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Abstract

Genetic diversity assessment and estimation of relationship among genotypes at DNA level are very helpful for germplasm
conservation and improvement in breeding programs. This study was carried out to assess the genetic variability of 57 hot pepper
genotypes using SSR markers. Thirteen SSR markers generated a total of 106 scorable alleles; ranging from 5 to 14 alleles per locus.
The polymorphism information content indices were highly variable and ranged from 0.21 to 0.81, with an average of 0.68. The gene
diversity was wider in range, 0.21 to 0.83, which implies an immense variability in the population. The overall percentage of
polymorphic bands (73.4%), genetic diversity (H=0.53) and Shannon'’s diversity information index (1=0.60) showed high level of
variation in the analysed genotypes. The Nei’s genetic distance ranging from 0.108 to 0.925 indicated presence of nearly identical
genotypes to a diverse relationship. Clustering, principal coordinate and STRUCTURE analysis results indicated that most genotypes
clustered together with no clear separation based on zones, this underlines the importance of considering genetic variation across
genotypes rather than focusing on collection sites. The finding confirmed the presence of genetic diversity which provides baseline
information for conservation, utilization and breeding.

Introduction

Pepper (Capsicums spp.) which is believed to have its ancestral origins in the tropical South American region centered in what is now
Boliva (Patricia et al. 2003) and are the most important spice and vegetable crop grown at an altitude ranging from 1400-1900 m
a.s.l.. Hot pepper (C. annuum) is the main species in Ethiopia grown under rainfed and irrigated conditions [1].

Hot pepper is a high value crop due to its high pungency and serve as food consumption and source of cash earning for smallholder
producers in both green and dry form as well as for medicines and lachrymatory agents [1, 2, 3, 4]. It is rich in proteins, lipids,
carbohydrates, fibers, mineral, salts and vitamins. Fruits are an excellent source of health-related photochemical compounds that are
very important in preventing chronic diseases such as cancer, asthma, coughs, sore throats, toothache, diabetes and cardiovascular
diseases [5]. It is also a rich source of vitamin A, E and contains five to six times as much vitamin C as an orange or a lemon, making
it an ideal vegetable to prevent flu colds more than any other vegetable crop [6]. The average daily consumption of hot pepper by
Ethiopian adults is about 15 g, which is higher than most other vegetables [7]. Ethiopia achieved a record harvest of 5.1 million
quintals of hot pepper from 274,000 ha in 2023/24 production year [8]. The Southern Nations Nationalities and Peoples Regional
State (SNNPRs) had 1,999,668 farmers that cultivate hot pepper in an area of 174,463 ha and produce 3,131,154 quintal and the
average productivity was 17.95 quintal per hectare [9]. Similarly, the Gurage, Silte and Alaba zones in the Central Ethiopia Regional
state, have suitable agro-ecologies for hot pepper production and are the major producing areas [10]. In these zones it is a key cash
crop and contributes to a significant portion of smallholder farmers’ income, though the overall market system faces challenges like
declining output quality crop and susceptibility to diseases [11].

In spite of its use and a wide range of genetic resources, little effort has been made to improve the quality and productivity of hot
pepper in Ethiopia [12]. Genetic diversity in plant species can be determined using morphological, biochemical, and molecular
markers. However, morphological markers are strongly affected by environmental factors since plants are dependent on
environmental conditions during cultivation. Biochemical markers are less affected by environmental influences but they are unable to
detect low level of variation because they screen only a very small expressed genome section [13]. Molecular techniques have been
widely used for estimating the genetic diversity, identifying cultivars and plant populations [14], as they are not influenced by many
factors, including environment, plant growth stage and level of variation [15]. SR markers became one of the main molecular markers
for genetic studies, especially as a result of the high level of polymorphism, multiallelism and high reproducibility.

Despite enormous uses of hot pepper as vegetable, spice, medicine, ornamental and source of income, extensive production
practiced and its productivity in Central Ethiopia is low. This might be attributed to the use of low yielding varieties, using unknown
seed sources, poor irrigation system, lack of information on soil fertility, drought, insect, pest, diseases and lack of research outputs
on production techniques [16]. In the region, farmers usually save their own seed and transfer it from one generation to the next.
However, proper seed production methods including isolation techniques are not in practice within and among farmers, giving chance
to outcross and introgression among different genotypes.

