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T HE DETECTION OF G-6-P1) deficiency is relatively simple in affected

males, and a variety of test systems has been employed.’5 Since the trait

is X-linked, three genotypic classes exist among females: normal and abnormal

homozygotes as well as heterozygotes. The detection of female heterozygotes

presents difficulties, and a considerable number of heterozygous females are

missed with the various tests in general use.4�7 Most studies of the sensitivity

of tests for heterozygote detection were based on comparing the observed

number of detectable heterozygotes with the expected frequency of hetero-

zygotes ( 2 pq ) calculated from the gene frequencies ( q ) observed by screen-

ing of males. A more stringent niethod would 1)e a study of heterozygotes

where the genetic status was proved by family study.( Such a study was per-

formed in Greece where two varieties of G-6-PD deficiency exist. The common

Mediterranean vari(’ty is characterized by almost complete absence of eryth-

rocyte G-6-PD activity in hemiz�gotes and by the usual or B type of the en-

zyme on starch gel electrophoresis. A relatively rare variety is a mild G-6-PD

deficiency5 with a mean erythrocvte G-6-PD activity of 25 per cent of normal

in hemizygotes. The pedigree patterns observed in the families with this

mild deficiency were consistent with X-linkage in all cases ( unpublished ob-

servations. ) Hemizygous G-6-PD males with more than 10 per cent of normal

G-6-PD activity have also been obser�’ed in France,9 Yugoslavia1#{176} and Italy.�

NIATERIALS AND METHODS

Creek families were selected for stu(l� where l)r0lI1n(l5 had either the Mediterranean or

the mild Creek type of C-6-PD deficiency. The individuals studied came from the following

groups:

A. 33 unrelated families with the Mediterranean t� pe of G-6-PD deficiency involving

46 sibships including 214 individuals. Ten unrelated females with their Mediterramiean

G-6-PD deficient sons were also included.
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88 STAMATOYANNOPOULOS ET AL.

B. 10 unrelated families with mild C-6-PD deficiency, involving 14 sibships including
71 individuals.

C. 45 unrelated females with two sons each, one normal and one with Mediterranean type

of C-fl-PD deficiency.

D. 56 normal females and 57 normal males derived from 30 unrelated families without

C-fl-PD deficiency. All normal females had either normal parents and sibs, or normal male

offspring as indicated by normal results on the BCB test or by enzyme assay.

The following individuals were considered to be heterozygotes: (1) females with normal

fathers and G-6-PD deficient sons, (2) females with G-6-PD deficient fathers and normal

Sons, (3) females with at least one deficient and one normal son, (4) females who had

measurable G-6-PD activity beyond the range observed among males affected with the
Mediterranean enzyme deficiency and who had either a deficient son or a deficient father.

(Categories 1-3 are classified as proved heterozygotes and category 4 as obligatory hetero-
zygotes by Davidson et al.’2) Females with absent erythrocyte C-fl-PD activity who had a

hemizygote father and a heterozygous mother, or who had all abnormal offspring as defined

by Davidson et al.,12 were considered as presumably homozygous.
In many females among these families, the diagnosis of heterozygosity could not be

made with certainty using the genetic criteria. In such cases the probability of hetero-

zygosity was calculated using the genetic structure of each individual family. For example,

when the mother of a proband was a heterozygote and the grandfather of the proband was
normal, it is certain that the proband’s grandmother is a heterozygote, and therefore the
probability of heterozygosity among the mother’s sisters is 50 per cent. More complicated

situations were treated by appropriate extension of such methods.

Approximately 10 ml. of venous blood were drawn in ACDI solution form each case.

Heparinized capillary blood was used for the study of Group C. The samples were examined

a few hours after bleeding. Several tests were applied: (1) the brilliant cresyl blue (BCB)

decolorization time test1 ; (2) spectrophotometric assay for C-6-PD were performed using

material supplied by Boehringer, Germany (Boehringer Kits) and Sigma Chemical Co.,

U. S. A., by a method adopted from Kornberg and H#{246}recker13(erythrocyte G-6-PD activity

was expressed in units per gram of hemoglobin); (3) the methemnoglobin reduction test of

Brewer et al.5; (4) samples incubated for the methemoglobin reduction test were also
studied by the cyanmethemoglobin elution procedure of Kleihauer and Betke.14 Each
sample was tested in duplicate. Known normal and abnormal controls were used in each
experiment. Most individuals were studied by the methemoglobin reduction test or the

G-6-PD assay or by both tests. The cases of Group C (see above) were studied only by the
BCB test.

