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Glucose-6-phosphate dehydrogenase (G6PD)
enzyme is a polymorphic enzyme which serves as a
good genetic marker. No race is exempt from the
G6PD variant types associated with enzyme de-
ficiency (Motulsky and Campbell-Kraut, 1962;
Motulsky, 1960), but certain types are found ex-
clusively in certain races. Negroes (Gilles and
Taylor, 1961; Robertson, 1961), Mediterraneans
(Larizza, Brunetti, and Grignani, 1960; Doxiadis
et al., 1961; Salvidio, Pannaccivlli, and Tizianello,
1963), and East Indians (Zinkham, 1959; Choremis,
Zannos-Mariolea, and Kattamis, 1962) have a
higher incidence of the G6PD deficiency variants,
than do pure Orientals (Lee et al., 1963; Jim and
Chu, 1963) or pure European populations (Erdo-
hazi and Highman, 1962).

Egypt, at the cross-road of three ancient conti-
nents, has been invaded many times in the past and
has been subjected to free genetic admixture through
intermarriage with different races. Ragab, El-
Alfi, and Abboud (1966) and Khalil et al. (1966)
have supplied evidence for the prevalence of G6PD
deficiency among Egyptians. In Herodotus, the
Egyptian priests forbade ingestion of fava beans,
presumably because of the fear of possible haemo-
lysis (Quoted-Motulsky and Campbell-Kraut
1962). Egyptians, could therefore themselves have
been amongst the ancient propagators of the G6PD
mutant gene.

In the present study, we postulate the existence
of multiple alleles of different functional efficiency
for the normal G6PD gene. Prevalence of asympto-
matic and symptomatic possessors of either the
mild or the severe degrees of G6PD deficiency
among Egyptians is discussed. A congenital
anomaly encountered among G6PD deficient males
is described for the first time.

Materials and Methods
Thirty-five Egyptian children (34 males and 1 female)

aged 1 to 8 years, examined during a haemolytic crisis
caused by G6PD deficiency occurring either spontane-
ously or precipitated by fava beans, vitamin K, sul-
phonamides, or undefined infections, were used as index
cases for quantitative assay of G6PD enzyme in 35
heterozygous mothers, together with 15 of their clini-
cally normal sons and fathers. At the same time, 35
mothers of normal sibships, together with 44 of their
sons (aged 8 months to 14 years), were selected in a
random fashion from a child welfare centre at Ain-
Shams Medical Hospital (Cairo) to serve as controls.
In addition, 85 sibs of the patients (65 males aged 1-22
years and 20 females aged 1 week-24 years) and 130
controls (65 mothers aged 22-55 years and 65 sons aged
1-38 years) were screened for evidence of G6PD de-
ficiency. Controls and G6PD-deficient subjects and
their families originated from all districts of both Upper
and Lower Egypt.

Full clinical, neurological, and haematological evalu-
ation was carried out for the 35 patients. The quanti-
tative assay of G6PD was performed according to the
modification by Motulsky, Vandepitte, and Fraser
(1966) of the method of Glock and McLean (1953).
G6PD was estimated by plotting the cumulative change
in optical density (OD) of the reaction mixture (G6P,
triphospho-pyridine nucleotide, buffer solution, and
haemolysate). The average OD change is taken as the
slope of the line where the increment is constant, and the
units are expressed as OD/min./100 ml. red blood cells
(RBC). The screening technique is that of Motulsky
and Campbell-Kraut (1962), in which the decolorization
time of brilliant cresyl blue (BCB) is checked every 5
minutes for 1 hour after the first 30 minutes and half
hourly thereafter.

