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Abstract. X-chromosomal STR markers (X-STR) are informative tools for kinship reconstruction, particularly in cases
where standard autosomal panels have limited discriminatory power: when reconstructing kinship between full
sisters, paternal half-sisters, paternal grandmother and granddaughter, maternal aunt and niece. However, the use of
X-STR markers in forensic genetics requires consideration of linkage disequilibrium structure and the use of haplotype
frequencies in calculating the likelihood ratio (LR). In this work, the genetic structure of Forest and Tundra Nenets
populations was assessed using 16 X-STR markers in order to obtain reference values. A sample of 504 Nenets males
was analyzed, divided into subethnic groups (Forest and Tundra Nenets), phratries of Tundra Nenets (Haryuchi and
Vanuito), as well as geographical local groups (individuals living in the Antipayutinskaya, Gydan and Nakhodka tundras).
No statistically significant differences were found between the samples, and the pairwise Fst values (exact test) did
not exceed 0.01. The Nenets population demonstrated an intermediate level of genetic diversity typical of Indigenous
Siberian populations. The loci DXS8377 (He = 0.910) and DXS10079 (He = 0.839) were found to be the most polymorphic
in the Nenets population. Of the 16 markers, 13 were highly informative (PIC > 0.5). The combined power of exclusion
(CPE) was 0.99996, which indicates that the panel is highly informative for reconstructing kinship relationships. Pairwise
analysis of linkage disequilibrium (LD) revealed statistically significant deviations for 46 pairs of markers out of 120;
however, the r? coefficient for all pairs of alleles did not exceed 0.09, which indicates a weak correlation between alleles.
This study provides the reference data of allele and genotype frequencies recommended for use in assessing the
likelihood ratio in the reconstruction of kinship relationships. The obtained reference data will contribute to improving
the reliability and efficiency of forensic genetic analyses in the Russian Federation.
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AHHoOTauuA. X-xpomocomHble STR-mapkepbl (X-STR) aBnaioTcA MHGOPMATUBHBIM MHCTPYMEHTOM LNA PEKOHCTPYKLUN
POACTBEHHbIX CBA3el, 0OCOBEHHO B Clyyasx, KOrfa CTaHJapTHble ayTOCOMHble MaHenn HepoCTaToOuHO 3GdEKTUBHDI:
NPy PEKOHCTPYKLMUN POACTBEHHBIX OTHOLUIEHWU MEXAY MOSHOPOAHBIMU CeCcTpamMu, CBOAHbIMM MO OTLY CecTpamm,
6a0yLUKOI NO OTLOBCKOWM JIMHUW 1 BHYYKON, TeTe MO MaTePUHCKOW NMHUN 1 nneMaHHNLeln. OfHaKo MCnonb3oBaHve
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Genetic parameters of X-chromosomal STR-markers
in the Nenets population

