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Red pepper (Capsicum spp.), a member of the Sola-
naceae family, is a globally grown and consumed veg-
etable crop. Besides their use as food and in the food 

additive industries, pepper species are also exploited 
in the pharmaceutical and medicinal industries [Liu 
et al. 2022]. Capsaicinoids, carotenoids (capsanthin, 
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ABSTRACT 

In semiarid and arid climates in the Middle East, environmental stresses such as drought and water deficit result 
in significant reductions in the growth and productivity of horticultural and agronomic crops. To improve crop 
tolerance to water-deficient conditions, applying chitosan can be a practical approach. The foliar-spraying of 
medium molecular weight chitosan (450 kDa, 95–98% degree of deacetylation, and 30 mPa.s viscosity) under 
different irrigation regimes on the yield and phytochemicals of the Iranian landrace red pepper were studied. 
Experimental factors were irrigation system included drip and flood irrigation; irrigation frequencies included 
optimal irrigation (irrigation every 5 to 7 days based on irrigation at 85–90% field capacity or F.C.), deficit irri-
gation or 50% optimum irrigation (irrigation every 13 to 15 days based on irrigation at 45–50% F.C.); the foliar 
applications included negative control (no spraying), positive control (the foliar spraying by water as solvent), 
and foliar spraying by chitosan at 2 and 4 g L–1. The highest yields of the fruit were obtained from the pepper 
plants treated with foliar-sprayed chitosan under a drip irrigation system and optimal irrigation conditions. How-
ever, the maximum values of capsaicin (11.49 mg g–1 DW), dihydrocapsaicin (4.99 mg g–1 DW), capsaicinoids 
(16.48 mg g–1 DW), vitamin C (1.26 mg g–1 DW), total phenolic content (2.15 mg GAE 100 g–1 DW), and anti-
oxidant capacity (55%) were achieved in the plants sprayed by chitosan at 2 g L–1 under 50% optimum irri-
gation (deficit irrigation) and drip irrigation system. The use of chitosan under water-deficit conditions (471 g 
capsaicin m–2) resulted in the highest capsaicin yield. In conclusion, chitosan foliar application under deficit 
irrigation is recommended to maintain and stabilize red pepper’s quantitative and qualitative performance.
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α-carotene, and fatty acid esters), flavonoids, steroidal 
saponins, and essential oils are the main components 
of the red pepper fruits [Hernández–Pérez et al. 2020]. 
The spicy taste of the fruit of this plant is related to 
capsaicin [Sanati et al. 2018]. The high consumption 
of this horticultural crop is related to its spicy prop-
erties, conferred by capsaicinoids. Capsaicin and di-
hydrocapsaicin, as two main constituents, make up 
more than 80% of capsaicinoids [Arce-Rodriguez and 
Ochoa-Alejo 2019]. In addition, pepper fruits contain 
biologically active compounds, including vitamins A, 
C, B2, and B11, as well as potent antioxidants such as 
carotenoids [Khamoushi et al. 2021, Olatunji and Afo-
layan 2018]. 

Water is one of the environmental factors that sig-
nificantly affect plant growth and the biosynthesis of 
secondary metabolites [Mosaedi et al. 2024]. The de-
crease in soil moisture is a limiting factor for biomass 
and dry matter yields of the herbs; however, it is possi-
ble that increasing some secondary metabolites under 
deficit water stress [Danesh-Shahraki et al. 2023]. This 
condition can depend on the duration, type, time, and 
growth stage under stress, genotype, agronomic man-
agement, etc. [Shaykh-Samani et al. 2023, Rezaei-Adl 
et al. 2025]. Reactions to water deficit stress differ 
among plant species. This environmental stress caus-
es reduced available water, decreased photosynthesis 
rate, and increased reactive oxygen species (ROS), 
as well as degradation of the plasma membrane (lipid 
peroxidation), pigments, proteins, and DNA [Rabêlo 
et al. 2019, Rezaei-Adl et al. 2025]. 

