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SUMMARY 

We have developed a system for revealing informative and useful haplotypes for the human Y chromosome using 
PCR. Variant alphoid satellite DNA subunits were amplified and analysed by digestion with HindIII to score a restriction 
site polymorphism, or on polyacrylamide gels to reveal 13 heteroduplex haplotypes. Heteroduplexes are double-stranded 
DNA molecules containing mismatches; the haplotype is the combination of alleles on the same chromosome. Structural 
studies showed that the heteroduplexes analysed here were formed from loci at the left (short arm) and right (long arm) 
edges of the centromeric alphoid array which differed by a 4-bp insertion/deletion and several point mutations. 
Consequently, many haplotypes may have arisen only once and are useful for evolutionary studies. 

INTRODUCTION 

Y-chromosome DNA polymorphisms are potentially 
useful in two areas of human biology. In evolutionary 
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studies they allow paternal lineages to be identified 
(Spurdle and Jenkins, 1992a) and in individual profiling 
their male specificity and high exclusion power may make 
them the markers of choice for some kinds of forensic or 
paternity testing (Santos et al., 1993a). However, their 
potential has been largely unrealised because few suitable 
polymorphic markers have been found despite systematic 
searches (Jakubiczka et al., 1989; Malaspina et al., 1990; 
Spurdle and Jenkins, 1992b). Early reports described con- 
ventional RFLPs which showed only limited variability 
(Casanova et al., 1985) or complex patterns which are 
poorly understood (Lucotte and Ngo, 1985). Pulsed-field 
gel electrophoresis (PFGE) has subsequently revealed a 
large amount of variation (Oakey and Tyler-Smith, 1990; 
Jobling, 1994; Mathias et al., 1994) but PFGE is not 
suitable for analysing large numbers of DNA samples or 
for forensic work. Polymorphisms that can be typed by 
PCR would be ideal but only a few are known: a GATA 
repeat (Roewer et al., 1992), three CA repeats (Mathias 
et al., 1994), a point mutation (Seielstad et al., 1994), the 
presence or absence of YRRM2 sequences (Nakahori 
et al., 1994) and a minisatellite which is being studied by 
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MVR-PCR (Jobling et al., 1994). More PCR polymor- 
phisms are needed. 

Alphoid satellite DNA is a tandemly repeated approx. 
170-bp sequence found at all human centromeres (Choo 
et al., 1991). On the Y chromosome it shows both long- 
range variation due to different numbers of approx. 5.7-kb 
higher-order units per array, and short-range variation due 
to different numbers of approx. 170-bp subunits per unit 
(Tyler-Smith and Brown, t987). All known human Y chro- 
mosomes contain approx. 5.7-kb units while some, in addi- 
tion, contain a small number of approx. 6.0-kb units which 
have two additional approx. 170-bp subunits (Tyler-Smith 
and Brown, 1987). Since short-range polymorphisms of 
alphoid DNA have been successfully analysed by PCR on 
several autosomes (Warburton et al., 1991), we have inves- 
tigated Y alphoid DNA polymorphisms using PCR. We 
find that the polymorphisms are more complex than those 
reported on the autosomes, and that they provide a rich 
source of new Y variants. 
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RESULTS AND DISCUSSION 

(a) PCR amplification of variant Y alphoid units 
We set out to establish a PCR-based assay which 

would distinguish between the 5.7-kb alphoid units pre- 
sent on all Y chromosomes and the 6.0-kb units detected 
only on some Y chromosomes. PCR primers were there- 
fore chosen from within the 342-bp region that is present 
in 6.0-kb Y alphoid units but absent from the 5.7-kb units 
(Tyler-Smith and Brown, 1987). As expected, they pro- 
duced a single approx. 285-bp product from a cloned 
6.0-kb unit (Fig. 1, lane 2) and no product from a cloned 
5.7-kb unit (lane 3). Similarly, no amplification was seen 
from female human DNA (lane 6), but the approx. 
285-bp and additional bands were seen when male DNA 
was used (lanes 4 and 5). Work described in section e 
shows that the approx. 285-bp band contains a mixture 
of fragments with sizes between 281 bp and 285 bp; for 
simplicity we refer to the band as 'approx. 285-bp'. 
Surprisingly, the approx. 285-bp band was amplified both 
from males who have 6.0-kb units (lane 5) and males 
thought to lack 6.0-kb units (lane 4). The faint large 
(> 662 bp) and small (< 90 bp) bands vary in intensity in 
different experiments. The large band may be single- 
stranded DNA and the smaller band may represent 
primer dimers, while we show in section d that the promi- 
nent intermediate band migrating just behind the approx. 
285-bp fragment represents heteroduplex molecules. 

