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ABSTRACT

Chili pepper (Capsicum spp.)is a vegetable crop with medical and ornamental uses. In Sri Lanka, 56% of
dried chili is imported annually making it a huge burden to the economy. To improve the chili pepper
industry, breeding could be suggested as one of the strategies. With the advancement of Molecular Biology,
breeding is now practiced with marker assisted selection. According to the present knowledge, no such
breeding programs are taking place in Sri Lanka. Therefore the objectives of the present study were to
characterize the morphology and validate fruit size and shape linked microsatellite markers using an ex situ
Capsicum collection in comparison to the commercial cultivars. The accessions and cultivars were
established in a greenhouse at Peradeniya, Sri Lanka. Leaf and fruit morphological data were recorded at
flowering and fruit maturity respectively. Five microsatellite markers (HpmsE045, CAeMS010, GPMS178,
CAMS451 and CAMS493) were used to genotype all 49 accessions using PCR and bands were size separated
using polyacrylamide gel electrophoresis. According to the fruit shape, six groups were identified namely
Triangular, Elongated long, Elongated short, Spherical sharp-end, Spherical blunt-end and Rectangular.
The plant height had a negative correlation with the number of fruits of the plant at first harvest. Number of
seeds per fruit and the fruit diameter were significantly associated with the fruit weight (P<0.05).
Microsatellite marker analysis revealed 44 alleles explaining very high level of genetic diversity (in the
range of 62% to 87%). Out of the 44 alleles, 15 alleles were found to be significantly affecting on fruit size
traits and 23 alleles were associated with fruit shape. This validated marker information could be used to
plan future breeding programs and genetic studies for chili pepper.
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1. INTRODUCTION

Chili pepper, Capsicum spp. (2n=24), is
one of the most significant crops with very high
economic importance (Shih-Wen et al., 2013;
Department of Agriculture, Sri Lanka, 2007;
Dahal et al., 2006). Genus Capsicum contains
approximately 32 species (Moscone et al.,
2007), however, C. annuum, C. chinense and C.
frutescens are the key species for human
consumption. These species were domesticated
in 6000 BC (Perry et al., 2007). There are
records explaining the pre-Colombian use of C.
annuum and C. frutescens in Mexico (Perry and
Flannery, 2007). Kraft et al., (2014) argued that
the domestication of chili pepper was taken
place in Mexico. Chili pepper could be pungent
or sweet. Pungent chili pepper is used as a
spice, herbal medicine and ornamental plants
(Hayman and Kam, 2008; Monteiro et al.,
2013) and sweet pepper is used as a vegetable
(Bosland and Votava, 2012). In the world,
nearly 35 million tons of fresh fruits and 3.5
million tons of dry fruits of chili pepper are
being consumed annually (FAO, 2014). Chili
pepper fruits are extremely rich in compounds
such as carotenoids, ascorbic acid, tocopherols,
capsaicinoids and flavonoids which have
medicinal and nutritional values (Rosa et al.,
2013; Marti et al., 2011).

In Sri Lanka, 56% of the dried chili
(amount equivalent to approximately 31,000
tons) requirement is imported annually. There
are five recommended chili varieties in Sri
Lanka (Department of Agriculture, Sri Lanka,
2007) but chili farming has to be improved to
meet the country’s requirement. Breeding with
existing genetic diversity, which utilizes the
genomic information available internationally,
must be practiced in order to achieve high
genetic gains in quick time with very high
accuracy. According to the present knowledge
such molecular breeding programs for chili
improvement is not taking place in Sri Lanka.

However with the rapid advancement
of molecular biological techniques, a wealth of
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genomic information on chili pepper is coming
from many parts of the world. The chili pepper
genome sequence is now available providing a
detailed insight of important genes in the
genome (Qin et al., 2014). Wang and Bosland,
(2006) has published an updated list of 292
genes coding for traits such as male sterility,
resistance to nematodes, diseases and
herbicides. For these genes, molecular markers
and chromosomal locations are also available
enabling world-wide breeders to undertake their
programs swiftly. Based on WRKY genes,
molecular markers were developed flanking
their conserved sequences (Kim et al., 2008)
and they can be used in marker assisted
selection as well. Quantitative trait loci (QTL)
analyses were conducted on many important
traits in chili pepper such as capsaicinoid
biosynthesis (Blum et al., 2003), fruit length
(Lee et al., 2011), cucumber mosaic Virus
resistance (Yao et al.,, 2013), anthracnose
resistance (Kim et al., 2010), fruit traits
(Marame et al., 2009) and fruit diameter, length
and shape (Mimura et al., 2012). Chili pepper
fruit morphological traits are having high
heritability (Usman et al., 2014) enabling very
high gains in breeding.

