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Congenital total color-blindness, or achromatopsia, had been regarded as a ty
pical example of autosomal, simple Mendelian recessive traits up to 1936, when 
Haldane described methods for the detection of a new type of human inheritance 
which was designated as incomplete sex-linkage or partial sex-linkage. He proposed 
a provisional map of the homologous segments of the X- and Y-chromosomes, on 
which were located six genes including the gene responsible for total color-blindness. 

He analyzed 3 sibships of this disease by using the direct method and the crossover 
value was estimated at 11.4%. He also analyzed 28 sibships by the indirect method 
and found the crossover value as 8.36%. These were values lower than the crossover 
values for any others of the six partially sex-linked genes known to him. Fisher (1936) 
applied the tests of significance to Haldane's data and estimated the crossover values 
8.12% under the assumption of complete ascertainment, 14.40% under the assumption 
of single ascertainment and 20.57% using ancillary information. Since then, no further 
study seems to have been made on the partial sex-linkage of the gene for total color
blindness. 

On the other hand, Makino (1941), Matthey (1951) and Sachs (1954) could 
find no evidence of chiasma formation between the X- and Y-chromosomes and 
casted doubt on the existence of partial sex-linkage due to crossing over between genes 
located in the sex chromosomes. 

The present investigation was therefore undertaken in order to examine Haldane's 
hypothesis on partial sex-linkage analyzing Japanese data which appeared to be 
suitable for such a study owing to high incidence of consanguineous matings in Japan. 
The cases were collected from Japanese literature and through personal communi
cations with clinicians. The results of analyses reported in a preliminary paper (1956) 
will be presented here in greater detail. 

Analysis of sibships giving direct information 

When a gene is recessive and rare, both parents of affected children are usually 
phenotypically normal and heterozygous for the abnormal allele. Therefore, in or
der to analyze pedigrees of partially sex-linked recessive traits, it is pertinent to find 
whether the recessive allele is located in the X- or in the Y-chromosome of the fa-

1 Contribution No 133 from the National Institute of Genetics, Japan. 
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ther of the affected sibs. As shown by Haldane, such knowledge may be availa
ble, if the parents of the affected children are related to each other and their rela
tionship is fully known. Namely, if the father is related to his wife through his father, 
it will be assumed with a high degree of probability, that he will have the allele in 
question in the Y-chromosome, and if he is related to his wife through his mother, 
he will have it in the X-chromosome. 

Among the parents of the patients of total color-blindness in the Japanese litera
ture, there have been reported 17 first cousin matings, 2 second cousin matings and 
1 half-sib mating, in which the modes of their relationship are fully known. They 
are given in Table 1, which includes Kawakami's pedigree I (1922) cited by Haldane 
(1936) from Komai's monograph (1934) with the case number of 52, 9. 

As shown by Haldane, if b and d are the numbers of affected persons of like and 
unlike sexes respectively with the paternal grandparent through whom the parents 
are related, the estimate of crossover value is d/(b + d) with information (b + d)3/bd. 
Also, if a and c are the numbers of normal sibs of like and unlike sexes with the grand
parent above mentioned respectively, the estimate of crossover value is (2a-c)/(a + c), 
with information (a + c)3/gac. The classification a, b, c and d are listed at the top 
of Table 1. 

The total data give 
a = 26, b = 29, c = 32, d = 18. 

Hence from b and d, x = 0.3830, i = 198.89 and from a and c, x = 0.3448, i = 26.06, 
where x is the estimate of the crossover value and i the amount of information. Com
bining these figures we have x = 0.3786^0.0667. This is in the right direction for 
the hypothesis of partial sex-linkage, but the deviation from 0.5 is only 1.82 times 
standard error, being not significant. 

Omitting Hoki's pedigree I and Yamanaka's pedigree, in which the parents of 
the patients are cousins related through the father's father, but also related more 
remotely through the father's mother, the remaining data give 

a = 24, b = 25, c = 29. d — 16, 

whence the estimates are, from b and d, x = 0.3902, i = 172.30 and from a and c, 
x = 0.3585, i = 23.77 a n d combining them, x = 0.3864^0.0716. The deviation 
also is in the right direction, but not significant. 