RESULTS

1. Brilliant Cresyl Blue Decolorization Test

Table 1 shows the findings in 52 Mediterranean heterozygotes compared

with their normal and deficient sons. The tests for each family were carried

out at the same time. The longest decolorization in the normal sons took 60

minutes. Twenty per cent of the mothers (11 of 52) had a more prolonged

decolorization time and thus were identified as heterozygotes. Four presum-

ably homozygous females failed to decolorize BCB within 180 minutes. Only

one of 11 mild G-6-PD heterozygotes decolorized the dye after 60 minutes.

2. Quantitation of G-6-P-Dehydrogena$e (Table 2)

The enzyme levels in 114 normal males and 56 normal females ranged from

60 to 195 per cent of their mean (in males from 7.9 to 24.6 units; in females

from 8.5 to 28.1 units; see Table 2 for the distribution of actual enzyme levels).
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DETECPON OF G-6-PD DEFICIENT HETEROZYGOTES 89

Table 1.-Brilliant Cresyl Blue Decolorization Test. Findings in 52 Heterozygote
Mothers in Comparison with their Normal and Mediterranean G-6.PD

Deficient Sons

Number of Cases

Sons with
Mediterranean

Decolorization Sons with Normal Type of G-6-PD
Times in Minutes Mothers G-6-PD Deficiency

Till4O 20 41
4()-.50 13 6

50-60 8 .5

60-70 6

70-80 2

80-90

90-100 1

100-110

110-120

120-130

130-140

140-150

150-160 1

160-170

170-180

More than 180 1 52

Total number of cases 52 52 52

Females had relatively higher G-6-PD levels than males (p < 0.01 ). Such a dif-

ference has also been ol)served by Davidson et al.’2”� but was absent in the

series of Marks and Gross,1” and harris et al.17 In 51 males with Mediterranean

G-6-PD deficiency, the G-6-PD activity was practically zero, while in 23 males

with the mild Greek type of G-6-PD deficiency, the enzyme ranged from 12 to

45 per cent of the mean of normal males.

In 34 heterozygotes with the Mediterranean type of deficiency the G-6-PD

levels ranged from 12 up to 116 per cent of the mean of normal females.

The mean G-6-PD activity differed significantly from that of normal females

(p < 0.001). However, only 65 per cent of the cases (22 of 34) had enzyme

levels lower than the lowest value in normal females, and therefore they

could be definitely detected as heterozygotes 1w this method. No enzyme

activity was detected in four presumably homozygous females. Probabilities

for heterozygosity were calculated among 41 additional women in which

G-6-PD activity has been measured. These were daughters, mothers, or sisters

of the heterozygotes in which a definitive genetic identification of hetero-

zygosity was not feasible. Twenty-three of these females were calculated to

be heterozygotes, but only 15 (65 per cent) could be identified by enzyme

assay.

Four out of 12 heterozygotes with mild G-6-PD deficiency were identified

by enzyme assay. Among 15 females (daughters, mothers, sisters of hetero-

zygotes with mild G-6-PD deficiency) who could not be definitely classified

as heterozygotes, 9 were calculated to he heterozygotes but only two were

so identified by enzyme assay.
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Table 2.-G-6.PD Assay. Enzyme Levels in Various Genotypes

