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This study investigates the effect of 100 mg L™! thymol treatment on the quality of post-harvest peppers stored at
10 °C. The results showed that thymol treatment significantly reduced decay rate, reactive oxygen species (ROS)
accumulation, and saturated fatty acid levels in peppers. Moreover, unsaturated fatty acids, non-enzymatic
antioxidants, and antioxidant enzyme levels increased after treatment. For example, catalase (CAT) activity
rose by 1.29-fold at 18 d, while ascorbic acid (AsA) content increased by 3.38-fold at 36 d. Additionally, thymol

application inhibited the hydrolysis of pepper cell wall components and decreased the activities of enzymes
related to cell wall and membrane lipid metabolism. Specifically, cellulase and lipase treatments showed re-
ductions of 26 % and 1.73-fold compared to control (CK) at 36 d; protopectin (PP) also exhibited a 1.2-fold
increase relative to CK. In conclusion, thymol can maintain antioxidant activity under post-harvest conditions
while slowing cell wall and lipid metabolism processes.

1. Introduction

Pepper is a herbaceous plant classified as either annual or perennial,
belonging to the genus Capsicum within the family Solanaceae. It ranks
among the most widely consumed vegetables in China. Characterized by
its vibrant green colour, thick and crisp flesh, and high concentrations of
vitamins, proteins, sugars, and minerals, pepper is highly nutritious and
favored by consumers (Huang et al., 2023). The softening of pepper
during storage is an inevitable phenomenon that significantly impacts
postharvest transport. This process is closely associated with cell wall
and membrane degradation. The softening directly influences firmness,
which serves as a crucial indicator of commercial quality. An intact cell
wall is essential for maintaining optimal firmness in peppers (Guo et al.,
2022).

Cell membrane integrity is closely linked to cellular functions (Lu
et al., 2023). In this context, Das (2021) proposed that there may be a
significant correlation between cell membrane integrity and its
compositional alterations during the process of senescence. Lipids serve
as essential signaling molecules within cell membranes and play a
crucial role in maintaining both the function and integrity of these
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membranes. Additionally, they are vital in coordinating responses to
biotic and abiotic stressors (Oubohssaine et al., 2024). Moreover, lipids
contribute to the damage sustained by cellular membranes throughout
cellular senescence. This process is characterized by an increase in
saturated fatty acids coupled with a decrease in unsaturation levels, such
changes lead to reduced fluidity of the cell membrane and increased
permeability, which collectively accelerate cellular senescence. Conse-
quently, alterations in lipid composition are critical for fruit quality.
Furthermore, the senescence of peppers is closely associated with the
accumulation of reactive oxygen species (ROS). It has been observed
that storing plants under unfavorable conditions induces significant
quantities of ROS production within cells, disrupting redox homeostasis
and impairing cellular capacity to scavenge free radicals. This disruption
leads to severe damage to cell membranes and disintegration of cell wall
structures (Nukuntornprakit et al., 2015), which adversely affects the
postharvest storage quality of peppers. Various methods have been
demonstrated to maintain the postharvest quality of peppers, including
Melatonin (MT) (Li et al., 2024), cold-excitation treatment (Mi et al.,
2023), sodium alginate application (Castaneda et al., 2024), and hot air
treatment (Wang et al., 2023). However, these approaches are not
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without their limitations. For instance, the cost associated with air-
conditioned storage can be considerable. Additionally, maintaining
temperature consistency in cold storage presents challenges and may
lead to cold damage. Furthermore« chemical reagents such as ClO4 could
potentially pose adverse effects on human health. Consequently, there is
a pressing need for identifying more suitable preservation methods for
peppers.

The utilization of plant essential oils as a method for food preser-
vation has been extensively documented in the literature. Taban et al.
(2024) demonstrated that treatments involving essential oils combined
with edible coatings resulted in significantly enhanced firmness values,
thereby confirming the preservative efficacy of these essential oils.
Tzortzakis (2024) investigated the impact of oregano essential oil on
controlling grey mould in peppers and found that it effectively inhibited
mould propagation while maintaining post-harvest quality. Thymol is
an essential oil derived from plants that is recognized for its safety and
environmental friendliness. It exhibits a variety of beneficial properties,
including antibacterial, antiviral, and antioxidant effects. Thymol has
been widely employed in fruit and vegetable preservation efforts.
Several studies have indicated that applying thymol to citrus fruits can
reduce the incidence of green mould while improving preservation
quality (Zhang, Shan, et al.,, 2023). Ding, Liu, et al. (2023) utilized
thymol in coating blueberries, resulting in extended shelf life and
increased activity of antioxidant enzymes. Furthermore, Ye et al. (2024)
applied a thymol solution to blueberries and observed that thymol
hindered cell wall deterioration while enhancing the energy status of
blueberries and effectively preserving their post-harvest quality.

Additionally, Wang et al. (2024) employed thymol-bearing micro-
capsules for the treatment of okra and found that this approach could
mitigate cell membrane damage and reduce the levels of ROS. The
studies have demonstrated that thymol treatment provides a protective
effect on both cell membranes and cell walls while preserving antioxi-
dant capacity. Consequently, it can be postulated that thymol treatment
may be advantageous for maintaining the quality of peppers during
postharvest storage. Previous research has established that thymol
possesses excellent preservative properties and offers protection to cell
membranes and cell walls. Furthermore, it has been shown to sustain
antioxidant capacity. However, the effects of thymol on the metabolism
of cell walls and membranes in peppers remain undocumented. There-
fore, a comprehensive investigation into the preservation effects of
thymol on peppers is highly warranted.

The objective of this study was to investigate the effects of thymol on
the postharvest physiological quality, antioxidant activity, membrane
lipid, and cell wall metabolism in peppers. Furthermore, this research
aims to establish a theoretical foundation for the practical application of
thymol.

