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Abstract

Microsatellite markers, commonly referred to as short tandem repeats (STRs) or simple sequence re-
peats, have been extensively utilized in population genetic studies of the Eurasian wild boar (Sus scrofa L.,
1758), particularly for assessing genetic diversity, population structure, connectivity, relatedness, and
admixture with domestic pigs (Sus scrofa domesticus L., 1758). Despite the increasing availability of single
nucleotide polymorphism (SNP)-based and whole-genome approaches, STR datasets remain valuable
because of their high polymorphism, relatively low cost, and compatibility with legacy monitoring data.
This review provides a critical synthesis of the use of microsatellite genotyping in wild boar research, with
particular emphasis on the computational inference frameworks used to translate multi-locus genotypes
into management-relevant information. We discuss the application of STR data to diversity and inbreeding
metrics, clustering and assignment analyses, effective population size and bottleneck inference, parentage
and kinship reconstruction, admixture detection, landscape genetics, and disease-related interpretation.
Special emphasis is placed on the assumptions and limitations of microsatellite-based inference, includ-
ing marker panel size and comparability, sampling design, allele binning, null alleles, genotyping error,
allele-size homoplasy, and the temporal scale of interpretation. The review highlights that STRs provide
substantial insights into recent and fine-scale population processes, regional monitoring, and preliminary
admixture screening, whereas dense SNP panels or whole-genome data are required for precise introgres-
sion quantification, adaptive inference, complex demographic reconstruction, and deep phylogeographic
analysis. Used within an integrative framework that combines genomic, landscape, epidemiological, and
long-term monitoring data, STRs remain a cost-effective and informative component of genetic monitor-
ing for S. scrofa across heterogeneous and human-modified landscapes.
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Introduction tors such as habitat fragmentation, hunting pressure,

The Eurasian wild boar (Sus scrofa L., 1758) is a highly  translocations, hybridisation with domestic pigs, and
adaptable ungulate with a broad distribution, and its diseaserelated disturbances, including African swine
populations are increasingly influenced by several fac- fever (ASF) (Frantz et al. 2013; Goedbloed et al. 2013;
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Griciuviené et al. 2022; Massei et al. 2015; Meletiadis
et al. 2025; Scandura et al. 2011; Simon et al. 2024).
These processes create management challenges that
can be addressed only through reliable information on
genetic diversity, population structure, dispersal, con-
nectivity, and admixture (Griciuviené et al. 2021; Le-
cis et al. 2022; Mihalik et al. 2020; Sawai et al. 2023).
Consequently, genetic data are relevant not only for de-
scribing population differentiation but also for defining
management-relevant units, identifying potential barri-
ers or corridors for species movement, monitoring tem-
poral change, and interpreting population processes
that may impact disease spread and control strategies
(Goicolea et al. 2024; Griciuviené et al. 2022; Meletia-
dis et al. 2025; Pepin et al. 2021; Simon et al. 2024).

Microsatellite markers, also known as STRs or sim-
ple sequence repeats (SSRs), are pivotal components
in the study of wild boar population genetics because
they are highly polymorphic, co-dominant, relatively
cost-effective to genotype, and compatible with various
legacy datasets (Bruford and Wayne 1993; Guichoux
et al. 2011; Hauser et al. 2021). In S. scrofa, STR panels
have been used to estimate genetic diversity, infer
population structure and connectivity, assess related-
ness and parentage, and detect admixture between wild
boar and domestic pigs (Anderson et al. 2020; Costa
et al. 2012; Frantz et al. 2013; Podgoérski et al. 2014;
Sawai et al. 2023; Simon et al. 2024). Their continued
value is particularly evident in regional monitoring pro-
grammes and in studies where comparability with pre-
viously generated datasets is important (Hauser et al.
2021; Osborne et al. 2023; Salih et al. 2025).

