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The original tropical genus Capsicum spp. is an important crop worldwide, particularly the species Capsicum chinense Jacq and
Capsicum annuum L. Like many crops subjected to long-term domestication and breeding, and under the continuous influence
of human activity on the environment, the Capsicum genus faces a significant loss of biodiversity and a gradual reduction in
the availability of its genetic resources. This study aimed to evaluate the applicability of existing PCR marker techniques for
both interspecific and intraspecific analysis, and to examine the extent of genetic similarity or diversity among the genomes
of the cultivated Capsicum spp. Five varieties of C. chinense Jacq and C. annuum L. were used in PCRs to detect genetic variability
by four DNA-based dominant marker techniques: CDDP (Conserved DNA-derived polymorphism), iPBS (Inter-primer binding site
amplification), PBA (Cytochrome P450-based polymorphism) and BBAP (Bet v 1-based amplicon polymorphism). The number
of loci for all methods was 310 and it varied from 34 (PBA), 62 (BBAP) and 96 (iPBS) to 117 (CDDP), P% for all methods was 79.68%
(45.71% PBA, 82.26% BBAP, 84.38% iPBS and 86.32% CDDP). The CDDP primers had the maximum discriminating power at
0.718, whilst the PBA primers displayed the lowest value at 0.379 among the applied approaches. The pair Ohnivec - Jalahot
had the highest genetic similarity across all approaches, evaluated at 0.335. The lowest genetic similarity was detected between
the pairings H. chocolate and Ohnivec, reported at 0.629. All used DNA-based marker techniques were evaluated as applicable
and informative in the genus Capsicum spp., from moderately informative PBA, through highly informative iPBS and BBAP to very
highly informative CDDP.
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breeding has occurred in C. annuum L., which includes
various pungent varieties used in Mexican cuisine —
where it was originally domesticated - as well as sweet

1 Introduction

1.1 Capsicum spp.

The genus Capsicum (family Solanaceae) originates
from the tropical regions of Central and South America,
from where it gradually spread to the tropics of Asia and
Africa, and later to the temperate zones of Europe and
North America. Of the thirty-eight known species, six
have been domesticated, the most important of which
are Capsicum annuum L., Capsicum chinense Jacq, and
Capsicum frutescens L. These species are valued for their
pungent taste, which is caused by alkaloid complexes
(capsaicinoids), also used as extracts in alternative
medicine (Ramchiary and Kole 2019). The most intensive

“vegetable” varieties popular in temperate regions.
The fruits of C. chinense Jacq are primarily used as a spice
due to their distinctive flavour and high pungency.

These two species exhibit high morphological variability;
however, like other domesticated crops their molecular
variability has been naturally reduced by local selective
breeding (Pickersgill 1997). On the other hand, genetic
diversity can be increased through outcrossing under
field conditions, depending on the environment,
location, and population diversity.
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1.2 Genetic Improvement and Environmental
Adaptation in Capsicum Cultivation

In addition to targeted breeding, natural hybridization
between species or variants within a species has also
occurred, resulting in varieties such as Bhut Jolokia
(@ probable hybrid of C. chinense and C. frutescens)
(Bosland and Baral 2007), or one of the most pungent
cultivar, Trinidad Moruga Scorpion, a natural hybrid
originating from the Trinidad and Tobago region in
the Caribbean (Bosland et al., 2012). Breeding has focused
on genes responsible for pungency, resistance to biotic
and abiotic stress, and the ability to adapt to different
climate zones. These efforts are related to the main
domestication syndromes in the genus Capsicum
including non-deciduous and pendent fruits (providing
protection from sun and birds), as well as varying
degrees of pungency based on consumer preferences
(Kumar et al., 2018). Capsicum spp. is affected by a wide
range of biotic stresses and is sensitive to growing
conditions. The optimal temperatures for growing are
25-30°C (day) and 18-20°C (night) with more than
80% relative humidity. In temperate climates, indoor
cultivation (polyhouse, greenhouse, or net shades) is
more suitable with essential supplementing of nitrogen,
phosphorus and potassium and water ranging between
600 to 1,250 mm. High light intensity in the open field
is also not favourable for fruit development (Pramanik
et al., 2020; FAO). In 2023, total production of Capsicum
spp. (with Pimenta spp. as a group “chillies and peppers”)
reached 44.1 mil. t, with China being the largest producer,
accounting for more than 17.4 mil. t of pepper (FAOSTAT,
2023). Droughts and flooded regions, generated by
climate change, pose challenges for modern breeding,
which increasingly relies on information from the fields
of molecular biology and genetics.

