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ARTICLE INFO ABSTRACT

Keywords:
Deep-Rooted pedigree

Haplotyping of Y-chromosomal short tandem repeats (Y-STRs) reflects the paternal lineage, although, the father-
son pair profiles may differ due to the germline mutations. In order to discriminate between closely related males
Y'STR‘ in criminal cases, as well as for the correct application of Y-STRs in the paternity/kinship analysis and de-
Mutation rate termination of the most recent common ancestor in the familial searching or genealogy research, the assessment
of mutation rates of routinely used Y-STRs is of a great importance. We genotyped 120 males belonging to one
wide deep-rooted pedigree separated by 1-20 meiosis. The haplotypes of analyzed males distributed over 12
different families (according to their surnames), with 113 originating from one ancestor, and the remaining 7
from the second, closely related to the previous one, belong to the R1b haplogroup. The analysis was performed
using Powerplex® Y23 kit, Yfiler” plus kit and 13 rapidly mutating (RM13) Y-STRs. In 20,855 allele transmis-
sions, 175 mutations (61% repeat losses and 39% gains) and one gene conversion event were found at 25 out of
36 markers. The medians of locus-specific mutation rates estimated using the Bayesian approach ranged from
1.42 x 1073 (95% credible interval (CI): 0.05 x 102 - 7.56 x 10~ %) for loci with no observed mutations to
130.91 x 1072 (95% CI: 102.91 x 1072 - 162.78 x 10~ ?) for DYF399S1, with a median rate across all 36
markers of 10.06 X 1072 (95% CIL: 8.65 x 1072 - 11.61 x 10~ 3). In 6349 male relative pairs, the 36 Y-STR set
distinguished 98.4% relative pairs by at least one mutation, compared to 95.9%, 65.5% and 57.4% for RM13,
Yfiler” plus, and Powerplex® Y23 set, respectively. The extra-pair paternity rate was estimated at 11.9 x 10~3
(95% CI: 4.4 x 10~ - 25.8 x 10~ 2) fitting within the range reported for some European populations. A sig-
nificant positive correlation was observed between fathers’ ages at the time of the Y chromosome transmission
and mutability rates (R? = 0.9495, p = 0.0256), with more significant results when analyzing RM markers
(R? = 0.9827, p = 0.0087).

Male relative differentiation

1. Introduction

The combined analysis of Y-STRs is a powerful tool that enables the
identification of the paternal lineage in forensic caseworks, paternity
testing and familial search [1,2]. Even though there are no DNA re-
combination events, spontaneous germline mutations could lead to a
differentiation of Y-STR haplotypes between a father and his sons. The

mutations at specific STR loci on the Y chromosome are proposed to
facilitate the identification of male individuals in forensic investigations
[3], but they could also lead to an erroneous exclusion of biological
paternity [4]. Y-STRs are also used in anthropological, genealogical and
evolutionary studies [1,2], but for the reconstruction of the Y chro-
mosome phylogeny and the determination of the divergence time of
different lineages, single-nucleotide polymorphisms (SNPs) on the Y
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chromosome are more suitable [5-7].

The autosomal STR typing leads to the identification of a perpe-
trator, which is a crucial requirement in the forensic casework, unlike
the Y-STR loci that are still suitable for excluding the suspect as a trace
donor only. In order to differentiate a male perpetrator from other
males paternally related to him, an increase in the number of markers
included in the Y-STR Kkits could partly contribute to that demand [8].
Over the years, the capillary electrophoresis (CE) has improved and
more and more Y-STR markers have been validated [9-13] and in-
cluded in commercially available kits, reaching up to 25 in Yfiler® Plus
kit (Thermo Fisher Scientific, CA, USA). Nevertheless, an increased
number of markers in kits also has technical limitations in routine
forensic analysis.

Most Y-STR markers included in currently available Y-STR kits with
low to medium mutation rates “10~ 3 [3,14] are suitable for paternity
testing, but not for discriminating paternally related males at the same
time. On the other hand, the differentiation of closely related males
reaching the goal of forensic genetics in criminal cases, was sig-
nificantly increased after comprehensive studies by Ballantyne et al.
[15,16] and introduction of a set of 13 rapidly mutating (RM) Y-STRs
with the median mutation rate of "1.97 x 10~ 2 However, the usage of
markers with high mutation rates could also result in an incorrect ex-
clusion of the biological paternity. Thus, both types of Y chromosome
STRs are essential for forensic DNA analysis and a precise establishment
of their mutation rates has a great importance for gaining certainty in
the Y-STR data interpretation in their forensic, paternity/kinship and
evolutionary application. Furthermore, the mutation rates are im-
portant for the estimation of the time to the most recent common an-
cestor (tMRCA) in genealogical studies. It has been recently noticed that
even small differences in Y-STR mutation rates could be detected in
different Y haplogroups [17-19], and that precise mutation rates data
are needed in order to avoid over- or underestimations of tMRCA,
which could occur when average mutation rates are used [19].

