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Berberis species are valuable wild plants widely distributed in Türkiye and 
other regions. They are known for their nutritional, medicinal, and 
ecological importance. Despite their significance, molecular studies on 
Berberis are limited, particularly regarding the use of SCoT markers. In the 
present study, the genetic diversity of selected Berberis populations was 
investigated using both ISSR and SCoT molecular markers. A total of 51 
scorable bands were obtained with ISSR markers, 41 of which were 
polymorphic, resulting in a polymorphism rate of 80.4%. SCoT markers 
produced an average of 6.2 bands per primer, with 5.3 polymorphic bands 
and a polymorphism of 86.4%, indicating a higher sensitivity in detecting 
genetic variation. Genetic similarity values ranged from 0.39 to 0.84 for 
ISSR and 0.32 to 0.89 for SCoT markers. These results were compared 
with previous studies on Berberis and other plant species, confirming the 
robustness of the applied markers. Notably, this study represents the first 
application of SCoT primers in Berberis, demonstrating their effectiveness 
in resolving genetic relationships and detecting polymorphism. The 
findings provide a valuable molecular basis for conservation strategies, 
germplasm management and future breeding programs, while also 
contributing to a better understanding of genetic structure and diversity 
within the genus. Overall, the combined use of ISSR and SCoT markers 
offers a reliable approach for molecular characterization and supports the 
sustainable utilization of Berberis genetic resources. 
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INTRODUCTION 
 

Berberis crataegina DC. (Berberidaceae), commonly known as barberry, is an 

important berry-producing species that grows naturally in the mountainous and forested 

regions of Anatolia. The species has a wide geographical distribution across America, Asia, 

Europe, and Africa, and is also reported in the mountainous regions of Pakistan (Khan et 

al. 2016). In Türkiye, it is widely distributed in Eastern Anatolia, Central Anatolia, and the 

Black Sea regions, where it typically develops as a highly branched woody shrub reaching 

1 to 3 m in height (Güner et al. 2012; Ekim et al. 2000). Adapted to cold climates, B. 

crataegina thrives at elevations up to 2000 m, particularly in pine-dominated forest 

ecosystems (Kındersley and Brickell 2008), and demonstrates high tolerance to drought, 

low temperatures, and nutrient-poor soils. 
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Morphologically, the species is characterized by lignified stems, reddish-brown 

thorny branches bearing stiff spines, and simple, serrated leaves (Davis 1965; Arslan 2021). 

The leaves exhibit a glossy dark green upper surface and a paler underside, turning yellow 

to red in autumn (Yıldırım 2000). Flowering occurs between May and June, producing 4 

to 10 yellow, nectar-rich flowers arranged in short racemes, which provide an important 

resource for pollinators (Zhaleh et al. 2025). The fruits, which ripen from late summer to 

early autumn, are fleshy, ellipsoidal, and dark red to purplish-black in color, typically 

containing a single seed. Due to their sour taste, the fruits are consumed by both humans 

and birds, contributing to biotic seed dispersal (Kargıoğlu et al. 2010). 

In addition to its ecological importance, B. crataegina has attracted increasing 

attention due to its nutritional and phytochemical properties. With the growing interest in 

healthy diets and natural food sources, wild fruits have gained importance as functional 

foods and nutraceuticals due to their antioxidant, antimicrobial, and anti-inflammatory 

properties (Ercan 2024). Compared to cultivated fruits, wild species are generally richer in 

bioactive compounds (Yıldız et al. 2010; Milivojevic et al. 2012). In traditional medicine, 

B. crataegina has been used for the treatment of diarrhea, fever, liver disorders, and 

infectious diseases. Its pharmacological importance is largely attributed to its rich 

phytochemical composition, particularly the presence of berberine, along with other 

alkaloids, flavonoids, and phenolic compounds (Ekim et al. 2000; Eroğlu et al. 2020; 

Zhaleh et al. 2025). Berberine, an isoquinoline alkaloid, is well known for its antibacterial, 

antifungal, antiparasitic, and anti-inflammatory properties (Sevindik et al. 2020). 

Beyond its nutritional and medicinal value, B. crataegina also draws attention as 

an important source of lignocellulosic biomass. As a woody shrub contributing to the 

understory biomass in forest ecosystems, it constitutes a part of the natural lignocellulosic 

material pool. Lignocellulosic biomass is considered a significant renewable and carbon-

neutral resource that enables the production of high value-added products and is widely 

utilized, particularly in biofuel and biochemical production (Quevedo-Amador et al. 2024). 

In addition, by-products generated during fruit processing, such as peels, seeds, and 

pomace, contain substantial amounts of biomass but are often underutilized. It has been 

reported that such fruit and vegetable wastes can be used in the production of biogas, 

bioethanol, biodiesel, and other biofuels, thereby contributing to sustainable energy 

conversion (Adamu et al. 2023). Moreover, fruit pomace and similar by-products are 

highlighted as having significant potential for the development of bioactive compounds, 

biomaterials, and functional products, playing a key role in the circular economy approach 

(Venkidasamy et al. 2024). In this context, when B. crataegina is evaluated both in terms 

of woody biomass production and fruit-processing by-products, it emerges as a versatile 

and sustainable biological resource for biofuel production, biomaterial development, and 

biorefinery applications (Ufitikirezi et al. 2024). 

In this context, determining the genetic diversity and population structure of B. 

crataegina is important for the conservation of natural populations and the identification 

of genotypes with desirable traits such as stress tolerance, adaptability, and biomass 

production potential. Genetic diversity plays a crucial role in the long-term survival and 

evolutionary potential of plant species, particularly under changing environmental 

conditions (Frankham et al. 2002; Allendorf et al. 2012). In addition, the assessment of 

population genetic structure is fundamental for identifying adaptive variation that can be 

utilized in breeding and conservation programs (Hoban et al. 2020; Amiteye 2021). 

Genetic variation within and among populations can significantly influence 

ecological fitness, environmental adaptability, and resource use efficiency, thereby shaping 

the evolutionary success of species in natural ecosystems (Sevindik et al. 2023; Jahangir 
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and Nasernakhaei 2025). These variations are also closely associated with phenotypic 

performance traits, such as growth, stress tolerance, and biomass accumulation, 

highlighting their importance in both ecological and applied plant sciences (Igwe et al. 

