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RESEARCH. 

Mapping the Human Y Chromosome by 
Fingerprinting Cosmid Clones 

Kay Taylor, 1'2 Nick Hornigold, 2 Darren Conway, 2 Delyth Williams, 2 
Zanna Ulinowski, 2 Mahima Agochiya, 2 Paolo Fattorini, 2 
Pieter de Jong, 3'4 Peter F.R. Little, s and Jonathan Wolfe 2 

2The Galton Laboratory, University College London, London NW1 2HE, UK; ~University of California, 
Lawrence Livermore National Laboratory (LLNL) Bio-Med L-452, Livermore, California; 4Imperial College 

of Science, Technology, and Medicine, London SW7 2AZ, UK 

We have used Y-specific cosmid clones in a random fingerprinting approach to build contigs on the human Y 
chromosome. Clones derived from two libraries have been analyzed. The construction of one library is 
described here, the second was the Y chromosome-specific library LLOYNC03 "M" {Lawrence Livermore 
National Laboratory}. To date, we have fingerprinted 4430 cosmids: 377 contigs have been constructed 
containing from 2 to 39 clones. Along with the singletons, we estimate that we have covered 72.5% of the 
euchomatic portion of the Y chromosome with fingerprinted clones. Sequence tagged sites are being used to 
anchor cosmids and contigs onto the YAC framework. 

As a first step toward the sequencing of whole 
genomes, several different strategies have been 
developed to produce an ordered set of overlap- 
ping clones or contigs. The underlying principle 
of many  of these strategies is to create a diagnos- 
tic pattern or fingerprint for cloned random frag- 
ments that may then be compared to one an- 
other in a computer data base. Clones with sig- 
nif icantly similar f ingerprints are deemed to 
overlap. The first techniques of this kind were 
described by Coulson et al. (1986, 1988, 1991) 
and Olson et al. (1986), mapping the genomes of 
Caenorhabditis elegans and Saccharomyces cerevi- 
siae, respectively. Similar approaches have been 
used in the mapping of the genome of Escherichia 
coli (Kohara et al. 1987; Knott et al. 1988,1989), 
Drosophila (Garza et al. 1989; Siden-Kiamos et al. 
1990) and various h u m a n  ch romosomes :  X 
(Wada et al. 1990), 16 (Stallings et al. 1990), 19 
(Carrano et al. 1989), and 11 (Harrison-Lavoie et 
al. 1989, Heding et al. 1992). Most mapping  
projects proceed from yeast artificial chromo- 
some (YAC) maps to cosmid maps. Although 
YAC clones cover large distances they are suscep- 
tible to rearrangements and chimerism: In addi- 
tion to providing higher resolution, cosmids are 

1 Corresponding author. 
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4present address: Department of Human Genetics, Roswell 
Park Cancer Institute, Buffalo, New York 14263. 

easier to work with and are relatively easy to use 
for sequencing, exon trapping, and other gene 
isolation methods. We are thus aiming to pro- 
duce a sequence-ready map of the Y chromo- 
some. 

The human  Y chromosome is unusual com- 
pared to other h u m a n  chromosomes.  It has a 
relatively low gene density; approximately one- 
half to two-thirds of the entire length is compro- 
mised of two repetitive e lements  (DYZ1 and 
DYZ3, Cooke 1976), and the euchromatic por- 
tions contain a large number  of lower copy num- 
ber repetitive elements. Because the Y chromo- 
some does not undergo recombination for the 
majority of its length, mapping by linkage analy- 
sis is not possible and physical methods must  be 
used. Advantage has been taken of the haploid 
nature of the Y chromosome to assign sequences 
to chromosome intervals using panels of DNA 
from individuals with deletions (Affara et al. 
1986; Vergnaud et al. 1986; Oosthuizen et al. 
1990; Ma et al. 1992; O'Reilly et al. 1992). The 
most comprehensive deletion map was described 
by Vollrath et al. (1992), who ordered 132 loci 
including 104 sequence tagged sites (STSs) on a 
panel of 96 individuals with partial Y chromo- 
somes. By a process of STS content mapping, 207 
loci were used to construct a YAC contig map 
spanning 98% of the euchromatic region of the 
chromosome (Foote et al. 1992). A second YAC 
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map, based on these and additional STSs but us- 
ing larger YAC clones, has also been constructed 
(Jones et al. 1994). To make the transition be- 
tween YACs and cosmids we have employed, 
first, a random fingerprinting strategy, and then, 
a more directed approach to generate cosmid 
contigs. The information supplied by the STS and 
YAC map allows these to be positioned on the 
chromosome. 