The biosynthesis of secondary metabolites in some 
plants is influenced by genetic and agronomic prac-
tices and ecological factors, and their interaction im-
pacts [Danesh-Shahraki et al. 2023]. Environmental 
stresses, particularly abiotic stresses, have significant 
impacts on the biosynthesis of biologically active sub-
stances [Alavi Samany et al. 2022]. To achieve stable 
quantitative and qualitative plant functions under en-
vironmental stress, such as water deficit, and to en-
hance secondary metabolite production, it is necessary 
to adopt novel horticultural management practices. 
One solution to this challenge could be to increase 
plant tolerance by utilizing elicitors such as chitosan 
[Ghasemi Pirbalouti et al. 2017]. Chitosan is a glu-
cosamine polysaccharide [Hafez et al. 2020, Darani et 
al. 2025, Rezaei-Adl et al. 2025] which, through the 

induction of the defense system, will cause the sec-
ondary metabolites biosynthesis, the activity of anti-
oxidant enzymes, and cell-compatible substances, so 
that it sends a series of chemical messages to the plant, 
which will result in increased growth and yield, as 
well as improving the physiological and morphologi-
cal processes of many plants under stress or non-stress 
conditions [Hidangmayum et al. 2019, Alavi Samany 
et al. 2022]. Previous studies have shown that chitosan 
stimulates the biosynthesis of secondary metabolites 
in various herb species. Khodadadi et al. [2023] found 
that the application of chitosan could enchain the bio-
synthesis and accumulation of phenolic compounds 
via the phenylpropanoid pathway, as well as reduce 
the effectiveness of drought stress in sage. 

It seems that the use of chitosan in plants under 
water-deficit conditions, which induces the production 
of free radicals, can reduce the adverse effects of wa-
ter deficit stress on some yield traits by boosting the 
biosynthesis of phenolic compounds and antioxidant 
substances such as vitamin C and capsaicinoids. Some 
investigations have been conducted on the impacts of 
chitosan use on the growth and phytochemical proper-
ties of some herbs under varying moisture conditions. 
However, the interaction effects of chitosan applica-
tion under different irrigation regimes on red pepper 
performance are not well documented. Therefore, this 
study was conducted to determine the effects of fo-
liar-spraying with chitosan under different irrigation 
conditions on yield and selected phytochemical traits 
of red pepper cultivated in arid and semiarid climates.

MATERIALS AND METHODS

Experimental site description. This research was 
done at the research farm of Goldaru Herbal Pharmaceu-
tical Company of Isfahan, Iran (latitude 32° 51' N, lon-
gitude 51° 52' E, altitude 1600 m) during 2018–2019. 
According to Koppen–Geiger’s climate classification, 
Isfahan has a characteristic dry climate [Kottek et al. 
2006]. Dry weather and very low rainfall are the prom-
inent features of this classification, with minimum and 
maximum temperatures of −10.6 °C and 40.6 °C, re-
spectively. The average annual precipitation over the 
city is 116.9 mm [Karimi et al. 2021]. Some meteoro-
logical parameters of the study area during the growth 
season are presented in Table 1. 
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Plant material and soil analysis. Seeds of the land-
race of red chili pepper (Capsicum annum  L.) were 
provided from the Research & Development Section, 
Goldaru Herbal Pharmaceutical Laboratories, Isfah-
an, Iran. Firstly, the seeds were sterilized by 1% so-
dium hypochlorite for 10 min and sown in 8 cm plas-
tic pots on 8 March 2018. The pots were maintained 
in a glass greenhouse under controlled conditions:  
25 °C ±2 / 15 ±1 °C (day/night) air temperatures, 65–
70% humidity, and 12/12 hours (light/light less). The 
pots were filled with the same combination of farm 
soil (Table 2), sand, and peat moss. Soil samples of 
the experimental field were taken before the experi-
ment from three random parts of each plot from 0 to 
30 cm depth (Table 2). Organic carbon, soil texture, 
pH, and electrical conductivity (EC) were determined 
using the sulfuric acid method, hydrometer assay, pH 
meter, and EC meter [AACC 2000]. Total nitrogen 
was measured using micro-Kjeldahl digestion and 
distillation techniques [Page 1982]. Available phos-
phorus content (in extraction) was measured using  
a spectrophotometric method with a spectrophotom-
eter Perkin-Elmer Inc. (Waltham, MA) [Olsen et al. 

1954]. Potassium (extracted with ammonium acetate) 
was determined using a flame photometer [Black 
1965]. The main micronutrients, including manganese 
(Mn), iron (Fe), copper (Cu), and zinc (Zn), were mea-
sured using an atomic absorption spectrophotometer 
(PerkinElmer Analyst 400, Waltham, United States of 
America) [AACC 2000].

About 45–50 days after sowing on 22–28 May 
2018, when the seedlings had 4–6 true leaves and 
were 10–15 cm tall, they were transferred to the exper-
imental field. The planting density was 25 cm between 
plants and 50 cm between the rows (~8 plant m–2). The 
thoroughly reddened peppers were hand-harvested be-
tween 9 and 15 September 2018. 

