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Forensic genetic laboratories perform an increasing amount of genetic analyses of the X chromosome, in
particular to solve complex cases of kinship analysis. For some biological relationships X-chromosomal
markers can be more informative than autosomal markers, and there are a large number of markers,
methods and databases that have been described for forensic use. Due to their particular mode of

Keywords: inheritance, and their physical location on a single chromosome, some specific considerations are
XChromosome required when estimating the weight of evidence for X-chromosomal marker DNA data. The DNA
Linkage Commission of the International Society for Forensic Genetics (ISFG) hereby presents guidelines and
Linkage disequilibrium recommendations for the use of X-chromosomal markers in kinship analysis with a special focus on the
Haplotype . . . . . . JR .. .

Recombination biostatistical evaluation. Linkage and linkage disequilibrium (association of alleles) are of special
Paternity importance for such evaluations and these concepts and the implications for likelihood calculations are
Kinship described in more detail. Furthermore it is important to use appropriate computer software that accounts

for linkage and linkage disequilibrium among loci, as well as for mutations. Even though some software
exist, there is still a need for further improvement of dedicated software.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction databases described for forensic use [7-11], as well as commercial

kits, for example a kit comprising the analysis of 12 X-STRs

Short tandem repeat (STR) markers located on the X chromo-
some (X-STRs) may assist resolution of complex kinship cases as
these markers can sometimes be more informative than autosomal
STRs depending on the genetic relationship being explored [1-4].
In the analysis of X-chromosomal specific markers, the same type
of genetic variation (e.g. STRs, SNPs and Indels) and genotyping
methodologies as for autosomes is being used [2,5,6]. There are
already a large number of markers, methodologies/protocols and
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(Investigator Argus X-12 QS Kit, QIAGEN, Hilden, Germany).
Recommendations established for autosomal and Y-chromosomal
specific markers [12-14] can be applied to X-chromosomal ones
without the need for special consideration, as far as validation
requirements for laboratory methods, locus and allele nomencla-
ture are concerned. The majority of the initial population genetic
investigations were carried out among individuals of European
ancestry, while it was later observed in studies from world-wide
populations that some of the tandem repeat structures are more
complex and variable than initially observed [15-18]. Thus, care
must be taken to ensure that allele definitions correctly represent
the existing level of genetic variation.

Nevertheless, due to their particular mode of genetic transmis-
sion, physical location on a single chromosome and the absence of
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recombination in male meiosis, several specific considerations are
required when using X-chromosomal markers in a forensic
context, particularly for biostatistical evaluations. Therefore, along
with recommendations on the use of X-chromosomal markers in
kinship analysis, the aim of these guidelines is to review the main
theoretical concepts associated to the specific transmission of the
X chromosome, the possibility of linkage among loci, and the high
degree of susceptibility to linkage disequilibrium (LD) between
alleles at different loci.

2. Scope and limitations

The scope of this paper will be limited to the use of X-
chromosomal markers in kinship analyses, but the general
concepts apply also to other applications, with the exception of
the analysis of X-chromosomal markers in mixtures (i.e. profiles
with two or more contributors). The interpretation of DNA profiles
from linked markers observed in forensic mixtures has been
shown to contain an additional level of complexity [19], and will
not be addressed in the present recommendations.

We follow the ISFG recommendations given by Gjertson et al.
[20], unless otherwise stated. Therefore, a likelihood ratio (LR)
approach is used in the biostatistical evaluations of kinships, based
on X-chromosomal genetic profiles. Phylogenetic applications
involving problems extending over a large number of generations
are not considered.

This paper aims at putting together some general guidelines to
be used as reference for those that are currently using X-STRs in
kinship analyses. For new practitioners with limited experience on
X-STRs, we recommend to first consulting some review articles
[2,21] for a comprehensive introduction.