2. Methods and materials
2.1. Chemical reagents

Thymol (AR, China), capsaicin (standard products, China), NaCl (AR,
China), DTT (dithiothreitol) (AR, China), phosphatidylcholine (AR,
China), GSH (AR, China), docosahexaenoic acid (AR, China), 4-hydrox-
yethylpiperazine ethanesulfonic acid (AR, China), dimethyl sulfoxide
(AR, China), o-nitrobenzene-f-D-galactoside (AR, China), salicin (BR,
China), horseradish POD (BR, China), choline oxidase (BR, China), fast-
blue B (> 95 %, China), anhydrous sodium sulfate (AR, China), phos-
phoric acid (AR, China), 2,2-bipyridine (AR, China), NADPH (AR,
China), carbazole (AR, China), CaCl, (AR, China), ZnS04.7H,0 (AR,
China), a-acetic acid naphthyl ester (> 99 %, China), DTNB (5,5’-
Dithiobis) (AR, China), N-ethylmaleimide (AR, China), sodium linoleate
(AR, China), pectin (AR, China), Triton X-100 (AR, China), cysteine
hydrochloride (BR, China), Thiobarbituric acid (TBA) (AR, China), 4-
aminoantipyrine (> 98 %, China), hydroxylamine HCl (AR, China),
a-naphthylamine (AR, China), NapHPO4 (AR, China) NaH,PO4 (AR,
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China), PVPP (polyvinylpolypyrrolidone)(AR, China), EDTA(AR,
China), AsA(AR, China), EDTA-2Na(AR, China), TCA (trichloroacetic
acid TCA) (AR, China), glu (AR, China), bromomuscovanillin blue (AR,
China), n-hexane (AR, China), quartz sand (AR, China), FeCls (AR,
China), 3,5-Dinitrosalicylic acid (AR, China), potassium sodium tartrate
(AR, China), p-aminobenzenesulphonic acid (AR, China), phenol (AR,
China), titanium tetrachloride (CP, China), ammonia (AR, China), HO5
(AR, China), HCI (AR, China), sulfuric acid (AR, China), acetone (AR,
China), chloroform (AR, China), K;HPO4 (AR, China), KHoPO4 (AR,
China), potassium hydride (AR, China), sodium carbonate (AR, China),
acetic acid (AR, China), petroleum ether (AR, China), ethyl anthrone
acetate (AR, China), ethanol (AR, China), methanol (AR, China), ben-
zene (AR, China), CMC (sodium carboxymethylcellulose) (AR, China),
polygalacturonic acid (GR, China), CH3COOK (AR, China), H-ATPase,
Ca%*-ATPase kits are from Nanjing Jianjian Bioengineering Institute.

2.2. Plants and treatments

Fresh ‘jumbo’ peppers were sourced from a cultivation area in
Guizhou Province and transported to the laboratory immediately after
harvesting. A total of 30 kg of ripe, uniformly sized peppers exhibiting
no visible mechanical damage were selected for this study. The peppers
were randomly divided into four groups and treated with different
concentrations of thymol (50 mg L™}, 100 mg L™}, 150 mg L) as well
as distilled water (CK). Following treatment, the peppers were naturally
dried, placed in microporous film bags (PE), and stored in a chromato-
graphic refrigerator at a temperature of 10 + 0.5 °C and relative hu-
midity of 80 % for a duration of 36 d. Physiological parameters were
assessed at intervals of 0, 9, 18, 27, and 36 d. Samples weighing
approximately 1.5 kg were collected from each group at each time point.
The remaining portion of each group (1.5 kg) was preserved in an ultra-
low temperature freezer at —80 °C for subsequent analysis related to
antioxidant metabolism, membrane lipid metabolism, and cell wall
metabolism indicators.

2.3. Measurement of firmness, AE, chlorophyll, total flavonoid and decay
rate

To ascertain the firmness of the peppers. Eight fresh peppers were
randomly selected, and the middle part was identified. Test conditions:
probe type P 2, speed 1 mm s~ ' for pre-measurement, 1 mm s~ for
detection speed, 2 mm s7! for post-measurement speed, penetration
distance 10 mm, and the results are expressed as Newton (N).

To evaluate the firmness of the peppers, eight fresh specimens were
randomly selected, and their central portions were identified. The
testing conditions included: probe type P 2; pre-measurement speed at 1
mm s~ }; detection speed maintained at 1 mm s~!; post-measurement
speed set to 2 mm s '; and a penetration distance of 10 mm. The re-
sults are expressed in Newtons (N).

The colour differences of eight fresh peppers were randomly selected
and measured using a portable colorimeter to record the values of L*, a*,
and b*. The AE was calculated utilizing Eq. 1.

AE = ¥/ AL% + Ad? + Ab? @

Chlorophyll content was determined according to the method
described by Zhang et al. (2024). 1 g of fresh pepper was ground with 80
% alcohol, followed by filtration. The precipitate was rinsed with 80 %
alcohol until it became colorless. The two filtrates were combined and
diluted to a final volume of 25 mL. Absorbance was measured at 625 nm,
and the results are expressed in mg kg™ 1.

The total flavonoid content was determined according to the method
described by Shen et al. (2025). 1 g of fresh pepper was ground with 75
% ethanol and diluted to a final volume of 25 mL, followed by extraction
in the dark for 1 h. The mixture was centrifuged, and the supernatant
was collected. The supernatant (1 mL) and 0.6 % TBA (4 mL) should be
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measured and incubated in a water bath for 15 min. Subsequently, take
1 mL of the resulting mixed solution, combine it with 2 mL 0.1 mol L™}
AlCl;5 and 3 mL of 1 mol L™! CH3COOK, then bring the total volume to
scale. The absorbance is to be measured at 420 nm. The results were
expressed in pmol kgL

The decay rate of peppers was assessed by measuring the number of
decayed peppers during storage, and the decay rate was calculated using
eq. 2.

Decay rate (%) = Number of rotten fruits/total number of fruit x 100

(2)

2.4. Determination of hydrogen peroxide (H202) contents, superoxide
anion (O3) production rate, catalase (CAT), peroxidase (POD),
superoxide dismutase (SOD) and ascorbate peroxidase (APX) activities

H,0; content and O3 production rate were determined according to
Shen et al. (2025). For the determination of HpO,. Grind 1 g of fresh
pepper with 5 mL of acetone and centrifuge to obtain the supernatant. A
volume of 1 mL of the supernatant is pipetted and mixed with an equal
volume of 0.1 mmol L™' HyOj-acetone, 0.1 mL 10 % titanium
tetrachloride-hydrochloric acid, 0.2 mL ammonia. The precipitate was
washed with acetone until the pigment was removed. The precipitate
was dissolved in 2 mol L~} sulfuric acid (3 mL) and the absorbance
measured at 412 nm. The results are expressed as pmol kg !

For the determination of O3 production rate. 1 g of fresh pepper
should be ground with 5 mL of extraction bufferand centrifuge to obtain
the supernatant. Take 1 mL of the supernatant, 1 mL of 0.05 mol L™! pH
7.8 PBS (phosphate buffer saline), and 1 mL of 0.001 mol L™} hydrox-
ylamine HCI, and incubate for 1 h at 25 °C. A supplementary 1 mL of
0.017 mol L1 p-aminobenzenesulphonic acid (1 mL) and 1 mL of 7
mmol L™} ¢-naphthylamine should be added, and the mixture should be
incubated at 25 °C for 0.5 h. The absorbance should be determined at
530 nm. The results are expressed as pmol kg~ '.