Genetic diversity assessment and estimation of relationship among genotypes are very helpful for efficient preservation and proper
utilization of the crop. There are few studies on Ethiopian hot pepper using morphological [2, 3], ISSR [17] and SSR [1] markers.
However, information on the magnitude and pattern of genetic diversity of the hot pepper genotypes using molecular markers are so
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far limited and no study carried out on the area based on SSR marker. So, this study was aimed to assess the existing genetic
diversity of hot pepper genotypes from Gurage, Silte and Alaba zones using SSR marker. This could provide information on the genetic
variability, which may assist in the identification and selection of the genetic materials for improvement, distribution, conservation and
breeding.

Materials and Methods
Plant materials

A total of 57 genotypes (47accessions from Ethiopian Biodiversity Institute and 10 Farmers’ varieties) collected from Gurage, Silte
and Alaba zones of Central Ethiopia Regional State were used to study the genetic variation of hot pepper genotypes using SSR
markers. Samples were sown on the plastic pot to obtain young leaves for DNA extraction.

DNA extraction

Ten young leaves from each genotype was bulked in to two bulked samples (containing five genotypes each) and grounded into fine
powder using a mortar and pestle and DNA was extracted using a modified CTAB protocol [18]. Two types of buffers — buffer 1 (0.1 M
Tris-HCI (pH 7.6), 0.005 M EDTA, 0.35 M sorbitol) and buffer 2 (0.2 M Tris-HCI (pH 8.0), 0.05 M EDTA, 2M NaCl, 2% CTAB), were mixed
in equal amounts and 5% sodium Laurolysarcosine (0.8 final volume) and 0.38% sodium bisulfate were added just before extraction.
The mixture was incubated at 65°C for 60 min, then two extractions were carried out with chloroform/isoamyl alcohol (24:1). After
which the nucleic acids precipitated with Cold isopropanol, and the pellet was dissolved in 1 mL TE 0.1X (Tris-EDTA) buffer. The
quality and presence of isolated DNA was checked by gel electrophoresis using 1 % agarose at 100 V constant for 30 minutes.

PCR Amplification and Electrophoresis

Fifteen SSR primers, publicly available from [19], were screened and thirteen primers that produced clear and reproducible band
patterns were selected for further study using the 57 genotypes. Primer names, forward and reverse primer sequences, annealing
temperature and expected fragment sizes are shown in Table 1. Polymerase chain reactions (PCR) was performed in a PCR express
thermocycler (HYBAID, UK), in a final reaction volume of 10 pl containing 20 ng (1 pl) genomic DNA, 0.4 uM forward primer, 0.4 uM
reverse primer, 0.2 pl dNTPs, 1ul PCR buffer (10x), 0.6 mM MgCl,, 5.1 pl PCR water and 1U Taq DNA polymerase. Amplification was
carried out using the following program: initial denaturation step of 3 min at 94°C followed by 35 cycles with denaturation for 30 sec
at 94°C, annealing for 30 sec at 50-60°C (depending on the individual primer), and extension for 45 sec at 72°C. A final extension step
at 72°C was performed for 10 minutes. The amplification products were differentiated by electrophoresis using 6% polyacrylamide gel
in 0.5x TBE buffer with a 6x DNA loading dye. DNA marker 100 bp (Solis Bio Dyne, Estonia) was used to estimate molecular weight
and size of the fragments. Finally, the gel was stained using silver nitrate following the procedure developed by [20]. Gels were
documented using digital camera and the allele sizes were determined using UVITEC software (UVITEC, Cambridge, UK).