In winter 2017, the field soil was ploughed with 
a moldboard plow (up to a depth of 30–35 cm). Cow 
dung manure (10  tons  ha–1) and chemical fertilizers 
(20–20–20  kg  ha–1 N, P, and K, respectively) were 
applied to the soil before transplanting as urea, triple 
superphosphate, and potassium sulphate, respective-
ly. The ratio of cow manure and chemical fertilizer 
was determined based on the optimal plant nutrient 
requirements, soil characteristics, and cow manure 

  Table 1. Some of the meteorological parameters of the study area during the growth season

Parameters April May June July August September

Minimum temperature (°C) 10.7 12.9 19.7 21.4 38.2 36.5

Maximum temperature (°C) 23.7 25.0 33.9 37.1 30.9 29.8

Average temperature (°C) 17.2 18.9 26.8 29.2 34.5 33.2

Average precipitation (mm) 5.4 35.9 7.0 0.0 0.0 0.0

Relative humidity (%) 37.2 45.5 27.4 16.3 15.0 15.7

Potential evapotranspiration PET 
(mm/day) 5.17 5.57 7.64 8.91 7.42 6.47

  Table 2. Some physicochemical properties of the soil of the study area

Depth 
(cm) Soil texture pH EC

(dS/m)
Organic

carbon (%)
N

(%)

P K Zn Mn Fe Cu

(mg/kg)

0–30 silt loam 7.42 2.06 0.58 0.05 7.52 219.0 1.08 0.86 1.28 1.20
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element concentrations. No systemic pesticides or 
herbicides were used during the research. Weeds were 
controlled manually. 

Treatments and experimental design. The exper-
imental factors were conducted using a split-split plot 
design based on a randomized complete block design 
(RCBD) in three replications. Three factors were irri-
gation system included drip using a seam drip irriga-
tion tape 20 cm with a flow rate of 1.5 L ha–1 and flood 
irrigation; irrigation frequencies included optimal irri-
gation (irrigation every 5 to 7 days based on irrigation 
at 85–90% field capacity or F.C.), deficit irrigation 
(irrigation every 13 to 15 days based on irrigation at 
45–50% F.C.); the foliar applications included nega-
tive control (no spraying), positive control (the foliar 
spraying by water as solvent), and foliar-spraying of 
chitosan at 2 and 4 g L–1 according to results of previ-
ous investigations by our and other researchers [Val-
letta et al. 2016, Alavi-Samany et al. 2022]. 

Deficit irrigation by changing the irrigation inter-
vals to about 13 to 15 days, once based on moisture 
discharge from F.C. conditions and evaporation rate 
from Class A pan, calculated after 45 days of the es-
tablishment of seedlings. Irrigation time and volume 
were determined based on the soil moisture curve. 
For this purpose, soil moisture was determined dai-
ly using a TDR device (PMS-714, Lutron, Taiwan) 
according to the manufacturer’s guidelines. Field ca-
pacity and permanent wilting point  (PWP) were –33 
and –1500 kPa, respectively. In semiarid and arid re-
gions, a soil matric potential threshold range of –30 to 
–40 kPa at a 20 cm depth was recommended for chili 
pepper irrigation under a drip irrigation system [Liu et 
al. 2012]. To prevent water leakage between irrigation 
treatments, a distance of 2 m was maintained between 
the moisture levels. Medium molecular weight chi-
tosan with 450 kDa molecular weight, 95–98% degree 
of deacetylation, and 30  mPas viscosity (Sigma–Al-
drich Co., Steinheim, Germany) was dissolved in ace-
tic acid (5%) diluted with water. The solutions were 
sprayed onto the entire pepper plants in three growth 
stages (before flowering, early flowering, and 25% 
flowering) at dew point (150–160 mL per plant) using 
a handheld garden pump sprayer. 

Morpho-physiological measurements. When the 
pepper fruits were fully ripe and red, three plants 
were randomly selected from the center of each plot, 

after removing the effects of the margins, to evaluate 
their morphological characteristics. The number of 
fruits in each plant and the primary branches in each 
experimental unit were counted and recorded. The 
plant height and fruit length were measured using  
a ruler and a digital vernier caliper (0–150 mm, accu-
racy 0.01 mm), respectively. The harvested fruits were 
weighed using a sensitive digital scale (Sartorius, Ger-
many) with an accuracy of 1 mg. Then, the fruits were 
dried using an oven at 55 °C for 48 hours and weighed 
again.