X-STR mapkepos B AHK-ngeHTudrKaumm Tpebyet yyeta CTPYKTypbl HEPABHOBECUA MO CLENMEHNIO U UCMONIb30BaHWsA
YacToT ranfoTUMOB NpY pacuyeTe oTHoweHUs npasgonogobusa (likelihood ratio, LR). B HacTosAwen paboTe npoBefeHa
OLleHKa reHeTMYeCKoW CTPYKTYpPbl MOMYNALMIA JIECHbIX U TYHAPOBbIX HeHueB no 16 X-STR mapkepam, Heobxonumas ana
nonyyeHna pedepeHcHbIX 3HavyeHun. MccnepoBaHa Bbl6opka K3 504 My)KUMH HeHUeB, nopapasfeneHHas Ha
Cy63THUYECKME TPYNMbl (NecHble U TYHAPOBblE HEHUbI), dpaTpun TYHAPOBbIX HeHueB (Xaptoun 1 BaHyiiTo), a Takxke
reorpaduryeckrie nokanbHble rpynnbl (MHAMBUAbI, NPOXKBaLWMe B AHTUNAIOTUHCKON, MblaHCKon U HaxoaKnHCKoM
TyHApax). CTaTUCTMYECKN 3HaUMMbIE PasnnuUA Mexgy BblbopKamy He OBGHapy»KeHbl, nonapHble 3HayeHusa Fst (exact
test) He npesbicunn 0.01. MoKasaH CcpefHUIN YPOBEHb FEHETUYECKOrO Pa3HOO6pa3mns, XapakTepHbI ANnd nonynAumi
KOpeHHbIX HaponoB Cnbupu. Hanbonee nonmopdHbIMK B NONYNALMUM HEHLIEB OKa3anucb Nokycbl DXS8377 (He = 0.910)
n DXS10079 (He = 0.839). TpuHaguatb 13 16 mapkepoB 6binn BblcOKOMHPopMaTuBHbIMK (PIC > 0.5). CymmapHas
NcKnoyvatowas cnocobHoctb (CPE) coctaBuna 0.99996, UTo ykasbiBaeT Ha BbICOKY MHGOPMATMBHOCTb Habopa npu
PEKOHCTPYKLMN POACTBEHHbIX OTHOWeHWI. MNpy nonapHOM aHanu3e CTPYKTypbl HepaBHoBecua no cuenneHuio (LD)
CTaTUCTUYECKW 3HAUYMMbIE OTKIIOHEHUA BbIABNEHbI AnA 46 13 120 Nap MapKepoB, 0AHAKO KO3GOUUMEHT r? anis Bcex nap
annenei He npesbicun 0.09, uTo CBMAETENLCTBYET O Cabo cune Koppenaunum mexay annenamu. B ctatbe npuseaeHbl
pedepeHcHble 3HaUYeHMA YacToT annenen 1 reHoTUNoB, peKoMeHAyeMble ANA UCMOMb30BaHNA B OLeHKe OTHOLIeHUA
npaefonoaobua Npu PeKOHCTPYKLUMM POLACTBEHHbIX CBA3eN. [lonyyeHHble mapameTpbl MO3BOMAT NOBbICUTb HAAEXHOCTb
1 3PEeKTNBHOCTb reHeTUYECKON 3KCNepTn3bl Ha TeppuTopumn Poccuinckon Qegepaumn.

KntoueBble cnoBa: HeHubl; X-STR; OHK-ngeHTndmMKayma; pekoHCTPYKLUA POLACTBEHHbIX CBA3EN; CTPYKTypa HepaBHO-

BeCKrA no cuenneHunto

Introduction

Kinship reconstruction based on the analysis of genetic mar-
kers is a key task in forensic genetics. A standard set of auto-
somal STR markers is a highly effective tool for reconstructing
first-degree relationships when biological samples from at least
three individuals who are presumably related are available for
analysis (for example, a mother, a child, and a presumed father,
the so-called “trio”). At the same time, the reliability of this
approach is lower in more complex cases due to overlapping
ranges of likelihood ratio (LR) values for true relatives and
unrelated individuals (Ge, Budowle, 2020).

To increase the informativeness in such cases, it is common
to use additional genetic markers: STR, SNP, and InDEL.
Markers localized on the X chromosome are particularly in-
formative for some variants of pedigree reconstruction. Due
to the specific inheritance pattern of the X chromosome and
hemizygosity in males, X-chromosomal markers can be used to
establish a relationship between an alleged father and daughter
even when the biological sample of the man himself is unavail-
able; in such cases, a sample from the man’s mother may be
included in the forensic genetic examination. It is shown that
the inclusion of 12 X-STR markers in the analysis leads to an
increase in the effectiveness of forensic genetic examination
for the following types of kinship pairs: full sisters, paternal
half-sisters, paternal grandmother—granddaughter, as well as
maternal aunt-niece, maternal aunt-—nephew. For other kin-
ship categories, the effect of including X-STR is comparable
to the inclusion of additional autosomal STR markers, and
in some cases (for example, maternal uncle—nephew) it is
inferior to it (Zhang et al., 2021a). At the same time, the use
of X-chromosome markers in the practice of forensic genetics
leads to a complication of statistical calculations due to the
linkage between loci.

According to the recommendations of the International
Society for Forensic Genetics (ISFG), when marker sets con-
taining linked loci are used, haplotype frequencies should
be applied in probabilistic assessments, and the structure of
linkage disequilibrium should be taken into account (Tillmar

etal.,2017). However, neither of these parameters is universal:
they vary depending on the genetic and demographic history
of the population. Therefore, before introducing any set of
X-STR markers into forensic practice for a specific population,
it is necessary to conduct population genetic studies.

The aim of the present study is to analyze the genetic
structure of the Forest and Tundra Nenets populations using
16 X-STR markers to form a reference base necessary to
increase the effectiveness of kinship reconstruction in the
practice of forensic genetics.

