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Abstract The root-knot nematode infestation is
a significant challenge in chilli cultivation, neces-
sitating the development of resistant cultivars. This
study aimed to screen 200 chilli germplasm lines
and identify resistant sources for root-knot nematode
using multivariate analysis at ICAR-Indian Institute
of Horticultural Research, Bangalore. The param-
eters such as shoot length, root length, shoot weight,
root weight, shoot girth were assessed, and nematode
infestation was quantified by counting galls and egg
masses. The germplasm lines were categorized based
on gall index and egg mass index into highly resist-
ant, resistant, moderately resistant, moderately sus-
ceptible, susceptible, and highly susceptible groups.
The analysis of variance revealed substantial variation
among the germplasm lines. The Pearson correlation
analysis revealed significant positive associations
between nematode infestation and growth param-
eters. The cluster analysis identified three distinct
groups of genotypes based on root knot nematode
tolerance. The factor analysis 1 is associated with
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nematode infestation, and factor analysis 2 is related
to growth parameters. The multi-trait ideotype geno-
type distance index analysis integrated multiple traits
to identify top-performing genotypes. The germplasm
lines EC771549-A, THR3226 and ITHR3575 showed
high resistance, while Pusa Sadabahar was suscepti-
ble. The PCR-specific markers were used for valida-
tion of Me genes for root-knot nematode resistance.
The simple sequence repeat (SSR) marker GPMS
171 and sequence characterized amplified region
(SCAR) marker SCAR_CD showed clear polymor-
phism, correlating with phenotypic resistance. The
germplasm line EC771549-A, is consistently resist-
ant at phenotypic, molecular and selected based on
multi-trait ideotype genotype distance index values,
while Pusa Sadabahar was confirmed as susceptible.
This study highlights the effectiveness of integrating
molecular marker analysis with phenotypic evalua-
tion and multivariate analysis to identify root-knot
nematode resistant sources. The findings provide
valuable insights into the genetic architecture of root-
knot nematode resistance in chilli and candidate lines
for breeding programme aimed at developing resist-
ant cultivars, thereby contributing to sustainable chilli
production and nematode management.

Keywords Chilli - Meloidogyne incognita - Cluster

analysis - Principal component analysis - MGIDI
analysis - Factor analysis
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Introduction

Chilli (Capsicum annuum L.), also known as hot pep-
per, is a crucial commercial vegetable and spice crop
in India and a member of the Solanaceae family. It
plays a significant role in culinary purposes. Capsi-
cum genus is noted for its pungency and flavor, origi-
nated in the American tropics and was introduced to
Southern India by the Portuguese, eventually spread-
ing across the country by the late nineteenth century.

Root-knot nematodes (RKN) of the genus Meloi-
dogyne are prevalent soil pests in warm climates or
regions with mild winters (Williamson and Kumar
2006). This genus encompasses over 60 species that
can infest around 2,000 species (Sanchez-Puerta
and Masuelli 2011), among them four (M. javanica,
M. arenaria, M. incognita, M. hapla) are significant
global pests (Sanchez-Puerta and Masuelli 2011;
Eisenbach and Triantaphyllou 1991; Thies and Fery
2002), with M. incognita race 2 being the most com-
mon in India (Cetintas and Yarba 2010). Controlling
RKN is challenging due to their soil-borne nature and
wide host range (Mitkowski and Abawi 2003). The
chemical treatments, such as fumigants and nervous
system toxins, are often used but pose risks to human
health and the environment, making them less favour-
able (Fuller et al. 2008). Alternative methods, includ-
ing soil solarization and crop rotation, have shown
limited effectiveness against nematodes. Therefore,
developing resistant chilli cultivars is regarded as the
most effective control strategy.

In peppers several dominant genes that confer
resistance to nematodes have been identified, dem-
onstrating gene-for-gene interactions. Six heat-stable
RKN resistance genes, termed as Me genes, have
been discovered in various pepper cultivars which are
located on chromosome nine. Notably, Mel, Me3, and
Me7 provide resistance against multiple nematode
species, each showing different levels of effectiveness
depending on the species. Molecular markers have
been developed to facilitate marker-assisted selection
for these genes. Additionally, a unique RKN resist-
ance gene from the "Mississippi Nemaheart" cultivar
has been utilized to develop resistant lines such as
Carolina Wonder and Charleston Bell. Allelism tests
have confirmed that the N gene and Me3 are distinct,
with the N gene located 7 cM from Mel and 2 cM
from Me3 on chromosome P9. Resistance is governed
by nine genes such as N, Mel, Me2, Me3, Me4, Me5,
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Me7, Mechl, and Mech2 of which five genes such
as Mechl, Mech2, Mel, Me3, and Me7 are mapped
(Wang et al. 2009; Djian-Caporalino et al. 2007).

