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Abstract: Metabolite profiling is an important approach for understanding plant physiological responses to
abiotic stresses, including salinity, which significantly affects membrane stability, carbon metabolism, and ion
homeostasis. This study aims to characterize the metabolite profile of cayenne pepper leaves (Capsicum frutescens
L.) under salinity stress using Gas Chromatography—Mass Spectrometry (GC-MS) to identify volatile and semi-
volatile compounds. The results showed that cayenne pepper leaves contained various metabolite groups, including
alcohols, carboxylic acids, esters, sugars, aromatic heterocyclic compounds, and stress-related bioactive components.
The dominant compounds detected included D-mannose, 3-furaldehyde, 5-hydroxymethylfurfural (HMF), palmitic
acid, and stearic acid, which may contribute to osmoregulation, oxidative protection, and membrane lipid stability.
The diversity of these components indicates metabolic adjustment to salinity stress through the strengthening of
osmotic regulation, antioxidant defense, and membrane structure maintenance. Overall, the findings suggest that
cayenne pepper leaves exhibit an adaptive metabolite profile that may be relevant to salinity tolerance. These results
provide a useful basis for further research in stress metabolomics and for the development of chili varieties with
improved tolerance to extreme environmental conditions.

Keywords: salinity stress; Capsicum frutescens L.; metabolite profiling; GC-MS analysis; abiotic stress
response.
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1. Introduction

Cayenne pepper (Capsicum frutescens L.) is one
of the strategic horticultural commodities in the tropics,
especially Indonesia, which has very high consumption
and market demand both in fresh and processed forms
(Jeksen, E. E., & Sari, D., 2022; Murniati, 2022). The
content of bioactive metabolites such as capsaicinoids,
flavonoids, vitamins, and various other volatile
compounds (Husein et al., 2021) makes cayenne pepper
not only economically valuable, but also important for
the food industry (Maulana et al., 2024), health, and
pharmaceuticals. Nonetheless, the productivity of
cayenne pepper is greatly influenced by environmental
conditions (Maulana et al., 2025), especially abiotic
stress. Among the various forms of abiotic stress,
salinity stress is one of the most detrimental factors
because it is able to affect plant physiology in a short
period of time and has a long-term impact on growth
and yields (Gian et al., 2021).

Salinity causes osmotic stress and ionic stress
disturbances that cause ion imbalances (Sari et al.,
2026), cell membrane damage (Anugrah et al., 2022),
decreased photosynthesis efficiency (Setiasih et al.,
2020), and overproduction of reactive oxygen species
(ROS) (Kristiono et al., 2013). These conditions
encourage plants to make physiological and
biochemical adjustments, including changes in primary
and secondary metabolism (Widiatningrum et al.,
2025). An understanding of how plants respond to
saline stress from a metabolite perspective is essential
for formulating strategies to increase plant resilience
(Mailidarni & Djafar, 2025)

As the science of metabolomics develops, the
analysis of metabolite profiles has become a key
approach to describe the overall response of plants to
environmental changes (Simamora, A. N., & Wening,
S., 2021). Metabolomics works at the last molecular
level in the biological hierarchy of systems, after
genomics, transcriptomics, and proteomics (Irawan et
al., 2024). This makes metabolites the most direct
indicator of the actual physiological condition of plants
(Ningsih & Faizal, 2024). Some previous studies have
shown that plants exposed to salinity tend to increase
the accumulation of dissolved sugars, certain amino
acids (e.g. proline), antioxidant compounds, as well as
various lipid derivatives to maintain membrane stability
and neutralize ROS. (Meriem, S., 2020).

The characteristics and composition of
metabolites vary greatly between plant species, even
between varieties within a single species (Sila et al.,
2022). In cayenne pepper, information on the profile of
metabolites that play a role in abiotic stress resistance
is still limited, especially on the leaf which is an
important organ in photosynthesis, transpiration, and
biochemical defense (Arrufitasari et al., 2025). One of
the most commonly wused techniques in the
characterization of metabolites is Gas
Chromatography—Mass  Spectrometry  (GC-MS)
(Abriyani et al., 2024). This technique has high
sensitivity in detecting volatile and semi-volatile
compounds, including alcohols, aldehydes, carboxylic
acids, esters, sugars, phenolic derivatives, lipids, and
heterocyclic compounds that often appear in stress
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responses. GC-MS has become the gold standard in
phytochemical analysis due to its ability to identify
compounds with a high level of precision and
reproducibility (Fernandes et al., 2018).

