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Abstract

This study presents a comprehensive genetic analysis of 17 Y-chromosomal short tandem
repeat (Y-STR) loci in two Iranian sub-populations from the Fars (n=109) and Isfahan (n=180)
provinces. The loci investigated included DYS19, DYS385a/b, DYS3891/11, DYS390, DYS391,
DYS392, DYS393, DYS437, DYS438, DYS439, DYS448, DYS456, DYS458, DYS635 (Y-
GATA-C4), and Y-GATA-H4. Results demonstrated that the DYS385a/b locus exhibited the
greatest allelic diversity in both populations, with 11 distinct alleles detected and mean allele
counts of 6.29 and 5.88 in the Fars and Isfahan groups, respectively. Conversely, the Fars cohort
showed the lowest allelic variation (three alleles) at DYS439 and Y-GATA-H4 loci, while the
Isfahan population exhibited minimal variation (four alleles) at DYS19 and DY S439. Haplotype
analyses revealed intra-population sharing rates of 2.75% in Fars and 10.0% in Isfahan, with an
overall 8.3% haplotype overlap observed across the combined dataset of 289 individuals. Both
populations exhibited high haplotype diversity values approaching 0.99, indicating substantial
genetic variability. The haplotype discrimination capacity varied among populations, with value
of 0.9725 for Fars, 0.8519 for Isfahan, and 0.9170 for the entire sample set. Population
differentiation was assessed using pairwise FST and RST metrics, which confirmed significant
genetic divergence between Fars and Isfahan groups (FST = 0.00743, p < 0.001; RST = 0.0106,
p < 0.01). These findings underscore the genetic distinctness of the two sub-populations. The
study highlights the necessity for further research incorporating Y-chromosomal single-
nucleotide polymorphisms (Y-SNPs), larger sample sizes, and additional ancestral information to
enhance the understanding of genetic structure and demographic history within Iranian
populations.
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Introduction

The genome of most organisms contains repetitive
DNA sequences that are very small in length (2 to 7 bp),
known as microsatellites, or commonly called short
tandem repeats (STRs) (1). The STRs have become
popular among repetitive DNA markers because of high
variability in their repeat numbers and easy
determination of their genotypes (2). The STR loci, as a
genetic marker, have been widely used for individual
identification (3, 4), population characterization (5),
molecular diagnosis of genetic diseases (6), and even
forensic studies (7). The STRs on the Y chromosome and
its associated Y-STR haplotype, makes it potentially
valuable for forensic genetic particularly in sexual assault
investigations (8). Males commit the vast majority of
violent crimes; therefore, a crime-scene sample left by a
culprit will usually be informative when typed with Y
chromosome-specific markers (9), and even if no Y-
specific markers were found in a sample, this result
would still be helpful. In addition, Y-STR analysis
readily provides an assailant-specific profile in cases of
Azoospermia (10).

Iran is a heterogeneous country that makes up about
1.12% of  the total world population
(https://www.worldometers.info/) has significant
diversity due to factors such as climate, agriculture,
industry, ethnicity, religion and language (11). These
factors lead to significant genetic diversity, although the
Iranian population is studied poorly, particularly
concerning Y-STR data. Mixed signals of gene diversity
are observed in Iranian populations. For example, no
significant difference has been observed in genetic
distance between the Iranian Gilak, Mazandarani,
Bakhtiari, and non-Iranian Turkish, Azerbaijanian,
Armenian, and Kurdish ethnic groups using Y-STRs.
However, a significant gene distance was observed
among Talysh, the Iranian Arabs, Georgian
and Kazakh ethnic groups (12). A total of 204 unique Y-
STR haplotypes were detected in unrelated male samples
from Mazandaran and Gilan provinces. However, no
unique Y-STR haplotypes were observed across the two
provinces (13). The results of a study showed the
efficiency of Y-STRs as a reliable tool in forensic genetic
medicine and the evolutionary comparison of different
ethnic groups from northern Iran (14). In addition, in
another study, based on whole genome data from eleven
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ethnic groups present in Iran, it has been observed that
the Tranian population consists of genetically clusters of
overlapping ethnic groups, several strongly admixed
groups, and shows distinct genetic diversity with respect
to populations in close geographic proximity (15). In the
current study, the Y-STR profiles were investigated in
two Iranian sub-populations (Isfahan and Fars
provinces). These two regions cover a large section of the
ancient capitals of the Persian Empire, in which
population genetics profile analysis has rarely been
undertaken. The study had two primary aims. First,
forensics, to provide a database with high-quality
haplotypes with more reliable Y-STRs markers than
currently available studies which have been conducted in
these regions. Second, anthropological, as the data and
results can potentially be reused by any human
population anthropologist to reconstruct the history of the
Iranian or surrounding populations.

