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ABSTRACT: Studies on genetic diversity, population structure, and cross-transferability have chosen the simple sequence
repeat (SSR) marker as their preferred marker. This study examined the genetic diversity and population structure of 22
Capsicum spp. collection accessions (C. annuum, C. chinense and C. frutescens) using the recently developed 20 SSRs
derived from the genus Capsicum. The fruit’s phenotypic traits, such as shape, placenta type, apex, pericarp thickness, and
colour at the immature and mature stages of development were investigated. In 22 accessions, 13 polymorphic SSRs were
used for analysis. The total number of alleles (54) (ranging from 2 to 7, with an average of 4.15 per locus) as well as
polymorphism information content values (0.34 to 0.86, with a mean of 0.56). Using SSRs, neighbour-joining and factorial
analyses of 22 Capsicum accessions formed three major clusters, primarily based on their distinct types, and having no
relationship with their geographical locations. Model-based STRUCTURE analysis also showed three genetically distinct
populations (K = 3). C. frutescens accessions (chilies) were clustered together, and C. annuum accessions were separated
into two clusters, indicating substantial genetic variation in the collection. Moreover, some admixture exists in all three
clusters. The mature fruit colour, shape, and size vary between accessions. These thirteen SSR markers discriminate between
the three Capsicum species in the collection. They may be implemented to conduct genetic management and marker-assisted
breeding in Capsicum crops.
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Introduction

Pepper (Capsicum spp.) is a globally consumed vegetable crop of the Solanaceae family, known for its
nutritional composition. The pepper fruits are a rich source of bioactive substances [capsaicinoids (capsanthin,
capsorubin)], carotenoids (B-carotene, B-cryptoxanthin, lutein, and zeaxanthin), phenolic (flavonoids), vitamins
(C, E, and provitamin A), minerals, and essential oils (Antonio et al., 2018; Baenas et al., 2019; Hassan et al.,
2019; Batiha et al., 2020; Villa-Rivera et al., 2020; Gonzélez-L6pez et al., 2021). In addition to their nutritional
benefits, the anti-bacterial, anti-inflammatory, anticancer, antimicrobial, and antioxidant properties of different
Capsicum spp. have also been reported (Badia et al., 2017). It is believed that peppers originated in Western
North America and South America, where they are more diverse. From these regions, they spread and
diversified into other Southern and Central American areas (Pickersgill et al., 1991, 1997). The genus Capsicum
consists of about 38 economically vital species, many of which are cultivated, namely C. annuum, C. chinense,
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C. frutescens, C. pubescens, C. baccatum and C. assamicum (Pickersgill et al., 1997; Ramchiary et al., 2013; Di
Dato et al., 2015), with more than 200 varieties (Bosland and Votava, 2012). More than 200 cultivars and
landraces of these five species contributed to the global production of 4,255,050 tons in 2019 (FAO, 2021). The
last three Capsicum species are not commercially available in Nigeria. The majority of cultivated Capsicum
species are grown by farmers and are considered valuable economic crops. Due to its high nutritional value,
phenolic compounds and pungency properties, it is widely consumed and a key part of indigenous diets in
Nigeria (Adetula and Olakojo, 2006).

The three complexes of cultivated peppers can be distinguished by their capacity for cross-pollination: (i) The C.
annuum complex, which includes C. annuum, C. chinense, C. frutescens, their wild relatives and C.
galapagoensis Hunziker (Onus and Pickersgill, 2004). (ii) The C. baccatum complex, which includes C.
baccatum, C. praetermissum Heiser et Smith, and C. eximium Hunziker. (iii) The more distantly related species,
C. baccatum var. praetermissum (Heiser & P. G. Sm.) Hunz. Even though there are severe incompatibility
barriers to hybridisation among these complexes, the development of viable hybrids, such as between C.
annuum and C. baccatum, has been reported (Perry et al., 2007; Ince et al., 2010; Manzur et al., 2015).
Capsicum species cultivated today are evidence of domestication (both conscious and unconscious selection
activities) and an increase in co-evolutionary adaptation of plants to cultivation, human selection, and use in the
various environments of Capsicum diversity (Gepts, 2010; Gonzalez-Pérez et al., 2014). Furthermore, a high
level of genetic variation within and between species has led to the emergence of many varieties and cultivars
with superior fruits (Carvalho et al., 2014; Velazquez-Ventura et al., 2018).

Increasingly efficient genetic markers such as simple sequence repeat (SSR) markers (genomic and expressed
sequence tags) have received increased interest from plant geneticists and breeders in exploring the genetic
diversity analysis and population genetic structure of Capsicum species (Akyavuz et al., 2018; Xiao-zhen et al.,
2019; Christov et al., 2021; Haq et al., 2022). Due to their advantages of being polymorphic, abundant, co-
dominant, multi-allelic, cost-effective, simple, rapid genotyping, and significant transferability among
genotypes, SSR markers have become increasingly popular as the most reliable method to detect genetic
variation in crop plants in recent years. Previously published SSR markers (Minamiyama et al., 2006; Mimura et
al., 2012) from some Capsicum germplasms have been applied for the assessment of genetic diversity in a
collection of pepper genotypes. In addition, SSR loci potentially linked to resistance and pungency genes have
been reported, allowing for the assessment of the genetic diversity analysis in the genus Capsicum (Di Dato et
al., 2015; Adeyemo et al., 2017). Furthermore, some SSR markers have potential cross-transferability across
species (Varshney et al., 2005). In a recent study, Moulin et al. (2022) examined the transferability of SSR
markers created for Capsicum annuum by screening 203 F, populations that were the result of a cross between
two Capsicum baccatum accessions. Out of 152 SSR markers, 62 were successfully transferred to C. baccatum
species.

Furthermore, with the availability of newly discovered SSR markers from Capsicum species, an investigation of
their utility for the characterization of genetic diversity, population structure and cross-transferability is
imperative. In recent years, the discovery of new SSR markers in Capsicum has been reported for determining
the genetic relationships and levels of genetic variation among domesticated peppers in different breeding
programs. For instance, Dubey et al. (2019) employed a comparative genomic approach to develop a set of 49
gene-based simple sequence repeat (SSR) markers linked to the genes involved in fruit development and
ripening in Capsicum. According to this study, C. annuum, C. frutescens, and C. Chinense exhibit extensive
MADS-RIN ortholog expression, which is consistent with non-climacteric ripening behaviour. In addition, the
development of increasing cross-species mapping data has been widely employed in the identification of SSR in
related species, which can be applied to detect interspecific sequence divergence of Capsicum species due to
their high level of transferability (Carvalho et al., 2015). Additionally, Uncu (2018) generated a set of genome-
anchored markers in C. Chinense for use in pepper introgression breeding to improve cultivated pepper
germplasm if transferable within the Capsicum genus and for determining genetic diversity. More recently,
Chhapekar et al. (2020) identified other genic SSR markers using transcriptome data in C. chinense and C.
frutescens, which can be used in the breeding of Capsicum varieties with improved metabolites (pungency,
carotenoids etc.) and agronomic traits. The utility of these newly developed SSR markers for evaluating in-depth
genetic diversity and population structure has not been reported across species.

