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Abstract

Chillies from Northeast India exhibit wide variability in fruit morphology, pungency, bearing habit and crop duration. An
untargeted metabolite profiling using LC-HRMS of four ‘heirloom’ pungent landraces viz. Naga chilli (AL-1), Dalle khur-
sani (AL-2), Sohmynken khnai (AL-3), and J-41(B) was performed and compared with Kashi anmol (KA). While AL-2,
J-41(B) and KA belong to C. annuum species, AL-1 is categorised as C. chinense and AL-3 is C. frutescens. A total of
6990 consistent peaks of monoisotopic masses were detected, out of which 2702 metabolites were identified using accurate
mass error < 10 ppm. A higher number of differentially accumulated metabolites were seen in J-41(B) versus AL-3 (1376),
followed by J-41(B) versus AL-2 (1365), J-41(B) versus AL-1 (1257), KA versus AL-2 (649), AL-3 versus KA (616), KA
versus AL-1 (594) and J-41(B) versus KA (413). Variation among species was higher than variation within species. Pathway
analysis identified fatty acid, carotenoid, flavonoid and capsaicinoid as key pathways. We identified eight major categories
of metabolites, including fatty acids, sterol lipids, and flavonoids, which together account for over 70% of the significantly
expressed metabolites across the genotypes. This study explores untargeted metabolites in various chilli species, offering
insights into the biochemical and molecular mechanisms which may play a role in governing important fruit traits. Identi-
fication of key metabolites and underlying alleles for twenty-one genes across three pathways (flavonoid, capsaicinoid and
carotenoid) suggests that the metabolites and associated alleles identified in this study can be used as biomarkers for further
characterization of these heirloom chilli and could provide distinct parameter(s) in distinguishing improved cultivars from
landraces. This will contribute towards breeding programs in aiding selection of fruits of the desirable traits.
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Introduction

Chillies (Capsicum spp.) or peppers are one of the most
important spice crops belonging to the Solanaceae fam-
ily. They have a complex genome and are known for their
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diversity of fruit shape, size, colour and pungency. Chil-
lies are used as vegetables, seasoning, ornamental plants,
and medicinal crops. They are good sources of various
beneficial compounds, such as ascorbic acid (vitamin C),
carotenoids (provitamin A), tocopherols (vitamin E), flavo-
noids, and capsaicinoids. Several health benefits, such as
anti-inflammatory, antidiabetic, antimicrobial, anticholester-
emic, anticlotting and antioxidant activities (Wahyuni et al.
2013a, b; Chamikara et al. 2016) are also reported. There
are more than 30 species of Capsicum, and the domesticated
and economically important species are Capsicum annuum,
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C. baccatum, C. chinense, C. frutescens and C. pubescens
(Perry et al. 2007; Lee et al. 2020). India in 2021-2022 had
an annual chilli production of 18.74 lakh tonnes, of which
north-eastern states contributed only 2.73% (Apeda et al.
2021), despite the region harbouring the most pungent chilli
in the country, with diverse shapes and sizes.

Significant diversity in fruit shape, spiciness, growth pat-
terns, and duration has been reported for chillies cultivated
in Northeast India (Yumnam et al. 2012). Genotypes belong-
ing to different species with characteristic morphological
and growing habits also differ in their primary and second-
ary metabolites (Wahyuni et al. 2011, 2013a, b). Different
metabolites (volatile and non-volatile compounds) play
important roles in our dietary choice of food flavours and
taste, ranging from sweetness to spiciness. Metabolites in
chilli have been characterized by targeting specific com-
pounds using either gas chromatography (GC) (Gaur et al.
2016) or high-performance liquid chromatography (HPLC)
analysis (Wahyuni et al. 2011; Naseem et al. 2024). Metabo-
lite profiling for 136 chilli genotypes using GC-MS, which
can only identify volatile compounds, revealed 56 metabo-
lites only (Gaur et al. 2016). This suggests a need for a better
molecular understanding of traits of commercial relevance
using an untargeted approach.

Among the landraces, C. chinense (King chilli/Bhoot
Jolokia/Naga chilli/Umorok), C. annuum (Dalle khursani;
J41(B)) and C. frutescens (Sohmynken khnai) have higher
pungency and capsaicin content in comparison with C. ann-
uum (Sanatombi and Sharma 2008; Islam et al. 2015). In
addition to this, C. annuum (Dalle khursani) is an allopoly-
ploid having 2n =4x =48 with higher pungency than their
genetically related cultivars of C. annuum (Jha et al. 2017,
Colney et al. 2018). Fruit characters and pungency are the
main basis on which chilli is classified into different com-
mercial values. Thus, distinguishing parameters are essential
to avoid the grouping of improved cultivars and landraces
into one group based on mutual resemblance (Geleta et al.
2005). Therefore, to get a better insight of these complex
but crucial fruit-related traits, the untargeted metabolite
profiles of mature ripe fruits of four distinct ‘heirloom’
landraces of the Northeastern region of India (King chilli,
Dalle khursani, J-41(B) and Sohmynken khnai) (Yumnam
et al. 2012; Colney et al. 2018) were analysed and compared
with Kashi Anmol (commercial cultivar). These landraces
were selected based on variation in geographical origin, fruit
morphology (size, shape, texture and colour) and distinct
flavour. Earlier studies suggested that it is difficult to demar-
cate the individual species of C. annuum, C. frutescens and
C. chinense based on the morphological descriptors (Pick-
ersgill et al. 1979). The diversity assessment with molecular
markers revealed that C. annuum is most closely related to
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C. frutescens, followed by C. chinense and more distantly
related to C. pubescens (Jeong et al. 2010). We have previ-
ously reported that out of the total variation detected across
56 diverse genotypes from NE India (secondary centre of
origin for chilli), 58% occurred among individuals within
populations (Yumnam et al. 2012). This study also showed
that based on molecular data, type specimens of C. annuum,
C. chinense and C. frutescens species clustered together.
Additionally, understanding the mechanism(s) underlying
pungency (one of the most important traits of commercial
value and a crucial component of flavour) is still emerging
(von Steimker et al. 2024). An untargeted approach will lead
to a better understanding of the biochemical and molecular
mechanisms underlying this metabolic variability across
species and can contribute towards breeding programs to
develop new commercial hybrids with fruits of the desired
characteristics. We also tried to identify key biosynthetic
pathway genes and associated allelic variation. This study,
along with previously reported allelic variation by several
workers for both colour and flavour suggests that some of
the metabolites identified in this study can be used as bio-
markers for further characterisation of these heirloom chilli
and could provide additional parameter(s) in distinguishing
improved cultivars from landraces. The underlying molec-
ular mechanism for the health-related compounds once
understood better, will also contribute to breeding chillies
enriched in health-related compounds.