Phytochemical measurements. The total phe-
nolic content of the fruits was determined using the 
Folin-Ciocâlteu colorimetric method [Menichini et al. 
2009]. For this purpose, the standard curve was pre-
pared using gallic acid. Then, 1.5 g of the extract was 
diluted with 1 mL of methanol, mixed with 0.2 mL of 
Folin-Ciocâlteu reagent, 2 mL of distilled water, and 
1 mL of 15% Na2CO3. The blue solution formed was 
kept at room temperature for 2 hours. The absorbance 
was then measured at 765 nm using a UV–Vis spectro-
photometer (Perkin-Elmer Inc., Waltham, MA). The 
absorption values were measured using the standard 
curve. Afterward, total phenolic content was deter-
mined based on mg of gallic acid as a standard in dry 
weight (DW). To measure the content of C in the red 
pepper fruits, 0.5 g of the dried samples was pounded 
in a mortar, and 5 mL of 4% oxalic acid was added to it 
and homogenized. The homogenates were centrifuged 
at 5000 rpm for 10 min, and then the supernatants were 
filtered with 541 Whatmann filter paper the obtained 
residues were made up to 25 mL with 4% oxalic acid. 
The amount of vitamin C was determined using the 
2,4-dinitrophenylhydrazine reagent on a spectropho-
tometer (Perkin-Elmer Inc., Waltham, MA) at 540 nm 
[Aniel Kumar and Subba Tata 2009]. The antioxidant 
activity of the extracts was measured using the DPPH 
assay [Brand-Williams et al. 1995]. To determine the 
amount of capsaicin in red pepper fruit, 2.5 g of dry 
pepper powder was extracted with 80 mL of acetoni-
trile using the Soxhlet extraction technique for 6 h, un-
til the solution became colorless. The extract was con-
centrated to 40 mL under vacuum and transferred to  
a 50 mL volumetric flask. Then, 10 mL of acetonitrile 
(CH3CN) was added. Subsequently, 20 μL of superna-
tant was injected into the HPLC system in triplicate.  
In this study, an HPLC (Knauer Corp., Berlin, Germa-

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/permanent-wilting-point
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ny) equipped with a K-1001 pump, a vacuum degasser,  
a tunable UV/Visible detector, and a ProntoSIL 120-5 
C18 H (25 × 0.4 cm ID) column was used. Water and 
0.1% phosphoric acid (A) and methanol (B) at a 30:70 
(v/v) ratio were used as mobile phases at a flow rate 
of 1.0 mL min–1. Capsaicin was monitored at 290 nm. 
The column and sample temperatures were 60 °C and 
20 °C, respectively [Dang et al. 2014]. During HPLC 
sample analyses, a standard solution was injected to 
evaluate retention time reproducibility and instrument 
calibration [Othman et al. 2011]. Capsaicin and dihy-
drocapsaicin in red pepper were measured by com-
parison to external reference standards injected under 

the same conditions [Othman et al. 2011]. Standard 
solutions were prepared from stock solutions of capsa-
icin and dihydrocapsaicin with various concentrations 
(500, 250, 125, 62, 31, 15.5, and 8 µg g–1). After injec-
tion of the standard solutions into the HPLC, standard 
curves of peak area versus concentration were plotted 
(Figures 1 and 2). The capsaicinoid concentrations in 
the samples are expressed as mg g–1 dry matter or dry 
weight.

Statistical analysis. Firstly, the experimental data 
were tested for normality (Kolmogorov–Smirnov test) 
and homogeneity of variance (Levene’s test). Then, 
the data were statistically analyzed using the GLM 

Fig. 1. Calibration curve for capsaicin

Fig. 2. Calibration curve for dihydrocapsaicin 
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procedure in SAS (SAS/STAT® v.9.2; SAS Institute 
Inc., Cary, NC). The comparison of means was done 
using Duncan’s multiple range test (p ≤ 0.05). All tests 
were done in triplicate. Excel software was used to 
draw the graphs. 

RESULTS 

Morpho-physiological traits. Based on the ANO-
VA results, the simple effects of treatments – foliar 
spraying, irrigation frequency, and irrigation system 
– did not significantly affect plant height (Table  3) 
or the number of primary branches (data not shown). 
However, the interaction influence of the foliar spray-
ing × irrigation frequency × irrigation system on the 
plant height was highly significant (p ≤ 0.01), see Ta-
ble 3. The highest plant height was observed for plants 
treated with chitosan (4 g L–1) under a flood irrigation 
system and optimal moisture conditions. In contrast, 
the lowest plant height was observed in plants grown 
under the no-spraying (control) × optimal irrigation 
condition (control) and the drip irrigation system (Ta-
ble 3). On the other hand, plant height increased by 
6% and 15% under chitosan spraying at 2 and 4 g L–1, 
respectively, in deficit irrigation conditions (Table 3). 
The results indicated that foliar spraying significantly 
influenced (p  ≤  0.05) the number of fruits per plant 
(Table 3). The application of chitosan at 4 g L–1 could 
produce the highest number of fruits on the pepper 
plant. In addition, the interaction effect of foliar spray-
ing × irrigation frequency × irrigation system signifi-
cantly (p ≤ 0.05) affected the number of fruits per plant 
(Table 3). The highest value for the number of fruits 
per plant was observed with chitosan (4  g  L–1) un-
der optimal irrigation conditions and flood irrigation  
(Table 3). 