The morphological study will be useful for evaluating genetic diversity and cultivar/variety identification of
genetic resources (Aiswarya et al., 2020; Atanasova et al., 2021). Capsicum germplasm for morphological traits
are explored using conventional descriptors (Gepts, 2006; Upadhyaya et al., 2008; Brilhante et al., 2021). Fruit
colour, size, pungency, and shape are essential fruit traits in Capsicum species (Moreira et al., 2018). The
Capsicum species genetic diversity has been investigated using both phenotypic traits and SSR markers (Baral et
al., 2004; Lima et al., 2017; Carvalho et al., 2017; Baba et al., 2016; Rabuma et al., 2020). There have been few
studies on the fruit characteristics of the Nigerian species of C. annuum, C. frutescens, and C. Chinense species.
On the other hand, Capsicum germplasm collections in Africa have the potential to broaden the genetic base of
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cultivated peppers for breeding programs. To effectively conserve, manage, and improve the genetic diversity of
the Capsicum germplasm collection, morphological variation in conjunction with SSR data is now imperative to
grasp the extent of genetic diversity. To assess the genetic diversity and population structure of 22 pepper
collections from different regions of Nigeria and two other African nations (Niger and Rwanda), we used a
chosen set of recently developed SSR markers (Uncu, 2018; Dubey et al., 2019; Chhapekar et al., 2020).
Likewise, we also found SSRs useful for understanding genetic relationships among Capsicum three cultivated
species. We further used six fruit traits International Plant Genetic Resources Institute (IPGR) descriptors to
characterize the morphological diversity of the collected Capsicum accessions to provide substantial information
about the range of genetic variation in Capsicum species phenotypes. It is necessary to preserve Capsicum
variability in Nigeria through germplasm collection and management. This is to prevent genetic diversity loss,
considering climate change and rising global food demand.

Materials and methods

Collection of plant study materials, field evaluation and morphological trait assessments: In this study, between
the 7th of December 2020 and the 6th of January 2021, we collected 22 accessions of Capsicum spp., including
18 local forms/landraces and varieties in the form of fruit, from small-scale farmers in eleven states in Nigeria.
Additionally, Capsicum spp. seeds grown in Rwanda (2 accessions) and the Republic of Niger (2 accessions),
which were purchased from local markets and department stores, were included as checks. These accessions
were selected from many accessions throughout the states surveyed in Nigeria based on unique fruit shape
morphology and commercial advantage. These accessions belong to C. frutescens, C. annum and C. chinense.
Table 1 provides information on the origin of these accessions collected and used in this study. On January 27,
2021, ten seeds of each of the 22 accessions were sown in pots with a high-quality soil mixture in the
experimental greenhouse for 42 days. The 22 accessions' seedlings were then grown in the field at the
Department of Cell Biology and Genetics, University of Lagos, Akoka, Lagos. Fruit setting started on May 10,
2021, to assess fruit morphological traits. A total of 5 healthy seedlings were planted for each accession in rows
at a spacing of 38 x 58 cm in one replication. Organic manure was applied 24 days after planting. After 42 days,
a second manure was applied. When necessary, conventional procedures for soil preparation, manual weed
control, and periodic watering are practised. Plants grew to maturity for measurement of morphological
diversity. When the fruit background colour began to change from green to yellow in the field at the end of
August 2021, qualitative analyses and records of fruit shape, fruit placental type, fruit apex, fruit epidermis
thickness, fruit colour at immaturity, and fruit colour at maturity were performed. Fruits were longitudinally
sectioned in halves. Traits were scored, and photo images were obtained from 19 accessions. Qualitative traits
were analyzed descriptively. At the end of all the evaluations, three accessions did not fruit, which may be due
to the photoperiod or day length variations and rainfall pattern in the south compared to the place of collection
(northern region of Nigeria). All young leaf samples from five-week-old healthy plants in the greenhouse were
collected and dried using silica gel in zip-lock plastic bags and stored at room temperature until DNA extraction
and molecular analysis.

Table 1: List of Capsicum accessions used in the study

S/No Code Local names Species Origin

1 CF01 Mgbapka (Small pepper) C. frutescens Benue, Nigeria
2 CF02  Atawewe (Chilli pepper) C. frutescens Delta, Nigeria
3 CF03  Atawewe (Chilli pepper) C. frutescens Kogi, Nigeria
4 CF04  Atawewe (Chilli pepper) C. frutescens Kogi, Nigeria
5 CF05 Bambara kelekele Piment counte (Chilli pepper) C. frutescens Niamey, Niger
6 CF06 Dogodogo (Long pepper) C. frutescens Benue, Nigeria
7 CF07 Bawa (Long pepper) C. frutescens Kano, Nigeria
8 CF08 Shombo (Long pepper) C. frutescens Kogi, Nigeria
9 CF09 Piment de caine (Long pepper) C. frutescens Niamey, Niger
10 CA10 Atarodo C. annum Kano, Nigeria
11 CAll Atarodo C. annum Ekiti, Nigeria
12 CAl12 Atarodo C. annum Kogi, Nigeria
13 CA13 Atarodo C. annum Oyo, Nigeria
14 CAl14 Tarumbu Jos atarodo C. annum Plateau, Nigeria
15 CA15 Atarodo C. annum Lagos, Nigeria

390



African Scientist Volume 24, No. 3 (2023)

S/INo Code Local names Species Origin

16 CA16 Green pepper C. annum Sokoto, Nigeria
17 CC17 Yellow pepper C. chinense Enugu, Nigeria
18 CC18 Yellow pepper C. chinense Kigali, Rwanda
19 CA19 Red bell pepper C. annum Edo, Nigeria
20 CA20 Red bell pepper C. annum Benue, Nigeria
21 CA21 Green bell pepper C. annum Kano, Nigeria
22 CA22  Green bell pepper C.annum Kigali, Rwanda

DNA isolation, primer selection and SSR genotyping: Silica-dried 12-20 leaves of each accession were
lyophilized in a freeze-dryer (Bench Top), which were then ground into a fine powder. Genomic DNA isolation
was performed according to the cetyltriethylammonium bromide (CTAB) extraction method described by Doyle
and Doyle (1987). First, DNA was quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA) and DNA quality was assessed with 1% agarose gel electrophoresis in TBE 0.5X (Tris-
borate-EDTA) buffer. Three different sets of SSR primer pairs (20) were chosen and tested for use in the study,
comprising 8 gene-based SSR primer pairs developed previously from the genes involved in fruit
development/ripening viz. C. chinense, C. frutescens and C. annuum (Dubey et al., 2019), 6 from genome wide
based SSR markers developed previously from Capsicum chinense Jacq. with high potential for use in pepper
introgression breeding (Uncu, 2018) and 6 from SSR primer pairs constructed from transcriptome profiling of
potential industrial crops viz. C. chinense and C. frutescens (Chhapekar et al., 2020). The forward and reverse
primers were synthesized by Ingaba Biotec (South Africa). Primers are listed in Table 2. The first PCR
optimization of selected three Capsicum accessions was used to identify the most effective SSR primer pairs.
The melting temperature of the SSR primers as well as the PCR procedures as per Uncu (2018), Dubey et al.
(2019), and Chhapekar et al. (2020) were followed. The PCR products were separated on 1.5% agarose gel, and
15 SSR markers that produced specific and clear PCR products were selected for analysis of genetic diversity
and population structure of the collection of 22 Capsicum accessions. The PCR amplification profile was the
same as described above. PCR amplifications were performed in a thermal cycler. The PCR DNA products (2.0
uL) were separated by electrophoresis using a 5% non-denatured polyacrylamide gel at 70W for 2 h. Ethidium
bromide staining was used to visualize the SSR alleles. The 50-base pair (bp) DNA ladder was loaded along
with the samples to estimate the size of the SSR alleles in the PCR products. Using a gel documentation system,
UV illumination was used for visualization and photography. The distinct and clear alleles were scored as
present (1) or absent (0).