Materials and Methods

Populations and DNA profiling

Through confirmation of ethnic identity (due to the
mixed nature of the two populations via continual
migration), only healthy and unrelated male participants
capable of tracing their ancestry for at least two
generations were included. The target sample sizes of n
=109 for Fars and n = 180 for Isfahan were determined
a priori using G*Power 3.1 software to ensure >80%
statistical power (o= 0.05) to detect a medium effect size
(f=0.25) in haplotype diversity differences between the
two populations, based on previously reported genetic
variation in Iranian subpopulations (13). This calculation
ensured sufficient sensitivity to detect meaningful
population differentiation while accounting for the
expected within-population heterogeneity inherent in Y-
STR markers. Y-DNA samples from two socio-
geographical populations in the Fars (109 samples) and
Isfahan (180 samples) provinces were collected by the
Iranian Medical Research Council and the Iranian
Forensic Genetics Bank, in collaboration with two
referral centers in the capital cities of the two provinces.
DNA was isolated from bloodstains on 1.2 mm FTA
cards using the QIAamp DNA Investigation Kit
(Qiagen). Multiplex polymerase chain reaction (PCR)
was performed to amplify the 17 Y-STR loci (DYSI19,
DYS385a, DYS385b, DYS3891, DYS3891I, DYS390,
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DYS391, DYS392, DYS393, DYS437, DYS438,
DYS439, DYS448, DYS456, DYS458, DYS635/Y-
GATA-C4, and Y-GATA-H4) using the commercially
available AmpFLSTR® Y filer™ PCR Amplification Kit
(Applied Biosystems, Foster City, CA). This kit employs
a pre-designed, multiplexed primer set optimized for
human Y-chromosome STR analysis; the primer
sequences are proprietary and not publicly disclosed by
the manufacturer. However, the amplicon sizes,
fluorescent labeling (6-FAM, NED, PET, VIC), and
amplification conditions are standardized and validated
according to the manufacturer’s specifications (Applied
Biosystems). All reactions were carried out under the
following  thermal cycling parameters: initial
denaturation at 95°C for 11 min, followed by 28 cycles
of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min,
with a final extension at 60°C for 45 min. Multiplex PCR
products were analyzed on an automated ABI 3130
Genetic Analyzer (Applied Biosystems, Foster City, CA)
using POP-4 polymer in a 36 cm capillary array. Quality
control for Y-STR typing was confirmed by successful
genotyping of five blind reference samples provided by
the Y-Chromosome Haplotype Reference Database
(YHRD; https://yhrd.org/) (16). Haplotypes were
interpreted using GeneMapper ID-X Software v1.3
(Applied Biosystems), and allele calling was based on the
Nei equation (17). The obtained Y-STR data were
submitted to the YHRD under Accession Numbers
YA004229 (Fars) and YA004228 (Isfahan). The general
formal ethical approval for this study was obtained from
the Ethical Committee of the Legal Medicine
Organization, Tehran (Reference ID: 1396.0018).

Y-STR data analyses
GenAlEx V6.5 (18) was employed to determine
allelic frequencies, number of alleles, number of matches
between haplotypes, and Shannon index for the 17 Y-
STR markers. The Shannon's Index is an information
statistic index, assuming all types are represented in a
sample and that they are randomly sampled. It combines
both evenness and richness in a single measure (19).
Gene diversity was also calculated based on the Nei
equation (17). Also, shared haplotypes, theta parameters
(8; the number of mutations per generation, assuming that
the population is in mutation-drift equilibrium), and
expected heterozygosity (HE) were estimated using
Arlequin software (20). Theta was calculated from the
expected homozygosity (HomE) as follows:
1-HomE
~ HomE
where, HomE = 1 — HE. Moreover, haplotype
discrimination capacity (DC) was calculated as follows

21):

Number of unique haplotypes
DC — que haplotyp

Number of total genotype markers
Additionally, the probability of exclusion (PE) was

estimated by (22):
PE=1- Z p?

where P is the haplotype frequency.

HapYDive software (http://www.portugene.com/
hapydive.html) (23) was also used to calculate the
number of different haplotypes and haplotype diversity
(HD). The haplotype match probability (HMP) was
calculated as HMP =1—-HD . Haplogroup Predictor
software (www.hprg.com/hapest5/hapest5a/hapest5.
htm) was used to predict the haplogroup from the
haplotypes (24,25). The 17-marker haplotypes were
analyzed using the following 26 haplogroups (as defined
by ISOGG 2017 Y Tree): C2-M217, D-M174, Ela-
M132, Elbla-V38, E1b1b-M35, G1-M342, G2a-P15,
G2b-M377,H-M69, 11-M253, 12a-P37(xM26), [2a-M26,
12b-M223(xM284), 12b-M284, J1-M267, J2a-M410,
J2b-M12, L-M11, N-M46, OI1-F265, 02-M122, Q-
M242, R1a-M17, R1b-M349, R2-M124, and T-M184.
Generally, a probability of 85% with a fitness score of 20
was considered acceptable for prediction. In a few cases,
a fractional result was obtained for STRs, but since the
Haplogroup Predictor software cannot handle such
values, the values were truncated before being analyzed.
Analysis of Molecular Variance (AMOVA) and of Fy
and Ry values were calculated using GenAlEx V6.5 and
YHRD (Release 59- 2018/Nov/01) softwares (p-values
computed by 10,000 permutations) for obtaining the 17
Y-STR haplotypes and also data from neighboring
countries, including Pakistan (Pathan), Turkey, and Iraq
(Table S1).

