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Abstract The male specificity of the human Y chromo-
some makes it potentially useful in forensic studies and
paternity testing, and markers are now available which
will allow its usefulness to be assessed in practice. How-
ever, while it can be used confidently for exclusions, the
unusual properties of the Y mean that inclusions will be
very difficult to make: haplotypes are confined within lin-
eages, so population sub-structuring is a magjor problem,
and many male relatives of a suspect will share his Y
chromosome. Y haplotyping is most likely to find appli-
cation in special instances, such as deficiency casesin pa-
ternity testing and in the analysis of mixtures of male and
female DNA, or in combination with autosomal markers.
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Introduction

Normal human males possessa’Y chromosome, and nor-
mal females do not. The Y exists to determine maleness
by specifying the development of the testis early in em-
bryogenesis. This specialised role of the chromosome
lends it some unigue properties, which have attracted the
attention of researchers who are interested in understand-
ing human genetic history [seerefs. 1, 2 for reviews]. As
well asthis, the Y is of potential usein forensic and pa-
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ternity studies. The vast mgjority of violent crimes are
committed by males: currently 93% of crimes of violence
against the person, and 99% of sexual offences in Eng-
land and Wales [3]; therefore a crime-scene sample left
by a culprit will usualy be informative when typed with
Y-specific markers. Where male assailant and female vic-
tim DNAs are mixed, as in rape cases, these markers will
give specific information on the assailant. Where the pa-
ternity of a son isin question, comparison of the Y chro-
mosomes can be asimple way of excluding an alleged fa-
ther.

Despite these potential uses, there are serious limita-
tions which also arise from the special properties of the Y
chromosome. In this review we will describe these prop-
erties, and the different classes of polymorphic marker
which are available, discuss the suitability of these mark-
ers for forensic studies, and explore the problems which
are associated with their use. Although we concentrate
here on the Y, in practice Y-chromosomal markers are
most unlikely to be used in isolation without other evi-
dence; combining the Y with other systems will obviate
many of the problems which we describe, and provide
new and useful tools for forensic and paternity analysis.

Special features of the Y chromosome

The sex-determining function of the Y chromosome means
that it is paternally inherited and haploid. Because of this
haploidy, most of the chromosome does not recombine
with any other at meiosis (Fig. 1). These properties have
important consequences for its population genetics, since
Y chromosomes are passed down from father to son un-
changed except by the gradual accumulation of mutations.
In principleit is possible to reconstruct the histories of pa-
terna lineages by comparing modern Ys, using DNA
polymorphisms. The aim is to build phylogenetic trees,
and to find out about population histories [1]. Such stud-
ies are now yielding useful information, and complement
data on human evolution which come from mitochondrial
DNA (mtDNA) and from autosomes.
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Fig.1 ldiogram of G-banded human Y chromosome. Recombina-
tion takes place between the Y and the X only in the two
pseudoautosomal regions (PAR1 and PAR?2), and not in the major-
ity of the chromosome which lies between them

Y polymorphisms and the Y chromosome tree
Binary polymorphisms

The Y chromosome is large, and bears many different
polymorphisms of many different kinds. Even if we con-
cern ourselves only with those which can be assayed by
the polymerase chain reaction (PCR), the variety of poly-
morphisms is impressive. Base substitutions and the YAP
[4] Alu element insertion have very low mutation rates
(about 5 x 10~ per site per generation for base substitu-
tions [5]). Given that there are now more than 2 x 10° Y
chromosomes in the human population, then it is clear that
in any modern generation the same substitution at the
same site is expected to take place in some individuals in
the world; however, such parallel substitutionswill exist at
extremely low freguencies unless they occurred long ago.
Thus base substitutions will usually provide markers rep-
resenting unique mutational events, and are likely to be
plentiful. For example, three base substitutions were found
in a2.6 kb region sequenced from 16 individuals [5]. If the
euchromatin of the Y (seeFig. 1) is30 Mbin size, then we
expect there to be of the order of thousands of such base
substitutions in the modern population of Y's. These mark-
ers are binary in nature, and can sometimes define very
large groups of chromosomes in the population, but these
definitions are robust, in that chromosomes sharing given
substitutions are extremely likely to be related by descent.
They are the best markers for constructing trees of Y chro-
mosomes, and an example of such atree is shown in Fig.
2. The nodes of this tree are Y-chromosomal haplotypic
groups (or ‘haplogroups’) which are each defined by the
alelic states at 18 unique or rare event markers. The tree
includes an example of a paralel substitution which has
risen to high freguency, and which is shown as a closed
part of the tree (reticulation). The tree's resolution is low,
but this will improve as more markers are discovered.