2022; Alan et al. 2025). Therefore, molecular characterization studies are considered 

indispensable tools for understanding genetic resources and supporting sustainable 

utilization strategies in plant species. 

Molecular marker systems have become indispensable tools for assessing genetic 

diversity, population structure, and phylogenetic relationships in plants. Among these, Inter 

Simple Sequence Repeat (ISSR) and Start Codon Targeted (SCoT) markers are widely 

used due to their high reproducibility, cost-effectiveness, and ability to detect 

polymorphism without prior genomic information (Pakseresht et al. 2013; Amiteye 2021; 

Igwe et al. 2022; Jahangir and Nasernakhaei 2025). ISSR markers target microsatellite 

regions and are effective in revealing genome-wide variation (Çelik et al. 2024), whereas 

SCoT markers amplify gene-targeted regions flanking the ATG start codon, providing 

insights into functional genetic diversity (Gupta et al. 2019). The combined use of these 

marker systems enables a more comprehensive and reliable evaluation of genetic variation 

(Sevindik et al. 2023; Alan et al. 2025). 

Therefore, the aim of this study was to determine the genetic diversity of B. 

crataegina populations naturally distributed in Kayseri (Türkiye) using ISSR and SCoT 

markers. The findings are expected to contribute to the conservation of genetic resources, 

the development of sustainable utilization strategies, and the evaluation of the species’ 

ecological and biomass potential. 

 
 
EXPERIMENTAL 
 
Materials 

The collected plant specimens were processed as herbarium material and preserved 

in the Ondokuz Mayıs University (OMU) Herbarium (Samsun, Türkiye). The specimens 

were placed in the registration queue and assigned accession numbers upon completion of 

cataloging. The species identification was performed by Dr. Alper Durmaz (Artvin Çoruh 

University, Ali Nihat Gökyiğit Botanical Garden Application and Research Center, 08000, 

Artvin, Türkiye). 

In this study, leaf samples of B. crataegina were collected from 9 different 

populations located in various districts of Kayseri province, Türkiye. The sampling points 

were determined according to the methodology described in previous studies (Demir 2024; 

Demir and Başayiğit 2024; Demir et al. 2024; Dursun et al. 2025) and are presented in Fig. 

1 and Table 1. To ensure replication and representativeness, three individual plants were 

sampled from each location, and all analyses were conducted using these biological 

replicates. Genomic DNA (gDNA) was extracted using the GeneMark Plant Genomic 

DNA Kit (Catalog No: DP022) and the obtained gDNA samples were stored at –20 °C 

until further analysis. Polymerase chain reaction (PCR) amplifications were performed 

using a Thermocycler Gradient system. Selected ISSR and SCoT primers (Tables 2 and 

Table 3) were employed for PCR and reactions were carried out using a PCR 5X Master 

Mix (Catalog Nos: RP02-II-400, RP02-II-2000) according to the protocol described in 

Tables 1 and 2. Amplified products were separated by electrophoresis on 1.5% agarose 

gels prepared in Tris-borate-EDTA (TBE) buffer and DNA bands were visualized under 

ultraviolet (UV) light (Fig. 2). 
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Fig. 1. Location of the Kayseri province 
 

Table 1. Sampling Locations and Coordinates of B. crataegina 
 

Population Location Latitude (N) Longtitude (E) 

1 BÜNYAN 38.9420 35.8506 

2 Develi-1 38.2660 35.4487 

3 Develi-2 38.2187 35.7214 

4 Hacılar 38.6764 35.3271 

5 İncesu 38.5942 35.2583 

6 Özvatan 39.0994 35.7030 

7 Sarız 38.4505 36.5112 

8 Talas 38.6301 35.7955 

9 Kapukaya 38.5210 35.8517 

 

Table 2. ISSR Primers and PCR Components Used for PCR Amplification 

ISSR 
primers 

DNA Sequences (5’–3’) Tm C PCR 
components 

PCR amplification (35 cycles 
except final extension step) 

UBC-807 5’-AGAGAGAGAGAGAGAGT-3’ 50 C 1 μL Genomic 
DNA, 1 μL 

primers, 5 μL 
master mix 

(PCR buffer, 2 
mM MgCl2, 

250 µM dNTP, 
0.75 U Taq 

DNA 
polymerase) and 

18 μL dH2O. 
(Total 25 μL) 

 
 

94 °C/1 min  
94 °C/1 min  

47 to 53 °C/1 min  
72 °C/1 min  

72 °C/10 min (Final 
extension:  

1 cycle) 

UBC-856 5’-ACACACACACACACACYA-3’ 52 °C 

UBC-855 5’-ACACACACACACACACYT-3’ 52 °C  

UBC-873 5’-GACAGACAGACAGACA-3’ 48 °C 

UBC-840 5’-GAGAGAGAGAGAGAGAAT-3’ 52 °C 

UBC-811 5’-GAGAGAGAGAGAGAGAC-3’ 53 °C 

UBC-826 5’-ACACACACACACACACC-3’ 52 °C 

UBC-831 5’-CTCTCTCTCTCTCTCTT-3 50 °C 

UBC-892 5’-TAGATCTGATATCTGAAT-3’ 52 °C 

UBC-830 5’-TGTGTGTGTGTGTGTGG-3’ 52 °C 
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Table 3. SCoT Primers and PCR Components Used for PCR Amplification 

SCoT 
primers 

DNA sequences (5’–3’) Tm oC PCR 
components 

PCR 
amplification 
(35 cycles) 

Primer 1 CAACAATGGCTACCACCA 54 oC 1 μL genomic 
DNA 1 μL primer, 
5 μL master mix 
(PCR buffer, 2 
Mm MgCl2, 
dNTP, 0.75 U 
Taq DNA 
polymerase) & 
18 μL dH2O 

95 oC/1 min 
95 oC/30 s 
54 to 56 oC/30 s 
68 oC/1 min 
68 oC/5 min 

Primer 2 CAACAATGGCTACCACCC 56 oC 

Primer 4 CAACAATGGCTACCACCT 54 oC 

Primer 8 CAACAATGGCTACCACGT 54 oC 

Primer 9 CAACAATGGCTACCAGCA 54 oC 

Primer 11 AAGCAATGGCTACCACCA 54oC 

  
Following PCR amplification, the presence or absence of bands was scored in a 

binary format, where “1” indicated the presence of a band and “0” indicated its absence. 