RESULTS 

Characterization of the 3E7 Y Chromosome 
Library 

The library consists of 1728 human  clones. The 
two repetitive elements that  make up the large 
heterochromatic region of Yq, DYZ1 and DYZ2, 
appear to be very under-represented in the li- 
brary; only 12% of the cosmids hybridize to 
DYZ1 and <1% to DYZ2, whereas the size of the 
heterochromat ic  block is estimated at 20 Mb 
(Smith et al. 1987; Schmid et al. 1990) and so 
contributes in the region of 30%-40% of the Y 
chromosome length. There is no real explanation 
for the paucity of these two repetitive elements in 
the library, which has been reported previously 
(Bishop et al. 1983; Wolfe et al. 1984a). There are 
two recognition sites for the cloning enzyme 
Sau3AI within the repeat unit  so it should be pos- 
sible for these fragments to be cloned and form 
part of the library. There are many  HinfI sites in 
the DYZ1 repeat producing fragments with an av- 
erage size of SO nucleotides. These small frag- 
ments can be seen in the fingerprinting gel in 
Figure 3 (below). Subtracting the number  of 
clones containing these repeats from the number  
of clones in the library we estimate that the li- 
brary represents -1.7S chromosome equivalents 
(considering the portion of the chromosome ex- 
cluding the Yq heterochromatin--es t imated to 
be 30 Mb (Affara et al. 1994)--and assuming a 
cosmid insert size of 3S kb). The alphoid centro- 
meric repeat DYZ3 (probe cY84) is somewhat  
over-represented in the cosmids. Given that in 
3E7 the block is 470 kb long (Tyler-Smith and 
B r o w n  1 9 8 7 ) ,  we w o u l d  e x p e c t  ( 4 7 0 /  
3S)'1.7S = 24 of the clones in the library to be 
positive. Actually, S1 clones were identified. We 
initially screened the library with 26 different 
probes representing both single-copy and repeti- 
tive sequences and expressed sequences (results 
not shown). Twenty-four of these probes identi- 
fied positives but clones containing the gene 
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MIC2 (Goodfellow et al. 1987) and the pseudo- 
gene ASSP6 (Daiger et al. 1982) were not found. 

Cosmid Fingerprinting 

Cosmid clones from the library described above, 
together with clones from the Lawrence Liver- 
more Library, have been used to build a contig 
map of the human  Y chromosome. The clones 
were fingerprinted as described in Methods (Fig- 
ure 1). Most fingerprints consist of from 30 to 40 
bands. We reject bands that lie outside the range 
of the markers and also faint bands that may be 
caused by partial digestion. All overlaps that have 

Figure 1 A fingerprinting gel. Twenty-four indi- 
vidual cosmid samples are shown. Lanes labelled m 
are the X marker. Bands labeled v are derived from 
the vector. 
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been  p r e d i c t e d  by  the  c o m p u t e r  
analysis have been checked by manual  
examinat ion of the original autora- 
diographs. This has allowed us to re- 
ject false cont igs  tha t  arise w h e n  
clones are mixed either in picking, 
during growth in the microtiter plate, 
or during gel loading. We also reject 
any match of <50% of bands when 
not supported by any other data (such 
as STS content). 

To date, we have f ingerprinted 
and analyzed 4430 clones (about five 
c h r o m o s o m e  equivalents) ;  927 of 
these are from the 3E7 library and 
3503 from the Lawrence Livermore Li- 
brary. The clones fall into 377 contigs 
with a further 15 groups formed on 
the basis of repeats. Progress of the 
project is shown in Figure 2. We have 
not yet reached the point  where we 
would anticipate that  the total num- 
ber of contigs will decrease. This is be- 
cause the rate of joining is still ex- 
ceeded by the rate of format ion of 
contigs. However, the rate of increase 
in contig number  is declining (Fig. 
2A, B). The size of contigs, as deter- 
mined  by the number  of clones in 
them, is also increasing as more clones 
are fingerprinted (Fig. 2C). As the ran- 
dom assembly began to proceed more 
slowly, we started to use approaches 
to select clones for fingerprinting. Af- 
ter 3143 clones, the data include some 
clones that  have been preselected and 
so the data set is no longer entirely 
random.  Preselection has produced 
contigs that  are deeper than would 
have been generated by random fin- 
gerprinting. 

Repeat Contigs 

Figure 2 Various measurements of progress of the project. In these 
analyses the contigs containing repeats have been excluded. (A) The 
total number of contigs at various stages of the project. (B) The ap- 
proximate rate of increase in contig number at various stages of the 
project. This was calculated every 600 fingerprints by counting the 
increase in the total number of contigs. (C) The number of contigs 
containing different numbers of clones at four stages of the project, 
after 1133, 2066, 3091, and 4362 clones had been fingerprinted. 

As the project progressed in its ran- 
dom phase, we noticed that some con- 
tigs contained a much  larger number  
of clones than would be expected and 
it became impossible  to order the 
clones in the contig. Some of these 
groups of clones could be recognized 
easily as containing tandem repeats by 
their fingerprint patterns, which con- 
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tained relatively few fragments of different sizes, 
but those that were present were intense relative 
to the vector bands suggesting many  copies of 
the same size digestion product. Examples of the 
DYZ1- and DXYS20-containing clones are shown 
in Figure 3. In other cases, the fingerprint pat- 
terns did not look unusual. Such clones must  
con ta in  larger, more  complex  repea ted  se- 
quences. Examples of such groups include the 
clones containing the RBM (Ma et al. 1993) and 
TSPY (Arnemann et al. 1991) gene families. The 
TSPY or DYZ5 repeat (Manz et al. 1993) pseudo- 
contig contains 78 clones that  can neither be or- 

Figure 3 A gel including fingerprints of two 
clones that contain DYZ1 and one clone that con- 
tains DXYS20. DYZ1 clones were identified by hy- 
bridization and PCR. DXYS20 clones were identified 
on the basis of Hinfl restriction fragment size and 
confirmed by PCR and in situ hybridization to the 
pseudoautosomal region (data not shown). 

