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ARTICLE INFO ABSTRACT

Keywords: The Spanish and Portuguese Speaking Working Group of the International Society for Forensic Genetics (GHEP-
Y chromosome ISFG) organized a collaborative study on mutations of Y-chromosomal short tandem repeats (Y-STRs). New data
Mutation

from 2225 father-son duos and data from 44 previously published reports, corresponding to 25,729 duos, were
collected and analyzed. Marker-specific mutation rates were estimated for 33 Y-STRs. Although highly dependent
on the analyzed marker, mutations compatible with the gain or loss of a single repeat were 23.2 times more likely
than those involving a greater number of repeats. Longer alleles (relatively to the modal one) showed to be nearly
twice more mutable than the shorter ones. Within the subset of longer alleles, the loss of repeats showed to be
nearly twice more likely than the gain. Conversely, shorter alleles showed a symmetrical trend, with repeat gains
being twofold more frequent than reductions. A positive correlation between the paternal age and the mutation
rate was observed, strengthening previous findings. The results of a machine learning approach, via logistic
regression analyses, allowed the establishment of algebraic formulas for estimating the probability of mutation
depending on paternal age and allele length for DYS3891, DYS393 and DYS627. Algebraic formulas could also be
established considering only the allele length as predictor for DYS19, DYS389I, DYS389II-I, DYS390, DYS391,
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DYS393, DYS437, DYS439, DYS449, DYS456, DYS458, DYS460, DYS481, DYS518, DYS533, DYS576, DYS626
and DYS627 loci. For the remaining Y-STRs, a lack of statistical significance was observed, probably as a
consequence of the small effective size of the subsets available, a common difficulty in the modeling of rare
events as is the case of mutations. The amount of data used in the different analyses varied widely, depending on
how the data were reported in the publications analyzed. This shows a regrettable waste of produced data, due to
inadequate communication of the results, supporting an urgent need of publication guidelines for mutation

studies.

1. Introduction

The Y chromosome provides invaluable data to study the biological
mechanisms of germinal mutations, with no parallel in any other
component of the nuclear genome. This is due to its haploid mode of
genetic transmission, which allows the unambiguous identification of
which parental allele originated which filial one, whenever father-son
duos are analyzed for simple-structure markers [1]. Indeed, when
analyzing length polymorphisms for either autosomal or X-chromo-
somal markers, it is rarely possible to determine with certainty which
parental allele originated which filial one, or even if an undetected
mutation occurred, as length mutations may not lead to Mendelian in-
compatibilities. Thus, the standard approach of estimating mutation
rates through the number of Mendelian incompatibilities observed
necessarily leads to mutation rate underestimation in both autosomal
and X-chromosomal markers [2-6]. However, it is noteworthy that this
underestimation occurs in a smaller extent for X-chromosomal trans-
mission, since in father-daughter and mother-son transmissions the
parental and filial allele, respectively, involved in each allelic trans-
mission is known [2]. Theoretical approaches have been proposed to
mitigate this bias for autosomal markers [3-6], and an informatics tool
was recently presented [7] aiming for more accurate mutation rates
estimation.

Short tandem repeats (STRs) are the most used markers in population
and forensic genetics, being highly polymorphic due to their relatively
high mutation rates. The primary mutation mechanism is thought to be
the polymerase template slippage that leads to the insertion or deletion
of single or multiple repeats in the allele transmitted from the parent to
the child [8,9].

Concerning STR mutations, and regardless of the mode of genetic
transmission considered, it is generally accepted that (a) single-step
mutations, i.e., the gain or loss of a single repeat, are more frequent
than multistep ones [10-12], (b) longer alleles are more prone to mu-
tation than shorter ones [13], and (c) longer alleles tend to lose repeats
[14-171, while shorter ones are more prone to gains than losses [15-17].
Moreover, it is also commonly accepted that (d) older fathers are more
prone to allele mutations, and, for the autosomal and X-linked trans-
mission modes, that (e) paternal mutations are more frequent than
maternal ones [16,18]. These premises have been consolidated consid-
ering any mode of genetic transmission and genotyping methodologies
mostly based on fragment length determination, which may lead to
biased interpretations, especially when analyzing autosomal or X-chro-
mosomal STRs. For example, a Mendelian incompatibility caused by a
multistep mutation may be explained by a single-step one, depending on
the genotypic configuration of the parent(s)-child duo or trio analyzed.
In this case, since single-step mutations are assumed to be much more
frequent than multistep ones, the first is assumed to have occurred,
which necessarily (and artificially) increases the preponderance of
single-step over multistep mutations. The weight of this bias was pre-
viously studied for both autosomal [3-7] and X-chromosomal STRs [19,
20].