The CAT assay was conducted by Wu, Li, et al. (2024). 1 g of fresh
pepper was ground with 5 mL of buffer solution (comprising 5 mmol L™}
DTT (dithiothreitol) and 5 % PVPP (polyvinylpolypyrrolidone)), then
centrifuged. The resulting supernatant was retained. The solution sub-
jected to analysis comprised 2.9 mL of 0.02 mol L™! Hy0, and 0.1 mL of
enzyme extract. The absorbance was measured at 240 nm, and the re-
sults are expressed in U kg™ 1.

POD was determined according to the method described by Wu, Li,
et al. (2024). 1 g of fresh pepper was ground in 5 mL of buffer solution.
The resulting supernatant was collected following centrifugation. The
assay solution consisted of 200 pL of 0.5 mol L™! HyOy, 500 pL of enzyme
solution, and 3 mL of a 0.025 mol L ™! guaiacol solution. Absorbance was
mealsured at a wavelength of 470 nm. The results are expressed in U
kg™ .

SOD was measured according to the method described by Marklund
and Marklund (1974). 1 g of fresh pepper was ground in 15 mL of water,
and the supernatant was retained after centrifugation. The assay solu-
tion consisted of 2.35 mL of distilled water, 1.45 mL of liquid A (100
mmol L~ Tris-HCl buffer at pH 8.2 containing 2.0 mmol L' EDTA), and
700 pL of 0.01 mol L™! HCI as a blank. For the determination, the so-
lution included 2.35 mL of liquid A, 1.45 mL of water, and 700 pL of
liquid B (4.5 mol L1 o-benzenetriol). Absorbance readings were taken
at intervals of 30 s at 325 nm and expressed as autoxidation AA325
(min~1). Additionally, to another test tube should be added: further
amounts consisting of 2.35 mL of liquid A, 850 pL of distilled water,
along with the same volume (700 pL) from liquid B, and this mixture is
processed similarly while noting A'A325 (min~!). The results are
expressed in U kgL

The measurement of APX was performed following the methodology
established by Wu, Li, et al. (2024). A 5 mL PBS buffer at pH 7.5, con-
taining 2 % PVPP, 0.1 mmol L™! EDTA, and 1 mmol L1 AsA, was uti-
lized to homogenize 1 g of fresh pepper. The mixture was centrifuged,
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and the supernatant was collected for further analysis. The assay solu-
tion consisted of 2.6 mL of reaction buffer, 0.1 mL of enzyme solution,
and 0.3 mL of 2 mmol L™ H,0, solution. Absorbance readings were
taken at a wavelength of 290 nm. The results are expressed in U kg~L.

2.5. Determination of glutathione (GSH), oxidized glutathione (GSSG),

ascorbic acid (AsA), dehydroascorbate (DHA) contents, AsA/DHA rate,

monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR) and glutathione reductase (GR) activities

GSH and GSSG contents were determined following the method
described by Zhao et al. (2011). Initially, 1 g of fresh pepper was ground
with 5 mL of 0.05 g mL ! trichloroacetic acid (TCA) containing 5 mmol
L~! EDTA-2Na. The resulting supernatant was collected after centrifu-
gation. Two test tubes were prepared: to one tube, 1 mL of the super-
natant was added along with an equal volume of 0.1 mol L™ PBS at pH
7.7 to the other tube (control), 0.5 mL of a 4 mmol L1 solution of DTNB
(5,5°-Dithiobis) was added alongside an equal volume of PBS at pH 6.8
for the sample tube. The samples were incubated at a temperature of
25 °C for a duration of 30 min. Absorbance values at a wavelength of
412 nm were recorded as optical densities (ODs) for both control and
sample tubes (ODc). The results are expressed in mg kg™ .

The contents of AsA and DHA were determined according to the
method described by Shen et al. (2025). 2 g of fresh pepper was ground
with 5 mL of 60 g L~! TCA. The resulting supernatant was collected after
centrifugation. The AsA assayed solution comprised 200 pL of super-
natant, 1 mL of 100 g Lt TCA, 0.5 mL of PBS (pH 7.4), 800 pL of 20 g
L1 2,2-bipyridine, 800 L of 42 % phosphoric acid, and 400 pL of 30 g
L~! FeCls, placed at 42 °C for 40 min. The total AsA assayed solution
comprised 200 pL of supernatant, 0.2 mL of DTT and 0.5 mL of PBS (pH
7.4), placed at 42 °C for 15 min, adding 200 pL of N-ethylmaleimide, and
then proceeding as described above for AsA. The result is expressed in
mg kg~ L.

DHAR, MDHAR, and GR activities were determined following Huang
etal. (2022). 1 g of fresh pepper was ground with 5 mL of 0.05 mol L™}
pH 7.8 phosphate buffer (containing 2 mmol L™} AsA, 0.2 mmol L™
EDTA and 2 g L™! PVPP). The resulting homogenate should be centri-
fuged and the supernatant retained. The reactive solution for GR
comprised 2 mL of 0.1 mol L™ pH 7.5 PBS, 200 pL of supernatant, 100
pL of 5 mmol L™! GSH, and 50 pL of 3 mmol L ™! NADPH. The MDHAR
reaction solution comprised 200 pL of supernatant, 1.7 mL of 0.05 mol
L' PBS (pH 7.5), 0.2 mL of 2 mmol L' AsA, and 0.1 mL of 4 mmol L™!
NADPH. The DHAR determined solution comprised 200 pL of superna-
tant, 0.1 mL of 8 mmol L' docosahexaenoic acid, 0.1 mL of 20 mmol
L7! glu and 1.6 mL of 0.1 mmol L™} 4-hydroxyethylpiperazine ethane-
sulfonic acid-potassium hydride buffer. The activity of DHAR was
measured at 265 nm, GR and MDHAR activities were measured at 340
nm. The results are expressed in U kg1

2.6. Measurement of cellulose, protopectin (PP), soluble pectin (SP), ionic
soluble pectin (ISP), covalent soluble pectin (CSP) and water-soluble
pectin (WSP) contents

The cellulose content was determined according to the method
described by Sun, Liu, et al. (2024). Initially, 1 g of fresh pepper was
ground with 60 mL of 50 % sulfuric acid and then diluted to a final
volume of 100 mL, allowing it to stand for 0.5 h. Subsequently, 5 mL of
the supernatant was taken and further diluted to a total volume of 100
mL, followed by thorough shaking to prepare the cellulose determina-
tion solution. A volume of 1 mL from this test solution was combined
with 500 pL of a 2 % ethyl anthrone acetate solution and 5 mL of sulfuric
acid, then boiled for 10 min. The absorbance was measured at a wave-
length of 630 nm. The results are expressed in mg kg™ '.

