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the various hypotheses that have arisen around specimens
described as A. afarensis. Further material may show the same
large range of variation as these later specimens or it may provide
more explicit evidence of an early radiation in the Hominidae
between 5 Myr and 3.7 Myr.

This work forms part of the Baringo Palaeontological
Research Project, based at Harvard University, and carried out
jointly with the National Museums of Kenya. It was financed
by a NSF grant (BNS 81-40818) to David Pilbeam, John Barry
and Kay Behrensmeyer, and by a grant from the Louise Brown
Foundation to David Pilbeam and A.H. I thank Kiptalam
Cheboi, John Kimengich and Sally McBrearty for their help,
and Richard Leakey and the National Museums of Kenya for
much logistical support. I thank the Government of the Republic
of Kenya for research permission; Mary Leakey for allowing
me to examine the Laetoli hominid material; Garniss Curtis
and Robert Drake for allowing me to quote the results of isotopic
age determinations which they performed; and I particularly
thank Steven Ward for his advice, and John Barry, Greg Chap-
man, Jay Kelley and David Pilbeam for their helpful comments
on the manuscript. Sally McBrearty drew the figures.

Received 3 August 1984; accepted 12 February 1985.

. Sarich, V. M. & Wilson, A. C. Science 158, 1200-1203 (1967).

Andrews, P. & Cronin, J. E. Nature 297, 541-546 (1982).

. Sibley, C. G. & Ahliquist, J. E. J. molec. Evol. 20, 2-15 (1984).

. Patterson, P. Nature 212, 577-581 (1966).

. Patterson, P. & Howells, W. W. Science 156, 64-66 (1967).

. Patterson, P., Behrensmeyer, A. K. & Sill, W. D. Nature 266, 918-921 (1970}

Bishop, W. W. & Chapman, G. R. Nature 226, 914-918 (1970).

. Pickford, M. Nature 256, 279-284 (1975).

. Pickford, M., Johanson, D. C., Lovejoy, C. O., White, T. D. & Aronson, J. L. Am. J. phys.
Anthrop. 60, 337-346 (1983).

R T N N

NATURE VOL. 315 16 MAY 1985

10. Pickford, M. in New Interpretations of Ape and Human Ancestry, 421-439 (Plenum, New
York, 1983).

11. Clark, D. et al. Nature 307, 423-428 (1984).

12. Ishida, H., Pickford, M., Nakaya, H. & Nakano, Y. African Study Monographs Suppl. Issue
2, 73-85 (1984).

13. Hill, A. er al. J. hum. Evol. (submitted).

14. Bishop, W. W., Chapman, G. R., Hill, A. & Miller, J. A. Nature 233, 389-394 (1971).

15. Leakey, M. D. et al. Nature 262, 460-466 (1976).

16. McCall, G. J. H., Baker, B. H. & Walsh, J. in Background 1o Evolution in Africa, 191-220
(University of Chicago Press, 1967).

17. Martyn, J. E. Nature 215, 476-477 (1967).

18. Martyn, J. E. thesis, Univ. London (1969).

19. Hill, A., Curtis, G. & Drake, R. in Sedimentation in the African Rift System (Blackwells,
Oxford, in the press).

20. Harris, J. M. & White, T. D. Trans. Am. phil. Soc. 69, 1-128 (1979).

21. Brown, F. H. & Lajoie, K. R. Nature 229, 483-485 (1971).

22. Johanson, D. C., Taieb, M. & Coppens, Y. Am. J. phys. Anthrop. 57, 373-402 (1982).

23. Kalb, J. E. et al. Nature 298, 25-29 (1982).

24. Kalb, J. E,, Oswald, E. B., Mebrate, A, Tebedge, S. & Jolly, C. J. Newsl. Stratigr. 11,95-127
(1982).

25. Kalb, J. E. et al. J. Vertebr. Palaeont. 2(2), 237-258 (1982).

26. Hall, C. M., Walter, R. C., Westgate, J. A. & York, D. Nature 308, 26-31 (1984).

27. Coppens, Y., Maglio, V. J., Madden, C. T. & Beden, M. in Evolution of African M.
336-367 (Harvard University Press, 1978).