1.3 DNA Marker Methodologies

DNA markers can identify genotypic variations, exposing
polymorphisms within the same or among distinct
species. The genetic variability can benefit from DNA
mutationsasapointmutation, DNAsegmentduplications,
translocations, and mistakes during DNA replication
(Amiteye, 2021) that enrich the genome and support
genetic biodiversity. Arbitrarily amplified DNA markers
may present drawbacks, including the co-migration
of paralogous bands instead of orthologous ones, nested
priming, and heteroduplex formation, among others.
The rapid advancement of public genomic databases has
facilitated the development of gene-targeted markers,
which can be valuable for investigating genetic variability
and diversity (Poczai et al.,, 2013).

1.3.1 CDDP (Conserved DNA-Derived
Polymorphism)

The technique utilises gene sequences from conserved
gene families that are present in multiple copies within
the genomes of plants. Primers were designed to target
well-characterised plant genes, including MYB (involved
insecondary metabolism, abioticand bioticstress,and cell
morphology), ERF (transcription factors that play a role
in plant disease resistance pathways), KNOX (homeobox
genes), MADS (genes responsible for the initiation and
development of floral organs), and ABP1 (gene encoding
auxin binding protein). Although the reproducibility
of this technique has been demonstrated to be high, it is
not entirely consistent (Poczai et al., 2013).

1.3.2 iPBS (Inter-Primer Binding Site
Amplification)

Retrotransposons provide great enrichment to genome
through transport ability. They constitute a very
diverse population of genetic elements, demonstrating
insertional polymorphism bothintra-andinter-plant taxa.
Their prevalence across plant species is correlated with
genomic complexity, since species with smaller genomes
often have a reduced fraction of transposable elements
(Poczai et al, 2013). Kalendar et al. (2010) proposed
the iPBS approach that functions as an independent
marker system and as a fast separation technique
for retrotransposons. iPBS amplification depends on
the ubiquitous existence of the tRNA complement,
serving as a binding site for reverse transcriptase (PBS) in
LTR retrotransposons.

1.3.3 PBA (Cytochrome P450-Based
Polymorphism)

The CYP (Cytochrome P450) gene family is present
in most of eukaryotes which contain a diverse array
of enzymes, comprising approximately 35,000 members.
CYP genes are essential for detoxifying xenobiotics,
protecting plants from biotic and abiotic stresses. They
are organised into clans, with each clan originating from
a single ancestral gene, land plants possess eleven clans
(Nelson and Werck-Reichhart, 2011). Authors Yamanaka
et al. (2003) developed DNA markers for assessing
genome-wide diversity in higher plant-species based on
mammalian P450 genes.

1.3.4 BBAP (Betv 1-Based Amplicon
Polymorphism)
Among other things, the main function of pathogen-
related (PR) proteins is the response to abiotic or biotic
stress. They are divided into 17 protein families including
the PR-10 protein family, encoded by the ypr10 genes
(Fernandes et al., 2013). ypr10 genes have significant
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sequence similarity and constitute a uniform group, with
this uniformity thought to be preserved by coordinated
evolution (Schenk et al., 2009); rendering them attractive
candidates for the development of marker techniques.
Bet v 1 is a notable member of the PR-10 protein family
due to its allergic ability. Family membership is based
on homology in 3D structure and highly conserved
amino acid sequence regions. Such conservation has
enabled the advancement of the BBAP technique by
Ziarovskd and Urbanova (2022). The approach was
developed to characterise genomic variability of length
polymorphism based on the sequences of homologous
genes within the PR-10.

Molecular markers have been utilised in plant research
for several decades, with applications including marker-
assisted selection of genetic resources for breeding
new varieties regarding conservation strategies (Poczai
et al., 2013). Domestication and plant breeding form
domestication syndromes or the ability to survive only
in narrowly specified conditions. Preserving biodiversity
is vital for future generations, as original plant genetic
resources frequently offer solutions for plant survival
in challenging growth conditions and under stress.
These topics are intensively addressed by international
organizations such as the Crop Trust, which published
a report on “A Global Strategy for the Conservation and
Use of Capsicum Genetic Resources” (Barchenger and

Khoury, 2022), as well as by the United Nations and
the European Commission, which implement biodiversity
conservation strategies into international or local law
(Strategic Plan for Biodiversity 2011-2020).