The study of Y-chromosomal STRs (Y-STRs), specifically those with
simple structure, is thus an invaluable approach for STR mutation
modeling, which has recently allowed the detection of a correlation
between the structure of the repetitive motif and the ratio between
single and multi-step mutations [12]. Indeed, the unambiguous

identification of which parental allele originated which filial one, pro-
vides unparalleled insights into the strength of premises (a) to (d) above.

Here, the results of a collaborative study on Y-STR mutations orga-
nized by the Spanish and Portuguese Speaking Working Group of the
International Society for Forensic Genetics (GHEP-ISFG) are presented,
adding new data to the results of a thorough revision of the literature.
Besides updating the mutation rate estimates of the most widely used Y-
STRs, our approach allowed the quantification of the relative fre-
quencies of single- and multistep mutations, as well as the comparison of
the number of mutations involving shorter and longer (relatively to the
modal one) paternal alleles. The trend for paternal alleles to either gain
or lose repeats depending on their length was also quantified, as well as
the correlation between the paternal age and the frequency of muta-
tions. Finally, logistic regression computations considering as predictors
either, both paternal age and allele length, or only the allele length (in a
greater subset), were also performed.

2. Material and methods

At the 2019 General Assembly, a GHEP-ISFG collaborative study on
Y-STR mutations was approved and opened to the participation of all
GHEP-ISFG members. The presentation of the certificates of a profi-
ciency test for the previous three years showing correct results for the
analyzed kits was required for each participating laboratory.

2.1. Sample collection and genotyping

New data from 2225 father/son duos were obtained from 10
worldwide populations: Argentina (414), Brazil (202), Colombia (222),
Denmark (96), Ecuador (102), Greenland (104), Pakistan (110),
Portugal (509), Spain (250), and United Arab Emirates (216). Each
laboratory ensured the anonymization of the samples and total
compliance with the legal and ethical requirements for the use of the
corresponding data in this research project. Most of the used samples
were originally obtained from paternity investigations, where the bio-
logical relationship was confirmed using autosomal markers (likelihood
ratio greater than 10%). Some volunteer duos, with the biological rela-
tionship legally recognized, were also analyzed.

Each participating laboratory had to present genotypic data
regarding a minimum number of father-son duos, analyzed by either
PowerPlex® Y23 System, Promega (PPY23), or Yfiler™ Plus PCR
Amplification kit, ThermoFisher Scientific (YFPlus).

2.2. Data collection

Worldwide data regarding father-son genotypic configurations for
the 27 Y-STRs included in either (or both) PPY23 or YFPlus kits were
gathered from 44 published works [21-64], as well as for 8 further
Y-STRs (not included in the previously mentioned kits): DYS388,
DYS435, DYS461, DYS526a/b, DYS547, DYS612, DYS626, and GATA
A10. Allele and mutation data for DYS3891II and DYS526b were obtained
subtracting those from DYS389I and DYS526a, respectively, and thus
are represented by DYS389II-I and DYS526b-a.

The total number of father-son duos used in each of the analyses
performed depended on the information available from published works
(Table S1). Namely, marker-specific mutation rates (Results 3.1.) were
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obtained using data from the present GHEP-ISFG collaborative study
and a set of 44 published reports [21-64], for which the absolute
numbers of analyzed meiosis and observed mutations were presented.
The correlation between the age of the fathers at the time of the birth of
the son and the mutation frequency (Results 3.2.) was obtained by
combining the data herein presented with those from two previous
GHEP-ISFG collaborative studies [30,40] and from [60], in which
paternal age was reported for both the mutated and unmutated trans-
missions. Age raw data from [40] were used to match age intervals. The
correlation between the length of the observed alleles and both the
occurrence of mutation, and the repeat gain or loss (Results 3.3.) was
assessed (and quantified) using data from the herein presented
GHEP-ISFG working commission and from [26,27,29,30,32,33,40,44,
48-51,60]. Two markers out of the 33 for which mutation data
regarding both the parental and filial alleles were gathered, DYS385a/b
and DYS643, were not included in these analyses as the identification of
mutations in marker DYS385a/b might be ambiguous and no mutations
were observed for marker DYS643. Works for which we could not assess
the complete set of observed alleles were not considered for this anal-
ysis, as the relative length of the mutated alleles compared to the
observed ones could not be ascertained. Finally, for the same set of
markers excluding the multi-copy DYS526a/b, logistic regression ana-
lyses were computed considering as predictors the paternal age
(whenever available) and/or allele length (Results 3.4). Raw data con-
cerning the paternal age, the allele length and the mutation status were
gathered from [30,40,60].