238 @GENOME RESEARCH 

dered nor divided into contigs from separate loci 
on the basis of their fingerprint patterns. At pre- 
sent, we have 1S groups of clones that  either con- 
tain known or novel repeats. 

Directed Approaches 

The YAC framework and ordered STSs produced 
by Vollrath et al. (1992), Foote et al. (1992), and 
Slim et al. (1993a) have provided anchor points 
with which to position our randomly generated 
contigs and new loci at which we can select 
clones. 

We have screened the libraries with 132 STSs 
either by hybridization of PCR products or by 
amplification of pooled cosmid DNA and have 
identified at least one cosmid containing each of 
94 of these (Table 1). Clones that were positive by 
hybridization were tested by PCR. Not all clones 
identified by hybridization produced an amplifi- 
cation product. This could be explained in two 
ways. Either related loci exist that  are sufficiently 
similar to cross-hybridize but are sufficiently di- 
verged that the primers will not anneal, or al- 
though the PCR primers amplify a specific frag- 
ment,  there is a repeated sequence somewhere in 
the product. For example, sY66, sY67, and sY69 
all hybridize to the same, large set of cosmids. 
However, by PCR of pools of cosmid DNA, differ- 
ent single clones were identified for each of sY66 
and sY67 out of 4000 cosmids screened. Table 1 
includes only clones that  would amplify by PCR 
and thus were confirmed as containing the STS. 

Where clones are already members of a con- 
tig, work is in progress to check other clones in 
that contig by PCR to localize the STS within it. 
Alternatively, if the clones have not already been 
fingerprinted, this is being done and new contigs 
formed. In the cases where we have used clones 
obtained by screening to build contigs, they tend 
to be short and deep. Randomly fingerprinted 
clones are important  in extending contigs and 
achieving wider coverage of the chromosome. 

Of 46 STSs in the pseudoautosomal region, 
40 (87%) identified at least one cosmid of which 
38 (9S%) had already been or have since been 
placed into contigs. In the Y-specific region, S of 
the 8S STSs tested were not tied to a single clone 
at this stage because of their repetitive nature (see 
Table 1 footnote). Of the remaining 80 STSs, $6 
(70%) identified one or more cosmids. Twelve of 
these clones have not been fingerprinted and so 
we cannot  yet say whether they are in contigs or 
not, and two STSs identify clones containing the 
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Table 1. Loci Used to Screen Y Libraries 

Y region STS Locus Cosmid Contig a 

Pseudoautosomal 
region Yp 

STS from Slim et al. (1993) 

DXYS129 
DXYS60 
DXYS153 
DXYS1 30 
DXYS 1 31 
DXYS1 32 
DXYS59 
DXYS1 33 
DXYS1 34 
DXYS1 35 
DXYS1 36 
DXYS1 37 
DXYS1 38 
DXYS1 39 
DXYS140 
DXYS141 
DXYS142 
HIOMT 
DXYS144 
DXYS143 
DXYS1 7 
XE7 
DXYS145 
DXYS146 
DXYS148 
DXYS147 
DXYS149 

cDNA MIC2 
DXYS151 
DXYS152 
DXYS150 

STS from Vollrath et al. (1992) 
sY1 DXYS14 

2 DXYS20 
4 DXYS87 
5 DXYS86 
3 DXYS28 
6 DXYS15 

1 79 DXYS103 
7 DXYS85 

cDNA ANT3 
9 CSF2RA 

10 DXYS91 
1 75 DXYS99 
180 DXYS104 

11 DXYS92 
12 DXYS93 

1 78 DXYS102 
1 3 DXYS77 

cDNA XG 

19 F8 + 
118 H3 + 

17 F8 
68 A6 + 

103 F9 + 
103 F9 + 
111 B l l  

52 C12 + 
52 C12 + 

7 D8 + 
52 C12 + 
60 D l l  + 
70 C l l  + 
75 C9 + 
75 C9 + 
75 C9 + 
37 C11 + 
82 C9 + 
60 D4 + 
94 C9 + 

109 G9 + 
79 H5 + 
10 A5 + 

1 B2 
129 E6 + 

1 30 A8 + 
2 H10 + 

48 G4 + 
115A3 + 

40 H2 + 
8A10  + 

1 30 B5 + 
126 C2 + 

67 B11 + 
54 E5 + 
53 B5 § 

5 G5 + 
34 F8 + 

117 C4 + 
117 C4 + 

35 H1 + 
110E5 + 

37 E8 + 

(Table 1 continued on following pages.) 
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T a b l e  1. (Continued) 