As shown in Table 3, the simple effect of irrigation 
frequency was significant (p ≤ 0.05) on the fresh and 
dry weights of the pepper fruits. However, the use of 
chitosan did not have a significant effect on the fresh 
and dry weights of the pepper fruit (Table 3). Increas-
ing the irrigation interval or applying deficit irrigation 
significantly reduced both traits (Table 3). Our results 
indicate that the simple effect of the irrigation system 
had a significant (p ≤ 0.05) impact on fresh and dry 
fruit weights (Table 3). The drip irrigation system in-
creased fresh and dry fruit weights by 11% and 38%, 

respectively, compared with the flood irrigation sys-
tem (Table 3). 

According to the results shown in Table 3, the in-
teraction effect of irrigation system × irrigation fre-
quency × foliar spraying (p ≤ 0.01) on the fresh and 
dry weights of fruit was significant. The maximum 
fresh fruit weight (5.50 kg m–2) and dry fruit weight 
(1.92  kg  m–2) were observed for plants treated with 
chitosan (4 g L–1) under a drip irrigation system in both 
moisture conditions (Table 3). The minimum amounts 
of the fresh fruit weight (2.91  kg  m–2) and dry fruit 
weight (0.61 kg m–2) were obtained in the plants treat-
ed by flood irrigation system × deficit irrigation × no 
foliar spraying (Table  3). In deficit irrigation condi-
tions, the use of chitosan at 2 and 4 g L–1 could im-
prove dry fruit weight by 85% and 97%, respectively, 
compared with the optimum irrigation condition or the 
control. 

Phytochemical traits. The chromatograms of the 
standard and extracted solutions are shown in  Fig-
ures 3 and 4, respectively. Results of HPLC analyses 
showed that the capsaicin content ranged from 4.46 
to 11.49 mg g–1 dry weight, and the dihydrocapsaicin 
content ranged from 1.84 to 4.99 mg g–1 dry weight 
(Table 3). According to the results shown in Table 3, 
the simple influences of the foliar spraying, irrigation 
frequency, and irrigation system on the concentrations 
of capsaicin and dihydrocapsaicin were significant 
(Table  3). The highest levels of capsaicin and dihy-
drocapsaicin were observed in plants treated with chi-
tosan spray at 2 g L–1, under deficit irrigation, and in 
the drip irrigation system (Table 3). The foliar spray-
ing × irrigation frequency × irrigation system had 
significant influences (p ≤ 0.01) on the capsaicin and 
dihydrocapsaicin concentrations (Table 4). The maxi-
mum values of capsaicin (11.49 mg g–1 DW) and di-
hydrocapsaicin (4.99 mg g–1 DW) were obtained from 
pepper plants sprayed with chitosan at 2 g L–1 under 
deficit irrigation conditions and a drip irrigation sys-
tem (Table 3). Moreover, the highest concentration 
of capsaicinoids (16.48 mg g–1 DW) as unique spicy 
characteristic, which two main constituents i.e. cap-
saicin and dihydrocapsaicin was detected in the plants 
treated by 2 g L–1 chitosan and deficit irrigation con-
dition and drip irrigation system (Fig. 5). The interac-
tion impact of irrigation system × irrigation frequency 
(p  ≤  0.05) demonstrated that this treatment signifi-

https://www.mdpi.com/1420-3049/16/10/8919#fig_body_display_molecules-16-08919-f001
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cantly changed the capsaicin yield per area unit (m2), 
see Figure 6. However, the interaction effect of foliar 
spraying × irrigation frequency × irrigation system 
did not significantly impact this agronomic parameter. 
In this investigation on irrigation system × irrigation 
frequency, the maximum capsaicin yield (384 g cap-
saicin m–2) was observed in the drip irrigation system 
under deficit irrigation conditions (Fig. 6). In this re-
search, the foliar spraying × irrigation frequency treat-
ment greatly influenced capsaicin yield (p ≤ 0.01). The 
maximum capsaicin yield (471 g capsaicin m–2) was 
obtained from foliar application of chitosan × deficit 
irrigation (Fig. 7). Interestingly, this improvement un-
der the applied chitosan was about 95% compared to 
controls. The simple effects of the foliar spraying and 