2.3. Data analysis

The statistical power of the results was assessed considering a level of
significance a = 0.05. Marker-specific mutation rates were estimated for
33 Y-STRs, and the corresponding confidence intervals were estimated
from the binomial standard deviation. The number of mutations
compatible with the gain or loss of a specific number of repeats was also
assessed.

The correlation between the paternal age and the occurrence of
mutation was assessed through Chi-square tests, as well as the correla-
tion between the length of the alleles and both (a.) the occurrence of a
mutation, and (b.) the gain or loss of repeats for the 31 Y-STRs with
simple structure. In both cases, and for the sake of obtaining statistical
significance, age and allele data were gathered into classes. For analysis
(b.), the modal paternal allele, i.e., the allele with the greatest number of
observations, was established for each marker. For each marker,
paternal alleles were then included into one of the following three cat-
egories: i. modal allele, ii. shorter, and iii. longer allele (relative to the
modal one). The correlation between the occurrence of mutations
compatible with either the gain or loss of repeats, and the length of the
alleles was then assessed for each category.

Logistic regression analyses were computed using RStudio [65] and
dplyr package [66], considering as dependent variable the occurrence of
mutation (coded as ‘1, and as ‘0’ otherwise) and as predictors either i.
both the paternal age and allele length, or ii. only the allele length.
Analysis ii. was performed separated from i. as the effective size of the
subsets of data available for one and another case (“paternal age at the
time of birth” + “paternal allele length”, or “paternal allele length” only)
greatly differ. The parameter values of the model were obtained via
maximum likelihood estimation for each marker and due to the little
amount of existing data, whole of it were used as training dataset. To
avoid an increased level of complexity, the subset of markers analyzed
were those single copy, most with simple structure.

3. Results
3.1. Average mutation rates

The number of father-son duos analyzed for each of the 36 studied
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markers varied from 26,372 for DYS19, to 161 for DYS435, the median
and the average number of pairs of subjects equating to 9178 and
13,297, respectively (Table S2). Due to the low number of allelic
transmissions analyzed, DYS435 and DYS461 (N = 161 and N = 873,
respectively) were disregarded henceforth. DYF387S1 was also not
further considered, since it is a multi-copy marker with a variable
number of loci amongst individuals, which does not allow for the correct
counting of allelic transmissions. A total of 469,611 allelic transmissions
were then analyzed for the remaining 33 Y-STRs, and 1863 mutations
were observed. Average mutation rates varied between 0.0005 (for
DYS438 and DYS643) and 0.0170 (for DYS547) (Table 1). Discrimina-
tion between allelic transfers and mutations observed in previous works
[21-64] and those of this study are presented in Table S2. Mutations
observed in DYF387S1 are presented in Table S3. Of the 233 mutations
detected in this study, 22 correspond to co-occurrences in the same
father/son duo, 8 duos showing mutations in two loci and two duos in
three loci (Table S4).

Out of the 1863 mutations observed, 1786 were compatible with
single-step mutations, 74 with multistep ones, and 3 were mutations not
compatible with changes involving an integer number of repeats
(Table 1), the first being 24.1 times more frequent than the multistep
ones. It is however noteworthy that this ratio showed to be highly var-
iable between markers, varying between 1.25 (i.e., essentially equifre-
quent) for DYS438 and 98 for DYS449, which is correlated with the
structure of the repetitive motif as recently shown [12].

3.2. Correlation between the age of the fathers and the occurrence of
mutation

Information on the age of the father at the time of the birth of the son
was gathered for 84,715 allelic transmissions (Table 2 and S5). The
findings support that the mutation rate and the age of the father are
positively correlated. The 10-year age class with more subjects was the
one for ages between 21 and 30 years old, gathering 46.5 % of the
analyzed individuals. The age class 51-60 was the one showing the
highest mutation rate (Table 2). Considering dichotomous classes, sta-
tistically significant differences were found between individuals aged
<31 and >30 (p-value = 0.00302), and <41 and >40 (p-value =
0.00018), and a nearly significant difference was reached between in-
dividuals aged <51 and >50 (p-value = 0.05830) (Table S6). In all the
cases, the older individuals were associated with higher mutation rates.

3.3. Correlation between the length of the analyzed alleles and mutation
occurrence

The number of allelic transmissions, mutations, and mutations
compatible with either the gain or loss of one or more repeats were
analyzed for each marker, considering the following categories for the
observed paternal alleles: modal allele, either shorter or longer than the
modal allele (Table 3). The presented results were reached for 31 Y-STRs
through the mutation matrices presented in Supplementary Material
that were elaborated considering the data obtained in this study and
from [26,27,29,30,32,33,40,44,48-51,60]. Two markers from the set of
those analyzed in Section 3.1 were excluded from the analysis:
DYS385a/b because the identification of mutations would result
ambiguous, and DYS643 because no mutations were reported for this
marker in the data used for this analysis.

