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Abstract

The Y-chromosomal binary marker P25 is a paralogous sequence

variant, rather than a SNP: three copies of the P25 sequence lie within the

giant palindromic repeats on Yq, and one copy has undergone a C to A

transversion to define haplogroup R1b (designated C/C/A). Since gene

conversion is known to be active in the palindromic repeats, we reasoned that

P25 might be liable to back mutation by gene conversion, yielding the

ancestral state C/C/C. Through analysis of a set of binary markers in Y

chromosomes in two large samples from Great Britain and the Iberian

Peninsula we show that such conversion events have occurred at least twice,

and provide preliminary evidence that the reverse conversion event (yielding

C/A/A) has also occurred. Because of its inherent instability, we suggest that

P25 be used with caution in forensic studies, and perhaps replaced with the

more reliable binary marker M269.
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1. Introduction

Y-chromosomal binary markers, mostly single nucleotide

polymorphisms (SNPs) are widely used in population studies [1], and are of

increasing interest in forensic analysis [2,3]. Sets of binary markers on the

non-recombining region of the Y chromosome define compound haplotypes

known as haplogroups that show a high degree of geographical specificity,

making them potentially useful in prediction of population of origin of a

DNA sample. Haplogroups are considered to be stable and robust definitions

of Y chromosome lineages, due to the very low mutation rate of most binary

markers – for SNPs, around 10-9 per base per generation [4]. This stability

allows haplogroups to be arranged into a unique maximum parsimony tree

[1,5,6], showing evidence of recurrent mutation at only 6 of 240 SNPs [6].

About 5% of the human genome sequence is now known to be in the

form of paralogous segments [7] – duplicated sequences that can be tens of

kilobases in length, displaying extremely high (>95%) sequence similarity. On

the Y chromosome the proportion of such paralogous sequence is much

higher than the genomic average – 30-45%, depending on how it is defined

[8]. An important property of these paralogs is their propensity to gene

conversion – the non-reciprocal transfer of sequence information from one

paralog copy to another [9,10]. Y-chromosomal binary markers located within

paralogs might therefore be expected to display unusual mutational

properties reflecting the action of gene conversion as well as conventional

base mutation.

Most of the commonly analysed Y-chromosomal DNA sequence

variants were ascertained from material thought to be single-copy, and are

therefore underrepresented in paralogous segments of the chromosome.
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However, one important marker, P25 [11], defining the most frequent

haplogroup in western European populations (hg R1b), lies in the triplicated

paralogous 315-kb ‘g’-type repeats [12] of the AZFc region [13] on Yq (Figure

1). It is thus a paralogous sequence variant (PSV), rather than a SNP [14]. In

the reference database sequence, which derives from a hg R1b* chromosome,

the most distal repeat copy, g3, contains the derived P25 A-allele, while the

more proximal g1 and g2 repeats both contain the ancestral C-allele

(designated: C/C/A).

We hypothesised that P25 might be subject to gene conversion because

of its paralogous location, and therefore might display evidence of apparent

back mutation, in which the A-allele-carrying copy is converted by a copy

carrying the C-allele (C/C/C). We sought such conversions by phylogenetic

analysis in population studies, and here we demonstrate that conversions

have indeed occurred at least twice in two western European populations;

these unusual mutational characteristics must be taken into account in both

population studies and forensic investigations.
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2. Materials and Methods

2.1 DNA samples

Samples from two western European regions were studied: 421 males

originating from Great Britain (King et al., manuscript in preparation) and

1000 males from the Iberian peninsula [15]. All samples were obtained with

appropriate informed consent.

2.2 Binary marker typing

Binary markers (M18, M37, M65, M73, M126, M153, M160, M167,

M173, M222, P25 and SRY-1532 [5,11,16]) were typed using the SNaPshot

minisequencing procedure (Applied Biosystems), using either published

primer sequences [17] or sequences derived from published information [6].

Extension products were analysed on an ABI3100 genetic analyser (Applied

Biosystems). For assessment of P25 allele copy number variation, areas under

peaks were estimated using GeneScan 3.7 software (Applied Biosystems).

2.3 Y-STR typing

19 Y-STRs were typed, and alleles designated, as described [15], using

an ABI3100 genetic analyser (Applied Biosystems). DYS385 was not typed in

the British samples.