This study was approved by the Biomedical Ethics Com-
mittee of the Research Institute of Medical Genetics, Tomsk
National Research Medical Center of the Russian Academy
of Sciences (Protocol No. 19 of October 13, 2023).

Materials and methods

The study was based on a sample of Nenets males (760 in-
dividuals) from the biobank “Biobank of the Population of
Northern Eurasia” of the Research Institute of Medical Ge-
netics. Individuals identified as close relatives (father and son,
brothers, uncle and nephew) were excluded from this sample.
Kinship, population affiliation, place of birth, and place of
residence were established based on a questionnaire. After
filtering, the sample size was reduced to 504 individuals. The
final sample comprises several subsamples: Forest Nenets
(46 samples) and Tundra Nenets (458 samples); Tundra Nenets
of the Haryuchi phratry (288 samples) and Tundra Nenets
of the Vanuito phratry (158 samples); Nenets living in the
Antipayutinskaya (107 samples), Gydan (56 samples), and
Nakhodka (59 samples) tundras. All samples originate from
the Yamalo-Nenets Autonomous Okrug. Venous blood samples
were collected after obtaining written informed consent from
the donors.

Genotyping of samples using X-STR markers was per-
formed by multiplex polymerase chain reaction followed by
analysis of the products using a Nanophore 05 genetic analyzer
(Syntol, Russia). The primer sequences and marker informa-
tion are presented in Y. Zhang et al. (2021b). The PCR reaction
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was carried out using a reaction mixture and an activator from
Gordiz (Russia). The PCR mixture per sample included 2 pL of
activator, 2 pL of reaction mixture, 1 pL of DNA sample with
a concentration of more than 10 ng/uL, and 5 pL of deionized
water. The polymerase chain reaction was performed under
the following conditions: 95 °C for 5 min; 36 cycles of 95 °C
for 30 s, 60 °C for 45 s, and 72 °C for 45 s; final elongation:
72 °C for 4 min. Fluorescent peaks were evaluated using the
GeneMarker software. Allele assignment was performed by
comparing fragment sizes with those of the 9947DNA control
sample (Applied Biosystems, USA) and the MKO1 control
sample from Gordiz (Russia). The experimental studies were
conducted at the Center for the Collective Use of Scientific Re-
search Equipment “Medical Genomics” (Research Institute of
Medical Genetics, Tomsk National Research Medical Center).

Polymorphism information content (PIC), expected hetero-
zygosity (He), and power of exclusion (PE) were calculated
using the ChrX-STR.org online calculator (ChrX-STR.org da-
tabase, accessed January 10, 2026). The combined power of ex-
clusion (CPE) for the entire set of markers (SoftGenetics LLC,
2012), the effective number of alleles (Ne), and allele frequen-
cies were calculated in a standard manner using the MS Excel
software package. Analysis of molecular variance (AMOVA),
evaluation of pairwise Fst and Rst values, assessment of linkage
disequilibrium (LD) structure, and estimation of haplotype
frequencies were performed using the Arlequin v.3.5 software
tool (Excoffier, Lischer, 2010; Gusmao et al., 2025). Principal
component analysis (PCA) was performed in the R environ-
ment using the FactoMineR (PCA function) and factoextra
visualization packages (L¢ et al., 2008).
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Results

Genetic differentiation of populations

The first stage of the study was to evaluate the possibility of
pooling the Nenets samples into a metapopulation. To this end,
a principal component analysis (PCA) plot was constructed to
visualize the general genetic relationships between individuals
(see the Figure).

The distribution of individuals in the space of the first two
principal components (which together account for 16.51 %
of the total variability) does not demonstrate the formation
of isolated clusters corresponding to the sample of Forest or
Tundra Nenets. We used three indicators to evaluate genetic
differentiation using F-statistics. Two of them characterize
the strength of differentiation (Fst, op?), and one (exact test)
characterizes the statistical significance of differentiation
(Table 1).

The pairwise Fst values in all comparisons are very low
(from 0.001 to 0.010), which indicates weak genetic subdi-
vision of the populations, explained by intensive gene flow
between populations and a relatively recent divergence time.
The exact test showed no statistically significant differences
between the populations.