Results
Results are shown in Tables I, II, and III, and

the Fig.
G6PD enzyme levels among the 35 presumably

homozygous Egyptian mothers (as evidenced by
clinically normal male offspring, normal brothers,
fathers, and uncles) revealed a wide range, 218-840
units, and a mean, 425-4 + 12 3. When enzyme
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values were arranged in declining order (Table I),
high enzyme values (Group A, 500-800 units or
over, 25-71 %), intermediate values (Group B, 400-
499 units, 22-85%, and Group C, 300-399 units,
31-42%), and low values (Group D, below 300
units, 20%) could be discerned. A similarly wide
range of 205 to 740 units, with a somewhat lower
mean of 4050 ± 11 9, was noted among 42 of their
sons, while 2 showed very low G6PD values (25-57
units). No statistically significant difference was
noted between the mean enzyme values of mothers
or of their sons in any of the four subgroups.
G6PD enzyme values of the 35 heterozygous

mothers ranged between 127 and 380 units, with a
mean of 224 + 11 53; a value evidently far below
that of homozygous mothers. In 40%, G6PD
values overlapped with 40% of those of normal
homozygous mothers (17% of Group C and 23% of

Group D), and in 60% it amounted to 54:97% of
their lowest value. Of the 44 clinically normal
sons, there were 2 who revealed very low G6PD
enzyme levels: these belonged to 2 presumed nor-
mal but proven heterozygous mothers with G6PD
enzyme values in the 40% overlapping range (Table
I).

When G6PD enzyme levels of normal sons were

compared with those of their homozygous normal
mothers, a marked intrafamilial similarity of en-
zyme level was noted among sons and between
sons and mothers when mothers had high enzyme
values (Table I Group A, Cases 3, 4, 7, 8). How-
ever, a tendency to bimodality, with both low and
high enzyme values, was noted among sons of
mothers who had intermediate enzyme values (Table
I, Cases 11, 16, 19). Almost all sons of normal
homozygous mothers with low G6PD levels had

TABLE I
G6PD ENZYME LEVELS (Unit==OD/min./100 ml. RBC) IN EGYPTIAN WOMEN

AND THEIR SONS

Case Presumably Clinically Normal Heterozygous G6PDGroup Caise Homozygous SonseerzyNo. Mothers Sons Mothers Deficient Sons

1 840 678 380* 57
2 740 550 364* 36
3 717 740 615 355* 107
4 688 I 720 528 346* 0

A 5 656 494 331* 198t
6 550 410 320* 20
7 548 550 487 286* 0
8 503 529 674 281* 0
9 502 415 281* 45

10l 484 398 281* 0
11 454 498 296 278* 70
12 434 458 250* 47

B 13 412 472 233* 32
14 404 389 219* 0
15 400 375 212 25
16 400 494 208 206 30
17 400 368 200 50

18 393 332 198 46
19 390 280 415 243 195 25
20 387 394 191 3
21 387 359 190 29
22 381* 355 189 247t

C I 23 375* 265 186 25
24 363* 269 182 0
25 360* 354 180 55
26 334* 300 209 179 23
271 325* 276 179 27
28 306* 364 175 52

29 285* 57 160 44
30 281* 209 150 0
31 260* 25 145 0

D 32 252* 219 132 32
33 233* 340 130 45
34 228* 205 129 27
35 218* 276 127 0 Fen.ale

Range = 840 - 218 Range = 740 - 205 Range = 380 - 127
SD + 151-5 SD+ 143-8 SD 132-8

Mean = 425-4 Mean = 405-0 Mean = 224-0
SE+ 12-3 SE+ 119 SE±1153

* Overlapping range of G6PD values between heterozygous and presumably homozygous females.
t Assay done 10 days after a second haemolytic crisis.
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TABLE II
G6PD ENZYME LEVEL OF
EGYPTIAN HETEROZYGOUS

FEMALES, THEIR NORMAL SONS
AND NORMAL FATHERS

Case
No.

G6PD Enzyme
(Units = AOD/min./100 ml. RBC)

Heterozygous Normal Normal
Mothers Sons Fathers

1 380 532 465

12 278} Sisters 391 295*12250 ~385
14 219 337-356 388
21 190 278-265 350
3281 145 Sisters 2156 210t
35 127 None 179

* Father of Cases 11 and 12.
t Father of Cases 28 and 31.

low enzyme values, excluding the 2 sons with very
low enzyme values (Table 1, Cases 29 and 31) who
were shown to belong to masked heterozygous
mothers.
When G6PD enzyme levels of normal sons and

normal fathers of 8 mothers heterozygous for
G6PD deficiency gene were compared, a striking
quantitative similarity was noted among them. In
addition, the enzyme values of the 8 heterozygous
mothers correlated significantly with those of their
normal sons and fathers (r= + 096-p < 001 and
r = + 0-745 - p = <0.05), though they were per-
sistently lower (Table II).