2. Methods
2.1. Research Materials

The main ingredient used in this study is fresh
cayenne pepper leaves (Capsicum frutescens L.)
collected from healthy plants in the active vegetative
phase. The experiment was conducted using a
completely randomized design (CRD) consisting of
salinity stress treatment and control groups. Salinity
stress was applied using NaCl solution at a
concentration of 100 mM for 14 days, while control
plants were irrigated using distilled water without NaCl
addition. Each treatment consisted of three biological
replicates, and each replicate included three individual
plants. The plants were maintained under greenhouse
conditions at a temperature of 27 =+ 2°C, relative
humidity of 70-80%, and a photoperiod of 12 h light/12
h dark throughout the experimental period. Leaf
sampling was carried out at the end of the salinity
treatment period using fully expanded young leaves
collected from the same node position to minimize
physiological variation among samples.

Sampling is done in the morning to minimize the
degradation of metabolites that are sensitive to
temperature and oxidation. The leaves are cleaned of
dirt and dust particles using aquades, dried using fiber-
free wipes, then immediately processed or stored at a
low temperature (—20°C) before analysis to maintain
the stability of metabolites.

The chemicals used consisted of MS-grade
methanol as an extraction solvent, ultrapure aqueducts,
and helium gas (99.999%) as a carrier gas in the GC-
MS instrument.
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2.2. Sample Preparation

Sample preparation was carried out using a simple
extraction method that is commonly used in the analysis
of polar and semi-volatile metabolites.

1. 1-2 g of cayenne pepper leaves are weighed
and crushed homogeneously using a mortar and
liquid nitrogen.

2. The leaf powder was then extracted using 10
mL of MS-grade methanol at a ratio of 1:10
(b/v).

3. The mixture is whipped using a vortex for 2
minutes and sonicated for 20 minutes at room
temperature to maximize metabolite release.

4. The sample was then centrifuged at 10,000 rpm
for 10 minutes.

5. The clear supernatant is filtered using a 0.22
um filter syringe before being injected into the
GC-MS system.

The filtered extract is stored in an amber vial to
avoid photodegradation.

GC-MS analysis was performed using a Gas
Chromatography—Mass Spectrometry system equipped
with a capillary column and helium as the carrier gas at
a constant flow rate. Compound identification was
conducted by comparing the obtained mass spectra with
the National Institute of Standards and Technology
(NIST) spectral library database. Metabolites were
considered positively identified when the similarity
index exceeded 85%. Retention time validation was
performed by comparing chromatographic patterns and
fragmentation profiles with previously reported
literature data. Only compounds showing consistent
retention times and high spectral matching confidence
were included in the final metabolite profile analysis.
All samples were analyzed in triplicate to ensure
reproducibility and analytical reliability.

3. Results and Discussion
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Figure 1 Chromatography—Mass Spectrometry (GC-MS)
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The graph shown is a chromatogram from Gas
Chromatography—Mass  Spectrometry  (GC-MS)
analysis of cayenne pepper leaf extract (Capsicum
frutescens L.). This chromatogram depicts the profiles
of detected metabolites based on retention time and
signal intensity (abundance). Each peak on the graph
represents volatile and semi-volatile compounds
separated through a capillary column and detected by a
mass spectrometer system. In this graph, five major
peaks were identified as dominant compounds: D-
Mannose, 3-Furaldehyde, 5-Hydroxymethylfurfural (5-
HMF), Palmitic Acid, and Stearic Acid.

All identified metabolites showed similarity
index values above 85% based on comparison with the
NIST spectral library database, indicating reliable
compound identification. GC-MS analysis performed
in  triplicate  also  demonstrated  consistent
chromatographic patterns and reproducible peak
intensities among biological replicates.