3. When X-chromosomal markers can be useful in kinship
analysis

There are many standard cases where X-chromosomal analyses
are superfluous. For instance, standard paternity cases (duos and
trios) can usually be resolved based solely on autosomal markers.
However, due to their specific mode of inheritance, there are
several situations where the X-chromosomal markers can be more
informative than autosomal, Y-chromosomal, or mitochondrial
DNA (mtDNA) markers. In paternity cases, where the information
from the autosomal markers is not sufficient to reach a conclusion,
the X-chromosomal markers can represent a useful supplementary
tool, e.g. in cases with few genetic inconsistencies [4]. When few
inconsistencies are observed between the alleged father and the
daughter, the most likely explanations are either that mutations
have occurred or that the alleged father is closely related to the
true father. For example, consider a father/daughter paternity case
(Fig.1).If the biological father is the father (with different mothers)
of the alleged father, or if the biological father is the son of the
alleged father, they will not share X-chromosomal alleles identical
by descent (IBD). For these cases, an analysis using X-chromosomal
markers can be much more informative than using autosomal
markers.

There are also cases where the routinely used set of autosomal
markers needs to be supplemented due to poor amplification
results (for example, in paternity investigation from exhumed
remains). For father-daughter duos, in case of inclusion, the
analysis of X-chromosomal markers can give valuable additional
information, since there is only one allele that can be transmitted
from the father to the daughter, and more informative LRs can be
expected than for the autosomal markers.

X-chromosomal markers can be used as a sole way of inferring
relationships, particularly when high LR values are expected
compared to the ones expected from autosomal markers. There are
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Fig. 1. When few inconsistencies exist between the alleged father (AF) and the
daughter (C) in a standard paternity duo case (upper), the most likely explanations
are either that mutations have occurred or that there is another close relationship
between the alleged father and the child. If the true father is the father (with
different mothers) (lower right), or son (lower left) of the alleged father, they will
not share X-chromosomal alleles identical by descent (IBD) and the X-chromosomal
markers can be much more informative than the autosomal markers.

different methods available that can be used a priori to evaluate the
necessity and utility of X-chromosomal analyses. One way is to
estimate exclusion probabilities [22]. An alternative is to perform
simulations in order to obtain and evaluate distributions of LRs for
particular case scenarios. As an example of the latter we performed
simulations to obtain distributions of LRs and exceedance
probabilities: the probability to exceed certain LR thresholds. If
10 of 1000 simulated LRs for a specific hypothesis exceed a
threshold, say 10,000, the exceedance probability is 0.01 (1%). Such
exceedance probabilities summarise simulation in a useful way as
they are closer linked to conclusions and verbal statements than
other summary statistics like median values or percentiles. Further
examples of efficient calculation of exceedance probabilities are
provided in Kruijver [23]. We performed simulations for two
different X-chromosomal marker sets (Investigator Argus X-12 QS
Kit (QIAGEN) and Decaplex [9]) for 28 different kinship scenarios
(Supplementary Tables S1 and S2).

The use of X-chromosomal markers can be particularly
important in some kinship cases, where the exclusion or inclusion
powers are higher than those for autosomal markers with the same
gene diversity [24]. For example, when comparing two alleged
paternal half-sisters or an alleged paternal grandmother and a
granddaughter (Figs. 2 and 3, respectively), other than for
autosomal markers, the exclusion probability for X-chromosomal
markers is not zero [2,4].

There are also some pedigrees that cannot be resolved with
autosomal markers but can potentially be distinguished from each
other by using information from the X chromosome. For instance,
no matter the number of (unlinked) autosomal markers that we

/

Fig. 2. A case scenario for which the exclusion probability (for the paternal half-
sisters hypothesis (left)) is not null for X-chromosomal markers.
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Fig. 3. A case scenario for which the exclusion probability (for an alleged paternal
grandmother (AGM) and a granddaughter (C) hypothesis (left)) is not null for X-
chromosomal markers.

use, the hypotheses paternal grandfather/granddaughter and
paternal uncle/niece will be always equally likely. However, the
likelihoods obtained for these two hypotheses can be different for
X-STRs (Fig. 4). Other examples of pedigrees distinguishable by X-
chromosomal markers but not by unlinked autosomal markers can
be found in [3].

X-chromosomal markers can further be useful for inbred cases
involving a female child as shown in Supplementary Fig. S1. The
question is whether the child was fathered by the brother of the
mother or by the father of the mother, in cases where data is
available only from the grandmother and the child (and possibly
also the mother). If the brother is the true father, the grandmother
and child must share X-alleles, not so for the father.

