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Abstract

We established a collection of 142 Capsicum genotypes from different geographical areas
of Ethiopia with the aim of capturing genetic diversity. Morphological traits and high-resolu-
tion melting analysis distinguished one Capsicum baccatum, nine Capsicum frutescens and
132 Capsicum annuum accessions in the collection. Measurement of plant growth parame-
ters revealed variation between germplasms in parameters including plant height, stem
thickness, internode length, number of side branches, fruit width, and fruit length. Broad-
sense heritability was maximum for fruit weight, followed by length and width of leaves. We
used genotyping by sequencing (GBS) to identify single-nucleotide polymorphisms (SNPs)
in the panel of 142 Capsicum germplasms and found 2,831,791 genome-wide SNP mark-
ers. Among these, we selected 53,284 high-quality SNPs and used them to estimate the
level of genetic diversity, population structure, and phylogenetic relationships. From model-
based ancestry analysis, the phylogenetic tree and principal-coordinate analysis (PCoA),
we identified two distinct genetic populations: one comprising 132 C. annuum accessions
and the other comprising the nine C. frutescens accessions. GWAS analysis detected 509
SNP markers that were significantly associated with fruit-, stem- and leaf-related traits. This
is the first comprehensive report of the analysis of genetic variation in Ethiopian Capsicum
species involving a large number of accessions. The results will help breeders utilize the
germplasm collection to improve existing commercial cultivars.

Introduction

Members of the genus Capsicum in the Solanaceae family, commonly known as chilli peppers,
are major crop plants and are almost cosmopolitan in distribution [1]. Chilli pepper fruits are
used as spices, as vegetables and for medicinal purpose [2] and are a significant source of Vita-
mins A and C. They are also used as natural coloring agents, cosmetics and active ingredient
in host defense repellents. Some are also used as ornamentals [3, 4]. The genus includes 27 spe-
cies, of which five are known to be domesticated [5]. The five cultivated species of Capsicum,
namely C. annuum L., C. chinense Jacq., C. frutescens L., C. baccatum L. and C. pubescens Ruiz
et Pav., represent the most economically important vegetables worldwide [6].
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The independent diffusion and subsequent domestication of the five cultivated species of
Capsicum from its primary center of cultivation, Bolivia and Peru [2], to Europe by Columbus,
and from there to Africa, India and China resulted in the crop’s diversification due to human
activity and in the development of non-deciduous, pendant, larger and non-pungent fruits
with greater shape variation and increased fruit mass in several Capsicum growing areas [6].
Characterization of genetic diversity in various Capsicum species growing in different regions
has been reported [7]. It has also been shown that ecological distribution has a significant
influence on the genetic diversity of plants, including Capsicum [8].

According to Bozokalfa and Esiyok [3], capsicums were introduced to Ethiopia first by the
Portuguese in the 17 century and subsequently from all over the world; they have since been
cultivated for centuries and adapted to varied pocket agro-ecological zones. Such situations
contributed to the evolution of local Ethiopian genotypes with different fruit types, pungency
levels and disease resistance [9]. Adaptation and cultivation in the wide range of agro-ecologies
of Ethiopia may have led to the evolution of accessions with great variation in many important
traits. In this regard, an Ethiopian origin small fruited, pungent C. annuum inbred line, H3,
was reported to be the most important and persistent source of powdery mildew (Leveillula
taurica) and have been used to breed resistant varieties [10]. Different pepper cultivars have
been produced and used as spice and vegetable crops ever since the first introduction of the
genus. Pepper is consumed in many different forms in Ethiopia. The green fruit, known locally
as “karia”, is eaten raw as a salad, and the dried red fruit is ground into powder and added to a
sauce known as “wot”. Eating hot pepper is a deeply rooted Ethiopian food habit, and hot pep-
pers are cultivated over more than 246,000 ha in Ethiopia [11]. Owing to its centrality in the
daily diet of most Ethiopian societies, hot pepper plays an important role in the national econ-
omy. Though the number of local collections was small and investigations were based mainly
on morphological assessment, with only limited use of genetic markers, previous work by
AKklilu et al. [12], Shumbulo et al. [13], Marame et al. [14] and Geleta et al. [3] on Ethiopian
Capsicum species indicated the existence of considerable genetic variability.

Germplasm diversity is crucial to successful breeding programs. Such diversity is important
for broadening the genetic base, as it increases the probability of finding more unique genes
for which two parents have different alleles (that is, the genetic distance). Numerous methods
have been used to estimate genetic diversity among Capsicum genotypes, including multivari-
ate analyses of large numbers of phenotypic descriptors [3, 7, 15] as well as of cytological [1],
biochemical [16] and molecular variations [7, 17]. Since most morphological traits are poly-
genic and their expression depends on environmental factors, among others, the use of molec-
ular markers is the most suitable method for estimating genetic diversity due to its ability to
recognize specific DNA sequences in closely related genotypes, irrespective of growth stage,
time, place and agronomic practices. Various types of DNA markers, such as restriction frag-
ment length polymorphisms (RFLPs), random amplified polymorphic DNA (RAPDs), ampli-
fied fragment length polymorphism (AFLPs) and microsatellite repeats (or simple sequence
repeats, SSRs), can be used to determine relationships and genetic variation levels in wild and
domesticated crops, including Capsicum spp. [6]. Next-generation sequencing (NGS)-based
genotyping methods have recently been used for whole-genome sequencing and for re-
sequencing projects. In NGS, the genomes of several specimens are sequenced to discover
large numbers of single-nucleotide polymorphisms (SNPs) that can be used to explore within-
species diversity, construct haplotype maps and perform genome-wide association studies
(GWAS) [18]. NGS has made routine screening of plant germplasm feasible and cost-effective
[19]. The use of SNP markers provides the most useful information for detecting genetic diver-
sity and determining genetic relationships between lines, owing to the abundance of SNPs in
plants, to the technique’s flexibility, low error rate, high speed of detection and cost-
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effectiveness and to the ease with which the resulting data can be converted to universal geno-
type information from different technological sources [4]. Genotyping by sequencing (GBS) is
a genome-wide reduced representation of SNPs obtained using Illumina sequencing technol-
ogy [18]. The use of restriction enzymes in GBS reduces genome complexity by avoiding the
sequencing of repetitive regions, resulting in more straightforward bioinformatics analysis for
large genomes [19, 20]. It is thus a rapid, high-throughput, genome-wide and cost-effective
tool for SNP discovery [18]. It is helpful for genotyping without prior knowledge about the
genome of the species and is useful for exploring plant genetic diversity on a genome-wide
scale [4]. In the last few years, GBS has been used to investigate the genetic diversity of many
crop species, including maize, rice, barley, tomato, wheat, sorghum, soybean, watermelon and
Capsicum [21-28].

The present study was undertaken to characterize Capsicum germplasms collected from dif-
ferent localities of the six regions of Ethiopia using morphological and molecular markers to
explore the genetic diversity available in a wide collection of germplasm. The data presented
herein may be useful to understand the diversity of Capsicum in Ethiopia and use the informa-
tion for the breeding purpose. Similarly, our finding may give additional insight into the quan-
titative trait loci controlling fruit weight.

Methods
Plant materials

The germplasm collection of 142 genotypes used in this study was obtained from the Ethiopian
Biodiversity Institute (EBI). These germplasms were collected from different pepper-growing
areas of the country: 47 from eight zones of Amhara (11° 39’ 38.88” N, 37° 57’ 28.08" E); five
from the Metekel zone of Benishangul Gumuz (10° 20’ 0” N, 34° 40’ 0” E); 38 from eight zones
of Oromia (7° 59’ 20.62” N, 39° 22/ 52.25" E); 40 from five zones of the Southern Nations, Na-
tionalities and Peoples (SNNPs) region (6° 3’ 31.03" N, 36° 43’ 38.28" E); one from the Jigjiga
area of Somali (7° 26’ 19.43" N, 44° 17’ 48.75” E); and two from different weredas (districts) of
Tigray (14° 8 11.68" N, 38° 18’ 33.58" E) (Fig 1). Ten germplasms used in this experiment
have no accession passport data and are thought to be recent introductions. Among the germ-
plasms, 42 were classified into particular species of Capsicum by the EBI based on the
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Fig 1. Map of germplasm collection areas of Ethiopian Capsicum collection regions. Germplasm origins were
Ambhara (47 germplasms); Benishangul Gumuz (5 germplasms); Oromia (37 germplasms); Southern Nations,
Nationalities and Peoples (SNNPs) (40 germplasms); Somali (2 germplasms); Tigray (2 germplasms) and unknown (6
germplasms).

https://doi.org/10.1371/journal.pone.0216886.g001
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descriptor: four as C. frutescens and 38 as C. annuum. According to the germplasm descriptors,
the EBI collected peppers in Ethiopia during 16 different years since the first germplasm
record from the Limu wereda of the Oromia region in 1978. The majority of Capsicum germ-
plasm collection (59%) was done between 1984 and 1990, during which most geographical
areas with significant pepper cultivation were covered. In this experiment, three plants of each
of the 142 germplasms were grown under greenhouse conditions at Biotong Seed Co. Ltd.,
Anseong, Republic of Korea, in 2017. Seeds were disinfected using 2% sodium chlorate and
10% trisodium phosphate.