(b) Genomic localisation of the PCR products 
In order to understand the generation of the approx. 

285-bp band from males lacking 6.0-kb units, we investi- 
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Fig. 1. Amplification of variant alphoid sequences from cloned alphoid 
units and human genomic DNA. Samples were run on a 4% (w/v) 
Nusieve/agarose (3:1) gel in 0.5 x TAE buffer containing ethidium bro- 
mide. Samples are identified at the top of each lane. Methods: PCR 
primers were U972 5'-TCTGAGACACTTCTTTGTGGTA and L1214 
5'-CGCTCAAAATATCCACTTTCAC (Tyler-Smith and Brown, 1987). 
Reactions (Saiki et al., 1988) were carried out in a volume of 50 ~tl 
containing 40 ng DNA/1.25 u Taq polymerase (Promega, Madison, WI, 
USA)/1 x Taq buffer (Promega)/1.5 mM MGC12/250 gM dNTPs/I  gM 
of each primer using a Perkin Elmer Cetus or MJ Research thermal 
cycler. Conditions were 94°C for 3 rain followed by 30 cycles of 94°C 
for 30 s, 65°C for 30 s and 72°C for 1 min. 

gated the genomic origins of the approx. 285-bp products. 
PCR amplification was carried out on two sets of YAC 
clones from known positions within Y alphoid arrays 
which either lack (Boleth, the source of the CEPH library; 
Albertsen et al., 1990) or contain (OXEN; Neil et al., 
1990; Cooper et al., 1993; Foote et al., 1992) 6.0-kb units. 
All four YACs from the CEPH library produced the 
approx. 285-bp fragment (Fig. 2b). Since these YACs fall 
into two separate contigs (Fig. 2a), there must be at least 
two copies of the target locus. In contrast, only four of 
the nine OXEN YACs produced the approx. 285-bp frag- 
ment (Fig. 2b). The YACs which give the product again 
fall into two separate contigs (Fig. 2a). Thus the approx. 
285-bp products arise from at least two target loci, one 
towards each edge of the alphoid array (Fig. 2a). 

(c) Detection of a HindlII site polymorphism 
We wished to know how similar the four cloned copies 

of the target locus were and their relationship to the 
6.0-kb units. Each of the PCR products was therefore 
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Fig. 2. Analysis of variant alphoid sequences. (a) Location of the 
alphoid YAC clones which contained the approx. 285-bp product on 
the Boleth (upper) or OXEN (lower) Y chromosome (Cooper et al., 
1993). YAC clones containing Y alphoid DNA were derived from sev- 
eral libraries (Nell et al., 1990; Albertsen et al., 1990; Foote et al., 1992; 
Cooper et al., 1993) and most have been characterised in detail (Neil 
et al., 1990; Cooper et al., 1993). 368A6 (Albertsen et al., 1990) and 
yOX178 (Foote et al., 1992) were localised on their chromosomes of 
origin by restriction site mapping as previously described (Cooper et al., 
1993). 17C12C is an OXEN-derived YAC lacking alphoid DNA and 
was used as a negative control. The additional OXEN YACs could not 
be placed precisely either because they were located in the large homo- 
geneous central region (1B9F) or because they were extensively 
rearranged (yOX27, yOX100, yOXI751. (b) PCR products obtained 
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characterised by digestion with HphI, Sau96I, HgiAI, 
Asp700 and HindlII. All products  showed a similar cleav- 

age pat tern with HphI, Sau96I and HgiAI. The products  

f rom the r ight-hand edge of both  arrays contained an 

Asp700 site while the left-hand edge products  did not 

(results not  shown). The products  f rom the O X E N  right 

hand edge contained a HindlII site (Fig. 2c), but  no 

HindlII cleavage was detected in the Boleth right hand 

edge product  or in either left-hand edge product.  This 

explains why 6.0-kb units are detected in HindlII digests 

only in a subset of males despite the presence of  the P C R  

target region in all males. It is not  known what size of  

units carry the target region at places where the HindlII 
site is absent. 