Table 2: List of primers of SSR markers used for genotyping

Name Forward primers (5'-3') Reverse primers (5'-3') Reference
SSR_CF-22*
LOC107845460-up GATACTTTACTGGATGGTTGCT TGTTCTACACTCGTATTTGGG Dubey et al., 2019
SSR_CF-30*
LOC107847819-up AGGGGTAGTAGTGGAAATTGTT ACAGGTGAAGTAGAGGAAGATG Dubey et al., 2019
SSR_CF-4*
LOC107845304 AGTCTCTTCTTTGTGAGTGTTG GACAGCTAACTAGACAGGTTTGT Dubey et al., 2019
SSR_CF-43*
LOC107866321-down  ATCTATGGAGTCATTTGGTGAG GTTCTTGGGTCATACTTCTTTG Dubey et al., 2019
SSR_CF-48*
LOC107878054-down  TGGAGAGTTTAGTAGTTTCGTG GAGTATGAAGATGAGCGTTAGA Dubey et al., 2019
SSR_CF-7*
LOC107855404 GTAGTCTCCATCTCCATACCTG CGGGTGTAATCAACTCTCTTA Dubey et al., 2019
SSR_CF-12*
LOC107854549 GTGATACACCCTTATATGACCC  GTCGTACTTCTTGTCGTAGGTAT Dubey et al., 2019
SSR_CF-13*
LOC107854549 GATTCCCAGAAGTGTGAAAA CTACTGTCATTGTTTGGTTGAC Dubey et al., 2019
>MK84 TGGAATTGAAACGCAGCTAA AATGCATGTTGCTGGGAAGT Uncu, 2018
>MK190 GGGAAAGAGTGGCTTGCTC TTCGGTAATCTTGTGCTGGA Uncu, 2018
>MK310 CAGGCCCATCATTCAAATTC ACTCTTTGTGGGGTTGATGG Uncu, 2018
>MK487 ACCTCTTCAGCCAGTTGCAT CACACTTGTGGGATTTCACG Uncu, 2018
>MK544 TCCTCTCAAGTAAATGCCAAAG  AACAGGAAACGAAGGGAAAA Uncu, 2018
>MK769 ACACATGCACATGGAGAGGA CACATATCAATGCCCTAAACAG Uncu, 2018
Chhapekar et al.,
CFpSSR80 GACCTGATATTTCCCTCAGTC CGAAATCTTTCTCTCATCGT 2020
Chhapekar et al.,
CFpSSR107 AGCTCGATGAGGATGAACTA GAGGATTCGTTCTCTTGTGA 2020
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Name Forward primers (5'-3') Reverse primers (5'-3') Reference

Chhapekar et al.,
CFpSSR126 GAATGTGGTGGATGAATTG CATCAAACTCCCATCAATCT 2020

Chhapekar et al.,
CFpSSR3 TTGAGGATGGCTACAGTAGAA TGTATCCTTCTCAGCATTCAC 2020

Chhapekar et al.,
CFpSSR18 GAAATTATACCGAGCTTCACC AAACCACTCTGCCTCTTTTAC 2020

Chhapekar et al.,
CFpSSR34 AATCTTGTGCCCAATGTAAG CTTAGCATGAGCAACTCAAAG 2020

The study of genetic diversity: The polymorphism information content (PIC) per locus, the observed number of
alleles (Na), gene diversity (expected heterozygosity, He) and minor allele frequency (MAF) to elucidate the
characteristics of the polymorphic SSR markers in the collection were determined by PowerMarker version 3.25
software (Liu and Muse, 2005). He was calculated from allele frequencies using an unbiased formula of 1 — Ypi
2 (1 £1< m), where m is the number of alleles at the target locus and pi is the allele frequency of the ith allele at
the target locus. Ho was calculated as the number of heterozygous individuals divided by the total number of
individuals. The genetic similarity matrices between accessions were obtained with Jaccard’s dissimilarity
coefficient method in Darwin ver. 5.0.158 statistical (Perrier and Jacquemoud-Collet, 2006) software by Rohlf
(1998). Agglomerative hierarchical clustering was applied using the unweighted pair-group method with
arithmetic mean (UPGMA). Using Darwin software, Neighbour Joining (NJ) was obtained based on the distance
matrix, and its robustness was tested using a 1000 replicate bootstrap analysis (Felsenstein, 1985). Also, to
assess the genetic relationships of the investigated accessions, a factorial analysis of the genotypic data matrix
was performed using Darwin software 22.

Population structure analysis: The population structure was analysed using the STRUCTURE software package
(Pritchard et al. 2000). Using the Bayesian clustering model method, the SSR data were analysed to define the
number of clusters and assign individuals to K (putative number of populations). Genetic structure was
simulated using K = 1-5, with an admixture model for ancestry with correlated allele frequencies (Falush et al.,
2003). Each run involved 1,000,000 Markov Chain Monte Carlo simulations, after a burn-in period of 1,000,000
iterations. Ten independent runs were performed for each value of the K. The most likely value of K (the
number of inferred ancestral populations) was determined by comparing mean values and the variability of log-
likelihoods in each K, and the rate of change in the log-likelihoods between adjacent K values, and AK was used
to estimate the optimum K value (Evanno et al., 2005). Of the five independent runs, the one delivering the
highest likelihood value was used to assign the entries to the indicated sub-population clusters (Pritchard et al.,
2000).

Results

Morphological variability in fruit traits: Fruits from 19 accessions were available and matured during the
research. We examined 19 accessions since 3 did not bear fruit. Among the six qualitative traits studied, based
on IPGRI descriptors, a variation was detected in the collection of 19 Capsicum spp. (Figures 1 and 2). The
various traits evaluated in the collection are presented in Table 3. The mature fruits of the 22 accessions were
different in colour. Light red to dark red (different shades) were the fruit colours most often seen in the
accessions (72.22%), followed by green (11.11%), yellow-orange (11.11%), and yellow-red (5.55%). The most
varied fruit morphology was found in C. frutescens accessions, particularly in fruit size, shape, and length. The
fruit shapes showed were block-shaped, almost round, campanulate, triangular, and elongated in the collection
(Figure 1).

Genetic diversity revealed by SSR markers: We optimized 20 primers for PCR amplification efficiency using
three randomly selected accessions. Of the three sets of markers evaluated, there was no amplification for
SSR_CF-48*, SSR_CF-7*, SSR_CF-12*, SSR_CF-13* and CFpSSR3. Fifteen (15) primers (75%) successfully
produced clear and specific PCR products of the expected size in these three accessions on 2% agarose gel
electrophoresis. Only 15 SSR primers were applied to analyse all 22 Capsicum accessions in the study. Finally,
14 primer loci that showed clear amplicons were used to evaluate polymorphism in 22 accessions and produced
the expected size range (bp) across all Capsicum accessions. As shown in Table 4, genetic characteristics, and
allele size (bp) (approximate) within the collection are listed. One SSR was removed from the study because it
showed poor amplicon resolution and missing alleles. In all, 13 primers produced polymorphic amplicons and
detected 54 alleles (Table 4). Among the 13 SSR markers, the number of alleles (Na) ranged from 2 to 7
(>MK190 and CFpSSR107), with an average of 4.15 alleles per marker (Table 4). The polymorphism
information content (PIC) values ranged from 0.34 (>MK310) to 0.86 (CFpSSR107), with an average value of
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0.56 and the expected (Heg) varied from 0.38 to 0.87, with a mean of 0.62. Minor allele frequency at the SSR
level spanned from 0.18 to 0.77 with an average value of 0.51. Figure 3 a representative image of the gel
electrophoresis pattern obtained with SSR markers.

Pairwise genetic dissimilarity: A genetic dissimilarity matrix was created (Table 5) to understand the extent of
genetic divergence among the 22 accessions. In this study, the dissimilarity coefficients ranged from 0.13 to
0.93, with a mean of 0.68. In a pairwise comparison, the maximum dissimilarity was obtained between CA05
and CC18, with an index of 0.93, while the minimum dissimilarity was obtained between CF03 and C04, with
an index of 0.13.

Analysis of genetic relationships of Capsicum spp. accessions using distance-based model analysis: The NJ tree
created by the UPGMA-based cluster analysis of the 22 Capsicum accessions from different country origins
revealed three major clusters, which are indicated by different coloured lines in Figure 4. C. frutescens formed
cluster I which contains 8 accessions, apart from one C. frutescens (CF09) which clustered with 5 accessions of
C. annuum forming cluster Il. In contrast, cluster I1l had 8, mainly C. annuum accessions; 6, and 2 C. chinense
accessions. When a factorial analysis was used to examine the relationship between the 22 accessions, three
distinct clusters were formed (Figure 5). The result of the factorial analysis showed a clear separation between
C. frutescens and C. annuum (Figure 5). Factorial analysis revealed that accessions 2 C. chinense accessions
(CC17 and CC18) clustered with the C. annuum accessions.