Morphological characterization and statistical analysis

For each germplasm, 12 growth traits and nine flower-, 17 fruit- and two seed-related traits
were evaluated according to the descriptions used by the Rural Development Administration
(RDA) gene bank, South Korea, with some modifications (S1 Table). Morphological traits
such as plant type (PT), plant height (PH), plant width (PW), main stem length (MSL), inter-
node length (INL), number of side branches (NSB), stem thickness (ST), stem color (SC), leaf
color (LC), and leaf length and width (LL and LW) were recorded 114 days after sowing. One
representative flower from each plant was assessed for stamen number (SN), filament color
(FC), anther color (AC), petal color (PC), petal length (PL), petal width (PW), petal number
(PN) and calyx shape (CS) (S1 Fig).

Tomato analyzer version 3.0 was used to measure fruit perimeter (FP), fruit area (FA), fruit
width mid height (FWMH), maximum fruit width (MFW), fruit height mid-width (FHMW)
and fruit curved height (FCH) as previously described [29]. A Spearman’s rank correlation
coefficient was calculated among all the variables, including the altitude at which the germ-
plasms were collected. Kaiser-Meyer-Olkin (KMO) and Bartlett’s tests were performed using
SPSS software 22.0 to measure sampling adequacy and sphericity, respectively [30] (S1 Table).

The phenotypic (PCV) and genotypic (GCV) coefficients of variation were estimated as
percentages of the corresponding phenotypic and genotypic standard deviations from the trait
grand means as used by Khan et al. [31]. Estimates of broad-sense heritability in percent were
obtained using the formula suggested by Burthon and de Vane [32].

HRM-PCR amplification and data analysis

To the identify the species of 142 Capsicum germplasms, high-resolution melting (HRM) was
performed as described previously [15, 33]. A Rotor-Gene 6000 real-time PCR thermocycler
(Corbett Research, Sydney, Australia) was used with the following PCR amplification condi-
tions: 95°C for 10 min; 50 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 40 s; 95°C for 60
s; and 40°C for 60 s. For HRM analysis, an increase of 0.1°C temperature per minute from
65°C to 90°C was used. A combination of five markers (S5 Table) developed previously was
implemented for species identification [15]. Five reference materials, viz. C. annuum, C. chi-
nense, C. frutescens, C. chacoense and C. baccatum, were used.

DNA extraction and library construction for genotyping by sequencing

Two or three young leaves from each germplasm were used as sources of DNA. Total DNA
was extracted using the modified cetyl trimethylammonium bromide (CTAB) method as
described previously [34]. The concentration and purity of DNA samples were determined
with a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
DNA samples with absorbance ratios above 8 at 260/280 nm were used for analysis [15], and
gel electrophoresis was conducted on a 0.8% agarose gel.
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Two GBS libraries were constructed based on a modified protocol as used previously [19, 35]
using a two-enzyme system, PstI (rare cutter) and Msel (frequent cutter). Each GBS library was a
96-plex library consisting of 60 and 82 samples from the Capsicum diversity panel (S2 Table).

Sequencing data analysis, SNP identification and genome-wide association
analysis

Sequencing was performed with an Illumina HiSeq 2500 (Macrogen Inc., Seoul, Korea).

Data analysis and SNP identification were performed as described previously [36]. Raw reads
were de-multiplexed in accordance with individual barcodes, and the adapter and barcode
sequences were removed using commercially available CLC genomic workbench software
(version 6.5). Trimmed reads were mapped to CM334 chromosome version 1.6 (Pepper.v.1.6.
total.chr.fa) by Burrows-Wheeler Aligner (BWA) [37]. The SAMtools program was used to
group and sort the reads by chromosomal order [38]. The Genome Analysis Toolkit (GATK)
program was used to call SNPs over whole chromosomes [39]. From the 142 total germplasms,
12 were omitted from SNP-based analysis due to significant loss of reads.

The 53,284 filtered SNPs were used for genome-wide association (GWAS) mapping. The
default settings of Genomic Association and Prediction Integrated Tool of the R package were
used to estimate GWAS based on the compressed mixed linear model [40]. SNPs with a calling
rate of more than 0.1 were retained and FILLIN in TASSEL was used for imputation. R* values
and imputed ratio of minor and major alleles were used to select suitable imputed quality. A
final filtering was performed based on minor allele frequency of more than 0.05, SNP coverage
>0.6 and inbreeding coefficient >0.8. The P values of SNPs from GWAS were subjected to a
false-discovery rate (FDR) analysis, and Bonferroni correction was done to reduce false-nega-
tive results from the GWAS analysis. A significance threshold level at a P value of 0.05 was set
after Bonferroni multiple-test correction.

Genetic diversity and population structure analysis

For each SNP, polymorphic information content (PIC), heterozygosity (H2), gene diversity,
genotype number, allele number and allele frequency were calculated using Power Marker
software [17], and the genetic diversity for the entire set of Capsicum genotypes as well as the
geographically based subpopulations were also identified by PowerMaker version 3.25. To
investigate the population structure, assess genetic diversity and remove near-duplicates (i.e.,
highly similar genotypes), both parametric and non-parametric approaches were used. Pair-
wise geographic distances between accessions, pairwise Fgr between accessions in the different
groups and analysis of molecular variances (AMOV As) were calculated using GenAlEx 6.503,
with 999 permutations for testing variance components [41].

Population structure was estimated from 13,998 selected SNPs from the 53,284 polymor-
phic SNPs used in GWAS analysis that can easily be handled by the software used for popula-
tion structure analysis. Population structure was determined using STRUCTURE software
(http://pritch.bsd.uchicago.edu/structure.html) [42], which was run from the command line
using the admixture model, a burn-in period length of 10,000 and 10,000 Markov-chain
Monte Carlo (MCMC) iterations after burn-in. Ten independent runs were performed for
each K from K = 1 to K = 5. The best number of K was chosen with the DeltaK method [24] by
running the STRUCTURE HARVESTER software [43].

Phylogenetic and principal-coordinate analyses

Phylogenetic trees were produced using genotyping data with 53,284 SNP markers using both
the unweighted neighbor-joining method and the hierarchical cladding method based on the
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Fig 2. Single-nucleotide polymorphism (SNP) density and distribution across the 12 chromosomes of the
Capsicum germplasms. (A) SNP density (number of SNPs per Mbp) of Ethiopian Capsicum germplasms digested
using PstI and Msel. (B) Venn diagram of unique and shared SNPs of Capsicum germplasms, kept in each dataset after
SNP filtering. The figure was drawn using the interactiVenn website.

https://doi.org/10.1371/journal.pone.0216886.g002

dissimilarity matrix calculated with Manhattan index, as implemented in the DARwin soft-
ware (version 6.0.9) [44], and was visualized with Dendroscope (version 3.5.9) [45]. Inkscape
0.92 was used to make annotations and to apply visual effects to the phylogenetic tree. Princi-
pal-coordinate analyses (PCoA) were performed with GenAlEx version 6.503 [41].

