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Abstract A deviation from the stepwise mutation model
(SMM) has been suggested for the trinucleotide Y-STR
locus DYS392, based upon its bimodal allele frequency
distribution in various populations. The same type of dis-
tribution is also observed for the pentanucleotide Y-STR
DYS438. In order to verify whether a departure from an
SMM is likely for these two loci, we studied a large number
of Portuguese male DNA samples typed for the two loci
and in addition, for the Y-STR loci DYS19, DYS389I/11,
DYS390, DYS391 and DYS393. The compatibility of the
observed allele frequency spectrum with an SMM was as-
sessed by an apportionment of the molecular variance
among, and consideration of the molecular distances be-
tween, haplotype groups defined according to their allelic
state at each of the two markers of interest. For haplotypes
carrying either modal alleles 11 or 13 of DYS392, 18.6%
of the molecular variance of the remaining Y-STR back-
ground could be attributed to variation between the two
groups. When all pairwise @, values between haplotype
groups were compared, group 12 was found to be closer to
11 than to 13, and group 14 was much closer to 13 than to
12 and 11. It may therefore be concluded that DYS392 al-
lele 13 represents an evolutionary lineage with little or no
relationship to 11 and 12. Furthermore, allele 14 is a one-
step neighbour of 13 and is therefore likely to represent an
offshoot from group 13. For haplotypes carrying either
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modal allele 10 or modal allele 12 of DYS438, 27.7% of
the molecular variance of the Y-STR background was found
to be due to variation between the two groups. Comparison
of the other pairwise @ values indicated that group 10
was closer to 9 and 11 than to 12, and that group 12 was
closer to 11 and 13 than to 10. The lineages defined by the
two modal alleles of DYS438 therefore also seem to be
phylogenetically distant. When the two loci were analysed
in combination, using the standardised linkage disequilib-
rium measure (D’), a strong association was noted be-
tween alleles DYS392*11 and DYS438*10 (D’=0.70) and
between DYS392*13 and DYS438*12 (D’=0.72). Taken
together, these results show that the bimodal allele fre-
quency distributions of DYS392 and DYS438 are explic-
able in terms of (probably the same) historical and demo-
graphic causes, rather than a mutational mechanism other
than SMM. The loci do therefore not appear to warrant
any special attention when applied in population genetic
or forensic studies.
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Introduction

Short tandem repeat (STR) loci have been widely used in
population genetic and forensic research. In both instances,
knowledge of the mutation rates and mechanisms involved
is an essential prerequisite for the sensible interpretation of
experimental data. Most of the studies undertaken so far
have revealed mutation rates for commonly used Y-chro-
mosomal STRs (Y-STR) that are similar to those of their
autosomal counterparts (Heyer et al. 1997; Kayser et al.
2000; Holtkemper et al. 2001; Kayser and Sajantila 2001).
Like with autosomal STRs, it is also generally accepted
that a stepwise mutation model (SMM) explains the ob-
served allelic variation of Y-STRs sufficiently well. For
some loci, however, including the trinucleotide Y-STRs
DYS392 and DYS388, it has been suggested that the bi-
modal allele frequency distribution observed in some pop-
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ulations is not consistent with an SMM (Thomas et al.
2000; Forster et al. 2000; Nebel et al. 2001), despite the
notion that DYS392 has a unimodal allele frequency dis-
tribution within Y-SNP (single nucleotide polymorphism)
haplogroups (de Knijff 2000). Furthermore, the heterogene-
ity of DYS388 and DYS392 allele frequencies within and
between SNP haplogroups has been held as evidence in
favour of a haplogroup-specific deviation from the SMM
(Thomas et al. 2000; Nebel et al. 2001), although geneal-
ogy-based explanations have not been ruled out (Thomas
et al. 2000).

In European populations, DYS392 allele frequencies
undoubtedly have a bimodal distribution (e.g. Gusmao et
al. 2002) whilst a unimodal distribution has been observed
in Asia and Africa, and the locus is almost monomorphic
in sub-Saharan populations (Kayser et al. 2001). A similar
pattern emerges for the pentanucleotide Y-STR DYS438
which has a bimodal allele frequency distribution in north-
ern Portugal, but not in Mozambique (SE Africa) or in
Asians from Macao (Gusmaio et al. 2001; Uchihi et al.
2003).