Materials and methods
Plant material and experimental design

Chilli genotypes include Capsicum annum [Dalle khursani
(AL-2), J-41(B) and Kashi Anmol (KA)], Capsicum chin-
ense [King chilli/Umorok] (AL-1) and Capsicum frutescens
[Sohmynken khnai] (AL-3). Seeds from ripe fruit were sown
in seedling trays containing a mixture of soil, coco-peat and
decomposed farmyard manure in a ratio of 2:1:1. Matured
seedlings were transplanted in pots in three replications and
were kept in a fiber house, maintaining moderate moisture
supply, temperature and humidity. This experiment was con-
ducted in the College of Post Graduate Studies in Agricul-
tural Sciences, Umiam, Meghalaya, in February-June 2021.
Mature and ripe whole chilli samples (five fruits per plant
and a total of three plants per genotype) were collected and
kept for oven drying (50-55 °C for 48 h). Dried whole fruit
samples of different plants belonging to the same genotype
(n=15) were pooled and divided into three aliquots to assess
the technical reproducibility of metabolite extraction in fruit
samples.
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Metabolite extraction and LC-high-resolution MS
(LC-HRMS) analysis

Dried chilli fruit samples (100 mg) were homogenized in
liquid nitrogen and subsequently extracted with 800 puL
of ice-cold 80% methanol containing 0.1% formic acid.
The mixture was vortexed, shaken, and sonicated before
centrifugation. The supernatant was evaporated, and the
residue was re-suspended in 200 uL of the same solvent
and filtered. The filtered extract (50 uL) was loaded into an
auto-sampler vial, which was then placed in an ultra-high
performance liquid chromatography (UHPLC) auto-sam-
pler at 10 °C. For untargeted plant metabolomics, we fol-
lowed the protocol described by Avuthu et al. (2024). The
analysis was conducted using UHPLC-quadrupole time-
of-flight mass spectrometry (UHPLC-Q-TOF-MS/MS) in
positive ionization mode (electrospray ionization, ESI)
with a Xevo-G2-XS mass spectrometer (Waters, Milford,
MA, USA). In this mode, the capillary and cone voltages
were set to 2.0 kV and 40 V, respectively. The desolva-
tion temperature was maintained at 400 °C, the source
temperature at 110 °C, with desolvation gas flow at 800
L/h and cone gas flow at 50 L/h. Scanning was performed
with a time of 1 s and a mass range of 50-2000 Da. Chro-
matographic separation was achieved using an acquity
UPLC BEH-C18 column (100 mm X 2.1 mm, 1.7 uM par-
ticle diameter, Waters) maintained at 30 °C. The mobile
phases were 0.3 mL/min of ultra-pure water with 0.1%
formic acid (mobile phase A) and methanol with 0.1%
formic acid (mobile phase B). The elution gradient was as
follows: 0—2 min at 1% B; 2—6 min at 20% B; 6—~10 min
at 60% B; 10-15 min at 90% B; 25-31 min at 5% B;
31-35 min at 1% B. A multiplexed MS/MS method with
alternating low and high energy (MSe) in centroid mode
was used for data acquisition. Mass Lynx 4.1 software
(Waters) was used for data analysis, and leucine encepha-
lin (m/z 556.2771, [M-H]+) was applied for lock mass
calibration as previously reported (Darko et al. 2022). In
brief, leucine encephalin, was continuously introduced
into the mass spectrometer during analysis. This process
corrects any drift in the mass axis, ensuring precise mass
calibration throughout the run and enabling consistent data
comparison across multiple runs. Additionally, blank sam-
ples—devoid of analytes—were analyzed to confirm the
absence of contamination or carryover between samples.
Calibration standards, such as sodium iodide, with known
concentrations, were used to verify the system's quantita-
tive accuracy. Additionally, matrix effect assessment was
performed using a dilution series, starting with undiluted
samples and dilution in 1:2, 1:4, 1:8, and 1:12 series (Sup-
plementary Fig. S1). This stepwise approach allowed for
the determination of proportional response drops, a key
indicator of matrix effects. The experiment was carried out

using two distinct genotypes (J-41(B) and KA) to evalu-
ate whether matrix effects were consistent across different
samples.

The LC-HRMS output files were converted to mzXML for-
mat and processed using software MZmine-2.53 (Pluskal et al.
2010). The data, including observed masses, m/z values, reten-
tion times, and relative intensities, were then imported into MS
Excel. Peaks that were inconsistent across replicates, as well as
those identified as isotopes and adducts, were excluded from
further analysis.

Metabolomic data analysis

MS excel containing a list of compounds with peak height data
were used for data analysis. The metabolites were putatively
identified based on an accurate mass match (accurate mass
error (AME) < 10 ppm) (Summer et al. 2007), with metabo-
lites reported in different databases: METLIN, Plant Meta-
bolic Network (PMN), LIPIDMAPS, METLIN, and KEGG.
The data was log-transformed and normalized using median
values and uploaded to the MetaboAnalyst 5.0 [https://www.
metaboanalyst.ca] (Pang et al. 2021) for principal component
analysis (PCA) and partial least square discriminate analysis
(PLS-DA) to observe the overall distribution between samples
(Supplementary Table S1).