Results

Despite the existence of manuscripts with larger
sample sizes exploring Iranian subpopulations, this paper
stands out for explicitly focusing on two key Iranian
capital regions that were once capitals of the Old Persian
Empire. These regions cover a significant portion of the
Iranian plateau. Furthermore, we haven’t only conducted
a forensic genetic analysis but also delved into
demographic analysis using Y-STR data.

In the current study, the Y-STR profiles were
analyzed in two Iranian subpopulations (Isfahan and Fars
provinces), including 289 random, unrelated forensic
samples. Haploid allelic frequencies and number of
alleles for the 17 Y-STR loci in Fars and Isfahan
populations are shown in Figure 1 and Table S2. The
results of estimated genetic diversity parameters are
shown in Figure 2a, b, ¢ and d and Table S3. The



Vol. 36 No.1 Winter 2025 M. Ghaderi-Zefrehei, et al. J. Sci. . R. Iran
DYS19 DYS385a
3
A g e ¥ Fars
%N e £ e @ ®
\ |sfah
P $e3 ¥ IStahan
° o
13 15 16 17 9 10 11 12 13 14 15 16 17 18
Allele Allele
DYS385b DYS389I DYS389ll
: 0
> =2 - >3 [
B3 ee83 .
g~ ® g " g3 ®
s o s ™ ® i ° ®
Y X ) ®ge o o
11 12 13 14 15 16 17 18 19 20 21 9 10 12 13 14 15 25 27 28 29 30 31 32
Allele Allele Allele
DYS390 DYS391 DYS392
o
s 3
L]
Bl I
2
g H ¢ $ § g
s g fr
: : e 8 > ° ) Y 8 e °
20 21 2 23 24 25 26 9 10 " 12 3 14 9 10 11 12 13 14 15 16
Allele Allele Allele
DYS393 DYS437 DYS438
© 0
® o ® o
g3 e o g, . ° g e
3 g g3@
g3 8o . g o
[l ® i [ ] w_ [ ]
ola 8 ° ° ®
10 11 12 13 14 15 14 15 16 17 19 9 10 1 12
Allele Allele Allele
DYS439 DYS448 DYS456
©
5] 8 o 52 o™ 3 o
S ] o ® gs
gs S gy 4 S 8
i J o i s g o
o e o = hd L) _ @
10 1 12 13 14 14 16 18 19 20 21 22 23 13 14 15 16 17 18 22
Allele Allele Allele
DYS458 DYS635 GATA H4
o
> ® Pt @ =° @
53 e © §° P °® ;‘%m 8
2% e g .o
“ile 8 8 B o ®, 3 N H
14 15 16 17 18 19 20 22 19 20 21 22 23 24 25 32 10 1 12 13
Allele Allele Allele

Figure 1. Haploid allelic frequencies of 17 STRs in Fars and Isfahan populations are presented in red and blue, respectively (purple
represents overlap). For detailed information about each population, see Tables S1 and S2.

maximum number of alleles (11 alleles) was found in the
DYS385a/b locus in both populations. The minimum
number of alleles was observed for the DYS439 and
GATA-H4 loci, 3 and 4 alleles each in Fars and Isfahan,
respectively (Figure 2a). For further analysis of the
DYS385a/b locus, the Shannon index values for Fars
(2.092) and Isfahan (2.025) populations and the HE
values (0.86 for Fars and 0.85 for Isfahan) were
calculated (Figure 2b and ¢, and Table S3). In samples
from the Fars province, the highest values for the HE
parameter were detected in DYS385b (0.86), DYS385a
(0.85), DYS458 (0.81), DYS390 (0.74), and DY S38911
(0.73). Similarly, these values for Isfahan samples were

in DYS385b (0.85), DYS385a (0.81), DYS635 (0.75),
DYS390 (0.74), and DY S458 (0.72). The highest values
of Theta (0) for DYS385b were 26 in Fars and 22 in
Isfahan individuals, followed by 23 (DYS385a) and 13
(DYS458) in Fars and 14 (DY S385a) and 7 (DYS635) in
Isfahan samples (Figure. 2d). Pairwise population
differences were based on the distance method and were
used to calculate Fy values. Even though a comparative
analysis of the Isfahan population indicated that the
population is slightly different from the Fars population
(Fst = 0.00743, p<0.001), it is hardly can be said it is
statistically different as its values obtained are low and
less than that 0.15. The Ry value obtained for the Isfahan
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Figure 2. Number of alleles, gene diversity and theta values of 17 STRs in Fars (red) and Isfahan (blue) populations, Iran (purple
represents overlaps). For more information about each population, see Table S3. A: Daunt charts show total number of alleles in
each STR where the effective number of alleles is shown in bold and non-effective are shown in pale colours. Circle size of the
corresponding plot represents number of alleles for each STR of the studied populations. DYS3891I and DYS391 had the exact
same number of alleles in both Fars and Isfahan populations (7 and 6, respectively). B: Shanon index, C: Expected heterozygosity
and D: Theta (0).

and Fars provinces was 0.0.0106 (p<0.01). The numbers or three matching haplotypes. There were 106 distinct
of total and unique haplotypes in each studied population, haplotypes within the Fars population, while three of the
along with the number of haplotypes shared within and haplotypes occurred twice. There were 161 distinct
between the Fars and Isfahan populations, are shown in haplotypes within the Isfahan population while 3 and 16
Table 1. The shared haplotypes were either cases of two haplotypes occurred three and twice times, respectively.
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Table 1. Haplotype and forensics parameters for 17 Y-STR loci deriving from 289 samples from Isfahan and Fars provinces of