Results
Species identification based on HRM genotyping

In addition to the preexisting identification of some of the germplasms by EBI, and the assessment
of morphological features [15] and SNP information (Figs 1 and 2 and S1 Table), we obtained fur-
ther confirmation of species through a real-time HRM-PCR protocol as described earlier [33]. We
used five high-resolution melting markers (HRMs) to assign germplasms to different species (S5
Table) [15]. The 142 germplasms were classified into three species, C. annuum, C. frutescens and
C. baccatum. The four markers C2_At5g19560, C2_At5g50020, Waxy and PepTrn showed a poly-
morphism that was highly specific for the three species (S2 Fig). Eighty-six C. annuum accessions
were identified by the C2_At5g50020 marker, of which 12 were further confirmed by both Waxy
and PepTrn, 28 by Waxy and 33 by PepTrn. The remaining 46 C. annuum accessions were identi-
fied by the single markers C2_At5g19560 (two), C2_At5g50020 (13), Waxy (eight) and PepTrn
(32). Confirmation of C. baccatum status was made on the basis of the specific melting curve
shape using PepTrn and C2_At5g50020 markers. C. frutescens accessions were likewise identified
on the basis of melting curve shape using the markers Waxy and PepTrn. C2_At5g50020 also
identified two C. frutescens accessions (SNU-142 and SNU-143).

Qualitative and quantitative morphological characterization

We evaluated the qualitative properties of plants, flowers, leaves and fruits based on descrip-
tions used by Rural Development Administration (RDA) gene bank of South Korea. Plant hab-
its were spreading (12.9%), half-spreading (59.7%), erect (26.6%) and fasciculate 0.7%).
Spreading types were collected from Ambhara, Oromia and SNNPs at altitudes ranging between
1000 and 2570 meters above sea level (m.a.s.1.), while the altitude range for half-spreading
plant types was 1150-2780 m.a.s.1. distributed in different locations of Amhara, Benishangul
Gumuz, Oromia, SNNPs, Somalia and Tigray. A relatively narrower altitude range (1200-2060
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m.a.s.l.) was observed for the erect Capsicum types from Amhara, Oromia, SNNPs and Tigray.
The only fasciculate Capsicum type was obtained from the Bibugn wereda of Amhara at an alti-
tude of 1850 m.a.s.l. (S1 Table).

Measurement of plant growth parameters revealed variation between germplasms. Plant
height (48-175 cm), stem thickness (6-33 mm), internode length (4-18.5 cm) and number of
side branches (4-30) all evidenced variation. The seven tallest germplasms (140-175 cm in
height) were collected from SNNPs at a mean altitude of 1300 m.a.s.l. Short to medium-height
germplasms were collected from all Capsicum growing regions, with a wider altitude range
(1000-2570 m.a.s.l.). Wider variation in stem thickness was observed in C. annuum (6.32-33
mm) than in C. frutescens (7.2-15.7 mm). Mean stem thickness for C. baccatum was 23.3 mm.
The maximum mean internode length (11.4 cm) was measured for C. frutescens, while the mini-
mum (9.23 cm) average internode length was observed for C. annuum. Similarly, the maximum
average number of side branches below first node (17, with a range of 12-21) was counted in C.
frutescens, followed by C. annuum (15, with a range of 4-30) (S7 Table, S1 Table and S3 Fig).

Other morphological traits similarly showed variation (Fig 1 and S1 Fig). Most germplasms
(97.2%) had one flower per axil, while the remaining four germplasms, which were collected
from Amhara and SNNPs (SNU17-2, SNU17-13 and SNU17-76 from C. annuum and SNU17-
34 from C. frutescens), had two. The maximum measured fruit length was 14.4 cm and the
minimum was 1.8 cm, each found for one accession. Respectively, 24%, 22%, 21%, 19%, 18%
and 12% of germplasms had fruit lengths measuring 8, 5, 4, 7, 6 and 9 cm. The minimum fruit
length score was 3 cm (seen for seven germplasms). Fruit width ranged between 0.3 and 3.2
cm. The majority of germplasms (39%) had fruit widths measuring 2 cm, with 35% measuring
1.5 and 22% measuring 2.5 cm. The fruit shape index, which is the ratio of fruit length to
width, ranged between 1.5 and 13. Whereas the fruits of 73.5% of germplasms have two loc-
ules, 24.3% had three locules. Only three germplasms (SNU17-67, SNU17-133 and SNU17-
140) displayed four locules. Weights of fruits varied between 1 and 22 g. Seed number per fruit
ranged from zero for one germplasm (SNU17-40, C. annuum) to over 175 for two other germ-
plasms of C. annuum (SNU17-102 and SNU17-116).

Estimates of phenotypic (PCVs) and genotypic coefficients of variation (GCVs), broad-
sense heritability and genetic advance are shown in Table 1. Across the traits studied, the PCV
values ranged from 39.6% for plant width to 99.6% for fruit weight. Similar to the latter, PCV
values were high for number of seeds per fruit, fruit length, fruit width, pericarp thickness,
fruit perimeter, internode length, leaf length and main stem length, with respective values of
81.5%, 65.6%, 58.7%, 58.3%, 53.3%, 53.0%, 52.4% and 50.6%. In contrast, number of side
branches, leaf length, pedicel length, plant height, stem thickness and plant width showed
comparatively lower PCV values (<50%). The GCV estimates were lowest (31.9%) for plant
width and highest (98.6%) for fruit weight. High GCV values were also recorded for seeds per
fruit, leaf width and fruit length. However, relatively low GCV values (<50%) were recorded
for fruit width, pericarp thickness, fruit perimeter, internode length, number of side branch,
leaf length, main stem length, pedicel length, plant height and stem thickness. Broad-sense her-
itability was greatest for fruit weight (98.1%), followed by length and width of leaves with
respective values of 77.7% and 77.1%. The heritability values of the remaining traits ranged
from 62.7 to 75.9%. Genetic advance (GA) as percentage of the mean ranged from 1.7% to
107.7% for plant height and pericarp thickness, respectively (Table 1).

GBS and single-nucleotide polymorphisms

We identified 2,831,791 genome-wide SNPs in our germplasm panel. We filtered these by
removing rare alleles (with prevalence less than 5%), alleles with high missing ratios (absent
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Table 1. Estimation of genetic parameters of different traits.

Characters Range Mean+SE | CV |Genetic Phenotypic Grand Heritability GCV PCV Genetic advance
variance variance mean (%) (%) (%) (%)
Plant height 43-175 100.83 +1.29 | 21.4 | 1205.7 1672.0 100.8 72.1 34.4 40.6 1.74
Plant width 26.67- 62+0.8 23.5391.2 604.2 62.0 64.8 31.9 39.6 2.68
90.67
Main stem length 17.67-64 | 37.42+0.61 |29.4|237.2 357.9 37.4 66.3 41.2 50.6 4.49
Internode length 3.67-18.17 | 9.32+0.16 | 28.9|17.1 24.4 9.3 70.1 44.4 53.0 18.52
Number of side 4-23.7 14.61 £0.22 |24.2|39.5 52.1 14.6 75.9 43.0 494 12.31
branch
Stem thickness 5.83-24.37 | 13.76 £ 0.18 | 22.6 | 21.4 31.0 13.8 68.8 33.6 40.5 12.44
Leaflength 8.33- 84.4+1.28 23413079 1696.4 84.4 77.1 42.9 48.8 2.15
136.67
Leaf width 4.2-80 41.59 +0.67 |24.8 | 368.9 474.8 41.6 77.7 64.2 52.4 4.37
Pedicel length 1.03-6.23 | 3.52 £ 0.05 274 | 1.7 2.6 3.5 64.4 36.8 45.8 47.03
Fruit length 1.53-10.93 | 6.42 + 0.13 34.6 | 12.8 17.8 6.4 72.2 55.8 65.6 27.30
Fruit width 0.27-3.53 | 1.71+£0.03 31.7 1 0.72 1.01 1.7 70.9 49.4 58.7 101.34
Fruit weight 0.73-15.4 | 6.8+0.18 13.6 | 39.59 40.34 6.8 98.1 98.6 99.6 2.04
Pericarp thickness | 0.3-3.23 1.59+0.03 |32.70.59 0.86 1.6 68.6 48.3 58.3 107.65
Seed number/fruit | 12-167.67 | 78.98 +2.12 | 49.7 | 2596.55 4138.6 79.0 62.7 64.5 81.5 2.07
Fruit perimeter 2.71-19.94 | 12.37 £+ 0.21 |28.7 | 30.8 43.5 12.4 70.9 44.9 53.3 14.04

https://doi.org/10.1371/journal.pone.0216886.t001

from more than 30% of the germplasms) and alleles with high heterozygosity (more than
80%). To explore the genetic diversity of the panel, we analyzed all the germplasms using
53,284 high-quality SNPs. The chromosomal distribution and proportion of polymorphic
markers used for the competition is shown in S6 Table. We mapped the SNP density (number
of SNPs per Mbp) and their distribution across the 12 chromosomes (Fig 2) and found that
SNP densities varied across chromosomes. There was relatively high uniformity on chromo-
somes 3,4, 5, 6, 8,9, 10 and 12. On chromosome 2, a higher SNP distribution was found
towards one end, and it was higher on both arms of chromosome 11. Relatively more SNPs
were also recorded around the middle and one end of chromosome 7.