Population genetic structure of Capsicum spp.: The Bayesian clustering analysis showed that the AK identified
a maximum at K = 3, which indicates that the collection was divided into three genetically distinct clusters (1, 11,
and Il in Figure 6a). Cluster | included 7 C. frutescens accessions, predominantly the 5 chilli types (from
Nigeria and the Niger Republic) and 2 C. frutescens spp (long pepper). Cluster 11 consisted of eight accessions
(6 C. annum and 2 C. chinense). Of the 7 accessions belonging to Cluster 111, 5 were from C. annum and 2 from
C. frutescens. Notably, all these accessions were clustered per species irrespective of where they originated
from. It is important to note that clusters Il and 111 captured C. annum accessions. Out of 22 accessions, 8 had no
significant admixture, 8 had only a slight admixture level from nearly all subgroups, and 6 belonged to a
particular group (Figure 6b). The proportions of the colour bars are admixtures in each accession. Thus, a level
of introgression from the three species was seen within each of the three genetic groups. The long pepper from
Kogi state (CF08) is grouped with 6 others in Cluster I11 and has the highest admixture. The STRUCTURE plot
for K = 3 is presented in Figure 5a. The population structure analysis revealed a clustering pattern consistent
with the NJ and factorial analysis.

Table 4:  Genetic characteristics of thirteen SSR markers used for assessment of genetic diversity in 22
Capsicum accessions

Size Range
SSR loci Na (bp) MAF He PIC
SSR_CF-22* LOC107845460-up 6 390-400 0.27 0.83 0.81
SSR_CF-30* LOC107847819-up 4 120-130 0.59 0.55 0.47
SSR_CF-4* LOC107845304 3 400-420 0.41 0.69 0.63
SSR_CF-43* LOC107866321-down 4 270-280 0.59 0.55 0.47
>MK84 3 310-325 0.68 0.46 0.39
>MK190 2 320-325 0.64 0.49 0.41
>MK310 3 220-225 0.77 0.38 0.34
>MK487 5 120-140 0.41 0.69 0.63
>MK769 3 180-190 0.45 0.67 0.60
CFpSSR80 5 140-175 0.5 0.69 0.65
CFpSSR107 7 180-225 0.18 0.87 0.86
CFpSSR18 4 155-165 0.55 0.57 0.48
CFpSSR34 5 850-870 0.64 0.56 0.53
Mean 4.15 0.51 0.62 0.56

Na: number of alleles, He: gene diversity,
MAF: Minor allele frequency, PIC: polymorphic information content.
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Table 3: The 6 qualitative traits of 19 Capsicum accessions under experimental field conditions

O.A. Adeyemo et al.

Traits Characters No of accessions
Total C.frutescens C.annum  C. chinense
Fruit shape
Elongated 6 6 - -
Campanulate 2 - 2 -
Triangular 2 1 - 1
Almost round 5 - 4 1
Block shaped 4 - 4 -
Placenta type
Axile 12 - 10 2
Marginal 7 7 - -
Fruit apex
Acute 7 7 - -
Tapered 1 - 1 -
Depressed 2 - 1 1
Flat 1 - 1 -
Truncate 8 - 7 1
Fruit wall (pericarp thickness
Light 4 4 -
Intermediate 10 5 4 1
Thick 5 2 2 1
Fruit colour at immature stage
Light green 6 1 3 2
Green 9 5 4 -
Dark green 4 1 3 -
Fruit colour at mature stage
Light red 5 2 3 -
Red 5 2 3 -
Dark red 4 2 2 -
Green 2 - 2 -
Yellow-red 1 1 - -
Yellow-orange 2 - 2
Table 5: Pairwise dissimilarity of 22 Capsicum accessions estimated the Jaccard index
CF01 CF02 CF03 CF04 CA05 CF06 CFo07 CF08 CF09 CA10 CA11 CA12 CA13 CA14 CA15 CA16 cc17 Ccc18 CA19 CA20 CA21
CF02 0.28
CF03 0.52 0.53
CF04 059 0.60 0.13
CA05 057 0.64 0.50 0.57
CF06 0.61 0.55 0.55 0.62 0.71
CF07 0.76 0.78 0.67 0.60 0.70 0.62
CFo08 0.72 0.68 0.74 0.79 0.85 0.50 0.84
CF09 0.68 0.64 0.70 0.75 0.67 0.59 0.70 0.59
CA10 0.74 0.76 0.76 0.81 0.78 0.81 0.76 0.67 0.57
CA11 0.68 0.69 0.74 0.79 0.67 0.79 0.79 0.65 0.50 0.46
CA12 084 0.86 0.86 0.90 0.70 0.79 0.78 0.74 0.54 0.62 0.44
CA13 0.79 0.77 0.86 0.81 0.83 0.68 0.77 0.68 045 0.60 0.54 0.52
CA14 0.79 0.81 0.81 0.86 0.79 0.78 0.77 0.73 0.58 048 0.54 0.68 0.56
CA15 081 0.84 0.74 0.79 0.89 0.70 0.84 0.64 0.65 048 0.60 0.69 0.63 0.57
CA16 0.81 0.84 0.84 0.79 0.89 0.80 0.74 0.75 0.65 0.55 0.54 0.69 0.50 0.50 0.33
cc17 0.87 0.89 0.89 0.85 0.90 0.86 0.81 0.81 0.73 0.58 0.77 0.80 0.65 0.54 0.61 0.48
CcC18 0.86 0.88 0.79 0.74 0.93 0.75 0.79 0.75 0.76 0.67 0.75 0.79 0.63 0.73 0.33 042 0.55
CA19 0.79 0.76 0.85 0.89 0.86 0.67 0.81 0.61 0.63 0.69 0.77 0.80 0.75 0.70 0.67 0.67 0.52 0.67
CA20 0.71 0.67 0.78 0.83 0.85 0.62 0.83 0.62 0.50 0.71 0.69 0.78 0.67 0.67 0.55 0.55 0.52 0.62 0.28
CA21 0.77 0.74 0.74 0.79 0.89 0.57 0.84 0.57 0.65 0.72 0.75 0.83 0.73 0.73 0.42 0.64 0.67 0.50 0.48 0.29
CA22 0.77 0.74 0.84 0.79 0.89 0.70 0.79 0.70 0.59 0.77 0.75 0.83 0.63 0.73 0.64 0.50 0.40 0.57 0.40 0.19 042
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Figure 1: Morphological diversity of nineteen Capsicum accessions showing contrasting phenotypes for fruit
shape, size colour at early stage and intermediate stage

Figure 2: Longitudinal section of some Capsicum species showing placental types: marginal (top) and axile
(below) and pericarp thickness
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Figure 3: Representative gel images showing allelic variations as revealed by polymorphic SSR loci
(CFpSSR80, CFpSSR107, MK487, MK84 and SSR_CF-30) in the 22 Capsicum collection (Lanes
22-3), First lane: 50 bp DNA ladder,
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Figure 4: Neighbour-joining (NJ) dendrogram based on genetic distance, among 22 accessions of the three
Capsicum species. For accession species 1D, see Table 1
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Figure 5: Factorial plot of SSR markers showing three groups in 22 accessions of the three Capsicum species.
(A, B and C represent three groups)
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Figure. 6: (a) The population structure obtained with the STRUCTURE software at K=3, 22 accessions of
Capsicum (1-22 corresponds to Table 1) grouped into three major groups and (b) the estimated value
delta K (AK) plot based on the allelic data of 13 SSR loci
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Discussion

For a crop like Capsicum, genetic structure diversity and morphological data have become crucial steps in
modern breeding programs, management and conservation strategies. A collection of cultivated Capsicum spp.
can be used to identify potential genotypes with high diversity (heterozygosity), favorable alleles, and
phenotypically desirable traits for successful and long-term pepper introgression breeding (Uncu et al., 2018).
The next-generation sequencing (NGS) and batch-design primers in the genus Capsicum have contributed to the
discovery of many SSR markers. In plant genomes, SSR markers are abundant, and they are most often used in
genetic diversity analyses (Varshney et al., 2005). Additionally, genetic variation can be assessed through
morphological traits based on descriptors (Bianchi et al., 2016).