Males Females

Hemizygotes Heterozygotes

G-6-PD
Units Per
Gram of

Hemoglobin

Mild
G-6-

Normal PDd

Mediter-
ranean

G-6-
PDd

Homozygotes
Mediterranean

G-6-PDd

Mediter-
ranean Mild

G-6- G-6-
PDd PDd Normal

51 4

1

2

114 23 51

12.84 3.26 0.28

2.94 1.1 -

100

4 34 12 56

0.35 8.26 10.17 14.33

- 3.85 2.56 3.69

25.4 2.2 2.5 57.6 70.2 100

90 STAMATOYANNOPOULOS ET AL.

Of 47 heterozygotes with the Mediterranean type of G-6-PD deficiency,

0-i

1-2 3 2

2-3 5 1

3-4 10 2

4-5 3 2

5-6 2 1

6-7 5

7-8 2 7 1

8-9 4 2 2 1

9-10 7 2 4

10-11 17 6 1 4

11-12 20 3 7

12-13 22 8
13-14 16 3 6

14-15 7 1 6

15-16 3 1 4

16-17 4 1 5

17-18 4 4

18-19 4 1

19-20 1

20-21 2 1

21-22 1

22-23 1

23-24 2

24- 1

Total number - -
of cases

Mean G-6-PD

S.D.
G-6-PD, per cent

of the normal mean

3. Methemoglobin Reduction Test (Table 3)

One hundred fifty-nine normal individuals had less than 5 per cent pigment

remaining as methemoglobin after three hours of incubation. The methemoglo-

bin in 42 males with Mediterranean G-6-PD deficiency ranged from 78 to 97

per cent (mean 87.4 per cent). Ten cases examined during the hemolytic

crisis of favism, before transfusion, had somewhat lower values (mean 82.9

per cent) and in six cases after transfusion, methemoglobin levels from 15 to

70.5 per cent were found. In 27 males with mild G-6-PD deficiency, the

methemoglobin ranged from normal to very high values (from 3 to 78 per

cent).

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/29/1/87/573053/87.pdf by guest on 19 M

ay 2023



Table 3.-Methemoglobin Levels in Various Genotypes

Males Females

HeterozygotesHemizygotes

Remaining
Methemoglobin (%) Normal

Mild
G-6-
PDd

Mediter-
ranean

G-6-
PDd

Homozygotes
Mediterranean

G-6-PDd

Mediter-
ranean Mild

G-6- G-6-
PDd PDd Normal

- 10 52107

4

2

3
.,,

1

3

5

4
C,

C,

1

3

4 47 10 52107 27 42

Mean methemo-

globin level 3.1 41.4 87.4 86.1 39.5

S.D. 0.9 23.9 4.9 1.1 26.7

DETECTION OF (;-o-I’D DEFICIENT HETEIIOZYGOTES 91

0-5 2 4

5-10 2 2

10-15 3 2

15-20 1 1 1

20-25 1 2

25-30 1

30-35

35-40 1

40-45 2

45-50 3

50-55 3

55-60 2

60-65 1

65-70 1

70-75 3

75-80 1 3

80-85 12

85-90 13

90-95 12

95-100 2

Total number

of cases

11.0 2.9

9.1 1.0

37 (78 per cent) had methemoglobin levels higher than the upper level of

normals (5 per cent) and therefore were detected as abnormal by this test.

Four presumably homozygous females had levels in the range of Mediter-

ranean hemizygotes. Fifty-six additional females (daughter, mothers, or sisters

of heterozygotes) were examined by this test. Thirty of these were calculated

to he heterozygotes, and 25 of those (83 per cent) had abnormal methemo-

globin levels (10.1 to 75 per cent).

Six of 10 heterozygotes with mild deficiency were detected by this test.

Among 15 other females studied by this test in the families with mild G-6-PD

deficiency, 9 were calculated to be heterozygotes and four were detected by

the methemoglobin reduction test.

4. Comparison of Methemoglobin Reduction Test and G-6-PD Assay

Both methemoglobin reduction tests and G-6-PD assay were performed on

the bloods of 30 genetically proved heterozygotes with the Mediterranean

type of deficiency and of 10 heterozygotes with the mild Greek type of defi-
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92 STAMATOYANNOPOULOS ET AL.