Iran
Parameters Fars Isfahan Total Population
Number of haplotypes 109 189 289
Number of Different haplotypes 106 161 265%*
Shared haplotypes
Cases of 3 matching haplotypes 0 3 (1.58%) 3 (1.03%)
Cases of 2 matching haplotypes 3 (2.75%) 16 (8.46 %) 19 (6.57%)
Total shared haplotypes 3 (2.75%) 19 (10.05%) 24 (8.30%)
Forensic parameters
Haplotype discrimination capacity (DC) 0.9725 0.8519 0.9170
Chance of exclusion (CE) 0.6676 0.6720 0.6698
Haplotype diversity (HD) 0.9995 0.9984 0.9989
Gene diversity 0.6737 0.6758 0.6774
Haplotype match probability (HMP) 0.0005 0.0016 0.0011

* Two haplotypes were shared between Fars and Isfahan populations, so the number in total was reduced by 2
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Figure 3. The AMOVA analysis (Fst and Rst values) of the Y-Chromosome Haplotype Reference (YHRD (https://yhrd.org/) (3); P-
values computed by 10,000 permutations). The off-diagonal entries in the matrix provide the Fst and Rst values between each variable
pair. For more information about each population see Table S1. A: The values below the diagonal are Ry and values above the
diagonal are Fst obtained for comparison between five Iranian and three regional populations (Tables S4 and S5), B: The unrooted
tree of Ry values of five Iranian and three regional populations (Table S4) C: The unrooted tree of Fs values obtained for comparison

between five Iranian and three regional populations (Table S5).

Two haplotypes from Fars matched with two haplotypes
from Isfahan, but did not match with any other
haplotypes within the populations. In total, 24 (8.30%) of
the 289 haplotypes were shared between and within
subpopulations. The population genetics parameters DC,
CE, HD, gene diversity, and HMP were also analyzed
(Table 1). Different populations from Iran and
neighboring countries were used for regional analysis
(Table S1). The highest and lowest R values were seen
for Pakistan-Fars (0.0856) and Turkey-Iraq (-0.0008),
respectively (Figure 3a and b and Table S4). The highest
and lowest Fy values were observed for Central Iran-
Isfahan (-0.0033) and Pakistan-Central Iran (0.0056),

10

respectively, as shown in Figure 3a and ¢ and Table S5.
Allelic frequencies can be different between different Y
haplogroups. Indeed, those differences form the basis for
haplogroup prediction from Y-STR values. Table 2
shows the predicted haplogroup frequencies for the Fars
and Isfahan samples, plus the summary for the combined
populations. Note that the SNP names in Table 2 are only
for haplogroup identification purposes - no SNPs were
tested in the current study. As can be seen in Table 2, the
highest haplogroup frequency was observed for J2a and
Rla haplogroups. Unfortunately, in 12 out of 280
haplotypes, no haplogroup prediction could be made with
the set of haplogroups employed in the prediction
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Table 2. Haplogroup Summary Statistics

All Samples

Fars Samples

Isfahan Samples

Haplogroup Count _ Percent Haplo Count _ Percent Haplo Count __ Percent
C2-M217 2 0.7% C2-M217 2 1.8% C2-M217 0 0.0%
D-M174 1 0.3% D-M174 1 0.9% D-M174 0 0.0%
Ela-M132 0 0.0% Ela-M132 0 0.0% Ela-M132 0 0.0%
Elbla-V38 4 1.4% Elbla-V38 0 0.0% Elbla-V38 4 2.2%
E1b1b-M35 23 8.0% Elb1b-M35 13 11.9% Elb1b-M35 10 5.6%
G1-M342 6 2.1% G1-M342 2 1.8% G1-M342 4 2.2%
G2a-P15 15 5.2% G2a-P15 9 8.3% G2a-P15 6 3.3%
G2b-M377 0 0.0% G2b-M377 0 0.0% G2b-M377 0 0.0%
H-M69 10 3.5% H-M69 5 4.6% H-M69 5 2.8%
11-M253 1 0.3% 11-M253 1 0.9% 11-M253 0 0.0%
12a-P37(xM26) 3 1.0% 12a-P37 2 1.8% 12a-P37 1 0.6%
12a-M26 0 0.0% 12a-M26 0 0.0% 12a-M26 0 0.0%
12b-M223(xM284) 0 0.0% 12b-M223 0 0.0% 12b-M223 0 0.0%
12b-M284 1 0.3% 12b-M284 0 0.0% 12b-M284 1 0.6%
J1-M267 15 52% J1-M267 10 9.2% J1-M267 5 2.8%
J2a-M410 74 25.6% J2a-M410 20 18.3% J2a-M410 54 30.0%
J2b-M12 5 1.7% J2b-M12 0 0.0% J2b-M12 5 2.8%
L-M11 19 6.6% L-M11 4 3.7% L-M11 15 8.3%
N-M46 3 1.0% N-M46 2 1.8% N-M46 1 0.6%
01-F265 1 0.3% O1-F265 0 0.0% O1-F265 1 0.6%
02-M122 2 0.7% 02-M122 1 0.9% 02-M122 1 0.6%
Q-M242 11 3.8% Q-M242 5 4.6% Q-M242 6 3.3%
R1a-M17 37 12.8% Rla-M17 16 14.7% Rla-M17 21 11.7%
R1b-M343 22 7.6% R1b-M343 3 2.8% R1b-M343 19 10.6%
R2-M124 12 4.2% R2-M124 3 2.8% R2-M124 9 5.0%
T-M184 10 3.5% T-M184 6 5.5% T-M184 4 2.2%
Unknown 12 4.3% Unknown 4 3.7% Unknown 8 4.4%
Total 289 Total 109 Total 180