Since this HindlII site polymorphism is expected to 

correspond to the previously described presence or 

absence of 6.0-kb units detected in HindlII digests, PCR 

products  from a panel of 93 males were tested for the 

presence or absence of the HindlII site (e.g., Fig. 2d). 

Some individuals (e.g., male 55) showed no cleavage with 

HindlII. In others a small p ropor t ion  (male 58) or about  

half (e.g., male 59) of the PCR product  was cleaved. In 

92 of the 93 males there was agreement between the PCR 

analysis and the previous hybridisation result (Table I): 

53 males were + ,  + ;  39 males were , . In one indivi- 

dual (male 60) the 4.1-kb and 1.9-kb alphoid HindIII 
fragments had been detected by hybridisation but no 

cleavage of the PCR product  was seen (Fig. 2d). Sample 

mix-up and failure of the restriction enzyme to digest 

were excluded as explanations for this, but  a more thor-  

ough analysis was not  possible because of  the limited 

amount  of D N A  available from this individual. Despite 

this anomaly,  the HindlII site variants can conveniently 

be detected in genomic D N A  using PCR. Indeed, since 

genomic D N A  hybridisation results are complicated by 

the presence of 4.1-kb units, the PCR assay is the method 

of choice for detecting 6.0-kb units. 

( d )  D e t e c t i o n  o f  p o l y m o r p h i c  h e t e r o d u p l e x  p a t t e r n s  

PCR products  derived from genomic DNA,  but not  

from individual clones, generally showed an intermediate 

band  migrating slightly more slowly than the approx. 

285-bp fragments on agarose gels (Figs. 1 and 2). On  

s tandard polyacrylamide gels this band could be resolved 

into more complex patterns (not shown) but in most  cases 

the best resolution was obtained on MDE-polyacry l -  

from the individual clones identified at the top of each lane. (e) 
Undigested (-) or HindIII-digested (+) samples from (b). 10 ~tl of the 
PCR reaction were digested with HindIII (Boehringer-Mannheim). (d) 
PCR products from males 55-75 after digestion with HindIII. (b-d) 
Ethidium bromide-stained Nusieve/agarose gels, but (h) and (e) were 
run for 6 h, while (d) was run for 3 h. 
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TABLE I 

PCR haplotypes of 93 Y chromosomes 

I n d .  B S .  6 G p .  c' H/ndmsim d 

no. a 

1 C I 
2 C 1 
3 C 1 
4 C 1 
5 C 1 
6 C 4 + + 
7 C 1 
8 C 1 
9 C 2 + + 
10 C 1 
11 C 1 
12 C 2 + + 
13 C 1 
14 C 2 + + 
1 5  C 1 
1 6  C 2 + + 

