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ABSTRACT

The analysis of STRs located on the X chromosome has been one of the strategies used to address complex kinship
cases. Its usefulness is, however, limited by the low availability of population haplotype frequency data and lack
of knowledge on the probability of mutations. Due to the large amount of data required to obtain reliable es-
timates, it is important to investigate the possibility of grouping data from populations with similar profiles when
calculating these parameters. To better understand the partition of genetic diversity among human populations
for the X-STRs most used in forensics, an analysis was carried out based on data available in the literature and
new data (23,949 haplotypes in total; from these 10,445 new) obtained through collaborative exercises within
the Spanish and Portuguese Working Group of the International Society for Forensic Genetics. Based on the
available population data, a similarity in X-STR profiles was found in European populations, and in East Asian
populations, except for some isolates. A greater complexity was found for African, South American, and South
and Southeast Asian populations, preventing their grouping into large metapopulations. New segregation data on
2273 father/mother/daughter trios were also obtained, aiming for a more thorough analysis of X-STR mutation
rates. After combining our data with published information on father/mother/daughter trios, no mutations were
detected in 13 out of 37 loci analyzed. For the remaining loci, mutation rates varied between 2.68 x 10~*
(DXS7133) and 1.07x102 (DXS10135), being 5.2 times higher in the male (4.16 %x107%) than in the female

(8.01 x107H germline.

1. Introduction

In the last two decades, studies have been performed to investigate
the relevance of using X-chromosomal specific short tandem repeat
markers (X-STRs) in forensic genetics [1-3]. The presence of a single X
chromosome in males, which is only transmitted to the daughters, in-
creases the informative power of X versus autosomal loci in some spe-
cific kinship investigations [1]. However, if the case requires the
identification of a male individual the X-chromosomal markers have
lower discrimination power than the autosomal ones. Furthermore, in
male/female mixtures, the presence of up to two alleles in females and
only one allele in males decreases the chance of retrieving a male profile,
despite increasing the probability of recovering female alleles [2]. Thus,
X-chromosomal markers are essentially useful in establishing the anal-
ysis of biological kinships, especially in complex situations of identifi-
cation through relatives, where autosomal markers are not able to
produce conclusive results. In the simplest case of paternity (father--
daughter duos, with access to the putative father), when compared to
equally diverse autosomal STRs, the X-STRs have a higher mean exclu-
sion chance. Indeed, whenever the transmission is not interrupted by a
father-son relationship, the mean exclusion chance is the same or higher
for X-chromosomal markers than for autosomal ones [1]. Thus, X-STRs
have been shown to be useful as a complementary tool in paternity cases
where few genetic inconsistencies are observed for autosomal STRs.
Similarly, these markers are very useful to solve paternity cases in which
two questioned fathers are related as father and son, since the two men
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have different X chromosomes. Another advantage of the use of
X-chromosomal markers in kinship analysis is in situations where the
exclusion power is null for autosomal markers, e.g. in an indirect pa-
ternity investigation with only access to the putative paternal grand-
mother. In this case, there is an X-chromosomal allele that is necessarily
transmitted to the granddaughter (through the father), and the absence
of this sharing indicates a Mendelian incompatibility, only explained by
mutation. The same applies to cases in which the paternal sisterhood or
half-sisterhood is investigated, since the father necessarily transmits his
single X chromosome to all the daughters. Other examples where X-STRs
surpass the informative power of autosomal STRs to resolve kinship can
be found in several publications [2,4-6].

The recognition of the usefulness of X-chromosomal markers applied
to complex kinship analyses prompted the development of genotyping
methodologies for X-STRs, and the screening of allele/haplotype fre-
quency distributions in many populations worldwide. Alongside the
development of genotyping multiplexes based on PCR-CE methodolo-
gies (e.g. [7-15]), X-STRs have also been incorporated into forensic
marker panels designed for MPS (e.g. [16]). In parallel, interpretation
software was developed to account for the specific characteristics
associated with X-chromosomal loci, namely the specific mode of in-
heritance, mutation, linkage, and linkage disequilibrium between loci
[17].

For any genetic marker to be used in forensic casework, it is crucial to
know the probability of observing a given genetic profile in the relevant
population. The evaluation of forensic genetic evidence is based on
likelihood ratio (LR) principles, considering the probability of the
observed profile(s) under two alternative and mutually exclusive hy-
potheses [18]. This probability is usually calculated based on population
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allele frequencies, being, however, more complex when it comes to the
combined analysis of markers in linkage disequilibrium (LD). Since
marker independence can no longer be assumed, the final LR cannot be
obtained by multiplying the individual values computed for each locus.
The most direct implication for the use of markers in LD in kinship an-
alyses is the need to estimate haplotype frequencies in the population,
rather than single locus allele frequencies [5].

The underlying difficulties in estimating haplotype frequencies are
notorious for non-recombining markers such as those from the Y chro-
mosome and mitochondrial DNA (mtDNA), and different approaches
have been proposed to calculate the probability of the evidence based on
these markers [19-21]. Although to a lesser extent, the difficulty of
estimating haplotype frequencies is also applied to X-STRs that are in
LD, since the expected number of allelic combinations usually exceeds
the hundreds [22]. Therefore, very large population samples are needed
for a proper estimation of the haplotype frequencies in a population.