irrigation frequency significantly changed the amount 
of vitamin C in the red pepper fruit (Table 3). Howev-
er, there was no significant difference between the two 
irrigation systems in vitamin C concentration (Table 
3). The interaction effect of foliar-spraying × irrigation 
frequency × irrigation system (p ≤ 0.01) on the ascor-
bic acid content in red pepper fruit was significant 
(Fig. 8). The effects of the foliar application and irriga-
tion frequency significantly affected the total phenolic 
content in the red pepper fruit (Table 3); however, the 
irrigation system treatment had not significantly effect 
on the total phenolic content (Table 3). The highest 
content of total phenolic was recorded once plants 
were treated with 4  g  L–1 chitosan, compared to the 
untreated plants (1.81 mg GAE 100 g–1 DW), see Ta-

 

 
Fig. 3. Chromatogram of the standard solution of capsaicin and dihydrocapsaicin  

 

Fig. 4. Chromatogram of the extract from the red pepper fruits 
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      Fig. 5. Interaction effect of foliar spraying × irrigation frequency × irrigation system on the amount of capsaicinoids
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Fig. 8. Interaction effect of foliar spraying × irrigation frequency × irrigation system on the vitamin C content 
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ble 3. On the other hand, deficit irrigation significantly 
increased (1.56 mg GAE 100 g–1 DW) the total phenol 
content compared to the optimum irrigation condition 
(Table 3). 

The results of this study show that there were no 
differences in the simple effects of the experimental 
treatments on the antioxidant activity of red pepper 
fruit (Table 3). At the same time, the simple effects 
of the experimental treatments had significant effects 
on antioxidant activity, with the maximum antioxidant 
activity observed in plants under chitosan utilization × 
optimal irrigation conditions × drip irrigation system 
(55%), see Table 3.

DISCUSSION 

According to the results of the experimental factors 
including the chitosan utilization, irrigation frequency 
and system on some traits of red pepper showed that 
the applied of chitosan elicited the biosynthesis and 
accumulation of secondary metabolites, the activity of 
antioxidant enzymes and cell compatible substances, 
the growth and productivity as well as improve the 
physiological and morphological processes of plants 
and improved the accessibility and absorb of indis-
pensable elements and water [Farouk and El-Metwal-
ly 2019, Hidangmayum et al. 2019]. Additionally, the 
antiperspirant properties of chitosan reduce water loss 
from the plant, and the plant cools down, especially 
under stress [Ghasemi Pirbalouti et al. 2017]. The re-
sults showed that the maximum number of fruits was 
obtained from plants sprayed with chitosan under op-
timal irrigation conditions and under flood irrigation. 
In this regard, Ghanbari et al. [2021] reported that the 
number of bell pepper fruits significantly decreased 
with increasing irrigation interval. Chitosan enhances 
the absorption of water and nutrients, stimulates pho-
tosynthesis and CO2 stabilization, decreases the gen-
eration of free radicals by increasing the activity of 
antioxidant enzymes, and improves plant performance 
and growth, such as fruit length [Ghasemi Pirbalouti 
et al. 2017]. Also, the maximum fresh and dry weights 
of pepper fruit in this study were observed under op-
timal irrigation conditions, which were attributed to 
the plant’s higher growth rate due to the availability 
of water [Babaei et al. 2021]. The reason for the im-
provement in yield under the chitosan treatment in 

water-deficient conditions could probably be related 
to the positive effects of the chitosan utilization on en-
hancing photosynthesis rate, chlorophyll content, and 
adequate supply of nutrients by increasing the activity 
of enzymes involved in nitrogen metabolism (nitrate 
reductase, glutamine synthetase, and protease) [Bist-
gani et al. 2017a]. We found that the fresh and dry fruit 
weights in the drip irrigation system were higher than 
those in the flood irrigation system. More moisture 
available to the plant and proper soil moisture supply 
in the drip irrigation system improved fresh and dry 
fruit weights compared with flood irrigation [Peyrov et 
al. 2017]. Agronomic and horticultural crops are typi-
cally irrigated at close intervals with small amounts of 
water via drip irrigation [Zamljen et al. 2020]. In the 
present study, the interaction effects of the experimen-
tal factors on fruit weight indicated that plants grown 
under chitosan × drip irrigation system × optimal and 
deficit irrigation had the highest fruit yields. Similar 
to our results, Farouk and El-Metwally [2021] report-
ed that deficit irrigation with a drip irrigation system, 
combined with chitosan, increased wheat biomass and 
dry matter yields compared to the control.