1 7  C 1 

18 C I 
1 9  C 2 + + 

20 C 1 
21 C 1 
22 C 2 + + 
23 C 2 + + 
24 C 1 
2 5  C 2 + + 

2 6  C 1 

2 7  M 2 + + 

2 8  M 2 + + 

2 9  C 3 

3 O  C 1 

3 1  C 1 

3 2  C 1 

33 M 2 + + 
34 C 3 
35 C 1 
36 M 2 + + 
37 M 2 + + 
38 M 2 ÷ + 
3 9  M 2 + + 

4 0  C 2 + + 
4 1  U 4 + + 
4 2  U 3 

4 3  C 1 

4 4  O 4 + + 
4 5  O 1 
46 O 4 + + 
47 N + + 
48 N + + 
49 C 2 + + 
5O U 1 
5 1  C 1 

5 2  C 3 

5 3  C 2 + + 

5 4  C 1 

5 5  C 1 

5 6  C 1 

57 C 1 
58 C 2 + + 
5 9  C 2 + + 
60 C 2 + 

61 C 4 + + 
62 C I 
6 3  M 2 + + 

6 5  M 2 + + 

66 N 4 + + 

6 7  N 4 + + 

68 N 4 + + 

6 9  N 4 + + 

70 N 4 + + 

71 N 4 + + 
72 N 4 + + 
7 3  N 4 + + 

74 N 4 + + 
75 N 4 + + 

7 6  N 4 + + 

77 N 4 + + 
7 8  N 4 + + 

7 9  N 4 + + 

8 0  C 2 + + 

81 C 2 + + 
8 2  N 

8 3  C 2 

8 4  C 1 

8 5  C 2 

8 6  N 4 

8 7  O 2 

8 8  O 2 
8 9  M 2 

9 0  A 

9 3  A 

9 4  C 2 

9 5  C 1 
9 6  U 2 
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amide gels (Fig. 3). The origin of the intermediate bands 
was investigated by mixing the products from different 
clones (Fig. 3a). The PCR product from the left (lane 2) 
or right (lane 3) edge of the Boleth array did not show 
such a band (see Fig. 2a for the locations of the PCR 
products). Simply mixing the two products did not lead 
to the formation of additional bands (lane 4), but mixing 
followed by denaturation and annealing produced two 
new bands (lane 5) which correspond to bands in the 
Boleth genomic DNA sample (lane 6). Similar experi- 
ments with PCR products from the OXEN array also led 
to the formation of two bands (lane 10) which are 
different from the Boleth bands but correspond to two 
of the four bands in the OXEN genomic sample (lane 
11 ). The other pair of OXEN bands is likely to be derived 
from a more distal right edge locus which is absent from 
the YAC clones available. This experiment shows that 
the intermediate bands are composed of heteroduplex 
pairs formed from left and right edge products and that 
they are polymorphic on different Y chromosomes. 

We therefore examined the heteroduplex patterns in a 
panel of 93 Y chromosomes derived from a wide range 
of human backgrounds (Table I). 89 out of the 93 showed 
a heteroduplex pattern; individual patterns contained 
between one and five pairs of bands (Fig. 3b). There were 
12 different pairs of heteroduplex bands (designated 
hl-hl2: Fig. 3c). Each pattern provides a haplotype for 
the Y chromosome. In all, 13 haplotypes (designated 
I XIII) could be distinguished (Fig. 3b, Table I). 
Haplotypes III and VIII were more clearly distinguished 
on a standard polyacrylamide gel (results not shown). 
The four individuals who did not show a heteroduplex 
pattern produced one when annealed with the PCR pro- 
duct from the left edge YAC 62C12 (results not shown), 
suggesting that they carry a deletion of this locus or a 
mutation which prevents priming. 

" lnd no., individual number. 
b Bg, background (A, Amerindian; C, Caucasian; M, Mongoloid; N, 

Negroid; O, Oceanic; U, unknown). 
c Gp, previously determined Y chromosome group. Origin of samples: 
Human D N A  samples included 90 of the 91 samples described pre- 
viously (Mathias et al., 1994), derived from a wide range of human 
populations. Additional samples were males Ind. no. 94, Caucasian; 
Ind. no. 95, Caucasian (Boleth), the cell line used as the source of DNA 
for the CEPH YAC library (Albertsen et al., 1990); Ind. no. 96, origin 
unknown. 
d The presence (+) or absence ( - )  of the HindIII site was determined 
either by hybridisation (hyb) or PCR (PCR). 
e The heteroduplex bands revealed in each D N A  sample were deter- 
mined as shown in Fig. 3b and c. 
f The heteroduplex haplotype I XIII is the combination of heteroduplex 
bands in each sample. Examples of each haplotype are shown in Fig. 3b 

and c. 
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(e) Sequence basis of the heteroduplex patterns 
We wished to address two questions raised by the het- 