In addition, genetic variations of fruit
traits (Schuelter et al., 2010) in Brazilian
Capsicum germplasm (Sudré et al., 2007) and
in Peruvian Capsicum germplasm
(Meckelmann et al., 2013) were explained.
Similarity, for ex situ and in situ chili pepper
populations (Votava et al., 2002), the
applicability of microsatellite markers for the
assessment of genetic diversity (Pacheco-
Olvera et al.,, 2012) were also explained.
Various molecular markers have been designed
for other practical applications of chili pepper
such as Randomly Amplified Polymorphic
DNA (RAPD) and Sequence Characterized
Amplified Region (SCAR) markers for hybrid
purity testing (Jang et al., 2004), SCAR
markers for identifying cytoplasmic male sterile
plants (Kim and Kim, 2005) and SCAR
markers for adulterant detection in chili powder
(Dhanya and Sasikumar, 2010).
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However, in Sri Lanka, none of these
molecular details are being wused for
improvement of chili pepper crop. To use this
information in routine breeding programs, first
the QTL flanking markers must be validated for
their  segregation and trait-associated-
polymorphism for the local germplasm.
According to the present knowledge no such
attempts are currently underway for chili
pepper breeding in Sri Lanka. Therefore the
objectives of present study were to characterize
the morphology and validate the fruit size and
shape linked microsatellite markers (Mimura et
al., 2012) using an Ex situ collection of
Capsicum spp. in comparison to a six
recommended varieties of chili pepper in Sri
Lanka.

2. MATERIALS AND METHODS
Plant material

Mature seeds from 43 wild chili pepper
accessions established in a farmer owned Ex
situ collection at Viskamgama in Rathnapura
District, Sri Lanka (Global Positioning System
Coordinates: N 60 32’ 31.7"; E 800 22' 16.6")
and from six commercial chili pepper cultivars
(Mi-Hot, Mi-2, Ka-2, Waraniya, Ca-8 and Bell-
pepper) available in the Seed Center at
Department of Agriculture, Sri Lanka were
collected in May, 2014 (Accessions and
cultivars are collectively referred to as
genotypes here after). Nurseries for all collected
seeds were established at the Greenhouse in the
Department of Molecular Biology and
Biotechnology, Faculty of Science, University
of Peradeniya, Sri Lanka. After one month of
establishment, in the same Greenhouse, four
plants from each genotype were transplanted on
to pots with 20 L capacity, containing soil
mixture with 40% natural compost mixture.
Standard management practices were followed
throughout the growth period as recommended
by Department of Agriculture, Sri Lanka
(www.agridept.gov.Ik).
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Morphological measurements

Height of each plant was measured at
the mature stage using a meter ruler from the
pot surface to the top tip of the plant canopy. At
the same stage of plant height measurement,
leaf size measurements (length, breadth and
petiole length), shape, margin, base, tip and
color of the leaf at completed growth [with
reference to the Color Chart available at
Vejdemo-Johansson et al., (2014)] were
recorded from four independent leaves per
plant. At complete maturity, fruit size
measurements (length, diameter and weight),
shape group according to a scheme (Figure 1)
modified from Nicolai et al., (2013), color at
maturity and orientation were recorded from
four independent fruits per plant. Number of
fruits per plant, yield at first harvest (fresh
weight basis) and number of seeds per fruit
were also recorded.
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Elongated long
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Figure 1. lllustrations of the fruit shape groups
[modified from Nicolai et al., (2013) for the
studied germplasm]. Abbreviations are given
within parenthesis.

DNA marker analysis

DNA was extracted using Dneasy®
plant mini kit (Qiagen, Solna, Sweden) and
stored at -20 °C. Polymerase Chain Reaction
(PCR) was conducted using five microsatellite
markers that were reported to be linked with the
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QTL detected for fruit shape and size (Table 1)
(Mimura et al., 2012). DNA amplification was
performed in 15 pl reactions containing 1x
GoTag® Green Master Mix (Promega
Corporation, Madison, Wisconsin, USA), 0.5
uM each of forward and reverse primers and
1.5 pl of DNA template (60 ng / pl).
Amplifications were carried out using a
Thermal Cycler (Takara, Japan) using the PCR
cycle: Initial denaturation: 5 min at 94 °C; 35
cycles of 30 sec at 94 °C, 1.5 min at annealing
temperature (Table 1), 2.5 min at 72 °C; and a
final extension step of 10 min at 72 °C. All the
PCR products were subjected to 6% denaturing
Polyacrylamide Gel Electrophoresis (PAGE)
(Sambrook and Russel, 2001) and bands (i.e.
alleles) with approximate base pair sizes were
reported for each accession / cultivar. The
alleles were considered and scored as Single
Dose Restriction Fragments (SDRF) (Wu et al.,
1992) as for most of the markers more than two
alleles were detected making it not possible to
call for diploid genotypes.