Genetic diversity

The amount and organization of genetic diversity among the model-based populations is pre-
sented in Table 2. A high allele number was recorded in C2 (5.00), and the mean major allele
frequency was greater in C1 (0.30) than in C2 (0.28). The average expected heterozygosity (a
measure of genetic diversity), observed heterozygosity and polymorphic information content
(PIC; denoting allelic diversity and frequency) values were 0.74, 0.02 and 0.69 for C1 and 0.75,
0.03 and 0.70 for C2, respectively. The PIC value was 0.692 in 35 C. annuum and 0.701 in six

Table 2. Genetic diversity analysis of Capsicum germplasms.

Subpop. N AN MAF H, H, PIC
C1 121 4.46 0.30 (0.29-0.30) 0.74 (0.740-0.744) 0.02 (0.004-0.104) 0.69 (0.69-0.70)
c2 9 5.00 0.28 (0.28-0.30) 0.75 (0.74-0.75) 0.03 (0.01-0.06) 0.70 (0.69-0.70)
Total 130 4.50 0.3 (0.28-0.30) 0.74 (0.74-0.75) 0.02 (0.004-0.104) 0.69 (0.69-0.70)

N, number of germplasms; AN, number of allele per locus; H., expected heterozygosity (gene diversity); H,, observed heterozygosity; PIC, polymorphism information

content.

https://doi.org/10.1371/journal.pone.0216886.t1002
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C. frutescens germplasms. Categorically, the average C. annuum PIC value for the major grow-
ing region (SNNPs) was 0.693 per marker, with a range running from 0.692 in six germplasms
collected from Gurage and Kembata zones to 0.693 in 24 germplasms collected from Gurage,
Kembata, Bench Maji, Keficho and Semen Omo zones. A similar trend was observed in the
PIC values of C. annuum for the Amhara and Oromia regions, representing respectively 39
and 24 germplasms. For the C. frutescens germplasms of SNNPs, the average PIC value was
0.701 per marker, and for Oromia it was 0.964. The overall gene diversity and mean heterozy-
gosity were 0.74 and 0.02, respectively.

Analysis of molecular variance

To quantify the genetic diversity within and among subpopulations, we partitioned the total
molecular variance into two clades according to the STRUCTURE simulation result. Averaged
across the 130 germplasms, 92% of the total genetic diversity was partitioned between germ-
plasms within the subpopulations, and only 8% was attributed to differences at the individual
level (Table 3).

Population structure

We inferred the population structure of the 130 Ethiopian Capsicum germplasms using the
program STRUCTURE 2.3.4 [46]. We carried out admixture model-based simulations by
varying K from 1 to 5 with 10 iterations using 130 germplasms. The estimated likelihood (InP
(D)) was greatest for K = 2 (Fig 3), suggesting the presence of two main populations in the Cap-
sicum germplasm panel [43]. The classification of germplasms into populations based on the
model-based structure from STRUCTURE 2.3.4 (Fig 3 and S3 Table) showed that subpopula-
tion C1 comprised 123 germplasms and subpopulation C2 comprised the remaining 7 germ-
plasms. We tested the genetic variation within the subpopulations using the fixation index
(Fs) statistic for genetic differentiation. We observed a low average distance (Hg) between
individuals in the same clade in subpopulation C1 (0.05) and a higher Hg, in subpopulation C2
(0.07). The Fsr values for subpopulations C1 and C2 were 0.713 and 0.850, respectively.

Molecular phylogenetic and principal-coordinate analysis

The unrooted phylogenetic tree with two clades is consistent with the model-based population
structure, in which C. frutescens germplasms were grouped separately from C. annuum (Fig 4).
Clade 1 contained C. annuum accessions growing in an altitude range between 1000 and 2780
m.a.s.l. and consisting mainly of germplasms collected from different growing localities of the
SNNPs region (35 germplasms), Amhara (47 germplasms), Oromia (37 germplasms), Benishan-
gul (5 germplasms), Somali (1 germplasm) and Tigray (2 germplasms), which accounted for
24%, 33%, 26%, 3.5%, 0.7% and 1.4% of germplasms, respectively. The growing altitude range
of C. frutescens (1200-1310 m.a.s.1.) was narrow compared with that of C. annuum (Fig 4).

Table 3. AMOVA for the two subpopulations suggested by STRUCTURE for all Ethiopian Capsicum germplasms.

Source Df SS MS Var. %
Among subpopulations 1 0.027 0.027 0.000 0%
Among germplasms 128 11.915 0.093 0.045 92%
Within germplasms 130 0.500 0.004 0.004 8%
Total 259 12.442 0.048 100%

P < 0.001. Df, degrees of freedom; SS, sum of squares; MS, mean square; Var., estimated variation.

https://doi.org/10.1371/journal.pone.0216886.t003
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Fig 3. Population structure of 139 Capsicum germplasms. (a) STRUCTURE estimation of the number of subgroups
from K values ranging from 1 to 10, by delta K (AK) values. (b) Population structure from K = 2. The two colors each
represent one subpopulation (red, C1; green, C2), and the lengths of the colored segments shows the estimated
membership proportion of each germplasm in the designated group.

https://doi.org/10.1371/journal.pone.0216886.g003

We also performed PCoA on 130 germplasms (Fig 4). This analysis largely supported the
separation of the germplasms into two subpopulations fairly well distributed on the axes, with
one variation as indicated by an arrow. Cluster A consisted mainly of C. annuum, a pattern
also evidenced in the model-based genetic clustering using STRUCTURE and the phylogenetic
tree. Germplasms in Cluster B were all from C. frutescens.

GWAS for selected traits

Genome-wide association result on fruit weight is summarized by Manhattan plots in Fig 5.
With a Bonferroni correction threshold of 5% (-log;o(P > 6.03), the number of markers linked
to various traits varied from a maximum of 187 for fruit length to a minimum of one for fruit
shape index, leaf color, petal length, petal width and stem color (S8 Table). A total of 509 sig-
nificant SNPs were identified, 81.53% of which were for fruit traits, 10.61% for leaf traits,
0.39% for petal length and width and 7.47% for stem-related traits. The largest fraction of sig-
nificant SNPs (26.68%) was detected on chromosome 3, followed by chromosomes 8 and 9
with 16.11% and 13.56%, respectively. The smallest concentration of significant SNP markers
was observed on chromosome 12 for fruit length, fruit number, fruit weight and petal width.
SNP markers related to fruit traits (area, color, length, width, number, weight, shape-index,
number of locules, pericarp thickness and perimeter) were distributed across all 12 chromo-
somes. While SNP markers for stem-related traits (internode length, hairiness, thickness, color
and branching) are distributed on chromosomes 1, 2, 3, 4, 6,9, 10 and 11, those for leaf-related
traits (length, width and color) are localized on chromosomes 2, 3, 6, 7 and 9 (54 Fig).