Y region STS Locus Cosmid Contig a 

Deletion intervals from Vollrath et al. (1992) 
Y-specific region 

1A1A 14 SRY 37 E8 + 
1A1 B 15 DYS234 71 B5 + 
1 A1 B 16 RPS4Y - -  - 
1A1 B 1 7 RPS4Y 71 B5 + 
1 A2 18 DYS251 - -  - 
1 A2 cDNA ZFY P 8H - 
1 B 19 DYS252 K 1 OH - 
1 C 20 DXYS42 K 1 OH - 
1 D 21 DXYS69 72 G5 - 
1 E 22 DXYS106 72 G5 - 
1 E 23 DXYS107 6 G5 nfp 
1 E 24 DXYS5 - -  - 
2A 25 DXYS108 1 E1 nfp 
2A 26 DXYS109 - -  - 
2A 28 DXYS110 40 A1 nfp 
2A 29 dXYS111 3 F2 - 
2A 30 DXYS112 30 B11 nfp 
2A 31 DXYS11 3 - 
2A 32 DXYS114 - -  - 
2A 33 DXYS115 11 D10 nfp 
2A 34 DXYS253 - -  - 
2A 35 DXYS116 - -  - 
2A 36 DXYS2 repeat - 
2A 37 DXYS6 repeat - 
2A 38 DXYS11 7 - -  - 
2A 39 DXYS118 - -  - 
2C 46 DXYS122 1 F8 + 
2C 47 DXYS9 39 H1 § 
3A 48 DXYS12 29 H4 nfp 
3A 50 DXYS124 23 E5 + 
3C 57 DYS257 64 F8 nfp 
3D 66 DYS261 5 C4 § 
3E 67 DYS262 1 3 H3 + 
3F 68 DYS263 - -  - 
3G 69 DYS264 C 9E + 
4A 70 AMG C 9E § 
4A 71 DYS265 1 6 C4 § 
4A 72 DYS266 27 E5 § 
4A 73 DXYS1 16 C4 + 
4A 74 DXYS267 - -  - 

Centromere 78 DYZ3 K 3H repeat 
5A 81 DYS271 37 H6 + 
5B 82 DYS272 12 E5 § 
5C 83 DYS11 6 D8 § 
5C 84 DYS273 - -  - 
5C 85 DYS274 15 G9 + 
5C 86 DYS148 - -  - 
5D 87 DYS275 4 F9 + 
5D 165 DYS248 20 G4 + 
5E 89 DYS277 32 F4 nfp 

5E 90 DYS278 
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T a b l e  1. (Continued) 

Y region STS Locus Cosmid Contig a 

5E 182 KAL 56 D1 + 
5F 151 KAL H 3G 
5G 91 DYS1 36 - -  - 
5G 92 DXYS126 29 C5 § 
5G 93 DXYS127 10 E6 - 
5G 94 DYS279 10 E6 - 
5H 95 DYS280 25 H2 nfp 
51 96 DXYS3 - -  - 
51 16 DYS243 1 3 F12 + 
51 97 DYS281 1 3 F12 + 
51 98 DYS282 - -  - 
51 99 STS - -  - 
51 100 DYS196 28 G6 § 
51 101 DYS197 1 7 F11 + 
5J 102 DYS198 2 E11 nfp 
5J 103 DYS199 - -  - 
5J 104 DYS200 - -  - 
5K 105 DYS201 L 8C nfp 
5K 106 DYS202 12 E1 - 
5M 11 3 DYS205 - -  - 
5M 114 DYS206 30 B4 + 
5M 115 DYS207 30 B4 § 
5M 116 DYS208 6 F8 + 
5M 11 7 DYS209 6 F8 + 
5M 118 DYS210 repeat - 
5N 121 DYS212 - -  - 
6A 1 32 DYS7 repeat - 
6A 1 34 DYS224 repeat - 
6A 1 35 DYS225 C 7H § 
6B 1 36 DYS226 Q 3G - 
6E 146 DYF52S1 C 11 D § 
6F 156 DYS239 - -  - 

CD24 35 F6 § 
cDNA XGPY 37 5A § 
cDBA RBM A 5F repeat 
cDNA TSPY K 8D repeat 

DAZ 6 B7 nfp 
160 

7 DYZ1 M 2A repeat 

Loci are presented in order along the chromosome from short arm teleomere to long arm. Only those loci with 
which we have screened the library are shown. Where one or more positive clones were identified, one clone 
name is given (tray number, column, row). Numerical trays are from the Lawrence Livermore Library; alpha- 
betical trays are from our library. In some cases, a cosmid has not been assigned to an STS ( - ) .  Between 3840 
and 5376 clones were screened by PCR, representing three to five chromosome equivalents; however, be- 
cause we did not carry out the screening exhaustively a negative result here does not necessarily mean that 
the STS is absent from the library. Some STSs from repetitive regions of the genome amplify most or all of the 
master pools (repeat); and we have not gone on to identify single cosmids at these loci. a(+) A contig 
associated with an STS. ( - )  Singletons. If a clone has not yet been fingerprinted (nfp) we cannot tell whether 
it is in a contig or not; additionally, groups of clones (rather than contigs) at repeated loci are indicated. 

DYZ1 and DYZ3 repeats, which cannot be sorted 
into contigs. However, of the remaining 42 

clones, 33 (79%) are in contigs. The higher pro- 
portion of STSs tied to cosmids in the pseudoau- 
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tosomal region reflects a more thorough  screen- 
ing strategy in this region rather than  bias in the 
library. In the pseudoautosomal  region the whole 
library was screened by hybridizat ion with STS 
PCR products ,  and the  posit ive clones subse- 
quent ly  confirmed by PCR. In the Y-specific re- 
gion approximate ly  one-third of the library was 
screened by PCR in a "single-pass" strategy, and 
no a t tempt  was made at this stage to follow up 
negative or ambiguous results. 