Genetic diversity and identification potential

Since pairwise Fst values among the studied samples did
not exceed 0.01, the level of genetic differentiation was con-
sidered negligible, following common practice in population
genetic studies (Gusmao et al., 2025), it was decided to treat
the samples as a single metapopulation. All samples were

Principal Component Analysis of X-STR Genotypes
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Table 1. Indicators of genetic differentiation of Nenets populations

Genetic parameters of X-chromosomal STR-markers
in the Nenets population

Comparison groups Fst (p)

Forest/Tundra 0.007 (0.009)
Haryuchi/Vanuito 0.001 (0.233)
Antipayutinskaya/Gydan tundra 0.006 (0.041)
Antipayutinskaya/Nakhodka tundra 0.010 (0.002)
Gydan/Nakhodka tundra 0.003 (0.231)

op? p-value (exact test)
0.062 1

0.022 1

0.103 1

0.139

0.028

Note.Fst (p) are the pairwise values of Fst (population comparisons), the significance level values are shown in parentheses; op? is the genetic distance
between microsatellite loci; p-value is the significance level value for an accurate population differentiation test.

combined into a single metapopulation (504 samples) to assess
the genetic diversity and identification potential of X-STR
markers (Table 2).

The calculation results showed that the Nenets population
demonstrates average genetic diversity, which is typical for
the Indigenous peoples of Siberia who are in relative isolation
(Vagaitseva et al., 2015, 2025). As can be seen from Table 2,
the effective number of alleles varies from 1.882 (DXS7423)
to 11.169 (DXS8377), and the expected heterozygosity (He),
from 0.469 (DXS7423) to 0.910 (DXS8377), which indi-
cates a pronounced variability in the level of polymorphism
between loci. According to the classification of D. Botstein
et al. (1980), 13 out of the 16 markers (81.3 %) are highly
informative (PIC > 0.5), including the most polymorphic
DXS10079 and DXS8377 (PIC > 0.8). The combined power
of exclusion (CPE) of the entire set of markers was 0.99996.
The values obtained are comparable to those typical for other
Indigenous peoples of Siberia, but they are inferior to those
in European populations (Vagaitseva et al., 2015; Mrsi¢ et al.,
2017).

The linkage disequilibrium

Localization of the analyzed markers on the X chromosome
both gives them advantages for the reconstruction of kinship
and complicates the analysis. The alleles of the linked loci are
inherited together, forming haplotypes. Ignoring the linkage
disequilibrium structure in probabilistic calculations, in which
the observed frequency of a haplotype in a population sig-
nificantly deviates from the product of the frequencies of its
constituent alleles, can lead to systematic errors.

Differences in the genetic and demographic history of a
population form a unique pattern of linkage disequilibrium,
which requires an empirical assessment for each specific po-
pulation and does not allow extrapolating the data obtained
from the analysis of some samples to other populations. To
empirically assess the linkage disequilibrium structure between
the considered X-STR loci in the Nenets metapopulation, a
pairwise analysis was performed with the calculation of two
generally accepted indicators: the significance level for each
pair of loci (p-value) and the correlation square 2. The ma-
trix of p-values (Table 3) shows many statistically significant
associations. With a threshold significance level of p < 0.05,

46 pairs out of 120 loci showed statistically significant LD.
At the same time, the 72 values for all pairs of alleles did not
exceed 0.09. This means that despite the statistical significance,
the correlation strength is low.

Reference data

The reference data necessary for probabilistic calculations
in the reconstruction of kinship in the Nenets population are
presented in the Supplementary Materials!. The Supplemen-
tary Tables show the frequencies of alleles of 16 X-STR loci
and the frequencies of haplotypes of loci located in the same
linkage group: II linkage group (DXS7132-DXS10079),
I linkage group (DXS10103—-HPRTB), IV linkage group
(DXS8377-DXS7423) (Database ChrX-STR.org, accessed
January 10, 2026).

Discussion

The Nenets are an Indigenous people of the Russian North,
belonging to the Uralic language family. They are divided into
two main sub-ethnic groups, the Forest and Tundra Nenets,
which differ in their geographical distribution, cultural charac-
teristics, and dialects. The Tundra Nenets include two main ph-
ratries: Haryuchi (Haryutsa) and Vanuito (Vanueta) (Khomic,
1996). The analysis of the samples under consideration by
Y-chromosomal markers conducted by V.N. Kharkov et al.
demonstrated a high degree of genetic differentiation, fully cor-
responding to the clan and phratry organization (Zvénigorosky
etal., 2020; Kharkov et al., 2025). The X-STR analysis results
obtained in our study, in contrast, demonstrated the absence of
significant differences between the samples (exact test, p=1).
Such differences in the level of genetic differentiation indicate
an asymmetric gene flow due to social organization.

