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Summary. In situ hybridization experiments were carried out 
with two clones, YACG35 and 2.8, which had been selected 
from two genomic libraries strongly enriched for the human 
Y chromosome. Besides the human Y chromosome, both 
sequences strongly hybridized to the human X chromosome, 
with few minor  binding sites on autosomes. In particular, on 
the X chromosome DNA from clone YACG35 hybridized to 
the centromeric region and the distal part of the short arm 
(Xp2.2). On the Y chromosome, the sequence was assigned to 
one site situated in the border region between Yq l . l and  Yql.2. 
DNA from clone 2.8 also hybridized to the centromeric region 
of the X and the distal part of the short arm (Xp2.2). On the Y, 
however, two binding sites were observed (Ypl.1 and Yql.2). 
The findings indicate that sex chromosomal sequences may be 
localized in homologous regions (as suggested from meiotic 
pairing) but also at ectopic sites. 

Introduction 

In the prophase of male meiosis of man, pairing occurs be- 
tween the short arm of the Y and the distal part of the short arm 
of the X chromosome (Burgoyne 1982; Polani 1982; Solari 1980; 
Solari and Tres 1970; Moses 1975; Pearson 1970). In analogy to 
meiotic pairing of autosomes, these observations suggest a 
homology also on the level of DNA. Such a homology is sup- 
ported by speculations (Haldane 1936; de la Chapelle et al. 
1981; Polani 1982; Burgoyne 1982) that cross-over does occur 
between homologous segments of X and Y. 

If such cross-over events take place frequently, the DNA 
sequences within this region will be inherited in a pseudoauto- 
somal mode (Burgoyne 1982). A simple calculation of the 
amount  of DNA available at the tip of Yp distal to the cross- 
over shows that dozens of pseudoautosomal genes might be 
located within this section of the Y. 

A number  of experimental findings (de la Chapelle 1981; 
Goodfellow and Tipett 1981; Goodfellow et al. 1983) fit well to 
the hypothesis that on the molecular level a partial X-Y homo- 
logy does indeed exist. So far, however, only a few investi- 
gations have been performed in which DNA sequences were 
directly compared with each other (Daiger et al. 1982; Page et 
al. 1982). In these studies, two X-Y homologous sequences 
were characterized; the position of these fragments, however, 
on X and Y was not determined. 
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In this paper, we report on the chromosomal localization of 
two cloned sequences, which had been selected by Benton and 
Davis Screening (1977) from two genomic libraries strongly 
enriched for the human Y chromosome (Miiller et al. 1983; 
Cooke et al. 1983). We show that these two clones hybridize to 
homologous sequences present on both the human X and Y 
chromosome. Using in situ hybridization, an assignment to 
subregions of the human sex chromosomes was made. The 
implication of our findings to present models of X-Y homo- 
logous regions is discussed. 

Material and methods 

Cell types. Cultures of human fibroblasts and of PHA-stimu- 
lated lymphocytes were used which had been derived from a 
patient with a normal karyotype 46,XY. 

In addition, a Chinese hamster x human hybrid line (CH- 
Y-VII) was used which had retained the Y as the only free 
human chromosome. The karyotype of this line has been 
described in detail elsewhere (Cremer et al. 1982). The Y chro- 
mosome was in all cases of normal length and showed a normal 
G-banding pattern; no pericentric inversion was observed. 

Furthermore,  hybridization experiments were also per- 
formed with a mouse x man hybrid cell line ["445 × 393"] 
kindly provided by Dr. H. H. Ropers. This line, besides several 
human chromosomes (1, 3, 7,12,13,18, 20), contains a human 
X-Y translocation chromosome (Xqter~Xp22.2 : :Yql l - -  
Yqter). In quinacrin-stained metaphase spreads, this chromo- 
some was easily identified due to the brilliant fluorescence on 
Yq12 (Zech 1969). 