This study investigated 22 Capsicum species with SSR markers and fruit descriptors. An understanding of the
genetic diversity of pepper accessions was conducted using phenotyping, cluster, factorial, and model-based
population analyses. Both size and colour at the fruit‘s immature and mature stages differ significantly between
accessions; similar results among Brazilian accessions have been reported (Bianchi et al., 2020). Due to
variations in the carotenoid composition and content in the pericarp, pepper (Capsicum spp.) fruit has a variety
of colours, including green, yellow, orange, brown, and red (Borovsky and Paran, 2008). Ripening is generally
associated with the degradation of chlorophyll as well as the carotenoid accumulation in mature fruits as they
progress from physiological immaturity to maturity (Kim et al., 2010). Only two ripening stages are likely to
occur in fruits. Comparatively, three ripening stages can be seen in this study's four mature pepper fruit
accessions. Red-colour peppers are due to the accumulation of capsanthin and capsorubin (Paran and Van der
Knaap, 2007). Ripening has a significant impact on fruit quality and shelf life. Among the accessions in the
collection, some have thick fruit walls or pericarps, suggesting significant genetic variations among the
accessions. The fruit of the CF09 accession from Niamey, Republic of Niger, had a unique shape, size, and
pericarp thickness. A thicker fruit wall is a crucial factor in fruit quality because it may increase resistance to
pathogens and parasites during field growth and post-harvest (R&go et al., 2011). A study on the inheritance of
pericarp thickness showed that thin pericarps are dominant and have significant additive variance components
(Ben-Chaim and Paran, 2000). In the present investigation, two types of placental dissection were observed in
Capsicum species. In this study, the accessions have remarkable morphologically diverse traits such as fruit
shape, apex shape, and placental type, showing the extent of the phenotypic diversity of the collection. Studies
on the Capsicum plant have shown that the characterization of variability for fruit-related characteristics is
considered necessary for selecting promising accessions for developing cultivars with improved quality-related
traits such as color, shape, and health-promoting carotenoids (Pickersgill, 1991; Carvalho et al., 2014; Baba et
al., 2016; Cardoso et al., 2018). This study also showed that some accessions’ fruit morphology was not
maximal, and that some accessions’ fruiting occurred later than others or not at all. This shows that Capsicum
plant species are distributed throughout many geographic areas and appear to have a high potential for
adaptation to a wide range of environmental habits and conditions, particularly in Nigeria and other African
countries. The morphology of the pepper fruit in the southern part of Nigeria may be influenced by
environmental factors in this study, including heavy rainfall, sunlight, temperature, humidity, soil composition,
and cultivation methods. As a result of the environmental factors in the south, accessions collected from
northern Nigeria, where peppers are widely grown, suffered growth challenges. Furthermore, plant traits may
be controlled by a blend of genetic factors and phenotypic plasticity (Klingenberg, 2019). Morphological traits
are marginally useful, precise genetic relationship in a group of peppers is assessed using molecular markers for
the study of genetic diversity and population structure.

The present study revealed that 13 of the 20 SSRs used in this study were highly polymorphic, as demonstrated
by allele richness, gene diversity, and PIC, underscoring the markers' utility. Five out of 20 tested markers
showed no amplification, which may be considered non-transferable, while others revealed interspecific length
polymorphisms. Five markers used in this study, namely CFpSSR80, CFpSSR34, >MK487, SSR_CF-22*,
LOC107845460-up and CFpSSR107, showed a high potential for allelic variation with alleles ranging from five
to seven in the collection, which is higher than the number of alleles per locus in Dubey (2019). These
discrepant findings may be attributed to different genetic backgrounds used in the investigations. Furthermore,
the high number of loci with heterozygous alleles suggests that they could be useful for future breeding
programs of Capsicum spp. across the collection of Capsicum species evaluated, six SSR markers designed from
Capsicum chinense were cross-species transferable, indicating a high level of flanking sequence conservation
within the primer binding regions (Varshney et al., 2005). The mean number of alleles (4.15) among accessions
is a sign of a considerable level of genetic diversity in the collection and is higher than in other studies (Rai et
al., 2013; Dutta et al., 2023). However, this value is lower in another study with a mean of 6 alleles (Buso et al.,
2016). The average PIC value in this study is 0.56, which is comparable to an earlier study reported in Capsicum
(Chhapekar et al., 2020) but higher than the value reported in Guzma’n et al. (2019). Moreover, earlier research
using 9 SSR markers obtained a mean PIC of 0.62 (Adeyemo et al., 2017). According to Botstein et al. (1980), a
molecular marker is highly polymorphic and useful when it has a PIC value greater than 0.5. The PIC measures
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the informativeness of a molecular marker for diversity studies. Thus, the efficient markers (13) from the
present study would be suitable for future genetic analyses, including QTL association and population genetic
studies of Capsicum. Additional SSR marker polymorphism measures are gene diversity, and minor allele
frequency which show significant genetic diversity among all accessions. Overall, the present study found a
moderate genetic variation within Capsicum accessions, which could be attributed to low breeding among the
cultivated accessions with farmers. Accession CA05 had a high dissimilarity distance to other accessions. This
shows that the short pepper variety from the Niger Republic is rare and could be a valuable resource for pepper
improvement research. Additionally, the Capsicum grown in Nigeria is distinguished from that grown in other
African countries like the Niger Republic in this study. Population size, mutation, genetic drift, inbreeding, gene
flow, and selection are combinations of factors that affect the level of genetic diversity between and within
populations (Leroy et al., 2018). The results of the NJ clustering, scatter plot of factorial, and STRUCTURE
analyses produced similar results among the 22 accessions, revealing three distinct genetic clusters. In this
study, the three analyses revealed that the two yellow pepper (C. chinense) varieties, CC17 and CC18, from
different parts of the African continent (West and East Africa), clustered together. Furthermore, the bell pepper
(C. annuum) accessions from Rwanda and Nigeria grouped in the same cluster irrespective of the colours,
suggesting genetic relatedness and shared morphology. The genetic distance between C. chinense and C.
annuum was found to be relatively close. The clustering patterns of accessions presented in this study reflect
species types and were not necessarily related to the accession origin of the collection. This corroborates the
earlier findings of Baba et al. (2016) and Moreira et al. (2018) studies that investigated the genetic relationships
of Capsicum accessions based on AFLP marker analysis.

In this study, a cluster included predominantly C. frutescens and on the other hand, C. chinense accessions
clustered with some C. annuum accessions, while the third cluster had the rest of the C. annuum accessions.
This finding corresponds to Lee et al. (2016), who reported a moderately close relationship between C. annuum
and C. chinense. C. chinense and C. frutescens, on the other hand, formed a distinct cluster in another study
(Pereira-Dias et al., 2019). The present results show that there is a close relationship between C. annuum and C.
chinense. This might be due to their high morphological similarity and close genetic relatedness; C. annuum, C.
chinense, and C. frutescens have traditionally been regarded as "complex". Each of these three species,
however, has at least one distinguishing feature that allows identification. Domesticated C. annuum var. annuum
and its wild ancestor (C. annuum var. glabriusculum), for example, show distinct characteristics. Furthermore,
considerable admixed accessions were found in the structure analysis. The observed admixtures might result
from genomic hybridization events including recombination involving introgression between varieties with
different fruit phenotype diversity, during early stages of domestication processes over time, natural
recombination, and substantial gene flow (Zhang et al., 2016). According to earlier results, Guzma'n et al.
(2020) and Rai et al. (2013) assessed the genetic diversity of eleven Capsicum spp. (42 genotypes) and five
Capsicum spp. (48 genotypes), respectively, and reported admixture patterns like those observed in our present
results.