Another important parameter to consider in the application of ge-
netic markers in kinship analyses is the mutation rate. Due to the low
frequency and multiple factors associated with the probability of mu-
tation of a specific allele, the amount of data needed to obtain reliable
estimates is very high. The studies carried out so far on X-STRs show a
mutational behavior similar to that of autosomal STRs. X-chromosomal
marker mutation rates exhibit great variation between and within STRs
that depends on the number and structure of the repetitive motif,
varying also with the gender and age of the parent that underwent the
mutation [23].

In summary, the usefulness of X-STRs is well recognized in kinship
analyses and there are well-established genotyping and result interpre-
tation methodologies. However, although there are many reports on X-
STR allele/haplotype frequencies in several populations, the informa-
tion available is still fragmentary both in terms of the populations
analyzed and the markers included [3]. Moreover, the mutational data
available is still scarce to encompass the variation that is known to exist
between and within X-STR loci.

This study aimed to generate and compile data on X-STRs in different
populations worldwide, as well as data on segregation analyses in fa-
ther/mother/daughter trios. These data comprised 19 X-STRs widely
used in forensic genetics, which have been described in two PCR mul-
tiplexes with three overlapping loci: one with 10 X-STRs (X-Decaplex)
and the other with 12 X-STRs (Argus X-12).

A joint analysis of the new data obtained with those available in the
literature allowed for the comparison of different populations, and the
establishment of diversity and substructure levels. Additionally, more
thorough mutation rates were estimated based on segregation analyses
on father/mother/daughter trios.

2. Materials and methods
2.1. Sampling and genotyping methods

Data for this study was obtained through collaborative works of the
Spanish and Portuguese Working Group of the International Society for
Forensic Genetics (GHEP-ISFG). A total of 42 laboratories participated
by producing data on 1395 father/mother/daughter trios genotyped for
the X-Decaplex, and 878 trios genotyped for the Investigator Argus X-12
QS (Qiagen) loci. Only the daughters were used for population analyses,
after inferring the gametic phase using the information from their fa-
thers. Samples from 6066 unrelated males typed for the X-Decaplex were
also included.

Samples were obtained from former paternity cases or healthy vol-
unteers. In samples from paternity investigations, the biological rela-
tionship was previously confirmed using autosomal STRs (LR > 10,000).
Each laboratory ensured the anonymization of the samples and the
accomplishment of the legal and ethical requirements for their use in
this research project.

The 10 loci included in the X-Decaplex were genotyped as described
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in Gusmao et al. [10], and those of the kit Investigator Argus X-12 QS
(Qiagen) following the manufacturer’s instructions (Investigator®
Argus X-12 QS Handbook).

2.2. Population data and analyses

Population analyses were performed after joining the new data from
the present study with the previously published ones, where information
for X-Decaplex haplotypes or Argus Linkage Groups (LG1 to LG4) was
available (Supplementary data). The final dataset included 187 popu-
lation samples from 53 countries in Africa, America, Europe, and Asia
(see Fig. 1).

For the X-Decaplex markers, a total of 12,440 haplotypes were
compiled [14,24-39], including 8911 from this study (Supplementary
Table S1). From the literature, we only included data from complete
X-Decaplex male profiles. Data from Gusmao et al. [10] was not
considered, since the male profiles overlap with the fathers of the
daughters included in the present study, whose gametic phase was
inferred using the paternal information.

For the Argus X-12, a total of 11,509 full haplotypes were collected
[12,23,40-84], including 1534 new haplotypes. From the literature, we
have only included data from male profiles with haplotypic information
for the LGs. Some publications report the frequencies of LG haplotypes,
but do not include the full 12 X-STR haplotypes. Therefore, sample size
varied for the different LGs: 17,814 for LG1 and LG2; 17,349 for LG3;
and 16,732 for LG4 (Supplementary Table S1).

Allele and haplotype frequencies were calculated using the software
Arlequin ver 3.5.2.2 [85]. The same software was used for genetic
structure analyses, based on population pairwise comparisons using Fgr
values and corresponding non-differentiation p-values. Pairwise linkage
disequilibrium was also tested using Arlequin ver 3.5.2.2 [85]. In pop-
ulation differentiation and LD tests, Bonferroni’s correction was used to
adjust the significance level, dividing 0.05 by the total number of
pairwise comparisons.

2.3. Segregation data and mutation analyses

Data from 3748 father/mother/daughter trios was compiled from
the literature [9,13,23,86-102] and joined to the 2273 trios from this
study to estimate X-STR mutation rates (Supplementary Table S2).
Segregation data from father/daughter or mother/son duos were not
considered in this study, since the frequency of hidden mutations is
higher in these cases, when compared to father/mother/daughter trios,
and the different types of family data cannot be combined [103]. Con-
fidence intervals for mutation rates were estimated from the binomial
standard deviation and chi-square and Fisher’s exact tests were used to
assess the difference between the mean values of two subsets of data (the
latter used in the cases involving categories with no observations). In all
the cases a significance level o« = 0.05 was considered.