28. Beden, M. in Earliest Man and Environments in the Lake Rudolf Basin, 193-208 ( University
of Chicago Press, 1976).

29. Brown, F. H. Nature 300, 631-633 (1982).

30. Schmitt, T. J. & Nairn, A. E. M. Nature 309, 704-706 (1984).

31. Johanson, D. C., White, T. D. & Coppens, Y. Kirtlandia 28, 1-14 (1978).

32. Johanson, D. C. & White, T. D. Science 202, 321-330 (1979).

33. White, T. D., Johanson, D. C. & Kimbel, W. H. S. Afr. J. Sci. 77, 445-470 (1981).

34, Tobias, P. V. Palaeont. afr. 23, 1-17 (1980).

35. Falk, D. & Conroy, G. C. Nature 306, 779-781 (1983).

36. Senut, B. L' Humerus et ses Articulations chez les Hominides Plio-plei:
1982).

37. Olson, T. R. in Aspects of Human Evolution, 99-128 (Taylor & Francis, London, 1981).

38. Coppens, Y. in Recent Advances in the Evolution of Primates, 1-9 (Pontifical Academy of
Sciences, The Vatican, 1983).

39. Tardieu, C. L’ Articulation du Genou (CNRS, Paris, 1983).

40. Johanson, D. C. et al. Am. J. phys. Anthrop. 57, 403-451 (1982).

41. White, T. D. & Johanson, D. C. Am. J. phys. Anthrop. 57, 501-544 (1982).

42. Johanson, D. C., White, T. D. & Coppens, Y. Am. J. phys. Anthrop. 57, 545-603 (1982).

43. Ward, S. C., Johanson, D. C. & Coppens, Y. Am. J. phys. Anthrop. 57, 605-630 (1982).

44. Maglio, V. J. Trans. Am. phil. Soc. 63, 1-149 (1973).

ene {CNRS, Paris,

Chromosome Y-specific
DNA in related human XX males

David C. Page*, Albert de la Chapellef
& Jean Weissenbachi

* Whitehead Institute for Biomedical Research, Nine Cambridge
Center, Cambridge, Massachusetts 02142 and

Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

+ Department of Medical Genetics, University of Helsinki,
00290 Helsinki 29, Finland

1 Unité de Recombinaison et Expression Génétique (INSERM
V. 163, CNRS LA 271), Institut Pasteur, 27 rue du Dr Roux,
75015 Paris, France

Human ‘XX males’ are sterile males whose chromosomes seem to
be those of a normal female. About 1 in 20,000 males has a 46,
XX karyotype, and most cases are sporadic, that is, they are without
familial clustering'. It has long been argued that maleness in XX
males may result from the undetected presence of a small, testis-
determining fragment of the Y chromosome?, and there is strong
evidence for this in sporadically occurring XX males®®. Indeed,
the genomes of three of four sporadic XX males tested were found
to contain certain Y-specific DNA sequences®. A pedigree in which
three XX males occur has been interpreted as being consistent
with autosomal recessive inheritance of maleness™®, and it has
been argued that the basis of XX maleness in this family is
fundamentally different from that in the sporadic cases’. However,
we report here that these related XX males, like the sporadic cases,
contain portions of the Y chromosome. The portion of the Y
chromosome present in one of the three XX males differs from
that present in the other two.

In one of the few families reported to contain two or more
XX males, the pattern of inheritance suggests a dominant male-
determining locus segregating according to an autosomal
mode'®. Affected siblings'! and affected identical twins'” have
also been described. The family reported here has been described

previously”®. Briefly, two XX males are second cousins, and
they are distantly related to a third XX male via a common
male ancestor (Fig. 1a). The mothers of two of these XX males
are related in several ways. It has been argued that an autosomal®
or ‘pseudoautosomal’® recessive male-determining gene is
segregating in this family.