Chromosome preparations. Metaphase chromosomes were 
prepared from cultured fibroblasts, lymphocytes and somatic 
cell hybrids, using standard procedures. Prophase chromo- 
somes of human male peripheral lymphocytes were kindly 
donated by Dr. W. Schempp. For  chromosome preparation the 
procedure described by Mtiller and Schempp (1982) was used 
except that spreading was performed by air drying. 

DNA probes. For in situ hybridization experiments 3H-nick- 
translated DNA from two clones was used. The first clone, 
designated YACG35, was selected in the laboratory of 
Dr. H. H. Ropers from a genomic library (Mfiller et al. 1983) 
which had been established from DNA of human Y chromo- 
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somes in the vector system 2gt WES 2B (Leder et al. 1977). The 
Y chromosomes had been purified from chromosomes isolat- 
ed from a Chinese hamster × human hybrid line CH-Y-VII 
(Cremer et al. 1982), using the recently developed technique of 
dual beam sorting (Dean and Pinkel 1978; Dean 1980). 

Clone YACG35 contains a 6 kb human EcoRI insert 
consisting of a low copy sequence and adjacent repetitive 
sequences (Mtiller et al. 1983). Southern blot analysis 
(Southern 1975), using DNA from different cell strains indicat- 
ed that the 6 kb fragment was located predominantly on the sex 
chromosomes. 

The second clone, named "2.8" was selected from another 
genomic library (Cooke et al. in preparation) which had 
been constructed from Y chromosomes purified by the 
method of single beam fluorescence activated sorting (Horan 
and Wheeless 1979; Krumlauf et al. 1982). In this case, chromo- 
somes isolated from human lymphocytes of normal male 
karyotype were used for sorting (Fantes et al. 1983). 

The human insert of clone 2.8 consists of two Eco RI frag- 
ments of  8 kb and t kb length respectively. The 8 kb fragment 
contains a repeated sequence with a relatively low copy num- 
ber, the other fragment is present in one copy per haploid 
genome. 

Nick translation. For use for in situ hybridization experiments, 
recombinant lambda DNA was labelled to high specific activity 
by nick-translation (Kunkel et al. 1979) with 3H-dTTP (100 Ci/ 
mmol; New England Nuclear Co.; 1 Ci = 3.7 x 101° becquerels). 
The 3H-labelled thymidine was present at a concentration of 
20 gM in 20 lal reaction mixture, containing 200 gM dATP, 
dCTP and dGTP, 10 mM Tris-HC1 (pH 7.8), 50 mM NaC1, 
10 mM MgC1, 5 mM 2-mercaptoethanol, plus 500 ng recom- 
binant lambda DNA, 50 pg DNase I and 5-10 units of DNA 
polymerase I. Incubation was carried out at 13°C for 2 h, and 
unpolymerized nucleotides were removed by gel filtration over 
Sephadex G-50. DNA was 3H-labelled to specific activities of 
about 107 cpm/lag of DNA. 

In situ hybridization and autoradiography. In situ hybridization 
of molecular probes to metaphase chromosomes was carried 
out essentially as described by Gerhard et al. (1981). The 
chromosome preparations were treated with 70% formamide/ 
2 x SSC at 70°C for 2 min, then dehydrated with ethanol. In all 
cases the nick-translated lambda-DNA was denaturated for 5 
min at 100°C before hybridization. 

Hybridization reaction mixtures contained the 3H-labelled 
DNA probe at approximately 1 lag/ml in 50% formamide, 
2 × SSC, 1× Denhardt solution (Denhardt 1966), 200 lag sal- 
mon sperm carrier DNA per ml, and 10% dextransulfate (Wahl 
et al. 1979). A 20 lal aliquot of hybridization mix was applied to 
each chromosome preparation slide, covered with siliconized 
cover glasses and sealed with rubber cement. 

Hybridization was carried out at 40°C for 16-18 h in a closed 
Petri dish. After hybridization, slides were washed four times 
for 20 rain each in 2 × SSC at 65-68°C, followed by two washes 
(20 min each) in 0.1 x SSC at room temperature. Washed slides 
were dehydrated in ethanol and air dried. Then the slides were 
dipped in Ilford L4 photographic emulsion (1 : 1 with distilled 
water), air dried, and exposed for 2-4 weeks at 4°C in a light- 
proof box. Exposed slides were developed in Ilford ID 19 devel- 
oper (diluted 1 : 1) for 7 rain, fixed, rinsed in water and air dried. 