3. Results and discussion
3.1. Genetic structure analyses

With the aim of investigating the levels of genetic differentiation
within and between countries as well as continents, pairwise compari-
sons were performed between available population samples for the
studied X-STRs. The full list of haplotypes is provided as Supplementary
Data. Since the set of samples studied for the X-Decaplex and the Argus
X-12 loci do not overlap, analyses were performed separately for each
one of these sets and the results interpreted based on the overall find-
ings. Populations from the same country or continental region were
grouped, unless they showed large (>1 %) and statistically significant
Fgrs for the studied markers.
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Fig. 1. Final dataset used in population analyses, corresponding to published and new data from this study, obtained using X-Decaplex and Argus X-12 PCR-CE

multiplexes.

3.1.1. Pairwise population comparisons based on the X-Decaplex data

A hierarchical analysis was performed per country or continent,
depending on the number of representative populations.

Pairwise comparisons, showed non-significant Fsr values between
populations from the West-Central African region (Supplementary
Table S3). Although not statistically significant, the Fsr between Guinea-
Bissau and Equatorial Guinea was relatively high, which can be due to
the small sample size of the latter. Malawi, the only population from
Southeast Africa, presented low Fsrs with all populations from the West-
Central African region, except Guinea-Bissau. As expected, both
Morocco, in North Africa, and the Eastern population of a Nilotic-
speaking group from Uganda (Karimojong) presented significant dif-
ferences between them and with the remaining populations, except with
Equatorial Guinea, most likely for the reasons mentioned above.

Concerning the two Asian populations from Macau and Thailand, a
low, non-significant, Fsy was observed (Fst=0.0006; p = 0.40253).

When comparing populations from Central America, the Native
American groups from Guatemala and El Salvador showed non-
significant differences (Supplementary Table S4; Supplementary
Figure S1). In pairwise Fgt analyses among the admixed populations, all
values were below 1 %, except between Guatemala and Panama. Be-
tween these two countries, the non-differentiation probability was not
significant, although the Fst was relatively high (0.01416). In contrast, a
significant differentiation was observed between Costa Rica and
Nicaragua, but for a low Fgr value, due to the large sample sizes.

Among the 10 population samples from Argentina, the three Native
groups showed significant differences among them and with the
remaining samples from non-Native (admixed) populations
(Supplementary Table S5; Supplementary Figure S2). Except in com-
parisons involving the Northeastern populations of Corrientes and
Misiones, all pairwise Fsrs were low (Fs7<0.0053), with no statistically
significant differentiation detected among the populations from the
Central and South regions, for the studied markers.

The 14 population samples from Brazil were analyzed considering
the main geographic regions of the country: Southeast (including Ara-
raquara, Belo Horizonte, Sao Paulo, Rio de Janeiro and Vitoria),

Northeast (Bahia), North (Belem), Central-West (Brasilia, Mato Grosso,
Mato Grosso do Sul), and South (Parana, Santa Catarina and Rio Grande
do Sul). Although statistically significant differences were observed in
some pairwise comparisons of populations from the same region, the
Fsps were all below 1% (Supplementary Table S6; Supplementary
Figure S3). The same was observed between samples from Southeast,
Central-West, and South regions. However, statistically significant Fgys,
above 1 %, were observed in pairwise comparisons involving pop-
ulations from the North and Northeast regions.

In the comparison of the Colombian samples, high Fsy values were
observed between Chocé and the remaining populations
(Supplementary Table S7; Supplementary Figure S4), which is somehow
expected due to the high African ancestry reported for this region in the
Pacific Coast [104]. The same trend was observed for Bolivar, although
with smaller distances. Lower Fsys were observed among the remaining
populations, all located in the Andean region. However, all pairwise
comparisons involving Bogotd resulted in Fsrs slightly above 1 %
(0.0102 <Fs7<0.0109).

The three population samples from Ecuador presented large, statis-
tically significant Fgrs, as expected considering that they correspond to
different ethnic groups, namely the Kichwa, the Waorani and an
Admixed population sample (known as Mestizos). The Fsy values were
0.04407 between Kichwa and Mestizos (p < 0.000005), 0.06778 be-
tween Waorani and Mestizos (p < 0.000005), and 0.05898 between
Kichwa and Waorani (p = 0.00099).

Between the two population samples from Venezuela (Central region
and Maracaibo), a low, non-significant, Fs was observed (Fsy=0.0021;
p = 0.0584).

When comparing European populations within and between coun-
tries, only the Portuguese Gypsies and the Canary Island populations
showed significant differences in some pairwise comparisons, with Fgr
values above 1 % (Supplementary Table S8). Fgr values among the
remaining populations from Portugal, Italy, Ireland, Spain, and France
were below 1 % (Supplementary Table S8).