2.4 Data analysis

Weighted median-joining networks of Y-STR haplotypes were

constructed using Network 4.0 [18], applying the reduced median and

median joining algorithms successively [19]. The weighting scheme was as

described [19], and weights assigned to Y-STR loci according to variance in a
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random sample of 50 British and 50 Iberian Peninsula hg R1b3* chromosomes

(unpublished data). The significance of population differences in conversion

chromosome frequencies was assessed using a population differentiation test

in Arlequin [20].
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3. Results

As part of a population study, we typed the three binary markers

M173, SRY-1532b (also known as SRY10831.2) and P25 in 421 males

originating from Great Britain and 1000 males from the Iberian peninsula.

Chromosomes that are derived for SRY-1532b or P25 belong to haplogroups

(hg) R1a or R1b respectively, while chromosomes derived for M173 but

ancestral for both P25 and SRY-1532b are classified as belonging to hg R1*

([6]; Figure 2a). We found 22 such chromosomes in the British sample (5.2%),

and 10 (1.0%) in the Iberian Peninsula sample (Table 1). To ask whether any of

these 32 chromosomes in fact represent back-mutations of P25 (C/C/A to

C/C/C) through gene conversion we typed further SNPs defining sub-

haplogroups of R1b in the same samples.

We found that 31 of the 32 apparent hg R1* chromosomes (P25:

C/C/C) were in fact derived for the ‘downstream’ SNP M269, and that one of

these, IP285, was derived both for M269 and for M167 (Table 1). These 31

chromosomes therefore carry recurrent mutations (homoplasies). The most

likely explanation for the homoplasies is recurrent back-mutation at P25

within hgR1b (Figure 2b). We reject the alternative explanation, recurrent

mutation at M269 and M167 within hgR1*, since, while P25 is a PSV, there is

no evidence to suggest that M269 and M167 are anything other than ordinary

SNPs with ordinary (and very low) mutation rates; in particular, independent

and ordered recurrence of both SNPs within the same lineage (in

chromosome IP285) is extremely unlikely. Our observations are therefore best

explained by back-mutation, through gene conversion, at P25.
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Thirty of the apparent hg R1* chromosomes therefore in fact belong to

hg R1b3 (designated R1b3-P25b in Figure 2b), and one to hg R1b3f (R1b3f-

P25c; Figure 2b). There are thus at least two independent conversions of the

P25 PSV in our sample. In an attempt to ask if the hg R1b3-P25b

chromosomes owe their origin to a single event or to multiple events, we

compared their Y-STR haplotypes by constructing a weighted median joining

haplotype network (Figure 3). The 30 chromosomes possess 29 different

haplotypes, with one pair of British chromosomes sharing an identical

haplotype; there is no clear geographical partitioning. The network lacks the

compact, star-like structure that might be indicative of a recent common

origin for the conversion chromosomes. Also, the mean pairwise difference

between haplotypes is statistically indistinguishable from those of equally

sized and population-matched samples of non-conversion chromosomes from

hg R1b3* (data not shown). A network like this could represent either an

ancient founding conversion event followed by drift, or a number of

independent conversions, and we cannot distinguish between these

possibilities.

P25 C/C/C chromosomes that are underived for the all of the three

markers M18, M73 and M269 remain ambiguous, since they could either

genuinely be members of hg R1*, or members of hg R1b* that have undergone

reversion from P25 C/C/A (designated R1b-P25d in Figure 2b). There is one

chromosome in our set in this category, IP481, and its Y-STR haplotype can be

compared with those of the two genuine hg R1b* chromosomes (Figure 3). The

hg R1* chromosome lies distant in the network from the two hg R1b*

chromosomes, which does not support the idea that it really belongs to hg
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R1b-P25d. However, this remains a possibility, since the poorly sampled hg

R1b* may be a highly diverse lineage.

As well as conversions of the P25 A-allele by the C-allele, we expect the

reciprocal conversion event to occur, and probably at a similar rate. In this

case, the resulting chromosome would have two P25 sequences carrying the

A-allele and only one carrying the C (C/A/A). Detection of such

chromosomes requires a quantitative test, and is therefore less simple than

that of the A-to-C conversion chromosomes, but SNaPshot minisequencing

analysis reveals candidates in our dataset in which the signal strength of the

A-peak is higher than that of the C (Figure 4), a phenomenon that is

reproducible in blind tests. Of the 665 Iberian Peninsula chromosomes that

show a green (A-allele) peak, 626 (94%) have a green: black (A: C) ratio lying

between 0.8 and 1.8. However, for 20 chromosomes (3%) this ratio is >3, and

for 13 (2%) it is >5. These may be instances of C-to-A conversion, but would

require formal Q-PCR analysis to assess allele copy number accurately.