The previously reported metabolites from capsaicinoid
pathway (capsaicin, homocapsaicin, dihydrocapsaicin, cap-
sorubin, capsanthin 3,6-epoxide and capsi-amide) were
checked for their retention time and peak intensities across
different runs in the chilli genotypes (Supplementary Fig. S2).
Capsaicinoid complex metabolites were considered as they are
unique to chilli and of commercial importance. Our analysis
consistently detected these key metabolites across all collected
data. The retention times of these compounds remained uni-
form across all analyzed samples (Supplementary Fig. S2),
demonstrating the consistency and reliability of the obtained
results. This approach to confirm data robustness is similar
to reported targeted metabolite profiling (Darko et al. 2022).

Differentially accumulated metabolites were selected
using the criteria of P <0.05 and log,FC > 1.0. Volcano plots
were used to visualize, and screen differential metabolites
based on P value and fold change value. The volcano plots
were generated using SR plot online (https://www.bioin
formatics.com.cn/en?keywords=volcano). Venn diagrams
were generated using the Venn Diagram (https://bioinforma
tics.psb.ugent.be/webtools/Venn/). The heatmap was gener-
ated using the TB-tools v2.0 (Chen et al. 2020).

Capsaicin estimation and allele mining across key
biosynthetic genes of the pathways identified

For capsaicin estimation, the standard curve of pure cap-
saicin was prepared using capsaicin (RM 10095, HiMedia,
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India) and ethanol (Absolute, 99% purity, ACS grade) as
solvent. 10 mg standard capsaicin was taken in a 100 ml
volumetric flask. 50 ml ethanol was added and stirred well
using a magnetic stirrer for 10 min then diluted by ethanol
up to the mark of the volumetric flask to prepare the final
strength of the solution (100 pg/ml). The estimation was
done at 280 nm using an MS UV Plus Spectrophotometer
(Motras Scientific, India) and revealed a standard curve with
y=0.0077x +0.0045 with a R>=0.9981. This standard was
used for estimating the capsaicin content of the five chilli
genotypes.

The mature chilli fruits were harvested (five fruits/plant
and a total of three plants/genotype) and oven-dried for 8 h
at 45 °C. The dried fruits were ground to a fine powder
using mortar and pestle. 500 mg of ground chilli powder
was incubated in 5 ml of ethanol for 24 h. An additional
2 mg of activated charcoal was added to reduce of coloured
pigment. Samples were filtered using a 0.45 um syringe fil-
ter. The filtered samples were analysed using MS UV Plus
(at 280 nm) and capsaicin content was estimated using the
above-mentioned standard curve. The formula for calculat-
ing Scoville heat units is as follows SHU = capsaicin con-
centration (in ppm) X 15,000.

The capsaicin content identified by the untargeted
approach was cross-checked with the values obtained using
the commercial capsaicin for validation. The values derived
from the reference standard were compared with average
values obtained from the exact mass (with AME < 10 ppm)
of metabolite IDs C06866 (capsaicin) and CPD9185 (dihy-
drocapsaicin) and a sum of C06866, CPD9185 and C20215
(homocapsaicin) for the five genotypes.

Allele mining involved the identification of sequences for
the targeted genes followed by examination of sequence vari-
ation. Briefly, the gene name was used as input in the search
option for downloading the protein or CDS sequence from
the SGN (Sol Genomics Network) database. This sequence
was used for performing BLAST in the pepper genomics
database (pepper GD) and gene IDs obtained. These gene
IDs were checked for gene ontology terms. Only IDs having
the reported/characteristic InterPro domains were selected
for further analysis. The variants (SNPs/small InDels) across
the three species Capsicum annuum, C. frutescence and C.
chinense were identified. The type of variants viz., UTR
variants, splice variants, intron, synonymous, missense, gain
or loss of start or stop codons and InDel were identified. The
frequency of alternate alleles across the three species for
putative functional polymorphism was calculated.

Results
Variation in the fruit morphology

The four landraces, when compared with Kashi Anmol (KA)
using the guidelines provided by Protection of Plant Varie-
ties and Farmers’ Rights Authority (PPV&FRA, Gol) for
chilli (hot pepper), bell (sweet pepper) and paprika (Cap-
sicum annuum L.) (Gazette of India 2015), have morpho-
logically unique traits (Table 1; Fig. 1). C. chinense (Bhoot
Jolokia/Naga chilli/Umorok) (AL-1) fruit is moderately tri-
angular with broad base varying from sub-conical to conical
shape having glossy irregular rough skin. C. annuum (Dalle

Table 1 Morphological details regarding fruit shape, size and colour are based on guidelines for chilli given by PPV&FRA [17] for the geno-
types used in the current study. The data is the average of five fruits per three plants for each genotype (n=15)

Genotype (s) Fruit shape

Fruit size Fruit colour

Length (cm) Diameter (cm) Matured unripe Matured ripe

Capsicum chinense cv. Umorok

(AL-1) base and tapering tip

Or Subconical to conical with
straight to low curvature apex

(medium to high glossy irregular

rough skin)

Capsicum annuum cv. Dalle Cordate

khursani (with glossy and smooth texture)
(AL-2)
Capsicum frutescens cv. Sohmynken Narrowly triangular (smooth and

khnai medium glossy skin)
(AL-3)
Capsicum annuum Moderately triangular (glossy
[J-41(B)] smooth pericarp)

Capsicum annuum cv. Kashi Anmol Moderately triangular (glossy
(KA)
ture)