In the present study, DNAs from three related XX males and
their relatives were tested for the presence of certain Y-specific
sequences using probes derived from the human Y chromosome.
Some of these Y-specific DNA sequences were previously found
to be present in, and others absent from, the genomes of sporadic
XX males®. We have reported previously the absence in these
three related XX males of the Y-specific 15-kilobase (kb) Tagl
fragment at the X-Y homologous locus DXYST (ref. 13). DNAs
prepared from cultured fibroblasts or from peripheral blood
leukocytes were digested with the restriction endonuclease Taql
and gel transfers'* of the resulting fragments were hybridized
with radiolabelled DNA probes detecting Y-specific Tagl frag-
ments. Table 1 summarizes the results of these tests and Fig.
1b, ¢ shows autoradiograms of some of the original data. All
three XX males carry certain Y-specific sequences. The two XX
males who are second cousins, X-1 and X-2, seem to carry
similar if not identical portions of the Y chromosome; that is,
their genomes contain the two Y-specific Taql fragments detec-
ted by probe 47c¢, but they are negative for all other Y-specific
sequences tested. (In this respect, they resemble the sporadic
XX male ‘3’ previously reported by Guellaen et al®.) X-3, the
distantly related XX male, is positive not only for the two
Y-specific Taql fragments detected by 47¢c, but also for some
of the Y-specific Taql fragments detected by probes 50f2, 52d
and 118. (The patterns observed were identical with those seen
in sporadic XX male ‘4’ reported by Guellaen et al®.) None of
the three XX males is positive for all of the Y-specific sequences.
We conclude that each carries only a part of the Y chromosome.

By this test, there is no evidence of abnormality at the DNA
sequence level in any of the relatives. The fathers of the XX
males and a brother, X-4, are positive for all of the Y-specific
sequences tested, while the mothers and a sister, X-5, are nega-
tive for all of the Y-specific sequences. Moreover, the intensities
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of the Y-specific bands (relative to autosomal or X-specific
bands) in the fathers are similar to those seen in normal unrelated
males (data not shown). Thus, as the fathers all have a normal
male karyotype, it is likely that the Y-specific DNA sequences
they display are present in normal copy number and only on
the Y chromosome. As in Sxr mice'>'®, ‘sex reversal’ in these
humans may be the result of an X;Y translocation. However,
unlike Sxr, duplication of the testis-determining portion of the
Y chromosome in carrier males is apparently not involved.

We conclude that these three related XX males are males
because, like the three sporadic XX males reported by Guellaen
et al®, they carry a testis-determining fragment of the Y chromo-
some. Note that the patterns of Y-specific fragments shown by
these related XX males are among the patterns shown by
sporadic XX males. In the case of each of the three XX males,
a new mutation must have occurred in the father, during or
before the meiotic divisions. That mutation apparently involved
breaking the Y chromosome and perhaps translocating one of
the resulting pieces to the X chromosome. We detected no
Y-specific sequences in any of the three mothers. (Guellaen et
al® previously reported the same finding in the mother of one
sporadic XX male.) These results seem incompatible with a
maternal contribution to XX maleness in this family; such a
contribution had been suggested by weak positivity for the H-Y
antigen in the mothers®. If there is an inherited defect predispos-
ing to XX maleness in this family, it is operating in the fathers,
in whom Y chromosomes are broken.

The two closely related XX males (X-1 and X-2) carry a
similar if not identical portion of the Y chromosome, and they
are related through males only. Thus, it is possible that the Y
chromosome common to their fathers is susceptible to the sort
of gross mutation described above, perhaps at a particular site
on the Y chromosome. Indeed, a Y-linked mutation predisposes
to reciprocal X; Y translocation in the mouse'’. If a Y-linked
mutation is operating in the fathers of the two closely related
XX males, the occurrence of XX maleness in a distant relative
(X-3), related through a lineage that includes females as well
as males, may be merely coincidental. This is consistent with
the finding that X-3 carries a different, albeit overlapping, frag-
ment of the Y chromosome.