Although microsatellite-based inference offers valu-
able knowledge, its robustness is not universally ap-
plicable. The reliability of this approach is influenced
by marker panel composition, sampling design, allele
scoring, missing data, and model assumptions (Chapuis
and Estoup 2007; Guichoux et al. 2011; Kierepka et al.
2016; Putman and Carbone 2014). In the present re-
view, STRs are therefore treated primarily as markers
for recent, management-relevant processes, whereas
deeper evolutionary reconstruction, adaptive inference,
and precise quantification of introgression are consid-
ered domains that generally require denser genomic
or integrative approaches (De Jong et al. 2023; Frantz
et al. 2013; Mary et al. 2022; Niedziatkowska et al. 2021;
Scandura et al. 2008; Wang et al. 2025).

This review critically synthesises the use of micro-
satellite markers in studies on the Eurasian wild boar,
prioritizing their contribution to genetic monitoring
and management. Rather than treating STRs only as
a marker system, we focus on the types of inference
supported by them: estimation of diversity and inbreed-
ing-related metrics, detection of population structure
and connectivity, assignment and admixture analysis,
parentage and kinship inference, bottleneck and effec-
tive population size estimation, and landscape-genetic
interpretation. We also evaluate the conditions under
which microsatellite-based conclusions are reliable,
their limitations, and the requirement for complemen-
tary SNP-based or genome-wide approaches.

The review uses a narrative approach while adher-
ing to an explicit literature selection strategy. We con-
sidered empirical studies using STR/SSR genotyping in
S. scrofa, particularly those addressing population-level
processes, management-relevant inference, hybridisa-
tion with domestic pigs, disease-related demographic
change, or landscape connectivity. Relevant studies
were identified from the Web of Science, Scopus, and
Google Scholar databases using the following combina-
tion of key terms: ‘Sus scrofa’, ‘wild boar’, ‘microsatel-
lite’, ‘STR’, ‘SSR’, ‘population structure’, ‘gene flow’,
‘admixture’, ‘hybridisation’, ‘kinship’, ‘parentage’, ‘ef-
fective population size’, ‘bottleneck’, ‘landscape genet-
ics’, ‘African swine fever’, and ‘management’. Backward
and forward citation tracking was employed to include
key methodological and species-specific studies. Recent
publications were prioritized, particularly from 2020
onward, while older studies that provided conceptual
foundations, long-term comparability, or historically im-
portant datasets were retained.

Microsatellite markers in wild boar genetics:
biological basis and analytical constraints

Microsatellites are tandemly repeated DNA motifs
characterised by allelic variations that predominantly
occur from changes in repeat number (Ellegren 2004;
Kruglyak et al. 1998; Levinson and Gutman 1987). This
phenomenon of length polymorphism is primarily attrib-
uted to replication slippage, with unequal crossing-over
and point mutations contributing less frequently to re-
peat variation and motif instability (Antdo-Sousa et al.
2023; Ellegren 2004; Fan and Chu 2007; Kruglyak et al.
1998; Levinson and Gutman 1987). These mechanisms
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generate significant allelic diversity; however, they also
explain the necessity for careful treatment of mutation
models, homoplasy, and allele scoring during down-
stream analyses of STR data (Bruford and Wayne 1993;
Costa et al. 2012; Frantz et al. 2013; Guichoux et al. 2011;
Sawai et al. 2023). The same mutational properties that
make microsatellites informative also impose limits on
their interpretation (Guichoux et al. 2011; Putman and
Carbone 2014; Selkoe and Toonen 2006). Stepwise-like
mutation, allele-size homoplasy, null alleles, allele bin-
ning, and scoring error can affect estimates of diver-
sity, population structure, relatedness, and admixture,
particularly when small or heterogeneous STR panels
are compared across broad spatial or temporal scales
(Chapuis and Estoup, 2007; Estoup et al. 2002; Guichoux
et al. 2011; Putman and Carbone 2014). Therefore, these
constraints should not be considered as justifications for
disregarding STRs; rather, they should be perceived as
conditions that define the appropriate scale and confi-
dence of microsatellite-based inference (Mihalik et al.