The content of PP and SP was measured following the methodology
described by Li, Qiu, et al. (2023). Initially, 1 g of fresh pepper was
ground with 50 mL of 95 % methanol, followed by a water bath at 100 °C
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for 10 min, and then centrifuged for 5 min. This procedure was repeated
three times. Subsequently, 20 mL of distilled water was added to the
precipitate, which was incubated at 50 °C for 30 min. After centrifu-
gation, the supernatant was collected and adjusted to a fixed volume.
This solution represents soluble pectin. Next, to the precipitate, 50 mL of
0.5 mol L™! sulfuric acid was added and boiled for 1 h. The resulting
mixture was then diluted to a final volume of 100 mL. This constitutes
the protopectin determination solution. A sample volume of 1 mL from
this solution should be taken and mixed with 6 mL of sulfuric acid before
boiling for another 20 min. Following this step, add 200 pL of a
carbazole-alcohol solution at a concentration of 1.5 g L. After allowing
the reaction to proceed in darkness for 2 h, absorbance measurements
were conducted at a wavelength of 530 nm. The results are expressed in
mg kgL,

The determination of ISP, CSP, and WSP was conducted by Sun, Tian,
etal. (2024). 1 g of fresh pepper was ground with 3 mL of 80 % ethanol
and boiled for 20 min. The resulting precipitate was collected after
centrifugation. This precipitate was washed three times with both 80 %
ethanol and acetone, then suspended in 3 mL of 90 % dimethyl sulfoxide
and left overnight. Subsequently, the precipitate was dried at 45 °C for
10 h and weighed to obtain the cell wall material (CWM). The extraction
of different components followed a sequential approach as outlined
below: WSP was extracted using 5 mL of acetate buffer (pH 6.5, 0.05
mol L™1); ISP was extracted with volume of the same acetate buffer
containing 0.05 mol L™! CDTA; CSP was extracted with 5 mL of 0.05
mol L1 pH 6.5 sodium carbonate buffer (0.05 mol Lt CDTA). For
analysis, to each milliliter of supernatant, we added 0.2 mL of carbazole-
ethanol solution (1.5 g L’l) along with 6 mL of sulfuric acid, followed by
incubation at 85 °C for 10 min. The absorbance was measured at a
wavelength of 530 nm, and results were expressed in mg kg .

2.7. Determination of cellulase (Cx), pectin methylesterase (PME),
p-Galacturonidase (p-gal), polygalacturonase (PG), pectate lyase (PL)
and f-glucosidase (f-Glu) activities

The Cx activity was quantified according to the method described by
Wang et al. (2020). 3 g of fresh pepper was homogenized with 15 mL of
acetate buffer. Following centrifugation, the supernatant was collected
for further analysis. The reaction mixture consisted of 2 mL of CMC, 1
mL of acetate buffer, and 500 pL of the supernatant. This mixture was
incubated at 50 °C for a duration of 30 min. Subsequently, after adding
2 mL of DNS, the solution was heated in a boiling water bath for 5 min.
The final volume was then adjusted to 100 mL before measuring the
absc;rbance at a wavelength of 540 nm. The results are expressed in mg
kg™

The measurement of PME activity was performed by Alagie et al.
(2023). 2 g of fresh pepper was homogenized with 5 mL of 5 % NaCl
solution. The resulting supernatant was collected following centrifuga-
tion. The assay mixture consisted of 2 mL of 0.5 % pectin, 150 pL of 0.01
% bromomuscovanillin blue solution, and 750 pL of distilled water,
which were incubated at 37 °C for 15 min. Subsequently, an aliquot of
400 pL from the supernatant was added to the mixture. The absorbance
was measured rapidly at a wavelength of 620 nm over a period of 2 min.
The results are expressed in U kg~ *.

For the determination of p-Gal activity, please refer to Wang et al.
(2020). 1 g of fresh pepper was ground with 4 mL of pH 5.6 acetate
buffer (0.05 mol L~1). After centrifugation, the supernatant was
retained. To this supernatant (0.1 mL), 1 mL of 1 mol L~! o-nitroben-
zene-p-D-galactoside was added along with a control consisting of o-
nitrobenzene-B-D-galactoside (1.1 mL). Subsequently, 2 mL of 1 mol L™}
sodium carbonate was incorporated into the mixture and incubated at
37 °C for 30 min. The absorbance should be measured at a wavelength of
400 nm. The results are expressed in pmol kg~

PG activity was quantified following the methodology described by
Alagie et al. (2023). 1 g of fresh pepper was ground in 10 mL of 0.1 mol
L7! acetate buffer at pH 4.0, and the supernatant was retained after
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centrifugation. Subsequently, 0.1 mL of the supernatant was combined
with 3.8 mL of a 0.5 % pectin solution and incubated at 37 °C for 30 min.
After this incubation period, 2 mL of DNS reagent was added, followed
by boiling for an additional 5 min before cooling to room temperature.
The absorbance was measured at a wavelength of 540 nm, and the re-
sults are expressed as mg kg 1.

PL activity was measured following the methodology outlined by
Gwanpua et al. (2014). 1 g of fresh pepper was ground with 50 mmol L™}
pH 7.0 PBS, which contained 1 % (w/v) Triton X-100, 20 mmol Lt
cysteine hydrochloride, and 1 % (w/v) PVPP. The mixture was incu-
bated for 2 h at 4 °C. The resulting supernatant was centrifuged and
retained. Subsequently, we added 1.5 mL of supernatant, mixed it with
2.5 mL of a 1 % (w/v) polygalacturonic acid solution and followed by
the addition of 1 mL of 0.01 mol L™! CaCl, solution at a temperature of
37 °C for a duration of 1.5 h. Following this incubation period, we
introduced an aliquot consisting of 300 pLof a saturated solution of
ZnS04.7H50 along with 0.05 mol L~! NaOH. Next, we took Take 2.5 mL
of the supernatant, along with 0.75 mL of 0.01 mol L-1 HCI, 1.5 mL of
0.6 % TBA and 0.25 mL of water and boil for 30 min. The absorbance
values were recorded at 550 nm. The results are expressed in U kg™!.