The key characteristics of the Nenets marriage system are
patrilineality, exogamy, and patrilocality (Khomic, 1996).
Unlike men, women actively moved between clans, phratries,
and even sub-ethnic groups. Our results are consistent with
the demographic history of the Nenets population. The results
of the X-STR marker study demonstrated an intermediate
level of genetic diversity in the analyzed Nenets population.
This is due to the founder effect during human settlement of

' Supplementary Materials are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Vag_Engl_30_5.xlIsx
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Northern Eurasia, and the subsequent genetic drift in isolated
groups.

Pairwise Fst analysis showed a low level of genetic differen-
tiation, values not exceeding 1 %. Of the five pairwise compari-
sons, statistical significance (p < 0.05) was observed in only
two. At the same time, the differences between the samples
of the Antipayutinskaya and Nakhodka tundras (Fst = 0.010,
p=0.002) exceed those between the Forest and Tundra Nenets
(Fst=0.007, p = 0.009). For comparison, in our other study
using 18 X-STR markers, weak statistically significant dif-
ferences (Rst=0.007, p = 0.002) were also revealed between
two other populations of Siberia (Telengits and Altai-Kizhi),
and the level of genetic diversity (He) in Altai populations
was higher (mean He in the Nenets population = 0.697, in the
Altai-Kizhi population = 0.726, and in the Telengits popula-
tion = 0.723) (Vagaytseva et al., 2025). The obtained value of
the combined power of exclusion (CPE = 0.99996) confirms
that the presented panel of 16 X-STR markers is quite informa-
tive and can be used for pedigree reconstruction in the Nenets
population. It is shown that when reconstructing the kinship
of individuals from the Nenets population, it is possible not
to take into account the territory of residence of the analyzed
individuals, due to the lack of statistically significant differen-
tiation between the analyzed Nenets groups (exact test p = 1;
Fst<1 %). In this paper, the analyzed sample of Forest Nenets
is small (46 samples), which may affect the robustness of the
results obtained. Nevertheless, the presented data are the most
comprehensive characterization of the genetic structure of the
Nenets population by X-STR markers to date.

Conclusion

The present study provides reference data on 16 X-STR mar-
kers for the Nenets population, which are necessary to increase
the efficiency and reliability of forensic genetic examination.
This is especially important for populations of Indigenous
peoples of Siberia, since the low level of genetic diversity of
neutral markers used in forensic genetics makes standard auto-
somal STRs (aSTRs) less informative (Zvénigorosky et al.,
2020). The obtained parameters can be used in the practice of
forensic genetics to increase the reliability of forensic genetic
examination in the Russian Federation.

References

Botstein D., White R.L., Skalnick M.H., Davies R.W. Construction of a
genetic linkage map in man using restriction fragment length poly-
morphism. Am J Hum Genet. 1980;32(3):314-331

Excoffier L., Lischer H.E.L. Arlequin suite ver 3.5: a new series of
programs to perform population genetics analyses under Linux
and Windows. Mol Ecol Resour. 2010;10(3):564-567. doi 10.1111/
3-1755-0998.2010.02847.x

Genetic parameters of X-chromosomal STR-markers
in the Nenets population

Ge J., Budowle B. How many familial relationship testing results could
be wrong? PLoS Genet. 2020;16(8):¢1008929. doi 10.1371/journal.
pgen.1008929

Gusmado L., Antao-Sousa S., Faustino M., Abovich M.A., Aguirre D.,
Alghafri R., Alves C., ... Turchi C., Vullo C., Yurrebaso I., Pereira V.,
Pinto N. X-chromosomal STRs: metapopulations and mutation rates.
Forensic Sci Int Genet. 2025;76:103232. doi 8.1016/].fsigen.2025.
103232

Kharkov V.N., Valikhova L.V., Adamov D.S., Zarubin A.A., Khitrin-
skaya L.Yu., Stepanov V.A. The Forest and Tundra Nenets: differ-
ences in Y-chromosome haplogroups. Vavilovskii Zhurnal Gene-
tiki i Selektsii = Vavilov J Genet Breed. 2025;29(5):711-721. doi
10.18699/vjgb-25-78

Khomic L.V. The Nenets: Historical and Ethnographic Essays. St. Pe-
tersburg: Nauka Publ., 1966 (in Russian)

