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Abstract 

Background  Climate change is increasingly impacting agriculture all over the world, with extended periods 
of drought, flooding, hail, winds and temperature extremes. To negate the effects of climate change, researchers are 
trying to find new agricultural production techniques, to save resources without losing yield quality and quantity. 
A study on Capsicum annuum L. ’Chili-AS Rot’ and Capsicum chinense Jacq. ’Naga Morich’ chilies, grown under field 
capacity, deficit irrigation (50% field capacity) and full and half dose of mineral fertilizer in peat soil substrate was con-
ducted. Both cultivars were marked with the stable isotope 15N, to follow nitrogen translocation in chili plants 
under stress conditions.

Results  The yield and plant biomass, capsaicin synthase (CS), phenylalanine ammonia lyase (PAL), and peroxidase 
(POX), as well as total and individual capsaicinoids were studied. In ’Chili-AS Rot’ the deficit irrigation with the full-
fertilization (Diff ) dose showed the highest yield and fruit number, compared to other treatments. In the ’Naga Morich’ 
cultivar the deficit irrigation and half-fertilization (Dihf ), showed the highest yield, fruit number and dry weight 
of chilies, compared to other treatments. In the cultivar ’Chili-AS Rot’, deficit irrigation was found to reduce the utili-
zation of N fertilizer when the plant (leaves, stems, and roots) and fruit were considered. The utilization of nitrogen 
fertilizer was 60 to 70% under deficit fertilization, regardless of the irrigation treatment. The half dose fertilized plants 
of ’Chili-AS Rot’ had higher CS activity and PAL activity (from 50 to 80%) than fully fertilized plants, with deficit irriga-
tion having about 10% higher enzymatic activity than field-capacity irrigated plants. In ’Naga Morich’, irrigation treat-
ment affected lower enzymatic activity than field-capacity irrigated plants.

Conclusions  The results indicate that deficit irrigation and fertilization can be used to maintain enzymatic activity 
and thus capsaicinoid content, which could reduce the economic cost of irrigation water and fertilizer. It was con-
firmed that the yield was better under deficit irrigation and fertilization for the more pungent ’Naga Morich’. The 
result of the study shows that when water and fertilizer use is reduced by up to 50%, chili yield losses are minimal 
or non-existent.
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Graphical Abstract

Drought reduces nitrogen (N) uptake, transport, and 
redistribution [6]. Drought stress and the resulting 
reduction in soil moisture reduces plant nutrient sup-
ply through mineralization, reduces nutrient diffusion 
and mass flux in the soil, all of which contribute to lower 
plant growth and metabolic activity [7]. In addition, 
excessive fertilizer application reduces soil organic mat-
ter and soil enzyme and microbial activity [8].

To track the effects of deficit irrigation and reduced 
fertilizer application, stable isotopes can serve as valu-
able non-radioactive tracers of how plants interact and 
respond with the abiotic and biotic environment. Using 
the stable isotope of nitrogen, 15N, we can track the 
transport and translocation of nitrogen from fertilizer to 
plant tissue under stress conditions [9].

In our study, we attempted to determine how nitro-
gen is transferred using the stable isotope 15N in two 
chili cultivars grown under two irrigation conditions 
(field capacity and deficit irrigation) and two fertiliza-
tion practices (full dose of fertilizer and 50% fertilizer). 
The yield and plant biomass were monitored. In addition, 
the metabolic response of the plants was monitored with 
an in-depth analysis of individual capsaicinoid levels and 
enzymatic activity. With regard to enzymatic activity, the 
enzymes capsaicin synthase (CS), phenylalanine ammo-
nia lyase (PAL), and peroxidase (POX) were studied, all 
of which are critical for the synthesis and degradation of 
capsaicinoids.

Materials and methods
A pot experiment was conducted in Kamnik, Slovenia 
(46°13′33.88 "N; 14°36′39 "E) from May 20 to Septem-
ber 10, 2021 in a plastic greenhouse. In the experiment 
two chili cultivars were used, Capsicum annuum L. var. 
’Chili-AS Rot’ and Capsicum chinense Jacq. Var. ’Naga 
Morich’ (Austrosaat). The experiment contained 40 
plants (20 plants for each cultivar). A detailed experi-
mental design is presented in Fig. 1. The pots were filled 

