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Article 

Effect of Nitrogen Fertilizer on Capsaicinoids and 
Related Metabilic Substances of Dried Chilli  
Pepper Fruit 
Zhang Chen-fei 1,2, Shen Ling-feng 1,2, YANG Sha-sha 1,2, Chang-tian 1,2, Luo Mao-lin 1,2,  
Zhen Shan-shan 1,2 and Ji Xue-hua 1,2* 

1 Department of Horticulture, College of Agriculture, Shihezi University/Key Laboratory of Physiology and 
Germplasm Resources Utilization of Special Fruits and Vegetables, Shihezi, Xinjiang 832003, China 

2 College of Agriculture, Shihezi University, Shihezi, Xinjiang 832003, China 
* Correspondence: lilysnowjxh@163.com 

Abstract: 【Objectives】To elucidate and enhance the impact of nitrogen fertilizer on capsaicin, thus providing 
guidance on fertilizer application for the cultivation of high spiciness chilli.【Methods】The experiment was 
conducted with five nitrogen fertilizer concentrations, N1 (urea 750 kg.hm-2), N2 (urea 562.5 kg.hm-2), N3 (urea 
375 kg.hm-2), N4 (urea 187.5 kg.hm-2), and N0 (no nitrogen fertilizer). Nitrogen treatment was applied to two 
varieties with different spiciness from seedling stage, and the fruit was sampled at three fruit developmental 
periods, and the contents of capsaicin, capsaicin precursors, capsaicin competitive substances, as well as 
capsaicin related enzyme activities and gene expression were analyzed.【Results】When applying N2 and N3, 
both types of peppers exhibited higher fruit length, fruit width, and fruit weight, which favored yield increase. 
Specifically, N2 resulted in varied increases in total phenol, flavonoid, and tannin contents of the two varieties. 
Moreover, placenta weight and PAL enzyme activity of capsaicin synthase significantly increased, while 
capsaicin degrading enzyme activities of POD and PPO decreased notably. Additionally, the expression of 
capsaicin synthetic genes such as PAL, AT3, 4CL, C4H, COMT, PAMT, and HCT was up-regulated in N2-treated 
fruits, leading to a significantly higher capsaicin content compared to the other four treatments. Further 
reduction of nitrogen application to N3 and N4 resulted in decreased precursor substance total phenol content 
and PAL activity, increased competitive substance flavonoid, lignin, POD and PPO enzyme activities, at the 
same time, the expression levels of capsaicinoid synthetic genes were down-regulated in N3, N4 treatments, 
which lead to an reduction in total capsaicinoid content. During fruit development, the capsaicinoid content 
showed a trend of 35 d > 50 d > 20 d for both varieties. Additionally, the contents of total capsaicinoid, total 
phenol, flavonoid, and lignin, as well as PAL enzyme activity and the expression of PAL, AT3, 4CL, C4H, 
COMT, PAMT, and HCT of the fruit, exhibited characteristics of lower layer > middle layer > upper layer. 
Furthermore, the activities of capsaicinoid degrading enzymes POD and PPO gradually increased from bottom 
to top.【Conclusions】The N2 (562.5 kg.hm-2) treatment resulted increases of placenta mass, maximum precursor 
substance total phenol content and synthase enzyme activity, and decreases of competing substances and 
degradative enzyme activity, resulting in more substances being available for capsaicin synthesis. Combined 
with the higher fruit weight in the N2 treatment, N2 was therefore considered to be a suitable nitrogen fertilizer 
dosage for high spiciness chilli cultivation. 

Keywords: Nitrogen fertilization; Capsaicin precursor substance; Competitors substance;  
Gene expression 

 