Using X-linked restriction fragment length polymorphisms,
we have shown previously that most, if not all, XX males,
including the three studied here, inherit one X chromosome
from their father and one from their mother!>. However, like
many XX males, X-3 does not express his father’s allele for the
dominant, X-linked marker Xg. (Xg segregation is uninforma-
tive in the other two XX males.) As reported above, X-3 has
inherited part of his father’s Y chromosome. This is reminiscent
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Fig. 1 a, Simplified paternal pedigree of XX males X-1, X-2
and X-3 (black squares) (from ref. 8). b, ¢, Hybridization of
Taql-digested DNAs from the XX males and their relatives with
50f2 (b) and 47c (c). Each lane corresponds to the individual
immediately above that lane in the pedigree shown in a. DNA
samples were digested with Tagl, electrophoresed on agarose gels,
transferred'* to Pall Biodyne (1.2-pm pores) nylon paper and
hybridized with radiolabelled probes largely as described pre-
viously'>. However, following transfer, the air-dried papers (DNA-
coated side up) were exposed to germicidal (short-wave) ultraviolet
light at an intensity of 400 uW cm™ for 1 min; they were not
baked. The arrows on the left indicate the Y-specific Taql frag-
ments detected. The sizes of restriction fragments (in kilobase
pairs) are shown on the right.

Table 1 Y-specific DNA sequences in XX males and their relatives

Individual 47¢ 5012 52d
Normal male 2 4 3
Normal female 0 0 0
1X-1 (GM2672) father 2 4 3
1X-2 (GM2671) mother 0 0 0
X-1 (GM2626) XX male 2 0 0
IX-3 (GM2624) father 2 4 3
IX-4 (GM2625) mother 0 0 0
X-2 (GM2670) XX male 2 0 0
1X-5 (LGL118) father 2 4 3
IX-6 (LGL117) mother 0 0 0
X-3 (LGL115) XX male 2 2 2
X-4 (LGL116) brother 2 4 3
X-5 (LGL119) sister 0 0 0

Probes
118 27 49f 123 pDP34*
8 1 3 1 1
0 0 0 0 0
ND ND ND ND 1
ND ND ND ND 0
0 0 0 0 0
ND ND ND ND 1
ND ND ND ND 0
0 0 0 0 0
ND ND ND ND 1
ND ND ND ND 0
4 0 0 0 0
ND ND ND ND 1
ND ND ND ND 0

Genomic DNAs from normal unrelated males and females and from the indicated members of the pedigree in Fig. 1a were digested with Tagl,
blotted and hybridized with probes detecting Y-specific sequences. Methods were as described for Fig. 15, c. The number of male-specific Tagl

fragments detected by each probe are shown. ND, not done.
* The data for probe pDP34 (DXYSI) are from ref. 13.
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of our finding of a sporadic XX male who expresses his father’s
allele for 12E7, a Y-linked marker, but fails to express his father’s
Xg allele’. Both cases can be explained by an interchange of a
portion of the Y chromosome with a portion of the paternal X
chromosome®. However, such an interchange cannot easily
account for XX males X-3’s apparent failure to express his
father’s allele for the dominant, X-linked marker Xm (ref. 1),
which maps to the long arm of the X chromosome'®; Xg maps
to the short arm. It is possible that the Xm typing of this family
was in error. Unfortunately, as Xm antiserum is no longer
available, the typing cannot be repeated.

Taken together, our findings and those of Guellaen et al®
suggest that, though variable in size, the segment of the Y
chromosome present is similar in at least some familial and
sporadic XX males. It is likely that that segment of the Y
chromosome carries the genetic information which is male-
determin’ng.