Introduction
Chilies are plants of the genus Capsicum with more 
than 30 known species, five of which, namely Capsicum 
annuum L., Capsicum baccatum L., Capsicum chin-
ense Jacq., Capsicum frutescens L. and Capsicum pube-
scens Ruiz & Pav. are intensively cultivated throughout 
the world [1]. Generally, chilies are grown outdoors in 
warm climates and in greenhouses in cooler climates 
because they require higher temperatures to produce 
adequate yields [2]. With increasing climate change, 
especially drought, the demand for irrigation water and 
nutrients is changing. Studies are trying to find opti-
mal solutions to declining water availability, with one 
possible solution being deficit irrigation, where farm-
ers reduce irrigation with minimal yield loss [3]. With 
decreasing water use, there could be a potential prob-
lem of soil salinization from fertilizers. Soil salinization 
could be decreased with reduced fertilization, which in 
combination with deficit irrigation could result in mini-
mal or no yield loss with reduced fertilizer and water 
use [4].

Plants under deficit irrigation experience a controlled, 
milder form of drought stress. Drought generally affects 
CO2 assimilation, photosynthesis, water use efficiency, 
enzyme activity, and plant metabolism in general. Due 
to the photorespiratory pathway, metabolite fluxes occur, 
leading to increased oxidative stress and thus increased 
formation of re-active oxygen species (ROS). ROS is the 
main reason for plant growth decline. A plant’s adapta-
tion to drought stress is genetic or phenotypic, with 
deeper root systems and smaller leaves. At the chemical 
level, a plant responds with different enzymatic activity 
and with more or less active metabolic pathways. Chili 
plants are known to respond with altered capsaicinoid 
content under drought stress conditions [5]. Deficit irri-
gation is used to stimulate plant response to drought 
stress, but with fewer negative effects that could result 
from uncontrollable drought stress.
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with peat soil (Klasmann N3). The substrate was a mix of 
white peat and black peat. The data of substrate were as 
follows: pH 5.5; salinity 1.3 g/L; N 180 mg/L; P 130 mg/L; 
K 230 mg/L; Mg 100 mg/L; S 130 mg/L.

Each pot was equipped with drip irrigation and the 
irrigation was activated based of the measurements of 
the T5 pressure transducer tensiometer (MeterGroup) 
and with the Theta probe (Delta-T, UK), using electronic 
valves connected to data loggers, which enabled con-
tinues measurements of the peat soil water tension and 
volumetric water content. Half of the experimental plants 
were irrigated at the peat substrate field capacity, and the 
other half of the chili plants at 50% of field capacity (defi-
cit irrigation). The peat soil characteristic on which the 
irrigation regimes were based, were previously described 
by Zamljen, Zupanc and Slatnar [5]. The field capacity 
irrigation was maintained between − 15 kPa and − 25 kPa 
and deficit irrigation between − 50 and − 60  kPa. If the 

values dropped below the set levels, the irrigation started 
automatically, due to the signal from the tensiometers, to 
the electronic valves.

The chili plants were additionally fully fertilized using a 
full dose of 200 mg/L N (200 ppm nitrogen) and half dose 
at 100 mg/L N (100 ppm nitrogen), every 14 days. For the 
fertilization a water-soluble fertilizer containing macro- 
and microelements (Poly-Feed™; 16:8:32) was used. The 
fertilizer composition was as follows: macronutrients as 
total N (16%), nitric N (N-NO3 4.2%), ammonia N (1.8%), 
P (as P2O5 8%), K (as K2O 32%) and micronutrients Fe 
(1000 ppm), Mn (500 ppm), B (200 ppm), Zn (150 ppm), 
Cu (110 ppm) and Mo (70 ppm). To each fertilization the 
stable isotope 15N was added to the mix, with a relative 
content of 3.66 ± 0.02 at. % 15N.

With the above parameters four treatments were estab-
lished for each cultivar: (i) field capacity irrigation and 
full dose of fertilizer (FCff); (ii) field capacity irrigation 

C. annuum 'Chili-AS Rot' FCff C. chinense 'Naga Morich' FCff

C. annuum 'Chili-AS Rot' FChf C. chinense 'Naga Morich' FChf

C. annuum 'Chili-AS Rot' DIff C. chinense 'Naga Morich' DIff

C. annuum 'Chili-AS Rot' DIhf C. chinense 'Naga Morich' 50% DIhf

Fig. 1  Experimental design scheme
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and half dose of fertilizer (FChf); (iii) deficit irrigation 
and full dose of fertilizer (Diff); (iv) deficit irrigation and 
half dose of fertilizer (DIhf).