Table III illustrates the results of BCB screening
test and some simultaneous G6PD enzyme assays
in patients, controls, their sibs, and mothers.

TABLE III
BRILLIANT CRESYL BLUE DYE TEST FOR G6PD IN AFFECTED AND

CONTROL FAMILIES

Minutes Required for Decolorization
Study Groups Total

30 35 40 45 50 55 60 70 80 90 120 180 180

Males
Patients and their

sibs - 2 4 4 10 21 4 6 5 5* 5t 20t 14t 100
Controls I 6 32 9 8 16 16 4*1 2* It 2t 2§ 100

Total 200

Females
Mothers of patients

andtheirdaughters - - - 3 8 5 14 10 6¶ 5T I - 2** 55
Mothersofcontrols I 27 16 18 1038* 3* 4* - p 100

Total 155

Enzyme values of 2:5 members representing the six-time intervals exceeding 60 minutes.
* Enzyme values, 375-233 units.
t Sibs having G6PD deficiency + microcephaly in pedigrees F2, F3, F4, F7-F9 (Fig.) Enzyme

values, 0-3-20 units.
t Moderate grade of neonatal jaundice in pedigree F6 (Fig.). Enzyme values, 57-25 units.
5 Silent G6PD deficiency in pedigrees Fl and F5 (Fig.). Enzyme values, 10-23-40 units.
¶ Enzyme values, 145-285.
** Two females sibs in pedigree F8 (Fig.) who developed severe neonatal jaundice. Enzyme

values, zero.

|
Males

Fe

(A)
FIG. A-I. Solid symbols * G6PD deficient members; D-died; PP and MP in F:3 signify paterno-paternal and materno-paternal
first cousin parents. Symbols ( indicate 1 male, 1 female.
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Faill --~

(B)

ly.
Microcephaly G6PD DEFY

(C)

Microcepholy+ GbPD DEFY

(D)

Silent G6PD DEFY

(r,)
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Severe neonatal icterus

(F)

Microcepholy + GbPD

(G)

Severe neonatal icterus

(H)
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Family:9

(I)

The Fig. illustrates an example of the pedigree
pattern encountered among G6PD enzyme de-
ficient families included in the present study. First
and second cousinship consanguinity among parents
of propositi is present in 35%/ of both patients and
control groups. In pedigrees of each of the fami-
lies (Cases 2, 3, 4, 7, 9) one male propositus showed,
in addition to G6PD deficiency, congenital micro-
cephaly, gross mental deficiency (IQ 20-45), spas-
tic cerebral palsy, and generalized major motor
epilepsy. A female sib (Case 9) also presented
with the same neurological disorder but died of
pneumonia before G6PD assay could be under-
taken.

Discussion

The wide quantitative variation in G6PD enzyme
level detected in normal homozygous females (218-
840 units) and their normal sons (205-740 units),
together with the significant correlation (r = + 0-52,
p = < 0 01) between enzyme values of mothers
and their respective sons (Table I), point to a

genetically determined variation in normal G6PD
enzyme level. It is possible that the G6PD enzyme
locus possesses a series of alleles, and if each allele
has a different efficiency in promoting G6PD en-

zyme synthesis, it would reflect a different normal
enzyme level. The proof for such a hypothesis
stems from several preliminary findings. Enzyme
levels of normal sons of homozygous normal
mothers with high G6PD levels had comparably
high G6PD levels, while the enzyme levels of nor-
mal sons of homozygous normal mothers with in-
termediate enzyme levels displayed a bimodal
distribution with low and high enzyme values
among different sons within families (Table I). In
addition, G6PD enzyme values of normal sons and
normal fathers of mothers heterozygous for the