In an attempt to further clarify this matter, we sought
independent evidence for or against the supposition of de
Knijff (2000) that founder haplotypes differing by two re-
peat units have coexisted in several populations for a pe-
riod of time too short to generate intermediate allelic states
of sufficiently high frequency. To this end, Y-STR haplo-
type data from a large number of Portuguese males were
analysed with respect to their molecular variance between
groups of haplotypes, defined according to the allelic state
at each of the two loci in question. The rationale underly-
ing this strategy is the assumption that the distribution of
haplotype frequencies within Y-STR-defined haplotype
groups should reflect more of the recent population history
than SNP-based haplogroups, and that the former group-
ing should therefore discriminate better between muta-
tional and demographic events than the latter. In order to
distinguish further between the effects of mutational mech-
anism and population history, we also assessed formally
the allelic association of DYS392 and DYS438 and analysed
the allele frequency distribution of each locus within the al-
lelic classes defined by the other locus.

Materials and methods

A sample of 479 unrelated Portuguese males was typed for 7 Y-STRs
(DYS19, DYS389I, DYS3891I, DYS390, DYS391, DYS392,
DYS393) as described by Gusmao et al. (2002). These samples
have been logged in the Y-STR Haplotype Reference Database
(Roewer et al. 2001) where they were assigned to one of three
geographical regions, namely northern Portugal (182 samples from
north of the Douro river), central Portugal (185 samples from be-
tween the Douro and Tejo rivers) or southern Portugal (112 sam-
ples from south of the Tejo river). Portugal is divided into 18 ad-
ministrative districts, and between 20 and 50 unrelated samples
have been included from each district. A subset of 374 samples was
also typed for DYS438 as described by Gusmao et al. (2002).
Analysis of molecular variance (AMOVA) was performed for
DYS19, DYS389I/II, DYS390, DYS391 and DYS393, with haplo-
types classified according to the allelic state of either DYS392 or
DYS438, respectively. Locus DYS392 was also included in the

AMOVA upon stratification by DYS438. The AMOVA results were
summarised in the form of global/pairwise @ values and assessed
for statistical significance using a Monte-Carlo test as implemented
in the Arlequin software (Schneider et al. 2000). Arlequin was also
used to measure the degree of association between alleles at
DYS392 and DY S438 in the form of standardised linkage disequi-
librium (D) values.

Results and discussion

The bimodal allele frequency distribution observed for
some STRs in some populations has been held as evidence
against the general validity of the SMM. Thus, Thomas et
al. (2002) claimed that the distribution of DYS388 alleles
across haplogroups indicates that the locus does not con-
sistently mutate in a stepwise fashion over the entire range
of repeat lengths. A similar putative deviation from the
SMM was reported for DYS392 by Forster et al. (2000)
and Nebel et al. (2001), who also suggested that, since
DYS392 has a bimodal allele frequency distribution in
two of three haplogroups, the deviation from SMM may
be haplogroup-specific. However, when haplogroups were
further refined by the inclusion of additional SNPs, DYS392
alleles segregated almost completely between haplogroups.
Furthermore, de Knijff (2000) had shown previously that
the overall bimodal distribution of DYS392 resulted from
a strong association between its two modal alleles, 11 and
13, and two different but frequent haplogroups. The dis-
tribution inside each group was unimodal. From the data
published by Weale et al. (2001), an association can be in-
ferred between DYS392 allele 11 and haplogroups 2, 3 and
21, and between allele 13 and haplogroups 1, 26 and 28.

We tested the compatibility of the SMM with the
bimodal allele frequency distributions of DYS392 and
DYS438 by a different approach, including (i) an analysis
of molecular variance (AMOVA) of Y-STR haplotype
groups defined by the allelic state at either of the two loci
in question, and (ii) the consideration of the allele fre-
quency distribution of one locus in sub-samples carrying
different alleles of the other locus.