Chromosome identification. Autoradiographs were stained with 
quinacrin mustard (Sigma). Metaphase spreads were photo- 

graphed using a Zeiss photomicroscope equipped with epi- 
fluorescence illumination. In addition, phase contrast pictures 
were taken. 

In all cases the Y chromosome was easily identified by its 
characteristic fluorescence pattern (Zech 1969). The X chromo- 
some could be identified unequivocally in some experiments 
while this was not possible in others. In two experiments 
the method applied did allow identification of all chromo- 
somes. 

Quantitative evaluation of autoradiographs. Silver grains were 
counted a) on all chromosomes of the metaphase spread; b) on 
the Y; c) on the X. In two experiments, silver grains were 
assigned also to individual autosomes. 

Due to the low grain densities (one to five silver grains per 
metaphase spread), every grain could be ascribed to a statisti- 
cally independent event. This allows us to make the binomial 
assumption, and to determine the confidence limits P1 --- P=</'2 
for proportions where P = (total number of grains observed on 
the chromosomes or chromosomal subregion under consider- 
ation)/(total number of grains on all chromosomes) and P1 
and P2 the lower and upper limit of the 99% confidence level. 

Results 

Table 1 gives a survey of the in situ hybridization experiments 
performed with the two DNA probes YACG35 and 2.8. All 
grains situated on chromosomes were counted, i.e. grains due 
to background and due to specific hybridization of the probes. 
In all experiments the percentage of silver grains on the human 
Y was observed to exceed background level (see below). 

The DNA of the human Y has been estimated to represent 
about 1% of the DNA of the genome of cells of normal 46,XY 
karyotype (Gray et al. 1979) and of cells of the Chinese hamster 
x human hybrid line used (Cremer et al. 1982). In the case of a 
random distribution of the silver grains, one should expect that 
only about 1% of the total number of silver grains should be 
located on the Y chromosome. 

In all experiments the number of silver grains over the Y 
exceeded the number of grains expected at random at the 99% 
confidence level. This indicates a highly significant binding of 
clones 2.8 and YACG 35 to the Y chromosome. Furthermore, 
a highly significant binding was also observed to the X chromo- 
some in all experiments where the X could be identified un- 
equivocally. To achieve a more detailed assignment of the 
probes to particular regions of the human chromosomes, 
different cell types were used to confirm the chromosomal 
localization. 

In case of clone 2.8 the silver grains were observed in all 
experiments to be situated in the following regions: Xql.1, 
Xp2.2, Ypl.1 and Yql.2 (distal end ) . -DNA from clone 
YACG 35 was observed to hybridize to the same X chromo- 
somal subregions as clone 2.8. On the Y chromosome, how- 
ever, only one binding site was found which was located on 
the long arm in the border region between euchromatin and 
heterochromatin. In two experiments with cells of human 
male origin it was possible to identify all chromosomes in 
the autoradiographs, and the accumulation of grains on each 
chromosome of 22 metaphase spreads (in the case of clone 
YACG 35) and 17 metaphase spreads (in the case of clone 2.8), 
respectively, were evaluated. 

In case of clone 2.8 a statistically significant autosomal 
binding site was found on the short arm of chromosome 3 
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Table 1. In situ hybridization of clones 2.8 and YACG 35: Quantitative evaluation. For characterization of hamster × human hybrid cell line 
CH-Y-VII and mouse x human  hybrid cell line 445 × 393 see Material and methods. For calculation of significance, the relative DNA content for 
X and Y chromosome (DNA content of X(Y)/DNA content of all chromosomes of the complement) was obtained as given in Material and 
methods. In case of hybridization to human  cells the values of Gray et al. (1979) were used. For the CH-Y-VII cells, the relative DNA content 
of the Y was established by dual beam flow cytometry (Cremer et al. 1982). For the 443 x 393 cells, the relative DNA contents were assumed for 
X and Y as in normal human cells. Since these chromosomes are deleted and since the average number  of chromosomes in the 443 × 393 com- 
plement is 64, the true relative DNA contents are somewhat lower 