Considering the subset of 62,380 paternal alleles shorter than the
modal one, 241 suffered mutation, which resulted in an overall mutation
rate of 3.9E-03. This figure increases to 9.8E-03 if considering the 621
mutations observed among the 63,116 transmissions involving paternal
alleles greater than the modal one. Indeed, longer alleles showed to be
2.55 times more prone to mutation than shorter ones, and this difference
showed strong statistical significance (p = 1.36E-37).

On the other hand, when considering the gain or loss of repeats, most
of the mutations involving shorter paternal alleles (241) involved the
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Table 1
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Mutation rates estimation for 33 Y-STRs, and corresponding confidence intervals. The number of mutations compatible with either the gain or loss of 1 to 6 repeats, and
corresponding ratios between the number of single and multistep mutations. Data include both those generated in the present study and those obtained from the
literature [21-64]. NC: Not compatible with changes involving an integer number of repeats.

Markers Observations (N) Mut rate CI (95 %) Number of repeats compatible to be involved in the mutation Single/
Muts Allelic transmissions 1 2 3 4 6 >1* NC Multistep
DYS19 57 26,372 0.0022 0.00164-0.00280 56 0 0 0 0 0 1 -
DYS385a/b 112 46,659 0.0024 0.00198-0.00289 104 7 1 0 0 0 0 13.00
DYS388 2 3612 0.0006 0.00007-0.00200 2 0 0 0 0 0 0 -
DYS3891 69 26,154 0.0026 0.00205-0.00334 69 0 0 0 0 0 0 -
DYS3891I-1 91 26,113 0.0035 0.00281-0.00428 88 2 1 0 0 0 0 29.33
DYS390 63 25,103 0.0025 0.00193-0.00321 62 1 0 0 0 0 0 62.00
DYS391 66 25,789 0.0026 0.00198-0.00325 64 2 0 0 0 0 0 32.00
DYS392 14 24,266 0.0006 0.00032-0.00097 13 0 0 1 0 0 0 13.00
DYS393 31 24,332 0.0013 0.00087-0.00181 31 0 0 0 0 0 0 -
DYS437 22 21,018 0.0010 0.00066-0.00158 22 0 0 0 0 0 0 -
DYS438 10 21,033 0.0005 0.00023-0.00087 5 3 0 1 0 0 1 1.25
DYS439 110 21,111 0.0052 0.00428-0.00628 110 0 0 0 0 0 0 -
DYS448 20 16,577 0.0012 0.00074-0.00186 19 1 0 0 0 0 0 19.00
DYS449 99 8480 0.0117 0.00950-0.01420 98 0 1 0 0 0 0 98.00
DYS456 81 17,892 0.0045 0.00360-0.00562 80 0 1 0 0 0 0 80.00
DYS458 126 17,920 0.0070 0.00586-0.00837 122 3 1 0 0 0 0 30.50
DYS460 23 5605 0.0041 0.00260-0.00615 23 0 0 0 0 0 0 -
DYS481 25 5504 0.0045 0.00294-0.00670 22 3 0 0 0 0 0 7.33
DYS518 116 7795 0.0149 0.01231-0.01782 105 5 3 2 0 0 1 10.50
DYS526a 15 4425 0.0034 0.00190-0.00559 11 4 0 0 0 0 0 2.75
DYS526b-a 50 4401 0.0114 0.00843-0.01498 49 1 0 0 0 0 0 49
DYS533 9 6975 0.0013 0.00059-0.00245 8 1 0 0 0 0 0 8.00
DYS547 69 4053 0.0170 0.01327-0.02150 67 0 0 1 0 1 0 33.50
DYS549 10 2617 0.0038 0.00183-0.00702 10 0 0 0 0 0 0 -
DYS570 87 9976 0.0087 0.00699-0.01075 80 6 1 0 0 0 0 11.43
DYS576 140 9876 0.0142 0.01194-0.01671 135 3 2 0 0 0 0 27.00
DYS612 66 4056 0.0163 0.01261-0.02066 60 6 0 0 0 0 0 10.00
DYS626 41 4441 0.0092 0.00663-0.01250 39 1 0 0 1 0 0 19.50
DYS627 133 8028 0.0166 0.01389-0.01960 127 5 1 0 0 0 0 21.17
DYS635 59 18,813 0.0031 0.00239-0.00404 59 0 0 0 0 0 0 -
DYS643 1 1978 0.0005 0.00001-0.00281 1 0 0 0 0 0 0 -
GATA A10 4 1026 0.0039 0.00106-0.00995 4 0 0 0 0 0 0 -
GATA H4 42 17,611 0.0024 0.00172-0.00322 41 1 0 0 0 0 0 41.00
Total 1863 469,611 - - 1786 55 12 5 1 1 3 24.1

" Multistep mutation reported without specifying the number of steps [61].

