that there was no statistically significant dif-
ference (p=0.217) between ethnic backgrounds. The fre-
quency of the common polymorphism 1311T in males is
7.8%, which is equivalent to the testing rate of 1311T in cis
with intron 11-93 C.  

A total of 341 chromosomes with different known muta-
tions were characterized in our study. About 85% of these
mutations were accounted for by five common mutations
(Table 2). The distribution of the five dominant mutant
alleles (c.1388 G→A, c.1376 G→T, c.95 A→G, c.1024
C→T, and c.871 G→A) between the Han and Zhuang pop-
ulations was not statistically different (p>0.1 for each of the
five groups).  

Contribution of the G6PD-deficient genotypes  
We observed a total of 27 different genotypes from 317

G6PD-deficient individuals and three apparently normal
individuals characterized through molecular analysis in this
study, including 8 from hemizygotes, 13 from heteozy-
gotes, and 6 from homozygotes, In addition, 15 males and
26 females had unknown mutations (Table 3). All of the
eight male patients with a combination of c.871 G→A
responsible for the variant G6PD Viangchan and the c.1311
C→T were found to have a cis-compound mutation which
is similar to the linkage disequilibrium between mutation
871A and polymorphic site 1311 T previously observed in
the Asian population.17,21,22 As expected, most of genotypes
in female homozygotes were common mutations, with
76.2% (16/21) of all homozygotes for c.1388 G→A muta-
tion having four genotypes: c.[1388 G→A ]+[1388 G→A],
c.[1388 G→A ]+[1376 G→T], c.[1388 G→A ]+[95 A→G],
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Table 1. Results of screening and genotyping 4704 blood samples
for G6PD deficiency in indiviudals in the Guangxi Zhuang
Autonomous Region. 

G6PD G6PD Males Females
Variants Mutations n % n %

Anant c.1388 G→A 57 2.41% 66 1.41%
Canton c.1376 G→T 51 2.15% 42 0.90%
Gaohe c.95 A→G 32 1.35% 40 0.86%
Chinese-5 c.1024 C→T 10 0.42% 16 0.34%
Viangchan c.871 G→A 8 0.34% 3 0.06%
Chinese-4 c.392 G→T 1 0.04% 2 0.04%
Fushan c.1004C→T – – 3 0.06%
*Liuzhou c.442 G→A – – 3 0.06%
Shunde c.592C→T – – 1 0.02%
Miaoli c.519C→T – – 1 0.02%
*Songklanagarind c.196T→A – – 1 0.02%
*Asahi c.202 G→A – – 1 0.02%
*Hechi c.[202G→A;871 G→A] 1 0.04% - –
*Nanning c.703C→T 1 0.04% - –
*Laibin c.1414A→C – – 1 0.02%

Unknown 15 0.63% 26 0.56%

Total 176 7.43% 206 4.41%

*New variants. The female subjects comprised 138 heterozygotes, 21 homozygotes
and 26 with unknown mutations who were considered to be heterozygotes for
calculation purposes.  



and c.[1388 G→A ]+[ 1024 C→T] (Table 3).  
We then compared two phenotypes from female het-

erozygotes with the same genotypes who were isolated
from the group of 39 women with initial suspicion of
G6PD deficiency and the 108 women with confirmed
G6PD deficiency in whom PE/DHPLC genotyping detect-
ed the mutation (Figure 1). The results showed a significant

difference in phenotypic features of G6PD/6PGD measure-
ments between the two groups and are compatible with
the rule for incomplete inheritance of this X-linked inheri-
tance, namely that the expression of deficiency varies as a
result of variable X-inactivation in females. Thus, female
heterozygotes may have variable enzyme activities even
though they have the same mutation (Table 4). There were
significant enzyme activity-related differences in both the
percentages of methemoglobin and the G6PD/6PGD ratio
between heterozygotes and hemizyotes (p<0.001), and
heterozygotes and homozygotes (p<0.001). There was no
statistically significant difference between hemizyote and
homozygote (p>0.1) (Table 5). 