Clone Experi- Specific Cell type Exposure No. of Total no. No. of grains No. of grains 
merit no. activity time metaphase of grains a on the Y (%)a on the X (%)" 

(cpm/gg DNA) (weeks) spreads 
evaluated 

2.8 1 6 × 106 46,XY L 3.5 17 61 6 (9.8) b 12 (19.6) b 
2 6 × 106 46,XY L 2.5 38 67 7 (10.4) b n.d. d 
3 6 × 10 6 CH-Y-VII 2.5 29 63 6 (9.8) b n.d. e 
4 6 × 106 445 × 393 3.5 34 187 5 (2.7) b'c 13 (7.2) b 

YACG 35 1 1 × 107 46,XY F 4.5 22 69 6 (8.7) b 12 (17.4) b 
2 1 × 107 CH-Y-VII 3.0 25 36 3 (8.4) b n.d. d 
3 7 x 106 445 x 393 3.5 30 142 9 (6.3) b 11 (8.0) u 

L: lymphocytes; F: fibroblasts 
n.d.: not determined because of difficulties of identification of the X-chromosome in part of the metaphase spreads 

Experiment number  refers to independent  in situ hybridization experiments. In experiment 1 with clone 2.8, spreads of prometaphasic 
chromosomes (MiJller and Schempp 1982) were used. 
a Figures given are without correction for background 
b The number  of silver grains observed over the X or Y chromosome as a whole is significantly non-random at the 99% confidence level 
c For statistical evaluation it was taken into account that the translocated part of Yq on the X is considerably smaller (ca. a/3-1/2) than the whole 

Y-chromosome 
d Only the Y was clearly identified in all metaphase spreads 
e Only the Y was clearly identified in all metaphase spreads while this was not possible for the Xp fragment transtocated to a hamster chromo- 

some (M~iller et al. 1983) 
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Fig. t. In situ hybridization of DNA from clone 2.8 to spreads of 
prometaphasic chromosomes of male human lymphocytes (46,XY): 
Assignment to subregions both of sex chromosomes and autosomes. 
Shown are the grain numbers accumulated from the evaluation of 17 
cells (Experiment 1 with clone 2.8, Table 1). One square represents 
one silver grain in the chromosome region indicated. For calculation 
of significance, the fact has to be considered that each autosome is 
present twice while the X and the Y is present once only. Further- 
more, the relative DNA content of the chromosome region con- 
sidered was used, as established from its relative length 

(3q2.4). D N A  f rom c lone  Y A C G  35 hybr id ized  s ignif icant ly  to 
the  cen t romer i c  reg ion  of  c h r o m o s o m e  1, whi le  no  b ind ing  was 
obse rved  o n  c h r o m o s o m e  3. It  is poss ib le  t ha t  o t h e r  m i n o r  
a u t o s o m a l  b ind ing  sites do exist  w h i c h  were  no t  revealed  due  
to the  relat ively low grain  n u m b e r .  It  m ay  be  conc luded ,  
however ,  t ha t  the  h u m a n  inser t s  of  c lones  Y A C G  35 and  2.8 
have  t he i r  ma jo r  b ind i ng  sites and  thus  are located  p redomi -  
n a n t l y  on  the  h u m a n  sex c h r o m o s o m e s .  

