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ABSTRACT

Chilli (Capsicum annuum L.) is a widely cultivated and consumed
Solanaceous crop, valued both as a vegetable and a spice, primarily
because of its characteristic pungency. Capsicum species exhibits
remarkable morphological variability, particularly in fruit shape, color,
size and pungency levels. In the present study, 470 Capsicum annuum
germplasm selections were comprehensively characterized using 18
agro-morphological traits. Multivariate statistical techniques including
correlation analysis, Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA) were employed to assess genetic
diversity. PCA revealed that the first three principal components
accounted for substantial 81.4% of the total phenotypic variation. Fruit
girth, fruit diameter, days to 50% flowering and days to first fruiting were
identified as the major contributors to this variability. Correlation
analysis revealed significant associations between various traits, while
HCA grouped the 470 genotypes into four distinct clusters. The results
highlight the extensive genetic diversity present within the C. annuum
germplasm. The characterization data generated in this study provide
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valuable insights for the identification of superior lines and will be
instrumental for further chilli breeding programmes, new variety
development and overall crop improvement efforts.

KEYWORDS: chilli; germplasm selection; agro-morphological
characterization; diversity analysis; PCA; HCA

INTRODUCTION

Chilli peppers (Capsicum spp.) are a highly diverse group within the
family Solanaceae. These chillies exhibit wide morphological variation in
plant type, fruit shape, fruit colour, and pungency. As predominantly
cross-pollinated species, chillies possess a genome size of approximately
3.5 Gb [1]. Originating in south and Central America, chillies have since
spread globally and are cultivated across many countries. The name
Capsicum is derived from the Greek term ‘kapsimo’ meaning 'to bite' [2].
The genus Capsicum comprises 43 species. Among these, five are
domesticated: Capsicum annuum (L.), C. chinense (Jacq.), C. frutescens (L.),
C. baccatum (L.), and C. pubescens (Ruiz and Pav.). Capsicum annuum is
the most widely cultivated species worldwide [3]. Many varieties of chilli
are valued for their pungency making both fresh and dried fruits
important culinary spices. Green chillies are commonly used in chutneys
and curries, while red chillies widely used as a flavouring agent. Mildly
pungent and highly pigmented types, such as paprika, are widely used for
color extraction. Beyond their culinary uses, capsaicin and its analogues
have been associated with various medical benefits [4].

Chilli is a high-value horticultural crop with significant market
demand and economic value, largely due to its unique pungent
characteristics [5]. Consistently strong consumer demand further
underscores its importance as a major horticultural crop [6]. As a
high-value crop, chilli farming offers substantial benefits, mainly for
small-scale farmers, thereby improving their financial and social status
[7]. India is the world’s largest producer, consumer, and exporter of chilli
pepper. In 2020-21, green chilli was cultivated over 0.411 million hectares,
yielding 4.363 million metric tons, while dried chilli covered 0.702 million
hectares with a production of 2.049 million metric tons
(https://www.agricoop.gov.in).

Genetic variation within genetic resources is fundamental to
successful crop improvement programmes [8,9]. In spite of the rich
genetic diversity conserved in Capsicum spp., much of the germplasm
and its derived selections remain underutilized; hence, comprehensive
agro-morphological characterization 1is wurgently required. Such
characterization of chilli accessions provides valuable insights into a
wide range of plant growth, flowering, and fruit-related traits [10]. Due to
their often-cross-pollinated nature chilies exhibit wide genetic variation
in both quantitative and qualitative traits [11]. Descriptors related to
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floral morphology and fruit characteristics, and growth habits, are vital
for identifying variability within and between chilli species and for
linking these traits to key biochemical and genetic traits [12]. For instance,
fruit color is a critical trait determining chilli pepper fruit quality, as
pigment composition is closely associated with flavor, nutritional value,
and health benefits [13]. The mature fruit color of pepper is influenced by
the relative concentrations of pigments like anthocyanin, carotene, and
chlorophyll [14]. Moreover, genotypes exhibiting yellow coloration and
pendant fruiting habit have been reported to possess higher vitamin C
content [15]. Agro-morphological characterization serves as a vital link
between the conservation and utilization of chilli germplasm by enabling
the effective use of genetic diversity for crop improvement [16]. It also
aids in the identification of duplicate accessions within germplasm
collections, thereby enhancing genebank management efficiency [17].
Given the extensive data generated during germplasm characterization
and evaluation, multivariate statistical analysis is particularly useful for
informed decision-making in conservation and crop improvement
programmes [18]. Among these techniques, principal component analysis
(PCA) and hierarchical cluster analysis (HCA) are commonly employed.
While HCA classifies genotypes based on their overall similarity, PCA
reduces data dimensionality by summarizing variation across multiple
correlated variables [19]. In this context, the present study aims to
estimate the extent and structure of genetic diversity among chilli
germplasm selections using both qualitative and quantitative
agro-morphological traits, thereby providing a comprehensive
understanding of diversity patterns across the studied chilli genotypes.

MATERIALS AND METHODS
Experimental Materials

A total of 470 diverse genotypes were selected from 3000 chilli
(Capsicum annuum L.) germplasm accessions that exhibited admixtures
or distinct morphological characteristics. These genotypes were obtained
from the National Genebank of India, located at the Indian Council of
Agricultural Research-National Bureau of Plant Genetic Resources
(ICAR-NBPGR) in New Delhi. Three released varieties Pusa Jwala, Kashi
Anmol, and LCA 620 were used as check.

Experimental Site

The present study was conducted at the New Area Farm Experimental
Fields of ICAR-NBPGR, New Delhi, during the Kharif season of 2023. The
site falls within the Trans-Gangetic Plains agro-ecological region of
northern India and experiences a climate characterized by
monsoon-influenced humid subtropical to semi-arid conditions. The
kharif cropping season extends from July to October, coinciding with the
south-west monsoon. A standard package of agronomic practices was
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followed from sowing to harvesting. Pre-transplanting irrigation was
provided to facilitate proper seedling establishment. Soil moisture was
maintained throughout the crop growth period through an appropriate
irrigation schedule. Weeding was carried out 25-30 days after
transplanting.