The objectives of this study were to assess the feasibility
of selected PCR marker techniques at both interspecific
and intraspecific levels and to observe the degree
of similarity or capture the genetic diversity
of the genomes of the most widely cultivated species and
their popular varieties. The selected marker techniques
were designed to target specific genes, all of which are
involved in plant stress responses. Additionally, the study
includes a bioinformatic analysis that identifies general
differences between the genomes of the two Capsicum
species examined, alongside a summary of currently
available data from the NCBI database.

2 Material and Methods

2.1 Biological Material and DNA Extraction

The biological material consisted of species Capsicum
chinense Jacq and Capsicum annuum L. and its 5 chilli
pepper varieties (Table 1) grown in the experimental
plots of the Botanical Garden of the Slovak University
of Agriculture in Nitra and collected in autumn 2024.
Genomic DNA isolation was done by commercial

Table 1 Description of biological material
Species Cultivar Origin SHU Parentage
Capsicum Jalahot Mexico 15,000 Jalapeno hybrid
annuum L. Ohnivec Czech Republic 2,500 related to Palivec
Habanero Jamaica (Caribean region) 300-450 tis naturally selected variant
chocolate of Habanero group
Caps:cum TMS caramel Moruga,Trlnld.ad a?nd Tqbago 12-1.8 mil natural variant of Trinidad Morgga
chinense Jacq region in Caribean Scorpion
™S yellow Moruga, Trlnld.ad z?nd Tqbago 0.8-1.5 mil colour variant of Trinidad Mort..lga
region in Caribean Scorpion
SHU - scoville heat units
Table 2 PCR reaction components and conditions
Marker technique DNA (ng) Primer (nM) Annealing Polymerisation | PCR cycles
temperature (°C) | time (s) (times)
Conserved DNA-derived
polymorphism (CDDP) 10 400 >4 60 3
Inter-primer binding site
amplification (iPBS) 10 1200 > 120 3
Cytochrome P450-based
polymorphism (PBA) 10 500 50 120 45
Bet v 1-based amplicon
polymorphism (BBAP) 10 >00 63 4> 40
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kit GeneJET Genomic DNA Purification Kit (Thermo
Scientific), the manufacturer’s steps were followed.
The concentration and quality of the isolated DNA were
measured using a NanoPhotometerTM P360 (Implen).

2.2 PCR Amplification and Statistical Evaluation
of Markers

All PCR reactions were performed on a SureCycler 8800
thermal cycler (Agilent). The temperature profiles and
reaction components are displayed in Table 2 and primer
sequences in Table 3. All reactions were performed in
10 pl of volume using EliZyme Robust PCR Master Mix
(2X) (Elisabeth Pharmacon®).

PCR reaction products were separated on 3% agarose gels
stained with the intercalating dye GelRed® Nucleic Acid
Gel Stain (Biotinum). The fragments were separated at
110V for 120 minutes. Subsequently, they were visualized
using a BDA digital system 30 transilluminator (Analytik
Jena). The electropherogram images obtained were
processed using free software GelAnalyzer. The amplicons
were evaluated using a standard HyperLadder™ 50bp
(Meridian BioScience®). Based on the data obtained,

binary matrices were made, based on the presence or
absence of the given fragments. Distance matrices were
subsequently created based on the Jaccard coefficient
using R studio with vegan package (2.7.1) (Oksanen et
al., 2025). Varieties were clustered using “ward.D" method
into individual dendrograms. For statistical calculations
online software iIMEC (Amiryousefi et al., 2018) (Online
Marker Efficiency Calculator) was used. The assessment
of the level of informativeness based on the PIC-value
was assessed according to the scale of Serrote et al.
(2020).

2.3 Insilico Analyses

Bioinformatic  analyses were conducted using
the NCBI database (https://www.ncbi.nlm.nih.gov/),
where information regarding the availability of gene
sequences and whole genome records was examined.
Subsequently, the genomes of Capsicum annuum
L. (NCBI: GCF_002878395.1) and Capsicum chinense
Jacqg (NCBI: GCA_002271895.2) were compared
using the tool Comparative Genome Viewer
(https://www.ncbi.nlm.nih.gov/cgv) with a minimum