program. This is probably due to four main factors: 1) the
relatively small number of Y-STR markers (17 Y-STRs),
2) the omission in the set of 17 Y-STRs of markers of
particular importance to haplogroup prediction
(DYS388, YCAII), 3) the likelihood that the haplotypes
in these studied populations have diverged somewhat
from the populations represented in the predictor
program database, and 4) the possible existence in these
populations of haplogroups that are not included in the
analysis. A total of 22 haplogroups were found in the two
populations. About a quarter of the total population was
found to be in the J2a-M410 haplogroup, while the next
most common haplogroup was Haplogroup R1a-M17 at
about 13%. In addition, 7.3% of the combined
populations were found to be in haplogroup R1b-M343,
7.3% in E1b1b-M35, 7.3% in J1-M267, 6.7% in L-M11,
4.7% in G2a-P15, 4.2% in R2-M124, 3.9% in Q-M242,
and 2.8% in HI-M69. The remaining haplogroups
occurred at frequencies of 2% or less.

Discussion
Different ethnic groups, religious affiliations,
languages, climates, etc., have produced a heterogeneous

11

population in Iran. Thus, exploring Y-STRs in Iran is a
compelling venture. Both Fg (the classical allele
frequency-based differentiation estimator) and Ry (the
mutational based model differentiation estimator)
measures, though significant, showed low values in this
study, indicating that genetic variance of within-
population is much larger than between population.
Many Y-STRs-based studies have reported both Fy and
Ry. For example, the most significant genetic distance
(R¢=0.35434) was observed in Gilaks and Azeris; but,
Sistanis and Lurs groups showed the smallest genetic
distance (Ry«=0.00483) compared to other Iranian
ethnicities (26). However, there is a longstanding debate
about using both measures in terms of their variance
sampling, mutational model, distance-related detection,
expectation of new genetic mutation, etc. In other words,
no mutation model completely matches the behavior of
microsatellites and no clear consensus over the accuracy
of these measures to estimate genetic distances between
populations, therefore both Fy and Ry measures, are often
used together in microsatellite data analyses (27). Since
both measures have their own drawbacks, we wanted
these measures to complement each other, and so both
methods were used in this study.
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Genetic diversity parameters distinguished that
DYS385a/b and DY S439 loci revealed the maximum and
minimum number of alleles in both populations,
respectively. Due to the lack of uniformity of the marker
set used in different studies, the results are not very
comparable. DYS385 was reported to show the most
significant number of alleles in the Finnish population
using 16 Y-STR loci (22). Also, the highest and lowest
number of alleles were found for DYS458 and GATA-
H4 markers, respectively, in ethnic Malaysian groups
(Malay, Hindi, and Chinese) (28). Additionally, using a
set of 11 Y-STR loci with demographic groups in
America, the maximum number of alleles (18 alleles)
was found in DYS385a/b markers, and the lowest
number of alleles (5 alleles) was observed in DY S3891
(29). Considering the DYS385a/b locus, the Shannon
index values and the HE values were also calculated. The
highest HE and Theta (8) values were found for
DYS385b and DYS385a loci in both populations. The
comparative analysis, via Fy pairwise distance, revealed
the statistical difference between the Fars and Isfahan
populations. More than 8% of the 289 haplotypes were
shared between and within the sub-populations. The
American ethnic groups (Spanish, African, and
European) were studied using 7 Y-STRs and determined
that 85, 83, and 82% of the haplotypes were respectively
observed only once in each population (30). The male
population of Turkey was studied using 9 Y-STRs and
most haplotypes were observed only once in the
population (31). The average value of CE (0.6698), high
value of HD, maximum (0.9725 in Fars), and minimum
(0.8519 in Isfahan) DC values were compared with other
corresponding studies. In another study, using 9 Y-STRs,
the obtained HD and DC values were as 0.9938 and 8,
respectively, in the Isfahan population, which is
somewhat higher than the current results (32). Reports
from other parts of Iran show that Tehran had HD and
DC values of 0.997 and 0.900, respectively (32), while
the HD and DC values were 0.9999 and 0.9884,
respectively, in the Eastern region of Iran (33).
Investigation of 17 Y-STRs in four Pakistan ethnic
groups (Balochi, Pathans, Punjabis, and Sindhi) revealed
the highest HD (HD=0.9957) for a Pathan population
with 102 haplotypes (34). Using 27 Y-STRs, 102
haplotypes were identified in Kazakh populations and the
HD and DC were 0.997 and 0.91, respectively (35).
Furthermore, a total of 224 haplotypes were detected in
two Mestizo populations, of which 98.66% were unique
(36).