Table1.Amplifid primers, their sequences and annealing temperatures used for the analysis of Capsicum annuum
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Marker Repeat Primer sequence TaOC Fragment size
(bp)’

HPMS1-5 (AT)11(GT)17 F:CCAAACGAACCGATGAACACTC 55 300-340
R:GACAATGTTGAAAAAGGTGGAAGAC

GPMS29 (GT)15GGT7(GTT)2 F:CAGGCAATACGGAGCATC 50 238-288
R TGTGTTGCTTCTTGGACGAC

HPMS1- (AAT)12 F:AAGCTTATCCCTTTCAAATATAA 50 159-190

111 R:ATATCTCACGTATTGCGGATTCTT

GPMS161 (AAT)25 F:CGAAATCCAATAAACGAGTGAAG 53 269-310
R:CCTGTGTGAACAAGTTTTCAGG

HPMS1- (GTTT)2(TTG)9 F:-TGCGAGTACCGAGTTCTTTCTAG 55 78-104

214 R:GGCAGTCCTGGGACAACTCG

HPMS2-21  AT)11 (AC)9 F-TTTTTCAATTGATGCATGACCGATA 52 307-350

(ATAC)10 R:CATGTCATTTTGTCATTGATTTGG

HPMS2-24  (CT)17(CA)5A21 F:-TCGTATTGGCTTGTGATTTACCG 52 196-221
R:TTGAATCGAATACCCGCAGGAG

EPM310 (CAT)13 F:-TGGGAAGAGAAATTGTGAAAGC 53 159-175
R:AGGAAACATGGTTCAATGCC

EPMS342 (CTT)7 F:CTGGTAGTTGCAAGAGTAGATCG 55 309-347
R:ATGATCTTTGACGACGAGGG

EPMS386 (CA)15 F:ACGCCAAGAAAATCATCTCC 50 139-183
R:CCATTGCTGAAGAAAATGGG

EPMS426 (AT)15 F:GAGGAAACACTCTCTCTCTCTCTCTC 55 106-145
R:TCAAGAGACCCCAAATAGGG

GPMS169 (ATT)5T(TTA)7 F:-TCGAACAAATGGGTCATGTG 53 179-200
R:GATGAGGGTCCTGTGCTACC

GPMS197 (GA)3(TAT)16 F:GCAGAGAAAATAAAATTCTCGG 52 290-360

R:CAATGGAAATTTCATCGACG

Genetic diversity analysis

The number of alleles, gene diversity, heterozygosity and the polymorphic information content (PIC) was calculated using Power
Marker version 3.25 [21]. The dendrogram tree was constructed by the unweighted pair-group method with arithmetic average
(UPGMA) based on Euclidian distance using Power marker 3.25 and the tree was visualized using Molecular Evolutionary Genetics
Analysis (MEGA 6) [22]. The number of effective alleles, analysis of the molecular variation (AMOVA) and Principal Coordinate
Analysis (PCA) was performed using GenAlEX software version 6.5 [23]. The Bayesian model-based software STRUCTURE 2.3.4

Pritchard et al. (2000) was used to infer the population structure. The analysis of Population structure was performed 10 times for
each K value (K=1 to 10) using a burn-in period of 50,000 and 100,000 Markov chain Monte Carlo (MCMC) iterations. The optimal K
value among K groups was determined using STRUCTURE HARVESTER [24]. The result files were aligned and displayed in each K
drawn as colored box plots by CLUMPP software [25].

Result
Amplification and polymorphism of SSR markers

Table 2. Characteristics of the 13 analyzed microsatellite loci in 57 hot pepper (capsicum annuum) genotypes
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No. Marker No. of effective alleles  Allele No. Genediversity Heterozygosity PIC
1 HPMS1-5 1.690 8 0.830024623 0.166666667 0.808185797
2 GPMS29 1.561 6 0.796398892 0.210526316 0.766531966
3 HPMS1-111  2.506 9 0.756694367 0.877192982 0.721200613
4 GPMS161 2.429 11 0.778508772 0.929824561 0.751608535
5 HPMS1-214  1.977 5 0.645544783 0.859649123 0.578652595
6 HPMS2-21 1.799 7 0.792166821 0.464912281 0.761591246
7 HPMS2-24 1.607 6 0.620575562 0.245614035 0.579591529
8 EPMS310 1.052 6 0.211911357 0 0.206952839
9 EPMS342 1.997 7 0.731494306 0.605263157 0.694321421
10 EPMS386 2.844 12 0.799938443 0.912280702 0.774874478
11 EPMS426 2.072 8 0.694252078 0.789473684 0.64609312
12 GPMS169 1.525 7 0.797129886 0.175438596 0.772545789
13 GPMS197 2.245 14 0.778431825 0.649122807 0.762502842
Average 1.946 8.1538 0.710236286 0.529689609 0.67957869

A total of 106 clear and scorable bands were recorded by the polymorphic primers for the tasted 57 pepper populations having SSR
fragment sizes ranging from 78 - 360 base pairs. The number of different alleles produced per primer varied from five for primer
HPMS1-214 to fourteen for primer GPMS197, with an average of 7.385 (Table 2). The average numbers of effective alleles of SSR
markers were 1.946. Higher and lower number of effective alleles was recorded on primer GPMS386 and EPMS310 with a value of
2.844 and 1.052 respectively.