Table 3 Overview of used DNA-marker techniques with primer sequences and source references
Marker technique Name Primer sequence (5-3") Reference
WRKY F1 TGGCGSAAGTACGGCCAG
WRKY R1 GTGGTTGTGCTTGCC
_deri WRKY R2 GCCCTCGTASGTSGT
Conserved PNA derived Collard and Mackill (2009)
polymorphism (CDDP) WRKY R3 GCASGTGTGCTCGCC
WRKY R2b TGSTGSATGCTCCCG
WRKY R3b CCGCTCGTGTGSACG
F1 CCTGGAACCATCAAGAAG
R1 TTGGTGTGGTAGTTGCTG
Bet v 1-based am-plicon pol- R2 TTGGTGTGGTAGTGGCTG | Ziarovskd and Ur-banové (2022)
ymorphism (BBAP)
R3 TTGGTGTGGTACTGGCTG
R4 TTGGTGTGGTACTTGCTG
CYPA1F GCCAACCTTTCTAACAATGC
CYPA1TR AAGGACATGCTCTGACCATT
Cytochrome P450-based CYPB6F GACTCTTGCTACTCCTGGTT
) Yamanaka et al. (2003)
polymorphism (PBA) CYPB6R CGAATACAGAGCTGATGAGT
CYPCI9F TCCTTGTGCTCTGTCTCTCA
CYPCI9R CCATCGATTCTTGGTGTTCT
1846 CTGGCATTTCCATTGTCGTCGATGC
1886 ATTCTCGTCCGCTGCGCCCCTACA
Inter-primer binding site am- 1897 | AGTTTGGCATAGAAAAATCGAGCCAAC Kalendar et al. (2010)
plification (iPBS)
1899 TGAGTTGCAGGTCCAGGGATCA
2079 AGGTGGGCGCCA

S-C/G
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alignment size set at 1,000 bp. Primer BLAST tool was
employed to assess the potential for primer binding
(CDDP, BBAP, PBA) to the available sequences in the NCBI
database for both C. annuum L. and C. chinense Jacq. The
analyses were conducted using the default parameters
offered by the tool (https://www.ncbi.nIm.nih.gov/tools/

primer-blast/index.cgi?LINK _LOC=BlastHome).

3 Results and Discussion

The aim of the study, to assess the application of marker
techniques on two species of the genus Capsicum, was
achieved using four DNA-based marker techniques (PBA,
BBAP, CDDP, and iPBS) to determine both intraspecific
and interspecific variability of their genomes. Two
Capsicum annuum L. varieties (Jalahot, Ohnivec) and
three Capsicum chinense Jacq varieties (Habanero
chocolate, TMS caramel, and TMS yellow) were selected
for the study as the species most frequently encountered
in the breeding of modern chili pepper varieties. In
vitro analyses were preceded by extraction of genomic
DNA, the concentration of which ranged between
16-29 ng.ul”, with a purity of 1.8 £0.2 at absorbance
A260/280. All PCR series contained no-template controls,
which were negative for the presence of amplicons.

The CDDP marker technique was evaluated as the most
suitable for studying the genome variability of varieties
and selected species of the genus Capsicum from
the point of view of several statistical indexes. It achieved
the highest PIC value approaching the maximum for
codominant genes can be 0.5 and stood out with
the total number of loci and amplicons, with relatively
high discriminatory power (Table 4). The iPBS and BBAP
techniques were evaluated as average, and PBA as poorly
suitable.

3.1 CDDP

The PIC value of 0.498 indicates a very high level
of informativeness. The percentage of polymorphic
loci (P%) was 86.32%, and the discriminatory power
(D) was 0.718. Five primer combinations (WRKY)
were employed for the CDDP, which proved sufficient
to distinguish the samples and only 15 of the 117 loci
were monomorphic. All individual primer pairs produced
polymorphic profiles. The primer pair WRKY F + R1 yielded
a total of 66 amplicons, with an average of 13.2 amplicons
per sample (ranging from 11 to 16). The amplicon sizes
ranged from 184 to 1,550 bp. All cultivars shared sizes
of 251,302, and 466 bp, while unique amplicons occurred
in Jalahot (420 bp) and TMS caramel (912 bp). The primer
pair WRKY F + R2 generated a total of 76 amplicons,
the highest yield among the five primer combinations,
resulting in an average of 15.2 amplicons per sample
(ranging from 14 to 16). The amplicon sizes varied from
161 to 1649 bp. All samples exhibited shared sizes of 344,
597,933,and 1,185 bp. Unique amplicons were identified
in H. chocolate (1,649 bp), TMS caramel (501, 529, 901,
1,476 bp), TMS yellow (802 bp), and Ohnivec (239 bp).
Primers WRKY F + R3 generated a total of 55 amplicons,
averaging 11 per sample (ranging from 7 to 12). The sizes
varied from 185 to 1,802 bp. All cultivars exhibited shared
amplicons of 395 and 1,260 bp. Unique products were
identified in H. chocolate (653, 1,471, 1,702 bp) and
Ohnivec (920 bp). With the primer combination WRKY
F +R2b, a total of 38 amplicons were generated, averaging
7.6 per sample (ranging from 6 to 9). All cultivars exhibited
shared amplicons of 228 and 1,143 bp. Unique amplicons
were observed in Ohnivec (193 and 706 bp), H. chocolate
(604 and 880 bp), TMS caramel (645 bp), and TMS yellow
(1,711 bp). The final primer combination, WRKY F + R3b,
generated a total of 73 amplicons, averaging 14.6 per