The successful exploitation of germplasm depends on the extensive characterization of the existing population
for the exact selection of suitable genotypes (Guerra et al., 1999; Khodadabi et al., 2011). The current work's
thorough fruit characterization of the Capsicum collection adds to our understanding of the genus' genetic
variability. Furthermore, to improve Capsicum cultivars in the face of climate change, breeders need to assess
the variability in available germplasm to identify unique alleles for specific traits (Pereira-Dias et al., 2019). The
study reveals genetic variability among cultivated peppers thereby helping the selection of different traits such
as high yield, fruit colour, fruit size and shape, as well as complex traits such as disease and pest resistance.
Moreover, the results suggested that these markers might be useful for identifying Capsicum germplasm.

Conclusions

We presented the distinctiveness of fruit characteristics in a pepper collection. Also, previously developed SSR
markers produced molecular data used for genetic diversity and population structure analyses in the collection.
The fruit traits of the Capsicum showed high variation in shape and colour. These characteristics can be used in
Capsicum as markers for choosing desirable parents for hybridization. We also supplied information on 13 SSR
markers' effectiveness as tools for identifying genetic variation in germplasm. They would therefore have
considerable potential to effectively support several marker-assisted selections to maximize and broaden genetic
diversity in the Capsicum genus in breeding programmes. There was a moderate amount of genetic variability.
These results can support future breeding work for further phenotypic and molecular analyses of a large
collection in Africa. However, it has been difficult to improve major native Capsicum cultivars. The
establishment of breeding programmes in Nigeria is highly critical. Furthermore, given the world's changing
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climate, Nigeria's genetic resources for Capsicum species should be managed and conserved in germplasm
banks. Thus, preserving pepper's variability will enhance adaptable varieties.

Authors’ Contributions:

Conceptualization: O.A.A., O.K.A., D.0.0.; methodology: O.A.B.., M.O.A,, T.R.O., Field work: P.L.O.,
S.Y.0O., C.D.N. E.O.G; Laboratory work: T.O.P., M.O.A. O.A A. Statistical analysis, 0.A.A., 0.A.B., O.K.A,,
D.0.0; writing original draft preparation: E.O.G., T.O.P., K.T.A.; writing review and editing: O.A.A., C.D.N.,
D.0.0., M.L.A;; supervision: O.A.A.; project administration: O.K.A., D.O.0O.; Photography: O.K.A., M.O.A.
All authors read and approved the manuscript.

References

Adeyemo OA, Chidimma CU, Agboola TD, Nzoniwu NA, Udoh BE, Kehinde AG: Genetic diversity and evaluation of
markers linked to resistance and pungency genes in Capsicum species. Nig J Genet, 31(1): 252-268. 2017.

Akyavuz R, Taskin B, Kogak M, Yildiz M: Exploring the genetic variations and population structure of Turkish pepper
(Capsicum annuum L.) genotypes based on peroxidase gene markers. 3 Biotech, 8(8): 355. 2018.

Adetula AO, Olakojo SA: Genetic characterization and evaluation of some pepper accessions (Capsicum frutescens L.): The
Nigerian ‘Shombo collections. Am.-Eurasian J Agric Environ Sci, 1(3): 273-281. 2006.

Aiswarya CS, Vijeth S, Sreelathakumary I, Kaushik P: Diallel analysis of chilli pepper (Capsicum annuum L.) genotypes for
morphological and fruit biochemical traits. Plants. 9(1): 1-15. https://doi.org/10.3390/plants9010001. 2020.

Antonio AS, Wiedemann LSM, Veiga Junior VF: The genus Capsicum: A phytochemical review of bioactive secondary
metabolites. RSC Adv, 8: 25767-257848. 2018.

Badia AD, Spina AA, Vassalotti G: Capsicum annuum L. An overview of biological activities and potential nutraceutical
properties in humans and animals. J Nutr Ecol Food Res, 4: 167-177. 2017. doi: 10.1166/jnef.2017.1163.

Batiha GE, Algahtani A, Ojo OA, Shaheen HM, Wasef L, Elzeiny M, Ismail M, Shalaby M, Murata T, Zaragoza-Bastida A,
Rivero-Perez N, Magdy BA, Kasozi KI, Jeandet P, Hetta HF: Biological properties, bioactive constituents, and
pharmacokinetics of some Capsicum spp. and capsaicinoids. Int J Mol Sci, 21: 5179. 2020.

Baba VY, Rocha KR, Gomes GP, Ruas CF, Ruas PM, Rodrigues R, Gongalves LSA: Genetic diversity of Capsicum
chinense accessions based on fruit morphological characterization and AFLP markers. Genet Resour Crop Evol, 63(8):
1371-1381. 2016.

Baral JB, Bosland PW: Unravelling the species dilemma in Capsicum frutescens and C. chinense (Solanaceae): a multiple
evidence approach using morphology, molecular analysis, and sexual compatibility. J Am Soc Hortic Sci, 129: 826-832.
2004.

Bianchi AP, Renata Almeida da Silva L, André da Silva Alencar A, Henrique Aradjo Diniz Santos P, Pimenta S, Pombo
Sudré, C, Erpen-Dalla Corte L, Simdes Azeredo Gongalves L, Rodrigues R: Biomorphological characterization of
Brazilian Capsicum Chinense Jacq. Germplasm Agron, 10 (3): 447. 2020. https://doi.org/10.3390/agronomy10030447.

Bianchi PA, Dutra IP, Moulin, MM, Santos JO, Janior ACS: Morphological characterization and analysis of genetic
variability a mong pepper accession. Ciénc Rural, 46: 1151-1157. 2016.

Ben-Chaim A, Paran I: Genetic analysis of quantitative traits in pepper (Capsicum annuum). J Am Soc Hortic Sci, 125: 66—
70. 2000.

Baenas N, Belovi¢ M, Ilic N, Moreno D, Garcia-Viguera C: Industrial use of pepper (Capsicum annum L.) derived products:
Technological benefits and biological advantages. Food Chem, 274: 872-885. 20109.
https://doi.org/10.1016/j.foodchem.2018.09.047.

Borovsky Y, Paran I: Chlorophyll breakdown during pepper fruit ripening in the chlorophyll retainer mutation is impaired at
the homolog of the senescence-inducible stay-green gene. Theor Appl Genet, 117(2): 235-240. 2008.

Botstein D, White R L, Skolnick M, Davis RW: Construction of a genetic-linkage map in man using restriction fragment
length polymorphisms. Am J Hum Genet, 32: 314-331. 1980.

Bosland PW, Votava EJ: Peppers: vegetable and spice Capsicums. Crop production science in horticulture.
178064020X9781780640204. 230p. 2012.

Brilhante BD, Santos TD, Santos P H, Kamphorst SH, Neto JD, Rangel LH, Valadares FV, De Almeida RN, Rodrigues R,
Janior AC, Moulin MM: Phenotypic and molecular characterization of Brazilian Capsicum Germplasm Agron, 11(5):
854. 2021. https://doi.org/10.3390/agronomy11050854.

Buso GSC, Reis AMM, Amaral ZPS, Ferreira ME: Novel and highly informative Capsicum SSR markers and their cross-
species transferability. Genet Mol Res, 15(3): 1-13. doi: 10.4238/gmr.15038689. 2016.

Cardoso R, Ruas CF, Giacomin RM, Ruas PM, Ruas EA, Barbieri RL, Rodrigues R, Gongalves LSA: Genetic variability in
Brazilian Capsicum baccatum germplasm collection assessed by morphological fruit traits and AFLP markers. PLoS
One. 13 (5): e0196468. 2018.

Carvalho S, Bianchetti LB, Ragassi CF, Ribeiro C, Reifschneider F, Buso G, Faleiro FG: Genetic variability of a Brazilian
Capsicum frutescens germplasm collection using morphological characteristics and SSR markers. Genet Mol Res, 16(3):
1-18. DOI http://dx.doi.org/10.4238/gmr16039689. 2017.