Sampling of plant material
Both chili cultivars fruits were picked when they fully 
ripened, with red color, correct firmness, and glossy look, 
as reported by Villa-Rivera and Ochoa-Alejo [10].

The fruits were divided into three fruit parts (pericarp, 
placenta, seeds). Also, each plant was divided into three 
plant parts, namely leaves, stems and roots. The samples 
were lyophilized, ground to powder and stored at − 20 °C 
for isotopic and capsaicinoid studies and at − 80  °C for 
enzyme studies.

Total N analysis
The analysis of total N content was carried out in the 
Infrastructural Center for Soil Science and Environ-
mental Protection, Department of Soil Science and 
Environmental Protection, Biotechnical faculty, labora-
tory following the SIST ISO 13878:1998 standard. The 
lyophilized samples (300 mg) were dry burned at 900 °C 
(Elementar Vario MAX). For the detection of total N, a 
thermal conductivity detector (TCD) (VarioMax CNS, 
Elementar Analysen systeme GmbH) was used and the 
data were expressed in percentages (%).

N isotope analysis
Between 2 and 7 mg of dried powder was used for N iso-
tope analysis, depending on the N concentration in the 
sample. Samples were weighed into 5 × 8 mm tin capsules 
(Sercon). A Europa 20–20 isotope ratio mass spectrom-
eter coupled to the ANCA SL preparation module for 
solid and liquid samples (Sercon Ltd., Crewe, U.K.) was 
used. The results were calibrated with certified reference 
materials (CRM) USGS-32 and IAEA-311 with 0.432 and 
2.03 at. % of 15N, respectively. Results were reported as an 
atomic % of 15N. Further details on isotopic analysis were 
described by Zamljen et al. [11].

Formulas
Nitrogen fertilizer parameters in plants were calculated 
based on formulas from FAO/IAEA. [12] and were as 
follows:

–	 Fraction of fertilizer N in the plant:

%Ndff = atom% 15Nplant sample / atom% 15N fertilizer

–	 Total amount of N contained in the crop:

–	 Fertilizer N uptake by crop:

–	 Fraction of the fertilizer taken up by the plant:

Enzyme assays
Phenylalanine ammonia lyase assay
The PAL (EC 4.3.1.24) enzyme activity assay was per-
formed as previously described by Phimchan, et al. [13] 
and Zamljen, et al. [14]. 0.5 g of fresh fruit was extracted 
with 3 mL 0.1 M boric acid and 0.4% sodium ascorbate 
(pH 8.5). The extraction solution was centrifuged at 
12,000 × g for 30 min (5810 R; Eppendorf ). For the reac-
tion 10 µL 10 mM L-phenylalanine, 80 µL crude extract 
and 110  µL extraction buffer was used. For the blank 
sample 10 µL 10 mM L-phenylalanine and 190 µL extrac-
tion buffer was used. The samples were then incubated at 
37 °C for 1 h and the reaction was terminated using 20 µL 
acetic acid and 400 µL MeOH.

The identification and quantification of trans-cin-
namic acid was the same as reported by Zamljen, Medic, 
Hudina, Veberic and Slatnar [14], and the data were pre-
sented in nmol/s* g fresh weight (FW).

Capsaicin synthase assay
The CS (EC 2.3.2.35) enzyme assay was performed as 
reported Phimchan, Chanthai, Bosland and Techawong-
stien [13] and Zamljen, Medic, Hudina, Veberic and Slat-
nar [14], with some modifications. The fresh tissue (0.5 g) 
was extracted with 3  mL 100  mM Tris–HCl buffer (pH 
6.8). The reaction mixture consisted of 0.4 M ATP, 0.4 M 
MgCl2, 0.4  M 8-methyl-6-nonenoic acid (each 5  µL), 
300  µL enzyme extract, 100  µL 0.4  M Tris–HCl buffer 
(pH 6.8) and 10  µL 0.2  M vanillylamine. The samples 
were incubated for 1.5 h at 37 °C. The reaction was termi-
nated using 40 µL acetic acid and 800 µL MeOH.

The identification and quantification of capsaicin was 
done as reported by Zamljen, Medic, Hudina, Veberic 
and Slatnar [14] and the data were presented in nmol/s* 
g FW.