Moderately triangular with a broad

smooth pericarp with low curva-

49-5.5 3.2-3.5 Green Red
(light to medium) (medium to dark)
1.6-1.8 1.7-1.8 Green Red
(Medium to Dark) (light to medium)
3-3.4 0.8-1.1 Green Red
(light to medium)  (light to medium)
4.6-4.9 0.6-1.1 Green Red
(medium to dark) (dark)
5.6-6.4 0.6-0.9 Green Red
(dark) (dark)
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Capsicum chinense cv. Umorok (AL-1)

A

Capsicum annuum [J-41(B)]

Fig. 1 Representative picture showing morphological variation in the
mature fruits of five chilli genotypes. The four heirloom landraces
from NE India (AL-1, AL-2, AL-3, and J-41(B) were compared with

khursani) (AL-2) fruit is cordate in shape with glossy and
smooth skin; C. frutescens (Sohmynken khnai) (AL-3) is
narrowly triangular chilli having smooth and medium glossy
skin with 3-3.4 X 0.8—1.1 cm fruit dimension, which is rela-
tively a smaller chilli size than other species. C. annuum,
such as J-41(B) and Kashi Anmol (KA), are moderately tri-
angular and have glossy smooth skin with low curvature.
The fruit shape index (ratio of length to diameter) for the
genotypes was 1.64, 1.03, 3.58, 5.76 and 8.53 for AL-1,
AL-2, AL-3,J-41(B) and KA, respectively.

Differential accumulation of metabolites in chilli
genotypes

Untargeted metabolomic analysis was performed to under-
stand the biochemical changes in the different species of
chilli genotypes. A total of 6990 consistent peaks of monoi-
sotopic masses were detected in all the replicates, out of
which 2702 metabolites were identified using accurate mass
error < 10 ppm in MZmine 2.53 software (details about
methodology available in materials and method section
(Supplementary Tables S1 and S2)).

A multivariant analysis was used to check the robustness
and repetition of our experimental design (loading file used
for PCA available as Supplementary Table S1). A Principal
Component Analysis (PCA) score plot was constructed to
elucidate the similarities and distinctions between genotypes,

Capsicum annuum cv. Dalle khursani (AL-2)

KA. AL-2, J-41(B) and KA belong to C. annuum species, AL-1 is a
chinense and AL-3 is a frutescens

offering insights into potential sources of variability or bias
in the data using Metaboanalyst software (Fig. 2).

The first principal component (PC1) accounted for 63%
of the total variance, effectively discriminating the geno-
types AL-1, AL-2, and AL-3 with KA and J-41 (B). The
second principal component (PC2), explaining 14.4% of
the variance, distinguished KA with J-41 (B). However,
no differentiation was observed for genotypes AL-1, AL-2
and AL-3 (Fig. 2a). Further, partial least square discrimi-
nate analysis (PLS-DA) component 1 clearly differentiated
genotypes AL-1, AL-2 and AL-3 from genotypes KA and
J-41(B) with a variation of 62.9% and component 2 sepa-
rated genotypes AL-1, AL-2 and AL-3 explaining a varia-
tion of 7.4% (Fig. 2b). The clear separation underscored the
reliability of results and highlighted the distinct nature of
genotypes. The analysis clearly showed differences among
the five genotypes with treatments within genotypes clus-
tering together. The analysis also suggests that commercial
genotype KA is distinct from all the other genotypes from
the NE region, including J-41(B), which belongs to the same
species and has similar fruit characteristics. The genetically
diverse C. annuum genotypes can be crossed for obtaining
heterosis for traits of commercial importance. It is known
that the C. annuum complex, including the three species,
underwent selection several times for key commercial traits.
Out of C. annuum species samples only AL-2 clusters with
C. chinensis and C. frutescence. As the clustering is based
on metabolites, it is possible that AL-1 and AL-2 landraces
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O AL-1

o AL-3
J-41(8)
) KA

PC2(14.4%)

PC 1(639%)

Fig.2 Multivariant analysis of significant metabolites from mature
fruits of five chilli genotypes using PCA (a), and PLS-DA (b). The
significant metabolites (P <0.05) from chilli genotypes form sepa-
rate groups, indicating an altered metabolite level state in the fruit.

were selected for similar fruit quality traits during domes-
tication as revealed by overlapping of samples (Fig. 2a)
despite having very distinct fruit shapes.

Metabolomic analysis was performed to understand the
metabolomic changes in the C. annuum (J-41(B), AL-2 and
KA), C. chinense (AL-1) and C. frutescens (AL-3). The
mature fruits of genotypes J-41(B) and KA were deep red
compared to other genotypes. A total of 1704 metabolites
that were differentially accumulated were identified in all
combinations (Supplementary Table S2). A higher number
of differentially accumulated metabolites were seen in the
J-41(B) versus AL-3 (1376), followed by J-41(B) versus
AL-2 (1365), J-41(B) versus AL-1 (1257), KA versus AL-2
(649), AL-3 versus KA (616), KA versus AL-1 (594) and
J-41(B) versus KA (413) (Fig. 3), suggesting that variation
between species was higher than within species. Volcano
plots were generated to identify significantly upregulated
and downregulated metabolites in all possible pair-wise
comparisons (Fig. 3). In addition, a higher number of upreg-
ulated metabolites were observed in AL-1 versus JL-41(B)
(1859 and |485). However, the number of downregulated
metabolites was higher in J-41(B) versus AL-3 (1463 and
1933) comparison. Differentially accumulated metabolites
were further explored to identify biochemical pathways
using pathway enrichment analysis.

Pathway enrichment analysis
Metabolite pathways were determined by conducting a

KEGG mapper analysis, considering all possible pair-wise
comparisons. The top three pathways were identified based
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The genotypes are represented with distinct colours, as indicated in
the top right corner of the figure. AL-2, J-41(B) and KA belong to C.
annuum species, AL-1 is a chinense and AL-3 is a frutescens

on their significance and involvement in the observed meta-
bolic changes. The outcomes were employed to construct
pathway visualizations.