2020; Griciuviené et al. 2022; Meletiadis et al. 2025).
Consequently, microsatellite-based inference should be
interpreted within the context of marker choice, sam-
pling design, and assumptions of the utilized computa-
tional methods (Guichoux et al. 2011; Putman and Car-
bone 2014; Selkoe and Toonen 2006).

Microsatellites are frequently regarded as neutral
markers in population genetic studies; however, STRs
can also be located in transcribed, regulatory, and cod-
ing regions of the genome, potentially impacting gene
regulation, genome organisation, or protein structure
in a locus-specific manner (Bagshaw 2017; Reinar et al.
2024; Wright and Todd 2023). For management-associated
studies of wild boar, however, the primary value of
microsatellites is not their functional implications but
rather their capacity to provide information-rich con-
tent for recent demographic and spatial processes
(Griciuviené et al. 2022; Hauser et al. 2021; Meletia-
dis et al. 2025; Sawai et al. 2023). This makes STRs
useful for regional genetic monitoring, particularly in
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situations where maintaining continuity with estab-
lished legacy datasets is important (Hauser et al. 2021;
Osborne et al. 2023; Salih et al. 2025). Sequence-
based microsatellite genotyping approaches, including
SSRseq, can improve allele calling, reproducibility, and
cross-study comparability by reducing artefacts asso-
ciated with fragmentlength scoring (De Barba et al.
2017; Lepais et al. 2020; Salih et al. 2025; Sarhanovd
et al. 2018). In this context, their main contribution is
methodological standardisation and continuity with leg-
acy STR datasets rather than a change in the biological
scale of inference (Hauser et al. 2021; Meletiadis et al.
2025; Sawai et al. 2023; Simon et al. 2024). Figure 1
summarises the workflow linking sampling, microsatel-
lite genotyping, quality control, computational inference,
and management interpretation.

Microsatellite datasets in Eurasian wild boar
studies: scope, inference goals, and management
relevance

Microsatellite datasets have been widely used to ad-
dress population-level questions in the Eurasian wild
boar, particularly where management requires insights
regarding genetic diversity, spatial structure, connecti-
vity, dispersal, and admixture (Frantz et al. 2013; Sawai
et al. 2023; Scandura et al. 2011; Simon et al. 2024).
Across Europe and Asia, STR-based studies have con-
tributed to the delineation of genetically differentiated
populations, identification of barriers to gene flow, as-
sessment of regional connectivity, and detection of wild
boar x domestic pig admixture (Choi et al. 2014; Frantz
et al. 2013; Lecis et al. 2022; Sawai et al. 2023; Simon
et al. 2024). These applications are especially relevant
in landscapes affected by hunting pressure, habitat frag-
mentation, translocations, and demographic changes
due to diseases, including ASF (Goicolea et al. 2024;
Griciuviené et al. 2021, 2022; Meletiadis et al. 2025;
Simon et al. 2024).

The main inferential goals of microsatellite-based
studies in S. scrofa can be grouped into several recur-
ring categories. First, STR panels have been used to
including ob-
served and expected heterozygosity, allelic richness,
and inbreeding-related indices, providing indicators of
demographic perturbation or restricted connectivity
(Griciuviené et al. 2022; Mihalik et al. 2020; Rodrigdnez
et al. 2008). Second, allele-frequency differentiation

estimate within-population diversity,

and individual assignment approaches have been used
to infer population structure, dispersal limitation, and
management-relevant connectivity across heteroge-
neous landscapes (Lecis et al. 2022; Meletiadis et al.
2025; Mihalik et al. 2020; Sawai et al. 2023; Simon
et al. 2024). Third, microsatellites, often in combination
with other marker systems, have supported the detec-
tion of admixture and introgression between wild boar
and domestic pigs, particularly in regions affected by re-
leases, translocations, or contact with free-ranging do-
mestic animals (Boheim et al. 2023; Frantz et al. 2013;
Goedbloed et al. 2013; Johansson et al. 2026; Mary
et al. 2022; Schleimer et al. 2022). Finally, STR-based
parentage and kinship analyses have provided insights
into relatedness, reproductive structure, and aspects of
social organisation, although these applications require
dense sampling and careful monitoring of genotyping
errors (Podgorski et al. 2014; Poteaux et al. 2009; Waits
and Paetkau 2005; Zemanova 2021).