Nyield
(

g / plant
)

= DMyield
(

g / plant
)

∗ (%N / 100)

FertilizerN yield
(

g/plant
)

= Nyield
(

g/plant
)

∗ (%Ndff/100)

% fertilizerNutilization

=

(

FertilizerN yield / Rate ofN application
)

∗ 100
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Peroxidase assay
The POX (EC 1.11.1.7) activity assay was performed as 
described by Cebulj, et al. [15]. The buffer for the extrac-
tion of the enzyme contained 0.12% Tris, 0.2% EDTA, 
and 0.38% borax. 0.5 g of fresh tissue was ground to pow-
der and extracted with 3 mL extraction buffer.

The reaction mixture contained 10  µL o-dianisidine, 
50 µL enzyme extract and 1050 µL H2O2–KPi buffer. The 
blank sample contained 10 µL o-dianisidine and 1100 µL 
H2O2–KPi buffer.

The peroxidase activity was determined spectrophoto-
metrically (Genesys 10S; Thermo Scientific, Waltham, 
MA, USA). Further details on the determination and cal-
culation of the peroxidase activity was done as reported 
by Zamljen, Medic, Hudina, Veberic and Slatnar [14]. 
The data were presented as ΔA/min.

Capsaicinoid extraction and analysis
The extraction of capsaicinoids was as follows: 0.05 g of 
lyophilized powder was extracted with 80% methanol 
and 3% formic acid. Samples were placed in a cooled 
ultrasonic bath (0  °C) for 1  h and then centrifuged at 
10,000  rpm for 5  min and filtered through a 0.25  µm 
polyamide filter (Chromafil AO-20/25, Macherey–Nagel, 
Düren, Germany). The quantification of individual cap-
saicinoids was done as reported by Zamljen, et  al. [16] 
using aa UHPLC PDA Thermo Scientific Dionex Ulti-
Mate 3000 HPLC (Thermo Scientific) system, combined 
with a TSQ Quantum Access Max quadrupole mass 
spectrometer (MS) (Thermo Fischer Scientific Institute, 
Waltham, MA, USA). The data are expressed as g/kg FW.

Statistical analysis
Statistical analysis was performed using the R statistical 
environment. A two-factor analysis (irrigation and ferti-
lization) was performed to test for statistical differences 
between treatments. Cultivar was not considered in the 
analysis (no comparisons were made) because previ-
ous studies have already reported that there are strong 
statistical differences between different chili cultivars, 
as reported by Zamljen, Zupanc and Slatnar [5]. The 

analysis was performed using a multi-way ANOVA to 
check if there were differences between treatments and 
a possible interaction. If an interaction was detected, a 
contrast analysis was performed, followed by a Duncan 
test.

Results
Irrigation data
The average amount of water supplied to each plant of 
’Chili-AS Rot’ during the experiment was 302.6 mm for 
field capacity and 185.0  mm for deficit irrigation. The 
second cultivar ’Naga Morich’ required less irrigation 
water at 248.4 mm and 166.4 mm for field capacity and 
deficit irrigation, respectively.

Average soil water content was similar for both culti-
vars, with ’Chili-AS Rot’ having 0.5% and 1.3% higher soil 
water content than ’Naga Morich’ in the field capacity 
and deficit irrigation treatments, respectively. The aver-
age soil water tension was − 12.6  kPa and − 51.2  kPa for 
’Chili-AS Rot’ for the field capacity and deficit irriga-
tion treatments, respectively. The second cultivar ’Naga 
Morich’ had similar values of − 12.0  kPa and − 54.0  kPa 
for field capacity and deficit irrigation treatments, 
respectively (Table 1).

Chili yield and plant biomass yield
The yield of both chili cultivars and the yield of plant bio-
mass are evaluated in Table 2. The yield of ’Chili-AS Rot’ 
was between 18.2 and 26.7% higher than the other treat-
ments. The number of fruits in ’Chili-AS Rot’ was the 
highest in deficit irrigated plants. The total plant FW of 
the ’Chili-AS Rot’ cultivar, was not statistically significant 
among treatments. On the other hand, the total plant 
DW of the cultivar ’Chili-AS Rot’ was about 15.5% higher 
in the DIff treatment than in the other three treatments.