Microsatellites and minisatellites

As well as these binary markers there are more rapidly
mutating multi-allelic loci: 23 microsatellites [1, 6-8],
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Fig.2 Unrooted parsimony tree of 19 Y chromosome hap-
logroups. Large circles represent haplogroups, and single lines be-
tween these represent single mutation events. The tree, which is
based on one published previously [1], was constructed using 18
polymorphisms (including base substitutions, insertion/deletions,
and RFLPs) thought to represent unique or very rare events in hu-
man evolution. Names of polymorphisms are given next to
branches, and those in bold italic type can be typed by PCR. Be-
cause of recurrence among the polymorphisms SRY-1532, 92R7,
and M911 (unpublished datd), part of the tree is shown as areticu-
lation. A full description of polymorphisms used in tree construc-
tion will be given elsewhere (Arpita Pandya et a., manuscript in
preparation), and interested readers are meanwhile asked to con-
tact the authors

and a single minisatellite, MSY1 [9], which can be as
sayed by MVR-PCR [10], revealing a very large number
of variant code structures. Pedigree studies using autoso-
mal loci suggest that the mutation rate to new-length alle-
les at microsatellites is around 102 per locus per genera-
tion [11], and similar studies are now being carried out to
estimate these rates at Y-specific loci (P. de Knijff, per-
sonal communication). The observed diversity at MSY 1
[9] suggests a mutation rate in excess of 1% per genera-
tion, and techniques are available to measure this for spe-
cific alleles directly in sperm DNA [12].

While searches for further Y-specific minisatellites
have not been successful [13], it is likely that more mi-
crosatellites remain to be discovered. How many do we
expect to find? Based on observed frequencies in cosmid
libraries, a trinucleotide repeat locus occurs about once
every 180 kb in the genome as a whole [14]. The 30 Mb
of the Y chromosome should therefore contain about 170
of these loci, and only 7 have been identified to date [7,
8]. However, evidence from the chromosomal assignment
of 2931 microsatellites isolated from a library made from
the DNA of a male [15] indicates that there are signifi-
cantly fewer of these loci on the Y than are expected on
the basis of its size; this is aso true for those tetranu-
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cleotide repeat classes which have been analysed [15, 16].
As well asthis, in the set of Y-specific loci cloned by the
Cooperative Human Linkage Center and deposited in the
Genome Data Base, one tetranucleotide locus was found
twice (DY S393/DY S395), and one tetranucleotide was
the same as DY S19 (see [1]). Together with the observa-
tion that primers designed to amplify Y loci often co-am-
plify at least one other locus, which sometimes presents
practical problems, then it may be that the number of use-
ful Y loci is rather small.

Haplotypic diversity

Micro- and minisatellites show large numbers of haplo-
types throughout the tree, and cannot easily be used in
tree-building by themselves [17, 18]. Similar mi-
crosatellite haplotypes and similar MSY1 codes can
arise by chance, and if we were to group chromosomes
on this basis alone, then distantly related chromosomes
would sometimes be grouped together. When these
markers are considered within a haplogroup defined us-
ing the binary markers, however, we see a genuinely re-
lated set of microsatellite haplotypes or MSY 1 codes.
Diversity ismore or less restricted, depending on the age
of the haplogroup. For example, haplogroup 16, which
is relatively young, consists of chromosomes with
closely related microsatellite haplotypes, while hap-
logroup 4, which is more ancient, contains much more
diversity.

It is important to appreciate the effect that complete
linkage has on haplotype diversity. If we consider ten bi-
nary polymorphisms, for example base substitutions, dis-
tributed on ten different autosomes, then, taking a haploid
set, 210 (= 1024) different states are possible. If, on the
other hand, the ten are on the Y chromosome, then the
maximum number of haplotypes we expect to observe is
ten plus one, since the events have accumulated within
lineages with no random assortment or recombination. We
may see fewer if some chromosomes have gone extinct,
and more if there has been recurrent mutation. The fre-
gquency of the haplotypes will usually depend on their
ages provided that population size has behaved similarly
since each was founded.