1. Introduction 

Chilli peppers (Capsicum annuum L.) are popular due to their unique taste, aroma, and color [1]. 
In addition, the fruits of chilli peppers are rich in a variety of bioactive substances and vitamins, and 
have certain antioxidant properties [2,3], thus being considered the most valuable vegetables. From 
2000 to 2010, more than 30% of global chilli pepper cultivation area took place in China, and by 2021, 
China took up 36.72% cultivation area of chilli pepper of the world [4]. 
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Capsaicin is the key substance that produces the pungent flavor of chilli peppers. Capsaicin has 
a variety of functions such as anti-inflammatory [5], anticancer [6], pain-relieving [7], and antioxidant 
[8]. Capsaicinoids are a class of alkaloids mainly composed of capsaicinoids, dihydrocapsaicinoids, 
descending dihydrocapsaicinoids, hypercapsaicinoids, and hyperdihydrocapsaicinoids. 
Capsaicinoids and dihydrocapsaicinoids account for 80% - 90% of the total amount of capsaicinoids 
[9,10]. The accumulation of capsaicinoids generally begins in the epidermal cells of the placenta, and 
different parts of the mature fruit such as the placenta, pulp, and seed contain capsaicinoids, with the 
highest content of capsaicinoids in the placenta [11]. The metabolic pathway of capsaicin has been 
better defined, which is mainly formed by the condensation of vanillylamine with fatty acid 
fragments C9-C11. Phenylalanine is catalyzed by a series of enzymes to derive vanillylamine, and 
valine is catalyzed by a series of enzymes to derive the branched-chain fatty acids of 8-methyl-6-
nonenyl-coenzyme A. The two are catalyzed by capsaicin synthase (CS) to form capsaicinoids [12], 
which in turn produces a pungent taste [13]. 

 

Figure 1. Capsaicin biosynthetic pathway[14]. 

PAL: Phenylalanine ammonialyase;C4H: Cinnamic acid 4-hydroxylase;C3H:p-coumarate 3-
hydroxylase; COMT: Caffeate/5-hydroxyferulate 3-O-methyltransferase;F5H: Ferulate 5-
hydroxylase; CHS: Chalcone synthase; CHI: Chalcone isomerase;DFR: Fihydroflavonol 4-reductase; 
LAR: Leucoanthocyanidin reductase; POD：Peroxidase；AT: Acyltransferase;KAS: β-ketoacyl-ACP 
synthase;ACL: Acyl carrierprotein; FatA: Acyl-ACP thioesterase. 

Phenolic substances in plants are precursors of flavonoids, lignans, tannins, and capsaicinoids. 
Flavonoids are mainly synthesized through the phenylpropane metabolic pathway, in which 
phenylalanine deaminase (PAL), cinnamic acid-4-hydroxylase (CA4H), and ligase of 4-coumarate 
CoA (4CL) are the key enzymes of this pathway, and these enzymes are also key enzymes for 
capsaicin synthesis. The biosynthetic processes of lignin and tannin are also initiated by 
phenylalanine. Thus, capsaicin and flavonoid, lignin, and tannin synthesis share common substrates, 
and to some extent there is comparative relationship of them. It was found that the higher the 
maturity of chilli fruits, the higher of the capsaicin content, at the same time, the accumulation of 
flavonoids declined[15]. Estrada [16] found that in mature chilli fruits, capsaicin content was 
somewhat negatively correlated with peroxidase (POD) and lignin content. The study showed an 
increase in capsaicin content within pepper fruits after fertilization, while the content of phenolic 
compounds and lignin decreased significantly[17]. Currently, the capsaicin synthetic genes have been 
cloned. It was found that the expression of capsaicin synthetic genes ,such as C4H, COMT, KAS, 
PAMT, and AT3, in the placenta of chilli peppers were highly consistent with the capsaicin 
content[18]. 

Nitrogen is the most critical nutrient in plant growth and is the main nutrient that determines 
crop yield. Excessive or inappropriate use of nitrogen fertilizer not only leads to fertilizer waste but 
also triggers environmental pollution [19]. In general, excessive nitrogen causes spindling of the 
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aboveground part, thus delaying maturity of fruits. When the nitrogen is in deficiency, the bottom 
leaves turn yellow, and the new leaves become smaller. 

Chilli peppers are vegetables with long synchronized term of blooming and fruit setting, so 
pepper has high requirement of nitrogen fertilizer. Aminifard [20] found that nitrogen application 
significantly increased the fruits number, yield. The ratio of nitrogen and potassium was found to 
significantly increase capsaicinoid content in fruits [21]. Johnson [22] et al. found that capsaicinoid 
content in fruits was maximum at a nitrogen fertilization level of 15 mmol.L-1, and that capsaicinoid 
content declined when nitrogen fertilization concentration was above or below this level. Similar 
results were obtained in the study of Soares [23], whose research found that under nitrogen-deficient 
conditions, capsaicin and dihydrocapsaicin were minimum in the chilli pepper fruits. Tilen [24] found 
that capsaicin content was strongly associated with nitrogen content. 

Xinjiang is the most important base to produce dried chili peppers in China. Due to poor soil, 
large amount of nitrogen fertilizer most be applied to ensure plant growth..But the effect of nitrogen 
fertilizer on the spiciness of chilli peppers is not clear.  