There are several approaches for the establishment of Y-STR mu-
tation rates including the analysis of father/son pairs [20], the related
males from deep-rooted pedigrees [19,21-24], the single or small pools
of sperm cells [25], or the use of Y-STR population data in combination
with known historical events for the time calibration [5]. So far, the
vast majority of studies of the estimation of the Y-STR mutation rates
and differentiation of male relatives was conducted on father/son pairs
where a large sample size is needed [4,16,26-30], or by using a dif-
ferent number of deep-rooted pedigrees to enable deduction of Y-STR
mutation rates with a smaller number of DNA samples [19]. However,
both approaches have their own limitations. Father/son pairs analysis
does not consider a possible influence of different time scale dependent
factors on the mutation rates (e.g., increase in generation time, en-
ormous change in life conditions) and the latter suffers from un-
certainty in the ancestral Y-STR haplotype assumption and possible
hidden backward mutations that could lead to inaccuracy in the
number of detected mutations and their direction (forwards or back-
wards). The molecular factors associated with Y-STR’s mutability rates
are the length of the repeat unit, number of the repeats and the com-
plexity of the repetitive sequence [3]. Several studies showed a
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correlation between the father’s age at the time of the son’s birth and
the mutation rates [3,14,19].

Analysis of wide and deep-rooted pedigrees can provide an esti-
mation of the actual mutation rates in the same DNA background
through the time scale, as well as information about the male differ-
entiation capacity in more distant relatives. Although some mutations
could be hidden, multiple parallel mutations could be easily detected,
thus allowing a more precise estimation of tMRCA, unlike a small deep
rooted-pedigrees analysis where Y-STR alleles should be sequenced in
order to determine the independent origin of identical alleles obtained
after CE [31].

As far as we know, there is no data about the Y-STR mutation rates
and male relative differentiation for large wide and deep-rooted pedi-
grees. In our study, we provided robust data on the mutation rates of 36
markers, combining PPY23, Yfiler + and RM13 loci, in one wide deep-
rooted pedigree consisting of 120 male relatives related by 485 meiotic
events. The use of different kits with overlapping loci allowed us to
conduct a concordance study. We also studied discrimination capacity
of the different sets of analyzed loci, the extra-pair paternity rate, and
influence of the father’s age at the time of transmission to the mutation
rates.

2. Materials and methods
2.1. DNA sampling

Buccal swabs from 128 individuals were collected from 2015 to 2018.
The pedigree-based dataset involved individuals from the population of
central Serbia, located between the mountains Rudnik and Kosmaj. The
samples belonging to 12 families according to their surnames (a specific
surname does not imply a unique lineage, since heritable surnames were
officially established in Serbia in the middle of the 19th century) were
selected on the basis of their documented affiliation to one deep-rooted
paternal pedigree based on the gathered genealogies, which were
available after a long-standing survey (2008-2018) of a variety of record
types, including Ottoman census registers and records from Serbian
municipal and parish archives (1741-2017). Furthermore, all families
within a pedigree shared the same migration history and patron saint
(they celebrated St. George and they migrated from Sjenica to the
mountain Rudnik in the middle of the 18th century), which is paternally
transferred, hence, co-ancestry of the Y chromosome is expected.

Of 128 males considered for the study, 121 males (11 surnames) were
thought to be descendants of one common ancestor (A1) who had three
sons giving three sub-branches with 46, 62 and 13 analyzed con-
temporaries, while the other 7 (1 surname) originated from the ancestor
A2 (Fig. 1, and Suppl. Fig. 1). The exact relationship between Al and A2
was not clear, but it was supposed based on the same migration origin,
patron saint and genealogical data that a common ancestor for A1 and
A2 might have lived a few generations earlier. A paternal exclusion was
observed in 8 samples of the Al branch, 4 from the first and 4 from the
second Al sub-branch, after an initial analysis with a PPY23 kit. The
allelic differences at more than four Y-STR markers relative to the closest
pedigree peers [14] were the criteria for exclusion.

Fig. 1. Pedigree A (120 related subjects (black boxes) of total 128
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analyzed) comprising of main branch Al (113 subjects) and A2 (7
subjects, on the left). Grey boxes represent males excluded from
the paternal line. For the better resolution, the entire pedigree is
divided in two rows (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of
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figure legend, the reader is referred to the web version of this
article).
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According to the archives, the year of birth of the most recent
common ancestor (MRCA) of the pedigree A1 was 1720, while for the
MRCA of the pedigree A2, it was 1808 (with a known year of birth of his
predecessor being the year 1785). We had the documented date of birth
for all the members of the pedigree and we used them to calculate the
age of the father at the time of his son’s birth. The branch A1 is covered
by 461 meiosis (for sub-branches 177, 226, and 58, respectively), and
branch A2 by additional 24, comprising a total of 485 meiotic events
analyzed in this study (due to the unknown exact relationship of A1 and
A2, the meiotic events between them were not used for the calculation).
The samples excluded from the paternal line were associated by addi-
tional 18 meiosis to the genetically confirmed family tree, and they
were not considered for the mutation rate estimation, but for the extra-
paternal pair (EPP) rate estimation only. The entire family tree figure
with haplotype differences compared to ancestral haplotypes is pro-
vided in the supplemental material (Suppl. Fig. 1).