The situation with microsatellites is not as simple as
this, since each locus is multi-aléelic. If the mutation
rate of a Y-specific locus is very low, then it behaves
much like a base substitution. If the rate is high, then
the correspondence of microsatellite allele size with the
haplogroups defined by base substitutions breaks down.
The extent to which this occurs depends on the muta-
tion rate, and the number of generations to the most re-
cent common ancestor for the haplogroup. While we
observe very many different microsatellite haplotypes,
we do not see as many as are expected on the basis of
random association of loci (as would be the case with
unlinked autosomal microsatellites), and this reflects
the fact that common ancestors of the haplogroups are
recent.
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Japan
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Fig.3 Population sub-structuring of Y chromosomes. Distribu-
tions of the haplogroups within four indigenous populations are
shown, using the framework of the tree given in Fig. 2. Areas of
black circles are proportional to the frequency of each haplotypein
each population. Data are from refs. 6, 20, 22, 23, 25 and 32, and
from a forthcoming paper (Arpita Pandya et al., manuscript in
preparation); in using some of the published data we have assumed
that there have not been additional recurrent mutations

Population distribution of haplotypes

The subject of population sub-structuring is of central im-
portance in forensic genetics. While there has been much
debate in the case of unlinked autosomal markers[19], the
problem is much more severe in the case of the Y chro-
mosome. As has been discussed above, because of the
lack of recombination, allelic states of markers are con-
fined as haplotypes within lineages. When these lineages
are themselves confined within populations as a conse-
guence of their histories, then population diversity can be
very low.

When we compare the distributions of the different Y-
chromosomal haplogroupsin different populations, we of-
ten see aremarkable degree of population specificity (Fig.
3). Examples are haplogroup 8, which is highly specific to
sub-Saharan Africa [20], haplogroup 5 (Japanese; [21,
22]), and haplogroup 18 (Amerindians,; [23]). Further-
more, when we examine particular populations, we can
find instances where almost al members belong to a sin-
gle haplogroup. Again, an example is the Amerindians,
where 90% of Y chromosomesin South American indige-
nous populations belong to haplogroup 18 [23]. Low di-
versity results from fluctuations in the number of sons
each male in a population has: some have many, while
many have few or none. This natural variation can be ex-
acerbated in some societies, past or present, by cultural
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Fig.4a, b Population sub-structuring of mi-
crosatellite haplotypes. a Haplogroup 1
chromosomes (Fig. 2) were defined as those
containing the 92R7 T allele, SRY-1532 G
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dleleand DY S199 C allele. The frequency
of microsatellite alleles is shown for Euro-
pean (grey; n = 27) and Indian and Sri
Lankan (black; n < 29) haplogroup 1 chro-
mosomes using the nomenclature of ref. 8.

b Network linking haplogroup 1 five-ele-
ment microsatellite haplotypes from Europe
(grey) and India and Sri Lanka (black). The
network was constructed manually using the
principle of parsimony, and assuming a sin-
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constraints on mating practices. In these cases, then, Y
chromosome analysisis of limited informativeness. If the
haplotype of a suspect’'s Y chromosome were compared
with those of a reference population, great care would
have to be taken in the choice of the reference samples,
and the ethnic divisions currently used in US databases,
for example (Caucasian, Black, Hispanic, and ‘other’),
would not be ideal.

Because of their higher mutation rates, population
specificity of microsatellite haplotypesis|ess marked, but
can nevertheless be significant. Figure 4 shows an exam-
ple of a combined base substitution and microsatellite
analysis of some European, Indian and Sri Lankan Y
chromosomes. The subset of chromosomes belonging to

A
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haplogroup 1 was first identified using base substitutions:
it comprised 47% of the European and 22% of the Indian
and Sri Lankan sample. The microsatellite alleles of the
haplogroup 1 chromosomes were then examined. Greater
diversity of allele sizes was seen in India and Sri Lanka
than in Europe (Fig. 4a) and a similar result was obtained
when a network linking the five-element microsatellite
haplotypes was drawn (Fig. 4b): Indian and Sri Lankan
hapl otypes were scattered in the network, while European
haplotypes were clustered in a distinct region. One expla-
nation for this pattern would be that European haplogroup
1 chromosomes have been derived quite recently from an
ancestral chromosome with the haplotype represented by
the largest circle in Fig. 4b, perhaps reflecting a small
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number of founding Y chromosomes contributing to the
European population. Its significance for forensic pur-
poses is that even microsatellite haplotypes in outbred
populations can show specificity, although more diversity
would be expected if additional microsatellite loci were
examined.