This study compared, the capsaicinoid content of the pepper fruit treated with different nitrogen 
fertilizer amounts. and analyzed the changes of capsaicinoid synthetic precursor substances, 
competitive substances, enzyme activities, and gene expressions to elucidate the influence of nitrogen 
fertilizer on pepper fruits spiciness. The study will provide a reference for fertilizer application of 
high spiciness peppers. 

2. Materials and Methods 

2.1. Overview of the Test Site 

The experimental site was located in the Experimental Station of the College of Agriculture, 
Shihezi University. The annual sunshine duration was 2721-2818 h, the annual average temperature 
was 2-15°C, the ≥10°C effective cumulative temperature was 3570-3729°C, and the frost-free period 
was about 170 d. The soil pH was 7.45, the organic matter content was 11.8 g.kg-1, the alkaline 
dissolved nitrogen content was 43.7 g.kg-1, rapidly available potassium content was 155 mg.kg-1, 
rapidly available phosphorus content was 18.9 mg.kg-1. 

2.2. Material 

The 'Honglong 23' (spiciness 1000~2000SHU) and 'Hongxi' (15000~30000SHU) were hybrid 
generation of pigment peppers, which were provided by Xinjiang Tianjiao Hong'an Agricultural 
Science and Technology Limited Liability Company. Nitrogen fertilizer was urea (N≥46%) with 
potassium dihydrogen phosphate (K2O≥33.9%; P2O5≥51.5%), micronutrient fertilizer was formulated 
according to Hoagland Nutrient Solution, and the fertilizer was applied by drip irrigation under the 
mulch. 

2.3. Fertilizer Treatment 

The experiment was conducted in field, a one-row two-hole manner, the pepper seedlings were 
transplanted on May 8 with 100 cm row space and 30 cm plant space. After transplantation, the 
seedlings recovered for 10 days before fertilizer treatment. Five nitrogen fertilizer gradients were set 
up in the experiment: N1 (urea application 750 kg.hm-2), N2 (urea 562.5 kg.hm-2), N3 (urea 375 kg.hm-

2), N4 (urea 187.5 kg.hm-2), and N0 (urea 0 kg.hm-2). Fertilizers were applied every 10 days for total 
of eight times (Table 1). The fertilizers were mixed with water for drip irrigation, 75% of the total 
amount of fertilizer was applied at the first five times and 25% of the fertilizer was applied at the last 
three times. Each row was 12 m long, and the plot area of each treatment was 1.0 m × 12 m = 12 m2, 
with three plot replications. 
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Table 1. Nitrogen fertilizer treatments of dried pepper. 

Urea 
application 
rate（kg.hm-

2） 

Dosage of 
potassium 
dihydrogen 
phosphate（kg.h
m-2） 

Organic fertilizer 
dosage（kg.hm-

2） 

Dosage of 
calcium 
magnesium 
sulfur 
fertilizer（kg.hm-

2） 

Iron, 
manganese, 
copper, and zinc 
dosage（%） 

N1(750） 
 
 

200 

 
 

15000 

 
 

22.5 

 
 

0.5% 

N2（562.5） 
N3（375） 

N4（187.5） 
N0（0） 

2.4. Indicator Measurement 

2.4.1. Determination of Fruit Morphological Indicators  

Samples were taken at 20 d, 35 d and 50 d after flowering, each treatment had five plant 
replications, and the fruits were picked up from top, middle, and bottom of the pepper. The length 
and diameter of the fruits were measured with vernier calipers, and the fruit shape index was 
calculated as the fruit length divided by the diameter. The fruit weight and placentas weight were 
determined with an analytical balance, and then the ratio of the placentas weight to fruit was 
calculated. 

2.4.2. Determination of Capsaicinoids the Precursors and Competitive Substances 

Capsaicin contentwas measured with the high-performance liquid chromatographic described 
in Zhang Haiying [25] et al. and Li Zhiwei [26]. Total capsaicin content = (capsaicin content + 
dihydrocapsaicin content)/90%. Total phenols were determined by the Folin phenol method, 
flavonoids were determined by the determination of picking aluminum ion colorimetric method; 
tannins were determined by the Folin-Denis colorimetric method; lignin was determined by the 
acetylation method using a kit (provided by Suzhou Keming Biotechnology Co., Ltd.). 