From a management perspective, these applications
are useful because they translate individual genotypes
into population-level indicators (Figure 1). Genetic struc-
ture can help identify demographically connected or iso-
lated units, connectivity analyses can indicate potential
dispersal corridors or barriers, and admixture estimates
can reveal areas where domestic ancestry may affect con-
servation or management objectives (Frantz et al. 2013;
Lecis et al. 2022; Sawai et al. 2023; Simon et al. 2024).
In systems affected by diseases, including ASF, although
neutral genetic structure does not directly reconstruct
pathogen transmission, it can provide complementary
information on host connectivity and spatial population
subdivision relevant to surveillance and control planning
(Goicolea et al. 2024; Meletiadis et al. 2025; Pepin et al.
2021; Simon et al. 2024).

Collectively, published STR studies indicate that
wild boar genetic structure is rarely explained by a sin-
gle driver. Geography and isolation by distance often
provide a broad background pattern, whereas fragmen-
tation, insularity, roads, hunting-related translocations,
and local demographic perturbations may increase dif-
ferentiation at regional scales (Lecis et al. 2022; Miha-
lik et al. 2020; Sawai et al. 2023; Simon et al. 2024). Do-
mestic pig ancestry is also spatially heterogeneous and
may reflect recent hybridisation, older introgression, or
incomplete separation between wild and domestic gene
pools rather than a simple wild versus domestic con-
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trast (Boheim et al. 2023; Frantz et al. 2013; Mary et al.
2022; Schleimer et al. 2022). These patterns indicate
that STR datasets are most informative when interpret-
ed comparatively across management contexts, particu-
larly in relation to diversity, structure, admixture, and
connectivity, rather than as isolated methodological
outputs.

Computational inference from microsatellite data
in wild boar research

Microsatellite genotyping is relevant in management
context only when multi-locus genotypes are translated
into explicit population genetic inference (Guichoux
et al. 2011; Putman and Carbone 2014). In research on
wild boar, the principal outputs are estimates of diver-
sity and inbreeding-related indices, population clusters
and assignments, admixture probabilities, relatedness
estimates, effective population size, bottleneck signals,
and landscape-genetic associations (Anderson and
Thompson 2002; Do et al. 2014; Jones and Wang 2010;
Meletiadis et al. 2025; Mihalik et al. 2020; Pritchard
et al. 2000; Sawai et al. 2023; Simon et al. 2024).
The same dataset may support some of these goals
better than others; therefore, this section summarises
how analytical choices affect inference rather than re-
peating a general catalogue of methods (Meirmans
2015; Putman and Carbone 2014). Quality control and
marker panel comparability are the two main prerequi-
sites. Allele-calling errors, stutter, large-allele dropout,
null alleles, missing data, and inconsistent allele bin-
ning can introduce bias in heterozygosity determination,
Hardy-Weinberg tests, and estimation of structure, re-
latedness, and admixture (Figure 1) (Chapuis and Es-
toup 2007; Dakin and Avise 2004; Guichoux et al. 2011;
Putman and Carbone 2014). Hence, checks for missing
data, deviations from Hardy-Weinberg equilibrium, link-
age disequilibrium, scoring consistency, and null alleles
should be reported, and temporal or cross-study com-
parisons should be restricted to comparable marker sets
and sampling schemes (Bonin et al. 2004; Kierepka et al.
2016; Waits and Paetkau 2005). Sequence-based genotyp-
ing can reduce fragment-scoring artefacts; however, it
should be viewed as a standardisation tool rather than
a substitute for explicit validation (De Barba et al. 2017,
Lepais et al. 2020; Salih et al. 2025). Observed and ex-
pected heterozygosity, allelic richness, private alleles,
and inbreeding coefficient (F ) are useful for comparing