Based on the above-described results, a new pairwise Fsr analysis
was performed after grouping country/continent neighboring
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populations with no evidence of presenting large distances (Fsr<0.01).
The results obtained are displayed in Supplementary Table S9 and rep-
resented in the MDS plot in Fig. 2. In Fig. 2, the smaller and more iso-
lated populations, including the Native American groups from Wichi,
Colla, Toba, Kichwa and Waorani, as well as the Portuguese Gypsies, are
spread in the MDS plot, not grouping with each other nor with other
populations. Some groups (based on small Fsrs) can be discerned. Con-
cerning the populations from Central and South America, it can be seen
that Argentina, Venezuela, Colombia (Andes), Brazil (North region) and
Central American Admixed populations are located between Europe and
a cluster of populations with high Native American ancestry (from Peru
and Ecuador), which are close to the Central American Natives. The
remaining samples from South America are located between Europe and
Africa: (i) Brazil Center and South regions clustering with Bogota, close
to Europe; (ii) Brazil Northeast region is slightly away towards Africa;
and (iii) Chocé (Colombia) is closer to Africa than to Europe. The
dispersion on the plot of the admixed populations from Central and
South America is in accordance with the different levels of African,
European, and Native American ancestries previously reported for these
populations [104-110]. As for the population of the Canary Islands, it is
far from the Western European group, not showing a significant differ-
entiation with Morocco. This result is supported by previous studies
showing a North African genetic inheritance in this archipelago [111],
especially evident when considering mtDNA [112]. Since the X-chro-
mosomal population background has a greater maternal than paternal
contribution, it is therefore expected that these markers show greater
affinity to North African populations when compared to the autosomal
ones.

3.1.2. Pairwise population comparisons based on the Argus X-12 data

As for the X-Decaplex, pairwise Fst analyses at different populational
levels were performed using Argus X-12 data, to understand which
samples could be grouped in a metapopulation, assuming a low Fst and/
or non-significant differentiation probability.

Different populations/ethnic groups reported for the same country
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were pooled whenever they were shown not to be significantly different
in the original publication. For instance, the samples from the 3 ethnic
groups from Morocco were grouped in a single population (called
Morocco), since no significant differentiation was reported among them
in the original study [83]. The same was done for the Sri-Lankan eth-
nicities studied by Perera et al. [80], since low genetic distances were
observed among them (Fsrs < 0.00375). The Zhuang and Mulao from
the Chinese province of Guangxi were also joined, based on the results
from Xiao et al. [75]. In accordance with the findings from Cortés-Tru-
jillo et al. [69], a single population sample from Mexico was considered,
including data from 7 different country regions. Also, following the
original publication, a single population sample from Iran was consid-
ered, including the Persians, Lurs, Kurds and Azeris ethnic groups [51].
The samples from Sardinian open populations were grouped since no
significant differentiation was detected among them, in contrast with
the isolated populations that were more heterogeneous and were
considered separately [64]. The nine subpopulations from Greece were
pooled according to the results from the original study [50].

Concerning samples from the same population/country/region re-
ported in different studies, a first analysis was performed to see if they
were not significantly different.

When comparing haplotype frequencies between the different Jew-
ish groups, no statistically significant differences were observed for
pairwise Fsy values for the 4 LGs, after applying Bonferroni correction
for ten comparisons inside each LG (LG1, p > 0.0894; LG2, p > 0.0120;
LG3, p > 0.1674; LG4, p > 0.0080). For this study, these samples were
pooled in a single group. However, high Fsy values were found in some
comparisons, showing that studies with larger samples are needed to
determine the true degree of differentiation between them. In fact, these
population samples were compared in a previous study for a higher
number of X-chromosomal markers, and significant differences were
reported between some of them [59].

The 18 populations from Asia were compared inside three
geographic regions: East, Southeast and South Asia, and grouped
whenever genetic distances were below the defined threshold of Fsr

2.5
X-DECAPLEX A Isolates
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Fig. 2. MDS plot of pairwise genetic distances (Fsr) after population grouping, based on the X-Decaplex. Inside the yellow circles are populations with low (non-

significant) distances. Population codes are described in Table S9.
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(lower than 1%) or non-statistically significant (Supplementary
Figure S5). Although belonging to different ethnic groups (Manchu,
Shenyang and Han, from Liaoning, and Korean from Jilin), the 4 pop-
ulation samples from the Northeast region of China were grouped since
low, non-significant, pairwise Fsrs were detected for the 4 LGs
(Fs7<0.0023). This sample from Northeast China was further compared
with samples from North (Inner Mongolia), Northwest (Xinjiang),
Eastern (Shanghai) and South (Guangxi) regions. Small values of genetic
distance were observed among them, with a single exception at LG2
between Xinjiang (Uyghur) and Shenyang populations (Fsy=0.0120).
When comparing China, Japan and Taiwan, although Fsrs above 1 %
were detected for LG4 in comparisons involving Taiwan, no significant
non-differentiation p-values were obtained among them (p > 0.1305).
Therefore, we have considered all these populations together as repre-
senting East Asia. Concerning populations from Southeast Asia
(Malaysia, Philippines, Thailand and Borneo), samples from Thailand
were joined (-0.0021 <Fsr< 0.0122; p > 0.0057), and significant Fgs
were obtained in the remaining pairwise comparisons, for at least one
LG. South Asia was represented by population samples from India, Sri-
Lanka and Bangladesh. The two population samples from Bangladesh
were pooled [48,63], since no significant Fsrs were found between them
(FsT< 0.0036; p > 0.1828). In this group, Fsts above 1 % and statisti-
cally significant p-values were only observed for LG3, between the Jat
Sikh population from Punjab (India) and the Bangladesh and India Bhil.