All the participants in this study gave their written informed consent
and the approval of the study was granted by the Ethical Committee of
the Institute for Medical Research, University of Belgrade. The samples
were processed in a linked anonymous form, and the confidentiality of
personal information of each study participant was assured.

2.2. Genotyping

DNA was extracted from buccal swabs using QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany) and quantified using Qubit® dsDNA BR
Assay (Thermo Fisher Scientific, Foster City, USA). The PCR amplification
of 23 Y-STR loci included in the PowerPlex® Y23 System (Promega
Corporation, Madison, USA) and 27 Y-STR loci included in the Yfiler®
Plus kit (Thermo Fisher Scientific, Foster City, USA) was carried out using
the Applied Biosystems GeneAmp PCR System 9700 thermal cycler,
although using half volume (12.5 pl) reactions. The RM panel, including
13 RM Y-STR markers, was amplified as described previously [32]. The
amplified fragments were separated on the ABI Prism® 3500 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) along with the al-
lelic ladder and the appropriate internal size standard. All the proce-
dures and protocols were conducted following the manufacturers’ in-
structions. The genotypes were analyzed using the GeneMapperID-X
v1.4 software (Thermo Fisher Scientific, Foster City, CA, USA). The in
silico haplogroup assignment was made using the NevGen (www.
nevgen.org) predictor, which was based on the previously-im-
plemented Athey's Haplogroup Predictor (http://hprg.com/hapest5). A
few representative samples were assigned to a specific SnapShotY-SNP
assay as previously described [33] to confirm the predicted R1b hap-
logroup. Further confirmation was obtained by a deep SNP analysis of a
commercially available test (R1b: L23 - L51 - U106 - Z381 - Z301 - L48 -
Z9 - 7331 - Z330 - Z326 - Z8168 - FGC18842).

2.3. Sequencing analysis

Determination of the structure and the exact number of repeats of
allele 20.2 at the DYS448 locus, the “landmark” of these haplotypes,
was accomplished through sequencing analysis, using primers, obtained
from the Ensembl genome browser (www.ensembl.org), that flank re-
peats. PCR fragments were purified and directly sequenced using
BigDye Terminator Kit 1.1 (Thermo Fisher Scientific, Foster City, USA),
and analyzed in the ABI 3130 Genetic analyzer (Thermo Fisher Scientific,
Foster City, USA). The results were analyzed using the Sequencing
Analysis v5.2 (Thermo Fisher Scientific, Foster City, USA) and BioEdit
v.7.0.9. programs (Tom Hall, Ibis Biosciences,CA, USA).

2.4. Quality control
Three independent laboratories conducted the genotyping using

different kits with overlapping loci. The quality control was ensured
by the successful participation of all three laboratories in GEDNAP
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proficiency tests and by using internal control standards and kit
controls.

2.5. Statistical analysis

The mutation rates were estimated using the Bayesian and the fre-
quentist approaches. The frequentist mutation rates per locus were
calculated as the number of mutations observed at a specific locus di-
vided by the number of meiosis. The mutation rate estimated across all
36 Y-STR markers was calculated as a total number of mutations di-
vided by a total number of allele transmissions. The multi-locus mar-
kers were considered jointly, because they all provided a possibility for
mutations occurrence, which cannot be separately analyzed with the
used genotyping assay. The confidence intervals (ci) of the mutation
rates were estimated from a frequentist approach assuming a binomial
distribution at http://statpages.info/confint.html. The mutation rates
for each locus were also estimated via a binominal hierarchical
Bayesian model with a uniform prior, which led to a posterior Beta
distribution with parameters @ = m + 1 and 3 = n+ 1, where m is the
number of mutational events and n is the number of non-mutational
events [34]. The estimated mutation rates were further compared with
the mutation rates obtained from the literature and the Y-chromosome
haplotype reference database (YHRD) [3; see Web Resource], whereby
the statistical significance was tested using the Fisher’s exact test. In
addition, the mutation rates for individual markers were also estimated
using a binomial hierarchical Bayesian model with the Markov chain
Monte Carlo (MCMC) Gibbs sampling. Mutation rate hyperparameter 6
for individual markers was assumed to be a sample from a normal
distribution with hyperparameters p and t, T = 1/0. Hyperparameter
was estimated as a sample from a non-informative prior normal dis-
tribution (u = 0, 0 = 1E-6), and hyperparameter T was estimated using
prior gamma distribution (o = 1E-5, B = 1E-5).