3.1. General Structure of Chromatograms and

Compound Follicle Patterns
In general, chromatograms show a retention time

3.2. Relative Abundance of Major Metabolites

range of about 5 to 35 minutes. At the beginning of the
chromatogram (0-10 minutes), the signal intensity is
relatively low and only small peaks of low-molecular
volatile compounds such as alcohols and mild
aldehydes appear. The middle of the chromatogram
(10-25 minutes) begins to show an increase in the
number of peaks, which usually represent medium-
sized compounds, including degraded sugars and furan
compounds. At the 25-35 minute range, the peaks
appear sharper and more intense, characterizing the
elution of large, less volatile compounds such as
saturated fatty acids and long-chain esters.

A pattern of increasing metabolite complexity
from minute to minute is common in GC-MS analysis
of plants, where light compounds are induced first and
heavy compounds come out at a longer retention time.
This shows that the GC-MS method is used effectively
to separate the metabolites of cayenne pepper leaves
based on their polarity and volatility.

Semi-quantitative analysis based on normalized
peak area was performed to determine the relative
abundance of major metabolites detected under salinity
stress conditions.

Table 1. Relative abundance of dominant metabolites identified in cayenne pepper leaves under salinity stress

Compound Retention Time (min) Relative Abundance (%) Similarity Index (%)
D-Mannose 15.2 248 +1.2 91
3-Furaldehyde 19.1 13.5+0.9 88
5-HMF 24.3 187+ 1.0 90
Palmitic Acid 27.0 214+1.5 93
Stearic Acid 31.2 26.1+1.8 95

The relative abundance data showed that stearic acid was the dominant metabolite detected in cayenne pepper
leaves under salinity stress, followed by D-mannose and palmitic acid. The consistency of abundance values among
biological replicates indicated good reproducibility and analytical reliability of the GC-MS analysis.

3.3. Main Peak 1 — D-Mannose (Rt = 15
minutes)

The first peak marked on the graph is quite high
in intensity and is at a retention time of about 15
minutes. This compound was identified as D-Mannose,
one of the simple sugars that are widely reported in
vegetative tissues of plants. D-mannose is an important
component in the carbohydrate metabolism pathway,
especially in cell wall biosynthesis and osmoprotective
regulation.

Semi-quantitative analysis showed that D-
mannose had a relative abundance value of 24.8 + 1.2%,
indicating that this compound was one of the dominant
metabolites detected in cayenne pepper leaves under
salinity stress conditions.

3.4. Main Peak 2 — 3-Furaldehyde (Rt = 19
minutes)

The second peak is located at a retention time
of about 19 minutes and has quite striking intensity.
This compound was identified as 3-Furaldehyde, a
derivative of furan derived from the degradation of
hexose and pentose sugars.

The relative abundance of 3-furaldehyde was
recorded at 13.5 = 0.9%, representing the lowest
abundance among the dominant metabolites detected in
this study.

3.5. Main Peak 3 — 5-Hydroxymethylfurfural
(HMF) (Rt £+ 24 mins)

The third peak appeared at a retention time of
approximately 24-25 minutes and was identified as 5-
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Hydroxymethylfurfural (5-HMF), a compound
produced through glucose and fructose dehydration
reactions.

Relative abundance analysis showed that 5-
HMF accounted for 18.7 £ 1.0% of the detected
metabolites, indicating relatively high accumulation
under salinity stress conditions.

3.6. Main Peak 4 — Palmitic Acid (Rt + 27
minutes)

The fourth peak appeared at a retention time of
approximately 27 minutes and was identified as
Palmitic Acid, one of the major saturated fatty acids
found in plant tissues.

Palmitic acid showed a relative abundance
value of 214 + 1.5%, indicating substantial
accumulation in cayenne pepper leaves under salinity
stress.

3.7. Major Peak 5 — Stearic Acid (Rt = 30-32
minutes)

The fifth peak represented the highest signal
intensity within the 30—32 minute retention time range
and was identified as Stearic Acid, another long-chain
saturated fatty acid.

Stearic acid exhibited the highest relative
abundance value among all detected metabolites,
reaching 26.1 + 1.8%. This result indicates that stearic
acid was the dominant metabolite in cayenne pepper
leaves exposed to salinity stress.