Table 1. Annealing temperatures and linked
fruit traits of microsatellite markers used

Linked fruit
Marker trait QTL Ta
HpmsE045 Length 58
GPMS178 Diameter 55
CAMS451 Diameter 55
CAeMS010 Diameter 58
CAMS493 Shape 53

(Source: Mimura et al., 2012), T,: primer
annealing temperature (°C)

Data analysis
Morphological measurements

The quantitative data were analyzed
using the GLM procedure in SAS version 9.1
(SAS Institute Cary, NC, USA). Pearson’s
correlation coefficients among quantitative
parameters were calculated using CORR
procedure in SAS. Cluster analysis and the
construction of dendrogram were conducted
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using the algorithms of Average Linkage and
Pearson Distance in Minitab 14 (Minitab Inc.,
USA) using Principal Components which were
calculated based on fruit length, diameter,
weight and shape.

their

Marker polymorphisms and

relationships to fruits traits

Allele frequency (Pi), unique alleles
(UA): present only in a single genotype, rare
alleles (RA): Pi was equal to or less than 5%
and frequent alleles (FA): Pi is greater than 5%
were identified for each microsatellite marker.
Allele diversity for each marker was calculated
in terms of Heterozygosity (H) (Botstein et al.,
1980) and Polymorphic Information Content
(PIC) (Shete et al., 2000). The H and PIC
values were calculated for each microsatellite
marker using an online PIC calculator available
at www.georgikon.hu/pic (Nagy et al., 2012).
The H and PIC are given by the following
equations.

n

H=1—Zi=1

n
PIC=1—ZPi2—
(=1

1=

Pi?

1 n

Pi? Pj?
i= j=it1
n= Number of alleles
Pi=Frequency of i allele

The significant relationships between
the allele data of the microsatellite markers with
fruit length and diameter were tested using
Single Marker Analysis (GLM Procedure in
SAS was employed) for QTL mapping (Liu,
1998). The significant associations between the
allele data of the microsatellite markers with the
fruit shape were tested using Chi Square
Analysis (FREQ procedure in SAS). Cluster
analysis and the construction of dendrogram
were conducted using the algorithms of
Average Linkage and Pearson Distance in
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Minitab 14 (Minitab Inc., USA) using the
binary data of the presence / absence of the
alleles with significant effect or significant
association on fruit size traits.

3. RESULTS
Plant height

The mean plant heights (MPH) at
maturity were compared among genotypes and
among the set of genotypes, belonged to each
fruits shape groups. MPH for each genotype
and MPH and standard deviation for the plants
belonged to each fruit shape group, are shown
in Table 2. In general, the genotypes belonged
to Elongated short fruit shape group were taller
(MPH was 104.7 cm) compared to that of other
fruit shape groups. On average, the mean MPH
for the studied germplasm was 80.7 cm with the
standard deviation of 22.2 cm. The taller plants
had significantly less number of fruits than that
of shorter plants (P<0.05) and four main plant
height groups were identified with respect to
the variation of fruit set (Figure 2).

Leaf morphology

The mean leaf length, breadth of widest
point and petiole length were significantly
different among accessions. However, when
leaf shape and size parameters were pooled
together for fruit shape groups, they were not
significantly different (P<0.05) (Figure 3 of
Annexure 2). The leaf shape, margin, base,
color and tip of each genotype are given in
Table 3. The leaf shape was mainly ovate or
lanceolate and rarely triangular (in one
genotype); the leaf margin was mainly entire
and rarely crenate (in two genotypes); the leaf
base was truncate, attenuate or oblique; the leaf
tip was acuminate, cuspidate or acute. The
leaves of the genotype SS7 was colored with
purple pigments (137) where other accessions /
cultivars were green colored G14, F14, H14 or
115 (the color of leaves are given in Figure 3 of
Annexure 2).
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Figure 2. The variability of fruit set in chili
pepper genotypes belonged to different plant
height groups. A->D are the four plant height
classes; A: 40-60 cm, B: 60-80 cm, C: 80-100
cm, D: >100 cm. Note that shorter plants were
having more fruits (A & B) and taller plants
that were having less fruits (C & D). In C and
D circles are used to highlight the fruits as they
were not very visible. To show the fruits
clearly, photographs were taken closely so that
equal portions of the canopies are displayed.
All 49 accessions studied showed these kinds of
fruit sets with respect to their plant height.

A

Leaf length and leaf breadth were
highly  correlated  (Pearson  Correlation
Coefficient was 0.87 at P<0.0001). Leaf petiole
length was also significantly correlated with
leaf length and leaf breadth separately. But the
strength of correlation was approximately 50%
(Table 4).

Fruit morphology

In the studied set of Capsicum
germplasm, six main fruit shape groups were
identified. This classification scheme of fruit
shapes into different groups was modified from
the scheme explained originally by Nicolai et
al., (2013).

Fourteen genotypes were having triangular
fruits, six genotypes were having spherical
blunt-end fruits, eight genotypes were having
spherical sharp-end fruits, two genotypes were
having rectangular fruits, 11 genotypes were
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having elongated fruits and eight genotypes
were having elongated short fruits (Figure 4 of

Annexure 2).