Table 4.-Comparison of G-6-PD Assay with the Methemoglobin Reduction
Test in G-6-PD Deficient Heterozygote Detection

Daughters From
Heterozygote

X Normal Mating
Heterozygotes by (50 per cent probability
Genetic Criteria of heterozygosity)

Mediterranean Mild Mediterranean Mild Total
Findings in Cases Studied

By Both Tests

Normal G-6-PD-normal

methemoglobin

Abnormal G-6-PD-normal

methemoglobin

Nonial G-6-PD-abnormal

methemoglobin

Abnomial G-6-PI)-abnormal
methemoglobin

Expected abnormal cases

Detected heterozygotes

5 4 15 5 29

0 0 0 0 0

5 3 3 0 11

20 3 7 2 32

30 10 12.5 3.5 56

25 6 10 2 43

ciency ( Table 4 ) . Both tests were also carried out on specimens of 25 daugh-

ters who were offspring of normal fathers and of mothers heterozygous for

the Mediterranean type of G-6-PD deficiency as well as on the bloods of 7

daughters with normal fathers and mothers heterozygous for the mild Greek

type of G-6-PD deficiency. Fifty-six of the above cases (40 mothers and 16

daughters ) were expected to be detectable as heterozygotes by laboratory

tests. Forty-three were detected by the methemoglobin reduction test and 32

by G-6-PD assay. This higher efficiency in heterozygote detection by the

methemoglobin reduction test was found to be statistically significant

(x2 = 4.9, p < 0.05). Eight out of 35 detected heterozygotes with the Mediter-

ranean type of deficiency and 3 out of 8 detected heterozygotes with the mild

Greek deficiency had a normal enzyme level but were abnormal by the methe-

moglobin reduction test ( Table 4 ). In addition to the cases of Table 4, 13

other females were classified as heterozygotes by an abnormal methemoglobin

reduction test; they also had enzyme assay performed. Five of these women

had enzyme levels within the range of normal. In summary, among a total

of 56 (43 + 13) females identified as heterozygotes by an abnormal methemo-

globin reduction test, 16 ( 28 per cent ) had normal results on enzyme assay.

Abnormal enzyme assay results in the presence of normal methemoglohin re-

duction were never seen.

The superiority of the methemoglobin reduction test in heterozygote detec-

tion is further documented in Table 5. Enzyme levels were compared with

the results of the methemoglobin reduction test in males with the mild type

of Greek deficiency and in 53 heterozygote females with the Mediterranean

type of deficiency. These females consisted of 30 heterozygotes by genetic

criteria, 10 heterozygotes identified among the daughters of matings of hetero-

zygotes with normal males and of the 13 additional heterozygotes mentioned

above. Presumably because of the presence of two-cell populations in hetero-

zygotes (see below) the results of the methemoglobin reduction test were con-

siderably more abnormal in heterozygote females than in mutant males with
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DETECTION OF G-O-PD DEFICIENT HETEROZYGOTES 93

Table 5.-Comparison of Methemoglobin Reduction Results and G-6-PD Levels in
Females with Mediterranean G-6-PD Deficiency and in Males with

Mild Greek Type of G-6-PD Deficiency

G-6-PD Levels
as Per Cent
of the Mean
of Normals

Female Het erozygotes with Mediterranean
G-6-PD Deficiency

Males With Mild
G-6-PD Deficiency

-__________________
Methemo-

globin
Number of Per Cent

Cases (mean)
Number of

Cases

Methemoglobin Per Cent
-

mean range

0-10 - - -

10-20 3 78.7 75.0-81.2 6 65.7

20-30 5 64.6 56.2-78.0 8 25.1

30-40 7 57.9 39.3-75.0 3 18.7

40-50 9 59.8 30.1-67.6 1 6.0
.50-60 12 44.8 20.0-65.0

60-70 3 29.2 7.6-43.0

70-80 8 (3) 15.0 3.7-40.0

80-90 2 13.5 12.7-14.3

90-116 4(2) 8.5 2.1-21.0

#{176}Inparenthesis number of cases with methemoglobin lower than 5 per cent.

similar enzyme levels. The methemoglobin results at enzyme levels between

20-50 per cent of the mean in Table 5 are particularly instructive in this regard.