The male relative differentiation rates were calculated as the
number of pairs of relatives differentiated by at least one Y-STR locus
divided by the total number of pairs of relatives grouped by a degree of
relationship (i.e. pair members separated by 1-20 meiosis). One way
ANOVA and Pearson's correlation tests were applied using the Prism 6
software (GraphPad Software Inc., San Diego, CA, USA), and p < 0.05
differences were accepted as statistically significant. The results were
expressed as the average + SD, median and mode. To allow a max-
imum resolution, multi-copy Y-STRs (i.e. DYS385a/b, DYF399S1,
DYF387S1, DYF404S1, and DYF403S1a) were considered in calcula-
tions as separate loci.

To evaluate the influence of the father’s age at the time of the son’s
birth on the Y-STR mutation rate, we performed Pearson's correlation
tests using the Prism 6 software, with p < 0.05 accepted as statistically
significant. To perform this correlation, we plotted the total sum of
fathers’ ages at the time of transmission against the sum of mutations
for each Al sub-branch, and A2 branch of the pedigree.

The estimation of extra-pair paternity rate per generation was cal-
culated by dividing the number of observed events with the total
number of meiosis (503) which also comprised the transmission events
that connected the EPP samples to the pedigree (18 additional meiosis).
A general assumption was made that only one EPP event occurred in the
family line above each observed case.

Since the exact relationship between Al and A2 was unknown, we
quantified their relatedness by the time to the most recent common an-
cestor estimation. For that purpose, we used NevGen tMRCA calculator
(www.nevgen.org). It calculates probability distribution of being at an
exact number of generation back to the most common ancestor of a
certain pair of people and the cumulative probability that actual number
of generation is less than a certain value, based on the stepwise model
[351, which also considers multi-step and backward mutations and dif-
ferent mutation probabilities based on Marko Heinila’s mutation rates
[36]. For the estimation we used markers included in PPY23 kit, where
Al and A2 ancestral haplotypes differed in 1 out of the 23 markers.


http://www.nevgen.org
http://www.nevgen.org
http://hprg.com/hapest5
http://www.ensembl.org
http://statpages.info/confint.html
http://www.nevgen.org
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Table 1
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Mutations at 36 Y-STR markers observed in a total of 485 meiotic events in wide deep-rooted pedigree comprised of 120 males of pedigree A (**-observed statistical
significant difference compered to YHRD and [3], f - frequentist approach, B - Bayesian approach, ci- confidence interval, CI- credible interval).

Mutation rate
Mutation Per panel/ per markers
No of -

Marker Panel . f 95% ci B 95% CI . " PPY23 (x10° Across all

109 x10% 109 109 RMI3 (x107%) Yeilers (x10%) | 36 markers

gains losses (x10%)
s B S [8 [ [B [f B

DYS526a 3 1 2 6.18 13-18.0 755 225179
DYS612 10 5 5 2062 9.937.6 21.93 11.35-37.51
DYF39951 63 25 38 129.90 101.3-163.1 130.91% | 102.91-162.78
DYS526b 5 3 2 1031 34239 11.66 454-23.84 =
DYS547 5 2 3 1031 3.4-23.9 11.66 454-23.84 = =
DYF404S1 6 4 2 12.37 4.6-26.7 1371 5.81-26.67 & 2
DYS626 1 0 1 2.06 0.10-11.4 345 0.50-11.41 = 2
DYF403Sla 9 7 2 18.56 8.5-34.9 19.88 9.91-34.86 = =
DYF403S1b [ 2 1 1 4.12 0.5-14.8 550 1.27-14.79 N N
DYS627 12 1 11 24.74 12.9-42.8 26.05 14.32-42.73 2 2
DYS518 10 3 7 20.62 9.9-37.6 21.93 11.35-37.51 s o
DYS449 2 5 3 2 1031 3.4-239 11.66 454-23.84 i i
DYF38751 = 3 3 0 6.18 13-18.0 755 225-17.9 ~ -
DYS460 L |2 0 2 412 05-14.8 550 1.27-14.79
DYS570 7 3 4 1443 5.829.5 1577 7.13-29.45
DYS576 4 3 1 825 23210 9.60 3.3520.94
DYS3891 2 1 1 412 05-14.8 550 1.27-14.79
DYS635 0 0 0 0 0-7.6 142 0.05-7.56
DYS38911 1 0 1 2.06 0.1-11.4 345 0.50-11.41
DYS458 3 0 3 6.18 13-18.0 755 225-17.9
DYS19 0 0 0 0 0.0-7.6 142 0.05-7.56
YGATAH4 0 0 0 0 0.0-7.6 142 0.05-7.56
DYS448 0 0 0 0 0.0-7.6 142 0.05-7.56
DYS391 3 1 2 6.18 13-18.0 755 225-17.9
DYS456 3 0 3 6.18 13-18.0 755 2.25-17.9
DYS390 0 0 0 0 0.0-7.6 142 0.05-7.56 —
DYS438 0 0 0 0 0.0-7.6 142 0.05-7.56 & 8
DYS392 0 0 0 0 0.0-7.6 142 0.05-7.56 hd It & _
DYS437 1 0 1 2.06 0.1-114 345 0.50-11.41 < q a3 <@ 3
DYS385 0 0 0 0 0.0-7.6 142 0.05-7.56 3 = S B =
DYS393 . 0 0 0 0 0.0-7.6 142 0.05-7.56 b 2 ol d & 4
DYS439 5 9 2 7 18.56 8.5-34.9 19.88%* | 9.91-34.86 e 2 8|8 5 %
DYS481 ;w; 1 0 1 2.06 0.1-11.4 345 0.50-11.41 3 0 P X S
DYS533 L~ ]| o 0 0 0 0.0-7.6 142 0.05-7.56 " s el g 3 S
DYS549 g5 1 4 10.31 3.4-23.9 11.66 454-23.84 g8 ] g
DYS643 0 0 0 0 0.0-7.6 1.42 0.05-7.56 " E E
z 69 106