The multivariate analysis will help in the selec-
tion of ideal genotypes, techniques such as PCA and
cluster analysis are commonly employed to visualize
and reduce the dimensionality of multivariate data-
sets (Slonecki et al. 2023). PCA is particularly use-
ful for identifying key traits essential for phenotypic
characterization and provides a detailed understand-
ing of the relationships between traits (Palumbo et al.
2019). However, the use of multiple principal com-
ponents (PCs) can complicate the process of ranking
genotypes based on trait values. Conversely, cluster
analysis groups genotypes with similar traits to evalu-
ate genetic diversity.

Usually, traditional ranking approaches are used to
rank genotypes based on performance for single trait,
which is often misleading, recently a new index such
as multi-trait genotype ideotype distance index known
as MGIDI which ranks genotypes based on multiple
trait performance (Olivoto and Nardino 2021).

Identifying and validating molecular markers
linked to resistance genes, such as the Me genes in
chilli, significantly enhance the breeding process.
These markers facilitate the accurate selection of
resistant genotypes at the seedling stage, thereby
considerably shortening the time needed to develop
resistant cultivars. The Me genes confer resistance to
various Meloidogyne species, making them crucial
for marker-assisted selection (MAS) in chilli breeding
programs.

This study aims to employ multivariate analy-
sis to screen chilli genotypes for resistance to RKN
and validate molecular markers associated with Me
genes. By integrating phenotypic data with molecular
marker information, the objective is to identify robust
sources of resistance and improve the efficiency of
breeding programme focused on developing RKN-
resistant chilli cultivars.

Materials and methods
Plant materials
This study involved screening 200 chilli germplasm

accessions for resistance to the root-knot nematode,
M. incognita race 2. The accessions, maintained at
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the ICAR-Indian Institute of Horticultural Research
(ITHR) in Bengaluru, were evaluated for RKN resist-
ance under greenhouse conditions.

Experimental location and design

The greenhouse experiments were carried out at
ICAR-IIHR, Bangalore, during February and April
2015. One-month-old seedlings of 200 C. annuum
accessions were individually planted in 500 ml black
nursery polybags containing a sterilized soil mixture
composed of red soil, sand, and peat in a 1:1:1 ratio.
Each germplasm was tested with five replications
using a completely randomized design.

Collection and inoculation of nematodes

The eggs of M. incognita race 2 were extracted from
infected C. annuum cv. Indra, plants maintained at the
Nematology lab, ICAR-IIHR, Bangalore. The extrac-
tion process involved agitating the roots in a 0.05%
NaOCl solution for 2 to 3 min (Hussey and Barker
1973). The collected eggs were rinsed with tap water
using nested sieves with 150 and 25 pm pores. The
second-stage juveniles (J2) emerging from the eggs
were collected daily, and only those not older than
five days were used for inoculation. The nematodes
were introduced into three holes around the stem
base, each approximately 2 cm deep.

Screening for root-knot nematode resistance

The chilli germplasms were evaluated for resistance
against RKN using a greenhouse screening method
described by Holbrook et al. (1983). One-month-old
seedlings were transplanted into polybags and inoc-
ulated with 1,500 J2 of M. incognita two days post-
planting. The plants were grown under greenhouse
conditions at 27+2 °C and regularly watered. After
six weeks, the plants were carefully uprooted, and the
roots were washed to remove soil particles. The plant
growth parameters were measured, including shoot
length (SL), root length (RL), shoot weight (SW),
root weight (RW), shoot girth (SG), average number
of galls (ANG), and average number of egg masses
(ANEM). The gall index (GI), was assessed using a
0-5 scale based on Taylor and Sasser 1978 (Table 1).
Similarly, the number of egg masses per root system
was determined after staining the roots with 0.05%

Table 1 Taylor and Sasser (1978) rating scale

Gallindex = Noof gallsor  Reaction

egg masses
0 0 Highly resistant HR
1 1-2 Resistant R
2 3-10 Moderately resistant MR
3 11-30 Moderately susceptible ~ MS
4 31-100 Susceptible S
5 >100 Highly susceptible HS

phloxine B solution, observed under a stereo zoom
microscope (Motic SMZ 168 series). The egg mass
index (EMI) was also scored on a 0-5 scale similar to
the gall index.

To determine the nematode population density in
the soil, methods described by Cobb (1918) and the
modified Baermann funnel technique (Ravichandra
2010) were employed. These methods allowed for
estimating the nematode population per 100 g of soil.

Identification of resistant germplasm sources using
multivariate analysis

To ascertain the noteworthy impacts of different
genetic types, an ANOVA was performed. Further-
more, various statistical methodologies were utilized
to pinpoint chilli germplasm sources resistant to root-
knot nematodes. These approaches encompassed cor-
relation analysis, cluster analysis, and several multi-
variate techniques such as principal component PCA,
factor analysis, and MGIDI analysis.

Pearson correlation coefficient and cluster analysis

We conducted Pearson correlation analysis to exam-
ine the relationships between growth parameters
and tolerance to root-knot nematodes. Additionally,
cluster analysis using Ward’s method and Euclidean
distance (Ward 1963) was employed to group germ-
plasms based on their similarities in growth and nem-
atode tolerance traits.