Species-specific pathway enrichment shows several
metabolites associated with diterpenoid biosynthesis, arachi-
donic acid metabolism, and biosynthesis of unsaturated fatty
acids were significantly enriched (Supplementary Fig. S3).

Diterpenoid biosynthesis is a significantly enriched path-
way observed across all the species-specific pairwise com-
parisons (i.e. Capsicum annuum vs Capsicum annuum, Cap-
sicum annuum vs Capsicum chinensis, Capsicum annuum Vs
Capsicum frutescens and Capsicum chinensis vs Capsicum
frutescens) (Supplementary Fig. S3). However, unsaturated
fatty acids (including a-linoleic acid) were significantly
enriched in Capsicum annuum versus Capsicum chinensis,
Capsicum annuum versus Capsicum frutescens and Cap-
sicum chinensis versus Capsicum frutescens comparisons
only. Further, cutin, suberin, and wax biosynthesis were
enriched in Capsicum annuum versus Capsicum chinensis,
Capsicum annuum versus Capsicum frutescens and Capsi-
cum chinensis versus Capsicum frutescens comparisons but
not in Capsicum annuum versus Capsicum annuum (Sup-
plementary Fig. S3).

Identification of species-specific metabolites in chilli
genotypes

A total of nine major categories of metabolites viz, fatty
acyls, sterol lipids, flavonoids, alkaloids, biosynthesis
of secondary metabolites, terpenoids, phytochemical
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Fig. 3 Identification of differentially accumulated metabolites in
mature chilli fruits using pair-wise genotypic comparisons. Volcano
plots were generated based on significantly accumulated metabolites
using criteria P<0.05 and log, fold change>1. In these plots, red

compounds, glycosides and other metabolites were iden-
tified (Fig. 4). The actual composition (in percentage)
varied in different pairwise comparisons. The three major

JL41 (B) vs AL-2
9
- 4% 1% 0.3%

JL-41 (B) vs KA AL-2 vs KA

3% 1% 0.2%

3% 1% 0.5%
5%

C. annuum vs C. annuum

JL-41 (B) vs AL-3 AL-2 vs AL-3 KA vs AL-3

4% 1% 1% 1%
% i

C. vs C. frut

Fig.4 Percent distribution of major categories of significantly accu-
mulated metabolites in mature fruits of chilli genotypes. Significantly
accumulated metabolites were identified using criteria P <0.05 and
log, fold change>1 and pathways were identified using the KEGG

and blue indicate up- and down-regulated metabolites, respectively.
AL-2, J-41(B) and KA belong to C. annuum species, AL-1 is a C.
chinense and AL-3 is a C. frutescens. Details of metabolites up- or
down-regulated are available in Supplementary Table S2

categories, fatty acids, sterol lipids and flavonoids, con-
tributed to more than 70% of the significantly expressed
metabolites across genotypes.

JL-41 (B) vs AL-1 AL-2 vs AL-1 KA vs AL-1

0.2%

3% 3% 1% 3 " 1%

C. annuum vs C. chinense

AL-1vs AL-3

B Fatty acids
i Sterol lipids
W Flavonoids
m Biosynthesis of secondary metabolites
u Terpenoids
B Other Metabolites
 Phytochemical compounds
11 Alkaloids
Glycosides

vs C. frut

mapper. Pair-wise genotypic comparison is depicted for nine major
categories of metabolites identified. AL-2, J-41(B) and KA belong to
C. annuum species, AL-1 is a C. chinense and AL-3 is a C. frutescens
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Differentially accumulated metabolites selected using
the criteria of P <0.05 and log,FC > 1.0 were used to gen-
erate a heatmap using online TB tools that led to the iden-
tification of five distinct genotypic clusters (Fig. 5). The
first cluster suggests that high fold change carotenoids and
flavonoids can be targeted for improving the colour and fla-
vour in the three landraces (AL-1, AL-2 and AL-3). While
other highly accumulated metabolites underlying colour
and flavour were identified for cluster two. In the case of
cluster three, flavonoid and terpenoid were identified as
the key metabolic categories. For the other two clusters,
no unique cluster specific pattern could be obtained. This
suggests that there is enough variation within clusters four
and five to be used for breeding fruit traits of importance.

The significant high-fold metabolites from the heat-
map belong to four major biosynthetic pathways. Some
of the important metabolites for each of the pathways are
as follows.

F_i_ 1= =

140.00
120.00
100.00
80.00
60.00
40.00
20.00
0.00

B LMPK12020283
A Y O ) 06866
o o o s I coo107

Fig.5 Heat map analysis of the differentially accumulated metabo-
lites observed in chilli genotypes. The x axes indicate pairwise com-
parison while y axes are KEGG identifiers for metabolite as men-
tioned in Supplementary Table S2. The red and blue colour represents
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Carotenoid pathway

Compounds of carotenoid pathway like monoanhydro-
bacterioruberin (3.93-fold), isorenieracistene (9.37-fold),
hydroxyspirilloxanthin (2.05-fold) and 2-ketospirilloxanthin
(1.88-fold) are present in higher concentration in AL-1 com-
pared to J-41(B) (Fig. 5). On the other hand, compounds like
rhodovibrin (2.12-fold), phoenicoxanthin (2.68-fold) and
2,2'-diketospirilloxanthin (1.58-fold) are present in higher
concentration in J-41(B) compared to AL-1. Compounds
3,4-dihydroanhydrorhodovibrin (1.75-fold), 3',4'-dihy-
drorhodovibrin (1.98-fold), adonixanthin (4.48-fold), can-
thaxanthin (1.30-fold), phoenicoxanthin (2.69-fold) and
rhodovibrin (2.38-fold) are higher in J-41(B) compared to
AL-2. On the other adonixanthin (5.81-fold), 2,2'-diketo-
spirilloxanthin (1.52-fold), 3,4-dihydroanhydrorhodovibrin
(1.57-fold), 3',4'-dihydrorhodovibrin (1.89-fold), canthaxan-
thin (1.30-fold), phoenicoxanthin (2.86-fold) and rhodovi-
brin (3.11-fold) are higher in J-41(B) compared to AL-3.