In addition, socio-geographical effects have been
reported based on Y-STR diversity in different ethnic
groups in America, including African, European,
Spanish, Native, and Asian ethnic groups from various
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geographical regions. The highest DC was found in
America's Asian population from two metropolitan areas,
Tucson, AZ, and New York, NY. The Asian population
in America also showed the most significant amount of
HD (0.84) compared to the other ethnic groups (37). The
average values of DC and HD were 0.9060 and 0.9994,
respectively, in the European part of Russia (38). In a
study on Indian population groups using 5 Y-SNPs
markers, HD was in the range of 0.70 to 1.00 (39), while
in another study, the average HD was 0.98 (40). To create
a Y-STR database for the American population, the
estimated DC values were 0.74, 0.75, and 0.69 for
Hispanic, African, and native American populations,
respectively (41). Using Y-SNPs and Y-STRs analysis,
the HD and DC values were 0.9998 and 0.9680,
respectively, in the Hui population of Liaoning province
(42).

In terms of population genetic structure, our Y-STR
data revealed minor differences between the two
population groups, with the Isfahan population exhibiting
lower levels of within-population diversity, higher levels
of among-population differentiation, and a tendency
toward a lower rate of demographic growth compared to
the Fars population (Table S3). Comparing different
Iranian populations with neighboring countries showed
that the south Iranian populations have been influenced
by eastern and north-western neighbors, with Pakistan
having a larger effect on the south Iranian gene pool than
Turkey (43). In a fascinating study, the northwest region
of Iran was investigated using haplogroup G2-M406
(44). This region is renowned as the cradle of great
civilizations like Mesopotamia and Elam, which is
surrounded by the Zagros Mountains. It was calculated
that the emergence of haplogroup G2-M406 in this region
dates back more than 8,800 years. They highlighted that
the gene flow from neighboring areas and the free
movements of the local people had been sharply
restricted by geography due to the Zagros Mountains.
They also showed a westward migration of the Iranian
population dwelling in this plateau to Europe through
Turkey and the Caucasus (44). Haplogroup G has arisen
due to a mutation from Haplogroup F, M201 in the case
of Haplogroup G, and it has been reported that it has low
frequencies in Western Europe (45). In haplogroup G, the
segregation of G1 and G2 subdivisions occurred about
19,000 years ago, and the G2a and G2a3b subdivisions
about 15,000 and 12,600 years ago, respectively.
Although G2a was formed about 15,000 years ago, its
contemporary subdivision expanded about 5,600 years
ago from the Middle East into two branches: one to the
Balkans and Western Europe, the other to the Caucasus
and Pakistan (46). Various studies have addressed the
origin of haplogroup G being in the regions between
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eastern Anatolia, Armenia, and western Iran, with most
of its current expansion being in the Middle East, the
Caucasus, and southern Europe (Italy and Greece) (47).

Even having an average mutation rate of 0.2% per
generation, Y-STRs can demonstrat the patrilineal
affinities among subpopulations, and reveal the genetic
composition and consanguinity scenarios (48), and are
widely used to predict haplogroups with online tools.
However, the occurrence of errors in Y-STR haplogroup
prediction should not be overlooked. To this end, by
increasing the number of Y-STRs employed to predict
the haplogroup, correcting inaccurate prediction due to
mutation is necessary using precise Y-SNP data. In other
words, the existence of errors in Y-STR haplogroup
predictions implies that validation using SNP analysis is
appropriate when high accuracy is required in terms of
haplogroup prediction (49). It has been shown that
applying Y-SNPs in combination with Y-STR data can
help shed light on the biogeographical origins of
unknown male individuals with high precision, as this
could mediate accessibility to robust phylogenetic trees
and large-scale genome reference data (50). Therefore,
more studies are needed to provide more insightful
information about the geographic distribution of many Y-
SNPs, and these sets of data could improve the
geographic resolution of paternal ancestry inferences.
One of the prime limitations of this study was the
magnitude of subpopulation admixture and inter-ethnic
structure. This matter wasn’t considered in this study.
Both inter-ethnic admixture and ancestral source
subpopulations may contribute to fine scale Y-STRs
heterogeneity within Iran ethnic groups. For the future
genetic investigation of Iran’s ethnic groups and
subpopulation admixture, a panel of Y-SNPs should be
considered, as it could infer distant evolutionary ancestry
in comparison to Y-STRs that reflect close familial
kinships.