Table 2

Number of father-son allelic transmissions analyzed considering paternal age intervals (at the time of the son’s birth) and the corresponding mutation rate. Included
data are from the presented study and previous reports [30,40,60]. See Tables S5 and S6 for more details.

Paternal age classes Number of mutations Number of allelic transmissions Mutation Confidence interval (95 %)
rate

10-years <21 31 7995 0.00388 0.00264-0.0055
21-30 112 39,408 0.00284 0.00234-0.00342
31-40 96 25,995 0.00369 0.00299-0.00451
41-50 45 8076 0.00557 0.00407-0.00745
51-60 14 2407 0.00582 0.00318-0.00974
>61 4 834 0.00480 0.00131-0.01223

Dichotomous <31 143 47,403 0.00302 0.00254-0.00355
>30 159 37,312 0.00426 0.00363-0.00498
<41 239 73,398 0.00326 0.00286-0.00370
>40 63 11,317 0.00557 0.00428-0.00712
<51 284 81,474 0.00349 0.00309-0.00392
>50 18 3241 0.00555 0.00329-0.00878

gain of repeats (161), and this difference between gains and losses
showed statistical significance (p = 1.82E-04). Conversely, 394 out of
the 621 mutations involving longer paternal alleles corresponded to the
loss of repeats, this difference between gains and losses also showing
statistical significance (p = 8.4E-06). The trend for shorter alleles to gain
repeats and longer ones to lose repeats showed to be highly significant
(p = 8.92E-15). Finally, it should be remarked that mutations involving
the modal allele did not show statistically supported evidence to either
gain or lose repeats (p = 0.11).

3.4. Logistic regression computations

A logistic regression was computed to model the probability of a
mutation to occur, considering as predictors both the paternal age and
allele length, or only the paternal allele length (Tables 4, 5 and S7), for
the subset of single copy markers, most with simple structure. Markers
DYS388, DYS612, and DYS626 were not considered for age analyses due
to lack of data.

For the subset of 25 markers for which both paternal age and allele
data were available, only three: DYS3891, DYS393, and DYS627, showed
statistical significance (a = 0.05) for both predictors (Table 4). For these
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Table 3
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Number of allelic transmissions (Transm) and mutations (Mut) observed compatible with changes involving an integer number of repeats (Mut), as well as the number
of Mut compatible with either gains or losses, considering the following categories for the paternal allele: modal allele, shorter or longer than de modal allele. Data
include both those generated in the presented GHEP-ISFG collaborative study and those obtained from [26,27,29,30,32,33,40,44,48-51,60].

Markers Transm Mut Modal allele Length of Paternal allele analyzed (relative to the modal)