Recommendation #1

In paternity cases (duos or trios, with a daughter), X-STR
analysis should be used to supplement DNA testing results
when the information obtained from standard autosomal
markers is inconclusive, such as may be observed in paternity
cases with few genetic inconsistencies.

Recommendation #2

X-chromosomal markers should be used in specific kinship
cases when the exclusion power does not equal null in contrast
to the autosomal markers examined. Important examples
include full or paternal half sibling duos involving two females,
and paternal grandmother/granddaughter duos. Furthermore,
X-chromosomal markers should be used in situations where
two alternative hypotheses possess the same likelihood for
autosomal markers but are expected to differ when X-
chromosomal markers are examined. X-chromosomal analysis
may also help to distinguish possible related fathers in incest
cases.

Dank

2

Fig. 4. Two pedigrees (paternal grandfather/granddaughter (left) and paternal
uncle/niece (right)), which cannot be resolved with autosomal (unlinked) markers
but could be distinguished when using X-chromosomal markers. DNA data are
available for a male individual (M) and a child (C).

4. Linkage and linkage disequilibrium

Linkage and linkage disequilibrium (or allelic association) are
two concepts of dependencies that become relevant when
analysing multiple loci with close physical location, such as for
X-STR multiplexes. Although linkage and LD have some properties
in common it is important to keep the discussion about them
separate, since there are differences regarding their definition,
their impact and in how they are accounted for in the calculation of
the LR. Linkage is a consequence of genetic recombination causing
closely located markers to be inherited as a unit from parent to
child with a higher probability than physically separated or
independent markers. Linkage is accounted for via transmission
probabilities where the recombination rate, between the linked
loci, is a key component. LD, on the other hand, exists when alleles
at different loci occur together, at a population level, more (or less)
often than expected by chance. This non-random association can
be caused by linkage or other population genetic effects like
population substructure, non-random mating, migration etc. LD is
accounted for by using haplotype frequencies instead of allele
frequencies [25].

4.1. Linkage

As noted above linkage is a consequence of the recombination
process occurring between two homologous chromosomes during
meiosis (Fig. 5). If more than 50% of the gametes are expected to
have the same segment as the parental chromosome (on which the
two markers are located), the two markers are linked. Conse-
quently, two markers are considered unlinked when an odd
number of recombinations is expected to occur in 50% of the times
during meioses.

There are several ways to study if loci are linked or not. Most
often it is performed via segregation analysis in multi-generation
families in order to estimate the recombination rate (also referred
to as recombination frequency or recombination fraction), but
linkage can also be studied based on larger population based
studies, like the HapMap project [26], to create maps of genetic
distances. Traditionally, such distances are given in centiMorgans
(cM) and there are several mapping functions designed to convert
genetic distances to recombination rates (e.g. Haldane's [27] and
Kosambi's [28]). For markers on the same chromosome, a general
rule of thumb is the assumption of no linkage, when the genetic
distance is at least 50 cM, resulting in independent transmission to
the offspring. Even though this rule is sometimes applicable, 50 cM
is roughly equal to a recombination rate of 32%. This follows using
Haldane's mapping function with x =50:

. 1- expz(—Zﬁ) _1- eép(—l) ~0.32

sl isele Linkage disequilibrium?
' «— = ?
MZa O M2: b/ P(C, b)=p(C)p(b)’
\ Probability « Deviation
M1{A)C M1: B/B
M2: a/a

M2\a/b

Linkage?
Probability « Distance

M1{A\B
M2\a/a
Fig. 5. An illustration of linkage and linkage disequilibrium.

The figure is reproduced with permission from T. Egeland, D. Kling and P. Mostad, In
Relationship Inference with Familias and R, Academic Press, San Diego, 2016.
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where r is the recombination rate and x is the genetic distance in
cM. Supplementary Fig. S2 illustrates an example of the effect of
the recombination rate on the LR, even for markers at 50 cM. When
using Haldane's or Kosambi's mapping functions, recombination
rates of approximately 50% are only obtained for genetic distances
larger than 200cM. In principle an independent transmission
cannot, therefore, be assumed for markers separated by less than
200 cM, unless a recombination rate of 50% is established using
genotype data from informative families.