The activity of f-Glu was determined by Alagie et al. (2023). Fresh
pepper (2 g) was ground with 20 mL of 95 % methanol, followed by
extraction with 20 mL of 80 % ethanol for 10 min. The mixture was
centrifuged, and the supernatant was retained. Then, it was extracted
with 5 mL of 50 mmol L ! pH 5.5 acetic acid buffer (1.8 mol L~! NaCl)
for 20 min. Subsequently, the supernatant was retained again and the
volume was adjusted to 25 mL after centrifugation. 0.5 mL of enzyme
solution and 1.5 mL of 10 g L™! salicin were placed at 37 °C for 1 h.
Subsequently, 1.5 mL of DNS was boiled for 5 min. The absorbance was
assayed at 540 nm. The result is expressed in pg kg~*.

2.8. Determination of phospholipase D (PLD), lipase (LPS), lipoxygenase
(LOX) activities, fatty acids, MDA

The activity of PLD was assayed by Yavar et al. (2021). Grind 1 g of
fresh pepper with distilled water (5 mL), the supernatant was retained
after centrifugation. A volume of 30 pL of the enzyme solution was
combined with an equal volume 500 mmol L~} pH 5.5 acetate buffer
(0.5 mmol L ™! CaCl,), and 10 pL of PC (phosphatidylcholine), placed at
37 °C for 10 min. Subsequently, 20 pL of 1 mol L™} pH 8.0 Tris-HCI (0.1
mol L™! EDTA), 30 pL of 0.1 mol L™! Tris-HCl (containing 0.2 U
horseradish POD, 1.5 mmol L™! 4-aminoantipyrine, 2.1 mmol L7}
phenol, and 3 U choline oxidase) were mixed and incubated at 37 °C for
45 min. The change in absorbance over 3 min at 492 nm was deter-
mined. The result is expressed in U kg~L.

LPS activity was assessed according to the method described by
Kuang et al. (2023). 1 g of fresh pepper was ground with 5 mL of 0.2 mol
L~! PBS at pH 7.8. The mixture was then subjected to centrifugation, and
the supernatant was retained for further analysis. Subsequently, 1 mL of
the supernatant, along with 2.3 mL of 0.2 mol L~ PBS (pH 7.8) and 500
uL of 0.2 mol L™} g-acetic acid naphthyl ester solution, were combined
and incubated at 25 °C for a duration of 30 min. Following incubation,
200 pL of a fast-blue B solution (0.15 %) was added. The change in
absorbance at 520 nm over a period of three minutes was measured,
with results expressed in U kg ™.

LOX activity was evaluated by Kuang et al. (2023). 1 g of fresh
pepper was ground with 0.1 mol L™} PBS at pH 6.8, supplemented with
1 % Triton X-100 and 4 % PVPP. Following centrifugation, the super-
natant was collected for analysis. The assay solution comprised 2.75 mL
of a 0.1 mol L™ ! sodium phosphate buffer at pH 5.5, along with 50 pL of a
0.1 mol L™! sodium linoleate solution and 0.2 mL of the enzyme extract.
The change in absorbance at 234 nm over a period of 3 min was
recorded, and the results were expressed in U kg ™.

The fatty acid content, including linolenic acid, linoleic acid, pal-
mitic acid, and stearic acid, was analyzed according to the method
described by Lin et al. (2017). 3 g of fresh pepper was combined with a
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chloroform-methanol (2:1) and subjected to sonication for 1 h before
being filtered. Saturated sodium chloride was added to the filtrate; the
upper layer contained the fat extract, which was subsequently dried over
anhydrous sodium sulfate. Benzene-petroleum ether (1:1) and 0.4 mol
L~! KOH-methanol were introduced to the fat extract and incubated at
45 °C for 30 min. Following this incubation, n-hexane and saturated
sodium chloride were added. The supernatant was then carefully
pipetted into injection vials for further analysis.

The determination of malondialdehyde (MDA) was carried out ac-
cording to the method described by Sun, Liu, et al. (2024). Briefly, 1 g of
pepper was ground with 0.1 g mL™! TCA (5 mL), centrifuged and the
supernatant retained. A 2 mL sample of the supernatant was taken (the
control tube was replaced with 2 mL of 0.1 g mL™! TBA) and combined
with an equal volume of TBA. Boil in a water bath for 1/3 h and
determine the absorbance at 600 nm, 450 nm and 532 nm. The unit is
expressed as pmol kg~ *.

2.9. Statistical analysis

The data were expressed as the standard deviation of means obtained
from three independent experiments and subsequently analyzed for
statistical significance using GraphPad Prism 10.1.0 and Origin 2021
software, respectively. Statistical differences between means at P < 0.05
were analyzed using ANOVA.

3. Results and discussion

3.1. Thymol on contents of firmness, AE, chlorophyll, total flavonoid and
decay rate of peppers

During the pre-storage period, no differences were observed in the
phenotypic changes of the peppers. However, as the storage period
progressed, the peppers exhibited progressive wrinkling and yellowing.
The treatment with 100 mg L~! demonstrated the least significant
changes. At 36 d, the peppers in the CK group exhibited multiple in-
stances of rot, while the peppers in the 50 mg L' and 150 mg L}
treatment groups displayed indications of yellowing of the skin, wrin-
kling, and slight rotting. In contrast, the peppers in the 100 mg L~}
treatment group did not demonstrate any instances of rotting and
retained a organoleptic quality. The firmness of peppers exhibited a
gradual decline throughout the storage period, with the 100 mg L™}
treatment group consistently exhibiting higher firmness levels compared
to the other experimental groups. At 36 d, firmness of the 100 mg L™}
treatment group was 5.127 N, while the firmness of the CK group was
3.344 N. This represents a 1.53-fold increase in firmness for the 100 mg
L~! treatment group relative to the CK group (Fig. 1B). Furthermore, the
colour difference exhibited a gradual increase during storage period.
The 100 mg L™! treatment group demonstrated the smallest shift in
colour difference value, suggesting that the 100 mg L ™! treatment group
was more effective in maintaining the colour of the pepper and preser-
ving its sensory quality (Fig. 1C). The chlorophyll content exhibited a
declining trend throughout the storage period. The highest chlorophyll
content was observed in the 100 mg L™! treatment group, which was
1.24 times greater than that of the CK group. This finding indicates that
the treatment group effectively inhibited the reduction in chlorophyll
levels and maintained the quality of the peppers. (Fig. 1D) The flavonoid
content demonstrated a tendency to increase and subsequently decline
throughout the entire storage period. Conversely, the flavonoid content
of the CK group consistently exhibited a lower level than that of the
treatment group. At the 36 d, the flavonoid content of the 100 mg L™}
treatment group reached its peak, while the flavonoid content of the CK
group reached its lowest point (Fig. 1E). Notably, the observed increase
in flavonoid content may be attributed to the inhibitory effect of thymol-
treated on the conversion of flavonoids and the stimulatory effect on the
conversion of phenols to flavonoids (Mahfujul et al., 2023). The decay
rate exhibited a linear increase, with the onset of decay observed in the
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CK group after 18 d and in the treated group until 27 d. At 36 d, the
decay rate reached 43.45 % in the CK group and only 10.1 % in the 100
mg L ! treatment group. This represented a 4.3-fold difference between
the two groups (Fig. 1F). These findings align with those of Grze-
gorzewska et al. (2020), Kong et al. (2020), and Ma et al. (2023), which
demonstrated that MT, CaCly, and 1-MCP treatments mitigated pepper
softening and preserved storage quality. Based on these observations, it
can be postulated that thymol may have a comparable effect.