. H
.
e, IlI

|Alkaloids

the increased or decreased accumulation of metabolites, respectively.
A zoomed in version of the heatmap for the four major classes is
shown on the right side
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Compounds like 3,4-dihydroanhydrorhodovibrin (17.22-
fold), canthaxanthin (2.92-fold), phoenicoxanthin (9.91-fold)
and hydroxyspirilloxanthin (1.19-fold) are higher in KA
compared with AL-2. There was a 6.78-fold higher amount
of jasmonyl-L-leucine in genotype AL-1 as compared with
KA.

Fatty acid pathway

The levels of various glycerophospholipids were different in
the five genotypes. PA (17:0/0:0) and PA (20:5(5Z,8Z,11Z
,147.,147,177)/22:0) content were 2- and fourfold, respec-
tively higher in AL-1 in comparison with KA. Dinorurso-
deoxycholic acid content was 24-fold higher in AL-1. PC
(2:0/2:0) content in AL-1 was 45-fold higher (KA). DGTS
(16:0/18:3(6Z,9Z,127)) content was also substantially (19-
fold) more in AL-1. AL-1 fruit has a rough texture compared
to other genotypes evaluated in the present study. Dinorurso-
deoxycholic acid, belonging to the main class ‘bile acid and
derivative’, is present 24-fold higher in AL-1 compared with
KA. Cinobufagin (sterol lipid; bufanolide) is 11-fold more
in KA as compared to AL-1. J-41(B) has higher amounts of
steroids like certonardosterol G (13.6-fold) and cholesterol-
beta D glucoside (6.8-fold more) in comparison to AL-1.
AL-2 has higher levels of ehrensteroid C (an ergosterol).
5S-hydroperoxy-18R-HEPE, an eicosanoid is present in six-
fold higher amounts in AL-3 compared with AL-1. Addi-
tionally, one of glycerolipids (DG (18:2(9Z,127)/18:3(9Z
,127,157)/0:0) [iso2]) is present at nearly 88-fold higher
in AL-3. In AL-1, many sterol lipids were identified but
all diverged to either degradation or primary bile deriva-
tives. Content of two prenol lipids (tutin 22 times more
and 3f-(3-methyl-butanoyloxy)-villanovane-13a,17-diol at
25-fold) were significantly higher in AL-3 (cf KA). Prenol
lipids- tephrowatsin B, 3,4,3',4'-tetrahydrospirilloxanthin-
20-al, 3p-(3-methyl-butanoyloxy)-villanovane-13a,17-diol
and tutin were found in higher amount in AL-3 (vs AL-1).

Flavonoid pathway

All the chilli genotypes analysed in the present study are
pungent with a distinct flavour. In KA and J-41(B), a higher
number of isoprenoids (C40 type; like echinenone) were
found. In KA, nearly fourfold higher levels of L-phenyla-
lanine as compared to AL-1 were noted. Dinorursodeoxy-
cholic acid content in AL-1 is 24-fold more (cf KA). Addi-
tionally, a 6.7-fold higher amount of jasmonyl-L-leucine in
AL-1 was detected in comparison with KA. Prenol lipids
such as (3S)-11-cis-3-hydroxyretinal, 13-cis-retinoic acid
and phorbol 12-tiglate 13-decanoate were present in signifi-
cantly higher amounts in fruits of KA. Secondary metabo-
lites such as 11-hydroxyferruginol, 11-hydroxysugiol, gib-
berellin A14 aldehyde and pisiferic acid were also present in

higher amounts. A flavanone-malonylapiin was also in very
large amounts in KA. Polyketide-5,7,8,3',4'-pentahydroxy-
6-methoxyflavone content in AL-2 was 79-fold more than
KA. Cyclopiazonic acid was also present at ninefold higher
levels. The capsaicin content in AL-3 was threefold higher
compared to KA. Staphylopine (a type of D amino acid) was
twofold higher in AL-3 compared with KA.

Secondary metabolites like 11-hydroxyferruginol,
11-hydroxysugiol, catharanthine, dTDP-D-forosamine,
y-tocotrienol, gibberellin A12 aldehyde, gibberellin A14
aldehyde, gibberellin A20, oleandolide and pisiferic acid
were higher in J-41(B) versus AL-1.

Based on the metabolites obtained, we were able to iden-
tify fatty acid metabolism with phosphatidic acid leading to
variation in the distribution of glycerophospholipids, sphin-
golipids and steroids in the cell membrane along with carot-
enoid, flavonoid and capsaicinoid pathways as key pathways
differentiating chilli accessions (Fig. 6).

Capsaicin estimation and allele mining of key
biosynthetic genes across the three Capsicum
species

Capsaicin content using commercially available standards
was estimated for the five chilli genotypes. The capsaicin
content ranged from 7.4 ppm (111,023.8 Scoville Heat Units
(SHU)), 5.6 ppm (84,113.77 SHU), 5.38 ppm (80,828.77
SHU), 4.47 ppm (67,178.77 SHU) and 3.45 ppm (51,848.77
SHU), respectively for the genotypes AL-1, AL-2, AL-3,
J-41(B) and KA. The estimated capsaicin values showed
a positive correlation of 0.46, 0.71 and 0.61 with cap-
saicin, dihydrocapsaicin and total capsaicinoid content,
respectively.