Experimental Design

The 470 chilli germplasm selections were characterized using an
Augmented Block Design (ABD). Each block consisted of 47 genotype
entries, with check varieties randomized within each block. Raised beds,
15 cm in height, were prepared for each genotype, with 25-30 cm wide
channels provided for drainage and irrigation. Each bed measured 1 m in
width and 20 m in length, and ten plants per accession were maintained.
The beds were prepared, and the seedlings were successfully
transplanted on 10 February 2023.

Nursery and Transplanting Management

Chilli seeds were sown in nursery trays containing a 1:1 mixture of
topsoil and biochar, and maintained under greenhouse conditions. To
promote uniform and healthy seedling growth, the seeds were regularly
irrigated and managed following standard nursery practices.
Six-week-old uniform and healthy seedlings were then selected from
each genotype and transplanted into the main experimental field.

Observations

Data on 18 agro-morphological traits, consisting of ten qualitative and
eight quantitative traits, were recorded using descriptors developed by
the ICAR-NBPGR, the World Vegetable Centre, and the International Plant
Genetic Resources Institute (IPGRI). The traits were recorded at different
growth stages, including seedling, vegetative, inflorescence, and fruiting
stages, following the standard descriptor guidelines for pepper species.

The quantitative traits recorded included days to 50% flowering (DFF),
days to first fruiting (DTFF), pedicel length (PDL, cm), pedicel diameter
(PDD, cm), fruit length (FL, cm), fruit diameter (FD, cm), fruit girth (FG,
cm), and fruit weight (FW, g). The growth stages at which these traits
were measured are detailed in Supplementary Table S1. These traits were
measured using a digital vernier caliper, ruler, measuring tape, and
electronic weighing balance.

The qualitative traits recorded included flower position (FP), corolla
color (CC), anther color (AC), stigma exertion (SE), fruit shape (FS), fruit
shape at pedicel attachment (SPA), neck at the base of the fruit (NBF),
fruit shape at the blossom end (FSBE), fruit surface (FSRF), and fruit
position (FRP). The descriptors and descriptor states for these qualitative
traits are provided in Supplementary Table S2.
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Statistical Analysis

The agro-morphological data were subjected to comprehensive
statistical analysis. Analysis of variance (ANOVA) at p < 0.05, descriptive
statistics (mean, range, standard deviation, standard error, coefficient of
variation), and the computation of various genetic parameters, including
phenotypic and genotypic coefficients of variation (PCV and GCV),
heritability broad-sense (H?), and genetic advance as a percentage of the
mean (GAM), were performed using the “Trait-Stats” tool integrated in
RStudio R v4.4.1 [20].

Scatter plots and Pearson’s correlation coefficients (r) between the
quantitative traits were generated using the 'GGally' package [21] in R
v4.4.1 [22]. At a significance level of p < 0.05, r < 0 indicated negative
correlations, while r > 0 indicated positive correlations. Additionally,
scree plots, principal component analysis (PCA), and cluster analyses
were conducted using the “factoextra” and “FactoMineR” packages in R
Studio (R v4.4.1) [20].

RESULTS
Quantitative Traits Exploration

Analysis of variance (ANOVA) for all eight quantitative traits revealed
highly significant differences among the genotypes (p < 0.01), indicating
substantial genetic variability in the experimental material (Table 1).
Block effects were non-significant (p > 0.05) for all traits except fruit
length, for which the block effect was marginally significant (p < 0.05).
However, the magnitude of variation attributable to block for this trait
was considerably lower than the variation explained by genotypic effects.

Table 1. Augmented ANOVA for eight quantitative traits of chilli germplasm.

Mean Square

Source Df
DFF DTFF FL FD FG PDL PDD FW
33.04 34.19 3.52 0.09 0.89 0.35 0.00 453.96
Genotypes 472
kK kK kK sk kK kK ok kK
Genotypes: 103.23 63.03 14.67 0.29 3.72 343 0.00 38.98
Check 2 kK kK kK sk kK kK sk ns
31.11 31.36 3.48 0.08 0.86 0.33 0.00 449.06
Genotypes: Test 469
kK kK kK sk kK kK sk kK
Genotypes: Test 798.30 1303.42 2.15 1.30 8.30 1.59 0.01 3580.10
VS. Check kK kK kK sk kK kK sk kK
2.89 12.60 0.03 0.02 0.21 0.04 0.00 66.03
Block
ns ns ns * ns ns ns ns
Residuals 18 5.01 6.22 0.11 0.01 0.12 0.05 0.00 40.75

*p < 0.05, **p < 0.01, ns = non-significance. DF: Degrees of freedom, DFF: days to 50% flowering, DTFF: days to first
fruiting, PDL: pedicel length (cm), PDD: pedicel diameter (cm), FL: fruit length (cm), FD: fruit diameter (cm) (FD), FG:
fruit girth (cm) and FW: fruit weight (g).
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Flowering and Fruiting Traits

Descriptive statistics for the eight quantitative traits revealed
substantial variations among all germplasm selections evaluated in the
present study (Table 2). Mean values for all the traits are presented in
Supplementary Table S3. Chilli germplasm selections CH132 Sel-1, CH219
Sel-1, CH854 Sel-1, CH854 Sel-2, and CH854 Sel-3 flowered 19 days after
transplanting, and were identified as early flowering accessions. In
contrast, CH880 Sel-1, which flowered in 56 days after transplanting,
followed by CH751 Sel-1 and CH671 Sel-1, both requiring 49 days to reach
50% flowering, were categorized as late-flowering genotypes.

The mean number of days to 50% flowering across all accessions was
33.01 days, while the best-performing check, Pusa Jwala, recorded a
mean of 35.3 days. Notably, 328 accessions flowered earlier than the
check variety, indicating a high frequency of early-flowering genotypes
within the collection.