In the correlation analysis, we explored how
variables such as growth parameters correlate with
measures of nematode tolerance. This allowed
us to identify which growth parameters are most
closely associated with resistance or susceptibility to
nematodes.
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The cluster analysis, utilizing Ward’s method
and Euclidean distance, enabled us to classify chilli
germplasms into distinct groups according to their
combined characteristics related to growth and nema-
tode tolerance. This methodological approach helps
in identifying clusters of germplasms that exhibit
similar patterns of growth and nematode resistance,
thereby suggesting potential sources of resistance for
further study or use in breeding programme.

Principal component analysis (PCA)

The PCA was conducted to assess both growth
parameters and resistance to root knot nematodes.
This statistical technique helps in reducing the dimen-
sionality of the data while preserving as much vari-
ance as possible, thereby revealing underlying pat-
terns and correlations among variables.

In PCA, the original variables are transformed
into a new set of orthogonal (uncorrelated) variables
called principal components. These components are
ordered by the amount of variance they explain in
the data. By examining these components and their
loadings (correlations between original variables and
the components), we can identify which variables
contribute the most to the observed patterns in the
dataset.

Factor analysis

Initially, loadings were determined by focusing on
factors with eigenvalues exceeding one. Subsequently,
an analytic rotation using the varimax criteria (Kaiser
1958) was employed to refine and estimate the final
loadings. Significant traits were then assessed to cal-
culate heritability and selection gain using the below
mentioned formulas.

whereas h2bs = broad sense heritability; oﬁ = geno-
typic variance; sz = phenotypic variance

X, — X, X h2bs

SG(%) = x 100

0

)_(Szmean of selected genotypes; )_(Oz mean of
all the genotypes; h’bs=broad sense heritability;
SG =selection gain.

Multi-trait genotype ideotype distance index (MGIDI)
analysis

The MGIDI was calculated done using Euclidean dis-
tance scores (Olivoto and Lucio, 2020), the following
formula was used to calculate the MGIDI values of
each genotype.

f 0.5

MGIDI = Z (ri—1)
J=1

Validation of molecular markers linked to RKN
resistance Me genes

The two sequence characterized amplified region
(SCAR) markers along with two SSCP and one CAPS
marker associated with Me genes were validated
through linked PCR assays. Table 2 presents the spe-
cific PCR primers used for the validation of Me genes
for RKN resistance.

Table 2 PCR-specific primers used for the validation of Me genes to root-knot nematodes resistance

PCR-based markers Sequences Annealing
temperature
0
SCAR_BY%4 F: 5-GCTTATCATGGCTAGTAGGG-3', R: 5-CGGACCATACTGGGACGATC-3' 53
SCAR_CD F: 5-GAAGCTTATGTGGTAMCC-3', R: 5'_-GCAAAGTAATTATATGCAAGAGT-3’ 61
SSCP_B54 F: 5-CGGTGGCTGTTACGCTC-3', R: 5'-GCATGTCTTTCTTTACC-3’ 45
SSCP_B322 F: 5-GATTCCATAACCTGGAAATTTCTGG-3', R: 5'-CGAACCCGGTCTATTTTC-3’ 53
CAPS_F4R4 F: 5"~ AGAACAATAGAATCTCTCTTG-3', R: 5'-CTTCAGGAACCCCTCAGC-3', restric- 61

tion endonuclease: Tru91
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DNA extraction

The fresh leaf tissues of C. annuum germplasms were
used to extract DNA using the CTAB method (Doyle
and Doyle 1987). The DNA quantification was carried
out with a Nanodrop ND-1000 spectrophotometer.

SCAR analysis

Two SCAR markers, SCAR_B94 and SCAR_CD,
which are associated with Me3—-Me4 and Me7—-Mechl
resistance genes respectively (Tai et al. 1999; Djian-
Caporalino et al. 2007), were employed to validate
root-knot nematode resistance. The DNA amplifica-
tion was conducted in a 15 pL reaction mixture com-
prising 2 pL of 10X PCR buffer (50 mM KCI, 10 mM
Tris—HCI, 1.5 mM MgCI2, pH 8.3), 2 pL of MgCI2,
0.5 pL of dNTPs (0.2 mM), 1.5 pL each of forward
and reverse primers (10 pmol), 0.25 pL of Taq pol-
ymerase (Thermo Scientific EP0401), 15.75 pL of
sterile distilled water, and 2 pL of DNA (~55 ng/pL).

The PCR amplification was carried out in thermo-
cyclers Mastercycler epgradient (Eppendorf), The
PCR programme consisted of an initial denaturation
step of 3 min at 94 °C, followed by 30 cycles of dena-
turation at 94 °C for 30 s, with annealing tempera-
ture for each primer as mentioned in Table 3 for 30 s,
extension at 72 °C for 1 min, and a final extension
step of 5 min at 72 °C.

The PCR products were separated on 3% agarose
(Himedia MBO080) gels in 1X TAE buffer, stained
with ethidium bromide along with 100 bp DNA lad-
der (Himedia MBT130-50LN) and documented using
BioRad Gel Doc XR Gel Documentation System.

