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Triplo-X Constitution of Mother Explains Apparent Occurrence
of Two Recombinants in Sibship Segregating at Two Closely
X-Linked Loci (G6PD and Deutan)

ANTONIETTINA RINALDI,!2 MARIA VELIVASAKIS,? BACHISIO LATTE,* GIORGIO
FILIPPI,> AND MARCELLO SINISCALCO®

Several independent studies have established that the X-linked structural gene for
human glucose-6-phosphate dehydrogenase (G6PD; E.C.1.1.1.49) is closely linked to
the genes for both deutan and protan color blindness [1-6]. To date, only one
recombinant has been directly observed between G6PD and protan out of 51
scorable sibs and five between G6PD and deutan out of 240 scorable sibs (table 1).
Four of the latter were found by our group in Sardinia, and, surprisingly enough, two
of them were in the same sibship [7]. This puzzling finding called for additional studies
which were delayed for several years owing to the reluctance of critical family
members to undergo further investigations. The pedigree has now been reexamined and
expanded (fig. 1). On the basis of their phenotypes (table 2) and the derived genotype
of their father (fig. 1), individuals II-1 and II-3 in this pedigree appear to be double
heterozygotes in coupling at the loci for G6PD and deutan color-vision (d*Gd®/d~
GgMediterranean)  The two mutant phenotypes (G6PD deficiency of Mediterranean type
and severe deuteranopia) or the two corresponding normal phenotypes (G6PD B type
and normal color-vision) segregate together without recombination among the 12
scorable descendants of II-1. However, only one of the three G6PD deficient sons of
II-3 is deuteranope, while the others have normal color-vision, suggesting the
occurrence of two recombination events during maternal oogenesis.

Among the alternative hypotheses to explain this finding, we considered the
possibility that (1) II-3 carries two different G6PD mutant alleles: the GgMediterranean
mutant, in coupling with the gene for deuteranopic color blindness (d~) and another
mutant, probably milder in its manifestation at the red cell level, associated with the
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TABLE 1

STUDIES ESTIMATING DEGREE OF LINKAGE BETWEEN G6PD AND COLOR-VISION Locl

Segregating No. Informative ~ No. Recombinants
Loci Sibships or Pedigrees Reported Total Scorable Sibs
Sardinian series [1,7,8] ...... Deutan-G6PD 57 4 183
Protan-G6PD 10 1 27
Israeli series [2,5] ........... Deutan-G6PD 5 0 25
Protan-G6PD 2 0 7
Color blindness 12 0 49
Unspecified
Maryland series [3,4] ........ Deutan-G6PD 6 1 30
Protan-G6PD 2 0 8
Greek series [6] ............. Deutan-G6PD 1 0 2
Protan-G6PD 2 0 9
Summary of data ........ Deutan-G6PD 69 S 240
Protan-G6PD 16 1 51

NoTe. —The four G6PD recombinants of the Sardinian series [7] include III-9 and III-10 recombinants of figure 1. To
correct for ascertainment, only one of them was included in the linkage data summarized in reference [8]. Removing them
from the computation reduces the frequency of recombination between G6PD and deutan to 3/238 = .013 and between
G6PD and protan to 1/51 = .020.

gene for normal color-vision (d*); and (2) II-3 or the alleged recombinant sons
(III-9 and III-10) bear an abnormal X-chromosomal constitution. The latter hypothesis
proved to be the correct one, since the mother (II-3), though entirely normal both in her
phenotype and mental capacity, has a 47,XXX chromosome complement as shown by
the presence of two sex chromatin bodies in 50% of her buccal mucosa cells and by
cytogenetic analysis of cultured peripheral blood lymphocytes and fibroblasts.