3. Results and discussion

In the present study, 120 patrilineally related males distributed over
two branches (A1l and A2) of one wide-ranged deep-rooted pedigree
were genotyped for 36 Y-STRs, consisting of RM13, Yfiler + and PPY23
loci (Fig. 1, Suppl. Fig. 1). Based on the obtained data and genealogical
information, along with Y-STR genotyping, we were able to reconstruct
the ancestral haplotypes of the branches of A1 and A2 descendants.
Exact relationship of A1 and A2 was unknown, but was indicated by
genotyping, with the characteristic rare allele 20.2 at DYS448 locus,
besides migration data and patron saint links. The ancestral A1 and A2
haplotypes differed from each other in 6 markers (DYS526a, DYS526b,
DYS399S1, DYF404S1, DYS627 and DYS456) (Suppl. Fig. 1). The ob-
tained haplotypes have been predicted and further confirmed with SNP-
s to belong to the R1b haplogroup (R-M343). A putative ancestral Y-
STR haplotype (in the order DYS526a-DYS612-DYS399S1-DYS526b-
DYS547-DYS404S1-DYS62-DYF403S1a-DYF403S1b-DYS627-DYS518-
DYS449-DYS387S1-DYS460-DYS570-DYS576-DYS3891-DYS635-
DYS38911-DYS458-DYS19-YGATAH4-DYS448-DYS391-DYS456-
DYS390-DYS438-DYS392-DYS437-DYS385a/b-DYS393-DYS439-
DYS481-DYS481-DYS533-DYS549-DYS643) was constructed for each
branch (the main Al branch: 15-37-22,26,27.1-38-47-14,16-29-
11,13,15-46-22-39-29-35-11-18-17-13-23-29-17-13-23-29-17-14-11-
20.2-11-16-23-12-13-15-11,14-13-13-22-12-13-10, and the A2 branch
with different alleles: 14..-15,16..-19..-15 at DYS526a, DYS404S1,
DYS627, DYS456 loci). The ancestral haplotypes were inferred after
aligning all the obtained haplotypes and determining the most frequent
allele at each locus as the allele in the ancestral haplotype, taking into
account the minimal number of mutational events. The observed and
inferred father-son transmissions were used to estimate the pedigree-
specific Y-STR mutation rates. Although several multi-step mutations
were observed, all the mutations were considered to be multiple one-
step events. When we were considering the mutations at the DYS389
loci, DYS389I was subtracted from DYS389II. With a large number of
male relatives from one wide deep-rooted pedigree, we were able to
precisely resolve majority of mutational events.
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A recent study by Claerhout et al. [31], who performed the Y-STR
analysis by capillary electrophoresis on multiple deep-routing family
pedigrees comprising a minimal set of DNA samples, showed that cer-
tain Y-STR mutations could remain hidden, which could lead to the
underestimation of the tMRCA. In the present study, we performed
mutation rate estimates of Y-STRs by CE and a wide-deep rooted ped-
igree-based design. In our dataset, we were able to observe numerous
parallel mutations, and to resolve their origin more precisely, since we
have studied the transmission of one single Y-chromosome through
generations (Suppl. Fig. 1). Eventually, it may be interesting to se-
quence all these parallel modifications, in order to examine if the same
mechanism is responsible for their occurrence, as well as to sequence
the mutations that were designated as identical by descent for several
members in certain lines of the pedigree.