For fruit weight (Fig 5), two regions containing 12 SNPs were detected on chromosome 3,
from 126.3 to 144.9 Mbps and from 223.02 to 223.04 Mbps, and one region was detected on
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Fig 4. Phylogenic tree and principal-coordinate analysis results confirming the presence of two groups. (a) Unrooted

neighbor-joining (NJ) tree of the 142 Capsicum germplasms. (b) Principal-coordinate analysis results showing diversity of
Capsicum species clustered in the two subpopulations.

https://doi.org/10.1371/journal.pone.0216886.9004

chromosome 7 with seven SNPs in the region between 233.4 and 251 Mbps. There were ten
SNP marker positions on chromosome 8 between 106.28 and 106.6 Mbps, and one each on
chromosomes 10 and 11 at 226.8 and 244.4 Mbps, respectively. From this result, our research
demonstrated the existence of three new regions of significant SNP markers for fruit weight on
chromosomes 7, 10 and 11. A total of 27 protein-coding genes were predicted within the sig-
nificant SNP regions based on the annotation of the CM334.v.1.6. genome (Table 4).
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Fig 5. Manhattan plots of the genome-wide association study for fruit weight. Chromosome coordinates are
displayed along the X axis with the-log;, of the association P value for each single nucleotide polymorphism displayed
on the Y axis. A greater-log;, indicates stronger association with the trait. The green line denotes the significance
threshold. The threshold for-log;o(P) was 6.0. Blue thick horizontal bars denote QTL positions reported previously,
while brown horizontal thick bars are our results.

https://doi.org/10.1371/journal.pone.0216886.9005

Discussion

The greater the genetic diversity of germplasm, the greater is the chance of success in breeding
desirable strains. Knowledge of population structure and genetic diversity is essential for asso-
ciation mapping studies, genomic selection and the classification of individual genotypes into
different groups. In the present study, we classified Ethiopian Capsicum germplasms into dif-
ferent species and analyzed their genetic diversity. According to our classification, the majority
of Ethiopian pepper germplasms collected from diverse agro-ecologies are C. annuum, whose
mature fruit is an integral ingredient of the local spice mixture called berbere, used to season
many Ethiopian dishes. The green fruit of C. annuum is also a very important component in
the daily diet. The brown chilli pepper type (C. annuum) is especially highly valued for its high
pungency for flavoring and coloring. Work by Berhanu et al. [47], Shimelis et al. [12] and Abr-
ham et al. [13] had demonstrated the prevalence and variability of C. annuum. We also recog-
nized the presence of some C. frutescens collections, known locally as "mitmita”, growing on
some part of the country. They are known locally for being highly pungent. Yayeh (1998) had
previously described the existence of C. frutescens in Ethiopia [11]. In addition, the distribu-
tion of these two Capsicum species across Africa was described by Eshbaugh (1983), who sum-
marized the evolutionary history of peppers and described how the genus was introduced to
East Africa [48]. Similarly, Dagnoko et al. (2013) mentioned the importance of C. annuum and
C. frutescens in West African countries [49].

Although morphological traits are important in the study of genetic diversity, because of
their mostly polygenic nature and their dependence on various environmental factors, they
may not always reflect real genetic variation [50]. Owing to their ability to recognize specific
DNA sequences in the closely related genotypes, SNP markers have been used successfully to
estimate genetic diversity among different plants. GBS is a preferred high-throughput genotyp-
ing method involving targeted complexity reduction and multiplex sequencing to produce
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Table 4. List of 27 candidate genes located in chromosomes 3, 7, 8, 10 and 11 for the fruit weight.

SNP ID Chromosome | Position maf | P.
value
S03_126637882 3 126637882 | 0.27 | 1.76E-
10
S03_144571942 3 144571942 | 0.25 | 5.60E-
08
S03_130472754 3 130472754 | 0.22 | 1.26E-
07
S03_127229794 3 127229794 | 0.26 | 1.94E-
07
S03_131045471 3 131045471 | 0.26 | 2.71E-
07
S03_144926307 3 144926307 | 0.24 | 2.90E-
07
S03_130816018 3 130816018 | 0.22 | 6.81E-
07
S03_126408053 3 126408053 | 0.27 | 9.28E-
07
S03_223037785 3 223037785 | 0.48 | 1.05E-
06
S03_223037803 3 223037803 | 0.48 | 1.05E-
06
S03_139442074 3 139442074 | 0.26 | 1.11E-
06
S07_233424834 7 233424834 | 0.15 | 3.94E-
09
S07_233499205 7 233499205 | 0.19 | 5.50E-
09
S07_251125166 7 251125166 | 0.37 | 6.81E-
08

Predicted protein

S-locus-specific
glycoprotein S6
hypothetical protein
BC332_25369
DNA/RNA polymerases
superfamily protein
Lysine-specific
demethylase

hypothetical protein
T459_16762

Putative gag-pol
polyprotein, identical

PREDICTED:
uncharacterized protein
LOC107844328
Lysine-specific
demethylase

Malate dehydrogenase,
glyoxysomal

Malate dehydrogenase,
glyoxysomal
ATP-dependent DNA
helicase SRS2-like protein

ATPase ASNAL1 -like
protein

Potassium transporter 5

putative copia-type
protein

GO Name InterPro GO Names

F:binding; F:electron transfer activity; C: no IPS match

membrane

no IPS match

F:binding; P:DNA metabolic process no GO terms

P:phosphatidylserine biosynthetic process; C: | no GO terms
integral component of membrane; F:

transferase activity

F:mannosyl-oligosaccharide 1,2-alpha- no GO terms
mannosidase activity; F:calcium ion binding;

C:membrane

F:nucleic acid binding; F:catalytic activity; F: no IPS match
zinc ion binding; F:1-deoxy-D-xylulose-
5-phosphate synthase activity; P:DNA

integration; P:terpenoid biosynthetic process

F:ion binding; F:organic cyclic compound no GO terms

binding; F:heterocyclic compound binding

F:nucleic acid binding; P:gene expression; F: no GO terms
transferase activity; P:cellular nitrogen
compound metabolic process; P:cellular

protein metabolic process

F:catalytic activity no IPS match

F:catalytic activity no IPS match

C:integral component of membrane; P: no IPS match

oxidation-reduction process

F:protein serine/threonine kinase activity; F: no GO terms
ATP binding; C:endoplasmic reticulum; P:

generation of precursor metabolites and

energy; P:protein phosphorylation; P:

proteolysis; P:transport; F:cysteine-type

peptidase activity; C:integral component of

membrane; F:ATPase activity; P:protein

insertion into ER membrane; P:negative

regulation of transcription, DNA-templated

P:cellular protein modification process; P: no IPS match
phosphate-containing compound metabolic

process; F:methyltransferase activity; C:

membrane; F:hydrolase activity; P:

methylation; F:adenyl ribonucleotide binding;

F:anion binding; C:intracellular part; F:

catalytic activity, acting on a protein

Cretrotransposon nucleocapsid; F:nucleic
acid binding; F:motor activity; F:protein
tyrosine phosphatase activity; F:ubiquitin-
protein transferase activity; F:ATP binding; P:
actin filament organization; F:protein
tyrosine/serine/threonine phosphatase
activity; P:DNA integration; C:integral
component of membrane; C:myosin complex;
P:protein ubiquitination; P:peptidyl-tyrosine
dephosphorylation; F:ADP binding; F:actin
filament binding

C:retrotransposon
nucleocapsid

(Continued)
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Table 4. (Continued)