Shorter than modal Modal Longer than modal

Transm Mut Loss Gain Transm Mut Loss Gain Transm Mut Loss Gain
DYS19 11,688 26 14 1463 2 0 2 5333 10 1 9 4892 14 7 7
DYS388 101 1 12 19 1 0 1 73 0 0 0 9 0 0 0
DYS3891 10,616 37 13 2426 6 1 5 6011 14 4 10 2179 17 15 2
DYS3891I-1 10,593 48 16 886 4 0 4 5456 10 0 10 4251 34 23 11
DYS390 11,826 29 24 4644 5 1 4 5174 15 8 7 2008 9 9 0
DYS391 11,827 35 10 632 1 0 1 6775 10 1 9 4420 24 14 10
DYS392 11,810 7 13 5537 1 1 0 4794 3 0 3 1479 3 1 2
DYS393 10,577 17 13 2131 2 0 2 6848 8 4 4 1598 7 5 2
DYS437 10,057 15 14 37 0 0 0 4720 3 0 3 5300 12 8 4
DYS438 10,119 6 12 6340 4 3 1 3435 2 2 0 344 0 0 0
DYS439 10,078 63 12 4330 13 3 10 4258 18 6 12 1490 32 23 9
DYS448 8756 13 19 1083 1 0 1 3436 6 4 2 4237 6 6 0
DYS449 5538 69 30 1769 12 4 8 952 11 8 3 2817 46 25 21
DYS456 8757 53 15 1213 3 1 2 4005 14 2 12 3539 36 25 11
DYS458 8765 79 17 3884 23 8 15 2620 24 12 12 2261 32 18 14
DYS460 3411 14 11 1797 5 1 4 1466 5 4 1 148 4 4 0
DYS481 3707 21 22 276 0 0 0 1221 5 1 4 2210 16 6 10
DYS518 5493 93 38 1425 14 4 10 1166 15 7 8 2902 64 32 32
DYS526a 3119 14 14 890 6 3 3 1000 4 2 2 1229 4 2 2
DYS526b-a 3095 38 22 842 6 2 4 773 8 1 7 1480 24 12 12
DYS533 3705 5 12 1718 1 0 1 1714 2 1 1 273 2 2 0
DYS547 3259 57 48 1223 21 8 13 778 9 4 5 1258 27 22 5
DYS549 1317 7 12 240 0 0 0 491 3 2 1 586 4 4 0
DYS570 7015 64 17 899 7 0 7 2060 18 6 12 4056 39 25 14
DYS576 6914 108 18 3111 20 3 17 2191 35 20 15 1612 53 37 16
DYS612 3288 57 36 884 21 5 16 933 6 3 3 1471 30 15 15
DYS626 3237 35 30 1241 6 3 3 610 2 1 1 1386 27 20 7
DYS627 5663 89 21 2811 28 10 18 1152 15 9 6 1700 46 29 17
DYS635 9635 35 23 4424 20 16 4 4141 9 6 3 1070 6 3 3
GATA A10 874 4 15 316 2 1 1 433 2 2 0 125 0 0 0
GATA H4 9848 22 12 3889 6 2 4 5173 13 9 4 786 3 2 1
Overall average 214,688 1161 - 62,380 241 80 161 89,192 299 130 169 63,116 621 394 227

Table 4

Summary of logistic regression computations considering as predictors of mu-
tation (coded as “17, and as “0” otherwise) both the paternal age and allele, for
the three markers (out of the 25 analysed) for which statistical significance (« =
0.05) was reached for both predictors. Summary data for the complete set of
markers analysed can be found in Table S7. Mut represents the number of mu-
tations observed in N allele transmissions analysed. Data rely on the consider-
ation of both the paternal allele and age at time of son’s birth of each one of the
subjects and include those generated in the presented GHEP-ISFG collaborative
study and those obtained from raw data of [30], [40] and [60].

Marker Mut N Coefficients Estimate Std. Error  p-value
DYS3891 12 5128 Intercept (b) -18.1927 5.3056 0.000606
Age (al) 0.05199  0.02328 0.025517
Allele (a2) 0.78672  0.38916 0.043216
DYS393 5 5122 Intercept (b) -27.2037 6.62249 3.99E-05
Age (al) 0.08083  0.032 0.01155
Allele (a2) 1.30499  0.45972 0.00453
DYS627 21 1081 Intercept (b) -10.9578 2.793 8.73E-05
Age (al) 0.05134  0.02065 0.0129
Allele (a2) 0.25196  0.12522 0.0442

markers, the estimates associated with the coefficients of both predictors
are positive, which means that greater alleles and older individuals are
associated with an increased probability of mutation, as expected. Also,
the estimate associated with the predictor allele showed to be greater
(15.1%x, 16.1%, and 4.9%, for DYS389I, DYS393, and DYS627, respec-
tively), than the one associated with age, which supports a greater in-
fluence of the first on the probability of mutation. Algebraic expressions
for the probability of mutation depending on both the paternal age and
allele length can be inferred from the results presented in Table 4 for the

markers for which statistical significance was reached. Indeed, through
the logistic regression model, the probability of mutation of the marker
M, depending on both paternal age and allele, can be estimated by

p(mutation | age, allele) = - ~praraera-ame> Where b, al, and a2, are
the estimates for the coefficients of intercept, age, and allele, respec-
tively, presented in Table 4. For example, through this model the
probability of occurring a mutation in the marker DYS3891 involving a
father with 29 years old and genotype 15 is estimated as

p(mutation |29, 15) = 1+e7(7181927+00%199x29+0.78672x15] = O~007508’ chang-

ing this estimation to

p(mutation |43,12) = 0.001477 in the case of a father with 43 years
old and genotype 12.