Notably, we (in agreement with Sanchez et al. [14]) observe no chromosomes

in which there is complete absence of a C-signal (double conversions:

A/A/A). While conversion may be relatively frequent between the P25

sequences within the g2 and g3 repeats, which form part of the large

palindrome P1 (Figure 5a; [12]), they may be relatively rare between either of

these repeat copies and the more proximal g1 repeat copy (Figure 5b, c), which

does not form part of the palindrome itself.
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4. Discussion

We have identified chromosomes carrying back-mutations at the Y-

chromosomal binary marker P25, which are the result of at least two

independent gene conversion events within the large palindromic repeats

(P1) on Yq (C/C/A to C/C/C). We have also found chromosomes with

probable conversions in the opposite sense (C/C/A to C/A/A). Our findings

are consistent with those of Rozen et al. [9], who present evidence of recurrent

conversion at three PSVs in the AZFc region. Using an indirect method, a rate

of 2.2 x 10-4 conversions per duplicated nucleotide per generation – some five

orders of magnitude higher than the base mutation rate - has been estimated

[9]. Because of the uncertainty pertaining to the allelic state of P25, we

recommend that, in both forensic and population genetic applications, it be

supplemented or replaced with the straightforward SNP M269.

The C/C/A to C/C/C conversion is effectively unidirectional, since

the C/C/A genotype can be regenerated only by the extremely improbable

event of a recurrent base substitution. Assuming no influence of natural

selection on P25 allelic states, the rate at which C/C/C conversion

chromosomes arise in populations will depend on the frequency of hg R1b

(C/C/A), and subsequently be determined by demographic history and drift.

As a proportion of all hg R1b chromosomes, the frequency of conversion

chromosomes in the British population is significantly higher (p<0.05) than

that in the Iberian sample - 8.2% vs. 1.5%. This may suggest that the British

population has a history of more marked population expansion, or a larger

effective population size, than that of the Iberian Peninsula.
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P25 is not the only widely used marker within the palindromic repeats

of Yq: the Y-STR DYS464 [21-24] lies in the ‘r’ type repeats of the AZFc region

[13], and is present in four copies in the database sequence. It may owe its

high diversity to gene conversion between copies, as well as to conventional

slippage mutation processes. The location of these markers in the

evolutionarily labile AZFc region lends them another unusual and potentially

undesirable property in forensic and genealogical studies – the ability to

signal infertility in a DNA donor by their absence through AZFc deletions

[12,13].
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Table 1: Haplotypes of P25 conversion chromosomes, and chromosomes
belonging to hgs R1b* and R1*
a ‘YCC nomenclature [1]; b ‘0’ – underived allele; ‘1’ – derived allele; c nd – not done.
The six markers M37, M65, M126, M153, M160 and M222 within hg R1b3 were also
typed (not shown) – all were underived in all chromosomes.