Where an STS identified two or more cos- 
mids, this overlap was usually confirmed by fin- 
gerprinting. In two cases, this was not  so, with 
the clones con ta in ing  sY81 and sY101 being 
spread th roughou t  several different contigs. Pre- 
sumably these two STSs are also repetitive. In ad- 
dition to the STSs already described, which in- 
clude 11 gene-specific loci, we have used 6 cDNA 
probes to screen the library by hybridizat ion and 
have ident i f ied  cosmids  con ta in ing  16 of 17 
known Y chromosome genes and pseudogenes. 
One pseudogene, steroid sulfatase (STSP), was not  
identified. Contigs were built  a round all of the 
others except for ZFY, which remains as a single- 
ton from the 3E7 library, DAZ (clones not  yet 
fingerprinted), and the RBM and TSPY gene fami- 
lies. Thus, as far as genes are concerned, 16 of 17 
(94%) of probes identified a cosmid, and all but  
one of the nonrepeated,  f ingerprinted clones are 
in contigs. Contigs a round AMELY and XG/SRY 
are shown in Figure 4, A and B. This paper does 
not  present details of the contigs, as our mapping  
informat ion  is available as an ACeDB file (Durbin 
and Thierry Mieg 1991) accessible by a nonymous  
ftp f rom f t p : / / d i a m o n d . g e n e . u c l . a c . u k / p u b /  
chrom.Y. This file can also be read directly as a 
text file and can be searched using text editors. 

DISCUSSION 

Although formulae exist to calculated the extent  
of genome coverage in a random fingerprint ing 
project (Lander and Waterman 1988), our data, 
in c o m m o n  with some other  projects (Harrison- 
Lavoie et al. 1989), have never conformed to 
their  predictions.  Now that  we have included 
n o n r a n d o m  data, these formulae are even less ap- 
plicable. Simple calculations based on the size of 
contigs are affected bo th  by the lack of direct 
measurement  of contig size and by the possibility 
of undetec ted  overlaps involving bo th  contigs 
and singletons. A crude estimate of our coverage 
based on contig size and number  is 23 Mb in 
con t igs - - -77% coverage assuming a genome size 
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of 30 Mb- -bu t  singletons will increase this value 
by an unknown  amount .  

A better indicat ion of the extent  of coverage 
is obtained from the propor t ion  of newly finger- 
printed, r andomly  chosen clones that  either fall 
into existing contigs or form a new contig with a 
singleton. This "hi t  rate" must  be adjusted to ac- 
count  for the number  of hamster  and mouse con- 
taminants  in the library, which is 13% for the 
Lawrence Livermore Library. The unadjus ted  hit  
rate was 0.28 after 798 clones had been finger- 
pr inted and rose steadily to 0.63 (average figure 
over the last 75 randomly  fingerprinted clones). 
These figures include hits by clones that  fall into 
repeat contigs. From this, we estimate that  72.5% 
of the Y chromosome is covered in f ingerprinted 
clones. This est imate of the coverage excludes 
any regions of the chromosome that  do not  exist 
in the library. 

A further est imation of the coverage of the 
chromosome in contigs that  is not  merely based 
around the propor t ion of the chromosome pre- 
sent in our library would be to take independen t  
loci from another  source and ask whether  they  
exist in contigs. To a certain extent  we have done 
this by assessing how m a n y  of the STSs fall into 
contigs. If we consider the total number  of STSs 
and cDNAs (138) and the total number  of these 
in contigs (75) it appears that  54% of the chro- 
mosome is covered in contigs. However, this ex- 
per iment  is not  perfect for several reasons: We 
have not  exhaust ively looked for the STSs in the 
library so some that  have no clone at tached may  
actually be present; some of the STSs are repeated 
and have not  been tied to one cosmid and some 
of the clones have not  been fingerprinted. Taking 
only  the single-copy STSs tha t  have been at- 
tached to a f ingerprinted clone, the coverage for 
the chromosome as a whole rises to well over 
80%. The true value lies somewhere  be tween 
these upper and lower limits. 

The STSs may  not  be a particularly good in- 
dication of coverage, as they  themselves appear 
to be quite clustered, representing selected re- 
gions of the chromosome.  In several instances, 
more than  one STS is found per clone, and al- 
t hough  the 22 anchored contigs in the Y-specific 
region conta in  44 STSs, they  only span -1.75 Mb, 
indicating, in this region, an average spacing of 1 
locus per 40 kb rather than  the 1 per 140 kb in- 
dicated by Foote et al. (1992). 