Simple sequence repeat (SSR) analysis

The eight SSR primers were employed to validate
resistance against root-knot nematodes. Table 3

provides details of the SSR primers used for marker
validation, including their melting temperature (Tm)
and specific annealing temperatures. The amplifica-
tion of DNA was done in a 15 pL reaction mixture
composed of 2 pL. of 10X PCR buffer, 2 pL. of dNTPs
(0.2 mM), 1.5 pL each of forward and reverse prim-
ers, 0.5 pL. of Taq polymerase (Thermo Scientific
EP0401), 5.5 pL of sterile distilled water, and 2 pL of
DNA (~55 ng/pL).

The PCR protocol was executed in a thermocycler
Mastercycler epgradient (Eppendorf), with an initial
denaturation step at 94 °C for 5 min (3 min for SSCP
primers), followed by 35 cycles of denaturation at
94 °C for 30 s, annealing at the specific temperature
for each primer pair for 30 s, extension at 72 °C for
1 min, and a final extension step at 72 °C for 5 min.
Following amplification, The PCR products were
separated on 3% agarose (Himedia MB080) gels in
1X TAE buffer, stained with ethidium bromide along
with 100 bp DNA ladder (Himedia MBT130-50LN)
and documented using BioRad Gel Doc XR Gel Doc-
umentation System. The polymorphic markers identi-
fied through this process were subsequently utilized
across the entire population.

Data analysis

The data analysis was conducted using the R statisti-
cal software, specifically version 4.3.2, and employ-
ing the metan package as described by Olivoto 2019.
Results

Analysis of variance

Table 4 presents the results of the analysis of variance

for growth parameters and RKN incidence in chilli
germplasm. The variables SL, RL, SW, RW, SG,

Table 3 Details of simple

SSR primers Tm (°C) Annealing tem-  SSR primers Tm (°C) Annealing
sequence repeat (SS.R) . perature (°C) temperature
primers used for validation °C)
of markers with melting
(Tm) and annealing HPMS E007 63 58 HPMSE117 63 58
temperatures HPMS E025 63 58 GPMS 171 50 55

HPMS E098 63 58 SSCP_B322 53 58

HPMS E102 63 58 SSCP_B54 45 50
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Table 4 Analysis of variance (ANOVA) growth, and root-knot nematode incidence in chiili

Source of  df Mean sum of squares

variation

SL RL SW RW SG ANG ANEM GI EMI
REP 1 347 22.43 0.05 0.0001 0.0002 4.73 41.88 0.02 0.01
GEN 198 233.209%%* 40.09%* 24 .87%* 8.6%* 0.32% 2274.54%*% 1392.04** 3.98** 4.27%*
Error 198 4.29 4.23 0.11 0.21 0.01 72.45 28.11 0.29 0.15
Total 397

REDP, replication; GEN, genotype; SL, shoot length; RL, root length; SW, shoot weight; RW, root weight; SG, shoot girth; ANG,
average number of galls; ANEM, average number of egg masses; GI, gall index; EMI, egg mass index; df, degrees of freedom

**Significant at the 0.01 probability level

ANG, ANEM, GI, and EMI showed high significance
(»<0.01) level of variation. Genotype was identified
as the primary source of variance, with replication
also contributing significantly. This underscores that
the observed variations in RKN incidence are largely
influenced by genotype, indicating distinct differences
among genotypes in their susceptibility to RKN.

Screening for root-knot nematode resistance

The evaluation of 200 chilli germplasm lines for
resistance to root-knot nematodes involved assessing
multiple parameters including SL, RL, SW, RW, SG,
ANG and ANEM. From each germplasm line, three
plants were randomly selected, uprooted, washed, and
quantified for average gall and egg mass counts. The
severity of gall formation was rated using Taylor and

Sasser’s scale, and egg masses were enumerated fol-
lowing staining with phloxin B solution, enhancing
the assessment of nematode infestation severity.
Based on the GI and EMI the genotypes were cat-
egorized into various resistance/susceptibility groups.
The summarized response of the germplasm lines
against root-knot nematodes is detailed in Table 5.
This classification provided a spectrum of
responses, ranging from immune reactions to dif-
fering degrees of susceptibility. Notably, 21 lines
demonstrated high resistance to root-knot nematode
infestation, while 13 lines exhibited resistance. Addi-
tionally, 39 lines showed moderate resistance, indicat-
ing they possess some capacity to tolerate nematode
infestation. Conversely, 49 lines were moderately
susceptible, 65 lines were susceptible, and 12 lines
were highly susceptible, underscoring the diverse

Table 5 Reaction of chilli germplasm lines for root knot nematode infestation

Scale Category Reaction Germplasm lines

0 Highly resistant HR

G3, G6, G37, G39, G40, G48, G59, G63, G101, G103, G104, G110, G129, G146, G150,

G161, G162, G167, G177, G181, G187

Resistant R
2 Moderately resistant MR

G21, G22, G52, G66, G835, G86, G105, G149, G174, G176, G182, G185, G197
G2, G5, G7, G10, G11, G19, G20, G24, G26, G27, G30, G32, G38, G46, G49, G51, G56,