populations, identifying local loss of variation, and de-
tecting possible demographic perturbation (Griciuviené
et al. 2021, 2022; Mihalik et al. 2020; Rodrigédfiez et al.
2008). In wild boar, however, heterozygote deficiency
may result not only from inbreeding but also from Wah-
lund effects, social group pooling, null alleles, or incon-
sistent spatial sampling; consequently, interpretation
is more robust when diversity indices are evaluated
together with spatial structure and marker diagnostics
(Chapuis and Estoup 2007; Hale et al. 2012; Podgérski
et al. 2014; Putman and Carbone 2014). Bottleneck and
effective population size estimates can indicate recent
demographic disturbances caused by factors such as dis-
eases, hunting, or isolation; however, weak or historical
changes may be overlooked, particularly when utilizing
small marker panels, low sample sizes, or in the pres-
ence of immigration (Cornuet and Luikart 1996; Do et al.
2014; Garza and Williamson 2001; Peery et al. 2012;
Waples and Do 2010).

Population structure and assignment analyses are
most effective when they correlate allele frequency vari-
ations with specific spatial hypotheses. Bayesian clus-
tering, multivariate approaches, and assignment tests
can identify differentiated groups, likely migrants, and
areas of exchange (Evanno et al. 2005; Jombart et al.
2010; Manel et al. 2005; Pritchard et al. 2000; Sawai
etal. 2023; Simon et al. 2024). In S. scrofa, these outputs
should be interpreted as probabilistic evidence of con-
nectivity or differentiation rather than fixed population
boundaries, because isolation by distance, inconsistent
sampling, family structure, translocations, and recent
mortality can generate similar clustering patterns
(Frantz et al. 2009; Meirmans 2012; Puechmaille 2016;
Putman and Carbone 2014). Assignment accuracy also
declines when reference populations are missing or
are weakly differentiated (Cornuet and Luikart 1996;
Paetkau et al. 2004; Rannala and Mountain 1997).
Admixture analyses play a critical role in identifying wild
boar x domestic pig gene flow. STR panels are effective
tools for screening recent hybrids or populations with
clear domestic ancestry, provided that adequate wild
and domestic reference samples are available (Ander-
son et al. 2020, 2021; Anderson and Thompson 2002;
Frantz et al. 2013; Vihi and Primmer 2006). However,
the efficacy of these panels declines for low-level, old,
or complex introgression; consequently, microsatellite
estimates should be treated as screening evidence and
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interpreted cautiously in regions where historical intro-
gression, recent releases, and incomplete differentiation
may coexist (Boheim et al. 2023; Goedbloed et al.
2013; Mary et al. 2022; Schleimer et al. 2022). Parent-
age, kinship, and relatedness analyses exploit the high
individual-level discriminatory power of STRs and have
been used to study reproductive skew, kin-structured
groups, sex-biased dispersal, and local social organisa-
tion (Blouin 2003; Costa et al. 2012; Podgérski et al.
2014; Poteaux et al. 2009). These analyses have signifi-
cance in identifying family-level structure that can influ-
ence dispersal, recruitment, or contact rates; however,
complete pedigree reconstruction is rarely realistic in
open wild boar populations with unsampled relatives
(Jones and Wang 2010; Marshall et al. 1998; Waits and
Paetkau 2005; Wang 2011). Landscape-genetic analyses
connect genetic differentiation with geographic distance,
habitat configuration, and anthropogenic barriers (Hold-
eregger and Wagner 2008; Manel et al. 2003; Storfer
et al. 2006). Such analyses in wild boar are particularly
relevant in fragmented or disease-affected landscapes,
where roads, forests, agricultural matrices, hunting re-
gimes, and control barriers may influence movement
and gene flow (Lecis et al. 2022; Sawai et al. 2023;
Simon et al. 2024). Hence, in the context of ASF, STR
data should be interpreted as host-connectivity evidence
rather than direct evidence of pathogen transmission,
with epidemiological conclusions requiring integration
with pathogen, movement, and surveillance data (Goi-
colea et al. 2024; Mazloum et al. 2023; Meletiadis et al.
2025; Pepin et al. 2021). The main inference targets, an-
alytical outputs, assumptions, and management implica-
tions of STR-based analyses are summarised in Table 1.