Two commercially available kits used in this study, the PPY23 and
Yfiler +, as well as the RM13 panel [15], included overlapping loci, but
they were all used to expand the number of analyzed markers and for
traceability purposes. Six new Y-STR markers were included in the
PPY23 (DYS570, DYS576, DYS549, DYS481, DYS533, and DYS643)
besides the existing 17 markers of the original Yfiler kit (Thermo Fisher
Scientific, CA, USA). Two of the new markers were categorized as ra-
pidly mutating [3] and were present also in succeeding Thermo Fisher
Yfiler+ (DYS576 and DYS570). The RM13 panel contained 4 Y-STR
markers that were a part of the Yfiler+ (DYS627, DYS518, DYS449 and
DYF38751), while DYS460 was unique to this kit, as DYS549 and
DYS643 were unique for PPY23. The fact that some markers resided in
two or all three kits also enabled a concordance testing. In our study, we
found no discordance, which was in contrast to the results of Westen
et al. [37], who genotyped 2085 Dutch male donors with 36 Y-STR
marker units (the same that were used in our study but excluding
DYS460) and found discordance in two samples. However, our results
were in line with the studies of Davis et al. [38] and Larmuseau et al.
[39] that showed no discordance in the 17 overlapping loci between
Yfiler and PPY23 in a set of 951 American and 535 Belgian donors.
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3.1. Mutation rates’ estimation

The results of genotyping using 36 Y-STR markers across 20,855
allele transmissions revealed the presence of 175 mutations in 485
meiotic events at 25 markers (DYS526a, DYS612, DYF399S1, DYS526b,
DYS547, DYF404S1, DYS626, DYF403Sla, DYF403S1b, DYS627,
DYS518, DYS449, DYF387S1, DYS460, DYS570, DYS576, DYS389I,
DYS389II, DYS458, DYS391, DYS456, DYS437, DYS439, DYS481,
DYS549) (Table 1). In 11 Y-STR markers (DYS643, DYS533, DYS393,
DYS385a/b, DYS392, DYS438, DYS390, DYS448, YGATAH4, DYS19,
DYS635), included in the PPY23 and Yfiler+ (except DYS643), no
mutations were detected across all samples. Medians from the Bayesian
estimation of locus-specific mutation rates ranged from 3.45 x 10~ 2
(95% CI: 0.50 x 1073-11.41 X 10~>) for 11 loci where no mutation
was observed, to 130.91 x 107® (95% CL 102.91 x 10>
162.78 x 10~ 3) for the DYF399S1 marker. The locus specific mutation
rates and mutation rates per each panel, calculated by the frequentist
and the Bayesian approach, are listed in Table 1.

With regard to each panel separately, 134, 66 and 39 mutation
events were observed with mutation rates estimated using the Bayesian
approach 21.35 x 1073 (95% CI, 17.98 x 10~ 3 25.11 x 10 %),
5.5x 1072 (95% CI, 4.28 x 1073- 6.92 X 10™>) and 3.72 x 1073
(95% CI, 2.68 x 1073 - 4.99 x 10~ >) for the RM, Yfiler + and PPY23,
respectively (Table 1). Unlike the PPY23 and Yfiler+, we detected
mutations in all loci of the RM panel. As expected due to its multi-copy
nature, the highest mutation rate was 130.91 x 1072 (95% CI,
102.91 x 1073 -162.78 x 10~ 3) for DYF399S1 locus, which is in line
with the previous studies [4,27]. Across all 36 markers combining the
PPY23, Yfiler+, and RM13, the mutation rate was 10.02 x 10~ 2 (95%
C: 8.6 x 1072 - 11.6 x 10~ %) using the frequentist approach and
10.06 x 1073 (95% CI: 8.65 x 102 - 11.61 x 10~ 3) using the Baye-
sian approach in the pedigree (Table 1). The average mutation rate for
the 36 analyzed Y-STRs between DNA donors and MRCA was
9.995 x 1073 (95% CI: 8.8-11.2 x 10~ >) obtained by Bayesian model
with MCMC.

Of the 175 detected mutations, 106 (60.57%) were repeat losses,
while 69 (39.43%) were repeat gains. The observed 175 single muta-
tions included 158 single-step mutations, with repeat losses clearly
being favored over repeat gains (91 one repeat losses, 67 one repeat
gains), 6 two repeats losses, 1 two repeats gain and 1 three repeats loss.
Among the mentioned single-step mutations, we observed step-by-step
mutations in 6 cases, which we could elucidate due to a dense, wide-
range pedigree. Otherwise, these mutations would be considered as
multi-step ones. Furthermore, we were able to detect reverse mutations
in 4 cases. In one sample, we observed a gene conversion at the multi-
copy DYF399S1 locus, revealed by one of the three copies missing and
one allele (22) present with double intensity (22, 27.1 instead of 22, 26,
27.1). At the same time, the closest male relatives of the previously
mentioned sample, 7 meiosis apart, had all three ancestral alleles.