The average size of contigs is -60  kb (al- 
t hough  the average size of the anchored contigs in 
the Y-specific region is 80 kb). This does not  seem 
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F i g u r e  4 C o n t i g  d i a g r a m s .  Each h o r i z o n t a l  l ine represen ts  a c o s m i d ,  and  the  l e n g t h  o f  the  l ines is p r o p o r t i o n a l  
t o  t he  n u m b e r  o f  f i n g e r p r i n t  bands .  N u m b e r s  bes ide  c o s m i d s  c o r r e s p o n d  to  c l one  iden t i t i es  in t he  da ta  base (a 
key is p r o v i d e d  t h a t  g ives the  l i b ra ry  i den t i f i ca t i ons ) .  B e l o w  each c o n t i g  is s h o w n  the  c o m p u t e r - g e n e r a t e d  
( C o n t i g C )  r e p r e s e n t a t i o n  o f  t he  c l one  f i nge rp r i n t s .  (A) Reg ion  a r o u n d  a m e l o g e n i n  i n c l u d i n g  f o u r  o t h e r  STSs. (B) 
A c o n t i g  s p a n n i n g  the  Yp p s e u d o a u t o s o m a l  b o u n d a r y  c o n t a i n i n g  the  g e n e  SRYand t he  5 '  end  o f  XG a l o n g  w i t h  
t he  STS sY1 3. 
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very large considering that  a cosmid is 3S-40 kb 
long but  is attr ibutable to the high str ingency 
condi t ions  tha t  we use to de te rmine  whe ther  
clones really overlap one another.  Usually clones 
overlap by -7S% of their  bands, and thus each 
new clone contributes -10  kb to a contig. This 
high degree of overlap means that  we can be very 
confident  that  clones placed in contigs belong 
there .  Over laps  i n v o l v i n g  fewer (S0%-70%)  
bands are checked by looking at the autoradio- 
graphs by eye and only  accepted if there is no 
doubt .  Of course, this s t r ingency means  tha t  
overlaps will be missed, but  this is preferable to 
forming inaccurate contigs. The redundancy  of 
the library (-12-fold) should mean that  there will 
be sufficient clones at each locus to extend the 
contigs in this way. Each contig is verified again 
each t ime a new clone is entered and some ad- 
justments  of posit ion may  be made depending 
on which existing clones are hit by an incoming 
clone. We usually believe that  the clones in a 
contig come from that  locus, and this is con- 
firmed when a probe hits several clones in a con- 
tig; however, the order of clones is not  necessar- 
ily absolutely correct. In large contigs small posi- 
t ion errors are magnified, and the computer  auto- 
a l ignment  (used when two clones are so similar 
that  they are not  aligned by hand)  generates its 
own small errors. Exceptions to this are contigs 
that  contain repeats. These are completely un- 
sorted and may  well contain clones from more 
than  one (albeit related) locus. Cosmid deletions 
do not  appear to be a problem in general, and any 
deleted clones would not  be present in the con- 
tigs because the band pat terns would not  line up 
properly; similarly clones with major  rearrange- 
ments  (e.g., chimeric clones) would not  fit into a 
contig. 

The STS content  analysis has allowed us to 
posit ion the contigs on the YAC map (Foote et al. 
1992), which was in turn  generated by ordering 
the STSs on deletion panels (Vollrath et al. 1992) 
However, we have found discrepancies between 
the order of STSs in our contigs and those in the 
YAC map; for example, in the amelogenin  con- 
tig, sY72 and sY73 are inverted compared to the 
YAC map. Sometimes YAC ends cannot  create 
enough delet ion intervals to order a group of 
STSs, and our cosmids provide a useful way of 
doing so. Where more than  one STS is found in a 
single cosmid, PCR of the other  clones in that  
contig can separate the STSs into regions of the 
contig. This ordering of more than  one STS in a 
contig allows the or ientat ion of the contig to be 
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determined (Fig. 4A,B). Approximately half of the 
contigs in the pseudoautosomal  region can be 
oriented in this way, as they  contain more than  
one STS due to the higher densi ty of these mark- 
ers in the region. 

Current ly we have 42 contigs at known po- 
sitions on the chromosome.  Future work will di- 
rect our cosmid selections to find clones that  will 
bridge the gaps between adjacent  contigs and 
look carefully for undetected overlaps between 
contigs though t  to be very close to one another.  

At present,  more  contigs are p roduced  as 
more  clones are analyzed,  but  after a certain 
number  of clones have been added to the data 
base, contigs should join together  faster t han  
new contigs are made and the total number  of 
contigs should decrease. Taking the C. eleoeans 
project as a guide, we would expect to reach a 
point  where the random strategy is no longer ef- 
fective when  we have analyzed 6000 r andom 
clones. None of the mapping  projects men t ioned  
in t he  i n t r o d u c t o r y  s ec t i on  have  a c h i e v e d  
comple t ion  by purely random methods.  We are 
therefore employing other  strategies to complete  
the map, not  least because of the problems that  
we have encountered  attributable to the high in- 
cidence of low copy repeat number  elements on 
the Y chromosome.  The overriding problem with 
this project has been the presence of a large num-  
ber of Y-linked repetitive sequences. These result 
in clones from different loci that  contain copies 
of the repeat being placed into large contigs with 
m a n y  ends. STSs are useful as identifiers of single- 
copy loci, but  when  used as hybridizat ion probes 
even these were seen to contain repetitive ele- 
ments.  Our overwhelming impression is that  no 
single me thod  is sufficiently powerful to produce 
a reliable map of this chromosome but  that  fin- 
gerprint ing in conjunct ion  with PCR and hybrid- 
ization of STSs is capable of rendering a large por- 
t ion of the chromosome ready for sequencing. 
However, there is no way of using cosmids alone 
to overcome the problem of repeats, and because 
of this we believe that  a map based solely on cos- 
mid contigs can never be completed.  It will re- 
main  a series of islands that  are surrounded by a 
sea of repetition. 