Table 4 Basic statistical information proceeded for all varieties of Capsicum spp. by used DNA marker techniques
Marker technique PIC Amplicon Total number | loci P % D
range (bp) of amplicons
Conserved DNA-derived polymorphism (CDDP) 0.498 122-1,802 308 117 86.32 0.718
Inter-primer binding site amplification (iPBS) 0.388 127-2,190 256 96 84.38 0.435
Cytochrome P450-based polymorphism (PBA) 0.278 81-1,753 133 34 45.71 0.379
Inter-primer binding site amplification (iPBS) 0.365 68-1,806 186 62 82.26 0.641
all methods 0.369 - 895 310 79.68 0.671

PIC - polymorphism information content; P — polymorphism; D — discriminatory power
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Figure 1 Dendrogram describing the genetic distance

of five cultivars of the genus Capsicum based
on the CDDP technique according to Jaccard
coefficient

The legend shows the values of Jaccard distance
indices

sample (ranging from 12to 17).The amplicon sizes ranged
from 135 to 1,448 bp. All cultivars shared the sizes of 125,
187, 240, 293, 419, and 543 bp. Unique amplicons were
identified in the profiles of Jalahot (559 and 1,260 bp),
Ohnivec (268 and 809 bp), and TMS caramel (260 bp).

The CDDP technique showed excellent interspecific
discrimination, distinguishing specieswith Jaccardindices
ranging from 0.583 (TMS caramel - Jalahot) to 0.716 (H.
chocolate - Jalahot). The most similar profiles were found
for Jahalot - Ohnivec (0.324), while the highest index was
observed for the mentioned pair H. chocolate - Jalahot.
According to Figure 1, the samples were divided into
two groups based on species classification, as expected.
On the other hand, the varieties TMS caramel and TMS
yellow were unexpectedly separated, with a Jaccard
dissimilarity index of 0.563, which was higher than that
of the pair TMS yellow - H. chocolate (0.439).

3.2 iPBS

Initial screening was conducted using 17 iPBS primers,
of which 5 primers exhibiting the best amplification
profiles were selected for further analysis. The PIC value

of 0.388 indicates a high level of informativeness, while
the P% was recorded at 84.38%, and the D value was 0.435.
Five primers were employed, which proved sufficient
to distinguish the samples, with only 15 of the 96 loci
being monomorphic.The primer pair 1,886 yielded a total
of 63 amplicons, with an average of 12.6 amplicons per
sample (ranging from 9 to 15). The amplicon sizes ranged
from 284 to 2,190 bp. All cultivars shared amplicon sizes
of 334, 585, and 1,607 bp, while unique amplicons were
identified in Jalahot (519 bp) and TMS caramel (1,098 bp).
Primer 1,897 generated a total of 42 amplicons,
averaging 8.4 amplicons per sample (ranging from
7 to 11). The amplicon sizes ranged from 163 to 1,490 bp,
with all samples exhibiting shared sizes of 163, 278, 504,
and 1,490 bp. Unique amplicons were identified only in
Jalahot (431 bp). Primer 1,899 produced 34 amplicons,
averaging 6.8 amplicons per sample (ranging from 6
to 8), with sizes varying from 261 to 939 bp. All cultivars
exhibited shared amplicons at 261, 371, 788, and 939 bp,
while unique products were found in TMS caramel (596
and 693 bp). Using primer 2,079, a total of 50 amplicons
were generated, averaging 10 per sample (ranging from
9 to 12). All cultivars exhibited shared amplicons at

- iPBS
Jalahot
Ohnivec
TMS caramel
H. Chocolate
TMS Yelow

00 02 04 06 08

L A A A J
Figure 2 Dendrogram describing the genetic distance

of five cultivars of the genus Capsicum based
on the iPBS technique according to Jaccard
coefficient

The legend shows the values of Jaccard distance
indices
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sizes of 334, 582, and 1,343 bp, with unique amplicons
observed in Jalahot (455 bp), Ohnivec (477 bp), and
TMS caramel (893 bp). Lastly, primer 1,846 generated
67 amplicons, averaging 13.4 per sample (ranging from
11 to 15), with sizes ranging from 127 to 1,517 bp. Unique
amplicons were identified in the profiles of Jalahot
(248 bp), Ohnivec (523, 739, and 1,231 bp), H. chocolate
(698 bp), and TMS caramel (209 and 318 bp). No shared
amplicons were found.