Management interpretation of STR-based
inference in Eurasian wild boar

At an applied interpretative level, STR-based studies
reveal that the genetic structure of wild boar popula-
tions is influenced by a complex interplay of multiple
factors, including natural dispersal, landscape perme-
ability, demographic disturbance, and human-mediated
movement, rather than by a single recurrent mecha-
nism (Lecis et al. 2022; Sawai et al. 2023; Scandura et al.
2011; Simon et al. 2024). The management value of
these studies is therefore mainly comparative: mic-
rosatellite data can indicate whether (1) populations
are broadly connected, (2) local diversity is reduced,

(3) domestic ancestry is concentrated in particular
areas, and (4) the observed structure corresponds
to management zones or disease-control boundaries
(Boheim et al. 2023; Griciuviené et al. 2022; Lecis et al.
2022; Simon et al. 2024).

The interpretation of diversity, structure, and ad-
mixture must remain context-dependent. Reduced hete-
rozygosity or allelic richness may not only indicate isola-
tion, demographic disturbance, or population control, but
it may also reflect sampling scale, Wahlund effects, null al-
leles, or genotyping artefacts (Chapuis and Estoup 2007;
Griciuviené et al. 2022; Hale et al. 2012; Putman and
Carbone 2014). Similarly, genetic clusters may represent
differentiated management units in fragmented, insular,
or disease-affected landscapes; however, they may also
reflect connectivity gradients or inconsistent sampling in
continuous populations (Frantz et al. 2009; Goicolea et
al. 2024; Meirmans 2012; Puechmaille 2016). Admixture
with domestic pigs is likewise informative for identify-
ing admixed individuals and domestic ancestry hotspots,
although STRs are better suited for screening and geo-
graphic targeting than for resolving ancestry tracts or
functional consequences, which require genome-wide evi-
dence (Boheim et al. 2023; Mary et al. 2022; Schleimer
et al. 2022). An individual-level perspective is provided
through kinship-based analyses that show how social or-
ganisation, female kin associations, and sex-biased disper-
sal can structure genetic variation at fine spatial scales
(Gamelon et al. 2025; Podgorski et al. 2014; Poteaux et
al. 2009). This is relevant for disease ecology because
kin structure may influence local contact opportunities,
although genetic relatedness should be interpreted as
one layer of host ecology rather than as direct evidence
of pathogen transmission (Pepin et al. 2021). Therefore,
the main unresolved issues are applied and comparative:
how rapidly wild-boar populations regain diversity after
ASF-related decline, whether apparent barriers reflect
current restrictions or historical structure, how domes-
tic introgression affects management-relevant traits, and
how well genetic connectivity corresponds to movement
over epidemiological timescales. Addressing these issues
will require repeated sampling, harmonised marker pan-
els or bridge datasets, and integration of STR information
with SNP/whole-genome sequencing (WGS), telemetry,
landscape resistance models, and pathogen data (Goico-
lea et al. 2024; Hauser et al. 2021; Meletiadis et al. 2025;
Osborne et al. 2023; Salih et al. 2025).
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barrier, or corridor

modelling

Integration with STRs do not reconstruct Support for surveillance

epidemiological, spatial,

Host population structure

Pepin et al. 2021;
Griciuviené et al. 2022;

zoning, host-connectivity

pathogen transmission

and connectivity

Disease-related
interpretation

interpretation,
and long-term monitoring
in ASF-affected systems

chains or short-term
outbreak dynamics

ecological, or pathogen-

interpreted in
epidemiological context

Meletiadis et al. 2025

genomic data

ASF - African swine fever, DAPC - discriminant analysis of principal components, FIS - inbreeding coefficient, FST - fixation index, He - expected heterozygosity, Ho — observed heterozygosity,

Ne - effective population size, SNP - single nucleotide polymorphism, STR - short tandem repeat, WGS - whole-genome sequencing.