METHODS 

Library Preparation 

A library of 750,000 clones was prepared in a way similar 
to that described in Wolfe et al. (1984b). DNA was pre- 
pared from the somatic cell hybrid 3E7 [which contains 
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the  h u m a n  Y c h r o m o s o m e  as the  major  c o m p o n e n t  of 
h u m a n  material  on  a mouse  background  (Marcus et al. 
1976)], partially digested wi th  Sau3AI, size selected, and 
ligated into the  BamHI site of Lorist B (Cross and Little 
1986). Clones con ta in ing  h u m a n  inserts were selected by 
hybridizat ion to radiolabeled h u m a n  male DNA: Colonies 
were grown on  Hybond  N m e m b r a n e  (Amersham), and 
then  DNA was a t tached to the  m e m b r a n e  by dena tura t ion  
in alkali (1.S M NaC1, 0.S M NaOH), followed by neutral-  
ization (1.S M NaC1, 0.S M Tris at pH 8.0), and remval of 
bacterial debris by washing in 2 x SSC. Filters were baked 
for 2 hr at 80~ prehybridized in Church  solut ion (O.S M 
NaPi at pH 7.2, 7% SDS, 1 mM EDTA) and  hybridized in a 
smaller vo lume  of the  same solution.  The probe was soni- 
cated h u m a n  male DNA that  was radiolabeled with [~ :~2p] 
dCTP us ing  A m e r s h a m  ol igolabel ing  kits. Filters were 
washed in Church  wash (0.04 M NaPi at pH 7.2, 1% SDS) 
for 5 m i n  at  room tempera ture  and then  in O.S • SSC for 
2 • 20 rain at 65~ Clones giving a positive signal on  
dup l i ca te  filters were p icked  in to  g r idded  arrays and  
screened for a second t ime as described above. Clones rep- 
resent ing 1728 i n d e p e n d e n t  signals were arrayed in mi- 
crotiter plates. A second cosmid library (LLOYNC03 "M"), 
prepared in the  vector  Lawrist 16 using Y c h r o m o s o m e s  
flow-sorted f rom the somatic cell hybrid J640-S1, which  
conta ins  3 intact  h u m a n  c h r o m o s o m e s  Y, 22, and 9, has 
also been used. This library has -13,000 members  of which  
82% are h u m a n ,  13% are hamster ,  and  5% are non recom-  
binants .  

Dot Blot Hybridizations 

DNA was prepared from clones in 96-well microt i ter  trays 
(Gibson and Sulston 1987) and used to produce  DNA dot  
blots tha t  were probed wi th  a n u m b e r  of c loned DNA frag- 
men t s  localized previously to regions of the  c h r o m o s o m e  
(Affara et al. 1986): DNA from a single microprepara t ion  
was used to produce  four dot  blot  filters. DNA was dena- 
tured by the  addi t ion  of 300 bd of 0.4 M NaOH, 10 mM 
EDTA, for 10 rain at r oom temperature .  Seventy-five mi- 
croliters was t hen  transferred by mu l t i channe l  pipet te  to a 
dot  blot  apparatus fitted wi th  Zetaprobe m e m b r a n e  (Bio- 
Rad) that  had  been  prewet in distilled water. After vacuum 
suct ion the  wells were washed with 300 p.1 of the  same 
solution,  wh ich  was also taken across the  m e m b r a n e  by 
vacuum.  Filters were washed in 2 •  SSC, air-dried, and 
baked for 1 hr  at 80~ Prehybridizat ion was carried out  in 
5 • SSC, 0.033 m g / m l  sonicated herr ing sperm DNA, 2% 
SDS, and 10 • Denhardt ' s  solut ion at 65~ Hybridizat ion 
was carried out  in the  same solut ion with the  addi t ion  of 
5% dextran sulfate. Filters were washed for 15 rain in 
2 • SSC/O.I% SDS at room tempera ture  and then  twice in 
0.5 • SSC/O.I% STS at 65~ usually for 20 rain. Removal of 
b o u n d  probe was achieved by washing  the  filters twice in 
0.1 x SSC/0.5% STS at 95~ Autoradiography was done  
overnight  at - 70~ 

Colony Filter Hybridizations 

Cosmids were picked on to  ny lon  m e m b r a n e  using 96-pin 
devices and lysed in situ as described above. Filters were 
hybridized to the  PCR products  f rom various STSs. PCR 
products  were obta ined  using the  primers and condi t ions  

Y CHROMOSOME COSMID MAP 

described by Vollrath et al. (1992). Products were separated 
on  agarose gels to conf i rm specificity, bands  were excised, 
and the  DNA was retrieved by centr i fugat ion t h rough  sili- 
conized glass wool  fol lowed by p h e n o l  extract ion and  
e thanol  precipitat ion.  Products were radioactively labeled 
using Amersham random-pr ime  kits. 