Forensic and paternity testing considerations

The potential uses of Y chromosome typing in forensic
and paternity studies have been outlined above. Given
their high levels of diversity and the fact that the technol-
ogy iswell-established, microsatellites are likely to be the
markers of choice. As microsatellite haplotypes accumu-
late, our knowledge about population sub-structure will
increase too. If information about other classes of poly-
morphisms, such as base substitutions, is aso collected
then the sub-structures of particular haplogroups will be
illuminated, and when microsatellite haplotyping shows
that two samples have identical haplotypes, then the typ-
ing of base substitutions might be useful in defining the
haplogroups to which they belong.

Practical considerations of Y markers

Because they are typed using small PCR amplicons, Y-
specific microsatellites are well suited to the analysis of
degraded DNA samples. Base substitutions can also be
typed in degraded DNA by designing PCR primers
which amplify a small region containing the polymor-
phic site. Although amplification of whole MSY 1 min-
isatellite alleles (1.7—2.7 kb) is not necessary for MVR-
PCR, their characteristic structures (i.e. large clusters of
like repeat units) mean that the results obtained from de-
graded DNA, in which only a few repeats from each end
of the alele can be typed, are often likely to be uninfor-
mative. However, in cases where DNA quality is not a
problem, the very high diversity of MSY 1 becomes an
advantage: codes at this one locus are more diverse and
informative than haplotypes derived using ten mi-
crosatellite loci [9, Mark Jobling et al., manuscript in
preparation)].

Exclusions

Aswith other DNA-based typing systems, the finding that
a suspect has a different Y chromosome haplotype to the
culprit is good reason to exclude the suspect. Similarly, in
a paternity test, a difference at a Y-linked locus will con-
vincingly demonstrate non-paternity, and with a higher
exclusion probability than for an analogous autosomal |o-
cus [24]. The only issue that needs to be considered here
is mutation, and this applies only to paternity. Mutation
rates for microsatellites are low enough for thisto be ami-
nor problem, but if the differenceisin asingle repeat unit
change at a single locus, then analysis at further Y-spe-
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cific microsatellites (or, indeed, autosomal loci) could be
carried out.

The problem of inclusions

What evidential weight is to be given to the observation
that a suspect shares a' Y chromosome haplotype with a
culprit, or a son with an aleged father? For autosomal
systems, the major consideration is the frequency of the
DNA profile in question in the population, and there fol-
lows from this the problem of which population should be
analysed to derive this frequency. As has been discussed
aready, thisis a much more serious difficulty for Y chro-
mosome typing, and it seems reasonable to predict that
claims of inclusion will be unacceptable in court on these
grounds aone: if, asis commonly done, the probability of
a randomly selected male sharing the haplotype of the
suspect is given, then this is unlikely to be a low enough
value to convince a jury. In an extreme example, at least
13 out of 111 unrelated Mongolian Buryat males (12%)
carried the same ten-locus microsatellite haplotype [25].

However, there is a simpler and even more serious
problem: in autosomal DNA profiling, the only individual
who will have an identical profile to a suspect other than
by chanceis hisidentical twin - arare occurrence. For the
Y chromosome, identical haplotypes will exist if the sus-
pect has brothers, sons, afather, paterna uncles and so on,
which is not so rare. In many crimina cases it seems
likely that this information will muddy the waters suffi-
ciently for a jury to acquit if other evidence does not ex-
clude the relatives.