Genetic similarity among populations was assessed using Jaccard’s similarity coefficients 

and a dendrogram was generated by applying the unweighted pair group method with 

arithmetic mean (UPGMA) algorithm in the NTSYSpc 2.1 (Exeter Software, Setauket, NY, 

USA). Based on ISSR and SCoT marker data, a genetic similarity matrix was constructed. 

Furthermore, principal component analysis (PCA) was performed using MVSP 3.22 

software (Kovach Computing Services, Pentraeth, Wales, UK) to evaluate the genetic 

variation among B. crataegina populations and their spatial relationships were illustrated 

accordingly. 

 

 
 

Fig. 2. Gel images of ISSR UBC-807 and SCoT Primer 4 (M: Marker; 1: Bünyan; 2: Develi-1;  
3: Develi-2; 4: Hacılar; 5: İncesu; 6: Özvatan; 7: Sarız; 8: Talas; and 9: Kapukaya) 

 

 

RESULTS AND DISCUSSION 
 

The dendrogram generated using 10 ISSR markers revealed the genetic 

relationships among the B. crataegina accessions. As a result of the study, a total of 51 

scorable bands were obtained. It was determined that 10 of the bands were monomorphic 

and 41 were polymorphic, giving a polymorphism of 80.39%. The UPGMA clustering 

based on Jaccard’s similarity coefficients grouped the accessions into two major clusters 

(Fig. 3). 

The first major cluster comprised Bünyan, Talas, Özvatan, and İncesu, which 

showed relatively high similarity coefficients, indicating close genetic relationships among 
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these accessions. Within this group, Bünyan and Talas exhibited the highest genetic 

similarity, followed by Özvatan, while İncesu was slightly more distant but still clustered 

within the same branch. The complete similarity observed between the Bünyan and Talas 

populations may be attributed to gene flow occurring between these populations as a result 

of their geographical proximity. In addition, it should not be overlooked that the ISSR 

markers used in this study may not have generated sufficient polymorphism to reveal 

potential genetic variation between these populations. 

The second major cluster was divided into two subgroups. One subgroup contained 

Develi-1 and Develi-2, which clustered very closely, reflecting a high degree of genetic 

similarity, possibly due to their geographical proximity or shared genetic background. This 

subgroup was further related to Kapukaya. The other subgroup consisted of Hacılar, which 

was separated from all other accessions, suggesting that it possesses distinct genetic 

characteristics. 

Sarız was placed between the two major groups but remained on an independent 

branch, indicating a moderate level of genetic divergence. 

Overall, the clustering pattern suggests that geographic origin may partially explain 

the genetic similarities observed, particularly in the case of Develi-1 and Develi-2, as well 

as Bünyan and Talas. However, the distinct separation of Hacılar highlights the presence 

of unique genetic variation within the population. The results demonstrate that ISSR 

markers are effective in revealing the genetic diversity and relationships among B. 

crataegina accessions. 
 

 
 

Fig. 3. UPGMA dendrogram showing genetic relationships among B. crataegina accessions 
based on ISSR markers 

 

The PCA based on ISSR data provided further insights into the genetic relationships 

among B. crataegina accessions. The first two principal components explained a 

substantial proportion of the total genetic variation, effectively separating the accessions 

into distinct groups that were largely consistent with the UPGMA dendrogram results (Fig. 

4). 

In the PCA plot, Sarız was clearly separated along the positive axis of Component 

2, confirming its intermediate and distinct position observed in the dendrogram. Similarly, 

Develi-1 and Develi-2 clustered closely together on the right side of the PCA space, again 
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supporting their close genetic relationship revealed in the dendrogram. Kapukaya was 

positioned near this cluster, consistent with its grouping in the dendrogram. 

Bünyan, Talas, Özvatan, and İncesu were located on the left side of the PCA plot, 

forming a compact group, which supports their clustering within the same branch in the 

dendrogram. In contrast, Hacılar appeared separated in the lower right quadrant, reflecting 

the strong genetic divergence also indicated by its independent branch in the dendrogram. 

Overall, the PCA and dendrogram analyses were largely congruent, both indicating 

that B. crataegina accessions share certain regional genetic similarities while also 

possessing distinct variations. These complementary approaches highlight the utility of 

ISSR markers in resolving genetic structure and diversity within natural populations of B. 

crataegina. 

 

 
 
Fig. 4. PCA plot showing the genetic relationships among B. crataegina accessions based on 
ISSR markers 

 

The genetic similarity matrix derived from ISSR markers quantitatively revealed 

the degree of similarity and divergence among B. crataegina genotypes (Table 4). The 

matrix values ranged from 0.39 to 0.84, indicating a moderate to high level of genetic 

variation within the studied population. 

The highest genetic similarity was observed between Bünyan and Talas (0.84). This 

finding is consistent with their clustering under the same main branch in the dendrogram 

and their compact grouping in the PCA plot. Similarly, Develi-1 and Develi-2 exhibited a 

high degree of similarity (0.80), which is also supported by their close clustering in the 

dendrogram and their proximity in the PCA analysis. 

In contrast, the lowest similarity was detected between Özvatan and Kapukaya 

(0.39). This divergence corresponds to the separation of Kapukaya from Özvatan and other 

northern genotypes in the PCA analysis, as well as its placement in a distinct subgroup in 

the dendrogram. Moreover, the Hacılar genotype showed moderate levels of divergence 

from most other genotypes (ranging between 0.53 and 0.78), which is consistent with its 

isolated position in both the PCA plot and the dendrogram. 
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The Sarız genotype exhibited moderate similarities with the other genotypes 

(ranging from 0.45 to 0.75), which explains its intermediate position in the PCA analysis 

and its placement on an independent branch in the dendrogram. 

Overall, the genetic similarity matrix results are largely congruent with both PCA 

and dendrogram analyses. These findings demonstrate that ISSR markers are reliable tools 

for assessing genetic diversity in B. crataegina and support the overall conclusions of the 

study. 