Since the incidence of triplo-X among phenotypically normal newborn females is of
the order of 1 X 1073 [17] and the chance of two recombinant sibs for the loci under
consideration is at least as low, the possibility of a fortuitous association of both events
in the same sibship can be safely disregarded. Thus we conclude that the two alleged
recombinants (III-9 and III-10) and their double affected brother (III-13) are most likely
segregants from a mother of genetic constitution d*GdMediterranean/j—(;Mediterranean/
d*GdPB. Additional findings which corroborate this conclusion are: (1) All cytogenically
tested male and female children (III-9, III-10, III-12, and III-13) of the triplo-X mother
have a normal chromosomal constitution, and both daughters have only one sex-
chromatin body in their buccal mucosa cells.* (2) All three G6PD deficient sons and
daughter III-12 have the G6PD red cell phenotype typical of the hemizygous and

* The screening for sex chromatin bodies was performed [18] on 200 buccal cells. The sex chromosome
complement was determined by direct microscopy and by karyotype analysis of 10 to 20 metaphases with
Giemsa banding according to Seabright [19], except for III-10 and III-13, whose karyotypes were established
with normal Giemsa staining before the era of G-banding. Fibroblast cultures from II-3 and I11-9 (GM 1973)
and (GM 1917) are stored in the Human Genetic Mutant Cell Repository (Camden, N.J.).
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heterozygous carriers of the GgMediterranean myant (table 2). (3) The presence of a
Gd® allele in the mother’s genotype is inferred from daughter III-11, who is clas-
sified as homozygote GdB®/Gd® on the basis of finding a homogeneous population
of G6PD(+) cells in her peripheral blood erythrocytes and lymphocytes (table 2).
(4) About 80% of the peripheral blood lymphocytes and cultured fibroblasts of the
triplo-X mother express the mutant G6PD phenotype (table 2) detected at the
individual cell level by histochemical staining of enzyme activity after heat de-
naturation at 45°C for 10 min [15, 16]. These findings are as expected, if two of
her X chromosomes carry the GgMediterranean mytant and one the normal allele. The
slight excess of G6PD(+) erythrocytes in her peripheral blood is consistent with
one previous report that heterozygotes for this mutant have a distribution of red cell
G6PD phenotypes skewed in favor of the normal G6PD(+) cells [13].

The findings described urged us to examine the chromosomes of the double
heterozygous mothers of the other three reported Sardinian families in which a simple
recombinant between G6PD and deutan or G6PD and protan had been scored [7, 8].
They were found to have a normal 46,XX chromosomal complement.

These results indicate that either the frequency of triplo-X among normal Sardinian
adult women is appreciably higher than 1/1,112 found at birth in northern European
populations, or the true frequency of meiotic recombination between the loci for G6PD
and deutan is appreciably lower than the figure of .05 reported by Porter et al. [3, 4]
and perhaps even of .013 (3/238) as derived from the data in table 2 after reclassifying
II-9 and III-10 as segregants. From table 2, it appears also that the frequency of
recombination between G6PD and protan is of the same order (1/51 = .020). These
estimates have wide fiducial limits so that nothing can be said about a possible
difference in the degree of linkage between the two sets of loci on the basis of these
direct measurements of meiotic recombination. However, population data on linkage
disequilibrium, recently reported by our group [20], suggest that the G6PD locus may
be nearer to the protan than to the deutan locus.

This report is intended to alert students of human X-linkage to the fact that apparently
rare recombinational events between closely X-linked loci may be explained by nu-
merical aberrations of the X chromosome. Families such as those described by Vander-
donk and Verriest [21] and Arias and Rodriguez [22] with two recombinant sibs be-
tween deutan and protan loci should be checked for the X-chromosomal constitution of
the double heterozygous mothers. Sibships with one or more apparent recombinants be-
tween closely linked autosomal loci such as those reported for histocompatibility anti-
gens [23, 24] also warrant chromosomal study. A triple dose for an autosomal chromo-
some, however, is unlikely to be the explanation since grossly abnormal phenotypes
have been associated with the autosomal trisomies thus far described.

SUMMARY

Two male sibs believed to be examples of meiotic recombinants between the closely
linked loci for G6PD deficiency of Mediterranean type and severe deutan color blind-
ness proved to be simple segregants of a triplo-X mother of genotype d ~ GgMediterranean/
d* GaMediterranean/J+G 4B This finding suggests that in Sardinia the linkage between the
two loci under consideration may be tighter than previously assumed.
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