The yield of the more pungent cultivar ’Naga Morich’ 
was much lower, due to smaller fruit size. The DIhf 
showed the best results, with an 8.8–25.6% higher yield, 
19.1–36.5% higher fruit number per plant and 24.9–
27.6% higher fruit DW when compared to the other 
treatments. The total plant FW of ’Naga Morich’ was the 

Table 1  Water and soil data for both cultivars under two different irrigation treatments

Data with different lower-case letters (a, b) are significantly different (multi-way ANOVA; Duncan test)

Data are means ± standard error (n = 5)

C. annuum ’Chili-AS Rot’ C. chinense ’Naga Morich’

Field capacity Deficit irrigation Field capacity Deficit irrigation

Added water (mm) 302.6 ± 0.7a 185.0 ± 0.3b 248.4 ± 0.5a 166.4 ± 0.2b

Average soil water content (%) 36.7 ± 1.3a 14.1 ± 0.7b 36.2 ± 1.7a 12.8 ± 1.1b

Average soil water tension (kPa)  − 12.6 ± 0.2a  − 51.2 ± 0.6b  − 12.0 ± 0.3a  − 54.0 ± 0.9b
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highest in the optimal FCff treatment and the lowest in 
the DIhf.

N accumulation in chili plants and fruits under deficit 
irrigation and fertilization
Nitrogen yield (N yield), nitrogen yield from fertilizer 
(fertilizer N yield), and nitrogen utilization from fertilizer 
(% fertilizer N utilization) for both cultivars, irrigation 
treatments, and fertilizer treatments are shown in Fig. 2. 
’Chili-AS Rot’ cultivar N yield was higher with deficit 
irrigation than with field capacity irrigation (Fig.  2A). 
The half-fertilizer treatment had slightly lower N yield in 
both irrigation treatments. Fertilizer N yield was lower 
for ’Chili-AS Rot’ under deficit irrigation. In addition, 
half-fertilization decreased fertilizer N yield in both irri-
gation treatments (Fig.  2B). A similar pattern was seen 
in fertilizer N utilization (Fig.  2C), with fully fertilized 
fruits of ’Chili-AS Rot’ showing higher N utilization than 

half-fertilized fruits. Utilization of N from fertilizer was 
about 50% lower in both irrigation treatments when only 
half-fertilizer was added.

In ’Naga Morich’, all three N parameters were higher 
with full fertilizer (regardless of irrigation regime) than 
with half-fertilizer. N yield under field capacity irrigation 
was 1.30  mg/plant lower when half N was added than 
under full-fertilization. Under deficit irrigation, N yield 
was 4.36  mg/plant lower when half-fertilizer was added 
(compared to full-fertilization). N yield and percent N 
utilization of fertilizer were approximately between 55 
and 65% lower in the half-fertilizer treatments regardless 
of irrigation treatment in ’Naga Morich’ fruits.

Plant N parameters are shown in Fig.  3 for ’Chili-AS 
Rot’ and ’Naga Morich’. ’Chili-AS Rot’ plants had the 
highest N yield under Diff at 37.57 mg/plant and the low-
est N yield at FCff treatment with 24.84 mg/plant. Inter-
estingly, nitrogen yield and utilization were highest in 

Table 2  Chili plant yield and biomass yield

FCff field capacity irrigation and full dose of fertilizer, FChf field capacity irrigation and half dose of fertilizer, Diff deficit irrigation and full dose of fertilizer, DIhf deficit 
irrigation and half dose of fertilizer

Data are means ± standard error (n = 5)

Data with different lower-case letters (a to d) are significantly different in the same row (multi-way ANOVA; Duncan test)

C. annuum ’Chili-AS Rot’ C. chinense ’Naga Morich’

FCff FChf DIff DIhf FCff FChf DIff DIhf

Yield per 
plant (g)

123.64 ± 10.53b 110.77 ± 9.63c 151.14 ± 13.89a 122.16 ± 10.63b 39.73 ± 2.96c 48.69 ± 3.72b 43.27 ± 2.22c 53.40 ± 3.67a

Fruit 
number 
per plant

8.8 ± 0.2c 7.9 ± 0.3c 13.7 ± 0.3a 10.4 ± 0.2b 11.3 ± 0.4d 13.9 ± 0.2c 14.4 ± 0.4b 17.8 ± 0.5a

Fruit DW 
per plant

19.81 ± 1.52b 17.78 ± 1.79b 25.03 ± 2.63a 20.22 ± 1.99b 10.10 ± 0.84b 12.84 ± 0.72a 9.74 ± 0.62b 13.46 ± 1.83a

Leaves FW 
per plant 
(g)