Table 2. Mean plant height of Capsicum genotypes belonged to six fruit shape groups

Mean plant height at

Mean plant height and standard

Fruit shape group Genotype maturity (cm) deviation (cm)

Tl 96.3
T2 104.3
T3 93.6
T4 98.7
T5 79.0
T6 102.5

Triangular (T) g 25171 85.2+20.0
T9 98.7
T10 60.1
T11 82.6
T12 775
T13 56.6
T14 120.9
SB1 74.7
SB2 64.8

Spherical blunt-end (SB) ggi ggg 61.1+14.2
SB5 71.3
SB6 54.6
SS1 56.3
SS2 61.2
SS3 80.3

Spherical sharp-end (SS) ggg ggg 64.1+15.3
SS6 63.6
SS7 50.0
SS8 40.3
R1 90.8

Rectangular (R) Bell-pepper® 556 73.2424.9
EL1 118.0
EL2 1114
EL3 98.3
EL4 84.0
EL5 59.1

Elongated long (EL) EL6 89.0 81.5+21.4
Mi-2? 67.8
Mi-Hot? 74.0
Ka-2? 54.5
Ca-8* 57.9
Waraniya® 82.5
ES1 120.8
ES2 102.2
ES3 128.9

Elongated short (ES) Egg 19082'95 104.7+13.8
ES6 90.6
ES7 104.6
ES8 89.0

Mean plant height 80.7+22.2

@ Commercial chili pepper cultivars in Sri Lanka
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Table 3. Qualitative parameters of leaf morphology in Capsicum genotypes

Fruit shape group Genotype Shape Margin Base Tip Color
T1 oV EN TN AM G14

T2 oV EN TN AM G14

T3 ov EN TN CuU G14

T4 oV EN TN AM G14

T5 oV EN TN AM G14

T6 oV EN AT CuU G14

. T7 oV EN AT AM G14
Triangular (T) T8 oV EN N AM F14
T9 oV EN AT AM G14

T10 oV EN TN AM G14

T11 oV CR TN AM G14

T12 LA EN AT CU G14

T13 LA EN AT CU G14

T14 TR CR TN CuU G14

SB1 LA EN AT CU G14

SB2 LA EN AT AM G14

Spherical blunt-end (SB) ggj é\A/ Em 21 gl\Lljl gii
SB5 oV EN AT AM G14

SB6 LA EN AT CU G14

SS1 oV EN AT CU G14

SS2 oV EN TN CuU G14

SS3 oV EN TN AM G14

Spherical sharp-end (SS) ggg IC')\A/ EE 1A_,1" 23 gii
SS6 LA CR AT CU G14

SS7 oV EN AT CuU 137

SS8 LA EN AT CuU H14

Rectangular (R) R1 LA EN AT AM G14
Bell-pepper? LA EN AT CuU G14

EL1 oV EN AT AM H14

EL2 oV EN AT CuU G14

EL3 LA EN AT CuU G14

EL4 LA EN AT CuU G14

ELS LA EN AT AM G14

Elongated long (EL) EL6 LA EN AT AM F14
Mi-22 oV EN AT AM G14

Mi-Hot? oV EN AT AM F14

Ka-22 oV EN AT CU G14

Ca-8% ov EN AT CuU G14

Waraniya® oV EN AT CcuU H14

ES1 TR EN TN CuU H14

ES2 LA EN AT CuU G14

ES3 LA EN AT AC G14

Elongated short (ES) Egg tﬁ Em 2_? gﬂ gﬂ
ES6 LA EN AT CcU G14

ES7 LA EN AT AC 115

ES8 LA EN AT CuU G14

aCommercial chili pepper cultivars in Sri Lanka

Shape: OV (ovate), LA (lanceolate), TR (triangular); Margin: EN (entire), CR (crenate); Base: TN
(truncate), AT (attenuate), OB (oblique); Tip: AM (acuminate), CU (cuspidate), Ac (Acute); Color
codes are with reference to the Vejdemo-Johansson et al., (2014) and real colors are given in
Figure 3. Fruit orientation is the direction of presentation of fruits to the seed dispersal agents
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Table 4. Pearson’s Correlation Coefficients
among parameters of leaf size

Leaf petiole
Leaf breadth
length
Leaf length 0.87**** 0.53****
Leaf breadth 0.51%***
**** P<(0.0001

The overall shape of the fruits was
significantly different among groups but was
not significantly different within the groups
(P<0.05). The color of fruits at maturity was
around H3 indicating the red color except
Bell-pepper which was yellow in color at
maturity (C9) (color codes given in Vejdemo-
Johansson et al., 2014). For every genotype,
number of locules per fruit, number of fruits
per plant at first harvest and the number of
seeds per fruit are given in Table 5. Mean
total yield at first harvest was also obtained.
The yields of genotypes T10, T13, SS1 and
SS8 were in the range of chili pepper
commercial cultivars in Sri Lanka (100 g or
more). Two genotypes of SS and EL and all
eight genotypes of ES showed upward
orientation of mature fruits and all the other
genotypes showed downward orientation of
mature fruits. The dendrogram, constructed
based on the principal components computed
using fruit length, diameter, weight and fruit
shape group, identified six main clusters at
72% of morphological similarity of fruits.
Bell-pepper was an out-group, all ES, EL, the
other R and T genotypes clustered separately.
SS and SB genotypes were clustered together
(Figure 5A of Annexure 2).