The polymorphism information content (PIC) indices, which represent their distribution, were highly variable ranged from 0.21 to 0.81,
with an average of 0.68. Among the 13 SSR used, the highest PIC value (0.81) was recorded by primer EPMS1-5 followed by
HPMS386 (0.775), whereas the lowest PIC value (0.21) was detected by marker EPMS310.

Gene diversity of hot pepper populations

The gene diversity indices were highly variable across SSR loci and ranged from 0.21 to 0.83, with mean value of 0.71. Primer HPMS1-
5 exhibited highest gene diversity (0.83) followed by EPMS386 with a value of 0.80, whereas lowest gene diversity value (0.21) was
detected for marker EPMS310 (Table 2). Out of the thirteen, nine SSR primers showed higher gene diversity than the average value
(0.71). Observed heterozygosity was also highly variable between loci and ranged from 0 to 0.93 with mean value of 0.53. Marker
GPMS161 had the maximum heterozygosity (0.93), followed by EPMS386 (0.91); while the minimum was recorded by primer
EPMS310 with a value of 0.

Population genetic diversity

The percentage of polymorphic bands ranged from 38.5% to 100% and averaged 73.4%. High percentages of polymorphic band were
observed in both pop1 and pop5 which was collected from Gurage zone (Abshege wereda) with a value of 100% (Table 3). The least
band polymorphism was found in pop37 followed by pop32 which was collected from Alaba zone (Kembata wereda) with a value of
38.5% and 46.2% respectively. The mean number of different alleles per locus (Na) and effective alleles of all populations were 2.0
and 1.9 respectively, with pop5 having the maximum value (Na=2.5 and Ne=2.4). The highest gene diversity was shown by pop5
(H=0.72, 1=0.85) followed by pop1 (H=0.73, 1=0.84) both from Gurage zone (Abshege woreda) and pop10 from Gurage zone (Meskan
woreda) (H=0.67, 1=0.76). The least gene diversity was observed in pop37 collected from Alaba zone (Kembata woreda) (H=0.28,
1=0.32).
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The 57 tested hot pepper genotypes were grouped into three populations based on origin of collection. Within populations, Shannon’s
informative index ranged from 1.254 (Alaba zone) to 1.548 (Gurage zone) with average of 1.402. The maximum and the minimum
expected heterozygosity was revealed from Gurage zone (0.725) and Alaba zone (0.628) respectively with mean value of 0.672.
Similarly, the observed heterozygosity was varied from 0.508 (Alaba zone) to 0.580 (Silte zone) with mean value 0.540. The number of
effective alleles ranged from 3.117 to 4.062 with an average value of 3.591. High percentages of polymorphic band were observed in
both Gurage and Silte zones with a value of 100%, while the least was from Alaba zone (92.31%) (Table 4).