54.81 ± 2.63a 46.32 ± 4.37b 51.40 ± 3.63b 49.29 ± 2.66b 61.50 ± 1.23b 88.28 ± 3.78a 66.10 ± 3.67b 56.96 ± 3.73b

Leaves DW 
per plant 
(g)

14.84 ± 1.09a 12.26 ± 1.53a 12.23 ± 0.94a 13.83 ± 0.74a 17.38 ± 1.32b 24.42 ± 1.62a 20.20 ± 2.72b 18.02 ± 1.73b

Stems FW 
per plant 
(g)

59.70 ± 2.63b 63.52 ± 1.62b 63.10 ± 3.08b 72.95 ± 4.75a 69.52 ± 3.44a 51.50 ± 3.78b 57.14 ± 2.56b 66.72 ± 2.63a

Stems DW 
per plant 
(g)

16.35 ± 1.04b 17.94 ± 0.99b 24.97 ± 1.41a 17.46 ± 0.84b 22.84 ± 0.90a 20.21 ± 0.48a 23.73 ± 1.62a 21.95 ± 0.88a

Root FW 
per plant 
(g)

36.92 ± 1.00b 43.14 ± 2.63a 32.93 ± 2.81b 21.64 ± 0.89c 42.75 ± 1.02a 25.14 ± 1.24c 37.36 ± 1.54b 30.29 ± 2.09b

Root DW 
per plant 
(g)

7.52 ± 0.11b 8.63 ± 0.21a 7.50 ± 0.31b 6.63 ± 0.22b 10.14 ± 0.12a 8.24 ± 0.32b 9.90 ± 0.11b 8.61 ± 0.29b

TOTAL 
PLANT FW 
(g)

151.41 ± 7.46a 152.90 ± 9.67a 147.40 ± 8.55a 143.72 ± 7.42a 173.73 ± 8.53a 164.82 ± 6.26b 160.53 ± 8.54b 153.71 ± 9.52b

TOTAL 
PLANT 
DW (g)

38.61 ± 1.35b 38.73 ± 1.73b 44.61 ± 2.57a 37.84 ± 1.75b 50.29 ± 3.11a 52.86 ± 2.56a 53.83 ± 1.06a 48.52 ± 1.69a
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the full-fertilization and lowest in the deficit irrigation 
treated plants of ’Chili-AS Rot’.

N yield of ’Naga Morich’ ranged from 32.59  mg to 
36.46  mg/plant. The FCff treatment had the lowest N 
yield and Diff treatment had the highest yield. In gen-
eral, ’Naga Morich’ had better fertilizer utilization in the 
full-fertilization treatment, regardless of the irrigation 
regime.

Enzymatic activity in deficit irrigated and fertilized chilies
Enzymatic activity and total capsaicinoid content are 
shown in Fig. 4A, B. In ’Chili-AS Rot’ the CS activity was 
higher in half dose fertilized plants. In addition, the DIhf 
had the highest CS activity of 16.08 nmol/s*g FW com-
pared to the other treatments. The activity of PAL was 
higher in both FChf and DIhf with 57.0  nmol/s*g FW 
(+ 77.0%) and 57.3 nmol/s*g FW (+ 57.9%), respectively, 
compared to the full dose fertilizer treatments. No dif-
ferences were observed in POX activity for ’Chili-AS Rot’. 
Total capsaicinoid content was higher in Diff and Dihf 

’Chili-AS Rot’ plants at 41.65 mg/kg FW (+ 596.1%) and 
21.31  mg/kg FW (+ 123.4%), respectively, compared to 
the FCff and FChf treatments.

In ’Naga Morich’, CS activity was highest in FCff treat-
ment (414.3 nmol/s*g FW) and lowest in Diff treatment 
(192.9  nmol/s*g FW). A similar pattern was observed 
in the activity of PAL, although the treatments with half 
dose of fertilizer had lower activity of PAL than the two 
treatments with full dose of fertilizer. In ’Naga Morich’, 
no differences in POX activity were observed in any of 
the treatments. Total capsaicinoid content was higher in 
FCff and DIff than in the FCff and FChf at 15.75 mg/kg 
FW (+ 3.7%) and 22.26 mg/kg FW (+ 4.8%), respectively.

