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Abstract: Mitochondrial (mtDNA) and chloroplast (cpDNA) polymorphisms are valuable resources to 
study past demographic changes, phylogenetics and evolution, especially in forest tree species, where these 
genomes are haploid and uniparentally transferred. The organellar markers were usually scored separately 
using direct sequencing or PCR-based approaches, which can be time-consuming and expensive, especially 
in large-scale population genetics research. In this study, we developed an efficient and cost-effective SNaP-
shot assay for genotyping preselected  mtDNA and cpDNA polymorphism in four closely related pine spe-
cies including Scots pine (Pinus sylvestris L.) and three taxa from the Pinus mugo complex. We validated the 
method by genotyping the samples derived from 12 populations of the species from their wide geographical 
distribution range in Europe. The results proved high accuracy of the method with a genotyping success 
rate of 99.7%. The set of assayed markers shows significant genetic variation. By using multiplex SNaPshot 
assay, we provided an efficient and sensitive molecular tool for intra- and interspecific genetic analyses. The 
presented protocol is useful for fast and relatively cheap SNP genotyping of organelle genome of closely re-
lated pine species. The assayed SNPs allow studying the species discrimination and detailed investigations 
of their population history and structure. Given its numerous benefits and efficient genotyping rate, the 
SNaPshot method appears to be a valuable and practical resource for studying the genetic makeup of forest 
tree species. Particularly, it proves to be advantageous for population genetics.
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Introduction

Genetic variation is fundamental for species per-
sistence and plays a critical role in shaping the diver-
sity of life. Understanding the extent and distribution 

of genetic variation within and among species is es-
sential for elucidating their evolution and adapta-
tion, and for informing conservation efforts aimed at 
preserving biodiversity. Advances in genomic tech-
nologies have greatly expanded our ability to study 
genetic variation in natural populations. However, 
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analyzing genetic diversity at the population level 
remains a complex and challenging task, especially 
for species with large, structurally complex genomes, 
such as many important forest tree species (Cao et 
al., 2022; Chung et al., 2023; Neale et al., 2017).

Tree populations often exhibit high level of genet-
ic diversity within populations, but low differentia-
tion between individuals within the same population 
as a result of many factors including species history, 
distribution range or mating system (Petit & Hampe, 
2006). To accurately study the genetic diversity and 
population history of tree species across a wide geo-
graphic range, a tradeoff must be made between the 
resolution of the available genetic markers and the 
number of individuals sampled from each popula-
tion. This decision is strongly influenced by the cost 
of genotyping. Given the current biodiversity crisis 
and its significant threat to forest ecosystems, it is 
crucial to develop and use reliable and cost-efficient 
methods for population genetic analysis (Ceballos et 
al., 2015; Urban, 2015). These methods are aimed at 
describing and monitoring the genetic resources of 
tree species, which is essential for understanding and 
managing their populations.

The Pinus genus comprises over 100 species of 
trees that are widely distributed across the world and 
adapted to a range of climatic and soil conditions. 
They are one of the most significant forest-forming 
tree species in the Northern Hemisphere, with both 
ecological and economic importance (Farjon, 2018). 
Due to their numerous ecosystem services, it is criti-
cal to gain a better understanding of their evolution, 
adaptation, and thus response to environmental 
changes.

Polymorphisms in mitochondrial DNA (mtDNA) 
and chloroplast DNA (cpDNA) genomes are often 
used to study phylogenetics and evolutionary histo-
ry of many species (Avise et al., 1987; Hewitt, 1999; 
Morris & Shaw, 2018; Naydenov et al., 2007; Palmer, 
1992; Soranzo et al., 2000; Taberlet et al., 1998; Tóth 
et al., 2017). They are especially useful in the case 
of forest tree species, because of their haploidy, uni-
parental transmission through seeds and pollen and 
lack of sexual recombination. Mitochondrial DNA 
markers are particularly useful in studying pines be-
cause they are inherited maternally and dispersed by 
seeds over short distances. Due to their mode of in-
heritance and distribution, mtDNA markers provide 
higher resolution in population structure analysis 
as compared to pollen-mediated markers (including 
chloroplast and nuclear DNA). As a result, they offer 
a valuable perspective on the genetic history of these 
species, reflecting past demographic changes and re-
taining patterns of demographic structure over time 
(Jaramillo-Correa & Bousquet, 2005; Łabiszak et al., 
2019; Polezhaeva et al., 2010; Semerikov & Lascoux, 