 

Table 4. Genetic Similarity Matrix among B. crataegina Genotypes Based on 
ISSR Markers 

 Bünyan Develi-1 Develi-2 Hacilar İncesu Özvatan Sariz Talas Kapukaya 

Bünyan 1.00         

Develi-1 0.59 1.00        

Develi-2 0.75 0.80 1.00       

Hacilar 0.78 0.73 0.69 1.00      

İncesu 0.82 0.57 0.69 0.69 1.00     

Özvatan 0.76 0.43 0.55 0.59 0.71 1.00    

Sariz 0.71 0.49 0.61 0.53 0.69 0.75 1.00   

Talas 0.84 0.47 0.67 0.67 0.78 0.84 0.75 1.00  

Kapukaya 0.47 0.80 0.65 0.69 0.57 0.39 0.45 0.47 1.00 

 

The dendrogram constructed using SCoT markers revealed the genetic 

relationships among the B. crataegina accessions. As a result of the study, a total of 37 

scorable bands were obtained. It was determined that 5 of the bands were monomorphic 

and 32 were polymorphic, giving a polymorphism of 86.40%. Based on Jaccard’s similarity 

coefficients, the accessions were grouped into two major clusters (Fig. 5). 

In the first main cluster, Bünyan and Talas exhibited the highest level of genetic 

similarity, forming a very close sub-cluster. This pair was further associated with 

Kapukaya, indicating a relatively close genetic relationship. İncesu and Sarız were also 

placed within the same cluster, suggesting moderate levels of relatedness with the 

aforementioned accessions. 

The second major cluster included Develi-1 and Develi-2, which showed high 

similarity and grouped together tightly, consistent with their likely geographic and genetic 

relatedness. Hacılar was positioned near this subgroup, though on a separate branch, 

reflecting a certain degree of genetic divergence. Özvatan was clearly separated from the 

other accessions, forming the most distinct branch of the dendrogram and indicating unique 

genetic characteristics. 

Overall, the clustering pattern derived from SCoT markers highlighted both close 

genetic relationships (e.g., Bünyan–Talas, Develi-1–Develi-2) and strong divergences 

(e.g., Özvatan). These results demonstrate the effectiveness of SCoT markers in revealing 

genetic diversity and population structure in B. crataegina and complement the findings 

obtained from ISSR marker analysis. 
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Fig. 5. UPGMA dendrogram showing genetic relationships among B. crataegina accessions 
based on SCoT markers 

 

The PCA based on SCoT markers provided a clear visualization of the genetic 

relationships among Berberis crataegina genotypes. The first two principal components 

effectively distinguished the accessions into distinct groups (Fig. 6). 

Bünyan and Talas were positioned very close to each other in the PCA space, with 

Kapukaya clustering near this pair, indicating high genetic similarity among these three 

accessions. Develi-1 and Develi-2 were located in the lower right quadrant and clustered 

closely together, confirming their strong genetic relatedness. 

In contrast, İncesu was placed in the upper central region, clearly separated from 

the other groups, suggesting that it possesses a unique genetic profile. Sarız appeared in 

the lower central area in a relatively isolated position, reflecting a distinct genetic structure. 

Özvatan, located near the center of the plot, occupied an intermediate position, indicating 

moderate genetic similarity with multiple accessions. Hacılar was placed on the far left 

side, separated from all other accessions, thus representing the most genetically divergent 

sample. 

Overall, the PCA results demonstrate that SCoT markers were effective in 

distinguishing both close genetic relationships (e.g., Bünyan–Talas, Develi-1–Develi-2) 

and marked divergences (e.g., Hacılar) within B. crataegina. 
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Fig. 6. PCA plot showing the genetic relationships among B. crataegina accessions based on 
SCoT markers 

 

The genetic similarity matrix generated from SCoT markers quantitatively revealed 

the levels of genetic similarity among Berberis crataegina genotypes. The similarity values 

ranged from 0.32 to 1.00, indicating the presence of considerable genetic variation within 

the population (Table 5). 

The highest similarity was detected between Bünyan and Talas (1.00), showing that 

these accessions share an almost identical genetic background. Other highly similar pairs 

included İncesu–Sarız (0.89) and Develi-1–Develi-2 (0.81), reflecting their close genetic 

affinity. 

In contrast, the lowest similarity values were observed between Hacılar and 

Bünyan/Talas/Kapukaya (0.32). This result highlights the distinct genetic nature of Hacılar 

and supports its separation from the other accessions. Özvatan showed moderate similarity 

values with most genotypes (0.49 to 0.65), indicating that it is neither highly divergent nor 

strongly clustered, but instead occupies an intermediate genetic position. Kapukaya also 

exhibited relatively high similarity with Bünyan and Talas (0.78), suggesting that it shares 

a closer relationship with this cluster. 

Overall, the SCoT-based genetic similarity matrix revealed both close genetic 

relationships (e.g., Bünyan–Talas, İncesu–Sarız, Develi-1–Develi-2) and distinct 

divergences (e.g., Hacılar), thereby confirming the presence of substantial genetic diversity 

within B. crataegina. 

The UPGMA dendrogram, PCA, and genetic similarity matrix based on SCoT 

markers together revealed a highly consistent genetic structure among Berberis crataegina 

accessions. Bünyan and Talas showed complete similarity (1.00), while Develi-1–Develi-

2 (0.81) and İncesu–Sarız (0.89) also exhibited strong relatedness, each forming tight 

clusters across all analyses. Kapukaya grouped with Bünyan and Talas (0.78), confirming 

its close affiliation. In contrast, Hacılar appeared as the most divergent genotype 

(similarities as low as 0.32), forming a distinct branch and an isolated PCA position. 

Özvatan displayed moderate similarity (0.49 to 0.65), occupying an intermediate 

placement. Overall, these findings demonstrate both highly related clusters and clearly 

distinct genotypes, underscoring the substantial genetic diversity within B. crataegina. 
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Table 5. Genetic Similarity Matrix among B. crataegina Genotypes Based on 
SCoT Markers 

 Bünyan Develi-1 Develi-2 Hacilar İncesu Özvatan Sariz Talas Kapukaya 

Bünyan 1.00       
  

Develi-1 0.59 1.00      
  

Develi-2 0.68 0.81 1.00     
  

Hacilar 0.32 0.57 0.54 1.00    
  

İncesu 0.70 0.57 0.65 0.51 1.00   
  

Özvatan 0.62 0.49 0.62 0.65 0.59 1.00  
  

Sariz 0.70 0.57 0.70 0.51 0.89 0.70 1.00   

Talas 1.00 0.59 0.68 0.32 0.70 0.62 0.70 1.00  

Kapukaya 0.78 0.65 0.57 0.32 0.65 0.57 0.65 0.78 1.00 

 

When previous studies on B. crataegina are examined, it is evident that ISSR 

markers have been successfully used to reveal genetic diversity and to reliably determine 

the relationships among genotypes (Safamanes et al. 2017; Yaman et al. 2024).  However, 

no studies employing SCoT primers on this species have been reported in the literature. 