Since the X chromosome is approximately 155 Mb long (approx.
180cM) [26], we can only select a maximum of 3-4 X-
chromosomal markers separated by more than 50 cM that would
segregate reasonably independent. However, to increase the
evidential weight, additional markers have been introduced within
the so called linkage groups (or clusters) [2]. Historically, it has
been suggested that markers within such linkage groups could be
assumed to transmit without recombination through generations
[29]. However, later studies of recombination rates based on family
studies have shown that this assumption may be misleading
[30,31], and the recommended approach is to account for
recombination even for markers within a linkage group. This
can be done in the biostatistical calculation in the same manner as
for linked markers located outside a linkage group [32]. In other
words, haplotypes are not necessarily transmitted unchanged
within a pedigree but may change due to recombination events.

For a valid interpretation of the weight of evidence, the rate of
recombination between adjacent markers in X-STR multiplexes
needs to be determined. For example, Nothnagel and colleagues
[30,31] estimated recombination rates for X-STR markers based on
family studies. Phillips and co-workers used another approach and
employed high density multi-point SNP data from population
studies in order to estimate the genetic positioning of X-STRs [33].

For some pedigrees it is not always necessary to account for
linkage when computing the LR. For example, under the
assumption of linkage equilibrium (LE), in a maternity duo case
scenario with X-chromosomal data from a putative mother and a
male child, the recombination parameter will not be in the final
formula (Box 1). Other situations where linkage will have no effect
on the LR include scenarios with certain genotype constellations
that cancel out the recombination rate parameter. There is,
however, no definitive rule determining the effect of linkage on
the results.

Software and tools are available for calculation of the LR for X-
chromosomal markers taking linkage into account (see more

details in Section 5). If linkage is not accounted for, the LR can
either be over-estimated or under-estimated compared to the
“true” LR as demonstrated in simulation studies [32,34].

Recommendation #3

Prior to using a X-chromosomal assay or commercial Kkit,
markers should be evaluated to determine whether or not they
are linked. Recombination rates should primarily be estimated
from family studies or secondarily via mapping functions based
on genetic distances. A recombination rate below 0.5 indicates
linkage.

Recommendation #4

Linkage should be accounted for when calculating LRs given
that the X-chromosomal markers are linked and that linkage
will have an impact on the final LR. This also includes
accounting for recombination events within a cluster of X-
chromosomal markers, known as linkage group.

4.2. Linkage disequilibrium

Linkage disequilibrium is exhibited by a non-random associa-
tion of alleles from different markers at a population level (Fig. 5).
These markers may or may not be located on the same
chromosome. If LD exists, a certain allelic combination (e.g.
haplotype) will be more or less common in the population
compared with the assumption of random association.

Since X recombination only occurs in women, alleles at markers
located on the X chromosome are generally expected to display a
higher degree of LD than autosomal markers. The lower mutation
rates observed in the female germ line (which apply to 2/3 of the X
chromosomes present in a population) also contribute to higher LD
values for X-chromosomal markers [35,36]. The study of LD
structure in one population should not be extrapolated to others
[36] since, in addition to the physical distance between markers,
other factors, typically related to the population history, will
contribute to LD. Population sub-structure will also have a strong
impact on the degree of LD [37]. It should also be noted that
recombination events break down LD structures over generations
[25,38].

Linkage equilibrium can be tested for by comparing differences
between observed and expected haplotype frequencies. This can,
for example, be achieved via an exact test, or a similar test, using a
dedicated software like e.g. Arlequin [39] and PLINK [40] (http://
pngu.mgh.harvard.edu/purcell/plink). There are also several librar-
ies in R (https://www.r-project.org/) with wide ranging relevant

Box 1.