4. Discussion

The metabolite profile of cayenne pepper leaves
obtained through GC-MS analysis showed that this
plant has a complex diversity of biochemical
compounds closely related to adaptation mechanisms
under salinity stress. The dominant compounds
identified in the chromatogram, namely D-mannose, 3-
furaldehyde,  5-hydroxymethylfurfural  (5-HMF),
palmitic acid, and stearic acid, indicate the activation of
important metabolic pathways involved in osmotic
regulation, antioxidant defense, and membrane
stabilization.

The presence of D-mannose in high abundance
suggests that cayenne pepper leaves activate
osmoregulatory mechanisms to maintain cellular water
balance during salt stress. Dissolved sugars function as
osmoprotectants that help maintain protein stability and
membrane integrity under ionic stress conditions. These
findings are consistent with Arum et al. (2021), who
reported that sugar accumulation is a common adaptive
response in plants exposed to salinity stress. Similar
results were also reported by Arumnityas et al. (2022)
in Capsicum species exposed to NaCl treatment.

The detection of 3-furaldehyde and 5-HMF
indicates sugar degradation processes associated with
oxidative stress and ROS accumulation. Furan-derived

compounds are known to possess antioxidant activity
and play important roles in reducing oxidative damage
under stress conditions. Armita & Alawiyatun (2020)
reported increased 5S-HMF accumulation together with
antioxidant enzyme activity in pepper plants exposed to
salinity stress. Ilwati et al. (2024) also stated that 5-
HMF contributes to maintaining redox homeostasis
during environmental stress exposure.

Palmitic acid and stearic acid were identified as
dominant saturated fatty acids in cayenne pepper
leaves. The increased abundance of these fatty acids
indicates membrane lipid adjustment mechanisms that
help maintain membrane stability and reduce ion
permeability under saline conditions. Similar findings
were reported by Mendrofa (2020) and Firmansyah et
al. (2017), who observed increased saturated fatty acid
accumulation in salt-tolerant plants.

Integratively, the combination of sugar
accumulation, antioxidant furan compounds, and
saturated fatty acids suggests that cayenne pepper
leaves activate three major adaptive pathways, namely
osmotic regulation, oxidative detoxification, and
membrane stabilization. Compared with previous
studies that mainly focused on physiological responses,
this study provides metabolite-level evidence regarding
adaptive biochemical mechanisms in cayenne pepper
leaves under salinity stress using GC-MS analysis.
These findings strengthen the scientific contribution of
metabolomics approaches for understanding salinity
tolerance mechanisms in Capsicum frutescens L.

5. Conclusion

Metabolite analysis of cayenne pepper leaves
using GC-MS successfully revealed a complex
biochemical profile and showed the presence of a
number of key compounds, namely D-mannose, 3-
furaldehyde,  5-hydroxymethylfurfural (5-HMF),
palmitic acid, and stearic acid. These compounds
represent three important groups of metabolites that are
directly related to the plant's tolerance mechanisms to
abiotic stresses, specifically salinity. The dominance of
D-mannose indicates that cayenne pepper leaves
activate osmoregulatory pathways to maintain water
balance and cellular stability. The presence of 3-
furaldehyde and 5-HMF indicates the activation of
antioxidant mechanisms that play a role in neutralizing
ROS accumulation, which often increases under
environmental stress conditions. Meanwhile, the high
levels of palmitic acid and stearic acid confirm the
importance of adjusting the lipid composition of the
membrane in an effort to maintain the integrity of cell
structure during salt stress. Overall, these findings
prove that cayenne pepper has a strong and coordinated
metabolic ~ response  through  osmoprotective
accumulation, oxidative detoxification, as well as cell
membrane stabilization. The resulting metabolite
profiles provide an important scientific basis for
advanced metabolomics research, metabolite-based
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plant breeding, and development of chili cultivation
strategies on land with high salinity conditions. These
results also strengthen the understanding that the
physiological mechanisms of Capsicum plants in the
face of saline stress involve mutually supportive multi-
pathway metabolic interactions.
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