The results showed that the 100 mg L™! treatment group could
maintain the firmness, flavonoids and chlorophyll content of the pep-
pers, reduce the decay rate of the peppers and reduce the change of
colour difference to ensure the storage quality of the peppers. Therefore,
we chose the 100 mg L ™! treatment group to study the effects of thymol
on the antioxidant system, membrane lipid metabolism and cell wall
metabolism in peppers.

3.2. Effect of thymol-treated on the rate of H2O2 content and O3
production rate, CAT, POD, SOD and APX activities in peppers

ROS is intimately associated with lipid peroxidation and cell soft-
ening, and excessive reactive oxygen species can lead to a disruption of
the dynamic equilibrium, thus accelerating fruit senescence and soft-
ening (Mittler, Zandalinas, Fichman, & Breusegem, 2022). POD, CAT,
and SOD are very common and essential anti-oxidant enzymes with the
function of scavenging ROS. In this article, the HO, content and the O3
production rate demonstrated an upward trajectory during the storage
period. At 36 d, the H,0, content of CK was 1.46 times greater than that
of the thymol-treated (Fig. 2A). At 18 d, the O3 production rate in the
thymol-treated was only 79 % of that in CK (Fig. 2B). Similarly, Wu, Li,
et al. (2024) observed that the treatment resulted in a reduction in H,Oo
and O3 content. At 6 d, the fumigation of HyO, content exhibited a
23.33 % decrease in comparison to the control, indicating that the
treatment was effective in maintaining ROS levels. The findings of this
study indicate that CAT activity exhibits a fluctuating pattern, with an
initial increase followed by a subsequent decrease during the storage
period. At 18 d, the CAT activity of the thymol-treated was 88.5 U g™},
while that of the CK was 68.5 U g™ L. This represented a 1.29-fold in-
crease in CAT activity relative to the CK (Fig. 2C). The activity of POD
exhibited a gradual increase throughout the storage period, with dif-
ferences observed at the later stages (Fig. 2D). The same findings were
found in Li et al. (2024), who revealed that exogenous MT could effi-
ciently scavenge ROS by regulating the levels of CaCAT and CaPOD and
maintaining high antioxidant enzyme activity, thereby protecting pep-
per cells from ROS-induced damage. The activity of SOD exhibited an
initial increase followed by a subsequent decrease during the storage
period. Throughout this period, the SOD activity in the thymol-treated
consistently exceeded that of the CK. The highest SOD activity was
observed at 18 d, with the enzyme activity of the thymol-treated being
1.36 times that of the CK (Fig. 2E). APX activity demonstrated a ten-
dency to increase and subsequently decline. The highest APX activity
was observed in the thymol-treated at 9 d, with an activity of 325.5 U
g1, and an APX activity of 262 U g~! in the CK. The thymol-treated
exhibited a 1.24-fold increase in APX activity compared to the CK
(Fig. 2F). This is comparable to the recent study conducted by Wu et al.
(2023), who discovered that APX activity in the treated group was
markedly enhanced at 14 d, exhibiting a 1.27-fold increase relative to
the control group. Furthermore, SOD activity after 28 d of storage was
21.25 £ 0.11 in the treated group and 14.43 + 0.07 in the CK. In
summary, thymol-treated dramatically increased SOD, POD and CAT
activities and suppressed the rise of ROS levels.

3.3. Effect of thymol on GSH, GSSG, AsA, DHA contents, AsA/DHA rate,
MDHAR, DHAR and GR activities of peppers

The AsA-GSH cycle is a very essential ROS removal system (Ding,
Yao, et al., 2023). In the present study, the GSH content exhibited a
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precipitous decline at 9 d, which is likely attributable to the alteration in
pepper environment at the beginning of storage. Subsequently, the GSH
content demonstrated a tendency towards stabilization throughout the
duration of storage with a discrepancy (Fig. 3A). The GSSG content
exhibits initially rising and subsequently declining, the highest value is
reached at 9 d (Fig. 3B). AsA content demonstrated a downward tra-
jectory during the storage period. The AsA content of the thymol-treated
consistently exceeded that of CK. At the 36 d, the AsA content of the
thymol-treated reached a value that was 3.38 times greater than that of
the CK (Fig. 3C). During the storage period, the DHA content of the CK
consistently exceeded that of the thymol-treated. At 27 d, the DHA
content of CK was 1.21 times greater than that of the thymol-treated.
The AsA/DHA ratio exhibited a gradual decline throughout the stor-
age period. In the treatment group, the AsA/DHA ratio, which reflects
the antioxidant capacity of the peppers, remained consistently higher
than that of CK. At the 36 d, the ratio of the thymol-treated was 2.15
times greater than that of CK (Fig. 3D and E). Similarly, Guo et al. (2025)
observed that the irradiation treatment of pakchoi stimulated the AsA-
GSH cycle. The RL (Red light-emitting diode irradiation) group exhibi-
ted 65-142 % higher AsA levels compared to the CK throughout the
storage period. Additionally, the AsA/DHA ratio was significantly