Consider a maternity case involving a putative mother and a child (male). The data consist of two linked markers (separated with a
recombination rate, r) on the X chromosome. The putative mother has genotype a/b at marker 1 and ¢/d at marker 2, and the child
has genotype a at marker 1 and d at marker 2. The formula for the LR can then be written as (assuming that a, b, cand d are different
alleles):

Pr(DNA|mother of child) 2 -p,;-ppg-05-r+2-pag- Ppe-0.5(1—r)
Pr(DNAlunreIated) B (2 *Pac * Ppd + 2. Pad - pbc)pad
:pac'pbd'r+pad'pbc'(1 —I')
(2 *Pac * Pbd +2- Pad - pbc)pad
If LE holds (i.e. pxy,=px'p,) the LR becomes:

LR =

:2'pac'pbd'0‘5'r+2'pad'pbc'0~5(1 -
(2 *Pac - Ppd + 2. Pad - pbc)pad
_ _Pa PcPp-Pg-r+Pa-PePp Pa-(1—r) 1
(2-Pa Pe P Pdg+2-Pa PcPp Pa)PaPd 4 Pa Py
For a maternity case, the recombination rate has no impact on the final LR if LE can be assumed. However if LD exists linkage needs
to be accounted for even for a maternity case scenario as derived above.

LR
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functionality. Due to the relatively low power of these tests (i.e. the
probability to detect LD is low, when LD exists) the population size
should preferably be larger than the recommended size for
standard autosomal STR allele frequency databasing. The recom-
mended size of the database depends, as noted below, on several
factors like the number of markers in the haplotype and the
expected LD structure [24]. Large datasets are also preferred when
estimating haplotype frequencies as further discussed below.

Since the gametic phase of a female X-STR profile is usually
unknown (unless she is homozygous for all markers, for all
markers but one, or if informative family members are genotyped),
computations of likelihoods will involve iterations over all possible
allelic combinations (i.e., haplotypes) given the genotypes of each
individual (assuming Hardy-Weinberg equilibrium). It is therefore
important to note that this may require estimates of all possible
haplotype constellations given the detected alleles in the popula-
tion at the different markers. As commented above, this requires
large datasets in order to obtain accurate frequency estimates. We
are aware of no published studies to find the optimal database size,
but provide some crude guidelines: consider a three marker cluster
with each marker having 10 alleles. In total 1000 possible
haplotypes can be constructed from such cluster. In contrast,
databasing for single marker frequencies normally encompasses at
maximum of approximately 50 alleles [41]. It is up to each
laboratory to consider the database size in light of these numbers
together with data from empirical studies of the impact of various
database sizes [24,42], and other experiences. The recommended
approach for databasing is to analyse male individuals to generate
data for haplotype frequency estimates. A Dirichlet based model
has been proposed in order to also be able to account for
unobserved haplotypes [24,32,34]. Supplementary Table S3 con-
tains a reference list of more than 150 publications comprising
population frequencies for various X-chromosomal markers.

When computing likelihoods (and LRs) LD is accounted for by
using observed haplotype frequencies rather than those expected
from the product of the allele frequencies (i.e. assuming linkage
equilibrium). In the presence of LD, any likelihood ratio calculated
based on allele rather than haplotype frequencies could be biased
[32,34].

Furthermore, when LE can be assumed, the use of haplotype
frequencies should give the same result as multiplying single locus
allele frequencies. However, even though LE has been demonstrat-
ed, sampling effects (e.g. few samples) may falsely reject LD due to
low statistical power. Therefore, whenever doubts exist concerning
the presence of LD between closely linked markers, haplotype
frequencies should be adopted.

If no adequate haplotype frequencies but only allele frequencies
are available for a particular population background, the results of
a single marker within each of the X-chromosomal linkage groups
analysed in a given case could be used for biostatistical
calculations. This approach should however be used with care,
since the outcome might be biased. The result could depend on the
pedigree to be evaluated, the impact of linkage and the allele
frequencies. It is up to the laboratory the ensure an unbiased
outcome if using this approach.

Recommendation #5

Linkage equilibrium tests should be performed when
generating population frequency data for the markers in a X-
chromosomal marker multiplex.

Recommendation #6

X chromosome markers that are located closely to each
other and not in linkage equilibrium should be reported as
haplotype frequencies rather than single locus allele frequen-
cies for population databasing.

Recommendation #7

Haplotype frequencies should be used for likelihood
calculations when LD exists.

5. Tools available for LR calculation

Due to the necessity to account for linkage, manual calculations
based on multiple X-chromosomal loci involve greater complexity
and are therefore more prone to errors than non-linked markers.
Therefore the use of appropriate computer software is highly
recommended. If manual calculations (and algebraic formulas) are
necessary, they should always be checked against software results.

