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Abstract

A large number of short tandem repeat (STR) markers spanning the entire human X
chromosome have been described and established for use in forensic genetic
testing. Due to their particular mode of inheritance, X-STRs often allow easy and
informative haplotyping in kinship cases. Moreover, some X-STRs are known to be
tightly linked so that, in combination, they constitute even more complex genetic
markers than each STR taken individually. As a consequence, X-STRs have proven
to be a particularly powerful tool for solving deficiency cases. However, valid
quantification of the evidence provided by X-STR genotypes in the form of likelihood
ratios requires that the recombination rates between markers are exactly known. In a
collaborative family study, we used X-STR genotype data from 401 two- and three-
generation families to derive valid estimates of the recombination rates between 12
forensic markers, namely DXS10148, DXS10135, DXS8378, DXS7132, DXS 10079,
DXS10074, DXS10103, HPRTB, DXS10101, DXS10146, DXS10134 and DXS7423.
Our study is the first to simultaneously allow for mutation and recombination in the
likelihood calculations, thereby obviating the bias-prone practice of excluding

ambiguous transmission events from further consideration.
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Introduction

Genotyping of X-chromosomal short tandem repeats (X-STRs) has become a useful
tool in forensic genetics. In the recent past, a large number of X-STRs spanning the
entire human X chromosome have been described [1-5]. Joint consideration of X-
STRs can yield even more complex and informative genetic systems provided that
the probability of inter-marker recombination is negligible and that haplotypes
therefore segregate stably within families. In fact, sharing of rare X-STRs haplotypes
has been recognized as being strongly indicative of kinship [6].

Haplotyping is easier with X-STRs than with autosomal markers. Since males are
hemizygous for all X-chromosomal loci, their X-STR haplotypes are revealed directly
by genotyping. In addition, for pedigrees in which critical kinship relationships are
beyond doubt, it may be possible to determine female X-STR haplotypes with
sufficient accuracy as well. Women always carry the entire paternal X chromosome
so that their X-STR haplotypes can be assessed, for example, by genotyping their
biological father. Likewise, genotyping of a mother and at least one son may also
reveal both maternal haplotypes albeit with some residual uncertainty due to the
possibility of female recombination.

Recently, eight X-STRs were evaluated for forensic use and were included into the
Mentype® Argus X-8 PCR amplification kit [7]. For practical purposes, the eight
markers have been group so far into pairs constituting four (presumably) independent
linkage groups, namely DXS10135 - DXS8378, DXS7132 - DXS10074, HPRTB -
DXS10101, and DXS10134 - DXS7423 [6]. Linkage within groups has been regarded
to be sufficiently tight for the chance of intra-pair recombination to be negligible in
practice. These postulates complied with published recombination data [8-10],
including our own earlier family studies [6, 11], although only a small number of
meioses were studied.

To allow female recombination to be taken properly into account in quantitative
kinship analyses using X-STRs, the recombination fractions between the respective
markers need to be known precisely [12]. Recently, two studies [13, 14] strongly
suggested that our abovementioned rough and preliminary estimates of the
recombination fractions between the Argus X-8 markers needed to be modified. This
led us to publish the recombination pattern of 39 X-STRs as observed in German
three-generation families, comprising a total of 135 meioses [15]. However, since the

accuracy of the recombination fraction estimates ensuing from such analyses is



critically dependent upon the number of meioses studied, we choose to expand upon
the aforementioned German study. Here, we present the results of an international
multi-center study of X-STR recombination in a much larger number of female
meioses, thereby allowing more precise estimation of the recombination fractions of
interest. Moreover, by following a comprehensive likelihood-based approach, we
were able for the first time to allow for meiotic mutation in the estimation of X-STR
recombination fractions. With a view to increase the informativity of currently used
marker panels, we included four additional STRS in our study, namely DXS10148
[16], DXS10079 [3], DXS10103 [2] and DXS10146 [17], to complement the Argus X-8
kit (Table 1).