Four novel mutations and two rare mutations 
We identified four novel G6PD mutations in Chinese

individuals. The first, designated G6PD Liuzhou442A

(Genbank ID.DQ832762), involved a G→A substitution at
nucleotide (nt) 442 within exon 5 of the G6PD gene, pro-
ducing a Glu148Lys change in the protein. This novel
mutation was detected in three female heterozygotes. The
second mutation G6PD Nanning703T (Genbank ID.DQ
832761) involved a C→T change at nt 703 within exon 7 of
the G6PD gene, resulting in a p.Leu235Phe substitution.
The third, a variant identified in a male patient, involved a
combination of c.202G→A responsible for the variant
G6PD Asahi23 and the common c.871 G→A (G6PD
Viangchan) mutation. Since these two mutations have not
previously been reported to exist in combination, we have
called the new variant G6PD Hechi202A/871A (Genbank
ID.DQ832766). The fourth, designated G6PD Laibin1414C

(Genbank ID.DQ832763), the variant found in a normal
female heterozygote, was an A to C substitution identified
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Table 2. The G6PD-deficiency chromosomes and their constitu-
tions in Han and Zhuang people in Guangxi.   

Numbers of alleles
G6PD G6PD Han Zhuang Other* Overall
Variants Mutations n (%) n (%) n (%) n (%)

Anant c.1388 G→A 81 (32.5) 38 (32.5) 4 (25.0) 123 (32.2)
Canton c.1376 G→T 61 (24.5) 30 (25.6) 2 (12.5) 93 (24.3)
Gaohe c.95 A>G 46 (18.5) 23 (19.7) 3 (18.8) 72 (18.8)
Chinese-5 c.1024 C→T 15 (6.02) 8 (6.84) 3 (18.8) 26 (6.81)
Viangchan c.871 G→A 7 (2.81) 4 (3.42) − 11 (2.88)
Chinese-4 c.392 G→T 2 (0.80) − 1 (6.25) 3 (0.79)
Liuzhou c.442 G→A 1 (0.40) 1 (0.85) 1 (6.25) 3 (0.79)
Fushan c.1004 C→T 2 (0.80) 1 (0.85) − 3 (0.79)
Asahi c.202 G→A 1 (0.40) − − 1 (0.26)
Shunde c.592 C→T − 1 (0.85) − 1 (0.26)
Miaoli c.519 C→T 1 (0.40) − − 1 (0.26)
Songklanagarind c.196 T→A 1 (0.40) − − 1 (0.26)
Nanning c.703 C→T 1 (0.40) − − 1 (0.26)
Hechi c.[202G→A ;871 G→A] 1 (0.40) − − 1 (0.26)
Laibin c.1414A→C 1(0.40) − − 1(0.26)
Unknown 28 (11.2) 11 (9.40) 2 (12.5) 41 (10.7)
Total 249 (100) 117 (100) 16 (100) 382 (100)

*Sixteen G6PD-deficiency alleles were detected in 149 subjects belonging to
other minority ethnic groups, including Melao, Tong, Yao, Hui, Buyi, Miao,
Maonan, and Man. The c.1311 C→T silent polymorphism was not involved.
The frequencies for the five most prevalent mutations between Han and Zhuang
people were not statistically different according to χ2 test analysis
(χ2 = 1.522, p>0.05). 

Table 3. Twenty-seven different genotypes associated with G6PD deficiency and their contributions in Guangxi. 

Hemizygote n (%) Heterozygote n (%) Homozygote n (%)

c.1388 G→A 57 (32.4) c.[1388 G→A]+[=] 46a (28.0) c.[1376 G→T]+[ 1388 G→A] 5 (23.8)
c.1376 G→T 51* (29.0) c.[1376 G→T]+[=] 35b (21.3) c.[1388 G→A ]+[1388 G→A] 4 (19.0)
c.95 A→G 32 (18.2) c.[95 A→G]+[=] 31c (18.9) c.[95 A→G ]+[1388 G→A] 4 (19.0)
c.1024 C→T 10 (5.68) c.[1024 C→T]+[=] 10d (6.10) c.[95 A→G ]+[1024 C→T] 3 (14.3)
c.871 G→A 8** (4.55) c.[1004 C→T]+[=] 3e (1.83) c.[1024 C→T ]+[1388 G→A] 3 (14.3)
c.392 G→T 1 (0.56) c.[871 G→A]+[=] 3f (1.83) c.[95 A→G ]+[1376 G→T] 2 (9.52)
c.703 C→T 1 (0.57) c.[442 G→A]+[=] 3 (1.83)
c.[202 G→A ;871G→A] 1 (0.57) c.[392 G→T ]+[=] 2 (1.22)

c.[196 T→A]+[=] 1 (0.61)
c.[202 G→A]+[=] 1 (0.61)
c.[519 C→T]+[=] 1 (0.61)
c.[592 C→T]+[=] 1 (0.61)
c.[1414A→C]+[=] 1 (0.61)