It should also be noted that of 17 heterozygotes with normal enzyme levels

( above 60 per cent), 12 had an abnormal methemog)obin reduction test

(Table 5).

5. CN-Methemoglobin Elution Test (Table 6)

The films of normal controls ( 107 males, 52 females ) had uniformly normal

red cells, while in films of Mediterranean G-6-PD deficient hemizygotes almost

exclusively eluted erythrocytes were found ( less than 1 per cent normal cells).

Untransfused cases of favism sometimes had about 5 per cent normal cells.

After transfusion of normal cells, mosaicism could be detected. The films of

males with mild G-6-PD deficiency were similar to the transfused cases of

favism; this pseudomosaicism’8 was apparent in 24 males with mild G-6-PD

deficiency, while in three only normal red cells were found.

In four homozygous females almost all the erythrocytes were eluted. None

of 45 heterozygotes with the Mediterranean type of enzyme deficiency had

such an appearance; even cases with very low G-6-PD levels and high methe-

moglobin had at least 5 per cent normal cells. The erythrocyte mosaicism

was apparent in 73 per cent of the Mediterranean heterozygotes (33 of 45).

Besides the eluted and normal red cells, faintly stained erythrocytes were found

in Mediterranean G-6-PD deficient heterozygotes and in mild G-6-PD deficient

hemizygotes.

DISCUSSION

The results of the BCB decolorization test showed that this test was rela-

tively insensitive in detecting heterozygotes (20 per cent) when readings

of decolorization time were taken every 10 minutes. This test was devised
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94 STAMATOYANNOPOULOS ET AL.

Table 6.-Cyanmethemoglobin Elution Test. Red Cell Appearance in

- Various Genotypes

Males Females

Hemizygotes Heterozygotes

Normal Mediter- Homozygotes Mediter-
Red Cells Mild ranean Mediterranean ranean Mild

(c% ) Normal G-6-PDd G-6-PDd G-6-PDd G-6-PDd G-6-PDd Normal

100 107 3 12 3 52

95-99 2 1 2

90-95 2 1

80-90 1 1 2

70-80 2 6 1

60-70 2 2

50-60 5 5

40-50 4 8

30-40 2 3

20-30 3 3

10-20 1 1

5-10 1

1-5 1

0-1 42 4

Nunther

of cases 107 27 42 4 45 8 52

for rapid testing of male deficient subjects and these results were not unex-

pected. In other studies, a higher number of Negro heterozygotes was

detected when decolorization readings were taken at 2-minute intervals.6

The results of enzyme assay showed the well-known bimodal distribution

in enzyme levels of male subjects with severe enzyme deficiency and normals.

The average enzyme level of males with the mild Greek type of enzyme

deficiency was 25 per cent of the normal male mean. This result places

their enzyme levels in the intermediate range previously believed to be

characteristic of heterozygous females. Thirty-five per cent of the genetically

proved heterozygotes for the Mediterranean deficiency gave results in the

normal range. Heterozygotes for the mild enzyme deficiency were only

occasionally detected, and enzyme assay mainly yielded results in the normal

range.

Methemoglobin reduction tests gave clear results in normal and enzyme-

deficient male subjects but revealed a wide range of results in males with the

mild deficiency. Heterozygote detection of the severe Mediterranean type of

deficiency by this test was more effective (78-83 per cent) than enzyme

assay (65 per cent). This difference in efficiency of heterozygote detection

became more striking when the methemoglobin reduction test and enzyme

assay were compared in all heterozygotes (severe Mediterranean type and

mild type) who were detectable by the methemoglobin reduction test. Among

56 such females, 16 (28 per cent) had a normal result on enzyme assay.

Not a single instance of abnormal enzyme level and a normal methemoglobin

reduction test was detected.

The cyanmethemoglobin elution test as performed with the methemoglobin
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reduction technic followed by staining for methemoglobin in individual red

cells by the Kleihauer-Betke technic14 showed the expected result of either

all normal cells or all abnormal cells among normal males and males with

the severe type of deficiency. Two populations of red cells were not only

seen in heterozygote females192’ who should have a mosaic population

because of differential X inactivation22 ( see below ), but also in hemizygote

males for the mild deficiency. This type of pseudomosaicism in males has

been previously ascribed to decline of G-6-PD activity with cell aging.18

In general, one would expect a technic which reflects most closely the

primary action of a gene to detect the largest fluml)er of heterozygotes.