2.4.3. Determination of Capsaicin Related Enzyme Activity 

PAL, POD, and PPO activities: 0.1 g of fruit pulp was ground with liquid nitrogen. The pulp was 
treated with the kit (provided by Suzhou Keming Biotechnology Co., Ltd.), and the enzyme activities 
were measured by Microplate reader. The light absorption values of PAL, POD, and PPO were 
measured at 290 nm, 470 nm, and 525 nm respectively. 

2.4.4. qRT-PCR  

RNA was extracted from pepper pulp with RNA kit (Xinjiang Kediyuan Biotechnology Co., 
Ltd.). cDNA was synthesized using HyperScript III RT SuperMix for qPCR with gDNA Remover 
(EnzyArtisan Biotech Co., Ltd.). cDNA was synthesized using a SYBR Green Real-Time PCR Master 
Mix kit (EnzyArtisan Biotech Co., Ltd.). Quantitative PCR (qRT-PCR) was performed using a SYBR 
Green Real-Time PCR Master Mix kit (EnzyArtisan Biotech Co., Ltd.). The relative expression level 
of genes was calculated using the (2-ΔΔCt) method. 
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Table 2. qRT-PCR primer information of capsaicinoids related genes. 

Gene name Forward primer Reverse primer 
Actin（Internal 
reference gene） 

CACCCTGTCCTGCTCACTG AAGAATGGCATGCGGCAAAG 

PAL 
CACAGTTTCAACATTACCCTTA
GC 

AAATGGTGGCAGAGTTTAGGA
A 

AT3 TTCCCATATAGCCCACTTGC CAGCTCCCATATCGTTACAGTC 
C4H CTTTGGGACGTTTGGTGCAG TCTCCAGAGCCCCTTAACTGA 

4CL CTTCTTCTCAACCATCCCAACA 
ACGAAATCCTTGACTTCATCCT
C 

COMT TAGCACATAACCCAGGAGGC 
CACAGCACACCTTACGGAATC
T 

HCT GTGTGGTGGAGTCTGCTTAGGT GGTCAGTTGGTCGCTTGTGATC 
PAMT ATTGCCGCTGTCCTTGTA CAGTTCCCCTTATCTCCCC 

2.5. Data Analysis 

The data was conducted using Excel 2019, SPSS 26.0 software was used for variance analysis, 
and Origin 2021 was used for graphing. 

3. Results 

3.1. Effect of Nitrogen Fertilizer on the Morphological Characteristics of Dried Chilli  
Pepper Fruit 

As shown in Figure 2, the fruit length (Figure 2ABC) and diameter (Figure 2DEF) of 'Honglong 
23' were larger than those of 'Hongxi'. The length and diameter of the fruits of both varieties reached 
a maximum values at 50 d after flowering. The length and diameter of the fruit in the middle layer 
were higher than those of the top and bottom layers; the fruit diameter in the middle layer of 
'Honglong 23' was the best, and the diameter in the lower layer of 'Hongxi' was the best. The length 
and diameter of the fruits of two varieties treated with nitrogen fertilizer were higher than those of 
N0; except for the middle layer of 'Honglong 23', the length and diameter of the fruits treated with 
N3 were the highest.It can be infered that within a certain range of nitrogen anount, the length and 
diameter of pepper fruit increased with the increase of nitrogen application. 

As shown in Figure 2GHI, in the bottom layer, the highest and the lowest fruit shape index were 
found at N2 and N3 of 'Honglong 23'. The fruit shape index of the bottom layer of 'Hongxi' did not 
change much with the nitrogen amount. In the middle layer, the highest and the lowest fruit shape 
index were found at N3 and N2 of 'Honglong 23 and at N4 and N2 of 'Hongxi'.In the upper layer, the 
maximum and minimum fruit shape index were found at N1 of 'Honglong 23' and at N3, N1 of 
'Hongxi' respectively. Overall, appropriate nitrogen reduction could improve the fruit shape index 
of 'Hongxi', and the fruit shape of 'Honglong 23' showed irregular changes to nitrogen ammounts. 
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Figure 2. Effect of nitrogen fertilizer on fruit length, diameter and the fruit shape of dried chilli pepper. 
The data are presented as the mean ± standard error. Different lowercase letters indicate a significant 
difference among different treatments (p < 0.05). 