400


https://doi.org/10.3390/plants9010001
https://doi.org/10.3390/agronomy10030447
https://doi.org/10.1016/j.foodchem.2018.09.047
https://doi.org/10.3390/agronomy11050854
http://dx.doi.org/10.4238/gmr16039689

African Scientist Volume 24, No. 3 (2023)

Carvalho Sl, Ragassi CF, Bianchetti LB, Reifschneider FJ, Buso GS, Faleiro FG: Morphological and genetic relationships
between wild and domesticated forms of peppers (Capsicum frutescens L. and C. chinense Jacquin). Genet Mol Res, 13:
7447-64. 2014,

Carvalho SIC, Ragassi CF, Oliveira IB, Amaral ZPS, Reifschneider FJB, Faleiro FG, Buso GSC: Transferability of
microsatellite markers of Capsicum annuum L. to C. frutescens L. and C. chinense Jacq. Genet Mol Res, 14: 7937-7946.
2015.

Castillo-Aguilar C, Lépez CL, Pacheco N, Cuevas-Bernardino J, Garrufia R, Andueza-Noh R: Phenotypic diversity and
capsaicinoid content of chilli pepper landraces (Capsicum spp.) from the Yucatan Peninsula. Plant Genet Res, 19:159-
166. 2021.

Chhapekar SS, Brahma V, Rawoof A, Kumar N, Gaur R, Jaiswal V, Kumar A, Yadava SK, Kumar R, Sharma V, Babu SS,
Ramchiary N: Transcriptome profiling, simple sequence repeat markers development and genetic diversity analysis of
potential industrial crops Capsicum chinense and C. Frutescens of Northeast India. Ind Crops Prod, 154: 112687.
https://doi.org/10.1016/j.indcrop.2020.112687. 2020.

Christov NK, Tsonev S, Todorova V, Todorovska EG: Genetic diversity and population structure analysis — a prerequisite
for constructing a mini core collection of Balkan Capsicum annuum germplasm. Biotechnol Biotechnol Equip, 35:
1010-1023. 2021.

Doyle JJ, Doyle JL: A rapid isolation procedure for small quantities of fresh leaf tissue. Phytochem Bull, 19:11-15.1987.

Oliveira CMB, de Souza LC, Santos JO, Moulin MM, da Silva Junior AL, de Souza MC, Soares TCB: Dominant versus
codominant marker aiming to characterize  Capsicum spp. Sci  Hortic, 303: 111226, 2022.
https://doi.org/10.1016/j.scienta.2022.111226.

Di Dato F, Parisi M, Cardi T, Tripodi P: Genetic diversity and assessment of markers linked to resistance and pungency
genes in Capsicum germplasm. Euphytica, 1:103-119. 2015.

Dubey M, Jaiswal V, Rawoof A, Kumar A, Nitin M, Chhapekar SS, Kumar N, Ahmad I, Islam K, Brahma V, Ramchiary N:
Identification of genes involved in fruit development/ripening in Capsicum and development of functional markers.
Genomics, 111. 1913-1922. 2019.

Dutta SK, Roy S, Harish GD, Banerjee A, Mawkhlieng B, Yadav RM, Akoijam RS, Singh SB, Bhutia TL, Boopathi T:
Morpho-genetic screening and population structure analysis of Capsicum landraces of North-eastern Himalayan regions
of India. J Hortic Sci Biotechnol, 98(1): 99-108.

Evanno G, Regnaut S, Goudet J: Detecting the number of clusters of individuals using the software Structure: A simulation
study. Mol Ecol, 14: 2611-2620. 2005.

FAO (FAOSTAT): Statistical data base. Rome (accessed in June 2022 in: http://www.fao.org/faostat/en/#data/QC).

Falush D, Stephen M, Pritchard J.K: Inference of population structure: extensions to linked loci and correlated allele

frequencies. Genetics, 164: 1567—1587. 2003.

Felsenstein J: Confidence limits in phylogenies: An approach using the bootstrap. Evolution, 39(4): 783-791. 1985.

Gepts P: Plant genetic resources conservation and utilization: the accomplishments and future of a societal insurance policy.
Crop Sci, 46: 2278-2292. 2006. https://doi.org/10.2135/cropsci2006.03.0169gas.

Gonzélez-Pérez S, Garcés-Claver A, Mallor C, Sdenz de Miera LE, Fayos O, Pomar F, Merino F, Silvar C: New insights
into Capsicum spp relatedness and the diversification process of Capsicum annuum in Spain. PLOS One, 9(12):
€116276. 2014. https://doi.org/10.1371/journal.pone.0116276.

Gonzalez-Lopez J, Rodriguez-Moar S, Silvar C: Correlation analysis of high-throughput fruit phenomics and biochemical
profiles in native peppers (Capsicum spp.) from the primary Center of Diversification. Agronomy, 1(2): 262. 2012.
https://doi.org/10.3390/agronomy11020262.

Guzmén FA, Moore S, de Vicente MC, Jahn MM: Microsatellites to enhance characterization, conservation and breeding
value of Capsicum germplasm. Genet Mol Res, 67:569-585. 2019.

Guerra EP, Destro D, Miranda LA, Montalvan R: Parent selection for intercrossing in food type soybean through
multivariate genetic divergence. Acta Sci, 21(3): 429-437. 1999.

Hartl DL, Clark AG: Principles of Population Genetics.116 Sinauer Associates, Inc.; Sunderland, MA, USA. 672p. 1997.

Hag S, Dubey S, Dhingra P, Verma KS, Kumari D, Kothari SL, Sumita K: Exploring the genetic makeup and population
structure among Capsicum accessions for crop improvement and breeding curriculum insights. J Genet Eng Biotechnol.
20(1): 116. 2022. https://doi.org/10.1186/s43141-022-00398-1.

Hassan NM, Yusof NA, Yahaya AF, Mohd Rozali, NN, Othman R: Carotenoids of capsicum fruits: pigment profile and
health-promoting functional attributes. Antioxidants (Basel), 8(10):469. 2019. https://doi.org/10.3390/antiox8100469.
International Plant  Genetic Resources Institute (IPGRI): Descriptors for Capsicum (Capsicum  spp.).

<http://www.fao.org/faostat>. 1995. Accessed on 22" of January 2022.

Ince AG, Karaca M, Onus AN. Polymorphic microsatellite markers transferable across Capsicum species. Plant Mol Biol,
28(2): 285-291. 2010.

Khodadabi M, Fotokian MH, Miransari M: Genetic diversity of wheat genotypes based on cluster and principal component
analyses for breeding strategies. Aust J Crop Sci, 5(1): 17-24. 2011.

Klingenberg CP: Phenotypic plasticity, developmental instability, and robustness: The concepts and how they are connected.
Front Ecol Evol, 7: 427771. 2019. https://doi.org/10.3389/fev0.2019.00056

Kim OR, Cho MC, Kim BD, Huh JH: A splicing mutation in the gene encoding phytoene synthase causes orange coloration
in Habanero pepper fruits. Mol Cells, 30(6): 569-574. 2010. https://doi.org/10.1007/s10059-010-0154-4.

Lee HY, Ro NY, Jeong HJ, Ro N, Jeong HJ, Kwon JK, Jo J, Ha Y, Jung A, Han, JW, Venkatesh J, Kang BC: Genetic
diversity and population structure analysis to construct a core collection from a large Capsicum germplasm. BMC Genet,
17: 142. 2016. https://doi.org/10.1186/s12863-016-0452-8.

401


https://doi.org/10.1016/j.indcrop.2020.112687
https://doi.org/10.1016/j.scienta.2022.111226
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1371/journal.pone.0116276
https://doi.org/10.3390/agronomy11020262
https://doi.org/10.1186/s43141-022-00398-1
https://doi.org/10.3390/antiox8100469
https://doi.org/10.3389/fevo.2019.00056
https://doi.org/10.1007/s10059-010-0154-4
https://doi.org/10.1186/s12863-016-0452-8

O.A. Adeyemo et al.

Leroy G, Carroll EL, Bruford MW, DeWoody JA, Strand A, Waits L, Wang J: Next-generation metrics for monitoring
genetic erosion within populations of conservation concern. Evol Appl, 11: 1066-1083. 2018.