Individual capsaicinoid analysis results
The content of individual capsaicinoids is evaluated 
in Table  3. Capsaicin and dihydrocapsaicin repre-
sented the majority of capsaicinoids in both cultivars. 
In ’Chili-AS Rot’ deficit irrigated plants contained 
higher levels of individual capsaicinoids than field-
capacity irrigated plants. In deficit irrigation, plants 

c d

a
b

a b
a

b

0

10

20

30

40

50

60

FCff FChf Diff Dihf FCff FChf Diff Dihf

'Chili-AS Rot' 'Naga Morich'

N
 y

ie
ld

 (
m

g
/p

la
n

t) 

A

a

c
b c

a

b

a

b

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

FCff FChf Diff Dihf FCff FChf Diff Dihf

'Chili-AS Rot' 'Naga Morich'

F
er

ti
li

ze
r 

N
 y

ie
ld

 (
m

g
/p

la
n
t)

B

a

c

b

c

a

b

a

b

0

2

4

6

8

10

12

FCff FChf Diff Dihf FCff FChf Diff Dihf

'Chili-AS Rot' 'Naga Morich'

)
%(

n
oitazilit

u
N

rezilitre
F

%

C
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treated with full N fertilization had higher contents of 
capsaicin, dihydrocapsaicin and homocapsaicin than 
half-fertilized plants. On the other hand, half-fertili-
zation had higher content of individual capsaicinoids 
compared to full-fertilization at field capacity, rang-
ing from 134 to 239% depending on the capsaicinoid 
studied.

In ’Naga Morich’ cultivar, the differences between 
treatments were smaller than in ’Chili-AS Rot’ cultivar. 
Capsaicin content was higher in full dose of fertilizer 
regardless of irrigation treatment, ranging from 3.9 
to 5.9%. In general, Diff ’Naga Morich’ plants had the 
highest capsaicin and dihydrocapsaicin contents com-
pared to other treatments.

Discussion
The response of cultivars ’Chili-AS Rot’ and ’Naga 
Morich’ to two irrigation and two fertilization treatments 
was studied using stable isotope 15N. Yield, fruit num-
ber, and fruit DW was positively affected by deficit irri-
gation in both cultivars, which is contrary to the reports 
of Yang, et al. [17]. As described by Yang, et al. [17], the 
timing of application of deficit irrigation and fertilization 

is critical to achieve minimum yield loss and maximum 
yield quality.

In ’Chili-AS Rot’, it was found that deficit irrigation 
decreased the utilization of nitrogen fertilizer when the 
plant (leaves, stems and roots) and fruits were observed. 
In addition, half dose of fertilizer decreased N parame-
ters, although N yield was not much lower than full dose 
of fertilizer. N fertilizer yield and N utilization were lower 
when less fertilizer was added, but when 50% fertilizer 
was added, utilization was still 60–70% compared to 100% 
fertilization. A similar pattern in N fertilization was also 
observed in ’Naga Morich’. A similar result was reported 
by da Silva, et al. [18] and Rawal, et al. [19] where lower 
fertilizer concentration resulted in similar yield quantity 
and quality. The inedible parts of the plant (leaves, stems, 
and roots) and the edible fruits contained similar N yield 
and N utilization from fertilizer, indicating that the plant 
translocate a significant amount of N to the fruits. There 
are several metabolic pathways in fruits, as they are the 
reproductive organ of the plant. One of the most impor-
tant in chilies is the capsaicinoid biosynthetic pathway 
[20]. The translocation itself occurs with the help of four 
amino acids, namely glutamate, glutamine, aspartate, and 
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asparagine (GS -GOGAT pathway) [11] from the source 
to the sink. The nitrogen from these four amino acids is 
then incorporated into various metabolic pathways, one 
of which is the capsaicinoid biosynthetic pathway. The 

major enzymes of the capsaicinoid biosynthetic pathway 
are the PAL enzyme and the CS enzyme [13]. Half dose 
fertilized plants of ’Chili-AS Rot’ showed higher CS activ-
ity and PAL activity regardless of irrigation treatment. In 
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Fig. 4  CS activity (A), PAL activity (B), POX activity (C) and total capsaicinoids content (D) in ’Chili-AS Rot’ and ’Naga Morich’ under two irrigation 
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Table 3  Individual capsaicinoid content in ‘Chili-AS Rot’ and ‘Naga Morich’ under two irrigation treatments and two fertilization 
treatments

FCff field capacity irrigation and full dose of fertilizer, FChf field capacity irrigation and half dose of fertilizer, Diff deficit irrigation and full dose of fertilizer, DIhf deficit 
irrigation and half dose of fertilizer