Concerning South America, the results of differentiation analyses
between samples from the 23 Argentinean provinces allowed grouping
them in four regions, namely: Northwest (Catamarca, Jujuy, La Rioja,
Salta, Santiago del Estero and Tucuman), Northeast (Chaco, Corrientes,
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Formosa and Misiones), Central (Buenos Aires, Cordoba, Entre Rios, La
Pampa, Mendoza, San Juan, San Luis, and Santa Fe), and South (Chubut,
Neuquén, Rio Negro, Santa Cruz, and Tierra del Fuego) (Supplementary
Table S10). The three Brazilian population samples from the Southeast
region (Supplementary Table S1) showed non-significant differences in
all LGs (Fsr<0.0049; p > 0.0276). When comparing the four Ecuadorian
population samples (Supplementary Table S1), high Fs values (from
0.0194 to 0.0259) were observed in some comparisons between the
sample from general population described in Pinto et al. [23] and the
three population groups included in Flores-Espinoza et al. [78],
although not statistically significant (above the significance level of
0.0083), most probably due to the small sample size (n = 22).

For the European samples, a first pooling between populations from
the same country was performed whenever non-significant Fsrs were
observed. Samples from the 4 regions of Croatia (North, South, East and
West) were pooled (Fsr<0.0097; p > 0.0126); all Portuguese samples
were treated as a single population (Fsr<0.0059; p > 0.0541); Italy
isolated populations were maintained separated from the open pop-
ulations; and Spain was divided in mainland and Balearic Islands. A
second comparison was carried out among all European populations (see
Supplementary Table S11). Based on the Fgr results and corresponding
non-differentiation probabilities, population samples were further
grouped as follows: East Europe (Belarus, Czech Republic, Lithuania,
and Slovenia), Southeast Europe (Albania, Croatia, Greece, and Serbia),
and West Europe (Denmark, Germany, Italy, Portugal, Spain, and
Sweden).

For the African dataset available, most pairwise comparisons
involving Morocco, Somalia and Eritrea showed significant differences
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Fig. 3. MDS plot of pairwise genetic distances (Fst) after population grouping, for the four LGs of the ARGUS X-12, including populations from Asia (yellow), Europe
(red), Africa (blue), Middle East (purple) and South America (green). Population codes are described in Table S13.
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(Supplementary Table S12). Between the 2 Western African populations
from Guinea-Bissau and the Ivory Coast, differentiation was detected at
LG 4, but not for the other linkage groups.

Based on the above-described results, a new pairwise Fsr analysis
was performed after grouping country/continent neighboring pop-
ulations with no evidence of presenting statistically significant differ-
entiation or large distances (Fsr>0.01). The results obtained are
displayed in Supplementary Table S13 and represented in the MDS plots
in Fig. 3. Samples from West, Southeast and East Europe are grouped in
all LG MDS plots, showing non-significant differentiation among them
(Fs7<0.00049). These European samples showed non-statistically sig-
nificant differences with Balearic Islands (Spain), although for larger
distances (Fs7<0.0070). Population isolates from Sardinia (Italy)
showed significant differences with the European group populations for
at least one LG. The four populations from the Middle East present low
(non-statistically significant) Fss in all pairwise comparisons, except for
LG1 between Turkey and Iran, and between Dubai and Iran. Concerning
the Asian continent, large significant differences were found among
East, Southeast and South regions, as well as within Southeast and South
regions. The samples from different Argentinean regions showed non-
significant differences with all Fst values below 0.0074. Nonetheless,
as previously observed for the X-Decaplex, South America shows a high
variation on the genetic background of populations from different
countries, preventing their grouping into a single metapopulation.

3.2. Segregation and mutation analyses

Among the 2273 father/mother/daughter trios analyzed in this study
(1395 analyzed for the X-Decaplex and 878 for the Argus X-12), 145
Mendelian incompatibilities were detected. A total of 19 X-STRs were
analyzed, and marker specific allele transfers varied between 873 and
2273. Incompatibilities were not detected at DXS9898 (N = 1395). For
the remaining X-STRs, the number of incompatibilities varied from one,
at DXS10103 (N = 878) and DXS7133 (N = 1395), to 28 at DXS7132
(N =2266) (Supplementary Table S14). Two of the 145 in-
compatibilities can be explained by null alleles at DXS6789 and
GATA172D05, respectively, since both mother and daughter show a
single allele at these loci. In these cases, when calculating the LR in
kinship analyses it is important to consider both the mutation rate and
the frequency of null alleles to reconcile the apparent inconsistency
under the assumption of relatedness. In the population analyses, 10 null
alleles were detected, seven of which at GATA172D05 locus, two at
DXS7133 and one at DXS10101 (see Supplementary Data). In most
cases, the population frequency was low (namely, for DXS7133 the
frequency was 1/1623 in Portugal and 1/3038 in Brazil; for
GATA172D05 it was 1/3038 in Brazil, 1/1952 in Spain; and for
DXS10101, 1/871 in Portugal), except for GATA172D05 in Italy (5/
406). Regarding the frequency of X-STR null alleles, it should be noted
that these are always detected in male profiles. However, when father,
mother, daughter trios are analyzed to establish the gametic phase in the
daughter, and all of them are apparent homozygous for the same allele,
null alleles may go unnoticed, as the mother could be in fact heterozy-
gous and have transmitted the null allele. In this study, since the hap-
lotypes of the daughters were inferred based on those of the parents, it is
possible that the frequency of null alleles is slightly underestimated.