This study was aided by grants from the NIH, the Sigrid
Jusélius Foundation, the Folkhalsan Institute of Genetics and
the Academy of Finland. We thank Laura Brown for assistance,
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whose laboratory some of these experiments were performed.
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In the human there is an X-linked gene affecting steroid sulphatase
(STS) activity which, when deficient, is associated with X-linked
congenital ichthyosis'. The gene (STS) is located on the distal
tip of the short arm>® and is only partially inactivated when it is
on the inactive X-chromosome’'°. In the mouse, the genetics of
STS are not clear; the results of one study using XX:XO0 oocyte
comparisons indicated X-linkage'', but three other studies using
STS variants have produced segregation data compatible with
autosomal linkage of murine STS'?>~"%, Here we present the results
of STS assays of crosses of deficient C3H/An male mice'? to
normal X0 animals which demonstrate X-linkage of STS in the
mouse and indirectly indicate the existence of a functional STS
allele on the Y-chromosome which undergoes obligatory recombi-
nation during meiosis with the X-linked allele.
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Table 1 Resuits of crosses of STS-deficient C3H/An with normal mice

No. of offspring

Cross Females Males
Female Male STS* STS™ STS* STS~
*C3H/An (STS™) BALB/c(STS") 13 0 17 0
*BALB/c (STS*) C3H/An(STS") 6 0 8 0
*C3H/An (STS™) Feral mouse 3 0 5 0
(STS™)
*C3H/An (STS™) C57B(STSY) Not tested 7 0
*(C3H/An X C3H/An (STS™) 10 13 13 15
CS7B) F,
(STS™)
*(C3H/An x CS7B (STS) 16 0 17 0
C57B) F,
(8TS")
C3H/An (STS™) (C3H/An % 2 6 2 4
BALB/c) F,
(STS*)
C3H/An (STS™) (BALB/c¢c X 1 6 2 1
C3H/An) F,
(STS™)

STS assays were carried out on sonicated spleen extracts using *H-
dehydroepiandrosterone sulphate as substrate, according to Shapiro et
al®?, Pure-breeding STS* mice have STS activity of >250 pmol per h
per mg protein and pure-breeding STS™ mice (C3H/An) have <7 pmol
per h per mg protein. The STS activity of STS* hybrid mice varied from
70 to 160 pmol per h per mg protein.

* Unpublished data from Balazs et al.'>.

When C3H/An STS-deficient mice are crossed with STS nor-
mal animals in various combinations, the results seem compat-
ible with simple autosomal inheritance of STS deficiency (Table
1). However, one litter from a cross of an STS-deficient female
with a supposed pure-breeding STS normal male yielded one
STS-deficient female. If the exceptional female was X0, it would
suggest that STS deficiency foliows an unusual form of sex-
linked inheritance. Unfortunately, materials were not available
for cytological analysis of the exceptional animal nor could the
male parent be tested for possible heterozygosity.

We therefore instituted crosses of C3H/An STS-deficient
males with STS normal X0 mice marked with the tabby (Ta)
gene. The X-linked tabby marker permits separation of mice
carrying Ta, in either the hemizygous or homozygous condition,
from heterozygotes and wild-type mice by its characteristic coat
markings. From these crosses, three classes of offspring are
expected with regard to tabby and sex: Ta/+ %9, +/099 and
Ta/Y33. Table 2 gives the results of these crosses with respect
to tabby, sex and STS level. If the STS variant we are studying
is autosomal, there should be no differences in STS levels
between the three classes of offspring. On the other hand, if the
STS variant lies on the X-chromosome, then the X0 progeny
should be STS-deficient, in contrast to the normal or intermedi-
ate values for the Ta/+ and Ta/Y animals. In fact, the X0
animals show STS values not significantly different from their
deficient male parent. The absence of STS-deficient animals
among 15 Ta/Y and Ta/+ siblings argues against the possibility
that the X0 parents are heterozygous for STS deficiency at an
autosomal locus. These results demonstrate X-linkage of the
C3H/An STS deficiency.

The studies reported here (Table 1) and elsewhere'? using the
C3H/An STS-deficient mouse strain in various crosses yield
results compatible with simple autosomal inheritance of the
deficient STS gene in the C3H/An strain. However, when
deficient C3H/An males are crossed to STS normal X0 mice,
the segregation pattern observed in the offspring demonstrates
X-linkage of the STS deficient gene (Table 2). These apparently
contradictory results are best explained by postulating a func-
tional Y-linked STS gene that undergoes obligatory recombina-
tion with its X-linked allele. As both the C3H/An and BALB/c
Y chromosomes exhibit recombination with the X-linked STS
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