As shown in Figure 3ABC, 'Honglong 23' exhibited a greater fruit weight compared to 'Hongxi'. 
Both varieties displayed higher fruit weight in the middle layer, The fruit weight of both peppers 
treated with nitrogen were greater than that of N0.Fruit weight of the bottom of 'Honglong 23' and 
the upper of 'Hongxi' were greater under the N2 treatment. The fruit weight of the middle and upper 
of 'Honglong 23' and the middle of 'Hongxi' were higher under the N3 treatment. Overall, the fruit 
weight of 'Honglong 23' showed greater sensitivity to nitrogen fertilizer, particularly there was 
minimal changes of the lower fruits of 'Hongxi' to nitrogen fertilizer concentrations. 

As depicted in Figure 3DEF, 'Honglong 23' had a heavier placenta weight than that of 'Hongxi'. 
The placenta weight of both varieties increased with fruit growth, and reached its maximum at 50 d 
after flowering. The middle layer fruit showed higher placenta weight in both varieties. the placenta 
weight of the treatments with nitrogen fertilizer were greater than those of N0 . Higher placenta 
weight was founde in the N2 treatment of different layers. Similar to the fruit weight, the placental 
weight of 'Honglong 23' exhibited greater sensitivity to nitrogen fertilizer ammount than 'Hongxi'. 

As depicted in Figure 3GHI, overall, the ratio of placenta weight to fruit weight of two varieties 
treated with nitrogen were greater than those of N0; the placenta/fruit of the bottom layer were higher 
under the N4 and N2 treatments, and lower under the N3 treatment of 'Honglong 23' and 'Hongxi' 
respectively. In the middle layer, the maxmium values of placenta/fruit were found at the N2, and 
minimum values were found at the N3. In the upper layer, values of placenta/fruit were higher under 
the N2 and lower under the N1 treatment. 
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Figure 3. Effect of nitrogen fertilizer on fruit weight, plancentral weight and ratio of plancentral 
weight/fruit weight of dried chilli pepper fruit.The data are presented as the mean ± standard error. 
Different lowercase letters indicate a significant difference among different treatments (p < 0.05). 

3.2. Effect of Nitrogen Fertilizer on the Capsaicin Content of Dried Chilli Pepper Fruit 

As shown in Figure 4, the capsaicinoid content of 'Hongxi' fruits was higher than that of 
'Honglong 23' , and the capsaicinoid contents of both varieties were ranked as: 35 d > 50 d > 20 d. the 
capsaicinoid contents of different layers of two varieties were following as: bottom > middle > upper, 
which indicated that capsaicinoid contents decreased with the fruiting layer increase. Compared with 
N0, nitrogen application increased capsaicinoid accumulation, and the capsaicinoid contents were 
higher at N2 in three fruit development stages, followed by the N1 treatment. Within a certain range 
of nitrogen application (N2, N3, N4, N0), capsaicin accumulation was positively related to the 
amount of nitrogen fertilizer. 

 

Figure 4. Effect of nitrogen fertilizer on capsaicin content of dried chilli pepper.The data are presented 
as the mean ± standard error. Different lowercase letters indicate a significant difference among 
different treatments (p < 0.05). 

3.3. Effect of Nitrogen Fertilizer on the Precursor Substances of Capsaicin 

As shown in Figure 5, the total phenolic content of 'Hongxi' was more than two times higher 
than that of 'Honglong 23' . The maximum total phenolic contents of both varieties occured at 35 d, 
followed by 50 d, which was consistent with the variation of capsaicin content. For different layers, 
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total phenolic content showed the following pattern: bottom > middle > upper, which was consistent 
with the capsaicin contents of different fruit layers. Compared with N0, nitrogen application 
increased the accumulation of total phenols, and the highest total phenol content at three stages were 
found in the N2 treatment. The above results indicated that in a certain range, the accumulation of 
total phenols was positively related with the amount of nitrogen fertilizer. 

 

Figure 5. Effect of nitrogen fertilizer on the total phenolic content of dried chilli pepper fruits.The data 
are presented as the mean ± standard error. Different lowercase letters indicate a significant difference 
among different treatments (p < 0.05). 