Table 3. Summary of parameters for genetic diversity in hot pepper genotypes: No. of different alleles (Na), No. of effective alleles
(Ne), Percentage of polymorphic bands (PPB), Heterozygosity (H) and Diversity index (1).
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Code Accen. CS Na Ne PPB H | Code Accen. CS Na Ne PPB H |
Pop1 25809 Gz 25 23 100 0.73 0.84 Pop30 223642 Gz 18 1.8 692 046 0.51
Pop2 25810 GZ 24 21 923 063 075 Pop31 223654 AZ 1.6 16 692 054 0.64
Pop3 25811 Gz 21 20 615 049 058 Pop32 223651 AZ 1.8 1.8 46.2 035 0.36
Pop4 25812 Gz 22 21 692 054 066 Pop33 223648 AZ 1.8 1.8 615 045 0.51
Pop5 25813 Gz 25 24 100 072 0.85 Pop34 223655 Az 18 1.7 692 047 0.51
Pop6 25815 Gz 20 19 769 0.58 061 Pop35 223653 AZ 20 19 846 0.59 0.64
Pop7 25816 GZ 22 20 846 059 067 Pop36 223652 AZ 1.8 1.8 539 040 047
Pop8 25821 Gz 22 20 923 064 071 Pop37 223656 AZ 15 15 385 0.28 0.32
Pop9 25822 Gz 19 19 692 049 0.55 Pop38 223657 AZ 19 1.8 69.2 047 054
Pop10 25823 Gz 23 22 923 067 076 Pop39 223650 AZ 22 21 769 0.58 0.68
Pop11 25824 Gz 21 21 769 056 064 Popd40 223658 AZ 20 19 692 0.50 0.58
Pop12 25826 GZ 21 20 846 059 0.66 Pop41l 223659 Az 23 22 769 059 071
Pop13 25827 GZ 20 19 846 060 060 Popd42 223649 AZ 24 22 769 062 0.75
Pop14 223638 Gz 22 21 923 063 070 Pop43 212912 AZ 23 22 846 065 0.74
Pop15 223647 Gz 22 21 846 065 072 Popd4d Zala AZ 1.8 18 769 0.55 0.56
Pop16 223640 Gz 23 21 769 059 071 Pop4d Zala AZ 1.7 16 615 041 044
Pop17 223635 Gz 22 21 769 0.58 067 Pop46 25817 SZ 22 20 923 0.64 0.69
Pop18 223633 Gz 19 19 539 042 050 Popd47 25818 Sz 21 19 769 0.55 0.61
Pop19 223639 GZ 23 21 846 062 073 Popd48 25819 Sz 22 20 769 0.56 0.66
Pop20 223645 GZ 22 21 692 055 067 Pop49 223646 SZ 1.8 1.7 69.2 046 0.50
Pop21 Karya GZ 1.8 1.7 615 042 050 Pop50 25820 Sz 22 20 769 056 0.66
Pop22 Marekofana Gz 24 23 769 058 0.72 Pop51 25828 SZ 1.8 1.7 692 0.46 0.51
Pop23 Torbe GZ 21 20 615 047 058 Pop52 25829 SZ 1.7 1.7 61.5 042 045
Pop25 223634 GZ 1.7 16 615 041 044 Pop53 25830 SZ 23 22 846 060 0.72
Pop24 Marekofana GZ 19 18 692 047 054 Pop54 Melka SZ 20 19 615 047 0.56
awaze

Pop26 223637 Gz 1.6 15 539 035 038 Pop55 Zala SZ 1.8 1.7 692 045 0.49
Pop27 223643 Gz 1.8 1.7 539 037 045 Pop56 Kondo SZ 1.8 1.8 846 054 0.57
Pop28 223641 GZ 20 19 692 050 058 Pop57 Tenkeso SZ 22 21 769 056 0.67
Pop29 223644 Gz 21 20 692 0.51 0.60

Mean 20 19 734 053 0.63

Accen = Accessions, CS= Collected Site, GZ = Gurage Zone, AZ = Alaba Zone, SZ = Silte Zone

Genetic distance

From Nei unbiased genetic distance matrix which compares pairwise genetic distances between all combinations of any two
populations, the most distantly related populations were pop20 and pop45 which were collected from Gurage zone, Mareko wereda
and Alaba zone, Weyradijo wereda, with a value of 0.925. Pop49 from Silte zone (Lanfro wereda) and pop50 from Silte zone (Dalucha
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woreda); followed by pop30 from Gurage Zone (Mareko wereda) and pop 34 from Alaba zone (Kembata woreda) had the smallest
genetic distance with a value of 0.108 and 0.111 respectively.

Analysis of genetic distance among accessions pooled by origin of collection were investigated and the most distantly related
accessions found between Alaba zone and Silte zone with a value of 0.098. The lowest genetic distance was revealed between
Gurage zone and Silte zone (0.075) (Table 5).