Correlation among fruit morphological
parameters

Number of fruits per plant and the
height of the plant at maturity were
significantly negatively correlated at -0.33 of
Pearson Correlation Coefficient (P<0.001)
(Table 6 of Annexure 1 and Figure 2).
However number of fruits per plant was not
significantly correlated with fruit size traits,
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locule number and seeds per fruit. Highest
correlation (Pearson Correlation Coefficient
of 0.69) was observed between fruit diameter
and fruit weight. Fruit length also showed
significant correlation with fruit weight but it
was much less (0.27). Seeds per fruit were
also significantly correlated with fruit weight
(0.61). Plant height was always negatively
correlated with fruit size traits, locule number
and seeds per fruit (P<0.001) (Table 6 of
Annexure 1).

DNA marker analysis
Marker polymorphism

Five microsatellite markers for 49
chili pepper genotypes amplified a total of 44
alleles (Table 7 of Annexure 1). All five
markers were polymorphic showing H values
ranged from 0.65 to 0.88 and PIC value from
0.62 to 0.87. The marker GPMS178 exhibited
the highest level of polymorphism by
displaying 24 alleles, 0.88 of PIC and two
unique alleles. Out of the 44 alleles detected,
nine alleles were unique, seven alleles were
rare and 28 alleles were frequent (Table 7 of
Annexure 1).

The relationship of microsatellite marker
alleles vs. fruit size and shape

One marker linked to fruit length,
three markers related to fruit diameter and
one marker related to fruit shape for
Capsicum spp. (Table 1) were used in the
study. The marker data for fruit length and
diameter were analyzed using ANOVA and
the alleles with significant effects on the
respective traits were detected (Table 8 of
Annexure 1). A total of five alleles were
detected for the marker, HpmsEO045 (linked to
length), and two of these alleles were found
to be having significant effects on fruit length
(P<0.05). Six alleles of marker CAeMS010
were found to be having significant effects on
fruit diameter. All the alleles with significant
effects / associations on the fruit size / shape
are listed in Table 8 of Annexure 1.
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A total of 23 alleles were
significantly associated with the fruit shape
(P<0.05). The marker CAMS493 (the marker
linked to fruit shape) yielded seven alleles
and all seven alleles were very highly
associated with the fruit shape (P<0.05).
However none of the alleles detected for
marker HpmsEO045 linked to length were not
associated with the fruit shape (P<0.05)
(Table 9 of Annexure 1).

The dendogram was constructed
based on the alleles that had significant
effects or association with the fruit traits and
fruit shape groups respectively (Figure 5B).
At 5.4% genetic similarity coefficient, the
genotype Bell-pepper became an out group.
The remaining 48 genotypes formed two
major clusters at 44.5% with one cluster
having only eight ES genotypes. Remaining
40 genotypes formed two clusters at 55.3%
genetic similarity coefficient. Accessions EL5
and R1 clustered together at 76.5% of genetic
similarity. The cultivars Ka-2, Mi-2, Mi-Hot
and EL1 were also clustered together at
62.7% of genetic similarity. However other
than the clear separation of ES genotypes and
Bell-pepper, remaining genotypes were not
separately clustered according to their fruit
shape groups indicating the possibility of
other QTL involve in the determination of
fruit size and shape.

The silver stained gel for the marker
CAMS451 (which is linked to the fruit
diameter) is shown in Figure 6 of Annexure
2. The allele ix (205 bp) was only seen in the
accessions and not detected in any of the
commercial cultivars. Bell-pepper has a
unique allele (allele ii: 240 bp) indicating that
this allele could be relevant to the highest
diameter of Bell-pepper. Other than the
differentiation of Mi-2 and Ka-2, this marker
could be used to differentiate Bell-pepper,
Ca-8, Mi-hot and Waraniya. This marker is
special because out of the five markers
studied, this is clearly showing the diploid
state of alleles and therefore very useful in
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QTL mapping and marker assisted breeding
given the diploid nature of Capsicum
genome.