Although genetic diversity in this species has previously been investigated using SSR and 

ISSR (Safamanes et al. 2017), ISSR and RAPD (Aslan et al. 2024) primers in combination, 

the present study represents the first attempt to assess genetic variation based on both ISSR 

and SCoT primers. The findings of this study are generally consistent with previous 

research in terms of ISSR marker banding patterns and genetic diversity features. However, 

some parameters exhibited higher values, which can be attributed to differences in the 

markers used and the genetic variance among genotypes (Yaman et al. 2024). ISSR 

markers, which successfully revealed polymorphism in B. crataegina, are recommended 

as a reliable tool for future molecular studies on Berberis species (Pinar et al. 2021).  

Furthermore, the combined use of ISSR and SCoT markers in this study allowed for a more 

comprehensive assessment of the genetic diversity of B. crataegina, representing the first 

report in the literature to evaluate these two marker systems together, thus highlighting the 

originality of this research. 

In the current study, a total of 51 scorable bands were obtained with ISSR markers, 

of which 41 were found to be polymorphic, resulting in a polymorphism of 80.39%. This 

value is remarkably high compared to previous studies conducted with ISSR markers in 

Berberis species. For example, Pinar et al. (2021) analyzed 32 Berberis species using 20 

ISSR primers and reported a total of 150 scorable bands, 111 of which were polymorphic, 

corresponding to a polymorphism of 74%. This value is lower than the 80.39% 

polymorphism obtained in the current study. Such differences may be attributed to the 

diversity of the primer sets used, the variation in the genetic material included, or the degree 

of genetic diversity within the studied populations (Pinar et al. 2021). 

Similarly, Safamanesh et al. (2017) documented an average of 9.80 bands per ISSR 

primer, 8.60 polymorphic bands, and a polymorphism of 79.98% utilising 10 ISSR and 5 

SSR markers (Safamanes et al. 2017). Despite the fact that the mean number of bands per 

ISSR marker was lower in the present study (5.1 bands per primer, with 4.1 polymorphic 

bands), the higher polymorphism (80.39%) suggests that both primer efficiency and the 

genetic material examined played a role in revealing this high variation. Furthermore, the 

results obtained from SCoT markers complemented the ISSR findings, with an average of 

6.2 bands per primer, 5.3 polymorphic bands and a polymorphism of 86.40%. This finding 
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suggests that SCoT markers exhibit superior sensitivity in detecting genetic diversity when 

compared to ISSR markers, thus underscoring their potential as a valuable tool in genetic 

characterisation studies. 

With regard to genetic similarity, values ranged between 0.39 and 1.00 with ISSR 

markers and between 0.32 and 1.00 with SCoT markers (Côté and Leduc 2007). These 

findings are consistent with the results of Côté and Leduc (2007), who used ISSR markers 

on B. thunbergii and reported similarity values ranging from 0.30 to 1.00 among 41 

different species. Likewise, Lubell et al. (2008) used AFLP markers in B. thunbergii, B. 

julianae, B. Koreana, and B. vulgaris var. atropurpurea, reporting genetic similarity values 

between 0.37 and 1.00, which overlaps with the ranges obtained in the current study using 

ISSR and SCoT markers (Lubel et al. 2008). This demonstrates that both ISSR and SCoT 

markers are reliable tools for revealing broad spectra of genetic variation within Berberis 

species. 

Furthermore, Heidary et al. (2009) conducted an AFLP study on 33 different 

Berberis ecotypes and two ornamental species and found that Mahonia aquifolium formed 

a separate group from Berberis, while the seedless Berberis cultivar clustered within the 

B. integerrima population. At 17% similarity, B. thunbergii was reported to be distinctly 

separated from other Berberis species such as B. gagnepaini, B. Vulgaris, and B. 

integerrima (Heidary et al. 2009). These results parallel the current study’s findings of 

wide similarity ranges obtained with ISSR and SCoT markers, highlighting strong 

interspecific genetic differentiation within the genus Berberis. 

A review of the literature revealed that no studies have yet been conducted using 

SCoT primers in Berberis species. However, SCoT primers have been widely applied in 

genetic diversity studies of other plant species and cultivars (Bhattacharyya et al. 2013; Al-

Qurainy et al. 2015; Igwe et al. 2022; Rai 2023; Altaf et al. 2025). Vivodik et al. (2017) 

analyzed 20 maize genotypes from different countries using 5 SCoT primers, obtaining a 

total of 29 bands, 77.90% of which were polymorphic (Vivodik et al. 2017). In comparison, 

the current study yielded an average of 6.2 bands, 5.3 polymorphic bands, and a 

polymorphism of 86.40% with SCoT markers. These results suggest that the SCoT markers 

used in the current study provided a higher polymorphism rate in Berberis species and are 

in line with the findings of Vivodik et al. (2017) in maize (Vivodik et al. 2017). 

Similarly, Hromadová et al. (2023) evaluated the effectiveness of 10 RAPD and 10 

SCoT markers across 33 common bean genotypes and reported that both marker systems 

produced high levels of polymorphism, but SCoT markers were more effective, with higher 

MI (7.474) and DDI (2.265) values compared to RAPD (Hromadová et al. 2023). 

Dendrogram and PCoA analyses also confirmed sufficient separation among bean 

genotypes. In agreement, the current study demonstrated that SCoT markers revealed a 

higher polymorphism (86.40%) and a broader genetic similarity range (0.32 to 1.00) 

compared to ISSR markers, further supporting the conclusion that SCoT markers are highly 

effective tools for detecting genetic diversity in Berberis species, as has been shown in 

other plant taxa. 

 
 
CONCLUSIONS 
 

In conclusion, the present investigation provides comprehensive insights into the 

genetic diversity and relationships among B. crataegina species through the application of 

Inter Simple Sequence Repeat (ISSR) and Start Codon Targeted (SCoT) markers.  
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1. The relatively high levels of polymorphism detected by ISSR markers confirmed their 

usefulness as reliable molecular tools in diversity studies. However, the higher 

polymorphism rate and broader genetic similarity values obtained with SCoT markers 

clearly emphasized their greater efficiency and discriminatory power in detecting 

genomic variability.  