3.4. Effect of Nitrogen Fertilizer on the Competitive Substances of Capsaicin  

As shown in Figure 6, the lignin and tannin contents of 'Hongxi' fruits were higher than those of 
'Honglong 23' , while the flavonoid contents were lower than those of 'Honglong 23' during the same 
period. The lignin, flavonoid, and tannin contents of fruits of the two varieties were in the order of 
50 d > 20 d > 35 d. During the same period, the contents of the three capsaicinoid competitors in fruits 
of the two varieties were lower > middle > upper, indicating a decrease in these substances with the 
upward shift of fruiting sites. Nitrogen application increased the lignin, flavonoid, and tannin 
contents in fruits compared with N0. The contents of the three competing substances of capsaicin in 
all layers of fruits at all three periods were highest under the N2 and N3 treatments. Similar to the 
changes in capsaicinoid content, the content of competitive substances of capsaicinoids in the fruit 
was positively related to the amount of nitrogen applied within a certain range. 
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Figure 6. Effects of nitrogen fertilizer on the contents of lignin, flavoids and tannin of dried chilli 
pepper fruit. The data are presented as the mean ± standard error. Different lowercase letters indicate 
a significant difference among different treatments (p < 0.05). 

3.5. Effect of Nitrogen Fertilizer on the Activity of Capsaicinoid-Related Enzymes in Dried Chilli Pepper 
Fruit 

As shown in Figure 7, the PAL, POD, and PPO enzyme activities of 'Hongxi' were higher than 
those of 'Honglong 23' . The PAL enzyme activities of both varieties showed the order as: 35 d > 50 d 
> 20 d; while POD and PPO enzyme activities showed the order as: 50 d > 20 d > 35 d. The PAL 
enzyme activities of different layers showed as: bottom > middle > upper, while POD and PPO 
enzyme activities showed as: upper > middle > bottom. Compared with N0, nitrogen application 
increased PAL, POD, and PPO enzyme activities, and N2 and N3 treatments exhibited higher enzyme 
activities of PAL, PPO, and POD of two varieties. 
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Figure 7. Effect of nitrogen fertilizer on the activities of phenylalanine ammonia lyase（PAL）, 
peroxidase（POD）, polyphenol oxidase(PPO) of dried chilli pepper fruits. The data are presented as 
the mean ± standard error. Different lowercase letters indicate a significant difference among different 
treatments (p < 0.05). 

3.6. Effect of Nitrogen Fertilizer on the Expression of Capsaicin Synthetic Genes of the Dried Chilli Pepper 
Fruit 

As shown in Figure 8, the expression of capsaicinoid synthetic genes such as PAL, AT3, C4H, 
4CL, COMT, HCT, and PAMT was higher of 'Hongxi' fruits than that of 'Honglong 23', and the 
expression of capsaicinoid synthetic genes of two varieties rankde as: 35 d > 50 d> 20 d. The expression 
level of seven capsaicinoid synthetic genes of different layers of two varieties showed the tendency 
as: bottom > middle > upper,which was consistent with the contents of capsaicin content and 
capsaicin relatede enzyme acitivity. Compared with N0, nitrogen application significantly up-
regulated the expression of capsaicinoid synthetic genes, and N2 showed the highest expression of 
capsaicinoid synthetic genes of two varieties, for example, the expression of AT3 genes of N2 of 
'Honglong 23' and 'Hongxi' were1.48 and 2.32 times higher than those of the N1 at 35 days. That 
indicated, in a certain range, the expression of capsaicin synthetic genes was positively related with 
the amount of nitrogen fertilizer. Overall, 7 capsaicin synthetic genes of 'Hongxi' fruits were more 
sensitive to nitrogen fertilizer than those of 'Honglong 23'. 
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Figure 8. Effect of nitrogen fertilizer on the expression levels of capsaicin synthetic genes of dried 
chilli pepper fruit.The data are presented as the mean ± standard error. Different lowercase letters 
indicate a significant difference among different treatments (p < 0.05). 