4. DISCUSSION

Ex situ collections of germplasm
especially the collections made by the
farmers are very important for plant breeding
and genetic assessment (Votava et al., 2002).
With the rapid deforestation, germplasm is
mainly conserved ex situ and to better utilize
them,  morphological and  molecular
characterizations are required. According to
our morphological results, number of  fruits
per plant decreases with the plant height
indicating that the plants with higher
vegetative growth show poor reproductive
performance (Peeraullee and Sanmukhiya,
2013). The cluster analysis based on the
principal components is very useful as this
diversity structure can be used to define
genetic core collections, in which minimum
number of accessions to represent the highest
possible level of variability for conservation
efforts. Correlation coefficient values
indicate inherent associations among various
fruit characteristics. Number of fruits per
plant is considered as the most important
selection index of fruit yield which was also
emphasized by Pawade et al., (1995);
Sreelathakumary and Rajamony, (2002). A
significant and positive genetic association
was also noted between fruit weight and
diameter, which was apparent in the
morphological results as well (Sarkar et al.,
2009; Ullah et al., 2011). The fruit weight
was significantly correlated with number of
seeds per fruit indicating the seeds may be
contributing significantly to weight or more
logically affecting the higher growth of
mesocarp. Such effects have been reported
for Capsicum annuum (Vikram et al., 2014)
and for pomegranate (Wetzstein et al., 2011).
Leaf and fruit color measurements were
recorded using a standard color chart. This
kind of approach for measuring color of fruits
such as cherry (Sooriyapathirana et al., 2010)
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and apple (Chagné et al., 2007) had been
reported. It was interesting to observe that
certain Capsicum spp. accessions (T10, T13,
SB1, SS1 and SS8) have similar or higher
yield compared to that of commercial
cultivars grown in Sri Lanka. This strongly
suggests that such Capsicum spp. accessions
have unused positive alleles that could be
used in chili pepper breeding programs. The
cluster analysis based on principal
components  calculated for  correlated
parameters is the routine practice for
morphological diversity analysis (Moskalik et
al., 2014). The removal of co-linearity among
the variables to be clustered is very important
to establish a diversity structure. As depicted
in Figure 5A, fruit size and shape related
principal components were effective in
accurately clustering the genotypes with
reference to fruit shape.

Microsatellite markers are
extensively used in genetic diversity studies
(Hoshino et al., 2012) and QTL mapping
studies (Azhaguvel et al., 2006; Collard and
Mackill, 2008). These markers are found to
be robust and segregating with the important
traits such as fruit quality (Kunihisa et al.,
2014), vyield (Golbadi et al., 2011) and
disease resistance (Cerqueira-Silva et al.,
2014). The microsatellite markers used in the
present study revealed unprecedented
diversity for studied germplasm. The marker
GPMS178 yielded a PIC value of 0.87 for the
chili pepper accessions and cultivars. For the
same marker, Nagy et al., (2007) reported
0.89 for Capsicum spp. and 0.78 for C.
annuum using 33 chili pepper genotypes
including cultivated varieties, inbred lines
and wild species. This indicates that their
studied germplasm has a similar level of
diversity compared to the present study.

The ES genotypes were all in one
cluster in both fruit morphological and
genetic dendrograms suggesting that there
size and shape are determined by either
different alleles or  specialized genetic
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mechanisms which could be tested using
molecular approaches. It is very much evident
that Bell-pepper has acquired unique genes
through breeding efforts for its commercially
appealing size and shape. The marker
polymorphism further revealed that there are
alleles specific to Capsicum spp. which are
absent in the commercial cultivars (C.
annuum). The effect of alleles on the mean
length and diameter of fruits revealed that
most of the time the absence of alleles are
causing the increased state of the trait value.
So that it could be a negative selection
inadvertently took place in breeding. Out of
the five studied markers, CAMS451 is
showing the diploid allelic status thus it is
useful in Maker Assisted Selection (MAS)
and QTL mapping. It is interesting to note
that all the markers were able to amplify
alleles in all 49 accessions. Therefore, it is
very much possible to use the SSR markers
published internationally in local chili pepper
breeding and diversity assessment programs.

The present findings strongly suggest
that a panel of at least 200 markers (that flank
agronomically and industrially important chili
pepper QTL) must be verified for successful
PCR amplification, clear resolution in gel
electrophoresis platforms and for the diploid
allelic status using segregating populations
such as F, or recombinant inbred lines (RIL).
Then marker alleles and haplotypes could be
identified for positive selection of all
important traits in breeding. Internationally
these kind of efforts have been reported for
rice (Yunbi, 2003), beans (Yu et al., 2008),
wheat (Miedaner and Korzun, 2012), soybean
(Landau-Ellis and Pantalone, 2009), apples
(Giongo et al., 2001), potato (Felcher and
Douches, 2012) and tomato (Truong et al.,
2011). Present study could be used as the
initial attempt of validating marker alleles for
interested traits and must be followed by
further validation of marker genetics through
genetic crosses and multi-locational and
multiple year trials. The information collected
from such an approach would dramatically
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increase the efficiency and accuracy of
breeding.

In summary, the morphological and
microsatellite marker polymorphism results
showed that Capsicum spp. germplasm
assessed in this study with respect to
commercial chili pepper cultivars showed
significantly higher diversity. The
microsatellite markers linked to fruit size and
shape traits are validated for the
polymorphism and the statistical relationship
to the fruit traits. Further studies are needed
to assess the entire Capsicum germplasm in
Sri Lanka using the markers linked to other
important QTL such as pest and disease
resistance, drought tolerance and the yield

components to enable marker assisted
breeding for chili.
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ANNEXURE 1.