Material and Methods

Families

Individuals investigated in the present study originated from one of six European or
two Asian centers routinely involved in kinship testing. Probands belonged to the
testing clientele of the centers or came from families of either students or friends of
the authors. Specimens of the latter were de-identified before genotyping. Samples
were collected from two types of families. Type | families were three-generation
pedigrees comprising a man, one or more of his daughters and several of the
daughters’ sons. Type | families with more than one daughter were split into sub-
families comprising a single mother, her father and her sons. After splitting, the total
number of type | families available for analysis equaled 216. Type Il families
comprised a single mother and two or more sons (n=185). In total, our data included
genotypes from 1284 individuals, all of whom had given their written informed

consent prior to the study.

DNA extraction and genotyping

DNA was extracted from buccal cells using the Chelex method or QlAamp DNA
extraction Kit (Qiagen, Hilden/Germany). The Mentype® Argus X-8 PCR amplification
kit (Biotype AG, Dresden, Germany) was used to amplify the following STR loci:
DXS10135, DXS8378, DXS7132, DXS10074, HPRTB, DXS10101, DXS10134 and
DXS7423. Cycling conditions and allele calling were according to the producer’s
instructions. Four additional STRs, namely DXS10148, DXS10079, DXS10103 and
DXS10146, were analyzed using PCR primers designed on the basis of GenBank

information and making use of the Primer3 software (Table 2). Amplification was



carried out in a 25 ul quadroplex PCR setup using the Qiagen Multiplex-PCR Kit. The
mixture contained 10.1 uyl H20, 125 pl Qiagen-mastermix (containing Taq
polymerase) and the following quantities of primers solution (50 uM each): 0.16ul
DXS10148 F/R, DXS10079 F/R, DXS10103 F/R and 0.25ul DXS10146 F/R. The final
PCR setup contained 24 ul of this mixture plus 1ul DNA (1-5 ng). The amplification
protocol was as follows: 95°C for 15 min; 95°C for 30 sec, 60°C for 40 sec, 72°C for
40 sec ; 28 cycles ; 60°C for 20 min, 4°C for ever.

Since genotyping was carried out in different institutions, the laboratory equipment
used varied somehow. Nevertheless, in all cases, automatic PCR cyclers were
employed for DNA amplification. Fragment analysis was carried out on one of the
genetic analyzers (ABI310, ABI3100 or ABI3130) produced by Applied Biosystems
(Foster City, CA) [3]. Fragment sizes were determined using an internal lane
standard (GS 400 HD) together with a set of standard DNA samples.

Of the 401 families in our study, 48 were genotyped for the Argus X-8 set only (1 of
type |, 47 of type IlI). Another 17 families (all of type |) were also typed for markers
DXS10079 and DXS10103. Six families (all of type |) were genotyped for all markers
except DXS10148 whereas the remaining 330 families were typed for all 12 markers,
with only sporadically missing genotypes. An overview of the genotyping scope is

provided in Table 3.

Data quality control

One type | family had to be removed from the data because the maternal genotype
information was incomplete for all loci. Genotypes at single loci were missing in
several families (either sporadically or systematically). In order to allow these families
to nevertheless contribute linkage information at other loci, all family members were
assigned identical homo- or hemizygous genotypes, respectively, to render the locus
in question uninformative for linkage.

Eight genotype incompatibilities (6 in type | families, 2 in type Il families) could be
attributed to single-step mutations (Table 3). Since the grandparental genotype in
type | families was used only to infer maternal phase (see below), grandparental
alleles were set equal to the maternal ones in these cases. One apparently
erroneous offspring genotype in a type Il family was corrected on the basis of the
other genotypes in the family (arguing that the original genotype entry would have
required either a double recombination or multiple mutation events, which was

deemed extremely unlikely). In another type Il family with five sons, one son was



excluded from the data because an apparently erroneous genotype at one STR could
not be resolved with certainty. In all other cases of unresolved genotype
incompatibilities, the respective marker was made uninformative for linkage by

assigning all family members the same homo- or hemizygous genotype.

Likelihood formulation

Estimation of the recombination fraction between adjacent X-STRs was based upon
comprehensive likelihood calculations taking the possibility of single-step mutation
into account. Mutations of more than one repeat, or towards fractions of a repeat,
were deemed too unlikely to warrant explicit consideration. In those rare instances
where a multi-step mutation could not be ruled out, genotypes were made
uninformative.