eroduplex patterns. Firstly, why do the heteroduplexes 
show such large mobility shifts compared with the homo- 
duplexes? Secondly, what is the structural basis for the 
polymorphisms seen on different Y chromosomes? PCR 
products from YAC clones and selected individuals were 
therefore cloned and sequenced (Fig. 4). This procedure 
can produce artifacts due to misincorporation by the Taq 
polymerase. Two checks were used to exclude clones con- 
taining errors: the PCR product derived from the clone 
was tested in mixing experiments of the kind used in 
Fig. 3a and shown to produce heteroduplex bands corre- 
sponding to the original source, and sequence informa- 
tion was only used if two or more independent clones 
showed the same sequence. 

The results of the sequencing are summarised in Fig. 4. 
Single bp variants were detected at nine positions and 
one 4-bp insertion/deletion was seen. We will refer to the 
4-bp difference as a deletion because it lies in an alphoid 
subunit of 167-bp, while standard alphoid subunits are 
170-171-bp long. The left edge product differed from all 
others examined by the 4-bp deletion at nt 169-172 and 

Fig. 3. Detection of heteroduplex bands. (a) Formation of heteroduplex 
bands from PCR products. Samples are identified at the top of each 
lane. Methods: 5 pl of the amplified product were loaded on a 1 x MDE- 
polyacrylamide gel (AT Biochem, Malvern, PA, USA) in 1 × TBE buffer 
and run at 100 V for 15 h. In mixing experiments, 5 btl samples of the 
amplified products were mixed, denatured by boiling for 30 s and 
allowed to cool to room temperature to form heteroduplexes. Bands 

were visualised by silver staining as described previously (Santos et al., 
1993b). (b) Heteroduplex band patterns from selected males on silver- 
stained 1 x MDE-polyacrylamide gel. The heteroduplex markers are an 
annealed mixture of PCR products from clones containing cthL, ethl, 
~th5, ah6, eth7 and ~th9. (c) Schematic representation of individual heter- 
oduplex band pairs making up the patterns in (b). Nomenclature: the 
nomenclature used is as follows: Loci and alleles are designated ethL 
for the left-hand locus and cthl to ~thl2 for the right-hand loci. The 
combination of cthL with each right-hand locus produces the corre- 
sponding pair of heteroduplex bands hl to h12: for example, cthL+cthl 
gives h 1. The set of 0, 1 or more heteroduplex pairs found in an indivi- 
dual defines the heteroduplex haplotype I to XIII. 
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Fig. 4. Sequence variants detected in cloned PCR products. Variants 
were detected at ten positions (nine point mutations, one 4-nt deletion) 
as indicated. For ~hL, the base at each of these positions is shown. For 
~hl to ~h9, the sequence is shown only when it differs from ~hL. 
Methods are available from C.T.-S. upon request. The number of 
sequence determinations from independent clones used for each hetero- 
duplex locus was: cxhL: YAC 368A6 (4), YAC 17.2 (1), male 1 (1), male 
6 (3), male 76 (1). :~hl: YAC 417D3 (3), male 1 (1), male 76 (1). ~h5: 
YAC ~B3 (3), male 6 (3). ~h5(m76): male 76 (2). ~h6: plasmid pY~I 
(3). ~h6(m76): male 76 (3). ~h7: male 76 (5). ~h9: male 76 (3). These 
sequences have been submitted to GenBank and have been assigned 
the accession Nos. U16679 (0thL), U16675 (~hl), U16676 (~h5), U16677 
(~hS(m76)}, U16682 (~h6), U16678 (~h6(m76)), U16680 (~h7) and 
U16681 (c~h9). 