2003; Senjo et al., 1999; Tollefsrud et al., 2015; Tóth 
et al., 2017)

Due to its relatively simple structure and size 
(~150k bp), chloroplast DNA has been sequenced 
for many pine species, providing complete cpDNA 
genomes and easy access to polymorphisms (Asaf et 
al., 2018; Sokolowska et al., 2021; Yu et al., 2022). 
The difficulty in discovering new mitochondrial DNA 
(mtDNA) markers is primarily due to the large size 
of conifers mitochondrial genome (Jackman et al., 
2015; Jackman et al., 2020), the presence of multi-
ple repeated regions in their complex structure, and 
their relatively low sequence evolution rate (Guo et 
al., 2016; Smith, 2016). However, advances in se-
quencing technologies allowed the development of 
novel genomic resources in non-model plants, in-
cluding the sequence of a large fragment of the mi-
tochondrial genome in pines (Donnelly et al., 2017). 
Based on the discovered polymorphisms, Łabiszak et 
al. (2019) developed a set of mtDNA markers that 
proved to be useful in population genetics studies of 
closely related pine species (Pinus mugo complex - P. 
mugo, P. uliginosa, P. uncinata). However, genotyping 
of the markers using PCR-based Restriction Frag-
ment Length Polymorphism (PCR-RFLP) required 
time-consuming protocols of amplification, restric-
tion enzyme digestion and electrophoresis of each 
marker separately, significantly limiting their appli-
cability to large-scale studies.

To overcome this challenge, we present a meth-
od of genotyping a set of SNPs and indel markers 
from mitochondrial and organellar genomes in the 
complex of four pine species. This method can be ap-
plied to score genetic variation across many samples 
in large scale population genetic studies. The devel-
oped assay allows for the simultaneous analysis of 
multiple SNPs and is based on a commercial SNaP-
shot™ Multiplex Kit (Thermo Fisher) that combines 
the markers in multiplex reactions. The approach can 
be utilized to genotype predefined polymorphism in 
any species. Similar assays, containing 15-18 mito-
chondrial SNPs, were developed previously, but their 
usage was mainly restricted to forensic or anthropo-
logical studies, and not to broad-range plant popula-
tion genetic investigations (Hu et al., 2016; Weiler et 
al., 2016). We validated our SNaPshot method using 
samples from a broad distribution range demonstrat-
ing its versatility and applicability in Pinus sylvestris 
and three taxa from the P. mugo complex. Our ap-
proach provides a useful tool to explore large-scale 
patterns of genetic variation including gene flow and 
genetic structure at both the intra- and interspecific 
levels. Compared to previously used genotyping ap-
proaches in studied pine species such as PCR-RFLP 
and Sanger sequencing, our method is faster, cheaper 
and more effective for scoring the markers.
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Materials and methods
DNA extraction and PCR amplification

Samples from 147 trees derived from 12 natural 
populations of four pine species: Pinus sylvestris, P. 
mugo, P. uliginosa and P. uncinata, were included in the 
study (Table S1). Genomic DNA was extracted from 
the needles using Genomic Mini AX Plant extraction 
kit (A&A Biotechnology, Poland). The quantity of 
DNA was measured by Qubit 4 fluorometer, using 
the Broad Range (BR) Assay Kit and DNA was dilut-
ed to the working concentration of 40 ng/µl. PCRs 
were carried out in two multiplex reactions, each 
with seven markers (Table 1). The first multiplex 
contained PR5, PR7, PR15, PR19, PR20, PR21 and 
PR24 regions (Donnelly et al., 2017). The second 
one contained PR25, PR29, PR30, PR31 and PR32 
(Donnelly et al., 2017) – names are consistent with 
those in Łabiszak et al. (2019), nad1 (Soranzo et al., 
2000) mitochondrial fragments and trnL-trnF inter-
genic region of the chloroplast DNA (Taberlet et al., 
1991; Wachowiak et al., 2000). The PCR reaction 
mixture for both multiplexes contained 1µl of Solis 
Biodyne HOT FIREPol® Blend Master Mix (5x) pol-
ymerase, 0.5 µl of primer mix (5 µM of each primer), 
3 µl of Milli-Q water and 1 µl of sample DNA (40 ng/
µl). PCRs included the following steps: initial dena-
turation (95 °C, 15 min), 32 cycles of denaturation 
(95  °C, 30 s), annealing (57  °C, 1:30 min), exten-
sion (72 °C, 1:30 min) and final extension (72 °C, 10 
min). PCR products were separated in 1.5% agarose 
gels (1x TAE buffer) resulting in 5 (Multiplex I) and 
4 (Multiplex II) clearly visible fragments as some of 
the amplification products were of similar size.