Table 4. Summary of genetic diversity in hot pepper genotypes from three geographic origins

Population N Na Ne I Ho He %P
GurageZone 60 7.231 4.062 1.548 0.534 0.725 100
Alaba Zone 30 5,692 3.117 1.254 0.508 0.628 92.31
Silte Zone 24 6.00 3.5917 1.405 0.580 0.694 100

Mean 38 6.308 3.591 1.402 0.540 0.672 97.44

Mean number of different alleles (Na), the mean number of effective alleles (Ne), Shannon’s index (1), observed heterozygosity (Ho),
and expected heterozygosity (He), Percentage of polymorphic bands (%P)

Table 5. Pairwise matrix of Nei's unbiased genetic distance by geographic origins

Gurage Zone Alaba Zone Silte Zone

0.000 Gurage Zone
0.076 0.000 Alaba Zone
0.075 0.098 0.000 Silte Zone

Analysis of molecular variance

Analysis of molecular variance (AMOVA) indicated a total of 97% within zones and 3% among zones variation with gene flow of
Nm=7.768 (Table 6). Total SSR marker variation in the analysed populations was also partitioned by AMOVA into among population;
among individuals and within individual components which showed 22% into among population; 4% among individuals and 74% within
individuals. Wright's F-statistics for the tested markers were Fis (0.054) and Fit (0.260) with the rate gene flow (0.9). The SSR markers
had a mean fixation index (Fst) of 0.217, indicating about 21.7% genetic differentiation among populations independent of the marker
used (P< 0.01) (Table 7).

Table 6. Analysis of molecular variance among the 3 Zones of Capsicum annuum

Source Df SS MS Est. Var. % of variance Nm P-Value
Among Zones 2 48.576 24.288 0.369 3% 7.768 0.010
Within Zones 111 1271.565 11.456  11.456 97%

Total 113 1320.140 11.824 100%

DF, degree of freedom; SS, sum of squared observations; MS, mean of squared observations; Est. Var., estimated variance; Nm, gene
flow

Table 7. Analysis of molecular variance among the 57 populations of C. annuum
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Source Df SS MS Est.Var. % of variance Fg P-Value

Among Populations 56 441.320 7.881 1.011 22% 0.217 0.010
Among Individuals 57 218.750 3.838 0.197 4%

Within region

Within Individuals 114 392.500 3.443  3.443 74%

Total 227  1052.570 4.651 100%

DF, degree of freedom; SS, sum of squared observations; MS, mean of squared observations; Est. Var., estimated variance, Fst, genetic
differentiation.; P-value, probability for Fst based on standard permutation across the full data set.

Clustering

The 57 genotypes collected from the three zones of Central Ethiopia were divided into three clusters, with cluster |, Il, and IlI
consisting of 6, 19, and 89 genotypes, respectively. Cluster Il was divided into three subgroups of which subgroup | was constructed
by five genotypes (G3, G4, G5, G6 and G102) out of these four genotypes were collected from Gurage zone, Abshege woreda and the
remaining one (G102) was from Silte zone, Silti woreda. Subgroup Il of cluster Il showed admixture of six genotypes from the three
zones. Subgroub Il contains eight genotypes of which seven of them were collected from Gurage zone, Meskan woreda. Cluster IlI
was constructed through the intermixing of 89 genotypes from the three zones (Fig1).

Principal Coordinates and population structure Analysis

The PCA showed that all genotypes were distributed across the plot, with 59.59% of the total variation explained in the first three axes,
with 23.18%, 19.13% and 17.28% contributions respectively. Populations (27, 42, and 57) which were collected from different zones
tended to form their own grouping. Similarly, pop12 from Gurage zone, Meskan woreda, pop15 from Gurage zone, Mareko woreda,
pop40 from Alaba zone, Kembata woreda and pop47 from Silte zone, Dalucha woreda tended to form their own grouping coordinate.
Five populations (49, 51, 55, 56 and 57) collected from Silte zone showed different grouping coordinate (Fig 2A).

The population structure of 57 pepper genotypes was determined using structure 2.3.4, and the result of the structure harvester
revealed that the largest peak was found at K=3, indicating the presence of three populations (Fig 2B). The populations of Gurage
zone showed admixture with populations of Alaba and Silte zones. Similarly, there was also some overlap between the population of
Alaba and those of Silte Zone (Fig 2C).