Conclusion

This study covers comparative statistical analysis and
various population genetics parameters from two socio-
geographical populations of Iran (Fars and Isfahan) using
289 random unrelated samples and 17 Y-STRs as
markers. The DYS385a/b marker revealed the maximum
number of alleles in both studied populations. However,
DYS439 and GATA-H4 markers in the Fars population
and DYS19 and DYS439 markers in Isfahan individuals
showed the minimum number of alleles. A high rate of
haplotype diversity was observed in the total population
and subpopulations of the Fars, and Isfahan regions.
Haplotype discrimination capacity varied in Fars, Isfahan
and the total populations. The results, again, showed the
power of Y-STR markers for forensic national/regional
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Table S1. Each haplotype information used in current study

Region Number of haplotypes Accession number Source
Fars! 109 YA004229 YHRD? - Current study
Isfahan? 180 YA004228 YHRD - Current study
Center of Iran 154 YA003782 YHRD
Mashhad* 127 YA003903 YHRD
Zahedan® 102 YA003901 YHRD
Pakistan® 269 YA003846 YHRD
Turkey’ 296 YA002964 YHRD
Irag® 124 YA003858 YHRD

!'Fars province, one of the southern provinces of Iran, had 109 Y-DNA samples in current study. Fars province, the capital of ancient Iran, with 122608
Km? total area, and a population of 4851274 individuals (national statistic center of Iran in 2016 census, https://www.amar.org.ir/english) is the 4"
most populated province.

2Y-Chromosome Haplotype Reference Database (YHRD - https://yhrd.org/)

3 Isfahan province, one of the central provinces of Iran, had 180 Y-DNA samples in this study. Isfahan province with 107029 Km? total area, and a
population of 5120850 individuals (national statistic center of Iran in 2016 census, https://www.amar.org.ir/english) is the 3™ populated province.

4 Mashhad city is the capital city of Khorasan-e-Razavi province, one of the eastern provinces of Iran. Khorasan-e-Razavi province with 118884 Km?
total area, and a population of 6434501 individuals (national statistic center of Iran in 2016 census, https://www.amar.org.ir/english) is the 2™
populated province.

5 Zadehan city is the capital city of Sistan and Baluchestan province, one of the eastern provinces of Iran. Sistan and Baluchestan province with 181785
Km? total area, and a population of 27750414 individuals (national statistic center of Iran in 2016 census, https://www.amar.org.ir/english) is the 10™
populated province.

8 Pathan, Pakistan. Pakistan is one of the eastern neighbors of Iran with 959 km border line.

7 Turkey is the north-western neighbor of Iran with 534 km border line.

8 Iraq is the western neighbor of Iran with 1599 km border line.

Table S2. Haploid allelic frequencies of 17 STR in Fars and Isfahan.

Locus Allele Fars Isfahan
DYS19 13 0.138 0.078
14 0.404 0.472
15 0.303 0.317
16 0.128 0.111
17 0.028 0.022
DYS385a 9 0.018 0.033
10 0.028 0.017
11 0.174 0.189
12 0.165 0.150
13 0.220 0317
14 0.165 0.150
15 0.110 0.067
16 0.046 0.044
17 0.064 0.022
18 0.009 0.011
DYS385b 11 0.018 0.011
12 0.018 0.028
13 0.037 0.022
14 0.183 0.178
15 0.156 0.167
16 0.174 0.211
17 0.202 0.167
18 0.073 0.133
19 0.083 0.039
20 0.028 0.011
21 0.028 0.033
DYS3891 9 0.009 0.000
10 0.009 0.000
12 0.165 0.150
13 0.596 0.65
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Table S2. Haploid allelic frequencies of 17 STR in Fars and Isfahan.