Days to first fruiting (DTFF) ranged from 26.10 to 70.77 days, with a
mean value of 40.38 days. CH219 Sel-1, CH344 Sel-1 and CH384 Sel-1, were
the earliest to reach first fruiting, within 26 days. In contrast, CH411-A
Sel-1 and CH880 Sel-1 were the latest, reaching first fruiting
approximately 71 days after transplanting. The mean DTFF for the
best-performing check, Pusa Jwala, was 44.4 days, and 392 genotypes
fruited earlier than the check varieties.

Table 2. Descriptive statistics of quantitative traits of chilli genotypes.

Traits Count Mean Range SE SD Ccv
DFF 473 33.05 18.00-56.33 0.27 5.79 6.72
DTFF 473 40.01 25.10-70.77 0.28 6.10 6.18
FL (cm) 473 6.41 1.95-13.74 0.09 1.87 5.17
FD (cm) 473 1.06 0.45-3.28 0.01 0.30 8.20
FG (cm) 473 3.59 1.28-11.12 0.04 0.95 9.80
PDL (cm) 473 2.53 1.25-5.09 0.03 0.56 8.83
PDD (cm) 473 0.25 0.11-0.64 0.00 0.07 6.46
FW (g) 473 31.74 0.62-278.71 0.98 21.23 20.50

DF: Degrees of freedom, DFF: days to 50% flowering, DTFF: days to first fruiting, PDL: pedicel length, PDD: pedicel

diameter, FL: fruit length, FD: fruit diameter, FG: fruit girth and FW: fruit weight, SE: standard error, SD: standard

deviation, CV: coefficient of variation.

Fruit Characteristics

Fruit length (FL) showed significant variability among the genotypes,

ranging from 1.95 to 13.70 cm, with a mean value of 6.41 cm. The shortest
fruits were observed in the CH479 Sel-3 (1.90 cm), CH490 Sel-1 (2.16 cm)
and CH484 Sel-2 (2.23 cm). Conversely, the longest fruits were recorded in
CH869 Sel-1 (13.70 cm), followed by CH191-A Sel-1 (13.57 cm), and CH399
Sel-2 (13.16 cm). Among the check varieties, LCA 620 exhibited the highest
fruit length (8.08 cm), whereas Kashi Anmol recorded the lowest value
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(5.88 cm). Notably, 84 germplasm selections exceeded the fruit length of
the highest-performing check, LCA 620.

The genotypes exhibited a wide range of fruit girth, varying from 1.29
to 10.97 cm, with a mean value of 3.57 cm. Among them, CH124 Sel-2 (1.57
cm) and CH106 Sel-2 (1.83 cm) and CH252 Sel-1 (2.07) showed the smallest
fruit girth, while CH430 Sel-1 (10.89 cm), CH869 Sel-1 (8.47 cm) and CH430
Sel-2 (7.70) recorded the largest fruit girth. The best performing check,
LCA 620 had a fruit girth of 3.45 cm. Notably, 231 accessions exceeded the
fruit girth of the check variety.

Fruit diameter also showed substantial variation among the genotypes,
ranging from 0.621 to 3.215 cm with a mean value of 1.062 cm. The
smallest fruit diameters were observed in CH495 Sel-3 (0.621 cm), CH803
Sel-1 (0.633 cm) and CH124 Sel-2 (0.649 cm), while the largest fruit
diameter were recorded in CH430 Sel-2 (3.215 cm), CH869 Sel-1 (2.905 cm),
and CH430 Sel-2 (2.320 cm). The best performing check, LCA 620, had a
fruit diameter of 0.966 cm, and 273 genotypes recorded higher fruit
diameter than the check.

Pedicel length showed substantial variation among the genotypes,
ranging from 1.17 to 5.20 cm, with a mean value of 2.53 cm. The best
performing check, LCA620, recorded a pedicel length of 3.44 cm. The
chilli genotypes CH639 Sel-1 (1.17 cm), CH582 Sel-1 (1.23 cm) and CH688
Sel-1 (1.30 cm) had the shortest pedicel lengths, while CH336 Sel-2 (5.20
cm), CH311 Sel-2 (4.83 cm), and CH655 Sel-1 (4.40 cm) exhibited the
longest pedicels. Overall, 26 genotypes displayed pedicel lengths
exceeding that of the check variety, LCA620.

A wide range of variability was observed among the genotypes for
pedicel diameter, ranging from 0.114 to 0.623 cm, with an average of
0.249 cm. The best-performing check, LCA620, had a pedicel diameter of
0.279 cm. Among the germplasm selections, CH793 Sel-1 (0.114 cm),
CH446 Sel-1 (0.124), CH495 Sel-3 (0.134 cm) and CH608 Sel-1 (0.134 cm)
exhibited the smallest pedicel diameters. In contrast, CH430 Sel-1 (0.623
cm), CH399 Sel-2 (0.539 cm), CH430 Sel-2 (0.477 cm) and CH398 Sel-1
(0.465 cm) displayed the largest pedicel diameters. Remarkably, 128
accessions recorded pedicel diameters greater than that of the check
variety, LCA620.

A broad range of variability was observed in the weight of ten fruits
across the genotypes, with values spanning from 2.50 to 270.0 g and a
mean value of 31.82 g. The highest fruit weight among the checks was
recorded by LCA620 at 22.43 g. The lowest fruit weights were observed in
CH691 Sel-1 (2.50 g), CH803 Sel-1 (4.167 g), CH120 Sel-2 (5.0 g), and CH688
Sel-1 (6.0 g).