4. Discussion 

4.1. Effect of Nitrogen Fertilizer on the Development of Pepper Fruits 

Nitrogen is a key nutrient for plant growth and development. Nitrogen application can change 
the distribution and accumulation of nitrogen compounds in different organs of the plant. Studies of 
cotton have shown that reduction of nitrogen fertilizer properly increased the assimilates allocation 
in the fruit, and then increased the fruit production[27]. It was reported that with the increase of 
nitrogen amount, the fruit weight of eggplant increased first and then decreased[28]. Studies on 
cantaloupe melon surposed that nitrogen application favored the fruit weight, fruit length, fruit 
diameter, and fruit shape index [29]. Studies on tomato showed that nitrogen application at 0.2 
g/plant had a better promoting effect on fruit number, fruit dry weight soluble sugar, Vc and soluble 
solids content as compared to 0.05 g/plant [30] . The above studies are in agreement with the 
performance of our study. Studies on tomatoes indicated that compared to N0, the average fruit 
number were increased by 13.94%, 10.38%, and 10.68%, and yield were increased by 13.63%, 10.66%, 
and 8.42% in the N1 (150 kg.hm-2), N2 (300 kg.hm-2), and N3 (450 kg.hm-2) treatments, respectively. 
In this study, the fruit growth parameters treated with nitrogen were improved with varying degrees 
[31]. However, in this study, the growth index of chilli pepper fruits gradually decreased when fruit 
position increased from bottom to top. There were two reasons for this, one was the supplication of 
nitrogen fertilizer exceeded the requirement of the pepper, which broken the enzyme system and 
inhibited fruit growth [32]. Another reason was excessive nitrogen fertilizer caused fruit abscission 
and reduced the fruit number [33]. Wu Yue [34] found that with the increase of fruit layers, the fruit 
weight of pepper gradually decreased, which was consistent with the results of this study. This may 
be related to the fact that fruits in higher layers were smaller and less competitive for photosynthetic 
products [35]. 

4.2. Effect of Nitrogen Fertilizer on the Activity of Capsaicin Enzymes 

Wang et al. reported that with the increase of urea amount, the peak time of capsaicinoids of 
pepper fruits was delayed , but the peak area was increased [36]. Fa´tima Medina-Lara et al. [37] 
reviewed that the application of nitrogen increased the capsaicinoid content of fruits compared to no 
nitrogen application. Han [38] demonstrated that capsaicin and dihydrocapsaicin exhibited an 
increase first and then decrease with the amount of nitrogen amount. Wang Chunping [39] found 
that 60% of nitrogen amount favored the formation of capsaicinoids and dihydrocapsaicinoids, which 
was consistent with the higher capsaicinoid content of the N2 treatment of this study. Studies 
mentioned above were consistent with the trend that capsaicin content was lower in N1 treatment 
and gradually decreased in the range of N2 to N4 in the present study. However, Huang [40] found 
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that there was linear correlation between,nitrogen amount and capsaicinoid content, and there was a 
significant interaction between nitrogen, phosphorus, and potassium. V. Pandhair [2] found that 
capsaicinoid content of placenta was significantly higher than that of pericarp and seed of red pepper 
fruit , which was consistent with the results of the capsaicin content of 50 d was higher than that of 
20 d in this study. The significantly higher contents of capsaicinoids and dihydrocapsaicinoids of 
placenta is due to the fact that capsaicinoid synthesis is controlled by a rate-limiting enzyme, this 
rate-limiting enzyme was first found on the vesicular membrane of the epidermal cells of the placenta, 
so the placenta is the starting site of capsaicin synthesis, and capsaicin of pulp was the secondary 
metabolites transported from the placenta[41]. Bosland [42] found that the fruits in the second layer 
of pepper were the hotest, and the spiciness decreased with the fruit position increase, which was in 
agreement with this study. Chen [43] found that the spiciness of L-10 increased with the fruit site 
moveing- up, which differs from the conclusion of this study. This discrepancy may be related to the 
pepper varieties and the nitrogen fertilizer concentration. The phenomenon of decreased spiciness 
with upward movement of the fruit site may be closely associated with factors such as fruit number, 
early stages of fruit development, and relatively low competition for assimilates between stems and 
fruits. When the plant was in the period of intensive nutrition and reproductive growth, the 
competition for assimilates between stems, leaves, and fruits increased, which caused a gradual 
decrease of capsaicinoids of fruits [44]. 

POD and PPO are associated with the decomposition of capsaicin [45]. Chen [46] reported that 
capsaicin content was positively correlated with PAL enzyme activity, negatively correlated with 
POD activity, and insignificantly correlated with PPO enzyme activity. Yang [47] demonstrated that 
PAL enzyme activity was positively correlated with capsaicin content, while POD was negatively 
correlated with capsaicin. As illustrated in Figure 9, capsaicin content was positively correlated with 
PAL enzyme activity and negatively correlated with POD and PPO enzyme activities in this study, 
which was consistent with previous researches. In this study, the capsaicin content of 'Honglong 
23'fruits was significantly lower than that of 'Hongxi', possibly due to differences in capsaicin 
synthesis and degradation enzyme activities of 'Hongxi'. Furthermore, PAL enzyme activity was 
lower in 'Honglong 23' fruits and higher in 'Hongxi' fruits; PAL enzyme activity was lower and POD 
enzyme activity was higher in upper fruits compared to bottom fruits, resulting in higher 
capsaicinoid content in bottom fruits than that in upper fruits. 