SNP ID Chromosome |Position | maf |P. Predicted protein GO Name InterPro GO Names
value
S07_250424475 7 250424475 | 0.29 | 3.48E- | uncharacterized protein | F:nucleic acid binding; F:RNA-DNA hybrid F:nucleic acid binding; F:
07 | LOC114075241 ribonuclease activity; P:DNA integration; P: RNA-DNA hybrid
RNA phosphodiester bond hydrolysis, ribonuclease activity; P:
endonucleolytic DNA integration
$07_250605815 7 250605815 | 0.38 | 3.75E- | TPR repeat-containing C:cell; F:transferase activity no IPS match
07 | thioredoxin TDX
S07_233424790 7 233424790 | 0.16 | 7.40E- | ATPase ASNA1 -like F:protein serine/threonine kinase activity; F: no GO terms
07 | protein ATP binding; C:endoplasmic reticulum; P:
generation of precursor metabolites and
energy; P:protein phosphorylation; P:protein
dephosphorylation; P:proteolysis; F:protein
tyrosine/serine/threonine phosphatase
activity; F:cysteine-type peptidase activity; C:
integral component of membrane; F:ATPase
activity; P:protein insertion into ER
membrane; P:negative regulation of
transcription, DNA-templated
S07_249749737 7 249749737 | 0.33 | 1.07E- | ADP,ATP carrier protein, | F:catalytic activity; C:membrane no IPS match
06 | mitochondrial
S08_106280443 8 106280443 | 0.33 | 3.85E- | Agamous-like MADS- F:DNA-binding transcription factor activity; | no IPS match
11 | box protein AGL16 C:nucleus; P:regulation of transcription,
DNA-templated
S08_105353008 8 105353008 | 0.29 | 2.54E- | Putative retrotransposon | F:carboxypeptidase activity; F:binding; P: no IPS match
10 | protein, identical nitrogen compound metabolic process; P:
macromolecule metabolic process; P:primary
metabolic process
S08_106308670 8 106308670 | 0.31 | 3.35E- | [Pyruvate dehydrogenase | F:binding no IPS match
09 | (acetyl-transferring)]
kinase, mitochondrial
S08_106726114 8 106726114 | 0.27 | 2.10E- | PREDICTED: F:nucleic acid binding; P:DNA integration no IPS match
08 | uncharacterized protein
LOC107865331
S08_105142620 8 105142620 | 0.44 | 3.22E- | PREDICTED: F:zinc ion binding no IPS match
07 | uncharacterized protein
LOC107861928
S08_105183429 8 105183429 | 0.29 | 4.79E- | keratin, type I cytoskeletal | F:protein tyrosine phosphatase activity; F: no IPS match
07 | 12-like binding; P:proteolysis; P:transport; F:protein
tyrosine/serine/threonine phosphatase
activity; F:cysteine-type peptidase activity; C:
integral component of membrane; P:peptidyl-
tyrosine dephosphorylation; C:cytoplasmic
part; C:membrane protein complex
S08_106609467 8 106609467 | 0.32 | 5.13E- | Putative polyprotein, F:nucleic acid binding; F:zinc ion binding; P: | no IPS match
07 | identical DNA integration
$10_226847725 10 226847725 | 0.46 | 1.05E- | hypothetical protein F:copper ion binding; F:oxidoreductase no IPS match
06 | CQW23_01337 activity; P:oxidation-reduction process
S11_244407143 11 244407143 | 0.19 | 7.57E- | PREDICTED: no IPS match
08 | uncharacterized protein
LOC104231117

https://doi.org/10.1371/journal.pone.0216886.t004

high-quality polymorphism data at a relatively low cost per sample [35]. The GBS method uses
restriction enzymes coupled with DNA-barcoded adapters and can simultaneously perform
SNP discovery and genotyping with or without reference genome sequences. GBS have been
applied to various approaches for plant breeding and plant genetic studies, including linkage
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maps [20, 36, 51], genome-wide association studies [20, 28], genomic selection [52] and geno-
mic diversity studies [7].

We performed GBS for genotyping 142 germplasms of Capsicum species. Two enzymes,
PstI and Msel, were used to reduce genome complexity, consistent with previous studies by
Han et al. [20]. Using the CM334 genomic reference, SNP calling generated 53,284 high-qual-
ity SNPs. Transitions (72.45%) were more frequent than transversions (27.55%). The percent-
ages of each SNP type in our study were 36.08%, 36.37%, 8.66%, 5.49%, 8.49% and 4.91% for
[AG], [CT], [GT], [AT], [AC] and [CG], respectively. This observation agrees with the report
of Taranto et al. [4], which also found a higher frequency of transitions than transversions.

Heritability values are helpful in predicting the expected progress to be achieved through
the process of selection; high heritability coupled with high genetic advance (GA) is an indica-
tor of a high proportion of additivity in the genetic variance, and consequently suggests that a
high genetic gain can be expected from selection [31]. The heritability values of the traits
assessed in this analysis fell into two categories—very high (98.1%) for fruit weight and moder-
ately high for the remainder—as illustrated in previous studies [9, 31]. High GA (>20%) with
moderate heritability values were observed for pericarp thickness, fruit width, pedicel length
and fruit length. This pattern is partly supported by the findings of Usman et al. [53]. High val-
ues of PCV and GCV values for some of fruit-related traits were also reported previously [12]
and indicated the existence of substantial variability, ensuring ample scope for improvement
of these traits through selection.

Our panel of germplasms exhibited a wide range of genetic diversity for different agro-mor-
phological traits. Plant habits as a measure of plant architecture; growth parameters including
plant height, stem thickness, internode length, number of side branches; and morphological
traits such as number of flowers per axil, length and thickness of fruits, fruit weight and num-
ber of locules all showed variation among germplasms.

Results of neighbor-joining clustering with model-based STRUCTURE, phylogenetic and
PCoA all similarly suggested that there are two genetically distinct subclasses among the Ethio-
pian Capsicum germplasms investigated in this study. The PCoA showed tight clustering
within the first clade, composed of C. annuum, and the second clade, in which all C. frutescens
are grouped. A previous diversity study of 39 cultivated Ethiopian C. annuum strains using
AFLP distance estimation, however, showed four major clusters [3]. Although C. frutescens has
been shown to have close affinity to C. annuum, they were grouped separately in this study [5].
Based on our data, the high diversity values in the two subpopulations suggests the existence of
excessive genetic variation within them. The lower value of H, (observed heterozygosity) as
compared to H, (expected heterozygosity) in the subpopulations indicated the presence of
inbreeding in the majority of Ethiopian Capsicum germplasms. The average distance (Hg)
between individuals in same clade value was lower in subpopulation C1 (0.05) than in subpop-
ulation C2 (0.07), indicating that C1 contained less variation. Genetic differentiation (Fsr)
value for subpopulations C1 and C2 were 0.713 and 0.85, respectively, predicting that the
germplasms in the two clades have several genotype patterns. There was a significant correla-
tion between some of the morphological traits, such as plant height and fruit width, as indi-
cated by SNP-marker-based matrices (S7 Table). In summary, the model-based ancestry
analysis, the phylogenetic tree and the PCoA strongly supported the possibility that the collec-
tion of Ethiopian Capsicum germplasms has two well-differentiated genetic populations and
some admixtures.

In our research, additional information was provided by the GWAS analysis. As was shown
earlier by Chaim et al. (2001) [54] and Han et al. (2016) [51], the highest numbers of SNP
markers for various agronomic traits were detected on chromosome 3. From the total of 398
significant SNPs of selected traits (S8 Table), 10 SNPs from chromosome 8, 6 SNPs from
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chromosome 7 and 1 SNP from chromosome 3 were common for the traits of fruit weight and
fruit length. The remaining major SNP marker (10) observed for fruit weight in our study was
detected by Chaim et al. [54]. A recent report by Chunthawodtiporn et al. [55] demonstrated
the distribution of fruit-trait QTL; the authors considered transverse and longitudinal section,
fruit shape and blossom-end shape on all chromosomes except 4, 5 and 7. However, our study
included more fruit-related traits, and our results suggest that significant SNP markers are
found on all chromosomes. For leaf length, for which we identified various significant SNP
markers on chromosomes 2, 3, 6, 7 and 9, co-localized QTL results were reported on chromo-
somes 6, 8,9 and 11 by Han et al. [51] and on chromosomes 1, 2 and 3 by Chunthawodtiporn
et al. [55]. We detected SNP markers for stem traits on seven of the same chromosomes
reported by Han et al. [51].

GWAS identified 31 SNP markers for fruit weight in this study. On chromosome 3, the
SNP markers were co-localized at two different locations with the QTL reports of Han et al.
(2016), Chaim et al. (2001) and Nimmakayala et al. (2016) [28, 51, 54], at 126 Mbps and 222
Mbps. In a pattern similar to that of our results, Nimmakayala et al. (2016) reported a QTL
region between 220 and 237 Mbps on chromosome 10. Although both that study and Chaim
etal. (2001) reported QTL positions on chromosome 8, our results for chromosome 8 indi-
cated the presence of a SNP concentration at a different location. Similarly, the SNP position
we identified on chromosome 11 at 239 Mbp is different from that reported by Nimmakayala
etal. (2016) of a QTL elsewhere on the same chromosome.

This study is the first detailed characterization of a large sample of the Ethiopian Capsicum
germplasms, representing the six administrative regions covering all Capsicum-growing agro-
ecologies in the country. Our morphological and molecular characterization provides insight
into the genetic variability of Capsicum in Ethiopia.

Conclusions

The phenotypic and molecular characterization of Ethiopian Capsicum germplasms showed
high variation that can be exploited for the further breeding. Two distinct subpopulations
were identified from the 130 accessions used in this study based on SNP information from our
GBS library. Model-based population structure, phylogenic study and PCoA revealed similar
results. Probably because of the existence of a dominant informal seed-distribution system in
the country, the majority of germplasms collected from different geographical areas were
grouped into the same or different clades, without clear association with growing region. How-
ever, clade 1, which contained the majority of germplasms, consisted mainly of C. annuum
and C. baccatum. Clade 2 was composed mainly of C. frutescens accessions collected from dif-
ferent growing regions of the SNNPs region. GWAS analysis helped us to further identify sig-
nificant markers associated with important morphological traits, some of which were co-
localized with reported QTLs. Besides providing additional information to identify candidate
genes for the traits considered, this study reconfirms the validity of using GBS and down-
stream analysis for marker-assisted selection in Capsicum.