When the paternal allele length was considered as the only predictor
of mutation, greater subsets of subjects were able to be considered, and
statistical significance was reached for 18 out of the 28 analysed markers
(Table 5 and Table S7). As before, the estimate associated with the allele
showed to be positive for all the cases, reinforcing that greater alleles are
generally associated with greater probabilities of mutation. Algebraic
expressions for the probability of mutation depending only on the
paternal allele length can be inferred from the results presented in
Table 5 for the markers that showed statistical significance — for data for
the complete set of analysed markers see Table S7. Through the logistic
regression model, the probability of mutation on the marker M,
depending on the paternal allele, is estimated by P(mutation | allele) =
m, where b, and a, are the estimates for coefficients of intercept,
and allele, respectively, presented in Table 5. For example, through this
model the probability of occurring a mutation in the marker DYS19
involving a father with genotype 12 is estimated as P(mutation |12) =

m = 0.000618, changing this estimation to
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Table 5
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Summary of logistic regression computations considering as predictor of mutation (coded as “1”, and as “0” otherwise) the length of the paternal allele, for the 18
markers (out of the 28 analysed) for which statistical significance (« = 0.05) was reached. Summary data for the complete set of markers analysed can be found in
Table S7. Mut represents the number of mutations observed in N allele transmissions analysed. Data rely on those generated in the presented GHEP-ISFG collaborative

study and those obtained from [26,27,29,30,32,33,40,44,48-51,60].

Marker Mut N Coefficients Estimate Std. Error p-value
DYS19 27 11,687 Intercept (b) -13.1024 2.5184 1.97E-07
Allele (a) 0.4762 0.1666 0.00426
DYS3891 37 10,616 Intercept (b) -14.9595 2.6134 1.04E-08
Allele (a) 0.7071 0.195 0.000288
DYS3891I-1 48 10,590 Intercept (b) -16.982 2.4474 3.95E-12
Allele (a) 0.6933 0.1434 1.33E-06
DYS390 29 11,826 Intercept (b) -18.9412 4.8062 8.12E-05
Allele (a) 0.5415 0.199 0.00651
DYS391 35 11,827 Intercept (b) -16.0732 2.7696 6.50E-09
Allele (a) 0.9748 0.2581 0.000159
DYS393 17 10,577 Intercept (b) —-20.7473 3.5596 5.59E-09
Allele (a) 1.0788 0.2603 3.41E-05
DYS437 15 10,056 Intercept (b) -18.8974 5.1514 0.000244
Allele (a) 0.835 0.3415 0.014484
DYS439 63 10,075 Intercept (b) -16.8071 1.69E+00 <2.00E-16
Allele (a) 0.9752 0.135 5.11E-13
DYS449 69 5538 Intercept (b) -11.789 1.81123 7.57E-11
Allele (a) 0.2385 0.05715 3.01E-05
DYS456 53 8755 Intercept (b) -14.2928 1.9923 7.27E-13
Allele (a) 0.586 0.1241 2.35E-06
DYS458 78 8764 Intercept (b) -10.2435 1.39083 1.77E-13
Allele (a) 0.32583 0.08018 4.83E-05
DYS460 14 3411 Intercept (b) -14.3873 3.9836 0.000304
Allele (a) 0.8373 0.3662 0.022223
DYS481 21 3707 Intercept (b) -12.1844 2.41783 4.67E-07
Allele (a) 0.29233 0.09767 0.00276
DYS518 94 5494 Intercept (b) -12.3526 1.92084 1.27E-10
Allele (a) 0.21177 0.04836 1.19E-05
DYS533 5 3705 Intercept (b) -15.8535 4.8279 0.00102
Allele (a) 0.7821 0.3943 0.0473
DYS576 107 6913 Intercept (b) -13.6211 1.3967 <2E-16
Allele (a) 0.5251 0.0755 3.52E-12
DYS626 35 3237 Intercept (b) -15.0473 2.42582 5.54E-10
Allele (a) 0.3427 0.07698 8.51E-06
DYS627 89 5663 Intercept (b) -10.6755 1.24828 <2.00E-16
Allele (a) 0.31322 0.05801 6.68E-08

p(mutation |14) = 0.001601 in the case of a male with genotype 14 for
the same marker.

4. Discussion and conclusions

The analysis of the transmission of Y-chromosomal markers provides
invaluable insights into mutation mechanisms, especially when geno-
typing is based on fragment length determination, as it is still the
common practice in forensic genetics routine. Indeed, the unambiguous
identification in simple-structure STRs of which parental allele origi-
nated which filial one, prevents the biases inherent to other modes of
genetic transmission, such as the occurrence of hidden mutations or the
overestimation of single-step mutations compared to multi-step ones [3,
7,19]. The insights provided by these haploid markers may be analyzed
under the scope of autosomal and X-chromosomal modes of genetic
transmission, and conclusions eventually transferred and included in
specifically devoted software. It must be said, however, that the absence
of recombination at the Y-specific regions may limit the transferability
of the model.