Table 5. Yield related parameters in Capsicum genotypes

Fruit shape Genotype No. of Iocyles No. of segds No: of Me_an fruit | Yield at first _Fruitv

group per fruit per fruit fruits* weight (g) harvest (g) orientation

T1 2.5 16.3 10.8 3.5 37.8 D

T2 2.3 24.4 15.5 4.2 65.1 D

T3 2.3 16.2 8.4 34 28.6 D

T4 2.6 24.4 15.9 3.0 47.7 D

T5 2.6 12.2 75 3.0 225 D

T6 24 114 19.0 2.3 43.7 D

Triangular T7 2.7 29.3 9.4 4.2 39.5 D

(M T8 2.6 31.9 8.4 4.9 41.2 D

T9 3.0 36.8 4.4 54 23.8 D

T10 3.0 36.1 144 7.5 108.0 D

T11 3.0 374 14.7 3.9 57.3 D

T12 2.9 35.3 13.5 6.0 81.0 D

T13 2.8 44.1 26.7 5.2 138.8 D

T14 2.2 31.0 114 25 28.5 D

SB1 2.9 17.7 21.7 3.9 108.0 D

SB2 3.4 33.6 26.0 29 75.4 D

Spherical blunt-end SB3 3.3 30.5 24.0 45 108 D

(SB) SB4 3.1 25.7 18.0 3.6 64.8 D

SB5 33 40.3 14.8 6.0 88.8 D

SB6 2.3 28.0 25.7 3.6 92.5 D

SS1 3.1 274 29.5 35 103.3 D

SS2 3.1 25.7 4.4 6.3 21.7 D

SS3 2.6 27.3 10.5 2.6 27.3 D

Spherical sharp-end SS4 2.9 31.3 40.5 4.0 16.2 D

(SS) SS5 29 8.1 4.3 4.0 17.2 D

SS6 2.8 314 14.7 6.1 89.7 D

SS7 2.2 43.1 38.0 1.7 64.6 U

SS8 3.0 51.9 30.4 4.6 139.8 D

Rectangular R1 2.6 75.9 6.8 12.7 86.4 D

(R) Bell-pepper? 3.8 105.9 6.7 37.3 249.9 D

EL1 2.3 48.0 17.1 3.2 54.7 D

EL2 1.9 16.5 11.6 23 26.7 D

EL3 2.4 32.6 7.0 25 17.5 D

EL4 2.8 24.9 10.3 24 24.7 D

Elongated long EL5 2.2 50.2 10.1 6.3 63.6 U

(EL) E_I_6 2.3 67.6 9.0 5.1 45.9 D

Mi-22 2.0 35.3 39.5 2.1 82.9 D

Mi-Hot? 2.1 47.1 43.3 3.0 129.9 D

Ka-2° 2.0 44.4 19.3 3.8 73.3 D

Ca-8° 2.2 54.4 8.7 10.7 93.0 D

Waraniya® 2.0 46.8 21.3 6.5 138.5 D

ES1 2.0 14.1 73 0.4 2.9 U

ES2 2.0 12.1 9.6 0.4 3.8 U

ES3 2.1 7.1 8.4 0.6 5.0 U

Elongated short ES4 2.0 10.2 6.7 0.5 3.2 U

(ES) ES5 2.0 15.3 13.8 0.6 8.3 U

ES6 2.0 14.3 14.9 0.7 10.4 U

ES7 2.0 16.3 6.2 0.7 4.3 U

ES8 23 274 17.7 1.0 17.7 U

aCommercial chili pepper cultivars in Sri Lanka
*Number of completely matured fruits at first harvest, D: Downwards, U: Upwards
Table 6. Pearson’s Correlation Coefficients (*** P<0.001) among fruit traits and plant height
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Fruit _Fruit Fruit weight No.of Ioct_JIes No.of see_ds Pl_ant
length diameter per fruit per fruit height
No. of fruits per plant -0.02 -0.02 -0.14 0.02 0.07 -0.33***
Fruit length -0.06 0.27*** -0.26*** 0.39*** 0.01
Fruit diameter 0.69*** 0.58*** 0.43%** -0.45%**
Fruit weight 0.35%** 0.61*** -0.28***
No. of locules per fruit 0.17*** -0.31%**
No. of seeds per fruit -0.27***
Table 7. Microsatellite marker polymorphism in chili pepper accessions
Marker No. alleles / bands Allele / band (bp) | Allele Frequency Abundance H PIC
190 0.08 FA
170 0.32 FA
HpmsEO045 5 165 0.33 FA 0.71 | 0.66
150 0.01 UA
140 0.27 FA
350 0.03 RA
300 0.01 UA
265 0.06 FA
255 0.07 FA
CAeMS010 9 245 0.05 FA 081 | 0.78
240 0.27 FA
235 0.09 FA
225 0.15 FA
220 0.27 FA
290 0.04 RA
300 0.21 FA
310 0.03 RA
315 0.09 FA
320 0.05 FA
325 0.02 RA
GPMS178 335 0.07 FA
14 338 0.06 FA 088 | 087
345 0.15 FA
350 0.04 RA
355 0.16 FA
365 0.07 FA
368 0.01 UA
380 0.01 UA
250 0.015 UA
240 0.015 UA
235 0.015 UA
232 0.091 FA
CAMS451 9 228 0.015 RA 065 | 0.62
225 0.152 UA
223 0.136 FA
220 0.015 UA
205 0.546 FA
225 0.16 FA
220 0.15 FA
140 0.04 RA
138 0.18 FA
CAMS493 7 135 017 A 0.84 | 0.82
120 0.17 FA
118 0.13 FA