2. Importantly, this study represents the first application of SCoT primers in Berberis 

species, thereby establishing a novel molecular framework for future research in this 

genus. 

3. The findings underline the complementary value of combining different marker 

systems, which not only enhances the resolution of genetic characterization but also 

provides a stronger basis for conservation strategies, germplasm management, and 

breeding programs.  

4. Overall, the molecular evidence generated in this study contributes considerably to 

understanding the genetic structure of Berberis and sets the stage for more targeted 

utilization of its genetic resources in both applied and fundamental research. 
 

 

REFERENCES CITED 
 
Adamu, H., Bello, U., Yuguda, A. U., Tafida, U. I., Jalam, A. M., Sabo, A., and Qamar, 

M. (2023). “Production processes, techno-economic and policy challenges of 

bioenergy production from fruit and vegetable wastes,” Renewable and Sustainable 

Energy Reviews 186, article 113686. https://doi.org/10.1016/j.rser.2023.113686  

Alan, F, Uzun, A., and Pinar, H. (2025). “Genetic diversity and population structure of 

some blackberry genotypes collected from different parts of Türkiye using inter 

simple sequence repeat (ISSR) markers,” Genetic Resources and Crop Evolution 72, 

9001-9019. https://doi.org/10.1007/s10722-025-02498-6  

Allendorf, F. W., Luikart, G. H., and Aitken, S. N. (2012). Conservation and the Genetics 

of Populations, 2nd Ed., Wiley-Blackwell, Hoboken, NJ, USA. 

Al-Qurainy, F., Khan, S., Nadeem, M., and Tarroum, M. (2015). “SCoT marker for the 

assessment of genetic diversity in Saudi Arabian date palm cultivars,” Pakistan 

Journal of Botany 47(2), 637-643. 

Altaf, M. T., Nadeem, M. A., Ali, A., Liaqat, W., Bedir, M., Baran, N., Ilić, A., Ilyas, K. 

M., Ghafoor, A., Dogan, H., et al. (2025). “Applicability of Start Codon Targeted 

(SCoT) markers for the assessment of genetic diversity in bread wheat germplasm,” 

Genetic Resources and Crop Evolution 72(1), 1205-1218. 

https://doi.org/10.1007/s10722-024-02016-0  

Amiteye, S. (2021). “Basic concepts and methodologies of DNA marker systems in plant 

molecular breeding,” Heliyon 7(10), article e08093. 

https://doi.org/10.1016/j.heliyon.2021.e08093  

Aslan, H., Çelik, A., Erdoğan, E., and Demirel, U. (2024). “Molecular characterization of 

Berberis crataegina DC. genotypes by ISSR markers,” BMC Plant Biology 24, article 

5873. https://doi.org/10.1186/s12870-024-05873-0 

Bhattacharyya, P., Kumaria, S., Kumar, S., and Tandon, P.  (2013). “Start Codon 

Targeted (SCoT) marker reveals genetic diversity of Dendrobium nobile Lindl., an 

endangered medicinal orchid species,” Gene 529(1), 21-26. 

https://doi.org/10.1016/j.gene.2013.07.096  

https://doi.org/10.1016/j.rser.2023.113686
https://doi.org/10.1007/s10722-025-02498-6
https://doi.org/10.1007/s10722-024-02016-0
https://doi.org/10.1016/j.heliyon.2021.e08093
https://doi.org/10.1186/s12870-024-05873-0
https://doi.org/10.1016/j.gene.2013.07.096


PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Çolak et al. (2026). “Diversity of Berberis crataegina,” BioResources 21(3), 7378-7394.  7391 

 

Çelik, C., Seraj, N. A., Yasak, S., Karakurt, Y., Telci, İ., and Sevindik, E. (2024). 

“Molecular characterization and genetic relationships in different mint (Mentha L.) 

species with ISSR marker technique,” Biology Bulletin 51(4), 959-968. 

https://doi.org/10.1134/S106235902360616X 

Côté, M. J., and Leduc, L. (2007). “Molecular identification of Japanese barberry 

(Berberis thunbergii) cultivars using amplified fragment length polymorphism,” 

HortScience 42(3), 478-482. https://doi.org/10.21273/HORTSCI.42.3.478 

Davis, P. H. (1965). Flora of Turkey and the East Aegean Islands, Vol. 1, Edinburgh 

University Press, Edinburgh, UK. 

Demir, S. (2024). “Determination of suitable agricultural areas and current land use in 

Isparta Province, Türkiye, through a linear combination technique and geographic 

information systems,” Environment, Development and Sustainability 26(5), 13455-

13493. https://doi.org/10.1007/s10668-023-04359-7  

Demir, S., and Başayiğit, L. (2024). “Digital mapping burn severity in agricultural and 

forestry land over a half-decade using sentinel satellite images on the Google earth 

engine platform: A case study in Isparta province,” Trees, Forests and People 16, 

article 100520. https://doi.org/10.1016/j.tfp.2024.100520  

Demir, S., Dedeoğlu, M., and Başayiğit, L. (2024). “Yield prediction models of organic 

oil rose farming with agricultural unmanned aerial vehicles (UAVs) images and 

machine learnaing algorithms,” Remote Sensing Applications: Society and 

Environment 33, article 101131. https://doi.org/10.1016/j.rsase.2023.101131  

Dursun, İ., Demir, S., Başayiğit, L., and Babalık, A. A. (2025). “Post-fire erosion 

dynamics in the Dim River Basin: A remote sensing and Google Earth Engine 

approach,” Fire Ecology 21(1), article 47. https://doi.org/10.1186/s42408-025-00363-6 

Ekim, T., Koyuncu, M., Vural, M., Duman, H., Aytaç, Z., and Adıgüzel, N. (2000). Red 

Data Book of Turkish Plants, The Turkish Association for the Conservation of 

Nature, Ankara, Turkey. 