two point mutations at nt 77 and 148. The deletion is 
likely to account for the large mobility shift of the hetero- 
duplexes, as observed in other systems (Van den Akker 
et al., 1992). Additional point mutations at nt 48, 146, 
175, 196, 197, 230 and 237 distinguished clones able to 
form different heteroduplex bands in reconstruction 
experiments, although in two cases (h5, h5(m76); h6, 
h6(m76)) sequences differing at a single position pro- 
duced heteroduplexes with indistinguishable mobility. 
This is probably because a mismatch near the end of a 
heteroduplex has little effect on its mobility. We therefore 
conclude that polymorphic heteroduplex patterns are 
seen because individual Y chromosomes carry a left edge 
copy of the target locus with a deletion and a variable 
number of loci which lack the deletion and differ by 

several point mutations. 
The sequencing results also account for the differences 

in restriction pattern described above. The 4-bp deletion 
destroys an Asp700 site which is therefore absent in the 
left edge products and present in the right edge products. 
The A/G point mutation at position 48 changes 
AAACTT present in the left edge product and the Boleth 
right edge product (generating h i )  to AAGCTT, a 
HindIII site present in all of the other right edge products 
sequenced. These correspondences confirm the reliability 
of the sequences determined from cloned PCR products. 

HindIII sites are absent from the PCR product when only 
heteroduplex bands hl,  h2 or h3 are present (haplotypes 
II, VI, VII) but are present when additional heteroduplex 
bands are present (haplotypes III-V, VII-XIII). 

(f) Evolutionary origin of the polymorphisms 
The target loci are present in a small proportion of Y 

alphoid units situated near both ends of the arrays 
(Fig. 2). One explanation for this distribution is as fol- 
lows: The array would initially have contained the target 
region in all alphoid units. 5.7-kb units lacking the region 
arose by a deletion event in the middle of the array and 
spread through most of it. Only the edges of the array, 
which are expected to be homogenised least extensively 
by expansion and contraction (Smith, 1976), and a few 
islands within the array now retain the target region. In 
4/93 chromosomes the left edge target region has also 
been lost; Y chromosomes which have lost all copies of 
the region may exist, although they have not yet been 
detected. Target loci from the left and right edges no 
longer exchange sequence information with one another 
and so have accumulated differences giving rise to the 
heteroduplex patterns. Alternative evolutionary scenarios 
are also possible. 

(g) Use of the alphoid PCR haplotypes 
Informative PCR haplotypes for the Y chromosome 

can in principle be constructed using the existing micro- 
satellite markers (Roewer et al., 1992; Mathias et al., 
1994). Although such haplotypes could distinguish 
different Y chromosomes, chromosomes with the same 
haplotype will not necessarily be closely related to one 
another because a particular allele may arise indepen- 
dently. Thus microsatellite haplotypes are of limited use 
for evolutionary purposes (Mathias et al., 1994). In con- 
trast, differences between the alphoid PCR haplotypes 
described here are largely due to point mutations and 
deletion events and consequently show a lower level of 
homoplasy. We have therefore compared the alphoid 
PCR haplotypes with previous compound haplotypes of 
the same chromosomes which resulted in the identifica- 
tion of seven groups: 1, 2, 3, 4, Biaka Pygmies, IKung 
and Amerindians (Mathias et al., 1994) in order to evalu- 
ate their likely usefulness in evolutionary studies 

(Table II). 
Haplotype I, the absence of heteroduplex bands, is seen 

in three different groups: 2, 4 and the ?Kung. It does not 
imply a similarity between these Y chromosomes; indeed, 
addition of the left-hand edge product to the ?Kung indi- 
vidual generated a novel pattern which emphasises the 
distinctness of this chromosome (results not shown). 
Haplotype II was both the most common in the sample 
(37/93, 40%) and the most widespread, occurring in four 



TABLE II 

Frequency of heteroduplex haplotypes I-XIII in Y chromosome groups 
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Group a Heteroduplex haplotype b Total 

I II lII IV V VI VII VIII IX X XI XII XIII 

1 30 c 1 1 32 

2 2 1 25 1 1 1 1 32 
3 4 4 
4 l 3 13 I 1 1 20 

Pygmies 2 2 
!Kung l 1 
Amerindians 2 2 

Total 4 37 27 1 4 1 1 1 13 1 1 1 1 93 

a Previously defined group to which Y chromosome belongs (Mathias et al., 1994). The most  frequent groups were numbered 1 to 4; less frequent 
groups were named after the population in which they were found (Pygmies, !Kung, Amerindians). 
b Selected heteroduplex haplotypes are illustrated in Fig. 3 and the haplotype of each individual is shown in Table I. 
c The number  of chromosomes from each group carrying each heteroduplex haplotype is calculated from the data in Table I. The total number  of 
chromosomes in each group and the total with each haplotype are also shown. 