6 7 8 9 10 11 12 

I ,  , 
13 14 15 16 17 18 

,i i 
19 20  21 22  X y 

Fig. 2. In situ hybridization of DNA from clone YACG 35 to meta- 
phase spreads of male human fibroblasts (46,XY): Shown are the 
grain numbers accumulated from the evaluation of 22 metaphase 
spreads (Experiment 1 with clone YACG 35, see Table 1). For details, 
see legend to Fig. 1 

Discuss ion  

T h e  c h r o m o s o m a l  local iza t ions  of  two c loned  h u m a n  
sequences  have  b e e n  d e t e r m i n e d  by in s i tu  hybr id i za t ion  of  
3H-nick t r ans la t ed  D N A  to spreads of  mi to t i c  c h r o m o s o m e s  
and  quan t i t a t ive  eva lua t ion  of  au torad iographs .  T h e  clones 
had  b e e n  se lected f rom two g e n o m i c  l ibrar ies  s t rongly  
en r i ched  for  h u m a n  Y c h r o m o s o m a l  sequences  (MiJller et  al. 
1983; Cooke  et al. 1983). 

F o r  b o t h  sequences ,  several  ma jo r  b ind ing  sites were  
obse rved  on  h u m a n  X a n d  Y c h r o m o s o m e s  whi le  m i n o r  auto-  
somal  b ind ings  cou ld  be  ass igned  to c h r o m o s o m e  No. 1 (c lone  
Y A C G  35) and  No. 3 (c lone  2.8), respectively.  
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While both sequences were observed to hybridize to the 
same X chromosomal subregions (centromere and distal part 
of short arm: Xp2.2) the Y chromosomal binding sites were 
clearly different: DNA of clone 2.8 hybridized to the distal 
regions of both arms of the Y; DNA of clone YACG 35 hybrid- 
ized only to one Y chromosomal site, namely the border region 
between Yql.1 and Yql.2. 

It is concluded that the human inserts of these two in- 
dependently derived clones are not identical. This conclusion 
is supported by the observation that the Eco RI restriction frag- 
ment  lengths of the two inserts are also different. 

To our knowledge, the two sequences described in this 
paper are the first ones with repetitive segments which are 
located on both X and Y chromosome and do possess major 
binding sites at the distal end of the short arm of the X chromo- 
some. This segment is of considerable interest because in this 
region, a reduction of X inactivation has been observed 
(Mohandas et al. 1979; Miiller et al. 1980; Migeon et al. 1982). 
Furthermore, this region is thought to be involved in cross- 
over events with the distal end of the short arm of the Y 
chromosome (de la Chapelle 1981; Polani 1982; Burgoyne 
1982). The hypothesis that the distal ends of the short arms of 
X and Y are homologous on the molecular level has recently 
received additional experimental support (Goodfellow and 
Tippett 1981; Goodfellow et al. 1983). If so, in general, to any 
sequence located on Xp22.3 a homologous sequence on Ypl.1 
should exist and vice versa. 

The construction of genomic libraries of the Y chromo- 
some has made it possible to submit this assumption to direct 
testing. One of the sequences described in this paper (clone 
2.8) would fit into this scheme; the other sequence (clone 
YACG 35) hybridized to different sites on X and Y which are 
not homologous to each other as defined by normal meiotic 
pairing. 

One explanation for this surprising result might be a peri- 
centric inversion of the Y chromosome in the cells used. Such 
a pericentric inversion, however, is excluded because a cyto- 
genetic examination revealed Y chromosomes with a normal 
G-banding pattern, and the same hamster X human hybrid line 
(CH-Y-VII) was used for assignment both of clones 2.8 and 
YACG 35. 

Data for clone 2.8 show that at the molecular level the distal 
end of the short arm of the X and the short arm of the Y do 
indeed contain homologous sequences. The assignment of the 
insert of clone YACG 35, however, indicates that differences 
also do occur. 

Obviously these differences are considerably larger than 
single base exchanges because such small differences would 
have gone unnoticed. For a number  of autosomal pairs of 
chromosomes it is known that they may differ somewhat in 
DNA content and composition (Young et al. 1981; Langlois et 
al. 1982) and that this does not prevent normal meiotic pairing. 
Therefore, such a difference may also apply to the sex chromo- 
somes. A detailed comparison of clones from genomic libraries 
of the Y chromosome with those of the X chromosome (Davies 
et al. 1981; Kunkel et al. 1982) will further enhance the possibil- 
ity of elucidating in detail the homologies and the differences 
between the pairing regions of the human sex chromosomes 
on the level of DNA. 
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