Phylogeography and evolutionary relationships

Microsatellite markers have contributed to stud-
ies on phylogeographic and evolutionary relationships
in S. scrofa by revealing recent or intermediate-scale
spatial differentiation, secondary contact, and popu-
lation subdivision (Alexandri et al. 2017; Kusza et al.
2014; Scandura et al. 2008, 2011; Velickovi¢ et al. 2016).
The significance of these markers mainly depends on
the context: STRs can show how contemporary struc-
ture aligns with broader biogeographic patterns, espe-
cially when combined with geographic, ecological, and
historical data (Lecis et al. 2022; Scandura et al. 2008,
2011; Velickovi¢ et al. 2016). Because high mutation
rates, allele-size homoplasy, and stepwise-like mutation
can obscure older demographic signals, microsatellite-
based phylogeographic interpretations should be uti-
lized as evidence for recent structuring rather than as
stand-alone reconstructions of ancient divergence, gla-
cial refugia, or long-term lineage history (de Jong et al.
2023; Estoup et al. 2002; Putman and Carbone 2014;
Schlotterer 2000).

Integrative European studies using mitochondrial,
Y-chromosome, SNP, and whole-genome data have re-
fined our understanding of major lineages, contact
zones, and Pleistocene-Holocene demographic processes
(De Jong et al. 2023; Niedzialkowska et al. 2021; Scan-
dura et al. 2011). STR datasets complement this evidence
by resolving recent local structure and admixture among
neighbouring populations, particularly where historical
processes interact with habitat fragmentation, transloca-
tions, hunting management, and contact with domestic
pigs (Frantz et al. 2013; Goedbloed et al. 2013; Mary
et al. 2022; Schleimer et al. 2022). These findings in-
dicate that the relationship between wild boars and do-
mestic pigs should not be interpreted as a simple binary
distinction. Domestic ancestry may reflect recent hybri-
disation, historical introgression, or incomplete differen-
tiation between wild and domestic gene pools and there-
fore should be evaluated at both regional and genomic
scales (Boheim et al. 2023; Mary et al. 2022; Schleimer
et al. 2022).

Strengths, limitations, and future directions

In research on Eurasian wild boar, the relevance
of microsatellites can be attributed to a combination
of several characteristics, including high polymorphism,
low cost, technical accessibility, and compatibility with



Microsatellites and inference in wild boar genetics 311

Management/biological question
What do you want to infer from STR data?

v

Is the question about recent, fine-scale population NO.

STRs are often insufficient for deep phylogeography,
» adaptive inference, complex demography or precise —»

Use SNP/WGS
or integrate

null alleles; allele binning and genotyping error checked

?
processes: introgression quantification complementary data
*YES
Is the STR dataset technically suitable? NO Limited robustness: improve QC,
Sufficient loci; marker comparability; missing data; > standardize marker panel,

or interpret cautiously

*YES

Is sampling biologically and spatially appropriate?
Representative sampling; adequate sampling size;
suitable spatial scale; reference populations if needed

=
v©

Risk of biased inference: Wahlund
effect, family structure, uneven
sampling, unsampled sources

*YES

| Which inference target matches the question? |

* * \ 4

v v

Diversity/

demographic warning
H,, H,, allelic richness
Fo N, bottleneck tests
Management output:
reduced diversity;
isolation; demographic
warning signals

Structure/connectivity
Clustering, assignment,
isolation by distance,
landscape genetics
Management output:
monitoring units;
corridors; barriers;
connectivity gradients

Admixture screening
Wild boar x domestic
pig admixture analysis
Management output:
introgression hotspots;
hybrid alerts