Measurement of quantitative enzyme level might he expected to be such

a method. However, these results indicate that under the conditions of

our study measurement of G-6-PD levels is less effective in heterozygote

detection than the methemoglobin reduction test, which is a less direct

measurement of the effects of the mutation under study. One reason for the

superiority of the more indirect methemoglobin reduction test is the nature

Of the scale used in expressing results of the methemoglobin reduction test.

The endpoint is quite sharp when the test is carefully performed and the

appropriate controls are used. All values over 5 per cent methemoglobin are

abnormal, while on enzyme assay no such sharp endpoint obtains. Another

reason is related to the genetically determined mosaicism of red cells in

heterozygotes with G-6-PD deficiency. It has been shown that erythrocytes

of G-6-PD deficient heterozygotes are a mixture of normal cells and G-6-PD

deficient cells232� even when the confusing effect of red cell aging on G-6-PD

levels is taken into consideration.26 This mosaicism is the result of random

inactivation of one of the two X chromosomes; normal erythrocytes are

derived from a precursor cell with the mutant X chromosome inactivated,

while abnormal cells derive from a precursor with the normal X chromosome

inactive. On the average, 50 per cent of red cells would be expected to be

normal and 50 per cent deficient. However, depending upon the time of

inactivation in embryonic life, heterozygotes with variable proportions of

normal and abnormal red cells may exist. It is further possible that changes

in the proportion of normal and abnormal cells may occur postnatally b�

selective advantages affecting one or the other cell population.27 Occasional

heterozygotes with all normal or all abnormal cells might even be found.

If enzyme levels are measured, the mean enzyme level of the total hemolyzed

red cell population is assayed and any effect of mosaicism can no longer be

detected. Considering the wide normal variation of G-6-PD level, even

relatively high proportions of abnormal cells may be associated with enzyme

results within the normal range. On the other hand, methemoglobin reduction

technics are based on the reduction of methemoglobin to hemoglobin by

individual red cells. If there exists a population of enzyme deficient red cells,

methemoglobin reduction will be abnormal in those cells. The contribution of

these cells to the total methemoglobin reduction results of the entire red cell

population will usually yield abnormal values. Such an effect was particularly

clearly shown when enzyme levels and methemoglobin reduction results
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96 STAMATOYANNOPOULOS ET AL.

were compared in females heterozygous for the severe Mediterranean type

of deficiency with those of male hemizygotes for the mild enzyme deficiency.

At identical intermediate enzyme levels of 20-SO per cent of the normal mean,

the males with only one genetically determined enzyme-deficient population

of red cells had considerably less methemoglobin than female heterozygotes

with two genetically different populations ( one normal and one enzyme

deficient ) where highly abnormal methemoglobin reduction test values were

found (Table 5). These findings demonstrate the contribution of the popula-

tion of the completely G-6-PD deficient erythrocytes in female heterozygotes

in causing the abnormal methemoglobin results. Direct demonstration in blood

films of methemoglobin containing cells by the elution technic of Kleihauer

and Betke gave no improvement in heterozygote detection over the methe-

moglobin reduction technic performed in test tubes. The failure to detect

approximately 20 per cent of heterozygotes by the methemoglohin technics

most likely is caused by the “interaction” effect demonstrated by Beutler and

Baluda.28 These workers showed that reduced methylene blue diffused from

normal cells into deficient cells and caused nonenzymatic reduction of methe-

moglobin in deficient red cells. This effect would be particularly noticeable

in heterozygotes with a large proportion of normal cells. Using Nile Blue

sulfate instead of Methylene blue, Beutler et al.2� have succeeded in identify-

ing a larger proportion of heterozygotes by their modified methemoglohin

reduction test. Recent studies by Gall et al.�#{176}have also shown that the

interaction-diffusion effect could be abolished by the use of Nile Blue and

mainly by bubbling 95 per cent O�-5 per cent CO� through the blood

samples during the incubation. Using such a test system, two cell populations

could be demonstrated in all of 23 obligatory heterozygotes.#{176} These tests,

although more sensitive than those used in this investigation, are unfortunately

rather complex and were not suitable under the conditions of our studies.