The remaining incompatibilities can be explained by mutation, with
one trio showing a genotypic configuration compatible with both a
maternal and a paternal mutation at DXS10101 (Supplementary
Table S14).

It is worth noting that total or partial (maternal) uniparental dis-
omies (UPD) were ruled out by analyzing the genotypic and haplotypic
configuration of the trios for which Mendelian incompatibilities were
found. Indeed, compensatory mechanisms occurring at early stages of
development may lead to euploid individuals with a UPD - see, e.g.
[113]. This is relevant for the topic under study because it is expected
that individuals with a UPD exhibit mendelian incompatibilities with
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parental genotypic configurations, especially for highly polymorphic
markers as those analyzed. This may be confused with the occurrence of
a mutation. Assuming that two identical by descent (IBD) alleles are
identical by state, a total uniparental disomy implies the same IBD state
of the alleles for all markers, which can be either IBD, and thus auto-
zygous (isodisomy) or non-IBD (heterodisomy, only possible in the case
of a maternal disomy). On the other hand, partial uniparental disomy
(possible only for maternal inheritance in the case of the X chromosome)
exhibit both IBD states across the chromosomes. None of the haplotypic
configurations of the individuals of the trios where mendelian in-
compatibilities were observed supported the presence of total or partial
(maternal) uniparental disomy.

3.2.1. Locus specific mutation rates

Locus specific mutation rates were calculated after combining our
data with published information on father/mother/daughter trios [9,13,
23,72,86-102] (Table 1). Data was obtained for 37 X-STRs, including
the 19 from this study. The average mutation rate for the 37 X-STRs was
2.827 x 1073, being higher when just considering the Argus-X12
(4.021 x1073) than the X-Decaplex markers (1.635 %x1072). No muta-
tions were detected in 13 loci, for 10 of which less than 1000 allelic
transmissions were investigated (100 < N < 950). In these 10 cases, the
upper limit of the 95 % confidence interval (CI) is above the average
mutation rate for all loci, supporting that the null estimate may be a
consequence of the low sample size. Contrarily, the results obtained for

Table 1
Locus specific mutation rates calculated after combining new and published data
on father/mother/daughter trios for 37 X-STRs, including the 19 from this study.

Marker Total

No. of No. of Mutation Lower Upper
Meiosis Mutations Rate CI CI
(95 %) (95 %)
DXS10074 6096 28 0.0046 0.0031 0.0066
DXS10075 620 3 0.0048 0.0010 0.0141
DXS10079 5594 39 0.0070 0.0050 0.0095
DXS101 2104 1 0.0005 0.0000 0.0026
DXS10101 5434 14 0.0026 0.0014 0.0043
DXS10103 4980 7 0.0014 0.0006 0.0029
DXS10134 5582 23 0.0041 0.0026 0.0062
DXS10135 5426 58 0.0107 0.0081 0.0138
DXS10146 4978 26 0.0052 0.0034 0.0076
DXS10147 874 0 0.0000 0.0000 0.0042
DXS10148 4978 22 0.0044 0.0028 0.0067
DXS10159 116 0 0.0000 0.0000 0.0313
DXS6789 5332 11 0.0021 0.0010 0.0037
DXS6793 100 0 0.0000 0.0000 0.0362
DXS6795 950 0 0.0000 0.0000 0.0039
DXS6797 168 0 0.0000 0.0000 0.0217
DXS6800 904 0 0.0000 0.0000 0.0041
DXS6801 720 0 0.0000 0.0000 0.0051
DXS6803 1694 3 0.0018 0.0004 0.0052
DXS6807 196 0 0.0000 0.0000 0.0186
DXS6809 4220 11 0.0026 0.0013 0.0047
DXS6810 216 1 0.0046 0.0001 0.0255
DXS7130 834 0 0.0000 0.0000 0.0044
DXS7132 10,936 59 0.0054 0.0041 0.0070
DXS7133 3738 1 0.0003 0.0000 0.0015
DXS7423 9544 6 0.0006 0.0002 0.0014
DXS7424 1950 2 0.0010 0.0001 0.0037
DXS8377 330 2 0.0061 0.0007 0.0217
DXS8378 9662 9 0.0009 0.0004 0.0018
DXS981 1604 0 0.0000 0.0000 0.0023
(STRX1)

DXS9895 156 0 0.0000 0.0000 0.0234
DXS9898 3552 0 0.0000 0.0000 0.0010
DXS9902 3880 11 0.0028 0.0014 0.0051
GATA165B12 1738 0 0.0000 0.0000 0.0021
GATA172D05 4142 4 0.0010 0.0003 0.0025
GATA31E08 4580 3 0.0007 0.0001 0.0019
HPRTB 6958 9 0.0013 0.0006 0.0025
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the other three X-STRs (DXS9898, DXS981, and GATA165B12), for
which no mutations were detected, support low mutation rates, being
included within the 7th first ranked markers with lower 95 % upper
limit interval.

For the remaining loci for which mutations were observed, rate es-
timates showed to be variable, with the lowest (2.675)(10’4 for
DXS7133) being 40 times lower than the largest (1.069x1072 for
DXS10135), and the 95 % lower limit interval of the latter being 5.5
times greater than the upper limit of the first.