G79, G81, G88, GY%4, G98, G106, G108, G111, G122, G127, G128, G147, G158, G159,
G163, G166, G172, G178, G183, G186, G196, G199

3 Moderately susceptible MS

G4, G8, G12, G14, G17, G18, G25, G35, G41, G43, G45, G47, G50, G55, G58, G61,

G62, Go4, G77, G78, G83, G87, GI1, G109, G112, G113, G117, G125, G136, G137,
G140, G141, G145, G148, G152, G153, G154, G157, G160, G164, G168, G169, G170,
G171, G175, G179, G184, G188, G198

4 Susceptible S

Gl1, G9, G13, G15, G16, G23, G28, G29, G31, G33, G34, G36, G42, G44, G53, G54,

G57, G60, G65, G71, G74, G75, G76, G80, G82, G89, G90, G93, GI5, G96, G99,
G100, G102, G107, G114, G115, G116, G118, G120, G121, G123, G124, G126, G130,
G131, G132, G133, G134, G135, G139, G142, G143, G144, G151, G155, G156, G165,
G173, G180, G189, G190, G191, G193, G194, G195

5 Highly susceptible HS

G67, G68, G69, G70, G72, G73, G84, G92, G97, G119, G138, G192
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susceptibility profiles observed within the germplasm
collection.

Identification of resistant germplasm sources using
multivariate analysis

Pearson correlation coefficient

Figure 1 depicts the results of Pearson’s correlation
analysis among growth parameters, average num-
ber of galls, and average number of egg masses. The
analysis shows that the AVG, ANEM, GI and EMI
exhibit highly significant and positive correlations
with each other. On the other hand, RW, SL, SW, and
SG display highly significant and positive associa-
tions among themselves. Interestingly, there was no
significant correlation observed between the growth

Fig. 1 Pearson’s correla-
tion coefficient among
growth and root-knot nema-
tode resistance of chilli
germplasm

Pearson's
Correlation

-1.0 -05 00 05 10

& o

v~

parameters (RW, SL, SG, SW) and the number of
galls or egg masses. This indicates that while certain
growth parameters are closely interrelated, their rela-
tionship with nematode infestation indicators such as
galls and egg masses is not significant in this analysis.

Cluster analysis

Figure 2 displays a dendrogram resulting from clus-
ter analysis, which categorizes 200 chilli germplasm
lines into three main clusters. Cluster I comprise
genotypes categorized as tolerant to root-knot nema-
todes namely G3, G6, G37, G39, G40, G48, G59,
G63, G101, G103, G104, G110, G129, G146, G150,
Gl61, G162, G167, G177, G181, and G187. Cluster
IIT encompasses germplasm lines considered suscep-
tible or showing varying levels of susceptibility to

0.06 0.12 0.03 0.05 0.08 EMI
ns ns ns ns ns

0.07 0.19 0.14 0.10 0.18 Gl

ns o & ns S

0.01 0.04 0.00 -0.01 0.02 ANEM
ns ns ns ns ns

0.04 0.13 0.08 0.05 on ANG
ns ns ns ns ns

& & ¥ P

ns p>=0.05*p<0.05*p<001 and** p<0.001
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Dendrogram using Agglomerative Clustering Method

Cluster-I

Cluster-1I

Cluster-II1

Fig. 2 Dendrogram based on clustering of chilli germplasm for root knot nematode resistance

nematodes, such as G67, G68, G69, G70, G72, G73,
G84, G92, G97, G119, G138, and G192. Cluster 11
contains germplasm lines that exhibit moderate resist-
ance or susceptibility to RKN.

Principal component analysis

PCA analysis revealed two principal components,
PC1 and PC2, with eigenvalues of 3.71 and 3.04,
respectively, as detailed in Table 6. Together, these
components account for a cumulative variation of
75.1% of the total variance. The principal compo-
nent matrix (eigenvectors) provided in Table 7 indi-
cates that the first component (PC1) predominantly
includes ANG, ANEM, GI and EMI. On the other
hand, the second principal component (PC2) primar-
ily consists of SL, RL, SW, RW and SG.

Factor analysis
All variables showed significant genotype effects at
the 0.05 level based on P values from the likelihood

ratio test. The factor analysis with rotation identi-
fied two factors, FA1 and FA2 (Table 8). The FA1

@ Springer

Table 6 Eigenvalues of principal components in chilli germ-
plasm for nematode resistance

Number Eigenvalues Percent Cum percent
1 3.71 41.3 41.3
2 3.04 33.8 75.1
3 0.66 7.4 82.5
4 0.44 49 87.4
5 0.39 44 91.7
6 0.35 4.0 95.7
7 0.22 2.5 98.2
8 0.12 14 99.7
9 0.02 0.3 100.0

includes ANG, ANEM, GI, and EMI, while FA2
includes SL, RL, SW, RW, and SG. The average com-
munality was 76.66%, with uniqueness reported at
24.33%. The parameters SW, ANG, ANEM, GI, and
EMI exhibited higher communality values compared
to the average.