Lima MF, Carvalho S, Ragassi CF, Bianchetti LB, Faleiro FG, Reifschneider FJB: Characterization of a pepper collection
(Capsicum frutescens L.) from Brazil. Genet Mol Res, 16:3. doi:10.4238/gmr16039704. 2017.

Liu K, Muse SV: PowerMarker: an integrated analysis environment for genetic marker analysis. Bioinformatics 21(9):
2128-2129. 2005.

Manzur JP, Fita A, Prohens J, Rodriguez-Burruezo A: Successful wide hybridization and introgression breeding in a diverse
set of common peppers (Capsicum annuum) using different cultivated aji (Capsicum baccatum) accessions as donor
parents. PLOS ONE 10(12): e0144142. https://doi.org/10.1371/journal.pone.0144142. 2015.

Mimura Y, Inoue T, Minamiyama Y, Kubo N: An SSR based genetic map of pepper (Capsicum annuum L.) serves as an
anchor for the alignment of major pepper maps. Breed Sci, 62: 93-98. 2012.

Minamiyama Y, Tsuro M, Hirai M: An SSR-based linkage map of Capsicum annuum. Mol Breed, 18: 157-169. 2006.

Moreira AFP, Ruas PM, de Ruas CF, Baba VY, Giordani W, Arruda IM, Rodrigues R, Goncalves LSA: Genetic diversity,
population structure and genetic parameters of fruit traits in Capsicum chinense. Sci Hortic, 236: 1-9. 2018.

Moulin MM, Santos OT, Ramos HCC, Sudré CP, Azeredo Goncalves LSA, Viana AP, Rodrigues R: Transferable
polymorphic microsatellite markers from Capsicum annuum to Capsicum baccatum. Aust J Crop Sci, 16(02): 227-232.
2022.

Olantunji TL, Afolayan AJ: Contributions to the classification of Capsicum annuum L. and Capsicum frutescens L. in West
Africa using morphological traits. Not Bot Horti Agrobo, 47: 135-142. 2018.

Oliveira CMB, de Souza LC, Santos JO, Moulin MM, da Silva Janior AL, de Souza MC, Soares TCB: Dominant versus
codominant marker aiming to characterize Capsicum spp. Sci Hortic, 303: https://doi.org/10.1016/j.scienta.2022.111226.
2022.

Paran I, van der Knaap E: Genetic and molecular regulation of fruit and plant domestication traits in tomato and pepper. J
Exp Biol, 58: 3841-3852. 2007. doi: 10.1093/jxb/erm257.

Pereira-Dias L, Vilanova S, Fita A, Prohens J, Rodriguez-Burruezo A: Genetic diversity, population structure, and
relationships in a collection of pepper (Capsicum spp.) landraces from the Spanish centre of diversity revealed by
genotyping-by-sequencing (GBS). Hortic Res, 6(1): 1-13. 2019. https://doi.org/10.1038/s41438-019-0132-8.

Ramchiary N, Kehie M, Brahma V, Kumaria S, Tandon P: Application of genetics and genomics towards Capsicum
translational research. Plant Biotechnol Rep, 8(2):101-123. 2013.

Rai VP, Kumar R, Kumar S, Rai A, Kumar S, Singh M, Singh SP, Rai AB, Paliwal R. Genetic diversity in Capsicum
germplasm based on microsatellite and random amplified microsatellite polymorphism markers. Physiol Mol Biol
Plants, 19: 575-586. 2013. https://doi.org/10.1007/s12298-013-0185-3.

Rohlf FJ. NTSyS-p.c: Numerical Taxonomy and Multivariate Analysis System (Version 2.0). Exeter Software Publishers
Ltd., Setauket. 49p. 1998.

Scossa F, Roda F, Tohge T, Georgiev MI, Fernie AR: The hot and the colorful: Understanding the metabolism, genetics and
evolution of consumer preferred metabolic traits in pepper and related species. Crit Rev Plant Sci, 38: 339-381. 2019.
doi: 10.1080/07352689.2019.1682791.

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype data. Genetics, 155(2):
945-959. 2000.

Perrier X, Jacquemoud-Collet J: DARwin Software. CIRAD; Paris, France. 115p. 2006.

Perry L, Dickau R, Zarrillo S, Holst I, Pearsall DM, Piperno DR, Berman MJ, Cooke RG, Rademaker K, Ranere AJ,
Raymond JS, Sandweiss DH, Scaramelli F, Tarble K, Zeidler JA: Starch fossils and the domestication and dispersal of
chili peppers (Capsicum spp. L.) in the Americas. Science, 315: 986-988. 2007.

Pickersgill B: "Cytogenetics and evolution of Capsicum L." Dev Plant Genet Breed, 2: 139-160.
1991. https://doi.org/10.1016/B978-0-444-88260-8.50013-6.

Pickersgill B:  Genetic resources and breeding of Capsicum spp. Euphytica, 96: 129-133.
https://doi.org/10.1023/A:1002913228101.1997.

Rabuma T, Gupta OP, Chhokar V: Phenotypic characterization of chili pepper (Capsicum annuum L.) under Phytophthora
capsici infection and analysis of genetic diversity among identified resistance accessions using SSR markers. Physiol
Mol Plant Pathol, 112: 101539. https://doi.org/10.1016/j.pmpp.2020.101539. 2020.

Régo ER, Régo MM, Matos IWF, Barbosa LA: Morphological and chemical characterization of fruits of Capsicum spp.
accessions. Hortic Bras, 29: 364-371. 2011.

Sandeva AN, Jankulovska M, lvanovska S: Genetic diversity of Macedonian embroidered pepper (Capsicum spp.) based on
fruit morphological traits. Acta Hortic, 1320: 33-40. 2021.

Tas K, Balkaya A, Uncu AT: Molecular characterization of Capsicum chinense populations with SSR markers. YYU J Agric
Sci, 31: 722-732. 2021.

Upadhyaya HD, Gowda CLL, Sastry DVSSR: Plant genetic resources management: collection, characterization,
conservation and utilization. SAT eJ, (6):1-16. http://oar.icrisat.org/id/eprint/2744. 2008.

Uncu AT: Genome-wide identification of simple sequence repeat (SSR) markers in Capsicum chinense Jacq. with high
potential for use in pepper introgression breeding. Biologia, 74: 119-126. 2019. https://doi.org/10.2478/s11756-018-
0155-x. .

Varshney RK, Graner, A, Sorrells ME: Genomics-assisted breeding for crop improvement. Trends Plant Sci, 10(12): 621—
630. 2005.

Velazquez-Ventura JC, Marquez-Quiroz C, de la Cruz-Lazaro, E, Osorio-Osorio, R, Preciado-Rangel P: Morphological
variation of wild peppers (Capsicum spp.) from the state of tabasco, Mexico. J Sci Food Agric, 30:115-121. 2018.

Villa-Rivera MG, Ochoa-Alejo N: Chili pepper carotenoids: nutraceutical properties and mechanisms of action. Molecules,
25(23):5573. 2020. https://doi.org/10.3390/molecules25235573.

402


https://doi.org/10.1371/journal.pone.0144142
https://doi.org/10.1016/j.scienta.2022.111226
https://doi.org/10.1038/s41438-019-0132-8
https://doi.org/10.1007/s12298-013-0185-3
https://doi.org/10.1016/j.pmpp.2020.101539
http://oar.icrisat.org/id/eprint/2744.%202008
https://doi.org/10.3390/molecules25235573

African Scientist Volume 24, No. 3 (2023)

Xiao-zhen GU, Ya-cong, CAO, Zheng-hai Z, Bao-xi Z, Hong Z, Xiao-min Z, Hai-ping W, LI X, Li-hao W: Genetic
diversity and population structure analysis of Capsicum germplasm accessions. J Integr Agric, 18:1312-1320. 2019.
Zhang X, Zhang Z, Gu X, Mao S, Li X, Chadoeuf J, Palloix A, Wang L, Zhang B. Genetic diversity of pepper (Capsicum
spp.) germplasm resources in China reflects selection for cultivar types and spatial distribution. J Integr

Agric15(9):1991-2001. 2016.

403