3.2.2. Paternal and maternal mutation rates

The expected male mutation bias in humans was estimated to be
around 6 [114], although varying with age. It is, however, noteworthy
that male/female bias can be accentuated in the case of haplodiploid
genomes since maternal transmissions are more prone to hidden muta-
tions than paternal ones, as previously shown using simulated data
[115]. Among the 143 mutations observed in this study, and assuming
the most parsimonious event, 110 were compatible with paternal origin,
15 with maternal one, and 18 were indetermined (Supplementary
Table S14). When combining new and data collected from the literature,
260 out of the 353 mutations observed were shown to be compatible
with paternal origin, and 50 with maternal one (Supplementary
Table S15). The estimated mutation rate was thus 5.2 times higher in
males than in females, a gender bias that has been frequently described
in humans, as well as in other mammals [114,116], due to the higher
number of cell divisions in the male than in the female germline. The
differential between the estimated mutation rates depending on the
most parsimonious parental origin is represented in Fig. 4 for the
markers for which more than 1000 meiosis were observed.

The parental origin of the remaining mutations (43 out of the 353)
could not be ascertained, as the genotypic configurations could be
attributed either to a paternal or a maternal event. This means that these
mutations would not have been detected if father-daughter or mother-
daughter duos had been analyzed. Therefore, if hidden mutations are
ignored, the average mutation rate in father-daughter duos
(4.164 x1073)is 5.2 times greater than the one in mother-daughter duos
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(8.007 x10~ 4. As before, caution should be taken in the weighing of
this gender imbalance, since hidden mutations are more likely in
mother-daughter than in father-daughter duos [115].

3.2.3. Parental age and mutation rates

The parental age of the individuals was gathered from 3391 trios
from this study and from Pinto et al. [23] (Supplementary Table S16 and
Fig. 5). For both fathers and mothers, the age class with more subjects is
the one considering individuals older than 20, and younger than 26.
Statistically significant results were obtained when grouping fathers in
two classes according to their age: younger or older than 20, 25, 30 or 35
years old (p < 0.0370). Nonetheless, the differences observed were low,
with age increasing rates varying between 1.4 and 1.9 times (Fig. 5 and
Supplementary Table S17). It is generally accepted that the likelihood of
a paternal mutation occurring is positively correlated with the age of the
father [117]. Although our data supports this trend for age classes be-
tween 20 and 35 years old, no support was obtained for other classes,
possibly due to small sample sizes associated with large confidence in-
tervals. No statistically significant differences were found when
considering maternal mutation rates according to age -classes
(Supplementary Table S17). In any case, the impact of the paternal age
on the mutation rate is expected to be low, in agreement with previous
results obtained for Y-STRs [118].

3.2.4. Single and multistep mutation rates

For 340 of the 353 mutations analyzed it was possible to ascertain
the number of step-changes involved (Supplementary Table S18). Mu-
tations compatible with changes regarding a non-integer number of
repeats were also observed (N = 3). The number of mutations compat-
ible with single-step repeat changes (N = 331) was 55.2 times greater
(chi-square statistic = 204.192; p < 0.00001) than those involving
multiple-steps (N =6) (Table 2). This unbalance tends to be over-
estimated since multi-step mutations may be interpreted as single step
ones (assuming this to be the most parsimonious reasoning), as previ-
ously shown using simulated data [119]. However, it is worth high-
lighting that this overestimation is smaller when analyzing haplodiploid

—@— Paternal Mutation Rate

Fig. 4. Overall, maternal and paternal mutation rates for the set of markers for which more than 1000 allelic transmissions were observed, and the corresponding
95 % ClIs (faded lines, detailed information is provided in Supplementary Table S15).
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Fig. 5. Average values of paternal (Pat) and maternal (Mat) mutation rates in different age groups, and the corresponding 95 % CIs (detailed information is provided

in Supplementary Table S17).

Table 2

Number of mutations for which information on the number of apparent mutational steps involved was available. NI represents mutations non compatible with

mutations involving an integer number of repeats.

Marker Total
No. of mutations Mutational steps NI
{+1} {-1} {-1}v{+ 1} >{+1} < {1}

HPRTB 9 6 3 0 0 0 0
DXS7132 59 26 28 4 1 0 0
DXS7133 1 1 0 0 0 0 0
GATA172D05 4 3 1 0 0 0 0
DXS8378 9 2 4 3 0 0 0
DXS7423 6 2 4 0 0 0 0
DXS6809 11 5 5 1 0 0 0
DXS6789 11 6 5 0 0 0 0
GATA31E08 3 0 3 0 0 0 0
DXS9902 10 4 4 2 0 0 0
DXS10135 58 25 31 0 0 1 1
DXS10074 28 11 16 0 1 0 0
DXS10101 14 8 5 0 0 1 0
DXS10134 23 10 11 0 1 0 1
DXS10148 22 9 12 0 0 1 0
DXS10079 39 17 22 0 0 0 0
DXS10103 7 4 3 0 0 0 0
DXS10146 26 11 14 0 0 0 1
Total 340 150 171 10 3 3 3

instead of diploid markers [119]. No gender association was found be-
tween the apparent parental origin of the mutation, and the type of
occurring changes involving either single or multiple repeats
(p = 0.9058). No significant differences were found when comparing the
number of mutations involving either the gain or loss of repeats
(p = 0.4117), even when considering either paternal (p = 0.0808) or
maternal (p = 0.2204) mutations, separately. As previously shown for
Y-STRs [118], the trend to gain or lose repeats is correlated with the
number of repeats of the parental allele. A similar analysis is not
straightforward in the case of haploidploid transmission, as the

transmitted maternal allele cannot be ascertained.