Following the recommendations of the Paternity Testing
Commission of the International Society for Forensic Genetics
[20], biostatistical evaluations should be based on a likelihood ratio
principle. For reasons mentioned above, it is important to use
software that accounts for linkage and linkage disequilibrium
among loci, as well as for mutations. When evaluating data from
individuals from a stratified population, the software should
ideally also be able to account for population substructure.

For obvious reasons, there are fewer available software pack-
ages for X-chromosome applications compared to the autosomal
counterpart. Problems similar to those now faced by the forensic
community have been encountered previously in other applied
areas of genetics, including human genetics. MINX (MERLIN IN X) is
the specific X-version of MERLIN, a program widely used for
linkage analysis in human applications [43,44]. The early versions
of the freely available FamLinkX [32] relied to a large extent on the
likelihood calculations of MERLIN. While MERLIN is still an
integrated part of FamLinkX, recent extensions including model-
ling of mutations (which is typically not accommodated in non-
forensic applications) combined with linkage and linkage disequi-
librium, have made the important parts of FAmLinkX independent
of MERLIN [24,32,45].

Several R libraries are useful. As an example, Supplementary
Fig. S2 is plotted using paramlink [46] (https://cran.r-project.org/
web/packages/paramlink/) and data simulated with the function
“markerSim”. As opposed to other software we are aware of, the
mentioned function can do conditional simulations (i.e. some
individuals, say children have been genotyped). Recently, para-
mlink was extended to allow for mutations. The Elston-Stewart
algorithm [47] is also implemented for one and two markers
(oneMarkerDistribution, twoMarkerDistribution) and this soft-
ware was used to validate FamLinkX. However, a distinguishing
feature of FamLinkX remains its ability to deal with mutation and
LD (the approach to account for LD in MERLIN is not generally
appropriate for the applications we have in mind, since MERLIN
assumes that no recombinations occur within a LD cluster (i.e.
linkage group)). The library IBDSIM, developed by Vigeland [48]
can simulate as indicated by the title and also estimates kinship
coefficients. The function “exclusionPower” computes the power
(of a single marker) of excluding a claimed relationship, given the
true relationship [46]. The mentioned R libraries work for general
pedigrees and both in the autosomal and the X-chromosomal case.

With a more generalised use of X-STRs in the forensic field,
especially to solve complex paternity cases and in the identifica-
tion of missing persons, it is expected that other software will be
available, incorporating the functionalities described above. As for
any other software calculating likelihood ratios to evaluate
competing kinship scenarios, the recommendations from the
DNA Commission of the ISFG on the validation of software
programs [49] should be followed.

Recommendation #8

Appropriate software should be used when calculating LRs
based on X-chromosomal markers in kinship analysis to avoid
manual calculation errors. The software should rely on
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likelihood calculations and should be able to accommodate
linkage, linkage disequilibrium and mutations.

Recommendation #9

As for any other software calculating likelihood ratios to
evaluate competing kinship scenarios, use of software for X-
chromosome applications should follow the recommendations
from the DNA Commission of the ISFG on the validation of
software programs [49].

6. Combining LRs from X-chromosomal and autosomal
information

If a population is not stratified, it is not expected to find LD
between alleles from markers at different chromosomes and it is
possible to multiply the LRs obtained for the autosomal and X-
chromosomal markers respectively, without any kind of correc-
tion. If population stratification exists, it must be taken into
account, requiring the use of correction parameters [50,51].

Moreover, in order to combine the LR from autosomal markers
with the LR from X-chromosomal markers, the case specific
hypotheses must be unambiguously formulated and be equivalent
for the autosomal and for the X-chromosomal calculations. For
example, one should not use a hypothesis like “not full siblings”, as
the alternative hypothesis to “full siblings”, but instead “unrelat-
ed”, or “half siblings” (if applicable).

Recommendation #10

Individual autosomal LR and X-chromosomal LR results
should only be combined whenever equivalent (and clearly
defined) hypotheses are used for both autosomal and X-
chromosomal data, and when it is appropriate to assume that
substructure and LD between autosomal and X-chromosomal
alleles do not play a role.
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