Discussion

Knowledge of level of genetic diversity of plants provides a great chance for selecting heterogeneity patterns to develop heterosis
effect for breeding programs and future conservation of the germplasm. The methodology for the estimation of genetic diversity can
be different: morphological, biochemical and molecular markers. In this work, fifty-seven hot pepper accessions from Silte, Gurage
and Alaba zones were assessed by SSR markers for determining the level of genetic variation. SSR markers were used successfully
for genetic diversity assessment in capsicum species in previous studies [1, 26]. The 13 microsatellite markers used in this study
generated a significant number of different alleles with total 106 scorable alleles. Slightly lower average allelic number per locus
(8.15) was recorded in this study than an earlier study by [1], who reported 8.54 average alleles per locus for 75 hot pepper
accessions. The difference in allele numbers may be due to the different sample sizes and genotypes used. Polymorphism
information content (PIC) values above 0.5 are consistent with the usefulness of the marker [27]. Here, PIC values ranged from 0.21 to
0.81, with a mean value of 0.68, which implied the presence of higher genetic diversity among the germplasms. The PIC results of this
study are almost similar to values reported in genetic diversity of pepper germplasm resources in China [28].

Gene diversity index which represent the number of alleles and their distribution, were highly variable across the SSR loci ranged from
0.21 to 0.83 with average value of 0.71, represents that the genotypes were not fixed to homozygosity. The level of diversity observed
in this study is nearly similar to the results of [1] with average gene diversity of 0.62 among Ethiopian hot pepper accessions. [2, 17]
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also reported the presence of high genetic variation in Ethiopian pepper using morphological and ISSR markers respectively. In
contrast our study showed high heterozygosity (0.393) than those reported on the germplasm resources in China which reported
average heterozygosity of 0.07 [28].

Percentage polymorphic bands which ranged from 38.5 to 100% with average value of 73.4% revealed a wide and diverse genetic
base in C. annuum. Similarly, high percentage polymorphism was found in the Capsicum species by earlier studies [17, 29, 30, 31, 32]
using different types of markers. The least percentage of the polymorphic band (38.5%), gene diversity (0.28) and Shannon
information index (0.32) were exhibited by pop37 collected from Alaba zone. The genotypes at population level, the diversity estimate
of this study showed high level of variation within each population (Mean H = 0.53, | = 0.60). Diversity estimates from Shannon’s
informative index (1.548), expected heterozygosity (0.725) and percentages of polymorphic bands (100%) obtained by grouping
accessions based on their origin of collection showed that genotypes from Gurage zone was highly diverse. The highest diversity
obtained from Gurage zone might be due to the largest number of samples used for this investigation. The lowest mean number of
effective alleles, diversity index (1.254), expected heterozygosity (0.628) and percentages of polymorphic bands (92.31) were shown
by Alaba zone. The presence of high genetic variation confirms the finding by[2, 33, 34] who reported high genetic variation in
Ethiopian hot pepper. Using microsatellite markers, [1] also reported higher level of diversity among accessions collected from
different regions of Ethiopia. This showed that the SSR markers were strong enough in revealing the level of variation within and
among populations.

The Nei's genetic distance ranging from 0.108 to 0.925 indicated a range from nearly identical genotypes to a diverse relationship.
The highest and lowest genetic diversity observed could be due to variation in the collection site, agronomic practice and seed
exchange practice. Similar studies on the accessions of hot pepper resulted wide range of similarity coefficients [1]. The highest
genetic distance (0.925) was reported between populations from Gurage zone (Mareko wereda) and Alaba zone (Weyradijo wereda),
whereas the smallest (0.108) was found from Silte zone (Lanfro and Dalucha weredas). The list genetic distance for the same site
may be due to the presence of few seed sources during its introduction. The Nei’s genetic distance among accessions pooled by
origin of collection were also estimated and the most distantly related populations were between Alaba and Silte zone (0.098), while
lowest was revealed between Gurage and Silte zone (0.075). In general, analysis of genetic distance among accessions pooled by
origin of collection showed low genetic distance than the previous findings on Ethiopian pepper using SSR marker [1] and ISSR marker
[17]. Genetic diversity is strongly associated with life form, geographic range, breeding system, seed dispersal mechanism, and
succession status [35]. This finding may imply there is multiple introductions of some very close genotypes, which is likely due to the
fact that their parental breeding lines were the same or were very close to each other, bearing in mind that pepper is a self-pollinated
crop. Genetic distance is an important parameter for germplasm improvement and conservation of genetic resources. The greater the
genetic diversity of germplasm, the greater is the chance of success in breeding desirable traits. Germplasms from the study area can
be exploited to do crossing between distantly related populations which may result in vigorous verities that combine the traits of the
distantly related parents.