Leé S., Josse J., Husson F. FactoMineR: an R package for multi-
variate analysis. J Stat Softw. 2008;25(1):1-18. doi 10.18637/jss.
v025.i01

Mrsi¢ G., Ozreti¢ P., Crnjac J., Merkas S., Raci¢ L., Rozi¢ S., Sukser V.,
Popovi¢ M., Korolija M. Analysis of 12 X-STR loci in the population
of south Croatia. Mol Biol Rep. 2017;44(1):183-189. doi 10.1007/
s11033-017-4096-1

SoftGenetics LLC. GeneMarker® HID Software User Manual. Ver-
sion 2.0. State College, PA: SoftGenetics LLC, 2012

Tillmar A.O., Kling D., Butler J.M., Parson W., Prinz M., Schnei-
der PM., Egeland T., Gusmao L. DNA Commission of the Interna-
tional Society for Forensic Genetics (ISFG): guidelines on the use
of X-STRs in kinship analysis. Forensic Sci Int Genet. 2017;29:
269-275. doi 10.1016/j.fsigen.2017.05.005

Vagaitseva K.V., Kharkov V.N., Cherpinskaya K.V., Khitrinskaya I.Yu.,
Stepanov V.A. Genetic variability of X-linked STR markers in Sibe-
rian populations. Mol Biol. 2015;49(2):267-274. doi 10.1134/S0026
893315020132

Vagaitseva K.V., Kolesnikov N.A., Skalin M.D., Valikhova L.V., Ru-
zavina O.D., Pestretsova D.E., Vysochina A.N., Kharkov V.N.,
Stepanov V.A. Genetic diversity of Telengite and Altai-kizhi popu-
lations by markers used in forensic genetics. Vestnik Tomskogo
Gosudarstvennogo Universiteta. Biologiya = Tomsk State University
Journal of Biology. 2025;69:29-37. doi 10.17223/19988591/69/4
(in Russian)

Zhang Y., Yu Z., Mo X., Zhao X., Li W., Liu H., Liu C., Wu R., Sun H.
Comparative evaluation of autosomal STRs and X-chromosome
STRs as a complement of autosomal STRs in kinship testing in
Southern Han Chinese. Ann Hum Biol. 2021a;48(1):66-69. doi
10.1080/03014460.2020.1856926

Zhang Y., Yu Z., Mo X., Zhao X., Li W,, Liu H., Liu C., Wu R., Sun H.
Development and validation of a new 18 X-STR typing assay for
forensic applications. Electrophoresis. 2021b;42(6):766-773. doi
10.1002/elps.202000168

Zvénigorosky V., Sabbagh A., Gonzalez A., Fausser J.L., Palstra F.,
Romanov G., Solovyev A., Barashkov N., Fedorova S., Crubézy E.,
Ludes B., Keyser C. The limitations of kinship determinations using
STR data in ill-defined populations. Int J Legal Med. 2020;134(6):
1981-1990. doi 10.1007/s00414-020-02298-w

ChrX-STR.org 2.0 [site]. Forensic ChrX Research; [n.d.; updated
Jun 25, 2009; cited Jan 10, 2026]. Available from: https://www.chrx-
str.org/xdb/index.jsf

Conflict of interest. The authors declare no conflict of interest.
Received April 13, 2026. Revised April 28, 2026. Accepted May 12, 2026.

760 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 -30 - 5


https://pmc.ncbi.nlm.nih.gov/articles/PMC1686077/
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1371/journal.pgen.1008929
https://doi.org/10.1371/journal.pgen.1008929
https://doi.org/10.1016/j.fsigen.2025.103232
https://doi.org/10.1016/j.fsigen.2025.103232
https://doi.org/10.18699/vjgb-25-78
https://doi.org/10.18699/vjgb-25-78
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1007/s11033-017-4096-1
https://doi.org/10.1007/s11033-017-4096-1
https://doi.org/10.1016/j.fsigen.2017.05.005
https://doi.org/10.7868/S0026898415020147
https://doi.org/10.7868/S0026898415020147
https://journals.tsu.ru/biology/&journal_page=archive&id=2590&article_id=52501
https://doi.org/10.1080/03014460.2020.1856926
https://doi.org/10.1080/03014460.2020.1856926
https://doi.org/10.1002/elps.202000168
https://doi.org/10.1002/elps.202000168
https://doi.org/10.1007/s00414-020-02298-w
https://www.chrx-str.org/xdb/index.jsf
https://www.chrx-str.org/xdb/index.jsf