Families analyzed in the present study were of one of two types, either
grandfather-mother-sons (type 1) or mother-sons (type Il). For both types, the
likelihood of a family genotype can be explicitly formulated as follows: If there are n
X-STRs of known physical order, let (01,...,6n-1) denote the pair-wise recombination
fractions between adjacent markers, and let u be the (uniform and symmetric) one-
step mutation rate. For a given mother-son pair, let Ve{1,2}" denote the so-called
‘inheritance vector’ of the son, where V(i) indicates the grandparental origin of the
allele at the i-th STR (i.e., V(i)=1 for grandpaternal, V(i)=2 for grandmaternal).

The conditional likelihood of a particular genotype gs(i)i=1.n of a son, given the

phased maternal genotype gm(i,j)i=1.nj=1.2 and an inheritance vector V, equals

m-1 m
(1) L(9s | G 0150 04y 11, V) = H[G +(1=-20) 1)y e ] H[H +(1-3n)- 1gm(i,V(i))=gs(i)] .

i=1 i=1
The conditional likelihood of the genotype of the son, given the phased maternal
genotype alone, is obtained by summing the term in (1) over all 2" possible

inheritance vectors, i.e.

2"
(2) L(s | G O15- 00, 1) = D L(Ty | Gs 01504, 0,11, V).
j=1

In type | families, knowledge of the grandpaternal genotype allows phasing of the
maternal genotype so that the likelihood of the whole family is simply the product of
the son-specific likelihoods given in (2). In type Il families, in contrast, the maternal
phase is usually unknown and the likelihood calculation has to take this uncertainty

into account by summing the aforementioned likelihood products over all 2" possible



maternal phases. Finally, the likelihood of the total data is obtained by multiplying all

family-specific likelihoods.

Likelihood maximization

To our knowledge, there is currently no publicly available computer program that
would allow estimation of recombination fractions between STRs using the fully
comprehensive likelihood model formulated in the previous section. Therefore,
maximum-likelihood estimates (MLE) of the recombination fractions between
adjacent markers were obtained in the present study by means of statistic software R
v 2.13.0 [18], using in-house scripts. More specifically, likelihood maximization with
respect to recombination fractions was carried out with the optim function, which
employs the so-called ‘L-BFGS-B’ method [19] to allow for box constraints on
parameters. To avoid numerical underflow, recombination rates were limited to the
interval between 10 and 0.5. The one-sided mutation rate p was set equal to 0.001
for all markers, which represents an average of recent estimates for X-STRs [20, 21],
and which also agrees well with the findings of the present study (see Supplementary
Table 1). In fact, we observed 8 mutations in 10,290 informative meioses, which
corresponds to a two-sided p of 7.8x10* (Table 3). However, this figure is likely to be
an underestimate of the true mutation rate because mutations were systematically
overlooked in cases where the mutated allele was identical to the other maternal
allele.

Recombination fractions were estimated in two phases, first considering only the
eight markers of the Mentype® Argus X-8 kit, then comprising all 12 X-STRs. Three
different sets of starting values were chosen for each maximization round.

1. Recombination fractions were interpolated from known physical inter-marker
distances (Table 2) applying a rule-of-thumb whereby 1 Megabase (Mb) of
DNA corresponds to a genetic distance of 1 centiMorgan (cM). Genetic
distances are derived from recombination fractions, and vice versa, by so-
called ‘mapping functions’ [22, 23]. Here, we transformed genetic distances
into 6 values using Kosambi’s mapping function [24].

2. All recombination fractions between adjacent markers were set equal to 0.25.

3. Complete linkage was assumed within linkage groups (i.e., 6=10%) and free

recombination was assumed between linkage groups (i.e., 6=0.5).



Results

The main goal of the present study was to estimate as precisely as possible the
recombination fractions between 12 X-chromosomal STRs in current forensic use.
Genotyping of three X-STRs per linkage group yielded a highly polymorphic system
in all four groups. Thus, maternal genotypes that were completely uninformative for
linkage between adjacent groups were only rare (Table 3). As a consequence, most
recombination events between adjacent linkage groups could be identified directly in
the 270 to 279 informative meioses comprising our type | families. In type Il families,
between 397 and 406 informative meioses were available for analysis (Table 3), but
identification of recombination events was less certain because of the inherent
uncertainty about maternal phase.