 

Figure 9. Correlation coefficients between capsaicinoid related enzyme activities and capsaicinoid 
content of dried pepper. Note: The abso1ute value of correlation coefficient higher than 0.30 is 
significant(P<0.05), and higher than 0.80 is extremely signmcant (P < 0.01). 

4.3. Effect of Nitrogen Fertilization on Capsaicin Precursors and Competitive Substances 

Phenolic is the precursors of capsaicin. Hall and Yeoman[48] indicated that there were different 
kinds of precursors of phenolic such as phenylalanine, p-coumaric acid, caffeic acid, and ferulic acid, 
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these were also precursors of tannins, flavonoids, and lignans. Consequently, there is competition 
between the synthesis of capsaicinoids and tannins, flavonoids, lignans. Mira Elena Ionică[49] 
demonstrated that the total phenolic and flavonoid contents increased with the development of chilli 
pepper fruits, which was different with this study, in whcih capsaicin content was higher at 35 d than 
that of 50 d, it might be due to different varieties [49]. Chen [50] discovered that high capsaicin content 
was found at 40 d after flowering, at the same time, contents of lignin and flavonoid were low; and 
when lignin and flavonoid content were high, capsaicin content would be reduced accordingly, there 
was an adverse variation of capsaicin content and its competitors, which consistent with the present 
study. In this study, more intermediates metabolite were allocated to the synthesis of flavonoids, 
lignin and tannin of fruit at 50 d after flowering, which resulted a decrease of capsaicin content. In 
this study, the total phenol content of 'Hongxi' was higher than that of'Honglong 23', it meant there 
was much more precursors to synthesis capsaicinoids of 'Hongxi', which contributedto the higher 
spiciness of 'Hongxi'. Additionally, with the fruit layer increaseing, the total phenol content 
decreased, and the precursor substance of capsaicin decreased, consequently,there was lower 
capsaicin content of upper layer fruits It has been demonstrated that the accumulation of nitrogen-
free secondary metabolites such as terpenes and phenol increased when nitrogen fertilizer was in 
deficient, but when there was sufficient nitrogen fertilizer, the synthesis of nitrogen-containing 
secondary metabolites increased [51]. 

4.4. Effect of Nitrogen Fertilizer on Capsaicin-Related Genes 

A previous study found that the expressions of capsaicin-related genes such as PAL, AT3, 4CL, 
C4H, COMT, PAMT, and HCT were higher in the placenta than fruit pulp [52]. In this study, the 
expression of capsaicin-related genes differed according to the fruit development. Li [53] found that 
the expressions of PAL, AT3, 4CL and HCT increased first and then decreased with fruit development, 
which was consistent with our study, and the expressions of COMT and PAMT decreased 
continously. The expression of capsaicin-related genes varied in different varieties. Sarpras [54] 
demonstrated that the expression of capsaicin synthetic genes such as PAL, C4H, COMT, AMT, and 
ACL differed in different spice pepper varieties, and the expression of these genes were higher of 
spice varieties, which was consistent with our finding that the 'Hongxi' had a higher expressions of 
capsaicin synthetic genes than that of the 'Honglong 23'. Compared with N1, the expression of 
capsaicin synthetic genes was elevated to different degrees after the reduction of nitrogen fertilization 
[37,55]. It was reported that nitrogen had a promoting effect on capsaicin accumulation. 

5. Conclusions 

Appropriate reduction of nitrogen has promoting effects on chilli peppers yield and quality, 25% 
to 50% reduction of nitrogen fertilizer leads to the maximum values of fruit weight, fruit diameter, 
fruit length, and placenta weight. Capsaicin accumulation exhibits a pattern of 35 d > 50 d > 20 d and 
bottom layer > middle layer > uppper layer of both varieties, competitive substances such as lignin, 
flavonoids, tannins, and the degradative enzymes POD and PPO increase with the increasing of fruit 
layers, while total phenol, PAL enzyme activity, and capsaicin synthetic gene expression decrease 
with the increase of fruit layers.With N2 treatment, there were peaks of the phenol content, PAL 
enzyme activity and expression of capsaicinoid synthetic genes,and vallyes of competitive 
substances. Considering yield and capsaicin content, the study infers that N2 (562.5 kg.hm-2) is an 
appropriate nitrogen fertilizer concentration for cultivating high spiciness peppers. 
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