Macklin (1944) pointed out in her data on xeroderma pigmentosum that, though 
there were more males affected among sibships in which the father was related to his 
wife through his father (« paternal » group) and more females affected among sib
ships in which the father was related to his wife through his maternal line (« ma
ternal » group) in agreement with the expectation of the hypothesis of partial sex-
linkage, but also an excess of normal males over normal females was found in the 
« paternal » group, and an excess of normal females in the « maternal » group. This 
tendency was shown more strongly in her data published in 1952 compiling 19 sib
ships. Namely, she found 43 males (27 normal and 16 affected) contrasting to 23 fe
males (15 normal and 8 affected) in the « paternal » group, and 17 females (8 normal 
and 9 affected) versus only 10 males (5 normal and 5 affected) in the « maternal » 
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Tab. i - Material for direct analysis 
(Sibships in which modes of relationship of the parents are fully known) 

a) Sibships in which the father of the patients is related to his wife through his father 

Author 

Kawakami II '27 
Hirota '27 
Kondo '31 
Kondo '31 
Kondo '31 
Yamanaka '34 
Kojima '36 
Aso '36 
Hoki I '38 
Otsuka '39 
Otsuki '41 
Hitomi '43 

Total 

Size 
of sibship 

6 

3 
8 

5 

4 

7 

5 

7 

4 
1 

5 

7 

62 

Normal 
males 

(a) 

3 
2 

3 
1 

1 

1 

0 

2 

1 

0 

0 

1 

' 5 

Affected 
males 

(b) 

2 

0 

2 

1 

1 

3 
1 

2 

1 

1 

1 

3 

18 

Normal 
females 

(c) 

1 

0 

1 

2 

2 

1 

3 
1 

2 

0 

2 

2 

17 

Affected 
females 

(d) 

0 

1 

2 

1 

0 

2 

1 

2 

0 

0 

2 

1 

1 2 

Relationship 
of parents 1 

1 (I) 
1 (III) 
1 (III) 

' (I) 
1 (I) 
• (I) 
• (I) 
1 (III) 

1 (I) 
2 

1 (III) 
H 

b) Sibships in which the father of the patients is related to his wife through his mother 

Author 

Kawakami I '22 
Kawakami IV '27 
Kawakami V '27 
Hoki II '38 
Hoki IV '38 
Azuma '38 
Otsuka '40 
Oguchi '40 

Total 

Size 
of sibship 

7 

5 
2 

5 

5 
6 

7 
6 

43 

Normal 
female 

(a) 

I 

1 

0 

2 

1 

1 

2 

3 

1 1 

Affected 
females 

(b) 

4 
2 

0 

0 

0 

2 

3 
0 

1 1 

Normal 
males 

(c) 

2 

2 

1 

2 

2 

2 

2 

2 

l5 

Affected 
males 

(d) 

0 

0 

1 

1 

2 

1 

0 

1 

6 

Relationship 
of parents1 

1 (IV) 
1 (IV) 
1 (IV) 
2 

I (II) 
1 (IV) 
1 (IV) 
1 (IV) 

1 Abbreviations of parental relationship are as follows; 1, first cousins: 2, second cousins: H, half-sibs. 
In the four types of first-cousin mating the wife is related to her husband as follows; 

Type I. She is his father's brother's daughter. 
Type II. She is his mother's sister's daughter. 
Type III. She is his father's sister's daughter. 
Type IV. She is his mother's brother's daughter. 
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group. The deviation of the sex ratio from equality is significant at the 2% level in 
the former group and insignificant (o.2o)P)o. io) but in the right direction in the 
latter. Thus, questions were presented that more males might be found affected 
merely because there were more males than females produced in one group and 
more females might be affected because there were more females than males produced 
in the other group. 

In the data on total color-blindness, however, such an extreme unequality of sex 
incidence is not demonstrable. Namely, there are 33 males (15 normal and 18 affected) 
versus 29 females (17 normal and 12 affected) when the parents are related through 
father's paternal line, and 21 males (15 normal and 6 affected) versus 22 females 
(11 normal and 11 affected) when the parents are related through father's maternal 
line, being in almost equality. 