Supporting information

S1 Table. Morphological data from 142 Capsicum germplasms and KMO/Bartlett’s test
analysis results.
(XLSX)

$2 Table. GBS library construction.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0216886 May 21,2019 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s002
https://doi.org/10.1371/journal.pone.0216886

@ PLOS|ONE

Genetic diversity and population structure of Capsicum

$3 Table. Q matrix of population structure.
(XLSX)

$4 Table. Gene diversity data.
(XLSX)

S5 Table. HRM markers used for species identification.
(DOCX)

S6 Table. Distribution of SNPs across the 12 chromosomes.
(DOCX)

§7 Table. Summary of agronomic and morphological traits exhibiting high correlation
with the estimated ancestry membership coefficients (Q).
(DOCX)

S8 Table. Significant SNP information of GWAS result for 11 traits.
(XLSX)

S1 Fig. Flower morphology showing variation among species.
(DOCX)

$2 Fig. HRM melting curves.
(DOCX)

S3 Fig. Box plot of selected phenotypes.
(DOCX)

$4 Fig. Significant SNP marker distribution for fruit-, leaf- and stem-related traits based
on GWAS result.
(DOCX)

Author Contributions

Conceptualization: Abate Mekonnen Solomon, Byoung-Cheorl Kang.

Data curation: Abate Mekonnen Solomon, Koeun Han.

Formal analysis: Abate Mekonnen Solomon.

Funding acquisition: Byoung-Cheorl Kang.

Investigation: Abate Mekonnen Solomon.

Methodology: Abate Mekonnen Solomon, Koeun Han, Byoung-Cheorl Kang.

Project administration: Abate Mekonnen Solomon.

Resources: Byoung-Cheorl Kang.

Software: Abate Mekonnen Solomon, Koeun Han, Joung-Ho Lee, Hea-Young Lee, Siyoung
Jang.

Validation: Byoung-Cheorl Kang.

Visualization: Abate Mekonnen Solomon.

Writing - original draft: Abate Mekonnen Solomon.

Writing - review & editing: Byoung-Cheorl Kang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216886 May 21,2019 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216886.s012
https://doi.org/10.1371/journal.pone.0216886

@ PLOS|ONE

Genetic diversity and population structure of Capsicum

References

1.

10.

1.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Panda RC, Kumar OA, Rao K. Cytogenetic studies of some F1 hybrids between wild and cultivated taxa
of Capsicum L. Cytologia 2004; 69(2): 203-8.

van Zonneveld M, Ramirez M, Williams DE, Petz M, Meckelmann S, Avila T, et al. Screening genetic
resources of Capsicum peppers in their primary center of diversity in Bolivia and Peru. PloS ONE. 2015;
10(9). 1-23.

Geleta LF, Labuschagne MT, Viljoen C. Genetic variability in pepper (Capsicum annuum L.) estimated
by morphological data and amplified fragment length polymorphism markers. Biodivers Conserv. 2005;
14(10): 2361-75.

Taranto F, D’Agostino N, Greco B, Cardi T, Tripodi P. Genome-wide SNP discovery and population
structure analysis in pepper (Capsicum annuum) using genotyping by sequencing. Bmc Genomics.
2016; 17(943): 1-13.

Ince AG, Karaca M, Onus A. Genetic relationships within and between Capsicum Species. Biochem
Genet. 2010; 48(1-2): 83-95. https://doi.org/10.1007/s10528-009-9297-4 PMID: 19916044

Gonzélez-Pérez S, Garcés-Claver A, Mallor C, Sdenz de Miera LE, Fayos O, Pomar F, et al. New
insights into Capsicum spp relatedness and the diversification process of Capsicum annuum in Spain
(analysis of a Capsicum collection from Spain). PloS ONE. 2014; 9(12): 1-23

Lee HY, Ro NY, Jeong HJ, Kwon JK, Jo J, Ha Y, et al. Genetic diversity and population structure analy-
sis to construct a core collection from a large Capsicum germplasm. Bmc Genet. 2016; 17(1): 142.
https://doi.org/10.1186/s12863-016-0452-8 PMID: 27842492

Albrecht E, Zhang DP, Mays AD, Saftner RA, Stommel JR. Genetic diversity in Capsicum baccatumis
significantly influenced by its ecogeographical distribution. Bmc Genet. 2012; 13.

Marame F, Dessalegne L, Fininsa C, Sigvald R. Heterosis and heritability in crosses among Asian and
Ethiopian parents of hot pepper genotypes. Int. J of Pla Bre. 2009; 168(2): 235—47.

Jo J, Venkatesh J, Han K, Lee HY, Choi GJ, Lee HJ, et al. Molecular mapping of PMR1, a novel locus
conferring resistance to powdery mildew in pepper (Capsicum annuum). Front Plant Sci. 2017; 8:
2090. https://doi.org/10.3389/fpls.2017.02090 PMID: 29276524

Zewdie Y. Ethiopian Chiles: A Deep-Rooted Tradition. The Chile Pepper Institute. 1998.

Shimeles A, Bekele A, Dagne W, TW A. Genetic variability and association of characters in Ethiopian
hot pepper (Capsicum annum L.) landraces. J Agri Sci. 2016; 61(1):19-36.

Shumbulo A, Nigussie M, Alamerew S. Correlation and path coefficient analysis of hot pepper (Capsi-
cum annuum L.) genotypes for yield and its components in Ethiopia. Adv Crop Sci Tech. 2017; 5(3): 1—
5.

Fekaku Mareme LD, Chemeda Finisa and Roland Sigvalid. Genetic analysis for some plant and fruit
traits, and its implication for a breeding program of hot pepper (Capsicum annuumvar. annuum L.). Her-
editas. 2009; 146: 131-40. https://doi.org/10.1111/j.1601-5223.2009.02101.x

Jeong HJ, Jo YD, Park SW, Kang B. Identification of Capsicum species using SNP markers based on
high resolution melting analysis. Genome. 2010; 53(12): 1029—40. https://doi.org/10.1139/G10-094
PMID: 21164536

Popovsky-Sarid S, Borovsky Y, Faigenboim A, Parsons E, Lohrey G, Alkalai-Tuvia S, et al. Genetic and
biochemical analysis reveals linked QTLs determining natural variation for fruit post-harvest water loss
in pepper (Capsicum). Int J Pla Bree Res. 2017; 130(2): 445-59.

Tsaballa A, Ganopoulos |, Timplalexi A, Aliki X, Bosmali |, Irini NO, et al. Molecular characterization of
Greek pepper (Capsicum annuum L) landraces with neutral (ISSR) and gene-based (SCoT and EST-
SSR) molecular markers. Biochem Syst Ecol. 2015; 59: 256—63.

Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, et al. A robust, simple genotyp-
ing-by-sequencing (GBS) approach for high diversity species. PloS ONE. 2011; 6(5).

Wong MML, Gujaria-Verma N, Ramsay L, Yuan HY, Caron C, Diapari M, et al. Classification and char-
acterization of species within the genus lens using genotyping-by-sequencing (GBS). PloS ONE. 2015;
10(3): 1-16.

Han K, Lee HY, Ro NY, Hur OS, Lee JH, Kwon JK, et al. QTL mapping and GWAS reveal candidate
genes controlling capsaicinoid content in Capsicum. Pla Biotec J. 2018; 1-13

Ertiro BT, Semagn K, Das B, Olsen M, Labuschagne M, Worku M, et al. Genetic variation and popula-
tion structure of maize inbred lines adapted to the mid-altitude sub-humid maize agro-ecology of Ethio-
pia using single nucleotide polymorphic (SNP) markers. BMC Geno. 2017; 18(1): 777: 1-11.