Unknown 15† (8.52) 26†† (15.9)
Total 176 (100) 164 (100) 21 (100)

*One c.1376 G>T case was linked with C→T mutation at nt 1311.  **All individuals with G6PD Viangchan c.871G→A were in cis with c.1311C>T silent
polymorphism.  †Out of the 15 individuals, six subjects had the c.1311C→T silent polymorphism. ††Out of the 26 individuals, 11 subjects had the c.1311C→T silent
polymorphism. aeight individuals with G6PD Kaiping c.1388 G>A had the c.1311C→T silent polymorphism. bfour individuals with G6PD Canton c.1376 G→T
had the c. 1311C→T silent  polymorphism. cfour individuals with G6PD Gaohe c. 95 A→G had the c.1311C→T silent polymorphism. done individual with G6PD
Chinese-5 c.1024 C→T had the c.1311C→T silent polymorphism. eAll individuals with G6PD Fushan c.1004 C→T had the c.1311C>T silent polymorphism. 
fAll individuals with G6PD Viangchan c.871G→A had the c.1311C→T silent polymorphism. 



at nt 1414 in exon 12 of the G6PD gene, predicting a
leucine 472 to isoleucine substitution. In addition to these,
two other rare mutations were characterized in Chinese
patients for the first time. One is G6PD Asahi (Genbank
ID.DQ832764) existing on its own, which had been previ-
ously observed in a 3-year old Japanese boy with acute
hemolysis;23 the other is a T→A transversion at position
196, which was recently reported in Thailand and designat-
ed as a variant G6PD Songklanagarind24 (Genbank
ID.DQ832765). DNA sequence analysis of the G6PD gene
from patients with the four novel mutations, as well as the
variant G6PD Asahi mutation and variant G6PD
Songklanagarind are presented in Figure 2. The data on the
different mutations identified in the eight patients studied
are summarized in Table 6. The new mutations reported
here were found in the course of the population survey. We
have been unable, despite repeated attempts, to obtain
additional blood samples from these patients with newly
identified mutations for further studies. 

Haplotype association of common mutations  
Haplotype patterns composed of five polymorphic sites

in the 176 male G6PD-deficient subjects and six female

subjects with newly identified mutations are shown in
Table 7. We observed that most variants (94.0%), includ-
ing the new variants G6PD Songklanagarind, G6PD
Liuzhou442A, G6PD Nanning703T, and G6PD Laibin1414C,
share the same haplotype (– – + – –). The haplotype for the
three G6PD variants corresponded to three other minor
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Table 4. Comparison of phenotypic studies between two groups with the same mutations in female heterozygotes.  

c.1376 G→T c.1388 G→A c.95 A→G
Phenotype Positive Negative Positive Negative Positive Negative
Properties group (24) group (6) group (24) group (13) group (17) group (10) 

G6PD/6PGD* 1.19±0.24 1.82±0.24 1.16±0.25 1.75±0.16 0.92±0.29 1.79±0.30
RBC (×1012/L)† 4.18±0.41 4.31±0.56 4.33±0.48 4.60±0.70 4.32±0.68 4.45±0.51
MetHb (%)* 29.16±25.02 55.88±10.88 29.74±25.41 52.58±22.42 20.65±31.11 43.14±29.60
MCV (fL)† 85.10±8.05 83.82±9.56 86.16±8.00 79.43±9.71 85.01±6.62 84.20±7.61
MCH (pg)† 31.03±11.35 28.67±3.38 29.19±3.24 26.60±3.46 32.84±13.05 28.91±3.27
Hb (g/L)† 125.71±14.81 123.83±17.84 123.04±29.35 117.58±11.67 130.12±17.56 128.40±7.56