Data are means ± standard error (n = 5)

Data with different lower-case letters (a to d) are significantly different (multi-way ANOVA; Duncan test)

C. annuum ’Chili-AS Rot’ C. chinense ’Naga Morich’

FCff FChf DIff DIhf FCff FChf DIff DIhf

Capsaicin 5.22 ± 0.22d 12.48 ± 1.43c 36.80 ± 1.82a 28.38 ± 1.77b 359.57 ± 7.42a 347.32 ± 4.62b 365.86 ± 5.50a 345.26 ± 3.88b

Dihydrocapsaicin 0.76 ± 0.09d 2.21 ± 0.19c 5.32 ± 0.19a 4.19 ± 0.27b 71.76 ± 3.72b 70.94 ± 2.07b 85.25 ± 2.52a 76.70 ± 1.99b

Nordihydrocapsaicin 0.11 ± 0.01c 0.40 ± 0.02b 0.57 ± 0.02a 0.54 ± 0.03a 2.10 ± 0y.69c 2.27 ± 0.97c 3.36 ± 0.63b 4.17 ± 0.89a

Homocapsaicin 0.55 ± 0.05d 1.29 ± 0.15c 4.16 ± 0.17a 3.68 ± 0.22b 27.67 ± 1.12a 25.88 ± 3.62a 17.94 ± 1.21c 20.91 ± 1.94b

Nordihydrocapsaicin 0.32 ± 0.02c 0.89 ± 0.07b 1.76 ± 0.11a 1.77 ± 0.09a 10.30 ± 1.01c 11.24 ± 0.96c 13.40 ± 1.21b 16.50 ± 1.64a
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’Naga Morich’, irrigation treatment also affected enzyme 
activity. Phimchan, Chanthai, Bosland and Techawong-
stien [13] reported that enzymatic activity depends on 
drought stress and the higher the intensity of stress, the 
higher the enzymatic activity, which was the case for 
’Chili-AS Rot’, but for ’Naga Morich’, deficit irrigation was 
found to lower the enzymatic activity.

As reported by Tanaskovik, et  al. [21] and Parkash, 
et al. [22]. Deficit irrigation has less effect on bell pepper 
quality than fertilization with nitrogen. A similar con-
clusion can be drawn in our case. The content of indi-
vidual and total capsaicinoids was higher in ‘Chili-AS 
Rot’ under deficit irrigation and did not differ from the 
optimally irrigated plants in the hotter ’Naga Morich’. 
Similar results were previously reported by Phimchan, 
et  al. [23]. The lack of effect of irrigation on capsaici-
noid content of ’Naga Morich’ could be explained by 
genotype and genotype–environment interaction as 
reported by Zamljen, et  al. [24]. The different effects 
on plant metabolism may contribute in different ways 
and with different intensities. The effects of fertiliza-
tion, deficit irrigation, and genotype all contribute to 
the final total and individual capsaicinoid content [25]. 
All three effects were detected in our study, and there 
was a large difference between the two cultivars (rep-
resenting genotype), type of irrigation, and type of fer-
tilization. In addition, cultivars with high pungency are 
generally more genetically stable to environmental con-
ditions than cultivars with lower pungency, as reported 
by Gurung, Techawongstien, Suriharn and Techawong-
stien [25], due to smaller fruits, lower number of seeds, 
and smaller leaves. The effect of N fertilization is also 
indirectly related to genotype, as different bell pep-
per species and cultivars convert different amounts of 
nitrogen depending on their genetic capabilities [26]

Conclusion
In two chili cultivars, namely ’Chili-AS Rot’ and ’Naga 
Morich’, the yield, the enzymatic and metabolic response 
were tested under deficit irrigation and deficit fertiliza-
tion conditions using the isotope 15N technique. Deficit 
irrigation negatively affected the activity of CS and PAL 
in most cases. It also affected capsaicinoid content, which 
was higher in the less spicy cultivar ’Chili-AS Rot’, while 
it mostly did not change in the spicier cultivar ’Naga 
Morich’. The deficit fertilization had a greater effect on 
enzymatic activity and capsaicinoid content in both cul-
tivars. Interestingly, deficit fertilization improved enzy-
matic activity and yield regardless of irrigation treatment. 
Fertilizer utilization was better at deficit fertilization, and 
consequently enzymatic activity and yield was better, 
which is important from an economic point of view.
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