Analysis of sibships giving indirect information 

Complete sibships, in which relationship of parents is not fully known, are ana
lyzed by using the indirect method. From the data were excluded several families, 
namely, the sibships including Kajiwara's pedigree (1927, cited by Haldane with 
the case number 53,2), which are not complete and those including Nakamura's 
pedigree (1924, case number 53,8) in which the diagnosis was doubtful, since the 
patients were devoid of all the cardinal symptoms such as amblyopia, photophobia 
and nystagmus. Thus, there remain 26 sibships available for study. They are analy
zed according to Finney's procedure (1940). Their mating type is equivalent to 
Finney's Type 11, since the husband is doubly heterozygous for the sex-chromosomes 
and the recessive abnormal allele in question, and the wife is heterozygous for 
the abnormal allele, but homozygous for the sex-chromosomes. Since it seems 
reasonable to assume that these data more closely approximate single selection 
than any other form of ascertainment, Finney's first scoring system is to be used. 
There are good evidences for almost all sibships that each sibship was independently 
ascertained but once. 

If the children are distributed among the four classes, (a) normal females, (b) 
affected females, (c) normal males and (d) affected males according to the phenotypes, 
then the linkage score for each sibship will be given by the following formula: 

A = — J (a — 3b — c + 3d)2 — (a + 9b + c + 9d) (. 

The quantity of information x, is given by the following formula: 
1 

X = ( s — 1) (s — 4 ) , 
18 

where s is the size of sibships. Actual figures of x can be read from Finney's Table 3. 
The details on the sibships and computations for this linkage test are set out in 

full in Table 2. 
The total score from the 26 sibships is: 

s (X) = + 15-55554-
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Tab. 2 - Indirect Analysis 

Author 

Ishihara I '09 

Ish ihara I I '10 

Shoji '18 

M u k a i '20 

M a e d a I '25 

Ib id . 

Ibid. 

Kagosh ima '26 

K a w a k a m i I I I '27 

Niimi '27 

Hiro ta '27 

N a k a m u r a '28 

Oguch i '29 

Makiuchi '31 

K o n d o '31 

Shindo '32 

Fukushima '34 

Naraki '36 

Miwa '37 

Sato '38 

Otsuka '39 

Komoto '40 

K a t o I '40 

K a t o I I '40 

Seike '42 

K a w a b a t a '49 

Total 

Norma l 

female 

0 

1 

4 
1 

1 

2 

1 

2 

4 
2 

0 

4 
0 

0 

0 

2 

3 
2 

2 

1 

5 
1 

1 

7 
1 

1 

48 

Affected 

female 

1 

2 

0 

2 

0 

1 

1 

1 

0 

0 

1 

1 

0 

0 

0 

2 

0 

0 

0 

1 

1 

0 

0 

0 

0 

" 

16 

Norma l 

ma le 

1 

1 

1 

1 

0 

0 

2 

3 

3 
0 

3 
0 

1 

1 

1 

3 
1 

2 

1 

0 

1 

3 
0 

0 

4 
0 

33 

Affected 

ma le 

0 

0 

0 

0 

2 

0 

2 

0 

1 

1 

0 

2 

2 

1 

1 

1 

2 

4 
1 

1 

0 

1 

1 

1 

3 
2 

29 

A 

+ 0-33333 
+ 0.88889 

—0.77778 

+ 0 . 8 8 8 8 9 

+ 1.66667 

- 0 . 5 5 5 5 6 
1.66667 

+ 0 . 1 1 1 1 1 

0 

+ 0.77778 

+ ' •33333 

+ i . 

+ 0-33333 

—-0-33333 
—0.33333 

—0.88889 

+ 2-33333 

+ 5-77778 
+ 0 . 2 2 2 2 2 

1. 

—0.77778 

0.66667 

+ 0-33333 
+ 4.66667 

+ 0 . 2 2 2 2 2 

+ 1.66667 

+ 15-55554 

X 

0-33333 

1-33333 
2.66667 

t-33333 
0.77778 

0.77778 

2-77778 
2.77778 

4.66667 

0.77778 

••33333 
3.66667 

0.77778 

0-33333 

0-33333 
4.66667 

2.77778 

4.66667 

1-33333 
0.77778 

3.66667 

2 . 0 0 0 0 0 

"•33333 
4.-66667 

4.66667 

0.77778 

56.00002 

Parents 2 

R 

1 

1 

1 

1 

1 

1 V-i. 

I 

u 
1 

u? 
I 

I 

R 

R 

3 
1 

U 

1 

u 
I 

u 
u 
u 
u 
u? 