Interestingly, 45 apparent recombination events in our data set were also
explicable by a single-step mutation. A particularly illustrative example of the resulting
ambiguity is provided by Portuguese type | family 252 (Fig. 1). While the single male
offspring in this case clearly has inherited markers DXS10148 to DXS10074 from his
grandmother and markers DXS10101 to DXS7423 from his grandfather, the location
of the intermittent recombination breakpoint is unclear. If allele 19 of DXS10103 was
indeed of grandmaternal origin (scenario A), as suggested by its actual repeat
number, then this would have required a recombination within linkage group IlIl.
Alternatively, the boy could have inherited the whole of grandpaternal linkage group
[l if allele 18 has mutated to allele 19 in his mother's meiosis (scenario B). In
conclusion, since the likelihood of X-STR mutations may be of similar or even higher
order than that of recombination within linkage groups, estimation of recombination
fractions by mere counting and exclusion of ambiguous transmission events was
deemed too unreliable. Instead, a comprehensive likelihood analysis of the available
data was performed, including simultaneous allowance for both mutation and
recombination in strictly formalized fashion.

Maximum likelihood estimation revealed that only linkage groups | and Il are
unlinked in the sense that the recombination fraction between them equals 0.5 (Table
4). This result was obtained irrespective of whether only the Mentype® Argus X-8 kit
markers or all 12 STRs were taken into consideration in the analysis. We also found
evidence for recombination within linkage group |, particularly between DXS10148
and DXS10135 (Table 4) for which the recombination fraction was estimated to be

~1%. Between linkage groups Il and Ill, and between groups Ill and IV, a



considerably reduced recombination fraction was inferred in our study, with maximum
likelihood estimates equal to 0.4274 for DXS10074 - DXS10103 and 0.3227 for
DXS10101 - DXS10146 (Table 4). Intra-group linkage was also found to be less than
perfect within linkage groups Il to 1V, with recombination fraction estimates ranging
up to 0.0199 for DXS10146 - DXS10134.

Discussion

As has been demonstrated many times before, exact likelihood calculation in kinship
testing with physically linked markers requires the consideration of both linkage and
linkage disequilibrium (LD), not only for the X chromosome [1, 6, 12, 13], but in
general [25]. The computational relevance of the two characteristics is a function of
their actual tightness and strength, which implies that it may be admissible to
numerically treat very loosely linked makers (or groups of markers) as if they were
located on different chromosomes. For closely linked markers, however, it is usually
impossible to make any ex ante predictions as to what extent negligence of linkage
and/or LD will inflate or deflate the likelihood ratio in a given case. Therefore, it
seems advisable to perform most precise likelihood calculations in all instances of
kinship analysis, irrespective of the hypotheses under consideration.

The tightness of linkage between two genetic loci is measured by their
recombination fraction, rather than their physical distance, because recombination
intensity is known to vary in the genome, i.e. even equidistant loci on one and the
same chromosome may recombine with different probability. Therefore, extrapolation
of genetic distances from physical maps, or from existing genetic maps using
physical distance as an extrapolation basis, can only provide a provisionary
substitute of an empirical estimation of recombination fractions. Anyhow, publicly
available genetic maps such as that of the Laboratory of Computational Genetics at
Rutgers University [26] strongly suggested that X-STR linkage groups | to Il were
loosely linked whereas the genetic distance between groups Ill and IV was
extrapolated as ~34 cM (Table 1). All intra-group genetic distances were reported to
be well below 1 cM. In order to validate these figures, and to facilitate reliable use of
X-STRs in practical kinship analysis, we choose to expand the existing German
family data [15] into an international collaborative study.

As regards the observation of free recombination between linkage groups | and II,

our analysis corroborates both the Rutgers map and findings by Tomas et al. [27], but



contradicts the results of both Pamjav et al. [28] and Tilmar et al. [13] who
independently claimed a somewhat reduced recombination fraction between these
two linkage groups (Table 4). Just the opposite picture emerged for linkage groups I
and lll, where the analyses by Tomas et al. [27] and Tilmar et al. [13] suggested free
recombination, in line with the Rutgers map, whereas our study, like that of Pamjav et
al. [28], was indicative of a recombination fraction of ~0.42. Finally, all studies were
found to agree about the notably reduced probability of recombination between
linkage groups Il and IV, where our estimate of 0.3255 is close to that of Tomas et
al. [27].