increased during storage, ranging from 15 % to 161 % higher than the
CK, the findings indicate that the homeostasis of ROS can be maintained
by regulating the AsA-GSH cycle, which may slow down the ageing
process of fruits and vegetables. Similar variations have been identified
in previous studies, including those on water chestnuts (Wu, Zhang,
et al., 2024) and pepper (Narin, Nam, Jessada, & Karthikeyan, 2024). In
this study, the MDHAR activity initially increased and subsequently
decreased. At 9 d, the MDHAR activity of the thymol-treated was
observed to be 1.59 times higher than that of the CK (Fig. 3F). DHAR
activity initially increased and subsequently declined, reaching its peak
at the 18 d. The thymol-treated exhibited a 1.45-fold higher DHAR ac-
tivity compared to the CK (Fig. 3G). The trend of the GR enzyme activity
was like that of MDHAR, with the enzyme activity reaching its highest
value at the 18 d (Fig. 3H). Similarly, we find similar results in Yao et al.
(2021), who demonstrated that exogenous GSH improved the antioxi-
dant capacity of pepper by up-regulating CaGR2, inducing the expres-
sion of CaAPX1, CaMDHARI1, and CaDHAR]1, thereby mitigating cold
damage and protecting the cellular membrane system from damage. As
demonstrated by Zhang et al. (2022), sulfur dioxide has the capacity to
regulate the AsA-GSH cycle in grapes, inhibit the accumulation of HyOo,
and reduce O3 production rate. Shen et al. (2025) demonstrated that HoS
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treatment induces gene expression in the AsA-GSH cycle and markedly
suppresse ROS production, thereby maintaining a high antioxidant ca-
pacity. This, in turn, enhances the vitality of key enzymes involved in the
AsA-GSH cycle, thereby maintaining a state of equilibrium with respect
to ROS. It was determined that the application of thymol enhanced the
antioxidant capacity of peppers, augmented the scavenging capacity of
reactive oxygen species by elevating the expression of the AsA-GSH
cycle, and mitigated the deleterious effects of ROS, thereby improving
the quality of preservation.

3.4. Effect of thymol contents of cellulose, PP, SP, WSP, ISP and CSP of
peppers

The cell wall is primarily comprised of pectin, cellulose, and hemi-
cellulose (Rapin et al., 2023). The cellulose content demonstrated a
declining trend over the course of the storage period. The thymol-treated
exhibited consistently higher cellulose content than the CK. At 9 d, the
cellulose content of the CK was 81 % of that of the thymol-treated
(Fig. 4A). The PP content exhibited a similar trend to that of cellulose.
At 36 d, the thymol-treated was 1.2 times greater than that of the CK
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(Fig. 4B). Consistent with our result, Li, Qiu, et al. (2023) demonstrated
elevated levels of PP and cellulose in okra treated with GA, accompanied
by a reduced expression of cell wall-degrading enzymes. The contents of
SP, WSP, ISP and CSP exhibited an upward trajectory during the storage
period. The thymol-treated consistently exhibited lower values than the
CK. Furthermore, each index demonstrated disparities during the late
storage phase, suggesting that the thymol-treated may have impeded the
solubilisation of capsicum pectin (Fig. 4C-F). The same results were
found in different treatments of peppers, Alagie et al. (2023) demon-
strated that the reduction of cell wall degradation by MT could maintain
pepper firmness.

3.5. Effect of thymol-treated on cx, PME, -gal, PG, PL, -Glu activities of
Dpeppers

Polysaccharides in the cell wall are destroyed by cell wall degrading
enzymes (PME, PG, f-Glu, #-Gal, Cx, etc.), which ultimately leads to the
collapse of the cell wall structure (Ji et al., 2021). Zeng et al. (2024)
found that inhibition of #-Gal, PME activity could delay the degradation
of pectin and cellulose and maintain the integrity of cell wall structure,
and found that inhibition of key genes, such as Mif-Gal and MiPME,
could delay the degradation of the cell wall. The results of our study are
in accordance with the aforementioned findings, the activity of the Cx in
question exhibited a tendency to increase over the course of the storage

period, with the rate of this increase becoming more pronounced after
27 d. At 36 d, the thymol-treated activity was observed to be 74 % of the
CK (Fig. 5A). The data indicated a fluctuating trend in PME activity,
exhibiting an increase followed by a decline. At 27 d, the activity of the
PME in the thymol-treated was observed to be 1.81 times lower than that
of the CK. Following the 27 d, a decline in enzyme activity was observed,
with a decrease evident in the thymol-treated compared to the CK
(Fig. 5B). During the storage period, f-Gal, PL and PG activity exhibited
a linear increase, and at 36 d, PG and PL activities in CK were 1.2 and 1.1
times higher than those in the thymol treatment, respectively (Fig. 5C, E
and D). f-Glu demonstrated a proclivity for an initial increase, followed
by a decline, with the enzyme activity beginning to diminish after 27 d.
At 18 d, CK exhibited a 2.24-fold higher enzyme activity compared to
that of the thymol-treated (Fig. 5F). Our findings in Li, Tu, et al. (2023)
that the generation of free radicals could be inhibited by elevated oxy-
gen atmosphere modulation, thereby delaying date fruit softening and
reducing the activities of PG, PME and Cx. Previous studies have
demonstrated that thymol can control cell wall degradation and main-
tain the normal structure of the cell wall by inhibiting ROS generation,
as evidenced by Ye et al. (2024) and others.

These findings suggest that the application of thymol can effectively
maintain the polysaccharide content within pepper cells during storage,
while also demonstrating the ability to suppress the observed increase in
p-Glu, PME, PG and other enzyme activities.
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Fig. 5. Effect of thymol-treated on Cx (A), PME (B), -Gal (C), PG (D), PL (E), and f-Glu (F) of peppers at 10 + 0.5 °C. The data are the average of three values.