Values are given as mean±SD of (n) determinations. Each of two groups with the same mutations was compared by t- tests. *There were significant enzyme
activity-related differences in both the percentages of methemoglobin and the G6PD/6PGD ratio of the three variants between the positive group (G6PD/6PGD≤1.5)
and the negative group (G6PD/6PGD>1.5) (p<0.05). †No statistically significant difference in RBC, MCV, MCH, and Hb between the two groups (p>0.1). The normal
reference values in adult females are as follows: G6PD/6PGD >1.5; RBC, red blood cells 4.0 –5.2×1012/L; MetHb: methemoglobin >75%; MCH, mean corpuscular
hemoglobin 26~34 pg; MCV, mean corpuscular volume 92±9 fl; Hb, hemoglobin 120-160 g/L. Note that the compound heterozygotes for these three variants and the
1311 polymorphism were not included in this comparative analysis to exclude the possible influence of the c.1311 C→T mutation. 

Table 5. Relationship between the different genotypes and the
G6PD/6PGD measurements. 

Genotypes Numbers of MetHb (%) G6PD/6PGD
samples (M±SD) (M±SD)

Normal control* 129 91.63±4.57 1.70±0.30
Heterozygote 164 58.04±19.38 1.40±0.39
Homozygote 21 25.80±17.80 0.56±0.19
Hemizyote 176 23.31±18.97 0.45±0.20

Comparisons of populations revealed statistically significant differences (p<0.05)
by completely randomized ANOVA (129 G6PD normal individuals vs. the other
three G6PD-deficient groups). There were significant enzyme activity-related
differences in both the percentages of methemoglobin (MetHb) and the
G6PD/6PGD ratio between the heterozygotes and hemizyotes (p<0.001),
and between the heterozygotes and homozygotes (p<0.001). There was no
statistically significant difference between hemizyotes and homozygotes (p> 0.1).
*64 were males and 65 females. There was no significant difference between
males and females from normal control (p=0.121, p>0.05).

Table 6. Hematologic and genotypic data of four novel missense mutations and variants G6PD Songklanagarind and Asahi. 

Hematological analysis Molecular analysis
Gender Age MHb FST G6PD/ NBT Variant name cDNA Amino Genbank 

(%) 6PGD nucleotide acid ID.
substitution substitution

Patient 1 F 27 60.5 +,++ 2.21 − Songklanagarind c.196 T→A p.F66I DQ832765
Patient 2 F 25 29.3 ± 0.91 + Asahi c.202 G→A p.V68 M DQ832764
Patient3 M 41 18.3 − 0.37 + Hechi c.[202 G→A; 871 G→A] p.[V68M;V291M] DQ832766
Patient 4 F 25 24.2 ± 1.08 + Liuzhou c.442 G→A p.E148K DQ832762
Patient 5 F 30 74.0 +,++ 1.71 + Liuzhou c.442 G→A p.E148K DQ832762
Patient 6 F 22 35.4 ± 1.73 + Liuzhou c.442 G→A p.E148K DQ832762
Patient 7 M 44 57.8 ± 1.33 + Nanning c.703 C→T p.L235F DQ832761
Patient 8 F 32 85.8 +,++ 1.80 − Laibin c.1414A→C p.I472L DQ832763

FST: fluorescent Spot Test: complete absence of fluorescence (–),mild fluorescence(±), and bright fluorescence(+,++); NBT: nitroblue tetrazolium dye reduction test:
normal (–), G6PD deficiency(+) . The normal reference values can be found in the legend of Table 4.  



haplotypes. Eight subjects with variant G6PD Viangchan
and one subject with variant Canton had haplotype (– – +
+ +). The two new variants G6PD Hechi202A/871A and G6PD
Asahi have the haplotypes (+ – + – +) and (+ – + – –),
respectively.  