Development of SNaPshot assay

The SNaPshot method involves a process of am-
plification and purification of the DNA amplicons 
before using a specific primer to target a sequence 
next to the SNP site. PCR products in each multi-
plex were purified with enzymes exonuclease I and 
phosphatase. Each reaction contained 0.5 µl of phos-
phatase (1 U/µl, Thermo Fisher), 0.05 µl of exonu-
clease I (20 U/µl, Thermo Fisher), 0.25 µl of exonu-
clease buffer (10x, Thermo Fisher), 1.7 µl of Milli-Q 
water and 5 µl of PCR product. Total reaction vol-
ume of 7.5 µl was then heated to 37 °C for 60 min 
and to 80 °C for 15 min. The purified products were 
used in the SNaPshot reaction carried out according 
to SNaPshot™ Multiplex Kit protocol and involving 
extension of the primer targeted at each SNP marker 
position by a single base using fluorescently labeled 
dideoxynucleotides. Total volume of 5 µl of SNaP-
shot assay contained 0.5 µl SNaPshot™ Multiplex 
Ready Reaction Mix (5x), 0.1 µl SNaPshot primers 
mix (Table 2; 10 µM each primer), 0.5 µl sequencing 
buffer (5x), 2.4 µl Milli-Q water and 1.5 µl purified 
PCR product. Reaction conditions involved initial 
denaturation (96  °C, 10 s), 35 cycles of denatura-
tion (96 °C, 10 s), annealing (50 °C, 5 s) and exten-
sion (60 °C, 30 s). After initial tests we modified the 
conditions for Multiplex I, extending the annealing 
time to 30 s in order to improve the quality of PR5 
read. Final product was purified with 2.5 µl of phos-
phatase solution (0.25 µl phosphatase (1 U/ µl), 2.25 
µl Milli-Q water) in 37 °C for 15 minutes and 80 °C 
for 15 minutes. This is an important step as failure 
to remove unincorporated labelled nucleotides can 
cause extraneous fluorescence, leading to incorrect 

Table 1. List of markers divided into two multiplex reactions with primer names, sequences and SNP variants

Marker Forward primer Reverse primer SNP variant

M
ul

ti
pl

ex
 I

PR51 PR5F ATTCCTGTGCTTGGTTGGGA PR5R GGCGCTTACCCACACACTTA [T/G]
PR71 PR7F TGAGTTCGTTGACCGCGTAA  PR7R TCAGGCGAGCTTGTGCTTTA  [C/A]
PR151 PR15F CATCCTCTCCTCTCGATGGC PR15R GCTTTTGGCTTGGTGCGAAT [T/G]
PR191 PR19F CGGAGCGAGGTGAAGAAACT PR19R GCGAGAAGCAGTAGTGGGTT [T/G]
PR201 PR20F GTTCCTACGATCCAGCCAGG PR20R ACCATGGATTCTTCGGACGG [C/A]
PR211 PR21F TCCGATGATGAGGTGGAGGT PR21R AGTTGAAGGCAGGAAGGTCG [T/G]
PR241 PR24F TGCATTCTGGCTGGCTTTCT PR24R GGCGTCGATAGACTCGGTTT [T/G]

M
ul

ti
pl

ex
 II

PR251 PR25F GGCATGTCCGCTATGGAAGT PR25R AGGCTCCGGAAGTACCTGT [T/G]
PR291 PR29F GGTTGGTTGATCCATCCGGT PR29R CCGGCTTGGGTACGTCTTTT [T/G]
PR301 PR30F ACTTACATTGACCGGCGGAT PR30R CACACATCTAGGGCACAGGG [T/G]
PR311 PR31F TGCGACCTGTGAATGGATGT PR31R CGGCGGTTCTAGCCTTGATT [T/G]
PR321 PR32F ACCCTCCTTCAACTGATGCG PR32R CCTCAACCAACCGTCAGTCA [T/G]
nad12 nad1F TTAATCAAAAGGTCCGGAG nad1R TGAAGTGACTCGCACTACTG [C/G]

trnL-trnF3 trnF ATTTGAACTGGTGACACGAG trnL CGAAATCGGTAGACGCTACG [C/A]