Conversely, the highest fruit weights were recorded in CH869 Sel-1
(270.0 g), CH411-A Sel-1 (180.0 g), CH398 Sel-1 (151.7 g) and CH430 Sel-2
(120.0 g). Overall, 321 genotypes outperformed the check variety, LCA620,
in terms of fruit weight, indicating substantial potential for yield

Crop Breed Genet Genom. 2026;8(1):e260003. https://doi.org/10.20900/cbgg20260003



Crop Breeding, Genetics and Genomics 8 of 26

improvement. Estimation of genetic variability, heritability and genetic
advance.

Table 3 summarizes key genetic parameters, including the phenotypic
coefficient of variation (PCV), genotypic coefficient of variation (GCV),
broad-sense heritability (H2), and genetic advance as a percentage of the
mean (GAM) for all quantitative traits. Among these traits, days to 50%
flowering (DFF) and days to first fruiting (DTFF) displayed moderate
values for both PCV and GCV, with DTFF recording the lowest variability.
In contrast, fruit length (FL), fruit diameter (FD), fruit girth (FG), pedicel
length (PDL), pedicel diameter (PDD), and fruit weight (FW) exhibited
high PCV and GCV values, with fruit weight showing the highest
variability.

High heritability (H2) estimates were observed for all traits, with fruit
length showing the highest value (96.82%). Additionally, all eight
quantitative traits exhibited high GAM values, indicating substantial
potential for genetic improvement through selection.

Table 3. Genetic variability analysis for eight quantitative traits of chilli germplasm selections

Trait Mean PCV (%) State GCV (%) State H2(%) State GAM (%) State
DFF 33.05 16.88 Medium 15.46 Medium 83.89 High 29.21 High
DTFF 40.01 14.00 Medium 12.53 Medium 80.17 High 23.15 High
FL (cm) 6.41 29.07 High 28.61 High 96.82 High 58.07 High
FD (cm) 1.06 27.15 High 25.91 High 91.08 High 51.01 High
FG(cm) 359  25.81 High 23.91 High 85.82 High 45.69 High
PDL (cm) 2.53 22.82 High 21.02 High 84.86 High 39.94 High
PDD (cm) 0.25  27.40 High 26.63 High 9441 High 53.37 High
FW (gm) 31.74 66.76 High 63.66 High 90.92 High 125.22 High

PCV: Phenotypic coefficient of variation, GCV: genotypic coefficient of variation, H% heritability in a broad sense (%),

GAM: genetic advance percent of means, DFF: days to 50% flowering, DTFF: days to first fruiting, PDL: pedicel length,
PDD: pedicel diameter, FL: fruit length, FD: fruit diameter, FG: fruit girth and FW: fruit weight.

Principal Component Analysis (PCA) for Quantitative Traits

Principal component analysis (PCA) was performed on all eight
quantitative traits across 470 chilli germplasm selections. PCA reduces a
large set of correlated variables into a smaller number of uncorrelated
variables, referred to as principal components, while retaining most of
the variation present in original dataset [23]. After identifying key traits
contributing to variability among genotypes, component loadings were
calculated to reveal the underlying data structure (Table 4).

An Eigenvalue was associated with each principal component,
representing the proportion of total variance explained, and each
eigenvalue corresponded to an eigenvector describing the contribution of
individual traits to that component. A Scree plot illustrating the
eigenvalues of the principal components was used to visualize this
information (Figure 1A). In the present study, the first three principal
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components (PC1, PC2, and PC3), each with eigenvalues greater than 1,
collectively accounted for 81.4% of the total variation. Among these, PC1
explained 38.9% of the variability observed across all genotypes, PC2
accounted for 24.9%, and PC3 contributed 17.6%.

The principal component analysis (PCA) results the contribution of
individual morphological traits to different principal components (PCs),
which represent new composite axes summarizing overall phenotypic
variation (Table 4). PC1 was primarily associated with fruit size and yield
related traits, as indicated by high loadings for fruit diameter (FD), fruit
girth (FG), and fruit weight (FW), suggesting that this component captures
the major variation related to fruit size and yield potential.

PC2 was predominantly influenced by days to 50% flowering (DFF)
and days to first fruiting (DTFF), with high loadings of 0.916 and 0.935,
respectively. This component therefore captures the variability
associated with the timing of key developmental stages and can be
interpreted as a temporal axis, representing earliness or lateness in
flowering and fruiting among genotypes.

In contrast, PC3 was mainly influenced by fruit length (FL) and pedicel
length (PDL), indicating a component associated with fruit and pedicel
dimensional traits. PC4 and PC5 exhibited relatively weaker trait loadings,
suggesting that they account for minor variation or more complex trait
interactions. Overall, these trait loadings across PCs help identify the
principal factors underlying morphological diversity among the
evaluated chilli genotypes.

Table 4. Contributions of variables for each principal component of PCA.

Traits Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

DFF -0.1698 0.9164 -0.3026 0.0592 -0.0331

DTFF -0.1042 0.9348 -0.2803 0.0202 -0.0244

FL 0.3537 0.3801 0.7185 -0.3553 -0.1811

FD 0.8811 -0.0940 -0.3647 0.1590 -0.0792

FG 0.8824 -0.1024 -0.3125 0.2068 -0.0703

PDL 0.2716 0.2821 0.6875 0.5769 0.1978

PDD 0.7500 0.1591 -0.0569 -0.3350 0.5419

FW 0.8678 0.1103 0.1363 -0.1039 -0.3141

Eigenvalue 3.109 1.9945 14114 0.654 0.4771

Variance (%) 38.862 24.931 17.643 8.175 5.964
Cumulative

38.862 63.794 81.437 89.612 95.575

Variance (%)

DFF: days to 50% flowering, DTFF: days to first fruiting, FL: fruit length, FD: fruit diameter, FG: fruit girth, PDL: pedicel
length, PDD: pedicel diameter, FW: fruit weight, Dim.1-5: dimensions values.
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The PCA biplot depicting the relationship between PC1 and PC2, which
together accounted for 63.5% of the total variance, highlighted the
contribution of distinct genotypes and morphological traits in
understanding variation between chilli accessions. As discussed earlier,
the direction and magnitude of trait vectors in the biplot reflected both
positive and negative association between the traits.