Analysis of molecular variance (AMOVA)
of haplotype groups

Haplotypes were first grouped according to their allelic
state at DYS392, resulting in a total of four groups (“11” —
“14”’). When only modal groups 11 and 13 were considered,
AMOVA of the 6 other Y-STRs (DYS19, DYS389I/11,
DYS390, DYS391, DYS393) revealed that 18.6% of their
molecular variation was due to variation between groups
(pairwise @,=0.186). A similarly high degree of differen-
tiation became apparent in an AMOVA of all four groups
combined (global ®,=0.169). Haplotype grouping accord-
ing to DYS438 resulted in five groups (“9” — “13”). For
modal groups 10 and 12, AMOVA of DYS19, DYS389I/11,
DYS390, DYS391, DYS392 and DYS393 revealed that
27.7% of the molecular variation was due to variation be-
tween groups (pairwise ®,=0.277). Again, joint AMOVA



Table1 Pairwise g values between haplotype groups of Y-STR
loci DYS19 DYS389I/I1, DYS390, DYS391 and DYS393, defined
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Table 3 Joint haplotype distribution of DYS392 and DY S438

by their DYS392 allelic state Allele DYS438
DYS392
Haplotype group 11 12 13 9 10 11 12 13 Total
12 0.032 10 0 1 0 0 0 1
13 0.186 0.230 11 29 86 8 4 0 127
14 0.122 0.163 0.006 12 1 16 1 3 0 21
13 9 3 4 173 10 199
14 3 0 0 20 0 23
Table2 Pairwise @ values between haplotype groups of Y-STR |5 0 1 0 2 0 3
loci DYS19, DYS389I/II, DYS390, DYS391, DYS392 and DYS393, Total 4 107 13 202 10 374

defined by their DY S438 allelic state

Haplotype group 9 10 11 12

10 0.053

11 0.116 0.071

12 0.258 0.277 0.218

13 0.174 0.211 0.155 —0.006

of all five groups combined indicated a high degree of over-
all differentiation between them (global ®,=0.223). The
observed @ values, which were statistically significant at
the 0.1% level, appear exceptionally high since AMOVA
of the same Y-STRs, grouped according to geographical
sample origin in either northern, central or southern Por-
tugal, left 99.96% of the variation attributable to variation
within populations (global ®,=0.0004). Therefore, DYS392
alleles 11 and 13 and DYS438 alleles 10 and 12 are likely
to represent evolutionary very distant Y chromosomal lin-
eages.

Pairwise @ values were next calculated in order to
evaluate in more detail the molecular distance between
the modal and the other haplotype groups, as defined by
the DYS392 or DYS438 allelic state, respectively. The re-
sults revealed that for DYS392, group 12 is closer to
group 11 than to 13, and group 14 is much closer to 13 than
to 12 or 11 (Table 1). It may therefore be concluded (i) that
group 13 represents a distinct lineage with little or no evo-
lutionary relationship to both 11 or 12, and (ii) that group
14, a one-step neighbour of 13, is likely to represent an
offshoot from group 13. For DYS438, group 11 is closer
to 10 than to 9 or 12, and group 13 is much closer to 12 than
to 11 (Table 2). Here, group 13 is most probably a recent
offshoot from its one-step neighbour group 12.

DYS392 and DYS438 allele distributions

The trinucleotide repeat structure of DYS392 has been used
as an additional argument in favour of a putatively abnor-
mal mutational mechanism (Nebel et al. 2001). However,
DYS438 is a pentanucleotide repeat yet shows a similar
bimodal allele frequency distribution as DYS392. In order
to seek additional evidence for population rather than mu-
tational events underlying this phenomenon, we assessed
the joint haplotype distribution of the two markers (Table 3).
If two-step mutations were indeed common at one of the
two loci, then a bimodal allele frequency distribution

should have become apparent inside at least some of the
allelic classes defined by the other locus. If the observed
bimodality resulted mainly from population history, such
a coincidence would have been unlikely. As was to be ex-
pected for non-recombining markers, the two loci were
highly associated. Almost half of the haplotypes (173=46%)
carried allele combination DYS392*13/DYS438*12 (D’=
0.72) and some 23% carried DYS392*11/DYS438*10
(D’=0.70). Nevertheless, none of the allelic sub classes of
either locus showed any signs of bimodality, a finding
which again favours demographic over mutational events
as the major factor determining the observed allele fre-
quency distributions.

Conclusions

We have shown that the bimodal allele frequency distri-
bution of Y-STRs DYS392 and DYS438 is not incompat-
ible with an SMM. On the contrary, AMOVA as well as an
in-depth analysis of the highly associated allelic spectrum
of the two markers support the hypothesis that the allele
frequency distributions reflect demographic events rather
than alternative mutation mechanisms. In contrast with
previous claims (Nebel et al. 2001) of the opposite, but in
agreement with an earlier SNP haplogroup analysis of
DYS392 (de Knijff 2000), the two microsatellites do not
therefore appear to warrant any special attention when ap-
plied in population genetic or forensic studies.
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