Discussion 

We studied on the incidence and molecular characteriza-
tion of G6PD deficiency in the Guangxi province located in
southwestern China through screening and genotyping of
blood samples from 4704 participants in this region.
Guangxi is an autonomous region which has the largest
population of minority ethnic groups in China, with over
60% of population belonging to the Han ethnic group and
32.6 % of the total population being Zhuang. The total
population of 15.38 million accounts for 95% of the coun-
try's total. In this study, the prevalence of G6PD deficiency
and the frequency of mutations were well demonstrated
for two major ethnic groups, Han and Zhuang (Table 2).
The results showed an unexpected correlation of both the
rate and the mutation distribution between these two
groups. The incidence and the distribution of G6PD alleles
in Guangxi revealed by this study is reminiscent of the sit-
uation found with β-thalassemia in this region,25 further
confirming the hypothesis that both human G6PD and the
β-globin gene are involved in malaria-protective selection
factors. On average, the prevalence of G6PD deficiency
was 7.43% (95% CI, 2.69 - 12.17) in the population of
Guangxi. With a current annual birth rate of about 700,000
divided equally into males and females, we can estimate
that the number of affected newborns in Guangxi at risk of
G6PD-deficiency because of hemizygosity in males or

homozygosity in females is 26,005 (95% CI, 19,500-
45,000) and 1,932 (95% CI, 1,300- 3,680), respectively.  The
data obtained in our study, the high frequency of G6PD
deficiency and the elucidation of mutation patterns
enhances the basic knowledge of this disorder and also pro-
vides a more rational approach to population screening for
prevention of and counselling on this disease in this area.  

As illustrated in Figure 2, 15 mutations accounted for
most of the G6PD variants identified in 161 male subjects
and 159 female subjects. However, from the data compar-
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Table 7. Haplotype analysis of the G6PD variants in 176 males
and six females with G6PD variants in five polymorphic sites.  

G6PD n E4-202A E5-376G E10-1116G E11-1311T IVS-11-93C
mutations NlaIII Fok I PstI Bcl I NlaIII 

c.1388 G→A 57 − − + − −
c.1376 G→T 50 − − + − −
c.95 A→G 32 − − + + +
c.1024 C→T 10 − − + − −
c.871 G→A 8 − − + − −
*c.442 G→A 3 − − + + +
c.[202 G→A ; 1 + − + − −
871 G→A]
c.392 G→T 1 − − + − +
c.703 C→T 1 − − + − −
*c.196 T→A 1 − − + − −
*c.202 G→A 1 + − + − −
*c.1414A→C 1 − − + − −
Unknown 15 − − + − −

+ indicates whether restriction site is present or whether c.1311 C→T mutation is
present. n indicates the number of affected male subjects analyzed. “E” indicates
the exon and “IVS” indicates the intron. The asterisk indicate six new G6PD
mutations in females. 