Our comprehensive linkage analysis has provided evidence for non-negligible
internal recombination in all four linkage groups. Compared to other studies that
suggested some intra-group recombination fractions to be notably larger than zero
[13, 27], our estimates were predominantly higher (Table 4). This is not surprising
because none of the other studies was simultaneously taking the possibility of
mutation and recombination into account. Instead, ambiguous cases like the one
depicted in Fig. 1 were either disregarded or treated as definitive mutations, owing to
the small physical distance between STRs in the same linkage group. However, both
approaches lead to a downward bias of the recombination fraction estimates and are
therefore inferior to a thorough likelihood-based analysis of the complete genotype
data.

As we have noted above, it may sometimes be impossible to distinguish between
recombination and mutation as the true cause of an apparent recombination. In such
cases, typing of flanking markers could be useful. International collaborations
therefore seem warranted to establish additional X-chromosomal markers, even if
they may not be used routinely in forensic case work. In any case, the most
appropriate way to allow for ambiguities in the assignment of recombination
breakpoints would be to use suitable pedigree analysis software. We have previously
advocated use of the MLINK program originally developed for mapping and risk
calculations in Mendelian disease genetics [12]. However, MLINK and other pedigree
analysis packages have rather limited capabilities, not only in terms of handling
mutations, but also as regards the number and variability of markers included.
Eventually, this was the reason for using in-house scripts for likelihood calculations in

the present study. There can be no doubt that the development of powerful software



tools specifically tailored to the needs of comprehensive STR analysis would an
exercise highly welcome by the forensic genetics community.

In order to allow better judgment of the relative importance of meiotic X-STR
mutation, either in population studies or in individual kinship case work, we have
collected mutation rates from the literature and added this information to the present
study as electronic supplementary material (Supplementary Table 1). It must be
taken into account, however, that these figures may be underestimates of the true
mutation rates because not all mutations that actually occurred may have been
detected in the respective studies.

The Mentype® Argus X-8 kit has become well established in forensic case work,
and its expanded successor, the Argus-X 12 kit, is now available. As regards
recombination, our analysis presented here has helped to derive a basis for correct
likelihood calculation in kinship testing using both kits. However, recombination
fractions and mutation rates are only one half of the story. For the future, the most
important challenge is to derive sufficiently accurate haplotype frequency estimates
for the four linkage groups, in different world populations. The samples used here for
studying recombination and mutation originated from different populations and
ethnicities, and therefore cannot provide an appropriate population database for
estimating haplotype frequencies. Therefore, we recommend that scientists who take
the trouble to genotype their local populations share their data with the forensic

genetics community at www.chrx-str.org.
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Table 1: Physical and genetic localisation of 12 X-STRs, according to NCBI built 36

and the Rutgers Map v.2, respectively

Linkage Cytogenetic Physical Genetic

Marker group localisation localisation [Mb] localisation [cM]

DXS10148 Xp22.31 9.198 19.842
DXS10135 I Xp 22.31 9.199 20.032
DXS8378 Xp 22.31 9.330 20.20°
DXS7132 Xcen 64.572 90.75°
DXS10079 Il Xq12 66.632 90.822
DXS10074 Xq12 66.894 90.832
DXS10103 Xq26.2 133.246 149.37°
HPRTB 1] Xq26.2 133.443 149.66°
DXS10101 Xq26.3 133.482 149.752
DXS10146 Xq28 149.335 183.72°2
DXS10134 IV Xq28 149.401 183.96°2
DXS7423 Xq28 149.460 184.192

a: calculated from the respective physical marker position using the Rutgers Map
Interpolator (http://compgen.rutgers.edu/old/map-interpolator/); b: derived from actual
recombination fraction estimates provided by the Rutgers Map v.2 using Kosambi’s
mapping function [24]

Table 2: Primer sequences and positions of four X-STRs not included in the
Mentype® Argus X-8 kit