Analysis of molecular variance (AMOVA) indicated a total of 97% within zones and 3% among zones variation. High within population
variation (86.87%) was also reported using ISSR markers [17]. Lower molecular variation among population could be caused by the
presence of higher level of gene flow and higher seed exchange rate among the study areas which could lead to the intermix of
genotypes [36], This result contrasts with the finding of [37, 38, 39] who reported presence of genetic variations of Capsicum spp.
mainly among population. The estimate of population differentiation of hot pepper genotypes using FST was 0.217 indicating 21.7%
of the genetic variation was due to differences between populations; which was nearly similar with the finding by [1], FST 0.214, and
slightly higher than the result of the study by [17], FST 0.13.

Cluster analysis indicates the genetic relationships between the various breeding materials and provides enough information to allow
the selection of genetically diverse and superior parental lines for breeding programs. The dendrogram of the current study revealed
three major clusters and there was no clear separation between accessions based on their origin. This underlines the importance of
considering genetic variation across genotypes rather than focusing on geographical differences in breeding programs. The present
result confirmed that genetic distance is unrelated to geographic distance. Earlier study on hot pepper revealed incomparable result
using SSR [1] and ISSR [17], who reported geographical proximity in accession that were clustered together.

Principal coordinate analysis (PCA) as a complementary technique for cluster analysis is one of the important multivariate statistical
approaches to group individual samples based on similarity/dissimilarity coefficients. As revealed by the result of the cluster analysis,
the PCA provided grouping of the populations regardless of their geographical locations. This could be attributed to the characters
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acquired during the domestication process and the presence of related hot pepper productions practice in the region. In both cluster
and PCA analysis, genotypes from different collection sites clustered together also indicating there were a significant exchange of
plant materials in different hot pepper growing zones of Central Ethiopia. Their similarities may either be caused by close kinship or
indicate that they are derivatives from the same cultivar [28]. PCA analysis is useful not only for estimating the genetic diversity of the
genotypes but also for selecting crossing parental lines. To produce progeny with a heterosis, varieties with a greater genetic distance
are generally recommended as parents since crossing between two closely related individuals results the expression of unexpected
recessive alleles [40].

Model-based clustering techniques were applied in STRUCTURE software to identify the admixed and separated genotypes from the
existence of population structure [41]. The intermixing distribution and admixture structure of populations on the PCA and population
structure were supported by the result of the clustering analysis. The results of the UPGMA dendrogram, PCA and STRUCTURE
analysis revealed the presence of high gene flow and intermixing of genotypes regardless of their collection area, with the exception
of few genotypes clustered with respect to their origin. The finding contrasted the finding by [17] who reported individual based
UPGMA analysis showing clustering of individuals with respect to their populations except few intermixed individuals from other
population.

Conclusion and Recommendation

The result of this study has provided that SSR markers detected a considerable genetic diversity in the studied accessions, which
could be used in conservation of genetic resources of hot pepper germplasms and crop breeding programs. This study is the first
attempt to assess the genetic diversity of C. annuum L. from Central Ethiopia Regional state, Ethiopia. However, the current study has
a limitation in the number of accessions analysed and agro-ecologies considered. Therefore, genetic diversity of Ethiopian
populations from different agro-ecologies should be studied in detail.
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Figure 1

UPGMA dendrogram showing the genetic relationships among 57 hot pepper genotypes by using 13 polymorphic SSR markers.
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Figure 2

(A) Principal coordinate analysis of the 57 Capsicum annuum genotypes; (B) Delta K value for determining the optimal number of
subpopulations; (C) Population structure of 57 Capsicum annuum genotypes representing three zones at K=3.
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