Figure 2. Partial nucleotide sequence of the four novel mutations,
as well as the c.196 T→A and c.202 G→A mutations. A portion of
DNA sequencing is presented for detection of c.703 C→T of G6PD
Nanning in a male (I), c.[202 G→A;871 G→A] of G6PD Hechi in a
male (II), c.442 G→A of G6PD Liuzhou in a female (III),
c.1414A→C of G6PD Laibin in a female(IV), c.196 T→A of G6PD
Songklanagarind in a female (V), and c.202 G→A of Asahi in a
female (VI). For each of the sequencing results, the substitution
base and nearby nucleotides are shown for the sense strand (a)
the antisense strand (b) and wild-type control (c). The black arrow
indicates the location of the mutation. The detection of G6PD
Hechi double mutations is shown in panel II-A for c.202 G→A and
II-B for c.871 G→A.  
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ing the disparity in the frequency of G6PD-deficient alleles
between males (176/2368×100=7.43%) and females
(206/(2336×2)×100=4.41%) obtained in our investigation
(Table 1), the estimated misdiagnosis rates would be 40.7%
due to the failure to test female heterozygotes using this
protocol. Technically, the reason for the missed female het-
erozygotes may be due to insufficient sensitivity of the
MRT assay, although this method has been determined to
have the highest sensitivity for screening of G6PD deficien-
cy in females.26 However, when a majority of the screened
positive samples and normal female samples were com-
pletely sequenced, only 9/200 exhibited novel mutations,
including a G6PD Laibin1414C heterozygote found in a phe-
notypically normal female. Unexpectedly, we detected two
common mutations, the c.1388 G→A mutation and the
c.1376 G→T mutation, in the normal female population
(mutation frequency for each, 1.53%), suggesting that
known G6PD mutations occur in female heterozygotes
with a normal phenotype. Thus, we presume that the
MRT assay did not pick up mutants including the known
common G6PD variants (e.g. c.1388 G→A and c.1376
G→T) in the group of 2100 phenotypically normal female
heterozygotes (Figure 1). Novel mutations underlying
unknown G6PD variants may be: (i) a splicing mutation
located at intron positions in the G6PD gene, where the
sequences are missed by DNA sequence analysis; (ii) muta-
tions involved in exonic splicing enhancer (ESE) sequences
in the G6PD gene, which are currently described as new
elements influencing the expression of genes;27 (iii) muta-
tions involved in the gene coding transcription factor at a
locus on other chromosomes, which influence the expres-
sion of G6PD by a mechanism of trans-regulation, as prob-
ably occurs in β-thalassemia in humans caused by a muta-
tion in an X-linked erythroid transcription factor.28 Overall,
the rational population-based protocol used in this study
proved to be highly effective in detecting G6PD deficiency.
It could be used to extend the knowledge of molecular
defects of the G6PD gene in other geographical regions of
China as well as in other countries. This protocol could be
used to investigate the prevalence of G6PD deficiency
genes in different geographical areas. We identified four
novel G6PD-deficiently mutations, with a testing rate of
0.0213% for each of three alleles, G6PD Nanning703T, G6PD
Hechi202A/871A, and G6PD Laibin1414C and of 0.0638% for
G6PD Liuzhou442A allele in the local population. From the
predicted enzyme activity, estimated using a structural
model of human G6PD (SWISS-PhbViewer program), we
can speculate that the p.E148K mutation may significantly
influence the stability of the whole protein by changing the
structure of the co-enzyme-binding domain (data not
shown), suggesting that this variant could be able to cause
severe clinical manifestation if it is in hemizygous state, in
agreement with the findings in one of three female het-
erozygotes for this mutation (patient 4, Table 7) who had
notable phenotypic manifestations. Comparison of the

model structures for the wild type and the p.L235F or
p.I472L mutant showed no major overall changes, suggest-
ing that these two G6PD variants do not significantly
decrease the stability of the protein compared to that of the
wild type protein. We note that the male patient carrying
the p.L235F mutant had a slightly decreased G6PD/6PGD
ratio (1.33 in the mutant vs. >1.5 in the normal control).
The G6PD variant Laibin could be regarded as a neutral
mutation since the replacement of Leu472 by the struc-
turally analogous amino acid Ile is generally unable to alter
the protein function of G6PD. The G6PD c.[202G→A;
871G→A] mutation could have severe effects on enzyme
activity because the ratio of G6PD/6PGD for the hemizy-
gous patient with the double mutation was 0.37. It is easy
to conceive that the cis-compound mutations in the G6PD
gene could have cumulative effects. Accordingly, using
software (NNPREDICT) prediction of the double muta-
tions, four helix elements appended abnormally in the
structural profile (data not shown) could destabilize the sec-
ondary structure of the protein, which may reduce the
G6PD enzyme activity significantly. The data from haplo-
typing chromosomes from 176 male and 6 female G6PD-
deficient individuals showed that the haplotype (– – + – –)
is dominant, covering over 94% of the haplotype patterns
in Chinese G6PD-deficient individuals, supporting the
hypothesis that mutations occurring at nt 95, 1024, 1376,
and 1388 could be derived from this ancient common hap-
lotype. Two mutations, all 871 G→A mutations and very
few 1376 G>T mutations, are linked with a minor haplo-
type (– – + + + ), indicating that this mutation occurred
more recently. Additional analysis of newly identified defi-
ciency alleles in six females (three females with G6PD
Liuzhou442A, one with G6PD Laibin1414C, one with G6PD
Nanning703T and one with G6PD Songklanagarind) dis-
played the same haplotype (– – + – –), further suggesting
that they may have arisen from a common ancestral origin.
The 871 G→A variant is prevalent in many parts of the
world3 but differs with respect to the 1311 polymorphism,
a T existing in a population from Southeast Asia including
south China described by the present study and other
reports,21 but a C in Indian22 or Brazilian population,29 sug-
gesting that they may have arisen independently. 
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