The dendrogram of genetic distances based on
the results of the iPBS technique (Figure 2) was very
similar to that of the CDDP technique. The same clusters
were formed on the dendrogram, but they differ in
the values of the Jaccard indices. The lowest value was
observed for the pair TMS yellow - H. chocolate (0.383),
and the highest for Ohnivec - H. chocolate (0.680), both
threshold values being lower than in the case of CDDP.
The profiles of the TMS yellow and caramel varieties were
again distinguished by more than 50% dissimilarity. Six
out of ten pairs reported values higher than 0.600.

3.3 PBA

Among the applied methodologies, PBA proved
to be the least effective at the varietal level. Primer
combinations CYP A1 F + R and CYP B6 F + R were able
to distinguish between the two studied species. PIC
had a value of 0.278, the lowest among the techniques
used; the primers were moderately informative, P% was
45.71%, and D was 0.379.The primer combination CYP A1
F + R generated a total of 37 amplicons, with an average
of 7.4 per sample (ranging from 5 to 10), in a size range
from 112 to 1,753 bp. All cultivars shared amplicons at
sizes 275, 350, 409, and 526 bp. The primers CYP B6 F + R
produced 51 amplicons, with an average of 10.2 per
sample (ranging from 9 to 11), in a size range from 90
to 1,095 bp. All samples shared amplicon sizes of 90, 122,
433, 571, 868, and 1,095 bp. The primers CYP C19 F + R
generated a monomorphic profile in the size range from
81to 1,131 bp. No cultivar had a unique amplicon in their
profile using the PBA technique.

The Jaccard index values were highest for TMS yellow -
Jalahot/Ohnivec (0.429) and lowest for Ohnivec -
Jalahot and TMS caramel - H. chocolate (both 0.000)
(Figure 3). Unlike in the CDDP and iPBS techniques,
the H. chocolate - TMS caramel pair shared an identical
profile, while the TMS yellow profile lacked the 146 bp
band amplified by the CYP A1 primer pair.

PBA

Jalahot

Ohnivec

TMS Yelow ——

H. Chocolate

TMS caramel
0

Figure 3 Dendrogram describing the genetic distance

of five cultivars of the genus Capsicum based
on the PBA technique according to Jaccard
coefficient

The legend shows the values of Jaccard distance
indices

3.4 BBAP

BBAP technique performed as a highly informative marker
according to PIC value (0.365), P% was 82.26 and D was
0.641. The primer combination F + R1 generated a total
of 41 amplicons, averaging 8.2 amplicons per sample,
with a range of 7 to 10. The sizes of the products varied
from 92 to 1,086 bp. All samples shared an amplicon
measuring 1,086 bp. Unique amplicons were identified
in the H. chocolate profile (1,096 bp, 274 bp, 394 bp), as
well as in TMS yellow (91 bp). Primers F + R2 generated
amplicons ranging in size from 76 to 1,695 bp; in total,
40 amplicons were produced, with an average of 8 per
sample (ranging from 6 to 12). This primer combination
did not yield any amplicons for TMS yellow; however,
the other cultivars exhibited shared amplicons of sizes
136 and 495 bp. Jalahot displayed unique amplicons at
sizes 76 and 357 bp. Primers F + R3 generated a total
of 58 amplicons, ranging from 75 to 1,806 bp, resulting
in an average of 11.6 amplicons per sample (ranging
from 10 to 15). All cultivars exhibited amplicons of sizes
296, 544, 624, and 1,806 bp. Unique amplicons were
identified in the profiles of Jalahot (118 bp), TMS
caramel (125 bp), and TMS yellow (177 and 257 bp).
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BBAP
Jalahot
Ohnivec
TMS Yeéllow
H. Chocolate
TMS caramel
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Figure 4 Dendrogram describing the genetic distance

of five cultivars of the genus Capsicum based
on the BBAP technique according to Jaccard
coefficient

The legend shows the values of Jaccard distance
indices

The final primer combination, F + R4, generated a total
of 47 amplicons, averaging 9.4 per sample (ranging
from 8 to 10). The size range of these amplicons was
68-835 bp. The amplification profiles demonstrated
greater similarity among the cultivars, with all sharing
amplicon sizes of 85, 120, 175, 220, 668, and 835 bp.
Unique amplicons were noted in the profiles of Jalahot
(355 bp), Ohnivec (229 bp), and TMS caramel (68 bp).