In contrast, deficit water stress reduces the absorp-
tion of available water and nutrients through the plant 
roots and also decreases the transfer of the elements 
from the roots to the branches [Gharakhani-Beni et al. 
2021, Rezaei-Adl et al. 2025]. In this study, it appears 
that chitosan reduced the effects of deficit moisture 
stress and improved the performance of the aerial parts 
by enhancing plant physiological processes, such as 
photosynthetic tissue activity [Ghasemi Pirbalouti et 
al. 2017, Bistgani et al. 2017a]. In this research, a drip 
irrigation system could significantly increase plant 
growth and crop productivity, water and nutrient use 
efficiency, and reduce evaporation, plant stress, the oc-
currence of diseases and weed competition, fertilizer 
leaching, and soil salinity [Yang et al. 2023]. 

Capsaicinoids, as natural organic components, are 
responsible for the pungency of pepper fruits [Kole-
va-Gudeva et al. 2013]. In our experiment, the use 
of chitosan, a water-deficient condition, and a drip 
irrigation system could, by increasing the active sub-
stances, especially capsaicin, improve the commercial 
quality of red pepper [Perucka and Materska 2001]. 
In line with our results, Zamljen et al. [2020] reported 
increased capsaicin and dihydrocapsaicin concentra-
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tions in pepper plants under water-deficit conditions, 
attributing the increase to four key enzymes of the 
capsaicinoid biosynthesis pathway [Sung et al. 2005]. 

Based on our results, deficit irrigation increased 
capsaicin yield by 20% compared with optimal irriga-
tion. The research results have shown that although soil 
moisture is a limiting factor for plant production, under 
deficit water conditions, through metabolic pathways, 
by stimulating the secondary metabolites biosynthe-
sis, can increase the active biological compounds in 
the medicinal and aromatic plants [Danesh-Shahraki 
et al. 2023, Shaykh-Samani et al. 2023, Mosaedi et 
al. 2024, Darani et al. 2025, Rezaei-Adl et al. 2025].  
In fact, the production of this metabolite group is 
considered a survival strategy against environmental 
stress [Maghsoudi et al. 2023]. The deficit in moisture 
triggers various metabolic reactions and the activity 
of specific genes [Maghsoudi et al. 2023]. The most 
important biologically active compound among the 
secondary metabolites of pepper species is capsaicin, 
which is derived from benzylamine [Koleva-Gudeva et 
al. 2013]. This active substance is a unique alkaloid that 
gives pepper its spicy taste. Similarly, Zamljen et al. 
[2020] reported that the capsaicin and dihydrocapsaicin 
contents or pungency of the C. annuum Chili-AS Rot 
fruits under deficit irrigation conditions were higher 
than optimum irrigation.

Additionally, the results of this research illustrat-
ed the positive impact of the utilization of chitosan on 
the levels of capsaicinoides. Probably, chitosan leads 
to the activation of new genes that stimulate enzymes 
and metabolic pathways involved in the biosynthesis 
of secondary metabolites [Bistgani et al. 2017a, Dara-
ni et al. 2025, Rezaei-Adl et al. 2025]. Elicitors such 
as chitosan are first recognized by plant receptors, 
which activate ion channels, GTP-binding proteins, 
and protein kinases. 

According to the results of the experimental factors 
on vitamin C concentration, the highest vitamin C con-
centration was obtained from pepper plants sprayed 
with chitosan. This finding concurs with the results of 
a previous investigation [Metwaly  et al. 2023], they 
found that the foliar application of chitosan (0.5 and 
1 g L–1) significantly improved fruit quality. Similar to 
our results, Zamljen et al. [2020] reported that ascor-
bic acid content in the C. annuum Chili-AS Rot fruit 
decreased by 20% under deficit irrigation. Vitamin C 

or ascorbic acid is the most abundant and strongest 
water-soluble antioxidant that prevents or reduces 
damage caused by reactive oxygen species in plants. 
Ascorbic acid plays a role in removing reactive spe-
cies via the ascorbate peroxidase reaction. The in-
crease in ascorbic acid synthesis is one of the positive 
aspects under water-deficit stress conditions. In this 
study, it seems that the application of chitosan under 
deficit irrigation conditions could increase ascorbic 
acid levels, which have a protective role against stress.  
Li et al. [2017] reported that the use of chitosan sig-
nificantly increased chitosan content under water-defi-
cit conditions by maintaining higher accumulation of 
metabolites related to osmotic regulation, antioxidant 
defense, stress signaling, and energy metabolism. 
They reported that chitosan-induced drought tolerance 
was associated with the accumulation of stress-protec-
tive metabolites, increased polyamine synthesis, and 
flavonoid metabolism [Li et al. 2017]. 