A)
Scree plot
40- 38.9%

(%]
(=]
'

Percentage of explained variances
- nN
(=] (=]
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Dimensions i
(B)
PCA biplot of chilli quantitative traits
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=] - .
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™
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—2.5 0.0 25 5.0 75 10.0 125
PC1 (38.9 %)
Figure 1. (A) Scree plot visualising principal component variances in terms of components. (B) PCA biplot
showing the distribution of quantitative traits in 470 genotypes based on their component loading values
for DFF, DTFF, PDL, FL, PDD, FW, FG, and FD.
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Days to 50% flowering (DFF) showed a highly positive correlation with
days to first fruiting (DTFF), while both traits are negatively correlated
with fruit girth (FG) and fruit weight (FW). In contrast, fruit diameter (FD)
and fruit length (FL) exhibited strong positive correlation and both traits
were positively correlated with pedicel length (PDL), pedicel diameter
(PDD), fruit weight (FW), and fruit girth (FG).

Figure 1B presents a PCA biplot that integrating chilli accessions and
agro-morphological traits. The angles between trait vectors in the biplot
reveal the nature of their relationships: smaller angle indicate a positive
association, angles close to 90° indicate week or no correlation, and
angles approaching 180° denote negative correlations. This visualization
categorizes accessions based on their association with specific traits and
highlights the relative importance of individual characteristics.

The spatial distribution of accessions reflects their clustering or
dispersion the analyzed variables, with closely positioned accessions
indicating greater similarity. Several trait relationships are clearly
evident from the biplot. A strong positive correlation, as indicated by
their narrow inter-vector angle. Similarly, fruit diameter (FD) and fruit
girth (FG) were positively associated, while fruit length (FL) and pedicel
length (PDL) also formed a small angle, suggesting a strong positive
correlation. Overall, the PCA biplot provides valuable insights into trait
interrelationships and their impact on the clustering patterns and
diversity of chilli accessions.

Correlation Analysis of Quantitative Traits

The correlation matrix of eight quantitative traits, computed using the
Pearson correlation coefficient, is presented in Figure 2. Days to 50%
flowering (DFF) exhibited a very strong positive significant correlation
with days to first fruiting (DTFF) (r = 0.93), while showing very weak but
significant negative correlation with fruit diameter (FD; r = -0.11), fruit
girth (FG; r = -0.13) and fruit weight (FW; r = -0.10). Days to first fruiting
showed a very weak positive significant correlation with fruit length (FL;
r = 0.10) and a very weak negative significant correlation with fruit girth
(r =-0.10).

Fruit length (FL) displayed a moderate positive and significant
correlation with both pedicel length (PDL; r = 0.45) and fruit weight (FW;
r = 0.46), as well as a weak positive correlation with pedicel diameter
(PDD; r = 0.29) and days to first fruiting. Fruit diameter (FD) and fruit
girth (FG) showed a very strong positive significant correlation (r = 0.92).
Both traits also exhibited moderate positive correlation with pedicel
diameter, strong positive correlations with fruit weight and very weak
negative correlations with fruit weight, and very weak negative
correlations with days to 50% flowering.
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Pedicel length (PDL) exhibited a very weak positive correlation with
fruit girth and pedicel diameter, and a weak but significant positive
correlation with fruit weight (r = 0.25). Pedicel diameter (PDD) had a
moderate positive and significant correlation with fruit weight (r = 0.54).
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Figure 2. Correlation matrix of quantitative traits where; DFF: days to 50% flowering, DTFF: days to
first fruiting, PDL: pedicel length (cm), PDD: pedicel diameter (cm) (PDD), FL: fruit length (cm),
FD: fruit diameter (cm) (FD), FG: fruit girth (cm) and FW: fruit weight (g). * = non-significant (p > 0.05);
** = Significant (p < 0.05).
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Hierarchical Cluster Analysis (HCA) for Quantitative Traits in Chilli
Genotypes

Cluster analysis based on eight quantitative traits categorized all 470
chilli genotypes into two major clusters at a linkage distance of 25. Ata
lower distance of 15, the genotypes were further classified into four
distinct clusters (Cluster I-IV) (Figure 3). The cluster-wise mean values for
all quantitative traits are presented in Table 5.

Cluster I, the smallest cluster, comprising 65 genotypes and was
distinguished by the highest mean value for fruit length (9.13 cm), fruit
diameter (1.329 cm), fruit girth (4.46 cm), pedicel length (3.00 cm), pedicel
diameter (0.315 cm), and fruit weight (64.9 g). The days to 50% flowering
and days to first fruiting in this cluster exhibited moderate values.

Cluster II, consisting of 76 genotypes, was characterized by late
flowering (41.16 days), and late fruiting (47.6 days), along with the lowest
mean values for fruit diameter (1.001 cm), fruit girth (3.31 cm), and fruit
weight (24.0 g). The remaining traits, including fruit length, pedicel length,
and pedicel diameter, showed moderate values.

Cluster III comprised 71 genotypes and was characterized by early
flowering (24.39 days) and early fruiting (32.3 days), along with the
shortest mean fruit length (5.86 cm) and the smallest pedicel diameter
(0.232 cm) among all clusters. Other traits, such as fruit diameter, fruit
girth, pedicel length and fruit weight, displayed moderate values.

Cluster 1V, the largest cluster, included 258 genotypes. The cluster
exhibited the lowest mean pedicel diameter (2.43 cm), while the
remaining seven traits showed moderate mean values.

Table 5. The number of genotypes and mean values of four clusters for eight different quantitative traits
for 470 genotypes of chilli.