Cosmid Fingerprinting 

DNA isolated f rom 100 ~1 cultures of clones us ing the  
m e t h o d  of Gibson and Sulston (1987) was resuspended in 
7.5 ~1 of TE buffer [10 mM Tris (pH 8.0), 1 mM EDTA (pH 
8.0)] and digested wi th  the  addi t ion  of the  fol lowing reac- 
t ion mix: 1 ~1 of ddH20,  1 ~1 of 10 • buffer (as supplied by 
New England Biolabs), and 0.S ~1 of HinfI (10 U/~I; New 
England Bio!abs) for 3 hr  at 37~ The resulting fragments  
were labeled by the  addi t ion  of 2 ~1 of TE buffer, 1.S ~1 of 
dATP (200 mM), 0.3 ~1 of Klenow enzyme (SU/~I, Boer- 
hinger), and  1 ~1 [c~-32p]dCTP (3000 Ci /mmole ,  0.2 ~Ci/~l 
in TE). The reaction was al lowed to proceed for 15 rain at 
room tempera ture  and was t e rmina ted  by the  addi t ion  of 
2 ~1 of gel-loading solution.  Samples were e lectrophoresed 
in a 21 • 40-cm apparatus (Bio-Rad) in n o n d e n a t u r i n g  4% 
a c r y l a m i d e  gels in  TBE ]ge l =  4% 19:1 a c r y l a m i d e /  
bisacrylamide in 1 • TBE; 10 • TBE = 0.89 M Tris base (pH 
8.0), 0.89 M boric acid, 20 mM EDTA]. Gels were b o n d e d  to 
the  f ront  plate  as described by Cou l son  et al. (1986). 
Samples were run alongside standards of X DNA digested 
with Hinf| and end-labeled using [~-3SS]dATP and Kenow: 
20 ~1 (10 ~g) X DNA (c1857 indlsarn7, New England Bio- 
labs) was digested in 4 ~1 of 10 • buffer supplied wi th  the  
enzyme by New England Biolabs, 2 t~l (20 units) of HinfI, 
and 14 ~,1 of H20 for 3 hr  at 37~ The fragments  were 
labeled by di lut ing the  digest ion react ion wi th  30 t~l of TE 
and adding 4 ~1 of ]c~-3sS]dATP (1000 m C i / m m o l e ,  12.5 
~Ci/p.l) and 4 ~1 (20 units) of Klenow DNA polymerase.  
After incuba t ion  at r oom tempera ture  for 15 min,  the  re- 
act ion was di luted further  wi th  three vo lumes  of TE and 
te rmina ted  with 28 p~l of gel-loading solution.  Samples (2 
p.1 of cosmid  digests and  0.7 p.1 of markers) were loaded 
on to  gels that  were run at 50 W for 1 hr  and  10 rain, dried 
at 80~ and  exposed to Amersham Hyperfi lm 13max over- 
night .  It was impor t an t  for compu te r  analysis of the  results 
tha t  gels were run in un i fo rm condi t ions .  

Data Analysis 

The analysis of the  data was semiau tomat ic  but  required 
manua l  interact ion.  The autoradiograph was scanned by 
an Amersham gel reader that  digitized the  image. The in- 
fo rmat ion  was t h e n  transferred to a VAX3100 worksta t ion 
where image processing programs detected the  bands,  ar- 
ranged t h e m  into lanes, and recorded the  pos i t ion  of each 
band  in relation to the  s tandards (Sulston et al. 1988, 
1989). For each clone pair, matches  between bands were 
ranked in terms of the  probabil i ty that  the  ma t c h  was at- 
tr ibutable to chance,  based on  the  n u m b e r  of bands  in 
each ma tch ing  pair and the  tolerance l imit  of band  posi- 
t ions (0.7 mm) .  [See Sulston et al. (1988) for detail of the  
format  of data generated by the  computer . ]  The comput -  
ing system used in this project  was described in Heding et 
al. (1992). Later analyses were per formed on  a SUN IPX 
worksta t ion using the  programs Image and ContigC. (For 
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information about these programs, contact ht tp: / /www/ 
sanger/ac/uk/-fw/ContigC/index.html.)  

Cosmid Library DNA Pools 

Plates 1-40 from the Lawrence Livermore Library and 16 
plates from our library were pooled. Primary pools con- 
sisted of colonies from eight consecutive trays. DNA was 
prepared from these using maxiprep columns (Promega) 
and resuspended in 2 ml of TE. DNA from subpools from 
individual plates, and rows and columns from the eight 
trays (28 subpools per primary pool) was prepared by pel- 
leting the colonies, resuspending in 1 ml of TE, boiling for 
5 min  to release DNA, and then pelleting cell debris. One 
microliter of the supernatant  was used in each PCR reac- 
tion. 

PCR Primers 

The primers used in the selection of cosmids were mainly 
those from Slim et al. (1993a) and Vollrath et al. (1992), 
and the condit ions used were essentially those of Vollrath 
et al. Additional PCR primers were designed to the genes 
HIOMT, CD24, XET, and RPS4Y. Primers were from Rod- 
riguez et al. (1994), Hough et al. (1994), Ellison et al. 
(1992), and Fisher et al. (1990), respectively. 

HIOMT S ' T C A G C C T A G C C T C G T G T T  T T3' 
5 'GGAGT T A C G A C T C A G C G A G G 3 '  

and also 5 ' A C C A G A A T G C C A C C A C C T  AG3' 
5 ' G A C G T T G G C A C A G C C T C T 3 '  

CD24 5 'AGGGGACA TGGGCAGAGC A A3' 
5 ' A A G A G A C T G G C T G T T G A C T G 3 '  

XE7 5 ' G A C G T C C T G G T C A A G G T G  T q'3' 
5 ' G A A G C C C A T G T A C T C A C G G T 3 '  

RPS4Y 5 ' A T C C T G T C A T C A A G G T G A A C G 3 '  
5 ' G C C A T T G G C A T C C T T C A C 3 '  

Probes L24A and pMF1 were used to screen forZFY [North 
et al. (1991) and Palmer et al. (1991), respectively]. ANT3 
cDNA was a gift from Gudrun Rappold (Slim et al. 1993b), 
MIC2 probes p44C1.2, 0.65E, and 3'Rsa were obtained 
from Peter Goodfellow (Smith et al. 1993), the XG probe 
BM22Y was obtained from Polly Weller (Ellis et al. 1994), 
RBM cDNA MK5 was obtained from Ma Kun (Ma et al. 
1993), and TSPY cDNA was a clone generated in this labo- 
ratory. 
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