Several other factors contribute to the failure of heterozygote detection

l)y enzyme assay. Our study showed that females have a slightly higher

mean enzyme level than males. It is likely that this elevation of enzyme level

is spurious and may be caused by the higher frequency of iron deficiency in

females. With iron deficiency the enzyme assay based on activity per Gm.

of hemoglobin as in our studies yields falsely high results. Iron deficient

heterozygotes might therefore be more easily missed and be classified as

normal.

Another source of difficulty conceivably might be caused by the lack of

sensitivity of our method of assay as compared, for example, with the more

sensitive Glock and McLean type of assay�’ which reflects only G-6-PD

activity, while the technic used in this study also measures 6-P-GD activity.

however, even with modifications of the Glock-McLean technics,12 a rather

large number of heterozygotes are missed on enzyme assay.�

A more important source of difficulty in heterozygote detection, however,

is caused by the existence of genetically determined variation in normal enzyme

levels. Davidson et al.’2 showed that normal sons of G-6-PD deficient heterozy-

gote mothers who shared the single normal X chromosome of their mothers had
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Combinations

20

‘�.

� I

0 = G6- PD normal sons or
fathers

. a G6-PD deficiency
heterozygote mothers
or daughters

Fig. 1.-Comparison of the G-6-PD levels in heterozygous G-6-PD deficient
females and their G-6-PD normal sons or fathers. Mothers are linked with their
Sons and daughters to their fathers. Note that all heterozygotes have lower values

thall their soiis or fathers.

very similar G-6-PD levels. In more extensive data to be published elsewhere

we have further evidence for strong intrafamilial similarity and interfamilial

variation of normal G-6-PD levels from different types of matings in Greece

where the activity of a normal G-6-PD gene could 1)e assayed in members

of two generations. The most probable interpretation of all these data is the

existence of a series of alleles ( isoalleles ) each controlling a different level

of wrmal activity of G-6-PD.

The wide normal variation of G-6-PD level is thus to a large extent cx-

plained l)y the existence of several normal alleles with different functional

capacity. If a heterozygote receives a high capacity isoallele from one of

her parents, the activity of this gene in the presence of the allelic G-6-PD

deficient gene might place her total enzyme level in the normal range. In

fact among heterozygotes where the level of activity of the normal G-6-PD gene

could be assessed by enzyme assay in fathers or sons, the expected results

were seen. Thus, heterozygotes with the highest enzyme activity

had fathers or sons with high G-6-PD levels while heterozygotes with

the lowest enzyme levels had sons or fathers in the lower range of

normal G-6-PD levels (Figure 1). Furthermore, all heterozygotes had lower

G-6-PD levels than their male relatives with the same normal G-6-PD gene.

This result would be expected, since in heterozygotes approximately 50 per

cent of their normal X chromosomes would be inactive. These considerations

may have practical applications, particularly for heterozygote detection of
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X-linked traits in families. As an example, the sister of an affected male

with a normal father and heterozygote mother may need advice on whether

she is a earner. The finding of test results in the upper range of normal ii’i

the father would point to heterozygosity in his daughter, provided that her

test results were significantly lower than his, even though still in the normal

range.

These concepts render unlikely a previous suggestion#{176} that heterozygotes

with enzyme levels within the range of normal represent those individuals

where all the G-6-PD deficient X chromosomes are inactive. Since inactivation

is a random process, an equal number of heterozygotes with very low activity-

i.e., with all the normal X chromosomes inactivated-should also be found. This

and one other study,12 however, indicate that heterozygotes with test results

placing them in the hemizygote or abnormal homozygote�4 range are rare.