Marker Primer labelling and sequence amplicon 3' primer
length [bp] position [bp]
DXS10148-F Hex-AAAAAAGGGGGAAGGAAGGA 215 - 262 9,198,969
DXS10148-R GGCTATTTCTCCTGCATAAG 9,199,205
DXS10079-F Fam-GAGAATGGCTTGAACCTGG 313 - 357 66,632,537
DXS10079-R GTTTGCCTGTGTTGTAACATCCT 66,632,882
DXS10103-F Hex -TCATAATCACATATCACATGAGC 160-200 133.246.578
DXS10103-R AAACAGAACCAGGGGAATGAA 133.246.757
DXS10146-F Fam-CTGCCTTGCCCTTCCTACC' 178 - 268 149,334,927
DXS10146-R GAAAAAGAAAGAAAGACAGAGA' 149,335,115




Table 3: X-STR genotype data used for linkage analysis

No. linkage-informative meioses®

a 1 C
Marker Type | families  Type Il families No. mutations
DXS10148 208 260 2 (742)
DXS10135 255 274 378 403 1 (902)
DXS8378 177 278 1 (900)
DXS7132 213 323 1(901)
DXS10079 235 277 237 406 0 (796)
DXS10074 242 336 1 (903)
DXS10103 234 244 0 (797)
HPRTB 214 279 312 398 0 (903)
DXS10101 245 335 0 (900)
DXS10146 228 248 0 (745)
DXS10134 226 270 353 397 2 (900)
DXS7423 173 270 0 (901)

a: STRs not included in the Mentype® Argus X-8 kit are highlighted. b: Given for each
family type is the number of sons with a mother that was heterozygous for the marker
in question (left column) or for at least one marker from the respective linkage group
(right column). c: The figure in brackets is the number of mutation-informative
meioses.
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Table 4: Estimates of the recombination fraction between adjacent X-STRs

Marker interval All 12 loci Mentype® Argus X-8
Present Tomaset Pamjav et Present Tillmar et
study al. al. study al.
2011[27] 2011 [28] 2008 [13]
DXS10148 - 0.0106 0.0001 -.- -.- -.-
DXS10135
DXS10135 - 0.0000 0.0001 -.- 0.0015 0.00
DXS8378
DXS8378 - 0.5000 0.5000 0.3872 0.5000 0.45
DXS7132
DXS7132 - 0.0064 0.0132 -.- 0.0106 0.01
DXS10079
DXS10079 - 0.0080 0.0001 -.-
DXS10074
DXS10074 - 0.4274 0.5000 0.4002 0.4144 0.50
DXS10103
DXS10103 - 0.0095 0.0001 -.-
HPRTB
HPRTB - 0.0000 0.0001 -.- 0.0000 0.00
DXS10101
DXS10101 - 0.3227 0.3142 0.3672 0.3178 0.25
DXS10146
DXS10146 - 0.0199 0.0001 -.-
DXS10134
DXS10134 - 0.0000 0.0078 -.- 0.0017 0.02
DXS7423

a: The paper by Pamjav et al. [27] reported only recombination fractions between, but
not within, linkage groups.
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Fig. 1: Example of an ambiguous X-STR transmission event provided by family 252.
The genotype of individual 252-904 is explicable either by a maternal recombination
between markers DXS10103 and HPRT within linkage group Il (A) or by a
recombination between DXS10074 (linkage group Il) and DXS10103 (linkage group
[I) plus a single-step mutation from 18 repeats to 19 repeats at DXS10103.

DXS10148 17
DXS10135 25
DXS8378 12
252-902 DXS7132 13
DXS10079 19
DXS10074 8
DXS10103 18
HPRTB 12
DXS10101 29
DXS10146 29
DXS10134 35
DXS10148 17 B 17 DXS7423 14
DXS10135 25 W 25
Dxs837s 12 B 12
Dxs7132 13 B 15
DXS10079 19 B 17
DxS10074 8 [ 18 252-903
DXS10103 18 W 19
HPRTB 12 W 13 A ®)
DXS10101 29 W 31 DXS10148 17 1 17
DXS10146 29 W 31 DXS10135 25 iil | 25
DXS10134 35 W 31 DXS8378 12 ii 12
DXS7423 14 14 DXS7132 15 15
DXS10079 17 }” 17
DXS10074 18 18
DXS10103 19 18 > 19
HPRTB 12 }Ill 12
DXS10101 29 29
055.904 DXS10146 29 29
DXS10134 35 }IV 35
DXS7423 14 14