No mutations were found at the DYS533 locus designated as fast
mutating [3] in a total of 485 meiosis. In our previous study performed
on father-son pairs, we detected a mutation at the DYS533 locus [40].
With the exception of DYS533 and DYS643, we detected mutations in
the remaining four new Y-STRs of the PPY23, in contrast to the results
of Turrina et al. [28] who observed no mutations in the PPY23 newly
added markers, with exception of DYS576.

The same mutation could be considered multiple times in different
pairs of relatives within a limited pedigree (except father-son pairs),
and thus may lead to an overestimation of the mutation rates.
Generally, this could be resolved by including all the pairs of relatives
from the examined branches of pedigree [29], available in the pre-
sented study. The mutation rates could be one order of magnitude lower
than the father-son based rates in deep-rooted pedigrees, as a con-
sequence of non-inclusion of multi-step and particularly back mutations
[29], and may be considered as a lower limit of the actual “lineage”
mutation rates. The locus-specific mutation rates determined in our
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study showed no significant differences (p-value > 0.05, Fisher’s exact
test) from the ones obtained in the study of Ballantyne et al. [3] and
YHRD, except for DYS439 (p = 0.002) and DYF399S1 (p = 0.00001)
loci that showed higher mutation rates. In line with the previous, the
examined binomial confidence and credible intervals also suggested
that there was no substantial difference, except for the mentioned loci.
Hence, our results on the Y-STR mutation rates obtained by analyzing
the transmission of one single Y chromosome in a single wide deep-
rooted and relatively dense pedigree are representative of mutation
rates obtained through large numbers of direct father-son Y-chromo-
some transmissions, as suggested by Balanovsky [18].

The hallmark of all haplotypes is allele 20.2 at DYS448 locus, in-
dicating that no mutation at this locus occurred in all 485 meiosis.
Generally, more repeats in a non-interrupted stretch lead to more DNA
slippage during replication and those loci are more prone to mutations
[1,3]. At the DYS448 locus, two stretches of six-nucleotide repeats were
separated by the stretch of 42 nucleotides [AGAGAT],N4>[AGAGAT] ..
The sequencing showed that both stretches had 9 repeats interrupted by
56 nucleotides [AGAGAT]oNs5s[AGAGAT]o. Our result could be ex-
pected, especially among relatives, since this locus is slow mutating [3],
although in some previous studies mutations at DYS448 locus have
been detected [28]. Besides allele 20.2 at DYS448 locus, the persistence
of the ancestral Y-STR haplotype in 12 present-day descendants of Al in
distant parts of the pedigree, separated by 9-18 meiosis, was an addi-
tional confirmation of the relationship between the analyzed males.

3.2. Male relatives differentiation

In the current study, we have genotyped 6349 pairs of relatives
separated by 1-20 meiotic events. The average number of mutations in
male relative pairs separated by 1-20 meiosis ranged from 0.7-14.3,
0.7-10.5, 0.1-4.8, and 0-3.8 when considering 36 markers, RM13 Y-
STRs, Yfiler+, and PPY23, respectively (Fig. 2, Table 2). The overall
discrimination capacity of 36 markers, combining PPY23, Yfiler+, and
RM13 loci, was 98.4% (Fig. 2, Table 2). Only 1.6% of relative pairs
displayed no difference. The 36 Y-STR set distinguished 44.4% of fa-
ther-son pairs, and 85.7% of relatives separated by 2 meiosis (brothers
and grandfather/grandson pairs). The male relatives, with more than 7
meiosis apart, demonstrated difference in at least one marker in a
minimum of 94.8% cases. The percentage of differentiated relatives
with more than 17 meiosis apart was higher than 99% (Fig. 2; Table 2).
The complete results with differences in 1, 2, 3, 4, 5 and more than 5
loci, are shown in the Supplemental Tables 2A-D.

The differentiation rate of RM13 Y-STRs was 95.9%, with 44.4%
father-son pairs separated. Our results are in line with some previous
studies that showed a great value of RM13 markers in differentiating
closely related male relatives, even in endogamous populations [30,31].
However, in the above mentioned studies, 26.5% and 20.40% of father-
son pairs were separated by RM Y-STRs. The higher rate of father-son
differentiation in our study could be attributed to the DYF399S1 locus
with a significantly higher mutation rate than in previous studies [3],
but also to stochastic effects due to a small sample size.

The discrimination capacities of Yfiler + and PPY23 were 65.5%
and 57.4%, respectively. The PPY23 set, with the lowest male differ-
entiation capacity, was not able to differentiate any of the father-son
pairs, nor relatives separated by 2 meiosis (brothers and grandfather/
grandson pairs), due to a lesser number of pairs in this category.
Considering the relative pairs separated by more than 7 meiosis, 40.0%
of cousins could be differentiated with PPY23, with 57.1% differ-
entiation for relatives that are more than 17 meiosis apart (Fig. 2;
Table 2).