Cluster N DFF DTFF FL(cm) FD(cm) FG(cm) PDL(cm) PDD(cm) FW(g)
Cluster 1 65 32.78 404 9.13 1.329 4.46 3 0.315 64.9
Cluster 2 76 41.16 47.6 5.92 1.001 3.31 2.49 0.235 24
Cluster 3 71 24.39 32.3 5.86 1.019 3.48 2.49 0.232 25.8
Cluster 4 258 33.04 39.7 6.03 1.024 35 2.43 0.241 27.4

N: number of chilli genotypes, DFF: days to 50% flowering, DTFF: days to first fruiting, FL: fruit length, FD: fruit

diameter, FG: fruit girth, PDL: pedicel length, PDD: pedicel diameter, and FW: fruit weight.
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Figure 3. Hierarchical clustering of 470 chilli (Capsicum annuum L.) genotypes (truncated to top 40 clades,

Ward.D2, Euclidean distance), chilli based on eight quantitative traits.

Qualitative Traits Exploration

Qualitative traits were recorded at appropriate growth stages to
ensure the full expression of each trait. The descriptors, descriptor states,
and frequency distributions of these traits are presented in Table 6.
Accordingly, qualitative traits were assessed at the flowering and fruiting
stages, as described below.

Flowering Stage:

The qualitative traits studied at the flowering stage included flower
position (FP), corolla colour (CC), anther colour (AC), and stigma exertion
(SE). The majority of genotypes (85.1%) exhibited pendent flowers, while
4.9% had intermediate and 10.0% showed erect flower positions (Figure
4). Corolla colour was predominantly white (99.8%), with only 0.2% of
genotypes displaying white corollas with a purple base.

Anther colour exhibited considerable variation, with 56.8% of flowers
showing blue anthers, 40.4% pale blue, 1.5% yellow and 1.3 % purple.
With respect to stigma exertion, 82.3% of genotypes exhibited exserted
stigmas, while 10.2% had stigmas at the same level, and 7.4% displayed
inserted stigmas.
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Table 6. Descriptors, States and frequency distribution of qualitative traits in chilli.

N Qualitative traits State Frequencies Percent (%)
1  Flower Position Pendant 400 85.1
Intermediate 23 4.90
Erect 47 10.0
2 Corolla Colour White 469 99.8
Light yellow 0 0.00
Yellow 0 0.00
Yellow-green 0 0.00
Purple with white base 0 0.00
White with purple base 1 0.20
White with purple margin 0 0.00
Purple 0 0.00
Other 0 0.00
3 Anther Colour White 0 0.00
Yellow 7 1.50
Pale blue 190 40.4
Blue 267 56.8
Purple 6 1.30
Other 0 0.00
4  Stigma exertion Inserted 35 7.40
Same level 48 10.2
Exserted 387 82.3
5  Fruit Shape Elongate 412 87.7
Almost round 0 0.00
Triangular 50 10.6
Campanulate 8 1.70
Blocky 0 0.00
Other 0 0.00
6  Fruit shape at pedicel attachment Acute 98 20.9
Obtuse 344 73.2
Truncate 27 5.70
Cordate 1 0.20
Lobate 0 0.00
7  Neck at base of fruit Absent 299 63.6
Present 171 36.4
8  Fruit shape at blossom end Pointed 296 63.0
Blunt 166 35.3
Sunken 8 1.70
Sunken and pointed 0 0.00
9  Fruit Surface Smooth 4 0.90
Semi wrinkled 285 60.6
Wrinkled 181 38.5
10 Fruit position Pendant 400 85.1
Intermediate 23 4.90
Erect 47 10.0
Fruiting Stage:

At the fruit formation and maturation stages, qualitative traits such as
fruit shape (FS), fruit shape at pedicel attachment (SPA), neck at the base
of the fruit (NBF), fruit shape at the blossom end (FSBE), fruit surface
(FSRF) and fruit position (FRP) were recorded for all genotypes.
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Elongated fruit shape predominated (87.7%), followed by triangular
(10.6%) and campanulate (1.70%) forms.

Considerable variation was observed in fruit shape at pedicel
attachment, with 344 (73.2%) exhibiting obtuse attachment, 98 (20.9%)
acute, 27 (5.70%) truncate and one genotype (0.20%) cordate. For the neck
at the base of the fruit, 63.6% of accessions lacked a neck, while 36.4%
exhibited a neck.

Regarding fruit shape at the blossom end, 62.3% of the genotypes were
pointed, 35.3% blunt, 1.7% sunken, and 0.4% sunken with a pointed tip.
Fruit surface texture analysis revealed that 60.6% genotypes were
semi-wrinkled, 38.5% wrinkled, and only 0.9% smooth. Fruit position was
predominantly pendent, while 10.0% of genotypes exhibited erect fruit
position and 4.9% intermediate orientations (Supplementary Figure S1).

Promising chilli germplasm for key agro-morphological traits

Specific genotypes exhibiting superior performance were identified
for fruit length, fruit weight, earliness, fruit girth, fruit diameter, pedicel
length, and pedicel diameter (Table 7). Genotypes such as CH869 Sel-1,
CH191-A Sel-1, and CH399 Sel-2 were identified as long-fruited types
suitable for paprika production, while CH869 Sel-1, CH411-A Sel-1, and
CH398 Sel-1 showed high fruit weight, indicating high yield potential.
Early flowering genotypes, including CH132 Sel-1, CH219 Sel-1, and
CH854 Sel-1, are suitable for short-duration cropping systems. Genotypes
CHA430 Sel-1 and CH430 Sel-2 performed well for fruit girth, diameter, and
pedicel traits, making them suitable for processing and ease of harvest.
Notably, CH869 Sel-1 emerged as an outlier in PCA analysis, indicating
high overall diversity and potential utility as a parent in breeding and
crossing programmes.

Table 7. Promising Chilli Germplasm Selections Identified for Key Agro-Morphological Traits.