Binary markersb Y-STRs

sample
mutation-based
hg name hga M

17
3

SR
Y-

15
32

b
P2

5
M

18
M

73
M

26
9

M
16

7
D

YS
19

D
YS

38
5c

D
YS

38
8

D
YS

38
9I

D
YS

38
9I

I
D

YS
39

0
D

YS
39

1
D

YS
39

2
D

YS
39

3
D

YS
43

4
D

YS
43

5
D

YS
43

6
D

YS
43

7
D

YS
43

8
D

YS
43

9
D

YS
46

0
D

YS
46

1
D

YS
46

2

Great Britain    

GB143 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 23 12 13 13 11 11 12 15 12 12 11 12 11
GB160 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 14 30 25 11 13 13 11 11 12 15 12 12 11 12 11
GB184 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 25 11 13 13 11 11 12 15 12 12 10 12 11
GB354 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 14 30 24 12 13 13 11 11 12 14 12 11 11 12 11
GB526 R1b3-P25b R1b3* 1 0 0 0 0 1 0 15 nd 12 13 29 24 11 13 13 11 11 12 15 12 13 10 12 11
GB982 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 25 12 13 13 11 11 12 15 12 12 10 12 11
GB1005 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 12 11 12 14 12 12 11 12 11
GB1091 R1b3-P25b R1b3* 1 0 0 0 0 1 0 15 nd 12 13 29 24 11 13 13 12 11 12 14 12 12 11 13 11
GB1257 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 23 11 13 14 11 11 12 15 12 13 11 11 11
GB1261 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 28 24 11 13 13 12 11 12 14 12 12 11 13 11
GB1436 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 12 11 12 14 12 12 11 13 11
GB1458 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 28 24 10 13 13 11 11 12 15 12 12 11 12 11
GB1555 R1b3-P25b R1b3* 1 0 0 0 0 1 0 13 nd 12 13 29 24 11 13 13 12 11 12 14 12 12 11 13 11
GB1674 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 11 11 12 15 11 12 11 12 11
GB1981 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 11 11 12 15 12 11 11 12 11
GB2008 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 11 11 12 15 12 12 11 12 11
GB2160 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 30 24 10 13 13 11 11 12 15 12 13 11 12 11
GB2219 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 10 13 13 11 11 12 15 11 11 11 12 11
GB2311 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 11 11 12 15 12 13 11 12 11
GB2351 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 12 29 25 11 13 13 11 11 12 15 12 11 11 12 11
GB2432 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 30 24 10 13 13 11 11 13 15 12 12 11 12 11
GB2462 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 nd 12 13 29 24 11 13 13 11 11 12 15 11 12 11 12 11
Iberian Peninsula  
IP85 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 12-14 12 13 29 25 11 13 13 11 11 12 15 12 12 11 12 11
IP132 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 11-14 12 13 29 23 11 13 13 11 11 12 15 13 12 11 11 11
IP137 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 11-14 12 13 29 25 11 13 12 11 11 12 15 12 14 10 12 11
IP485 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 11-14 12 14 30 25 11 13 13 11 11 12 15 12 12 11 13 11
IP695 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 11-14 12 13 29 24 10 13 13 10 11 12 15 11 12 11 12 11
IP805 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 12-14 12 13 29 24 11 13 13 11 11 12 16 12 11 11 12 11
IP823 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 11-14 12 13 29 23 11 13 13 11 11 12 14 12 11 11 12 12
IP1011 R1b3-P25b R1b3* 1 0 0 0 0 1 0 14 11-14 12 13 29 24 10 13 13 11 11 12 14 12 12 11 12 11
IP285 R1b3f-P25c R1b3f 1 0 0 0 0 1 1 15 11-14 12 13 29 24 10 13 13 11 11 12 15 12 12 11 13 11

 
IP481 R1* / R1b-P25d R1* 1 0 0 0 0 0 0 15 11-13 12 14 30 24 10 13 13 11 11 12 14 11 11 11 12 11
IP637 R1b* R1b* 1 0 1 0 0 0 0 17 13-14 12 13 28 22 11 13 13 11 11 12 14 11 12 11 12 11
IP456 R1b* R1b* 1 0 1 0 0 0 0 16 13-14 12 13 29 25 11 13 13 11 11 12 14 12 12 11 12 11
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Figure Legends

Figure 1: Position of P25 sequences in the g-type repeat units of the AZFc

region.

The Y chromosome idiogram (top) shows the approximate position of the

AZFc  region. The schematic representation below shows AZFc-region

paralogous repeat units as arrows [12], and includes the position and

sequence states of the P25 PSV in Y chromosomes belonging to hg R1b and

other haplogroups [hg Y(xR1b)] [6].

Figure 2: Phylogenetic relationships of lineages within haplogroup R1.

a) Phylogeny of haplogroups defined by M173, SRY-1532b, and P25 [1,6].

b) Recurrent back-mutation at P25. Phylogeny from (a), expanded to

include sub-haplogroups within hg R1b defined by M18, M73, M269

and M167 [1,6]. The two observed homoplasic instances of the P25 C-

allele are indicated by hgs R1b3-P25b and R1b3f-P25c. A hypothetical

haplogroup defined by back-mutation at P25 on a chromosome

ancestral for M18, M73 and M269 is shown in grey (hg R1b-P25d); note

that this would be indistinguishable from hg R1*. Examples of

SNaPshot electropherograms are shown to the right.

Figure 3: Median joining network of haplotypes in P25-conversion

chromosomes.

Circles represent haplotypes, with area proportional to frequency. Lines

between circles are mutational steps, with the shortest line representing a

single step. Chromosomes belonging to hgs R1*, R1b*, and R1b3f are

indicated.
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Figure 4: SNaPshot electropherograms showing possible C/A/A conversion.

Chromosome IP9 shows a normal A:C ratio, while IP807 has a reproducibly

higher ratio.

Figure 5: Possible configurations of the AZFc region leading to gene

conversion of P25 PSVs.

Repeat units of the AZFc region [12] are shown paired intrahelically (parts a

and b) or interhelically (part c). Within paired regions, gene conversion could

lead to transfer of sequence information from one copy of P25 to another (in

dotted ovals).

a) Giant hairpin formation by the P1 palindrome allowing conversion

between g2 and g3 copies of P25. This would lead to the conversions

observed in this study, and may be more frequent than the conversions

shown in (b) and (c).

b) Stem-loop formation allowing conversion between g1 and g3 copies of

P25.

c) Unequal pairing of sister-chromatids allowing conversion between g1

and g2 copies of P25.
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