The biological kinship among namesakes could be confirmed
through a Y-haplotype comparison based on a correspondence of the Y-
SNP sub-haplogroup and the presence of no more than seven mutated
Y-STR loci [19]. The latter is based on the formula of Walsh, indicating
that it is highly implausible that more than seven mutations on 46 Y-
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contrast to the previously published EPP rates in a range up to 30%
[44]. Although there are no official data about EPP rates for the Serbian
population, nor results of a systematic EPP study in Serbia, due to the
robustness of the analyzed pedigree, our data could be representative
for this region.

3.4. Influence of the age of the father at the time of the transmission on the
Y-STR mutation rates

Unlike most of the previous studies dealing with deep-rooted ped-
igrees, but with a relatively small number of contemporaries, we were
able to examine the influence of the father’s age at the time of son’s
birth in a more homogenous genetic background. There were three sub-
branches of the A1 and A2 part in our pedigree with 42, 58, 13 and 7
analyzed contemporaries, respectively. The average age of fathers at
their sons’ birth in these four lines were 28.06, 29.12, 29.28, and 31.58,
with a total sum of 4967, 6582, 1698, and 758 years, spanning 177,
226, 58, and 24 meiotic transmissions, respectively. The average gen-
erational age in the total pedigree was 28.88 years, which is in line with
the ages (20-30) most frequently used in the field of evolutionary
genealogical studies [45-47]. The number of the observed mutations in
the aforementioned parts of the pedigree were 52, 94, 19, 10 (with 47,
74, 16, 8 mutations in the Y-STR markers designated as rapidly mu-
tating). When plotted against the number of mutations, a significant
positive correlation was observed (R? = 0.9495, p = 0.0256) for the
total sum of the fathers’ ages at the time of the transmission. We ob-
tained even more significant results when we plotted the sum of the
fathers’ ages against the mutations in the RM markers (R? = 0.9827,
p = 0.0087), which indicated a higher influence of the father’s age at
the time of the son’s birth on markers already prone to mutation. When
we considered each marker independently, a positive correlation was
detected for DYF399S1 (R*=0.9569, p = 0.0218), DYS627
(R? = 0.9801, p = 0.01), DYS576 (R? = 0.9222, p = 0.0397), DYS391
(R? = 0.9436, p = 0.0286), DYS456 (R? = 0.9436, p = 0.0286) and
DYS439 (R* = 0.9436, p = 0.0286)

3.5. Time to the most recent common ancestor

Reconstructed Al and A2 ancestral haplotypes were aligned in the
reduced PPY23 marker format in NevGen tMRCA calculator in which
they differed at DYS456 locus. The obtained results gave the distribu-
tion of probabilities with mode at 7 generations and median value of 12
generations (reaching 95% of cumulative probability at 37 generation).
According to the documented genealogy data of the pedigree branch
Al, the MRCA was born in the year 1720, and he got his first son when
he was 30 years old, or in the year 1750, while the MRCA of the A2
branch was born in the year 1808, thus approximately 3 generations
later (the average generation time in the entire pedigree was estimated
at 28.88 years). Given the obtained data for tMRCA estimation prob-
ability distribution and above mentioned genealogy data, the MRCA of
the entire pedigree could have lived not earlier than 2-4 generations
before A1l ancestor (i.e. the A1 and A2 MRCA could have been separated
by at least 7-12 generations). That estimation fits well in the male re-
lative differentiation capacity distribution for all markers that were
analyzed in our study (Suppl. Table 2A).

The previous studies used different approaches to demonstrate that
families can be traced back to a common ancestor, based on the Y-STR
evidence, even if these individuals lived a couple of hundred years
earlier [19,22,31]. As shown above, the results of our tMRCA estima-
tion in a wide deep-rooted pedigree with known and judicially con-
firmed relationship, using the previously described model, correspond
to the results of male relatives differentiation obtained by analysis of
whole pedigree, and confidently revealed that the families of one
pedigree, even carrying different surnames and inhabiting the different
region, could be traced back to the MRCA.
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4. Conclusion

The mutation rates obtained by analyzing a large number of meiosis
in one wide deep-rooted pedigree correspond to the mutation rates ob-
tained through large numbers of direct father-son Y-chromosome trans-
missions. The discrimination capacity of close relatives increased when
moving from the PPY23, Yfiler+ to the RM Y-STRs, as expected. Given
their higher mutation rates, the RM Y-STRs allow forensic DNA analysis
to individualize the relatives. However, we showed that the related males
could differ in up to 18 mutations when considering the set of 36 Y-STR
markers, including a RM13 set, which may be important when analyzing
random forensic samples, searching through families or conducting a
genealogical study. We found positive correlation of the fathers’ ages at
the time of the transmission and mutation rates, which is more promi-
nent for markers (RM) already prone to mutation. Although our pedigree
was very dense, eventual further detailed sequencing analysis of all
samples by a massively parallel sequencing could possibly even increase
the information about allelic variations in our dataset.
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