The mean of selected genotypes was higher than
the mean of all genotypes across all traits. The param-
eters SL, RL, and RW showed higher uniqueness
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Table 7 Principal component matrix (eigenvectors) chilli germplasm for nematode resistance

Variables PC1 PC2 PC3 PC4 PC5 PCo6 PC7 PC8
SL 0.281 0.350 0.226 -0.736 0.088 -0.330 -0.299 —0.009
RL 0.228 0.285 —0.904 —0.130 -0.114 0.041 0.108 —0.083
SW 0.334 0.350 0.253 0.170 0.123 -0.204 0.762 —-0.185
RW 0.298 0.362 -0.023 0.603 0.314 -0.212 -0.479 0.209
SG 0.309 0.337 0.241 —0.005 -0.332 0.776 -0.079 0.121
ANG 0.395 —0.340 —0.007 -0.023 0.281 0.169 —0.049 -0.294
ANEM 0.347 -0.362 —0.066 -0.126 0.532 0.253 0.022 0.013
GI 0.392 -0.270 0.065 0.177 -0.562 -0.250 -0.216 —0.490
EMI 0.379 -0.332 -0.026 -0.039 -0.279 -0.216 0.180 0.758

SL, shoot length; RL, root length; SW, shoot weight; RW, root weight; SG, shoot girth; ANG, average number of galls; ANEM, aver-

age number of egg masses; GI, gall index; EMI, egg mass index

Table 8 Factor analysis and selection differential of chilli germplasm for root-knot nematode incidence

Var FAl FA2 Commu nality Uniqueness Xo Xs SD  SD percent h? SG SGpercent Sense Goal
SL 0 -0.82 0.66 0.34 283 41.1 128 453 0.98 12.6 445 Increase 100
RL 0.01 -0.66 0.44 0.56 20.1 23.8 3.67 183 0.89 3.28 164 Increase 100
SwW 0.08 —-0.88 0.79 0.21 547 11.0 5.56 102 0.99 5.53 101 Increase 100
RW 0.02 -0.85 0.73 0.27 3.05 5.99 293 96.2 0.97 2.86 93.7 Increase 100
SG 0.06 —0.83 0.7 0.3 1.71  2.19 0.48 284 095 046 27.1 Increase 100
ANG 097 -0.06 0.94 0.06 30.6 49.6 19.1 624 096 185 604 Increase 100
ANEM 0.92 0.03 0.85 0.15 16.8 269 10.1 59.8 098 9.86 58.6 Increase 100
GI 0.89 -0.15 0.81 0.19 2.73 3.55 0.82 30.1 092 0.76 27.9 Increase 100
EMI 0.94 -0.04 0.89 0.11 1.87 275 0.87 46.8 0.96 0.84 45.1 Increase 100

Avg. communality: 76.66, Avg. uniqueness: 24.33

FA, factor analysis; Xo, mean of genotype; Xs, mean of selected genotype; h?, broad sense heritability; SD, selection differential;
SG, selection gain; SL, shoot length; RL, root length; SW, shoot weight; RW, root weight; SG, shoot girth; ANG, average number of
galls; ANEM, average number of egg masses; GI, gall index; EMI, egg mass index

values as compared to the average uniqueness. The
high selection differential percentages and selection
gains were observed for GI, SG, and RL. The broad-
sense heritability was high for all variables, indicating
substantial genetic influence. The sense was indicated
an increase across all parameters.

Selection of germplasm lines using MGIDI

Figure 3 illustrates the results of the MGIDI analysis,
which identified specific germplasm lines as selected
for their favourable performance for growth param-
eters. These selected genotypes include G33, G68,
G93, G134, G15, G16, G9, G67, G8, G996, G135, G1,

G95, G62, G12, G7, G13, G89, G5, G137, G44, G18,
G184, G139, G71, G36, G10, G65, G54, and G196.

Figure 4 depicts a chart detailing the strengths
and weaknesses of selected genotypes in predicting
their contribution to overall genotype performance.
According to the chart, FA1 shows the highest
contribution in the performance of genotype G67,
followed by G68, G13, G71, G95, G44, G65, and
G196. On the other hand, FA2 exhibits the highest
contribution in the performance of genotype G7,
followed by G9, G33, G5, G184, G8, and G10.

FAT1 primarily encompasses traits related to root-
knot nematode screening, while FA2 consists of
growth parameters. This categorization suggests
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Fig. 3 Selection of germplasm based on multi-trait genotype ideotype distance index (MGIDI) values for growth parameters in chilli

that certain genotypes excel in nematode resistance
traits (FA1) or growth-related traits (FA2), high-
lighting their respective strengths in contributing to
the performance of genotypes.