The wide variation in enzyme level of G-6-PD deficient heterozygotes ap-

pears to be the result of two principal factors. One of these concerns the nature

of the normal isoallele; the other concerns the relative proportion of the two cell

populations, normal and deficient. The possession of an isoallele with high

capacity or a relatively large proportion of normal cells, or both,

will lead to relatively normal enzyme levels in heterozygotes, and explains

the difficulties of heterozygote detection with this X-linked gene. It is not un-

likely that similar difficulties in other traits are caused by the existence of such

isoallelic variation.

SUMMARY

Heterozygotes for the Mediterranean type of severe G-6-PD deficiency

were investigated by a variety of tests.

The methemoglobin reduction test was most successful in detecting hetero-

zygotes (about 80 per cent). Enumeration of methemoglobin containing

cells on blood films (Kleihauer-Betke technic) did not improve these results.

Q uantitation of enzyme level was less successful (65 per cent), and de-

termination of decolorization time by the BCB technic was least sensitive

in heterozygote detection.

Methemoglobin reduction technics reflect a more indirect effect of the

mutant gene than enzyme assay. The superiority of these technics in heter-

ozygote detection is probably caused by the genetically determined presence

of both normal and enzyme-deficient cells in G-6-PD deficient heterozygotes.

Since methemoglobin reduction is carried out by individual cells, the popula-

tion of enzyme deficient cells does not reduce methemoglobin, and therefore

even a minority of deficient cells leads to abnormal test results. In contrast,

enzyme assay is less successful for heterozygote detection, since measurement

of enzyme level is carried out on hemolyzed red cells, where cellular mosaicism

no longer exists.

An additional source of variation of enzyme levels in heterozygotes is

eaused by the existence of genetically determined control of normal enzyme

level. Possession of a high capacity allele for G-6-PD activity may place

a heterozygote in the normal range of enzyme activity.
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The various tests were also applied to subjects with the mild Greek type

of G-6-PD deficiency. Males with this mutation had enzyme levels varying

between 12-45 per cent of the mean of normal males. Methemoglobin re-

duction test results were considerably less abnormal in hemizygotes with the

mild type of Mediterranean deficiency than in heterozygotes with the severe

deficiency. Fewer heterozygotes with the mild deficiency were detected.

SUMMARIO IN INTERLINCUA

Heterozygoticos pro le typo mediterranee de sever carentia de dehydro-

genase de glucosa-6-phosphato esseva investigate per medio de un varietate de

tests.

Le test del reduction de methemoglobina esseva le plus successose in le

detection de tal heterozygoticos ( circa 80 pro cento ) . Le numeration de cellulas

a contento de methemoglohina in pelliculas de Sanguine ( secundo le technica

de Kleihauer-Betke ) non meliorava file resultatos. Le quantification del con-

centration de enzyma esseva minus successose (65 pro cento), e le determnina-

tion del tempore de discoloration per le technica a brillante blau cresylic

esseva Ic minus sensibile in le detection de heterozygoticos.

Technicas a reduction de methemoglobina reflecte un effecto plus indirecte

del gen mutante que le essayage de enzymas. Le superioritate de iste technicas

in Ic detection de heterozygoticos es probabilemente un effecto del genetica-

mente determinate presentia de cellulas normal e de cellulas .t carentia del

enzyma in heterozygoticos pro carentia de dehydrogenase de glucosa-6-phos-

phato. Viste que le reduction de methemoglobina es effectuate per cellulas

individual, le population de cellulas carente in le enzyma non reduce methemo-

globina de maniera que mesmo un minoritate de cellulas carente resulta in

resultatos anormal del test. Per contrasto, Ic essayage a enzyma es minus suc-

cessose in le detection de heterozygoticos viste pie le mesuration del concen-

tration de enzyma es effectuate in ervthrocytos hemolysate ubi nulle mosai-

cismo cellular continua exister.

Un fonte additional de variationes del nivellos de enzyma in heterozygoticos

es representate per le geneticamente determinate regulation de normal nivellos

de enzyma. Le facto que illo ha un allelo a alte capacitate pro le activitate

de dehydrogenase de glucosa-6-phosphato pote transferer un heterozygotico

ad in le region normal del activitate enzymatic.
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