Regarding the interaction effects, the highest total 
phenolic content was observed with foliar chitosan 
spraying under deficit irrigation and drip irrigation 
conditions. Similar to the present research, Maghsou-
di et al. [2023] reported that phenolic compounds ac-
cumulated in the plant under water deficiency stress. 
Moreover, Bistgani et al. [2017b] reported that vary-
ing levels of chitosan increased total phenolic content 
in thyme (Thymus daenensis Celak.) compared with 
the control under deficit irrigation conditions. Some 
plants have different protective mechanisms, such as 
enzymatic and non-enzymatic antioxidant systems 
(phenolic compounds and flavonoids), under environ-
mental stress [Babaei et al. 2021]. 

Water deficit stress causes oxidative stress by dis-
rupting the balance between the production of reactive 
oxygen species and the plant’s antioxidant defense 
activities. Antioxidants are molecules that neutralize 
reactive oxygen species and help prevent damage to 
plant cells [Shaykh-Samani et al. 2023]. It seems that 
chitosan dissolution has significantly increased the ac-
tivity of the antioxidant defense system and reduced 
lipid peroxidation. Results from several studies have 
shown that the main components of the cell wall of the 
biological elicitor chitosan may be able to scavenge 
free radicals and stimulate plant defense mechanisms 
and secondary metabolite production [Ghasemi Pir-
balouti et al. 2017]. Based on our hypotheses and re-
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sults, the use of medium molecular weight chitosan at 
2 g L–1 in red pepper plants could mitigate the negative 
effects of water deficit stress on fruit yield traits by 
boosting the biosynthesis of phenolic compounds and 
antioxidant substances such as capsaicinoids.

Additionally, the foliar application had positive 
impacts on pepper performance and alleviated the ad-
verse effects of water deficit stress on phytochemical 
and antioxidant properties. Complex processes are ac-
tivated in plants in response to drought stress, includ-
ing hormonal modulation, transcription factor-mediat-
ed signaling, and biosynthesis of secondary metabo-
lites [Arabsalehi et al. 2022]. Among drought stress 
resistance traits, secondary metabolites are of great 
importance because these compounds play an im-
portant role in regulating plant-environment interac-
tions and subsequent adaptive responses [Babaei et al. 
2021, Arabsalehi et al. 2022]. Water shortage affects 
secondary metabolites by altering gene expression or 
the activity of enzymes involved in their biosynthe-
sis pathways [Arabsalehi et al. 2022]. The mechanism 
of chitosan effects on the biosynthesis pathways of 
capsaicin, dihydrocapsaicin, and vitamin C in pepper 
fruit is not currently understood. In general, molecu-
lar-level analysis, identification of secondary metab-
olite biosynthesis pathways, and the nutritional qual-
ity of the fruit need to be studied in red pepper under 
foliar-spraying with chitosan and under water-deficit 
stress conditions.

CONCLUSIONS

Based on the results of this investigation, the ac-
tive biologically compounds, especially the capsaicin 
and dihydrocapsaicin concentrations in the pepper 
fruits under deficit irrigation, improved significantly. 
The foliar application of chitosan could, by stimulat-
ing biosynthetic pathways, increase the biosynthesis 
of secondary metabolites such as capsaicin, dihy-
drocapsaicin, vitamin C, and total phenols in pepper 
fruit. Interestingly, the quality yield of red pepper was 
improved by increases in the concentrations of cap-
saicin, dihydrocapsaicin, vitamin C, total phenolic 
content, and capsaicin yield, as well as antioxidant 
capacity, with the utilization of chitosan under water 
deficit stress showing the highest amounts. In con-
clusion, foliar spraying of medium molecular weight 

chitosan, particularly at 2 g L–1, could mitigate the ad-
verse effects of water deficit stress and improve active 
substances such as capsaicin, dihydrocapsaicin, vita-
min C, and total phenolic content under water deficit 
stress, particularly in arid and semiarid conditions. Fu-
ture studies should investigate the molecules, genes, 
proteins, and specific metabolic pathways underlying 
capsaicin and vitamin C biosynthesis in response to 
chitosan application under dehydration conditions in 
red pepper, and optimize its use in combination with 
deficit irrigation strategies. 
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