Selection of root knot nematode resistant germplasm
sources using MGIDI

Figure 5 illustrates the results of the MGIDI analy-
sis, which identifies specific germplasm lines selected

@ Springer

for their resistance to root knot nematodes. These
selected genotypes include G101, G103, G104, G110,
G129, G146, G150, G161, G162, G167, G178, G182,
G188, G3, G37, G39, G40, G48, G59, Gb6, G63,
G105, G149, G198, G66, G122, G174, G186, G21,
and G52. These germplasm lines are noted for their
potential resistance traits against root knot nematodes,
highlighting their suitability for breeding programme
for developing nematode-resistant cultivars.
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Fig. 5 Selection of germ-
plasm based on multi-trait
genotype ideotype distance
index (MGIDI) values for
root knot nematode resist-
ance in chilli
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Validation of molecular marker linked to Me genes

A total of 11 eleven genotypes viz., G1, G2, G3, G4,
G6, G39, G67, G92, G101, G111 and G193 were
selected for validation of molecular markers linked to
Me genes. Among the SSR primers used, the primer
GPMS 171 (Fig. 6), showed polymorphic bands. The
germplasm lines G1, G2, G3, G4, G6, G92, G111 and
G193 were identified as resistant, whereas germplasm
lines G39, G67, and G101 were found to be suscep-
tible. The two SCAR markers were applied to detect
polymorphism. Multiple bands were observed for
SCAR_B94, indicating potential complexity or multi-
ple alleles, whereas SCAR_CD (Fig. 7) showed clear
polymorphism. The germplasm lines G3, G4, G39,
and G101 were identified as resistant to the markers
tested, while germplasm lines G1, G2, and G67 were
susceptible. These results highlight the genetic vari-
ability among the tested germplasm lines concerning
resistance to the markers assessed, emphasizing spe-
cific lines as either resistant or susceptible based on
the polymorphism observed.
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Fig. 6 Simple sequence
repeat (SSR) marker GMPS
171 amplification pattern
for discrimination of resist-
ant and susceptible chilli
germplasms
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Fig.7 SCAR_CD marker
amplification pattern for
discrimination of resist-
ant and susceptible chilli
germplasms
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Comparative analysis of phenotypic, molecular and
MGIDI analysis for identification of RKN resistant
genotypes

Table 9 provides a comparative analysis of SSR
primer GPMS171, SCAR marker SCAR_CD, phe-
notypic data, and MGIDI analysis for various geno-
types. It indicates that genotype EC771549-A exhibits

@ Springer

resistance at molecular, phenotypic level and as per
MIGIDI analysis, while genotype Pusa Sadabahar is
susceptible according to both molecular, phenotypic
level and as per MIGIDI analysis. For genotypes
EC378688, EC39108, EC378632, IHR-3226, (Ms
12x Az) X Ms3, THR-9498, THR3575, EC769394,
and [HR3626, further confirmation is required to
determine their resistance or susceptibility reactions.
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Table 9 Comparative
analysis of simple sequence

Germplasm No Germplasm name

Phenotype data SSR, SCAR_CD MGIDI

. GPMS171

repeat (SSR) primer

GPMS171 and SCAR_CD Gl EC378632 S R - Non selected

marker l‘fi‘_tt?afth;gggseda‘a G2 EC378688 MR R R Non selected

ideotype distance index G3 EC771549-A HR R R Selected

(MGIDI) analysis G4 EC391087 MS R R Non selected
G6 IHR-3226 HR R S Selected
G39 (Ms 12xAz) X Ms3 HR S R Selected

S, susceptible; MR, ‘ G67 Pusa Sadabahar HS S S Non selected

ﬁ;ﬁfﬁfs;"s:ﬁ?ﬁ? ﬁ;;ly G92 THR-9498 HS R NA Non selected

susceptible; R, resistant; G101 IHR3575 HR S R Selected

MGIDI, multi-trait Gl11 EC769394 MR R NA Non selected

;o’;;‘:;ype ideotype distance G193 IHR3626 S R NA Non selected

These genotypes show ambiguous or inconclusive
results based on the current analysis, necessitating
additional investigation to clarify their response to the
markers and phenotypic traits under study.

Discussion

The comprehensive screening of 200 chilli germ-
plasm lines for root-knot nematode resistance has
revealed significant insights into the genetic vari-
ability and resistance mechanisms within the collec-
tion. Utilizing a multifaceted approach that included
ANOVA, Pearson correlation coefficients, cluster
analysis, PCA, factor analysis, and MGIDI analysis
has enabled a robust evaluation and categorization of
the germplasm lines based on their response to RKN
infestation.