1 Donnelly et al., 2017; 2 Soranzo et al., 2000; 3 Taberlet et al., 1991.
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or failed genotyping results (Pati et al, 2004). Final-
ly, 1 µl of purified SNaPshot product was added to 
9 µl of formamide with GeneScan™ 120 LIZ™ dye 
Size Standard and denatured for 5 minutes in 95 °C. 
Capillary electrophoresis was carried out on the ABI 
Prism 3130XL Genetic Analyser (Applied Biosys-
tems, Foster City, CA, USA). The chromatograms, 
reflecting the primer size used in the SNaPshot assay 
and extended by a labeled base, were viewed and ana-
lyzed in Peak Scanner™ Software v1.0.

Data analysis

Mitochondrial DNA polymorphisms were scored 
and the 13 SNP variants concatenated to form 13 nu-
cleotide long haplotypes. The polymorphism at the 
trnL-trnF region, that discriminates cpDNA genome 
of P. sylvestris vs. the taxa from the P. mugo complex 
(P. mugo, P. uliginosa, P. uncinata; Wachowiak et al., 
2000; Jasińska et al., 2010; Wachowiak et al., 2016) 
was analyzed separately. The number of haplotypes 
and haplotype diversity across populations and spe-
cies was assessed in DnaSP v6 software (Librado & 
Rozas, 2009; Rozas et al., 2017). One individual was 
excluded from the analysis because it had missing 
data for three out of the thirteen markers used to 
determine haplotypes, probably due to poor quality/
quantity of DNA. No other missing data was present 
in the analysis.

Haplotype network was made in PopART 1.7 
software (Leigh & Bryant, 2015) using the Median 
Joining Network method (Bandelt et al., 1999). The 
map showing the distribution of the haplotypes was 
generated in R (R Core Team, 2021) using packages: 
foreign, tidyverse (Wickham, 2011, Wickham et al., 
2019), raster (Hijmans and van Etten, 2012), rgdal 
(Keitt et al., 2010) and ggplot2 (Wickham, 2016). 

Haplotype numbers, number of singletons, haplo-
type diversities and Nei unbiased genetic distance 
(uNei) (Nei, 1973) were calculated in GenAlEx 6.5 
(Peakall & Smouse, 2006; 2012). In order to visual-
ize the genetic relationships between samples PCoA 
based on uNei distances was performed in ggplot2 R 
package.

Results and discussion

In this research, we deliver a novel tool for pop-
ulation genetic studies of polymorphisms in the 
organellar genome of closely related pine species – 
P. sylvestris, P. mugo, P. uliginosa and P. uncinata. The 
technique is time efficient and relatively low-cost, 
making it a valuable alternative to other methods 
of DNA genotyping of pre-selected genetic markers. 
Although the standard PCR-based Restriction Frag-
ment Length Polymorphism (PCR-RFLP) method is 
usually known to be relatively inexpensive and fre-
quently used in DNA polymorphism analysis of tar-
geted genomic regions (Hashim & Al-Shuhaib, 2019; 
Wolf et al., 1999), it is time-consuming and may 
provide inconclusive results that require additional 
validations. This method was previously employed 
for genotyping the same set of SNPs (Łabiszak et. 
al 2019, Zaborowska et. al 2019, Wachowiak et al., 
2023) and was estimated to be roughly four times 
more expensive and much slower than SNaPshot 
method due to time consuming steps involving sep-
arate amplification of each mtDNA region analysed, 
digestion with restriction enzymes targeted on the 
SNP position and their agarose gel electrophoresis. 
Similarly, direct sequencing of targeted amplicons is 
laborious and expensive, especially when the gen-
otyped SNPs are distributed across many genomic 

Table 2. List of primers used in SNaPshot reactions

Primer name Length Sequence SNP variant

M
ul

ti
pl

ex
 I

PR_5sF 20 CCTTTCTATATGAGAATATT [T/G]