Similar considerations apply to mtDNA, where, unless
mutations have occurred, the same sequence will be
shared by all members of a matrilineage. The high levels
of mitochondrial D-loop variation, together with the high
copy number, which allows the analysis of very small or
degraded samples, do make mtDNA a very informative
marker, and a useful tool in forensic studies. Nevertheless,
it is of limited application in the identification of crimi-
nals [26], and most likely to be useful in identifying the
victims of crimes [27, 28] or accidents. In general, there
seems little reason to attempt to argue for identification of
asuspect on the basisof Y or mtDNA evidence alone, but
the information that these markers ‘failed to exclude
would nonetheless be useful in an investigation.

Special cases

Despite these caveats, there are a number of specia in-
stances where Y chromosome analysisis likely to be par-
ticularly helpful. One is in deficiency cases in paternity
testing, where the alleged father is not available [29].
Other relatives of the putative son, such as the sons of pa
terna uncles, can be tested with Y markers. If their Y
chromosomes are not the same as his, then this gives an
exclusion [30], athough it is aso possible that the non-
paternity occurred in the previous generation.
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In rape cases where the assailant’s semen is mixed with
cells from the victim, differential lysis of the cell types
usually allows sperm nuclei to be separated from the fe-
male component [31]. When this cannot be done, and
where autosomal markers are used in the analysis, the vic-
tim’s profile must be subtracted from that of the assailant.
In contrast, Y-specific analysis in such cases allows the
assailant’s haplotype to be determined simply. Y-chromo-
soma markers would also be particularly useful in
analysing other kinds of mixtures, such as blood-blood,
and blood-saliva, where differential lysis cannot be ap-
plied. In cases of multiple rape, the use of Y-specific mi-
crosatellites might alow the minimum number of as
sailants to be determined: although their individual haplo-
types could not be deduced directly, analysis of haplo-
types of detained suspects could show whether the mixed
hapl otypes were consistent with a match.

Deductions regarding population of origin

The high degree of population specificity of Y-chromoso-
mal haplotypes might make it tempting to ask whether
reasonable conclusions can be drawn about the ethnic ori-
gin of a culprit from a DNA sample. Suppose that a hap-
logroup 8 Y chromosome were identified in a sample
from a UK crime scene: would investigating officers be
justified in seeking a black suspect with originsin Africa
(Fig. 3)? Contact has existed between sub-Saharan Afri-
cans and British for several centuries, and it is likely that
haplogroup 8 chromosomes will be found at low fre-
guency in the white population. In a published study, one
was found in a group of ethnic Mayans [20]. The urban
populations in which the forensic scientist often has to op-
erate are very different from the anthropologist’'s indige-
nous sample sets, and the tight localisation of Y haplo-
types, and the association with membership of a specific
ethnic group, will break down: Y chromosomes are, after
all, not the cause of any of the features which characterise
particular groups. Nonetheless, it may be that in some
cases, where the relevant frequencies of haplogroups are
known, such information will be used in investigations. If
this happens, it is important that the information is not
misused to reinforce racial prejudices or stereotypes. Per-
haps any such use and its consequences should be moni-
tored by an independent body.

Y chromosomes are co-inherited with surnames in
many societies, and, in an ideal world, a sufficiently de-
tailed Y haplotype could give police officers the surname
of the person who left a sample at a crime scene. To be re-
alistic, however, the practicalities of haplotyping and the
high frequency of non-paternity (itself an issue where Y
typing is relevant) make this a highly fanciful scenario.

In conclusion, despite the problems we have outlined,
itistrue, and islikely to remain true, that most violent of-
fenders are males. As Y typing becomes more sophisti-
cated, and as the culture of DNA databases becomes more
widely accepted than it currently is, it may be seen asrea-
sonable in the future to compile databases of Y haplotypes
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of all male offenders, and even of all males. For this to
happen, the population genetics, aswell as the technology,
will need to advance.

Here we have stressed the uncertainties associated with
Y chromosome haplotyping, and emphasised the specia
cases in which it is likely to be most widely used. How-
ever, it is important to make the distinction between the
use of DNA evidence in court for the purposes of convic-
tion, and its use in the exclusion of suspects, or in the
identification of a suspect whose guilt or innocence could
then be established using other evidence. Also, in practice
Y-chromosomal analysiswill be done in combination with
autosomal markers, and thus provide useful extra options
both in forensic studies and paternity testing.
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