All values of the Jaccard index of genetic distances were
very similar with the BBAP technique (Figure 4) (median
0.500 +0.074). The lowest value was observed for TMS
caramel - H. chocolate (0.373), and the highest for TMS
yellow - Jalahot (0.608), followed closely by the value for
the pair H. chocolate - Ohnivec (0.604). The profile of TMS
caramel was more like H. chocolate than to TMS yellow
(0.510), as was also the case with the iPBS technique.

3.5 Combined Application of PBA, CDDP, BBAP
and iPBS Marker Systems

Apart from the identical profiles observed in the PBA
technique, the intraspecific genetic diversity of C. annuum
L. ranged from 0.324 (CDDP) to 0.457 (BBAP). The genetic

diversity of C. chinense Jacq ranged from 0.373 (BBAP)
to 0.641 (CDDP). Across the combination all used
techniques (Figure 5), the pair Ohnivec - Jalahot (0.335)
showed the highest genetic similarity, while the lowest
genetic similarity was observed in the pair H. chocolate —
Ohnivec (0.629).

The total number of loci was 310, with a polymorphism
percentage of 79.68%. The PIC value reached 0.370,
indicating high informativeness, and the discriminatory
power value was 0.671. Overall, 80% of the pairs had
a genetic distance greater than 50%, and 60% had
a genetic distance greater than 60%. In conclusion,
the genetic diversity between the yellow and caramel
colour types of the TMS cultivar was evaluated at 0.479,
which was higher than the genetic distances between
H. chocolate - TMS yellow (0.385) and H. chocolate - TMS
caramel (0.472).

Biodiversity assessments and monitoring programs
may require information at various levels such as
morphological, biochemical and molecular. DNA
marker systems can identify differences that are often

all methods
Jalahot
Ohnivec
TMS caramel
H. Chocolate
TMS Yelow

00 02 04 06 08
| | | L J
Figure 5 Dendrogram describing the genetic distance

of five cultivars of the genus Capsicum based
on resulting profiles of all used techniques
according to Jaccard coefficient

The legend shows the values of Jaccard distance
indices
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undetectable, as in certain crops, genetic variations
result in observable phenotypic distinctions, whereas
in other instances, they remain obscure (Swarup et al.,
2021). DNA marker systems contribute significantly
to a comprehensive understanding of the diversity within
available plant genetic resources. This information is
crucial for modern plant breeding (Nadeem et al., 2017),
which must consider not only the needs of consumers
and producers, but also the preservation of food safety,
biodiversity, and the protection of the environment and
ecological balance. For genome mapping without prior
sequence data, several DNA marker systems have been
developed, such as AFLP, CAPS, CDDP, CpSSR, DAIrT, EST,
iPBS, IRAP, ISSR, PBA, RAPD, RAMP, RBIP, REMAP, RFLP,
SAMPL, SCAR, SNP, SRAP, SSCP, SSR, STS, and others
(Nadeem et al., 2017). According to Aziz et al. (2023),
increasing the number of markersand expandinggenome
coverageis expected to enhance thereliability of the data.
These DNA marker methodologies offer both efficacy and
cost-effectiveness. Yamanaka et al. (2003) tested the PBA
technique on 51 plants across 28 taxonomic families.
The authors recommend the technique as a useful tool
to assess and detect diversity in plant species that do not
have relevant genetic markers. The BBAP technique was
employed for several vegetable species (Urbanova and
Ziarovska 2021).

The decline in Capsicum spp. biodiversity is evident,
as shown by ongoing efforts to preserve origin,
traditional, local or valuable cultivars for both biological
and cultural reasons (Barchenger and Khoury, 2022).
However, the level of current risk remains under-
discussed. According to Liu et al. (2023), domestication
and selective breeding have reduced genetic diversity
by favouring traits like fruit size, pungency, and disease
resistance.

3.6 In Silico Analysis

Extensively utilised database NCBI, was employed
to analyse the genomic information of the two species

Capsicum chinense Jacq ASM227189v2 (GCA_002271895.2)

Capsicum anmuum L. UCD10Xv].1 (GCF_002878395.1)

under investigation. Presently (July 2025), C. annuum L.
comprises 25 assembly/genome records, 77,082 genes,
and 395,129 protein entries. The species C. chinense Jacq
is less studied, with only 3 assembly/genome records
present in the database. In terms of gene records, 135 are
available, along with 44,606 protein entries. Both species
possess 12 chromosomes, their comparison is illustrated
in Figure 6, where the alignments are displayed with
a minimum alignment threshold of 1,000 bp.