The ANOVA results underscored significant geno-
type effects on both growth parameters and nematode
infestation levels, highlighting substantial genetic
variation among the chilli germplasm lines. This
genetic diversity is crucial for breeding programme
aimed at enhancing RKN resistance, as it provides a
diverse pool of genetic resources from which to select
and develop resistant cultivars. The categorization of
germplasm lines into highly resistant, resistant, mod-
erately resistant, moderately susceptible, susceptible,
and highly susceptible groups based on GI and EMI
illustrated a broad spectrum of responses. Notably, 21
lines were identified as highly resistant, making them
prime candidates for breeding programme focused on
RKN resistance. 13 lines exhibited resistance, while

39 lines showed moderate resistance, indicating par-
tial resistance that can be improved through further
breeding programme. The identification of 49 moder-
ately susceptible, 65 susceptible, and 12 highly sus-
ceptible lines highlights the range of susceptibility
within the germplasm, which is essential for under-
standing the genetic basis of resistance and suscep-
tibility. These findings align with previous research
conducted by Pandravada et al. (2010) in chilli.

The correlation analysis revealed significant posi-
tive associations among the number of galls, egg
masses, GI, and EMI, suggesting that higher nema-
tode infestation leads to increased gall formation and
egg mass production. Additionally, strong positive
correlations among root and shoot growth parameters
indicate the interdependence of these traits in chilli
plants. These findings are critical for selecting geno-
types that balance both growth and resistance traits.

The cluster analysis identified three distinct clus-
ters based on RKN tolerance levels, providing valu-
able insights for breeders in selecting appropriate
parental lines. Cluster I comprised genotypes exhib-
iting tolerance to RKN, Cluster II included geno-
types with moderate susceptibility or tolerance, and
Cluster IIT consisted of susceptible genotypes. This
classification aids in targeted breeding strategies by
identifying genotypes with desirable resistance traits.
PCA revealed two principal components explaining a
significant proportion of variance in RKN screening
traits. These components serve as useful indicators
for summarizing the complex relationships among
the studied variables. Factor analysis further identi-
fied two factors (FAl and FA2) influencing RKN
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resistance and growth parameters. FA1 is primarily
encompassed traits related to nematode infestation,
while FA2 is included growth-related traits, offering
a comprehensive understanding of the underlying fac-
tors influencing RKN resistance and growth in chilli.

The MGIDI analysis refined the selection of prom-
ising germplasm lines based on their performance in
growth parameters and RKN resistance, identifying
specific genotypes with strengths and weaknesses in
their overall performance, aiding in the identification
of superior lines for further breeding programmes.

Notably, the SSR primer GPMS 171 and SCAR
marker SCAR_CD showed clear polymorphism, ena-
bling the differentiation of resistant and susceptible
germplasm lines. The integration of molecular marker
analysis with phenotypic evaluation provides a pow-
erful approach for validating RKN resistance in chilli
germplasm. The use of eight SSR primers and two
SCAR markers enabled the assessment of polymor-
phism and the correlation of molecular markers with
phenotypic resistance or susceptibility. The alignment
between molecular marker data and phenotypic eval-
uation validates the utility of these markers in predict-
ing RKN resistance. These findings are consistent
with previous reports in chilli by Ozturk (2012) and
in tomato by Palanisamy et al. (2023).

The consistency observed between molecular and
phenotypic assessments underscores the reliability
of markers such as GPMS 171 and SCAR_CD for
RKN resistance. The germplasm line EC771549-A
exhibited resistance at both molecular and phenotypic
levels and was also selected as resistant by MGIDI,
corroborating its status as a truly resistant line. Con-
versely, the genotype Pusa Sadabahar demonstrated
susceptibility at both phenotypic and molecular levels
highlighting the accuracy of the markers used.

The successful identification and validation of root-
knot nematode resistance in chili genotypes through
both traditional screening and advanced multivari-
ate approaches highlight a significant breakthrough
in chilli breeding. The germplasm line EC771549-
A, consistently demonstrating resistance, has been
confirmed through linked molecular markers such as
SSR, CAPS, and SCAR. This dual validation empha-
sizes the reliability of the selected genotypes and
underscores the effectiveness of combining pheno-
typic and molecular methods in breeding programme.
The germplasm line EC771549-A can be utilized in
breeding programme to develop RKN-resistant chilli
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cultivars, which would contribute to more sustainable
and productive chilli cultivation.

Conclusion

This study underscores the significance of integrat-
ing phenotypic evaluation with molecular marker
analysis to identify and validate RKN resistance in
chilli germplasm. A significant genetic variation
was observed among the 200 chilli germplasm lines,
emphasizing the importance of genotype selection for
the RKN resistance breeding programme. The SSR
marker GPMS 171 and the SCAR marker SCAR_CD
were effective in distinguishing RKN-resistant and
susceptible lines, showing strong concordance with
phenotypic data. The germplasm line EC771549-
A, is confirmed as resistant both phenotypically and
molecularly and it has been selected as resistant by
MGIDI, while Pusa Sadabahar was consistently sus-
ceptible. The cluster and PCA analyses provided a
clear classification of genotypes based on RKN toler-
ance levels, aiding in the selection of superior breed-
ing lines.

The identified markers and resistant germplasm
lines offer valuable resources for developing RKN-
resistant chilli cultivars, contributing to sustain-
able chilli production and nematode management.
Overall, the integration of multivariate analyses and
molecular marker validation presents a robust frame-
work for enhancing RKN resistance in chilli breeding
programme.
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