Locus Allele Fars Isfahan

DYS38911 25 0.009 0.000
27 0.009 0.000

28 0.083 0.072

29 0.294 0.417

30 0.376 0.361

31 0.202 0.128

32 0.028 0.022

DYS390 20 0.000 0.006
21 0.000 0.033

22 0.220 0.150

23 0.358 0.400

24 0.248 0.278

25 0.165 0.128

26 0.009 0.006

DYS391 9 0.055 0.056
10 0.743 0.706

11 0.147 0.233

12 0.009 0.006

13 0.028 0.000

14 0.018 0.000

DYS392 9 0.018 0.000
10 0.046 0.044

11 0.688 0.600

12 0.046 0.050

13 0.083 0.150

14 0.083 0.122

15 0.028 0.033

16 0.009 0.000

DYS393 10 0.000 0.006
11 0.018 0.039

12 0.385 0.467

13 0.459 0.389

14 0.083 0.078

15 0.055 0.022

DYS437 14 0.560 0.406
15 0.266 0.450

16 0.147 0.144

17 0.018 0.000

19 0.009 0.000

DYS438 9 0.312 0.378
10 0.440 0.267

11 0.211 0.228

12 0.037 0.128

DYS439 10 0.193 0.139
11 0.413 0.389

12 0.358 0.300

13 0.037 0.150

14 0.000 0.022

DYS448 14 0.009 0.000
16 0.000 0.006

18 0.046 0.050

19 0.275 0.378

20 0.450 0.306

21 0.165 0.228

22 0.046 0.033

23 0.009 0.000

DYS456 13 0.009 0.033
14 0.138 0.094

15 0.569 0.539

16 0.257 0.217

17 0.018 0.100

18 0.000 0.017

22 0.009 0.000
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Table S2. Haploid allelic frequencies of 17 STR in Fars and Isfahan.
Locus Allele Fars Isfahan
DYS458 14 0.055 0.028
15 0.193 0.267
16 0.294 0.389
17 0.202 0.172
18 0.138 0.094
19 0.083 0.044
20 0.028 0.006
22 0.009 0.000
DYS635 19 0.000 0.006
20 0.083 0.056
21 0.459 0.311
22 0.147 0.161
23 0.193 0.333
24 0.083 0.094
25 0.037 0.033
32 0.000 0.006
GATA H4 10 0.064 0.050
11 0.468 0.456
12 0.385 0.350
13 0.083 0.144
Table S3. Number of alleles, gene diversity and theta in Fars and Isfahan populations, Iran.
Locus Number of alleles! Shanon index Expected heterozygosity Theta (0)
Fars Isfahan Fars Isfahan Fars Isfahan Fars Isfahan
DYS19 5(3.439) 3(2.062) 1.363 1.246 0.71577 0.66151 5.68897 3.86405
DYS385a 10(6.539) 11(6.509) 2.008 1.883 0.85491 0.81515 23.25170 14.13227
DYS385b 11(6.904) 4(3.546) 2.092 2.025 0.86306 0.85109 26.16493 22.04761
DYS3891 6(2.338) 5(3.067) 1.063 0.886 0.57764 0.51788 2.30290 1.65107
DYS38911 7(3.621) 7(3.608) 1.441 1.270 0.73055 0.67772 6.38659 4.31384
DYS390 5(3.771) 4(1.801) 1.387 1.441 0.74159 0.72688 6.98776 6.20279
DYS391 6(1.730) 6(2.481) 0.877 0.775 0.42593 0.44711 1.01717 1.13568
DYS392 8(2.031) 6(2.652) 1.167 1.250 0.51223 0.60031 1.60157 2.62986
DYS393 5(2.709) 10(5.280) 1.164 1.161 0.63677 0.62638 3.28962 3.08189
DYS437 5(2.463) 6(3.429) 1.075 1.005 0.59956 0.61558 2.61811 2.88344
DYS438 4(2.967) 5(3.527) 1.174 1.320 0.66905 0.72197 4.06491 5.96843
DYS439 4(2.968) 3(2.578) 1.172 1.372 0.66922 0.72048 4.06960 5.89966
DYS448 7(3.231) 6(2.796) 1.381 1.359 0.69691 0.71235 4.94278 5.54295
DYS456 6(2.445) 7(3.792) 1.102 1.299 0.59650 0.64593 2.57102 3.48843
DYS458 8(5.163) 8(4.048) 1.780 1.512 0.81380 0.74041 13.92080 6.91981
DYS635 6(3.520) 4(2.830) 1.490 1.578 0.72256 0.75717 5.99588 7.97937
GATA H4 4(2.643) 3(2.062) 1.105 1.155 0.62742 0.65022 3.10191 3.58670
Mean 6.294(3.440) 5.882(3.340) 1.344 1.326 0.67300 0.67500 1.77400 1.78200

!'Values in parentheses present effective numbers of alleles.
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Table S4. Rs values obtained for comparison between five Iranian and three regional populations. See Table S1 for
complementary information about each population. The off-diagonal entries in the matrix provide the Rst and P-value between
each variable pair. The values above and below the diagonal are P-values and R« values, respectively.

Population Fars Isfahan Central Iran Mashhad Zahedan Pakistan Turkey Iraq
Fars - 0.0449 0.0126 0.0247 0.1479 0.0000 0.0179 0.0722
Isfahan 0.0079 - 0.7718 0.3732 0.1745 0.0000 0.0492 0.0631
Central Iran 0.0130 -0.0024 - 0.3669 0.1372 0.0000 0.0034 0.0447
Mashhad 0.0117 0.0002 0.0004 - 0.2293 0.0000 0.0410 0.1590
Zahedan 0.0046 0.0031 0.0044 0.0027 - 0.0000 0.0131 0.0720
Pakistan 0.0856 0.0773 0.0783 0.0462 0.0692 - 0.0000 0.0000
Turkey 0.0085 0.0044 0.0104 0.0057 0.0108 0.0581 - 0.5088
Iraq 0.0085 0.0071 0.0093 0.0041 0.0087 0.0518 0.0008 -

Table S5. The Fy values obtained for comparison between five Iranian and three regional populations (See Table S1 for
complementary information about each population). The off-diagonal entries in the matrix provide the Fs: and P-value between
each variable pair. The values above and below the diagonal are P-values and Fs values, respectively.

Population Fars Isfahan Central Iran Mashhad Zahedan Pakistan Turkey Iraq
Fars' - 0.0017 0.0010 0.0812 0.1256 0.0001 0.0003 0.0616
Isfahan’ 0.0008 - 1.0000 0.0079 0.0513 0.0000 0.0000 0.0050
Central Iran 0.0011 -0.0033 - 0.0096 0.0244 0.0000 0.0000 0.0032
Mashhad® 0.0002 0.0006 0.0007 - 1.0000 0.0000 1.0000 0.1893
Zahedan* 0.0003 0.0005 0.0007 0.0000 - 0.0000 1.0000 0.4948
Pakistan® 0.0052 0.0056 0.0058 0.0048 0.0049 - 0.0000 0.0002
Turkey® 0.0003 0.0007 0.0009 0.0000 0.0000 0.0049 - 0.0606
Iraq’ 0.0004 0.0007 0.0011 0.0001 0.0000 0.0050 0.0001 -
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