Trait Top Genotypes Remarks
Fruit length CH869 Sel-1, CH191-A Sel-1, CH399 Sel-2 Long-fruited, suitable for paprika
Fruit weight CH869 Sel-1, CH411-A Sel-1, CH398 Sel-1 High yield potential

Early flowering  CH132 Sel-1, CH219 Sel-1, CH854 Sel-1 Good for short-duration cropping

Fruit girth CH430 Sel-1, CH869 Sel-1, CH430 Sel-2 Thick fruits, better for processing

Fruit diameter
Pedicel length
Pedicel diameter
Overall diversity

CH430 Sel-2, CH869 Sel-1, CH430 Sel-1 Suitable for bulkier fruit types
CH336 Sel-2, CH311 Sel-2, CH655 Sel-1 Longer pedicels aid in easy harvest
CHA430 Sel-1, CH399 Sel-2, CH430 Sel-2 Stronger fruit support

CHB869 Sel-1 (outlier in PCA) Ideal for use in crossing programs

DISCUSSION

Agro-morphological characterization is an essential component of
chilli improvement programmes [24], as it enables the identification of
genotypes with higher yield potential, stress tolerance, and quality traits,
thereby supporting effective parent selection and the use of untapped
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germplasm resources [24,25]. In line with this objective, our study
assessed phenotypic diversity among chilli germplasm selections to
strengthen future breeding and conservation strategies.

Substantial variations were observed in days to 50% flowering (19 to
56 days) and days to first fruiting (26.10 to 70.77 days), indicating the
presence of considerable genetic variations among the evaluated
genotypes. The results of the present study are consistent with previous
reports, such as Ridzuan et al. [27], who noted a range of 20.38 to 34.5
days for 50% flowering in 14 genotypes of chilli, while Chattopadhyay et
al. [28] reported higher values ranging from 30.33 to 109.00 days. Such
wide variation reflects the diverse genetic backgrounds of the evaluated
genotypes and their differential responses to the growing environment.
These traits directly influence earliness, an attribute important for
short-duration and intensive cropping systems. The presence of early-,
mid-, and late-flowering types in the present collection provides
considerable scope for breeding cultivars suited to specific production
niches.

Fruit related traits also displayed considerable diversity in the
evaluated material. Wide ranges were observed for fruit length (1.90 to
13.70 cm), fruit diameter (0.621 to 3.215 cm), fruit girth (1.29 to 10.97 cm),
pedicel length (1.17 to 5.20 cm) and pedicel diameter (0.114 to 0.623 cm).
These finding are consistent with earlier reports [28-31]. Chattopadhyay
et al. [28], reported green fruit lengths ranging from 2.93 to 14.97 cm.
which closely align with the present observations. Similar findings were
also reported by other studies [29]. Anani et al. [30] observed fruit widths
between 0.433 to 1.711 cm. While, Yatung et al. [31] reported fruit
diameters varying from 0.46 to 2.05 cm. Anani et al. [30] further
documented pedicel lengths of 2.25 to 3.23 cm and pedicel diameter
ranging from 0.19 to 0.31 cm in chilli genotypes.

The wide variability observed in fruit and pedicel traits underscores
the substantial genetic diversity present among the studied genotypes,
offering valuable opportunities for selecting desirable types in breeding
programmes. Medium-sized fruits are generally preferred over very long
fruits, because they tend to remain intact during storage, while longer
fruits are more prone to breaking at the distal ends [32]. Fruit size and
shape therefore play a critical role in determining market preference and
processing suitability.

Promising germplasm selections exhibiting the longest fruits included
CH869 Sel-1 (13.70 cm), followed by CH191-A Sel-1 (13.57 cm), CH399 Sel-2
(13.17 cm), CH380 Sel-2 (11.83 cm) and CH397 Sel-1 (11.80 cm). Genotype
with longer fruits were predominantly associated with paprika-type
chillies. Several germplasm selections, including CH318 Sel-2, CH494 Sel-1,
CH681 Sel-2 (6.40 cm), CH103 Sel-1 and CH332 Sel-2 (6.43 cm), exhibited
fruit lengths close to the average. In contrast, the shortest fruits were
observed in genotypes CH479 Sel-3 (1.90 cm), CH490 Sel-1 (2.17 cm),
CH484 Sel-2 (2.23 cm), CH500 Sel-1 (2.30 cm) and CH201 Sel-1 (2.77 cm).
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Depending on specific breeding objectives, these genotypes may be
utilized for the development of new chilli varieties.

All qualitative traits showed wide variability among the chilli
genotypes, which is consistent with earlier reports [29,33,34]. Flower
position showed considerable variation, with the majority of genotypes
exhibiting a pendent orientation, while only a few displayed erect or
intermediate flower positions. In addition, 99.8% of the genotypes had
white corollas, with only one genotype showing a white corolla with a
purple base. Similar observations were reported by Lahbib et al. [35],
who found that all evaluated genotypes had white flowers.

Flower position is particularly important for chili breeders, as it plays
a role during the hybridization process and in assessing the potential for
cross-contamination [36]. Furthermore, corolla colour (flower colour) has
been reported to influence pollination behavior [26]. Stigma position was
predominantly exserted among the genotypes, and Rahevar et al. [37]
also reported comparable variation in stigma exertion in chilli
germplasm.

The majority of fruits exhibited an elongated shape (87.7%), with 10.6%
were triangular and 1.7% were campanulate. Gurung et al. [33] similarly
reported predominance of elongated fruits, along with triangular, almost
round and blocky types and comparable level of diversity were also
noted [38]. Fruit shape is an important distinguishing characteristic in
chillij, as it aids in the classification and differentiation of pepper varieties
[39].

Considerable variation was also observed in fruit shape at the pedicel
attachment, which was predominantly obtuse, and in fruit shape at the
blossom end, ranging from pointed (62.3%) to blunt (35.3%), sunken
(1.70%) and rare sunken with a pointed tip (0.4%). Additionally, the
absence of the neck at the base of the fruit was observed in 433 genotypes.
Similar patterns of variation have been reported in earlier studies
[34,35,37]. Semi-wrinkled fruit surfaces were most common (60.6%).