A set of 21 genes belonging to flavonoid, capsaicinoid
and carotenoid pathways (Fig. 6; Table 2) were explored
to see whether species-specific alleles exist which could be
targeted for breeding programs. The metabolomic approach
led to the identification of key biosynthetic pathways which
in turn resulted in identifying the underlying genes using
standard ontology-based methods using both Solanaceae and
Pepper databases (details available in the Methods section).
This was followed by allele mining using the pangenome
data available for a set of 326 diverse genotypes (CA-112;
CF-99; CC-115). For most of the biosynthetic genes, alter-
nate alleles exist (leading to missense, stop, gain of start
codon) which could be putative targets for designing mark-
ers underlying such potential functional nucleotide polymor-
phism (FNP). The frequency of alternate alleles ranged up to
100% for enzymes like KAS and CAT in the case of CC. For
some of the isoforms of pAMT (03g05690 and 03g22890),
there is no variation reported in the pangenome.

@ Springer



486

Physiology and Molecular Biology of Plants (March 2025) 31(3):477-491

Gl 3P

'
Pyrlivate
Phenylalanine

AL

Cinnamate

\4
Coumarate

3 malonyl-CoA 3
-CL

4- Coumaroyl-CoA

- R—_ cHs
Naringenin “—Narmgemn chalcon

cT
4- Coumaroyl-Shikimate/

i in e Dil i icetil Quinate,
o ° >0 =~ cafredyl-Coa
&FR &FR ‘bFR &ow
I i Coniferaldehyde < Feruloyl-CoA
atechin ‘ - \ -
Cyanidin ’
*FGT N - $rer Coniferyl alcohol ¥
Cyanidin-3-glucside Delhinidin-3-glucside

AMT

loMT & A
Peonidih-3-glucside EPicatechin 3-O gallate Vinylamine

Proanthbeyanidins cs
Capsaicin
Flavonoid pathway

Fig.6 Secondary metabolic pathway shows the interactions of differ-
ent biochemical compounds in mature chilli fruits. AL-2, J-41(B) and
KA belong to C. annuum species, AL-1 is a chinense and AL-3 is a

For the seven genes analysed for the flavonoid pathway,
no stop codon was identified (Table 2). The total number of
variants ranged from 8 to 65. Stop codon was identified in
five genes.

Discussion

Chillies are recognised as one of the most important spices.
The molecular basis of quality traits, including flavour and
other fruit attributes, are still not properly understood. Mul-
tiple studies on diversity in chilli accession (Yumnam et al.
2012; Rivera et al. 2016; Du et al. 2019; Loépez Castilla
et al. 2019; Paredes Andrade et al. 2020) and some of the
domestication-related traits including fruiting behaviour and
fruit size have been conducted (Gonzalez-Pérez et al. 2014;
Du et al. 2019; Liu et al. 2023). Despite the commercial
and health benefits of chilli, limited research has been con-
ducted to characterise and understand the extent of varia-
tion in metabolites in chilli and their association with key
fruit traits like shape, colour, texture and flavour. A previous
analysis of GC-MS-based metabolite profiling for 136 chilli
genotypes identified only 56 metabolites (Gaur et al. 2016).
A similar approach was also used to study the accumulation
of capsacinoids in inter- and intra-specific hybrids of two
species of Capsicum peppers, C. chinense (cv. Habanero and
cv. Biquinho) and C. annuum var. annuum (cv. Jalapefio and
cv. Cascadura Ikeda) (Naves et al. 2022). This study sug-
gested that heterosis for capsaicinoids is dependent on the
parent-of-origin effect. Targeted metabolite approach for
both capsaicin pathway-related metabolites and antioxidants
is well-reported in chilli (Reddy et al. 2014; Das et al. 2021;
Lahbib et al. 2021; Akhter et al. 2024; Naseem et al. 2024,
von Steimker et al. 2024). Using an untargeted metabolite
approach, we could identify 2702 putative metabolites,
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frutescens. The key biosynthetic genes used for allele mining are indi-
cated in purple colour

across chilli species. This extensive variation in metabo-
lites was identified for the four-heirloom chilli of NE India
compared with Kashi Anmol (KA). The genotype AL-1 or
Naga chilli/bhut jolokia is a native Capsicum landrace found
in NE India, which is one of the naturally occurring hottest
chilli in the world. From a molecular breeding perspective,
a better understanding of the key fruit traits will allow for
better-designed crop improvement strategies (Dutta et al.
2018; Penuela et al. 2021). Previously, we had identified
morpho-molecular markers for diverse accessions from NE.
We also identified variations in the pungency related locus
Punl (Yumnam et al. 2012). The current study was able to
identify genotype-specific metabolites including variation
in capsaicin. Our findings validate that all the genotypes
used in the present study are pungent while the commercial
genotype KA has the lowest pungency levels. Additionally,
the differential accumulation of metabolites belonging to the
carotenoid pathway was also identified. The rationale for the
selection of these four different chilli types was to identify
metabolites which would help generate a baseline dataset for
further studies on fruit quality traits in chilli.

Previously, metabolomic profiles during fruit develop-
ment in domesticated and wild accessions of chilli fruits
(C. annuum) revealed that the domesticated group had the
highest level of glycerophospholipids, with an abundance of
lipid metabolism, a decrease of capsaicinoids, terpenoids,
flavones, and flavanol compounds when compared with their
wild ancestors (Cervantes-Hernandez et al. 2022). Popula-
tion structure using 467 diverse chilli accessions has also
revealed that the levels of diversity negatively correlate to
levels of domestication, with the more diverse being the
least domesticated (McCoy et al. 2023). Our analysis of the
four diverse heirloom chilli landraces from NE India sug-
gests that the diversity of metabolites is still present, which
needs to be harnessed. The metabolomic approach led to
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the identification of key biosynthetic pathways which led
to the identification of underlying genes using standard
ontology-based methods. This would not have been feasi-
ble using a targeted metabolite approach. Availability of
pangenome (Liu et al. 2023) allowed us an opportunity for
allele mining in a set of 326 diverse genotypes. Allele min-
ing for 21 key genes involved in flavonoid, capsaicinoid and
carotenoid pathways revealed significant allelic variation
for these genes within and between species. For most of
the biosynthetic genes, alternate alleles exist. The alternate
allele identified for CC and CF can, however, be targeted for
designing species-specific allelic markers for at least five of
these genes (cut-off >80%). These markers when used in
breeding programs can contribute to desired alleles derived
from targeted species. Additionally, for several genes, there
is allelic variation between CC and CF. Parallelly, mark-
ers targeting stop codons identified in five genes (including
PAMT) across the three pathways, can be one of the initial
steps for testing and if successful, implementing in chilli
breeding programs for improvement of fruit traits.