The average mutation rates of the 33 different Y-STRs vary signifi-
cantly, from 0.0005 for DYS438 and DYS643 to 0.0170 for DYS547 (i.e.,
34 times), which strengthens the recommendation on the use of marker-
specific estimates. For markers with a complex structure, the presented
mutation rate may be underestimated if ‘compensating’ mutations occur
within the markers (that is, a gain in one region and an equal length loss
in another).

Our work also supports that single-step mutations are more frequent
than multistep ones, although the ratio between the two varies from

marker to marker — from slightly above one (DYS438) to almost one
hundred (DYS449), which is correlated with the structure of the repet-
itive motif such as recently shown [12].

Longer alleles (relatively to the modal one) showed ~two times more
mutations than the shorter ones. Within the subset of longer alleles, the
trend to lose repeats showed to be greater (1.7 times) than for gains, the
opposite trend being observed within the subset of shorter alleles (2.0
times more mutations involving gains than losses). When considering
the mutations involving the modal paternal allele, no statistically sig-
nificant differences were found between the numbers of the two types of
mutations.

In agreement with previous reports [16,17,67,68], the data analyzed
in this paper support a positive correlation between the age of the father
and the occurrence of mutation.

In summary, our results provide quantified evidence supporting the
generally accepted premises that (i.) single-step mutations are more
common than multistep ones, but showed that the magnitude of the
difference is highly variable across the analyzed markers, (ii.) long al-
leles are more prone to mutation than short ones (~ twice), and (iii.)
long alleles are more prone to lose repeats (~ twice) while short alleles
show the opposite tendency (also ~ twice).

In any case, it is noteworthy that the statistical strength of the con-
clusions described above is greatly dependent on the level of detail
under which the data are published. Indeed, 44 published reports were
used to estimate the average mutation rates presented in Table 1
(467,073 father-son allelic transmissions), as all of them reported for
each marker both the number of allelic transmissions and the number of
mutations observed [21-64]. The age of the father at the time of the
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birth of the child was obtained only for 84,715 allelic transmissions out
of the 467,073 produced and analyzed (18.1 %). On the other hand, the
complete set of analyzed allelic transmissions, including non-mutated
alleles which allowed us to present Table 3, was only possible to
gather for 214,685 out of the 467,073 allelic transmissions produced
and analyzed. This represents a huge amount of wasted, or at least
under-exploited, data (46.0 %), which would be useful to advance the
state of the art of microsatellites’ mutation modeling. Specifically, a
proper communication of the produced data would allow a more robust
estimation of bi-allele mutation rates, essential for the weighing of the
evidence in kinship problems [1].

Mutation models have been proposed considering the relationship
between the mutation rates of the markers and the allele length,
including a logistic one that showed a general best fit according to
Akaike’s information criterion [69]. In this work, the mutation rate was
modelled through logistic regression, a machine learning algorithm that
uses the Maximum Likelihood for parameter estimation, considering
either one (paternal allele length) or two (paternal age and allele length)
predictors. The number of markers that reached statistical significance
was much greater in the first case (18 out of the 28 analysed) than in the
second (3 out of 25) likely due to the larger datasets considered. For
these cases, algebraic formulae for the estimation of marker specific
mutation rates depending on either, both paternal allele length and age,
or only paternal allele, are provided.

Proper estimation of mutation parameters is crucial for a wide range
of forensic genetic problems as well as in evolutionary and phylogenetic
studies. Since mutation is a rare event, proper modeling necessarily
depends on the analysis of a prohibitively large number of individuals to
be collected and analyzed by a single laboratory. The organization of
collaborative studies gathering efforts and synergies from several labo-
ratories, such as the one here presented from the GHEP-ISFG, seems a
good strategy to overcome the difficulty of recruiting such a large
amount of genetic data. Properly produced, analyzed, and peer-
reviewed data must be suitably communicated in a way that allows it
to be reused, verified, and re-analyzed later for further investigations.
The only way to report data allowing the study of the co-occurrence of
mutations in the same meiosis (an overlooked possibility deserving
investigation) would require data release in a haplotypic format, as the
non-mutated loci should also be known. We recognize however that the
public release of individual haplotypes, even anonymized, may raise
ethical concerns. Anyhow, we urge the forensic community and their
representative bodies to undertake the elaboration of recommendations
concerning the publication of results on this topic. In accordance, we
dare to suggest as a minimum standard the mutation matrix format used
in this work and presented as supplementary material which, although
not allowing the investigation of co-occurrence of mutations, provides
nonetheless the information required for the estimation of allele specific
mutation rates per marker.
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