PR_7sF 26 CTCTTATCCGATCCGAATATTATTTT [C/A]

PR_15sF 32 AACAACAGAAGCAAGGAAGGAATCAGCCAGAA [T/G]

PR_19sF 38 AAGGTGAAGCTAGTGTCACTGAGACTTATTAACTTATT [T/G]

PR_20sF 44 TGTTGCTGCCATACCCTTTCATGAGGTTTCTCTCTGCTGATAGC [C/A]

PR_21sF 50 GTCCTTTTGGTTCTTCGCTGATCAGCAAGATCTAATCTCTCTTCGGGGTT [T/G]

PR_24sF 56 TTTCTAAATATGTTTGAAGTGAATGCATCATAGCTGAGCTGGACAATAAGTGTTTT [T/G]

M
ul

ti
pl

ex
 II

PR_25sF 20 AAAGGAGGCTGTAGGTAGGA [T/G]

PR_29sF2 18 AAAAGCAGGTGGGTTGGA [T/G]

PR_30sF 32 CTGGTTGGTTCCATTAAGGCCTTACTCCATGA [T/G]

PR_31sF 38 TTCGTTTCCTAATGACGACCAGACTGAGGTAGTTAATT [T/G]

PR_32sF 44 AGTGAGTGACTCCGTCCCTGGGAAATCGAATATCATATAAAATA [T/G]

nad1BC_sF 50 TCTTTTTTACTTACTTTAGAGGATGCGTAAGCACGCTCGACTGTTAAGGA [C/G]

cp_trnLF_sF 56 TATTTTCGATCTGGAAGTCACTAATATGATAAAAATGGACTGCAATTGAATAATTT [C/A]
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regions. Additionally, our method provides consist-
ent results across runs and is unaffected by the dif-
ferences in laboratory equipment used during gen-
otyping. Unlike microsatellite markers (SSR, Single 
Sequence Repeats) which depend on the exact length 
of products, our method relies on the relative sizes of 
the markers. Specifically, the markers are designed in 
a way that their sizes increase by 6 bp between mark-
ers (Table 2). Possible variations in product sizes 
(around ±1-3 bp) due to different equipment used, 
if present, should be consistent across all runs and 
thus cannot impact the proper scoring of genotypes.

In our study, all sites were successfully genotyped 
providing reliable scores for each of the assayed mark-
ers (Fig. 1). The assayed SNPs showed high efficien-
cy in all studied pine species including 36 P. sylvestris, 
35 P. mugo, 39 P. uliginosa, and 36 P. uncinata samples. 
The markers showed intra- and interspecific genetic 
variation (Fig. 2). Only two markers PR24 and PR32 
were monomorphic within the studied samples. 
However, they showed variation in P. sylvestris distri-
bution range not covered in the validation panel of 
our study (Wachowiak et al., 2023). Therefore, the 

SNaPshot assay we demonstrate here is a much sim-
pler and cheaper genotyping method than previously 
mentioned alternatives since it involves the analysis 
of multiplexed markers and can be applied to most 
SNPs data. As we obtained complete genotypes for 
146 of 147 studied samples, the developed assay is 
highly efficient providing a higher success rate (over 
99%) than in similar studies based on other geno-
typing techniques using 12-14 markers, ranging from 
80% to 94.4% (e.g. Boratyńska et al., 2021; Sobiera-
jska et al., 2020; Wachowiak et al., 2022). Therefore, 
it seems a valuable method of choice for population 
genetic studies based on genotyping of informative 
SNPs markers.

The assayed SNPs allowed for the discovery of 12 
different mitochondrial haplotypes (H1–H12) for the 
investigated species (Fig. 2, Table S2). Pinus sylves-
tris, P. mugo and P. uliginosa had the same number of 
haplotypes (5), whereas P. uncinata had 3 haplotypes. 
Haplotype diversity for all samples was 0.849. P. ulig-
inosa had the highest and P. uncinata had the lowest 
unbiased haplotype diversity (uh = 0.329 and uh = 
0.042, respectively) (Fig. 3A). The number of haplo-
types varied among studied populations. We found 
the highest number of haplotypes in P. uliginosa pop-
ulation from Węglowiec (WLB, 4 haplotypes), which 
resulted also in the highest unbiased haplotype di-
versity uh = 0.311 (Fig. 3B–C). However, the separa-
tion of the individual population was not that clear, 
as some haplotypes were shared between species.