Tang W, Wu T, Ye J, SunJ, Jiang Y, Yu J, et al. SNP-based analysis of genetic diversity reveals impor-
tant alleles associated with seed size in rice. BMC Plant Biol. 2016; 16(93): 1-11.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216886 May 21,2019 18/20


https://doi.org/10.1007/s10528-009-9297-4
http://www.ncbi.nlm.nih.gov/pubmed/19916044
https://doi.org/10.1186/s12863-016-0452-8
http://www.ncbi.nlm.nih.gov/pubmed/27842492
https://doi.org/10.3389/fpls.2017.02090
http://www.ncbi.nlm.nih.gov/pubmed/29276524
https://doi.org/10.1111/j.1601-5223.2009.02101.x
https://doi.org/10.1139/G10-094
http://www.ncbi.nlm.nih.gov/pubmed/21164536
https://doi.org/10.1371/journal.pone.0216886

@ PLOS|ONE

Genetic diversity and population structure of Capsicum

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.
45.

46.

47.

Poland JA, Brown PJ, Sorrells ME, Jannink J. Development of high-density genetic maps for barley and
wheat using a novel two-enzyme genotyping-by-sequencing approach. PloS ONE. 2012; 7(2).

Pailles Y, Ho S, Pires IS, Tester M, Negrao S, Schmockel S. Genetic diversity and population structure
of two tomato species from the Galapagos Islands. Front Pla Sci. 2017; 8: 138.

Zhang D, Kong W, Robertson J, Goff VH, Epps E, Kerr A, et al. Genetic analysis of inflorescence and
plant height components in sorghum (Panicoidae) and comparative genetics with rice (Oryzoidae).
BMC Pla Biol. 2015; 15: 107.

Iquira E, Humira S, Francois B. Association mapping of QTLs for sclerotinia stem rot resistance in a col-
lection of soybean plant introductions using a genotyping by sequencing (GBS) approach. Bmc Pla Bio.
2015; 15.

Nimmakayala P, Levi A, Abburi L, Abburi VL, Tomason YR, Saminathan T, et al. Single nucleotide poly-
morphisms generated by genotyping by sequencing to characterize genome-wide diversity, linkage dis-
equilibrium, and selective sweeps in cultivated watermelon. Bmc Geno. 2014; 15: 767.

Nimmakayala P, Abburi VL, Saminathan T, Alaparthi SB, Almeida A, Davenport B, et al. Genome-wide
diversity and association mapping for capsaicinoids and fruit weight in Capsicum annuum L. Sci Rep.
2016; 6:38081. https://doi.org/10.1038/srep38081 PMID: 27901114

Rodriguez GR, Moyseenko JB, Robbins MD, Morejon NH, Francis DM, van der Knaap E. Tomato Ana-
lyzer: A useful software application to collect accurate and detailed morphological and colorimetric data
from two-dimensional objects. JoVE. 2010; (37).

Sacco A, Ruggieri V, Parisi M, Festa G, Rigano MM, Picarella ME, et al. Exploring a tomato landraces
collection for fruit-related traits by the aid of a high-throughput genomic platform. PloS ONE. 2015; 10
(9): 1—20.

Khan ASMMR, Eyasmin R, Rashid MH, Ishtiaque S, Chaki AK. Variability, heritability, character associ-
ation, path analysis and morphological diversity in snake gourd. Agri and Nat Reso. 2016; 50(6): 483—
9.

Burton GW, DeVane EH. Estimating heritability in tall fescue (Festzjcu Av-undinuceu) from replicated
clonal material. Agron J. 1953; 45:478-81.

Song M, Li J, Xiong C, Liu H, Liang J. Applying high-resolution melting (HRM) technology to identify five
commonly used Artemisia species. Sci Rep. 2016; 6(1).

Clarke J. Cetyltrimethyl ammonium bromide (CTAB) DNA miniprep for plant DNA isolation. Cold Spring
Harbor protocols. 2009; 2009(3).

Annicchiarico P, Nazzicari N, Wei Y, Pecetti L, Brummer E. Genotyping-by-sequencing and its exploita-
tion for forage and cool-season grain legume breeding. Fron in Pla Sci. 2017; 8.

Lee JH, An JT, Siddique MI, Han K, Choi S, Kwon JK, et al. Identification and molecular genetic map-
ping of Chili veinal mottle virus (ChiVMV) resistance genes in pepper (Capsicum annuum). Mol Bree.
2017; 37(10).

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinfo. 2010;
26(5): 589-95.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment /map format
and SAMtools. Bioinfo. 2009; 25(16): 2078-9.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The genome analysis
toolkit: a map reduce framework for analyzing next-generation DNA sequencing data. Gen Res. 2010;
20(9): 1297-303.

Lipka AE, Tian F, Wang Q, Peiffer J, Li M, Bradbury PJ, et al. GAPIT: genome association and predic-
tion integrated tool. Bioinfo. 2012; 28(18): 2397-9.

Peakall R, Smouse P. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for teaching
and research—an update. Bioinfo. 2012; 28(19): 2537-9.

Excoffier L, Lischer H. Arlequin suite ver 3.5: A new series of programs to perform population genetics
analyses under Linux and Windows. Mole Eco Reso. 2010; 10(3): 564—7.

Earl DA, vonHoldt B. STRUCTURE HARVESTER: a website and program for visualizing STRUCTURE
output and implementing the Evanno method. Cons Gene Reso. 2012; 4(2): 359-61.

Perrier X, Jacquemoud-Collet J. DARwin software http://darwin.ciard,fr/. 2006. Epub 6.

Huson DH, Richter DC, Rausch C, Dezulian T, Franz M, Rupp R. Dendroscope: An interactive viewer
for large phylogenetic trees. BMC Bioinfo. 2007; 8(460): 1-6.

Prichard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
Data. Genet. 2000; 155: 945-59.

Birhanu H, Tiegist D, D. Y. Morphological characterization of hot pepper (Capsicum annuum.L) land
races of Ethiopia for qualitative characters. Int J Res Stud in Sci, Eng and Tech. 2017; 4(9): 4-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216886 May 21,2019 19/20


https://doi.org/10.1038/srep38081
http://www.ncbi.nlm.nih.gov/pubmed/27901114
http://darwin.ciard,fr/
https://doi.org/10.1371/journal.pone.0216886

@ PLOS|ONE

Genetic diversity and population structure of Capsicum

48.
49.

50.

51.

52.

53.

54.

55.

Eshbaugh WH. The genus Capsicum (Solanaceae) in Africa. Bothalia. 1983; 14(3&4): 845-8.

Dagnoko S, Yaro DDN, Sanogo PN, Adetula O, Dolo-Nantoume A, Gamby-Toure A, et al. Overview of
pepper (Capsicum spp.) breeding in West Africa. Afri J of Agri Res. 2013; 8(13): 1108—14.

Kumbhar SD, Kulwal PL, Patil JV, Sarawate CD, Gaikwad AP, Jadhav A. Genetic diversity and popula-
tion structure in landraces and improved rice varieties from India. Rice Sci. 2015; 22(3): 99-107.

Han K, Jeong HJ, Yang HB, Kang SM, Kwon JK, Kim S, et al. An ultra-high-density bin map facilitates
high-throughput QTL mapping of horticultural traits in pepper (Capsicum annuum). DNA Res. 2016; 23
(2): 81-91. https://doi.org/10.1093/dnares/dsv038 PMID: 26744365

Biazzi E, Nazzicari N, Pecetti L, Brummer EC, Palmonari A, Tava A, et al. Genome-wide association
mapping and genomic selection for alfalfa (Medicago sativa) forage quality traits. PloS ONE. 2017; 12
(1):1-17.

Usman MG, Rafii My, Ismail Mr, Malek MA, Latif MA. Heritability and genetic advance among chili pep-
per genotypes for heat tolerance and morphophysiological characteristics. The Scie Wor J. 2014:1-14.

Chaim AB, Paran |, Grube RC, Jahn M, van Wijk R, Peleman J. QTL mapping of fruit-related traits in
pepper (Capsicum annuum). Theo and ApplGene. 2001; 102(6): 1016-28.

Chunthawodtiport J, Hill T, Stoffel K, Deynze AV. Quantitative trait loci controlling fruit size and other
horticultural traits in bell pepper (Capsicum annuum). Pla Geno. 2018; 11(1): 1-11.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216886 May 21,2019 20/20


https://doi.org/10.1093/dnares/dsv038
http://www.ncbi.nlm.nih.gov/pubmed/26744365
https://doi.org/10.1371/journal.pone.0216886