3.2.5. Metapopulation specific mutation rates

After pooling datasets based on the results of population differenti-
ation analyses, metapopulation specific mutation rates were estimated
for the set of markers for which more than 600 meiosis were observed,
for at least one pair of metapopulations (Fig. 6). The following meta-
population groups were defined: Europe, East Asia, Brazil, and Ecuador
and Peru (see Supplementary Table S19).

Although mutation rate estimates varied among metapopulations,
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Fig. 6. Mutation rates when considering the data grouped by metapopulation, for the set of markers for which at least 600 meiosis were analyzed for at least one
metapopulation pair. EUR: Europe, EAS: East Asia, ECU+PE: Ecuador and Peru, and BR: Brazil.

the large 95 % CI intervals did not allow excluding sample size effects. In
fact, statistically significant differences were only observed for the
marker DXS10134, considering Europe and Brazil (p = 0.013838, Sup-
plementary Table S19). For all the other markers no statistically sig-
nificant differences were observed, and no metapopulation showed
consistently the greater or the lower mutation rates, which will depend
on the allelic frequency distributions of the populations for the different
markers.

4. Conclusions

The analysis of X-STRs is one of the strategies used to tackle complex
kinship cases. Its usefulness is, however, limited by the low availability
of population allele/haplotype frequency data and lack of knowledge
about the probability of mutation occurrence. Within the scope of this
study, the population data published for the two multiplex systems most
used in forensics were compiled, as well as data were generated for a
significant number of haplotypes: nearly 25,000 haplotypes of either X-
Decaplex or Argus X-12 kits (available as supplementary data), for
various populations. The comparative population analysis performed
demonstrated significant heterogeneity of populations in Africa, Amer-
ica, Middle East, and Southeast and South Asia. There are few data for
African and South and Southeast Asian populations, and the differenti-
ation found within these regions can be explained by the representation
of distant populations and/or different ethnicities. Much more data is
available for South America, and the heterogeneity observed is
explained by different levels of intercontinental admixture. It is known
that in South America there was a sex-biased process of admixture that
led to a high European paternal contribution in most countries. Native
and African maternal inheritance is, however, more heterogeneous,
which explains greater differentiation regarding X-chromosomal than
autosomal or Y-chromosomal markers. In contrast, populations from
Europe and East Asia showed shorter genetic distances, except for some
isolates, anticipating the possibility of generating metapopulations
within these continents, allowing better estimates of LD and haplotype
frequencies inside LGs to be obtained.

Compiled and new father-mother-daughter data allowed us to obtain
more precise locus-specific estimates, also taking into consideration the
parental origin and age, the type of mutation, and the metapopulation
under analysis. Our data supports both the greater prevalence of
paternal mutations, over the maternal ones, and the occurrence of single
step mutations, over those involving a greater number of repeats.
Nevertheless, caution should be taken in both cases when quantifying
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these biases, since in haplodiploid transmission it is not possible to
ascertain which maternal allele was transmitted. In any case, this bias is
less accentuated for X-chromosomal than for autosomal markers. Con-
cerning paternal age effect on mutation rate, a significant correlation
was detected between 20 and 35 years old, but data proved to be
insufficient for inferences for older ages, due to large 95 % Cls.

Regarding kinship analyses with X chromosomal markers, theoret-
ical frameworks were already established for LR computations for both
euploid [4] and aneuploid individuals [120], and devoted software for
the first was already developed [17]. In most investigations, the popu-
lation profile is considered when calculating allele/haplotype fre-
quencies, but the mutation rates used are usually independent of the
population. It is known, however, that the different factors that affect
the probability of mutation are not independent of the population and,
even, that the allelic distribution profile affects the frequency of hidden
mutations. Limitations in the estimates per metapopulation were also
encountered, on one hand due to the lack of sufficient data and, on the
other, due to the complexity of some regions with a high population
substructure.

Due to the scarcity of the available data, there is currently no model
that takes into account all the variables expected to affect X-STR mu-
tation rates (e.g., repeat composition, number of repeats, age of the fa-
ther, etc.). Among the models implemented in FamLinkX [17], the one
that best fits the biological phenomenon, including the variables so far
demonstrated to be correlated with the frequency of mutations is the
"Extended model". This model, unlike the others implemented in this
software, allows accounting for the probability of both different step
mutations (defined by a “range”) and of mutations involving a
non-integer number of repeats (denoted as “rate 2). Nonetheless, and
unfortunately, the lack of currently available data does not allow ac-
curate estimates of these parameters.

In summary, although providing a large amount of new data, this
study highlights the limitations of a still fragmented representation of
worldwide populations for the X-STRs used in forensics. The available
data also proved to be insufficient to evaluate the effect of all parameters
that are expected to affect mutation rates. Therefore, further population
and segregation studies are still needed to fill this gap, particularly for
populations on understudied continents.
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