A search for probable targets of the utilized primers was
performed using the primer-BLAST program, depending
on the data accessible in the database. The findings were
provided for C. annuum L. due to inadequate genetic
data for C. chinense Jacq to conduct a similar search.
Primers for all techniques were aligned with the genome
of C. annuum L. The results are summarised to reflect
all primer matches in accordance with the specified
technique. It is important to note that there was not
a 100% match to all the targets. The analysis was limited
to the CDDP, BBAP, and PBA methodologies, as iPBS
amplifies non-specific regions.

In total, 49 primer target matches were identified in NCBI
for C. annuum L., of which 10% were represented by wrky
genes, while 21% matched uncharacterized sequences
(Figure 7). Additionally, up to 21% of the predicted
products were associated with the flowering time control
protein FPA.

The BLAST primer analysis using CYP primer
combinations identified only 14 (Figure 8) matches
within the C. annuum L. nucleotide records. One match
was associated with a retrotransposon (LC434371.1),
while 7 matches corresponded to beta-amyrin synthase
MRNA sequences, and 5 matches were linked to serine/
threonine protein phosphatase 6 regulatory subunit
mMRNA records.

Regarding the BBAP technique, 159 potential target
products were identified across the four primer

combinations for C. annuum L. The highest percentage

Figure 6

Whole genome alignment between C. chinense Jacq (NCBI: GCA_002271895.2) and C. annuum L.

(NCBI: GCF_002878395.1) with minimum nucleotide alignment at 1000 bp (NCBI-Comparative Genome Viewer tool)
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Figure 7 Predicted binding sites of WRKY primer set in the Capsicum annuum L. genome

NCBI Primer-BLAST Analysis
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Figure 8 Predicted binding sites of CYP primer set in the Capsicum annuum L. genome
NCBI Primer-BLAST Analysis
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of matches (14%) was found in uncharacterised
sequences, followed by 13% for DexH-box ATP-
dependent RNA helicase (chloroplastic) mRNA records
and 11% for protein MON2 homolog mRNA sequences.
The remaining target sequences are presented in
Figure 9.

The identified potential products from the in silico
analyses were represented by genes with various
functions. This indicates that these primer sets are
amplifying and identifying polymorphisms linked
to different functional areas within plant genomes, as
also noted by Poczai et al. (2013) and Yamanaka et al.
(2003). The results for the WRKY primer pair matched
several sequences related to the WRKY transcription
factor. A comprehensive study revealed the existence
of 61 CaWRKY protein-coding genes. Interestingly,
CaWRKY25 is directly linked to the pungency
of peppers (Zhang et al., 2023). As for PBA method
most matches (36%) were found to serine/threonine
protein phosphatase sequences, they play role in plant
stress signalling (Yin et al, 2020) and beta-amyrin
synthase (50%) a key biosynthetic enzyme for terpenoid
biosynthesis (Shabani et al., 2010). One potential target
product was related to the retrotransposon sequence,

which is in correlation with the findings of Yamanaka
et al. (2023), where the homology search across plant
species using the amplified fragment from the PBA
primer sets also found an 8% match to retrotransposon-
like fragments. The in silico analysis for the BBAP
method yielded intriguing results, with the primers
used producing numerous potential matches (159) on
a diverse array of products. These findings suggest that
sequencing some of the products would be beneficial in
understanding how the actual PCR products correspond
to the in silico results. Given that the primers primarily
target Bet v 1 homologs and there is currently limited
information regarding ypri0 genes in Capsicum spp.,
the in silico results may not accurately reflect reality.

4 Conclusions

Polymorphic marker techniques continue to play
a significant role in the study of genetic diversity,
offering valuable insights into both intraspecific and
interspecific relationships. These methods provide
scientists with cost-effective and efficient alternatives
to sequencing. Additionally, bioinformatics tools
facilitate in silico verification of the methodologies’
applicability for specific species under investigation.
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Often, these methodologies can reveal differences even
with a limited number of samples. All used DNA-based
marker methods were evaluated as applicable and
informative in the genus Capsicum spp., from moderately
informative PBA, through highly informative iPBS and
BBAP to very highly informative CDDP. All methods
described the same interspecific variability; intraspecific
variability depended on the technique that was used.
Results indicate that employing several DNA-based
marker methods is more appropriate for examining
genetic diversity or biodiversity rates; nonetheless, it is
crucial to use the relevant ones.
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