Most genotypes showed a pendent fruit position (85%), followed by
erect (10%) and intermediate (4.9%) orientations. Flower and fruit
positions are generally consistent, allowing one trait to be inferred from
the other, a trend also reported previously [33,37]. As farmer preferences
for fruit orientation differ across regions [40], this diversity is
particularly valuable for breeding region-specific cultivars.

Assessment of genetic variability and heritability is essential for
determining the potential effectiveness of selection for important traits
[41]. In our study, fruit weight exhibited the highest phenotypic and
genotypic coefficient of variation (PCV and GCV), followed by fruit length,
pedicel diameter, fruit diameter, fruit girth and pedicel length. In
contrast, days to 50% flowering showed moderate variability compared
with days to first fruiting. Similar trends have been reported by earlier
studies [27,28], which also observed high PCV and GCV values for traits
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such as fruit weight, fruit length, fruit girth and number of fruits per
plant in chilli.

Broad-sense heritability (H?) was high for all evaluated traits, with
fruit length and pedicel diameter recording the highest values, thereby
confirming previous findings [28]. The combined presence of high
variability and high genetic advance indicates strong additive gene action,
suggesting that selection for traits such as fruit weight, fruit length, and
pedicel diameter would be effective for the development of improved
chilli cultivars [28].

In the present study, the first three principal components (PC1-PC3)
accounted for 81.4% of the total phenotypic variation, which is
comparable to the 75% variation reported by Lahbib et al. [35] in chilli.
PC1, explaining 38.9% variation, was primarily influenced by fruit girth
(0.882) and fruit diameter (0.881). PC2, which explained 24.9% of the
variation, was largely associated with days to first fruiting (0.935) and
days to 50% flowering (0.916), while, PC3, accounting for 17.6% of the
variation, was mainly influenced by fruit length (0.718) and pedicel
length (0.688).

These results align with Anani et al. [30], who reported plant height,
fruit width, and fruit number as major contributors to phenotypic
variation. The PCA biplot revealed a wide dispersion of genotypes,
indicating significant morphological diversity, which can be effectively
exploited for the selection of desirable traits in chilli breeding
programmes [35,42].

Correlation analysis of quantitative traits in chilli unveiled a strong
and significant positive correlation between days to 50% flowering and
days to first fruiting, as previously reported [27,30]. This positive
association suggests that early flowering is closely linked to early
maturity, thereby facilitating the development of short-duration varieties
and enabling farmers to harvest earlier and achieve higher market value
[43].

On the other hand, days to 50% flowering showed a weak but
significant negative correlation with fruit diameter, fruit girth and fruit
weight, indicating that delayed flowering may adversely affect fruit size
and yield. Consequently, selection of early-flowering genotypes is likely
to enhance fruit weight and overall productivity. Ahmed et al. [44]
similarly reported a significant negative correlation between days to 50%
flowering and fruit weight.

Additionally, a significant positive correlation between fruit length
and fruit weight was observed, indicating that longer fruits tend to be
heavier, consistent with the findings of Ahmed et al. [44]. Fruit length and
pedicel diameter were significantly positively correlated, indicating that
larger fruits tend to have thicker pedicels to support their weight. This
relationship is consistent with findings by Anani et al. [30] and
Setiamihardja and Knavel [45]. In addition, fruit diameter was positively
corelated with pedicel diameter and fruit weight, confirming that larger
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fruits tend to possess stronger pedicels and higher weight, as also
observed by Yatung et al. [31].

Hierarchical cluster analysis (HCA), effectively categorized the 470
chilli germplasm selections into four major clusters at a distance
threshold of 15. This clustering pattern highlights the presence of
substantial genetic variability between the evaluated genotypes and, can
be instrumental in selecting desirable chili phenotypes for breeding
programmes. Each cluster exhibited a distinct group means and varied in
number of constituent genotypes.

Comparable clustering patterns have been reported previously, as
Lahbib et al. [35] grouped 11 chilli accessions into four clusters using HCA
at a distance of 0.87. Similarly, Ridzuan et al. [27] classified 14 chilli
germplasm accessions into eight distinct clusters based on quantitative
traits, thereby facilitating effective the differentiation of genotypes
within the population.

Future Scope

Future research should capitalize on the diverse chilli germplasm
identified in this study to develop short-duration, high-yielding, and
market-preferred cultivars. Integrating marker-assisted selection and
trait-specific breeding approaches can efficiently incorporate key
attributes, such as early flowering, optimal fruit size, and weight.
Furthermore, multi-location trials are recommended to assess genotype
stability and environment adaptability. Additional biochemical and
molecular characterization of promising lines can facilitate the
identification of trait-linked markers, thereby enabling precision
breeding. Together, these strategies will accelerate the development of
improved cultivars, align with farmer preferences, and boost chilli
productivity and market value.

CONCLUSIONS

The evaluation of 470 Capsicum annuum L. genotypes revealed a
well-structured and previously under-documented spectrum of
agro-morphological diversity within the Indian National Genebank. In
addition to assessing variability, our findings identified key traits and
superior genotypes that can directly strengthen breeding pipelines
targeting vyield, earliness, and fruit-related attributes. Multivariate
analyses, including principal component analysis (PCA) and hierarchical
cluster analysis (HCA), provided insights into the extent of diversity and
relationships among genotypes, thereby enabling more informed parent
selection and trait-focused pre-breeding efforts. Furthermore, the
findings offer actionable insights for genebank management, particularly
in germplasm curation, duplicate identification, and gap-filling,
ultimately strengthening strategies for the conservation and effective
utilization of chilli genetic resources.
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Stages at which quantitative traits were measured; Table S2. Details of
descriptors and descriptor states and stage of recording observation for
qualitative traits recorded in the study; Table S3. Mean values of eight
quantitative traits of chilli germplasm selections; Figure S1. Variability in
morphological traits among Capsicum annuum germplasm selections.
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