G6PD deficiency gene, as well as depicting a strik-
ing similarity in their levels, showed significant
correlation with the mothers' values (Table II).
Though G6PD enzyme values of heterozygous
mothers were invariably less than those of their
normal sons or fathers, they also covered a wide
range (380-127 units), with 400', of their values
overlapping values encountered among normal
homozygous mothers. Such wide yet lower en-
zymatic ranges can also be interpreted as due to
operation of G6PD enzyme alleles of variable
functional efficiency, which have furthermore been
subjected to random alternate inactivation with the
G6PD mutant gene in the heterozygous mothers.
The implication of such a hypothesis is that it pro-
vides a means for identification of heterozygous
females for mutant G6PD enzyme or other X-
linked traits. In a family with a proved hetero-
zygous mother, an intrafamilial discrepancy in
G6PD enzyme values with high levels in father and
sons and intermediate or low levels in daughters
could imply heterozygosity of daughters, provided
their enzyme values are significantly lower than their
father's.
The detection of very low G6PD enzyme values

among sons of 2 of the 35 presumably normal
homozygous mothers, with enzyme levels in the
overlapping range between homozygosity and
heterozygosity, indicates a prevalence of the G6PD
enzyme deficiency gene (q) among Egyptian male
controls included in the present sample to be 0-0571,
and that of heterozygous females (2pq) to be 0 1076.
The 0-0571 gene frequency was further verified
when the screening survey using BCB dye test was
extended to include 100 normal sons and their pre-
sumably homozygous mothers. BCB failed to
decolorize within 90 minutes (the accepted maxi-
mum normal time limit) in only 50% of the sons.
However, its efficiency for heterozygous detection
was not proved in the present study. The time
interval 60-90 minutes was thought to be optimal
for heterozygous detection, as normal males and
females whose samples decolorized within this time
interval had enzyme values in the heterozygous
range (145-385 units). However, among 100 nor-
mal control mothers, BCB test gave an incidence of
15% heterozygous instead of 11 x which was ex-
pected according to the Hardy-Weinberg law
(2pq=0 1076). Further, in a series of 35 proven
heterozygous females and 17 of their normal female
offspring, the test spotted 21 or 4000 instead of the
43 or 84% incidence expected. Thus, an over-
estimate of 29%' heterozygous incidence was ob-
tained in one group and an underestimate of 51%
in another (Table III).
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G6PD enzyme deficiency, as well as presenting
with acute haemolytic crisis in the majority of
patients in the present study, presented in two
families with severe icterus neonatorum (F: 6 and
8, Fig.). In 7 male sibs (aged 3-14 years) of
G6PD deficient patients in whom enzyme assay
revealed marked deficiency (range= 10-40 units),
the deficiency remained asymptomatic though they
were subjected to the same factors that precipitated
the haemolytic crises in their sibs (F: 1 and 5 Fig.,
and Table III), and evidently they possessed the
same enzyme variant.
The 5 male patients who, in addition to G6PD

deficiency, displayed congenital microcephaly,
mental deficiency, spastic cerebral palsy, and
generalized major motor epilepsy (and simian
crease in 2 patients), seem to have inherited this
cerebro-cranial anomaly as an X-linked trait.
Patients encountered with the neurological se-
quelae of neonatal bilirubin encephalopathy never
exhibit this degree of microcephaly nor such epilep-
tic manifestations, and the motor deficit is conse-
quent mostly to basal ganglia, and may be a cerebellar
deficit. The fact that another male member of
pedigree (F: 3, Fig.) had G6PD deficiency only,
while a female sib (F: 9, Fig.) presented with the
neurological syndrome, suggests that, though the
two traits may be X-linked yet their gene loci are
not linked, and the neurological syndrome seems
to have variable penetrance.

Summary

Evidence is produced for a hypothesis which
assumes the existence of a series of alleles with
varying efficiency in mediating G6PD synthesis.
Besides presenting as acute haemolytic crises or

severe icterus neonatorum, the prevalence of silent
G6PD deficiency among Egyptians is stressed. The
incidence of the G6PD deficiency gene among

Egyptian male controls in the present sample is 6%
and that of heterozygous females is 110%. A
cranio-cerebral congenital anomaly associated with

G6PD deficiency encountered among 5 male
patients is described for the first time.

This study has been assisted by a grant from
National Institutes of Health, U.S.A., and by the
Association for Aid of Crippled Children, U.S.A.
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