For precise ancestry
quantification — SNP/WGS

Parentage/kinship
Parentage, sibship,
relatedness
Management output:
family clusters; local
recruitment; dispersal/
social structure

ASF-related host interpretation
Host structure and connectivity
in epidemiological context
Management output:
surveillance zoning;
host-connectivity interpolation;
long-term monitoring

Dense sampling required

Host STRs cannot reconstruct

pathogen transmission chains

Key message:
Microsatellites are most informative for recent and fine-scale population processes when data quality and sampling are appropriate.
SNP/WGS and complementary ecological or epidemiological data are needed for precise introgression, deep demographic reconstruction

and outbreak-level inference.

Figure 2. Decision framework for matching microsatellite data to management-oriented inference in Eurasian wild boar.
ASF - African swine fever, FIS - inbreeding coefficient, H. — expected heterozygosity, H, — observed heterozygosity, N, - effective
population size, QC - quality control, SNP - single nucleotide polymorphism, STR - short tandem repeat, WGS - whole-genome

sequencing

historical datasets (Guichoux et al. 2011; Hauser et al.
2021; Osborne et al. 2023; Salih et al. 2025). These fea-
tures make STRs particularly useful for regional moni-
toring, temporal comparisons based on shared panels,
preliminary admixture screening, and individual-level
analyses such as kinship or parentage (Boheim et al.
2023; Costa et al. 2012; Griciuviené et al. 2022; Putman
and Carbone 2014; Simon et al. 2024). However, their
main limitations are associated with scale and com-
parability: conclusions are more robust when marker
panels, sampling design, allele scoring, and population
grouping are sufficiently transparent to allow meaning-
ful comparison across regions and time (Bonin et al.
2004; Guichoux et al. 2011; Selkoe and Toonen 2006;
Van Oosterhout et al. 2004).

Instead of merely comparing STR with SNP/WGS
approaches, future studies should apply these marker
systems at the complementary levels of resolution

according to the biological question, management con-
text, and the required inferential scale. Legacy or low-
cost STR panels can ensure ongoing monitoring and
identify populations, contact zones, or management
situations that require higher-resolution genomic analy-
sis, whereas SNP/WGS approaches are better suited
to issues related to adaptive variation, complex demo-
graphic history, or fine-scale introgression (De Jong
et al. 2023; Goedbloed et al. 2013; Mary et al. 2022;
Schleimer et al. 2022). Figure 2 summarises this de-
cision framework. In fragmented or ASF-affected land-
scapes, the applied value of STR-based connectivity
will depend on integration with ecological, movement,
hunting, carcass, pathogen, and spatiotemporal data,
so that genetic monitoring contributes to management
inference rather than remaining a descriptive endpoint
(Alkhamis et al. 2018; Goicolea et al. 2024; Meletiadis
et al. 2025; Pepin et al. 2021; Simon et al. 2024). This
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integrative direction is the most likely route for convert-
ing STR-based monitoring from descriptive population
genetics into decision-relevant management evidence.

Conclusions

Overall, microsatellite markers remain useful for
genetic management of the Eurasian wild boar when
their application corresponds to recent, management-
relevant questions and to comparable datasets. These
markers are highly relevant in supporting regional-scale
genetic monitoring, broad assessment of diversity and
population structure, preliminary screening for wild
boar x domestic pig admixture, and kinship-oriented
analyses, particularly where continuity with legacy STR
datasets is critical.

Multiple studies have shown that wild boar genetic
diversity, connectivity, and admixture reflect interacting
effects of landscape fragmentation, hunting pressure,
translocations, contact with domestic pigs, and disease-
related demographic changes. Although STR data can
reveal managementrelevant differentiation and host
connectivity, conclusions regarding deep evolutionary
history, complex introgression, or disease transmission
require complementary genomic, ecological, and epide-
miological evidence. This positions microsatellites as
a practical monitoring layer within integrative manage-
ment rather than as a stand-alone solution.
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