Ercan, L. (2024). “Bioactive components, antioxidant capacity and antimicrobial activity 

of Berberis crataegina fruit,” Pharmacological Research - Natural Products 2, article 

100020. https://doi.org/10.1016/j.prenap.2024.100020  

Eroğlu, Y., Çalır, Ö., Sağdıç, M., and Dertli, E. (2020). “Bioactive characteristics of 

wild Berberis vulgaris and Berberis crataegina fruits,” Hindawi Journal of Chemistry 

2020(1), article 8908301. https://doi.org/10.1155/2020/8908301  

Frankham, R., Ballou, J. D., and Briscoe, D. A. (2002). Introduction to Conservation 

Genetics, Cambridge University Press, Cambridge, UK. 

Güner, A., Aslan, S., Ekim, T., Vural, M., and Babaç, M. T. (2012). “Türkiye Bitkileri 

Listesi (Damarlı Bitkiler) [A Checklist of the Flora of Türkiye (Vascular Plants)], 

Nezahat Gökyiğit Botanik Bahçesi ve Flora Araştırmaları Derneği Yayınları 

[Publications of the Nezahat Gökyiğit Botanical Garden and Flora Research 

Association, İstanbul, Türkiye], İstanbul, Turkey. 

Gupta, V., Jatav, P. K., Haq, S. U., Verma, K. S., Kaul, V. K., Kothari, S. L., and 

Kachhwaha, S. (2019). “Translation initiation codon (ATG) or SCoT markers-based 

polymorphism study within and across various Capsicum accessions: Insight from 

their amplification, cross-transferability and genetic diversity,” Journal of Genetics 

98(2), article 61. https://doi.org/10.1007/s12041-019-1095-0 

  

https://doi.org/10.1134/S106235902360616X
https://doi.org/10.21273/HORTSCI.42.3.478
https://doi.org/10.1007/s10668-023-04359-7
https://doi.org/10.1016/j.tfp.2024.100520
https://doi.org/10.1016/j.rsase.2023.101131
https://doi.org/10.1186/s42408-025-00363-6
https://doi.org/10.1016/j.prenap.2024.100020
https://doi.org/10.1155/2020/8908301
http://dx.doi.org/10.1007/s12041-019-1095-0


PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Çolak et al. (2026). “Diversity of Berberis crataegina,” BioResources 21(3), 7378-7394.  7392 

Heidary, S., Marashi, H., Farsi, M., and Mirshamsi, K. A. (2009). “Assessment of genetic 

structure and variation of native Berberis populations of Khorasan provinces (Iran) 

using AFLP markers versus morphological markers,” Iranian Journal of 

Biotechnology 7(2), 101-107. 

Hoban, S., Bruford, M. W., D’Urban Jackson, J., Lopes-Fernandes, M., Heuertz, M., 

Hohenlohe, P. A., Paz-Vinas, I., Sjögren-Gulve, P., Segelbacher, G., Vernesi, C., et 

al. (2020). “Genetic diversity targets and indicators in the CBD post-2020 Global 

Biodiversity Framework must be improved,” Biological Conservation 248, article 

108654. https://doi.org/10.1016/j.biocon.2020.108654  

Hromadová, Z., Gálová, Z., Mikolášová, L., Balážová, Ž., Vivodík, M., and Chňapek, M. 

(2023). “Efficiency of RAPD and SCoT markers in the genetic diversity assessment 

of the common bean,” Plants 12(15), article 2763. 

https://doi.org/10.3390/plants12152763 

Igwe, D. O., Ihearahu, O. C., Osano, A. A., Acquaah, G., and Ude, G. N. (2022). 

“Assessment of genetic diversity of Musa species accessions with variable genomes 

using ISSR and SCoT markers,” Genetic Resources and Crop Evolution 69, 49-70. 

https://doi.org/10.1007/s10722-021-01202-8 

Jahangir, M., and Nasernakhaei, F. (2025). “Molecular characterization of Cressa cretica 

L. using SCoT and ISSR markers,” Journal of Genetic Resources 11(1), 126-131. 

https://doi.org/10.22080/jgr.2025.28944.1434 

Karakaş, G., Demir, K., and Sağlam, A.  (2021). “Genetic diversity of Berberis spp. from 

Türkiye and Kyrgyzstan using ISSR markers,” Erwerbs-Obstbau 63, 421-429. 

https://doi.org/10.1007/s10341-021-00599-x  

Kargıoğlu, M., Cenkci, S., and Sertsever, A. (2010). “Traditional uses of wild plants in 

the Middle Aegean region of Türkiye,” Human Ecology 38(3), 429-450. 

https://doi.org/10.1007/s10745-010-9318-2 

Khan, I., Najeebullah, S., Ali, M., and Shinwari, Z. K. (2016). “Phytopharmacological 

and ethnomedicinal uses of the genus Berberis (Berberidaceae): A review,” Tropical 

Journal of Pharmaceutical Research 15(9), article 2047. 

https://doi.org/10.4314/tjpr.v15i9.33 

Kındersley, D., and Brıckell, C. (2008). RHS A–Z Encyclopedia of Garden Plants, 

Dorling Kindersley, London, UK. 

Lubel, J. D., Brand, M. H., and Lehrer, J. M. (2008). “AFLP identification of Berberis 

thunbergii cultivars, inter-specific hybrids and their parental species,” The Journal of 

Horticultural Science and Biotechnology 83(1), 55-63. 

https://doi.org/10.1080/14620316.2008.11512347 

Milivojevic, J., Slatnar, A., Mikulic-Petkovsek, M., Stampar, F., Nikolic, M., and 

Veberic, R. (2012). “The influence of early yield on the accumulation of major taste 

and health-related compounds in black and red currant cultivars (Ribes spp),” Journal 

of Agricultural and Food Chemistry - ACS Publications 60, 2682–2691. 

https://doi.org/10.1021/jf204627m 

Pakseresht, F., Talebi, R., and Karami, E. (2013). “Comparative assessment of ISSR, 

DAMD and SCoT markers for evaluation of genetic diversity and conservation of 

landrace chickpea (Cicer arietinum L.) genotypes collected from north-west of Iran,” 

Physiology and Molecular Biology of Plants 19(4), 563-574. 

https://doi.org/10.1007/s12298-013-0181-7 

  

https://doi.org/10.1016/j.biocon.2020.108654
https://doi.org/10.3390/plants12152763
https://doi.org/10.1007/s10722-021-01202-8
https://doi.org/10.22080/jgr.2025.28944.1434
https://doi.org/10.1007/s10341-021-00599-x
https://www.researchgate.net/journal/Human-Ecology-1572-9915?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.1007/s10745-010-9318-2
https://doi.org/10.4314/tjpr.v15i9.33
http://dx.doi.org/10.1080/14620316.2008.11512347
https://doi.org/10.1021/jf204627m
https://doi.org/10.1007/s12298-013-0181-7


PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Çolak et al. (2026). “Diversity of Berberis crataegina,” BioResources 21(3), 7378-7394.  7393 

Pinar, H., Yahya, H. N., Erċışlı, S., Coskun, O. F., Yaman, M., Turgunbaev, K., and 

Uzun, A. (2021). “Molecular characterization of barberry genotypes from Türkiye 

and Kyrgyzstan,” Erwerbs-Obstbau 63(4), 403-407. https://doi.org/10.1007/s10341-

021-00599-x  

Quevedo-Amador, R. A., Escalera-Velasco, B. P., Arias, A. M. R., Reynel-Ávila, H. E., 

Moreno-Piraján, J. C., Giraldo, L., and Bonilla-Petriciolet, A. (2024). “Application of 

waste biomass for the production of biofuels and catalysts: A review,” Clean Techn 

Environ Policy 26, 943-997. https://doi.org/10.1007/s10098-023-02728-4  

Rai, M. K. (2023). “Start codon targeted (SCoT) polymorphism marker in plant genome 

analysis: Current status and prospects,” Planta 257(2), article 34. 

https://doi.org/10.1007/s00425-023-04067-6 

Safamanesh, B., Esmaeilzadeh Bahabadi, S., and Izanloo, A. (2017). “Investigation of 

genetic variation in Berberis vulgaris using ISSR and SSR molecular markers,” 

Journal of Cell and Molecular Research 9(1), 23-34. 

https://doi.org/10.22067/jcmr.v9i1.62712  

Safari, A., and Rezaei, M. (2023). “Assessing genetic diversity of berberis genotypes 

selected from an F1 population using molecular markers,” Journal of Berry Research 

13(4), 343-353. https://doi.org/10.3233/JBR-230044  

Sevindik, E., Murathan, Z. T., and Sevindik, M. (2020). “Molecular genetic diversity of 

Prunus armeniaca L.(Rosaceae) genotypes by RAPD, ISSR-PCR and chloroplast 

DNA (cpDNA) trnL-F sequences,” International Journal of Fruit Science 20(Sup3), 

S1652-S1661. https://doi.org/10.1080/15538362.2020.1828223 

Sevindik, E., Özbent, S., and Sofyalioğlu, E. (2023). “Genetic relationship analysis of 

some Elaeagnus angustifolia L. populations grown in Izmir, Türkiye, using SCoT 

markers,” Erwerbs-Obstbau 65(4), 1185-1190. https://doi.org/10.1007/s10341-022-

00782-8  

Ufitikirezi, J. d. D. M., Filip, M., Ghorbani, M., Zoubek, T., Olšan, P., Bumbálek, R., 

Strob, M., Bartoš, P., Umurungi, S. N., Murindangabo, Y. T., et al. (2024). 

“Agricultural waste valorization: Exploring environmentally friendly approaches to 

bioenergy conversion,” Sustainability 16(9), article 3617. 

https://doi.org/10.3390/su16093617  

Venkidasamy, B., Samynathan, R., Ramasamy, P., Kumar, M. P. S., Thiruvengadam, M., 

Khayrullin, M., Shariati, M. A., Nile, A. S., and Nile, S. H. (2024). “Unveiling novel 

applications of fruit pomace for sustainable production of value-added products and 

health benefits: A review,” Food Bioscience 61, article 104533. 

https://doi.org/10.1016/j.fbio.2024.104533  

Vivodík, M., Gálová, Z., and Petrovičová, L. (2017). “Genetic diversity analysis of maize 

(Zea mays L.) using SCoT markers,” Journal of Microbiology, Biotechnology and 

Food Sciences 6(5), 1170-1173. https://doi.org/10.15414/jmbfs.2017.6.5.1170-1173 

Yaman, M., Sun, M., Sümbül, A., Demirel, F., Tunç, Y., Khadivi, A., and Yılmaz, K. U. 

(2024). “Multivariate analysis of morphological variation, biochemical content, 

antioxidant activity and molecular characteristics of autochthonous Berberis 

crataegina DC. genotypes in Central Türkiye,” BMC Plant Biology 24(1), article 

1155. https://doi.org/10.1186/s12870-024-05873-0  

Yıldız, H., Sengul, M., Celik, F., Hegedus, A., Ercisli, S., and Tosun, M. (2010). “Some 

phytochemical and antioxidant characteristics of wild and cultivated blackberry 

(Rubus caucasicus) fruits,” Journal of Food Agriculture Environment 8(3-4), 156-

159. 

http://doi.org/10.1007/s10341-021-00599-x
http://doi.org/10.1007/s10341-021-00599-x
https://doi.org/10.1007/s10098-023-02728-4
https://ui.adsabs.harvard.edu/link_gateway/2023Plant.257...34R/doi:10.1007/s00425-023-04067-6
https://doi.org/10.22067/jcmr.v9i1.62712
https://ui.adsabs.harvard.edu/link_gateway/2023JBerR..13..343S/doi:10.3233/JBR-230044
https://doi.org/10.1080/15538362.2020.1828223
http://dx.doi.org/10.1007/s10341-022-00782-8
http://dx.doi.org/10.1007/s10341-022-00782-8
https://doi.org/10.3390/su16093617
https://doi.org/10.1016/j.fbio.2024.104533
http://dx.doi.org/10.15414/jmbfs.2017.6.5.1170-1173
https://doi.org/10.1186/s12870-024-05873-0


PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Çolak et al. (2026). “Diversity of Berberis crataegina,” BioResources 21(3), 7378-7394.  7394 

Zhaleh, N., Sharifi, M., Samari, E., Halvagar, M. R., and Zeidi, S. H. (2025). “A 

comparative study of alkaloid and phenolic compounds in different organs and tissues 

of Berberis integerrima,” PLoS One 20(5), article e0321255. 

https://doi.org/10.1371/journal.pone.0321255 

 

Article submitted: May 3, 2026; Peer review completed: May 31, 2026; Revisions 

accepted: June 19, 2026; Published: June 24, 2026. 

DOI: 10.15376/biores.21.3.7378-7394 

https://doi.org/10.1371/journal.pone.0321255