FA: Frequent alleles, RA: Rare alleles, UA: Unique alleles
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Table 8. Effect of microsatellite marker alleles on fruit size

Mean length (cm)
Marker Allele / Band (bp) Allele present Allele absent P value
170° 4.15 8.27 0.0019
HpmsE045 165 424 8.40 0.0107
Mean diameter (cm)
265 0.67 2.00 <.0001
255 071 2.02 <.0001
245 113 1.90 0.0391
CAeMS010 240 2.06 134 0.0044
235 0.80 2.06 <.0001
220 1.98 149 0.0611
300 2.04 141 0.0109
GPMS178 315 127 2.00 0.0070
355 213 150 0.0098
240 4.90 175 0.0001
CAMS451 232 0.88 1.89 0.0222
228 4.90 175 0.0001
220 4.90 175 0.0001
20nly the alleles having significant effect (P<0.05) are shown.
b|_east square means are indicated.
Table 9. Association of microsatellite marker alleles with fruit shape
Marker Allele (bp) Chi-square value P value
225 32.49 <0.0001
220 32.49 <0.0001
140 35.04 <0.0001
CAMS493 138 29.52 <0.0001
135 3192 <0.0001
120 31.91 <0.0001
118 21.68 0.0006
265 41.85 <0.0001
255 49.00 <0.0001
240 2351 0.0003
CAeMS010 235 38.92 <0.0001
225 15.66 0.0079
220 24.84 0.0001
240 23.98 0.0002
232 11.35 0.0448
228 23.99 0.0002
CAMS451 225 16.26 0.0061
220 23.98 0.0002
205 31.62 <0.0001
310 1241 0.0295
338 16.76 0.0050
GPMS178 355 12.40 0.0297
365 14.27 0.0140
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ANNEXURE 2.

Leaf shape and sizes of the acces;lons having Triangular (T) fruits
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Figure 3 Variation of leaf shape and leaf size in chili pepper accessions and cultivars. The leaves were
arranged in to separate boxes based on the six fruit shape groups. The relevant fruit shapes are indicated
after the particular fruit shape group. In light blue color names of the Capsicum accessions / cultivars are
given beneath the respective leaf tip. Leaf length is shown in purple color, breadth is shown in orange
color and petiole length is shown in green color as depicted in the legend located in the bottom right

corner of the image.
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Figure 4 Variation of fruit shape and fruit size in chili pepper acc

essions and cultivars. The fruits were

arranged in to separate boxes based on the six fruit shape groups. The relevant fruit shapes are indicated
after the particular fruit shape group. In dark blue color, names of the Capsicum accessions are given
beneath the respective fruit. Fruit length is shown in purple color, diameter is shown in orange color,
weight is shown in green color, number of locules is shown in blue color, number of seeds is shown in
pink color and number of fruits per plant is shown in brown color as depicted in the legend located in the

bottom right corner of the image.
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Figure 5. Dendrograms, A: Morphological diversity clustergram constructed based on the principal
components computed using fruit length, diameter, weight and fruit shape group. Principal components were
computed to remove the co-linearity among parameters. B: Genetic diversity clustergram constructed based
on the shape associated allelic data of microsatellite markers. The fruit shape groups are indicated by capital
letters and the individual genotype is given by the Arab numeral. T (Triangular); SB (Spherical blunt-end); SS
(Spherical sharp-end); EL (Elongated long); ES (Elongated shape) and R (Rectangular) modified from Nicolai
et al., (2013). Cluster procedure of average linkage.
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Spherical bluntend  Spherical sharp-end r " " Elongated long

Figure 6. The silver stained polyacrylamide gel image for the microsatellite marker (CAMS451), nine
polymorphic alleles were detected and labeled as i=>ix (Roman numbers) the allele sizes are; i=250 bp, ii=
240 bp, iii=235 bp, iv= 232 bp, v= 228 bp, vi=225 bp, vii=223 bp, viii=220 bp, ix=205 bp. The PCR samples
were loaded as genotypes assembled into fruit shape groups and indicated with different colors for better
visualization. Commercial cultivars were included separately (twice) but the respective colors were used to
mark their fruit shape groups. Representative fruit images are showed to indicate the fruit shape groups. Note
that SS7 was showing a slightly different phenotype to Spherical sharp-end (SS) which is also showing a
different band to the rest of the SS individuals. 50 bp ladder is used for the determination of band sizes.
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