3.6. Effect of thymol-treated on PLD, LPS, LOX activities, fatty acids
contents and MDA of peppers

The cell membrane and cell wall collectively form the cell’s barrier,
and an intact cell membrane system is essential for maintaining normal
physiological processes in plants (Liu et al., 2022). Cell membranes are
primarily composed of lipids, and the hydrolysis and oxidation of lipids
can result in the disruption of membrane structure and function, this
process is regulated by phospholipid metabolism enzymes, including
PLD, LPS, and LOX (Lin, Lin, et al., 2024). The activities of PLD and LPS
exhibited a linear trend, with values being lower in the treated than in
the CK. At 36 d, the thymol-treated exhibited a 1.73-fold reduction in
LPS activity relative to the CK (Fig. 6A and B). Consistent with our result,
Kong et al. (2020) observed that MT mitigated membrane lipid peroxi-
dation in green peppers. Additionally, they noted a marked increase in
CaPLD expression in the CK during the initial five days, which was
nearly twice as high as that observed in the treated fruits. Furthermore,
MT was found to significantly reduce the activity of phospholipid oxi-
dases and preserve the unsaturated fatty acid content. The activity of
LOX exhibited a trend of increase, followed by a decline, reaching a peak
at 18 d. The thymol-treated demonstrated 65 % of the activity observed
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in the CK (Fig. 6C). The linolenic acid content initially increased and
subsequently declined, reaching a maximum at 9 d, after which it began
to decrease and exhibited differences. At 18 d, the thymol-treated
exhibited a linolenic acid content that was 1.6 times higher than that
of the CK (Fig. 6D). (Fig. 6E) linoleic acid content initially declined and
subsequently increased, reaching a nadir at 9 d, before exhibiting a
gradual rise. At 9 d, the CK exhibited a 1.6-fold lower concentration than
the thymol-treated. The palmitic acid content demonstrated an initial
increase, followed by a decline, reaching its highest value at 27 d.
Throughout the storage period, the CK content consistently exceeded
that of the thymol-treated, exhibiting notable differences (Fig. 6F). The
content of stearic acid increased and then decreased, reaching a
maximum at 18 d. The thymol-treated exhibited a value that was 1.3
times lower than that of the CK (Fig. 6G). Similarly, Kuang et al. (2023)
found that storage at 8 °C was more favourable for the accumulation of
unsaturated fatty acids, and the PC content was 1.9 times higher at 8 °C
than at 2 °C on the last day of storage. The U/S ratio exhibited a ten-
dency to increase and was elevated in the thymol-treated relative to the
CK, with the thymol-treated exhibiting a ratio that was 1.42 times higher
than that of the CK (Fig. 6H). The MDA, which serves as an important
indicator of cell membrane lipid peroxidation, continued to increase
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Fig. 6. Effect of thymol-treated on PLD (A), LPS (B), LOX (C), linolenic acid (D), linoleic acid (E), palmitic acid (F), stearic acid (G), ratio of unsaturated to saturated
fatty acid (U/S) (H), and MDA (I) of peppers at 10 + 0.5 °C. Data is the average of three values.

during the storage period. After 36 d, the CK was observed to be 1.2
times higher than that of the treatment group, which suggests that the
treatment group effectively inhibited cell membrane peroxidation
(Fig. 61). In a study conducted by Lv et al. (2023), figs were treated with
UV-C + 1-MCP. At 35 d, the MDA content of 1-MCP was found to be 1.64
nmol kg1, with no difference observed between the UV-C + 1-MCP and
1-MCP. In contrast, the CK content reached 1.84 nmol kg~!, demon-
strating a statistically significant difference. Additionally, the antioxi-
dant and free radical scavenging capacities were markedly enhanced by
the UV-C + 1-MCP treatment, indicating the potential for a correlation
between antioxidant membrane lipids and the notion that the inhibition
of ROS generation may serve to mitigate membrane lipid peroxidation.
It can therefore be hypothesized that the treatment with thymol
inhibited the peroxidation of cell membrane lipids and retard ed. dam-
age to the cell membrane, thus effectively delaying the onset of pepper
senescence, as confirmed by latest findings (Ye et al., 2024; Zhang, Tan,
et al., 2023).

3.7. Correlation analysis

In this study, we analyzed the correlations among physiological in-
dicators, the AsA-GSH cycle, cell wall metabolism, and membrane lipid
metabolism using Pearson correlation coefficients. Notably, the content
of AsA/DHA exhibited a negative correlation with stearic acid and fat-
degrading enzymes. This finding suggests that thymol treatment may
help maintain cell membrane integrity by modulating ROS levels.
Furthermore, as indicated by our correlation analysis (Fig. 7), there was
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a significant negative correlation (P < 0.01) between LPS and PLD ac-
tivity and both proline production (PP) and cellulose content. Lin, Chen,
et al. (2024) demonstrated that the antioxidant system plays a crucial
role in maintaining membrane lipids and cell walls; ATP treatment was
shown to extend the shelf life of longan fruit by reducing ROS accu-
mulation while mitigating softening and decomposition through alle-
viating PLD, LPS, LOX, PME, PG, Cx, and f-galactosidase activities.
Similarly, Cao et al. (2024) found that melatonin could alleviate blue-
berry senescence by regulating the AsA-GSH cycle, controlling ROS
generation, reducing membrane lipid peroxidation, down-regulating
VcLOX and VcPLD expression levels, thereby maintaining cell mem-
brane fluidity which subsequently delayed membrane lipid metabolism.

These findings provide compelling evidence linking the antioxidant
system—particularly the AsA-GSH cycle—to both membrane lipid
metabolism and cell wall metabolism in pepper fruits. It can be surmised
that there exists a relationship between the integrity of cellular mem-
branes and cell wall structures. Consequently, it can be inferred that the
preservative effect observed in thymol-treated peppers may stem from
thymol’s ability to preserve quality by lowering ROS levels within
peppers to sustain both cell wall integrity and cellular membrane sta-
bility, the possible mechanism of thymol treatment on pepper is shown
in Fig. 8.

3.8. Mechanism of thymol-treated on antioxidant, cell wall metabolism
and membrane lipid metabolism in peppers
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Fig. 7. Heat map of correlation analysis of various parameters of peppers after storage at 10 + 0.5 °C for 36 d. Heat map of correlation of physiological, antioxidant,
cell wall, and membrane lipid metabolism of thymol-treated during storage. F is firmness; SLA is stearic acid; PLA is palmitic acid; LA 1 is linoleic acid; LA 2 is
linolenic acid; U/S is unsaturated acid/saturated acid ratio; HO is HyO,; GSG is GSSG; MR is MDHAR; CL is cellulose.
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Fig. 8. Mechanism of thymol-treated on antioxidant, cell wall metabolism and membrane lipid metabolism in peppers at 10 + 0.5 °C.

4. Conclusions

The objective of this study was to investigate the impact of thymol
treatment on the senescence and quality deterioration of peppers. The
findings indicated that the application of thymol (100 mg L™!) inhibited
enzymatic activities such as PG, PL, and p-Gal. This phenomenon
contributed to the maintenance of pectin and cellulose content, thereby
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preserving the integrity of the cell wall. Furthermore, thymol treatment
resulted in a reduction in hydrogen peroxide concentration, an increase
in antioxidant enzyme activities including APX, SOD, and MDHAR,
while also regulating the AsA-GSH cycle to mitigate ROS effects on
peppers. Additionally, there was an inhibition in the production of
stearic and palmitic acids alongside an increase in linoleic and linolenic
acid content, which led to a decrease in membrane lipid peroxidation.
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Nevertheless, the precise molecular mechanisms through which thymol
influences pepper quality remain unclear. Future investigations could
utilize advanced techniques such as proteomics, transcriptomics, and
genomics to gain deeper insights into the regulatory mechanisms gov-
erning the effects of thymol application on pepper shelf-life.
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