groups. It accounted for 30/32 (94%) of group-1 mem- 
bers; the other two group-1 individuals (haplotypes VI 
and VII) had simple variants of haplotype II. It was also 
found in all group-3 chromosomes examined (4/4) and 
both Amerindian chromosomes. The occurrence of 
haplotype II in one member of group 2 (m60, the indivi- 
dual who gave different results for the HindIII site in the 
hybridisation and PCR assays) is not understood at pre- 
sent. Haplotype IlI is found commonly in group-2 chro- 
mosomes (25/32, 78%) and also in the two Biaka 
Pygmies. Some subtle differences were noted in the haplo- 
type-III patterns. In some individuals (e.g., m40 in Fig. 3a) 
the hl bands were fainter than the h5 bands, while in 
others (e.g., m37 in Fig. 4) the two pairs of bands were 
of similar intensity. All of the Caucasian carriers of haplo- 
type III and two Mongoloids (m36 and m63) were of the 
former type, while the remaining Mongoloid and Biaka 
Pygmy carriers were of the latter type. Haplotypes IV 
and VIII can be derived from III by single changes (loss 
of heteroduplex hl; replacement of hl by h4, respectively) 
and are also found in group 2. Haplotype V is found in 
both group-2 and group-4 chromosomes. This could be 
because it was the haplotype of the common ancestor of 
the two groups; alternatively, it could have arisen twice, 
or different sequences might give rise to heteroduplexes 
with the same mobility. Haplotype IX is common in 
group-4 chromosomes (13/20, 65%) and haplotype X in 
group 4 is a variant of it. Haplotype XI is found in a 
single group-2 chromosome and the final two haplotypes, 
XII and XIII are found in single members of group 4. 

Thus the alphoid PCR haplotypes show striking corre- 
spondences to the previous groups but also reveal hetero- 
geneity within groups (especially groups 2 and 4) and 
help us to understand the relationships between different 

groups. In particular, a close relationship between 
group-1 Y chromosomes (common in Europeans), 
group-3 Y chromosomes (common in Indians; Jobling, 
1994) and Amerindian Y chromosomes is seen, in 
agreement with previous observations (Mathias et al., 
1994). It seems likely that haplotype II was present in 
the common ancestor of the three groups. Group-2 Y 
chromosomes are widespread in many non-African pop- 
ulations (Jobling, 1994; Mathias et al., 1994). The alphoid 
heteroduplex haplotypes suggest that the Biaka Pygmy 
Y chromosomes are the most closely related African Y 
chromosomes so far characterised. 

This haplotyping system is suitable for the analysis of 
large numbers of samples and may be useful for popula- 
tion surveys. Results from different laboratories can be 
compared using markers derived from clones (Fig. 4) or 
a set of standard males. The system can also be used 
when limited amounts of low-molecular-weight DNA are 
available. In forensic cases information about the possible 
ethnic origin of a sample may be obtained, but such 
results must be interpreted with extreme caution until 
more population data are available and will always be 
of limited use because of the occurrence of admixture. It 
should be possible to develop similar haplotyping sys- 
tems for other Y chromosome repeats, if necessary using 
artificially constructed 'heteroduplex generator' mole- 
cules containing an insertion or deletion. With a series 
of such assays, the polymorphism of the Y chromosome 
can be analysed in detail using PCR. 

(h) Conclusions 
(1) We have developed a PCR-based system for haplo- 

typing the human Y chromosome. 
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(2) The system is unusual in that it is both highly poly- 
morphic and useful for evolutionary studies. This is pos- 
sible because it detects a small number of target loci 
which differ by point mutations and thus individually 
evolve slowly, but are present or absent in varied combi- 
nations on different Y chromosomes so that the pattern 
as a whole evolves more rapidly. 
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