The total information S(«), 56.00002, is the variance of the score. Therefore, 
the standard error is 

j S (x) j H = 7-483, 

whence t = 15-55554/7-483 = 2.08, 
which corresponds to a probability lower than 1.9%, thus being significant. 

The estimate of the recombination value is given by 

• -TI-O' I 
whence we obtain x = 0.2365. 

2 Abbreviations for different types of parental relationship are; i, first cousins; i y2, first cousins once re
moved ; 3, third cousins; R, related; U, unrelated. 

49 

4. - A. Ge. Me. Gc. - Vol. VI 

https://doi.org/10.1017/S1120962300020060 Published online by Cambridge University Press

https://doi.org/10.1017/S1120962300020060


Acta Geneticae Medicac et Gemellologiae 

Discussion 

The results from the two sets of linkage tests are in the right direction for partial 
sex-linkage, though they differ in the estimated crossover value and in the degree of 
significance, thus Haldane's hypothesis seems to be supported so far as the data 
indicate. 

It is to be noticed that the crossover value obtained by using the direct method 
is much higher than the value given by the indirect method. A similar tendency 
is seen in the data of xeroderma pigmentosum collected by Macklin (1944, 1952). 
She estimated the crossover value of the gene responsible for this disease at 33.3% 
and 35.7% based upon the direct information, while the present author obtained 
values 18.2% and 16.0% by using the indirect method, i.e. Finney's first and second 
systems respectively based upon Macklin's 105 sibships. 

Haldane (1936) has pointed out that the information to be used in the direct 
method is liable to errors which do not affect the indirect method. Among them, 
the following two factors may tend to produce higher estimates of crossover values: 
firstly, the information about ancestor is by hearsay, and secondly, since a large pro
portion of such cases are obtained from highly inbred village communities, the parents 
are more likely than average pair to be related by some other chain of ancestors. 
However, as to whether these possibilities can adequately account for the differences 
observed between the estimates or not the decision must be deferred until more ex
tensive data are at hand. 

Summary 

Data on congenital total color-blindness were collected from the Japanese lite
rature and through private communication, and tested for partial sex-linkage. Twenty 
sibships derived from consanguineous marriages, in which mode of relationship of 
the parents was fully known, were analyzed by using the direct method, and the 
crossover values 37.9-39.0% were found. Remaining 26 complete sibships were ana
lyzed by using the indirect method, and a crossover value of 23.7% was obtained. 

The higher recombination value derived from the direct method may possibly 
due to inaccurate information about paternal genotypes. 
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SOMMARIO 

Dalla bibliografia giapponese e 
direttamente si sono raccolti dati 
sulla acromatopsia totale, dati 
che sono stati controllati per un 
parziale sex-linkage. 

ZUSAMMENFASSUNG 

In der japanischen Literatur 
gefundene Angaben iiber ange-
borene totale Farbenblindheit 
sind auf partielle geschlechts-ge-
koppelte Vererbung gepriift wor
den. 20 Sippenschaften aus bluts-

Venti fratrie derivate da ma-
trimoni fra consanguinei, in cui 
il modo di parentela dei genitori 
era esattamente noto, sono state 
analizzate usando il metodo di-
retto, e si sono trovati dei valori 
di crossover del 37,9-39,0%. Le 
rimanenti 26 fratrie complete 

verwandten Ehen stammend, in 
denen die Verwandtschafts-be-
ziehungen klargestellt waren, 
sind mit Hilfe der direkten Me-
thode analysiert worden, wobei 
die Austauschwerte 37-9-39% 
gefunden wurden. 

Andere 26 vollstandige Sip-

sono state analizzate usando il 
metodo indiretto, e si e ottenuto 
un valore di crossover del 23,7%. 

II piu alto valore di ricombi-
nazione derivato dal metodo di-
retto pud forse essere dovuto ad 
informazioni non accurate sui 
genotipi paterni. 

penschaften sind mit der indi-
rekten Methode gepriift worden, 
wobei der Austauschwert 23.7% 
gefunden wurde. Die hoheren 
Austauschwerte im ersteren Fall 
sind vielleicht auf ungenaue An
gaben iiber die elterlichen Ge-
notypen zuriickzufiihren. 
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