Significantly, the mitochondrial markers assayed 
could clearly discriminate the four pine species in 
the PCA analysis (Fig. 4A). This is also apparent at 
population level, although there P. uliginosa popula-
tions are closer to populations of other pines (Fig. 
4B). The pattern we observe at the intraspecific level 
could be understood as mean haplotype composi-
tion within species. The mean is susceptible to the 
presence of outliers, and it is reflected in the pat-
tern observed in PCoA, especially in the case of the 
population within P. uliginosa. The population from 
Wielkie Torfowisko Batorowskie (Bat) has only one 
distinctive haplotype present in all individuals that 
elevates mean distance between studied species in 
the PCoA analysis. As this haplotype is also common 
in Finnish populations of P. sylvestris, both “Bat” and 
“F1” populations are placed close to each other on 
the PCoA plot. Furthermore, the chloroplast DNA 
trnL-trnF marker (Wachowiak et al., 2000) confirmed 
differentiation between species (Fig. 5). Variant A 
(VA) is characteristic of Pinus mugo complex (P. mugo, 
P. uliginosa, P. uncinata), whereas variant C (VC) occurs 
only in Pinus sylvestris (Fig. 5). Although this marker 
differentiates only Pinus sylvestris from the taxa of the 
P. mugo complex, it is still useful in the pine species 
hybridization studies. As there are no reports of any 
sympatric population that would involve all four pine 

Fig. 1. Representative electropherograms of the two SNaP-
shot multiplex reactions scored for 14 SNPs color-cod-
ed as blue (G), green (A), red (T) and black (C)
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Fig. 3. Distribution of genetic diversity measured as haplotype diversity in four pine species (A), and in 12 pine popula-
tions (B). Number of haplotypes (Hn) and singletons (Hs) by population (C). Detailed information about populations 
is provided in Table S1 (Supplementary Material)

Fig. 2. Median-joining haplotype network (H1–H12) and the distribution map of haplotype frequencies in 12 populations 
of P. sylvestris, P. mugo, P. uliginosa and P. uncinata in Europe. Circle size corresponds to a frequency of a haplotype in the 
general population. Lines on branches represent a singular mutation event. Detailed information about populations is 
provided in Table S1 (Supplementary Material)
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species, the marker could be used to track chloro-
plast DNA in contact zones in which P. sylvestris oc-
curs together with other representative of taxa from 
the P. mugo complex. Consistent with the scenario of 
chloroplast capture during hybridization (Gernardt 

et al., 2018), we could expect hybrid trees of Scots 
pine morphology with VA chloroplast or vice versa. 
Given the sympatric occurrences of P. uliginosa and 
P. sylvestris at Węgliniec and Węglowiec reserve, the 
trnL-trnF marker was added to Multiplex II to possi-
bly detect such hybrids, but no such individuals were 
found. As the SNP markers assayed in our research 
have demonstrated high levels of genetic variability 
both within and between species, they are a valua-
ble tool for studying population structure, hybridiza-
tion and migration patterns of the investigated pine 
species.

Conclusions

We described here a protocol of fast and relative-
ly cheap SNP genotyping of the organelle genome of 
closely related pine species. The assayed SNPs allow 
for intra- and interspecific investigation in studies fo-
cused on species discrimination and detailed inves-
tigations of their population history and structure. 
By simultaneously genotyping multiple SNPs, our 

Fig. 5. Distribution of chloroplast DNA trnL-trnF marker 
variants among studied populations in four pine spe-
cies. Detailed information about populations is provid-
ed in Table S1 (Supplementary Material)

Fig. 4. Results of PCoA analysis at both species and population levels (A and B, respectively). Detailed information about 
populations is provided in Table S1 (Supplementary Material)
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approach provides an efficient and cost-effective way 
of analyzing genetic variation at the population level. 
Additionally, by analyzing multiple SNPs, it provides 
a more comprehensive understanding of the genetic 
diversity within and between populations, which has 
significant implications for conservation biology and 
management practices. Considering its numerous 
advantages and high genotyping rate, the SNaPshot 
approach seems a very useful and convenient tool 
for population genetics studies of forest tree species 
that require a relatively small number of genotyped 
markers.
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