In the case of tomato, a cracking fruit phenotype with
lower levels of plant sterols belonging to the brassinoster-
oid pathway is reported (Rahim et al. 2018). Lower levels of
3B-hydroxysteroid dehydrogenase/decarboxylase isoform2 and
8(24) sterol reductase in this mutant were correlated to crack-
ing fruit type. The MEP/DOXP pathway leading to carotenoid
(rhodopin and rhodovibrin identified as key metabolites show-
ing differential expression) and xanthophyll (phoenicoxanthin,
adonixanthin, etc.) synthesis was identified as one of the key
pathways for which differentially accumulated metabolites
were identified. 2-ketospirilloxanthin and 2,2'-diketospirillox-
anthin are two metabolites belonging to the spirilloxanthin
pathway (Chi et al. 2015). The other two compounds in the
pathway which were enriched are rhodovibrin and adonixan-
thin. While rhodovibin is colourless; adonixanthin is one of
the bottlenecks of the maximum accumulation of astaxanthin
(Bai et al. 2017). It is known that anthocyanin accumulation
is JA inducible (Wasternack and Hause 2013). Tryptophan
metabolism has a role in cell enlargement and L-tryptophan
was threefold higher in J-41(B) cf AL1. On the other hand,
precursors of the brassinosteroid (BR) signalling pathway were
at least fivefold higher in KA cf J41(B). It is known that BR
has specific effects on differentiation (Miissig 2005); while
tryptophan is the precursor of auxin, a hormone well known
for influencing cell division, cell elongation and differentia-
tion (Ljung 2013). Shikimate pathway with L-phenylalanine
leading to flavones in the flavonoid pathway was identified
as another key pathway which showed differential accumula-
tion of metabolites across species. In plants, the biosynthesis
of phenolic compounds through aromatic amino acids starts
with the shikimate/arogenate pathway (Weaver and Herrmann
1997). The importance of this pathway is demonstrated by the
fact that, under normal growth conditions, 20% of the carbon

fixed by plants flows through it (Haslam 1993). The formation
of aromatic amino acids, phenylalanine, tyrosine and trypto-
phan, occurs in this pathway. In C. annuum seedlings, induc-
tion of two enzymes, i.e. shikimate dehydrogenase and peroxi-
dase, is reported in response to copper stress (Diaz et al. 2001).
Avocados coated with phenylalanine elicitors are reported to
have a better flavour than the control fruit (Saidi et al. 2001).
In mango, treatment with phenylalanine enhanced the chill-
ing tolerance of fruit through the regulation of metabolic and
defense-related pathways while maintaining high levels of fla-
vonoids, antioxidants, enzyme activity, and volatile aldehydes
(Patel et al. 2023). Several reports on targeted metabolite iden-
tification in chilli are available and the untargeted approach
has only been attempted in C. annuum species. In our study
we did find certain major metabolites belonging to the four
major pathways like colour, flavour and capsaicin development
along with fatty acid pathway including glycerophospholipids
and sphingolipids which overlap with the published dataset
(Das et al. 2021; Lahbib et al. 2021; Cervantes-Hernandez
et al. 2022), but the relative metabolite comparison across the
four heirloom chilli landraces of commercial value and its
importance from chilli diversity perspective gives an insight
into these complex traits, which has not been reported till
date. Identification of key metabolites for colour and flavour,
in addition to allelic variation previously reported (Yumnam
et al. 2012; Colney et al. 2018) and identified in the current
study suggests that polymorphism underlying the biosynthetic
genes can be used as biomarkers for further characterisation
and utilization of these heirloom landraces for improvement
of fruit flavour and colour in chilli. Pangenome revealed that
only two genes involved in capsaicin biosynthesis overlapping
between C. annuum var. annuum and C. baccatum var. pendu-
lum, suggesting that various pungency levels in C. annuum var.
annuum and C. baccatum var. pendulum were mainly achieved
through the selection of different genes in the capsaicin bio-
synthetic pathway during their independent domestications
(Liu et al. 2023). Our untargeted metabolite data allowed us
to use the pangenome to identify several other genes including
those belonging to capsaicin biosynthetic pathway, which can
be targeted for better understanding and improving fruit quality
traits. To the best of our knowledge, this study lays the founda-
tion for doing systemic studies to generate the next generation
high-quality breeding material in chilli.

Conclusion

Northeast India serves as a secondary center of diversity
for chilli peppers. In summary, we examined four ‘heir-
loom’ pungent landraces, each differing in fruit colour,
shape/size, and texture, and with unique flavours. Using an
untargeted approach, we identified a total of 2702 putative
metabolites, with 1704 showing differential accumulation.
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Key metabolites were identified, along with the biochemical
pathways which show differential metabolite accumulation
in these chilli landraces. Significant differences in the accu-
mulation of metabolites contributing to membrane phos-
pholipids, including glycerophospholipids and sphingolip-
ids, were identified. Key metabolites and underlying alleles
across twenty-one genes and three pathways (flavonoid,
capsaicinoid and carotenoid) were identified. The alternate
allele identified for CC and CF can be targeted for the design
of species-specific allelic markers in at least five of these
genes. These markers when used in breeding programs can
contribute to desired alleles derived from targeted species.
Parallelly, markers targeting stop codons identified in five
genes (including pAMT) across the three pathways, can be
one of the initial steps for testing and if successful, imple-
menting in chilli breeding programs for improvement of fruit
traits. This will contribute towards breeding programs in
aiding the selection of fruits of the desired trait.
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