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Abstract: Ammonium (NH4
+) and nitrate (NO3

−) are the two forms of inorganic nitrogen essential for
physiological and biochemical processes in higher plants, but little is known about how the NH4

+:NO3
−

ratio may affect nitrogen metabolism. This study determined the effect of NH4
+:NO3

− ratios on
plant growth, accumulation, and distribution of nutrient elements, fruit quality, enzyme activity, and
relative expression of genes involved in nitrogen (N) metabolism in pepper (Capsicum annuum L.). In a
pod experiment, the NH4

+:NO3
− ratios of 0:100, 12.5:87.5, 25:75, 37.5:62.5, and 50:50 were arranged

in a complete randomized design with three replicates. The application of NH4
+:NO3

− at 25:75
resulted in highest dry matter and N, phosphorus (P), and potassium (K) accumulation. Pepper
treated with 25:75 ratio increased root length, surface areas, and root volume and tips. The contents
of vitamin C, soluble sugar, soluble protein, total phenols, flavonoids, and capsaicinoids in the fruits
were significantly higher with the NH4

+:NO3
− ratio of 25:75 compared with 0:100 treatment, while

lowering nitrate content was found in NH4
+:NO3

− ratios of 25:75, 37.5:62.5, and 50:50 treatments.
Activity of glutamine synthetase (GS), glutamate synthases (GOGAT) enzyme and the levels of
relative expression of genes coding these enzymes were superior when the NH4

+:NO3
− ratio of

25:75 were applied. Therefore, an appropriate ratio of NH4
+:NO3

− (25:75) in nitrogen application
can stimulate root development, promote enzyme activities, and enhance the productivity and fruit
quality in pepper.

Keywords: ammonium; capsaicin; glutamate synthases; glutamine synthetase; nitrite reductase;
nitrogen metabolism; root morphology

1. Introduction

From the Green Revolution, new agricultural methods and technology rapidly increased
application of synthetic fertilizer in crop production compared to the prior time. For example,
the national average fertilizer application rate in China was 147 kg N ha−1 year−1 in 2016, which was
6.3 times the rate used 50 years ago [1]. It is anticipated that the fertilizer use for agriculture worldwide
will increase continuously to meet the food demands for growing population. Excessive use of nitrogen
often results in the loss of more than half of the amount added through leaching or gaseous emission
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due to denitrification, leading to the pollution of air, water and soil, and the loss of biodiversity [2].
Therefore, minimizing nitrogen (N) fertilizer inputs [3], and improving Nitrogen Utilization Efficiency
(NUE) are a major challenge worldwide [4].

Ammonium (NH4
+) and nitrate (NO3

−) are the two predominant forms of inorganic nitrogen
absorbed by the roots of higher plants in agricultural ecosystems [5], and these nitrogen forms exert
different effects on biochemical processes in higher plants or soil environments. The absorption of
nitrate nitrogen is accompanied by the uptake of inorganic cation and the release of OH−, whereas
the ammonium nitrogen is accompanied by the absorption of inorganic anion and the release of H+

in rhizosphere environment [6]. Nitrate may account for a higher energy cost than ammonium due
to the reduction of nitrate to ammonium in cells by two consecutive processes [7]. First, nitrate is
reduced to nitrite by nitrate reductase (NR), then a reduction of the nitrite to ammonium by nitrite
reductase (NiR), thereby the ammonium can produce a variety of amino acids, a process enhanced
by glutamine synthetase (GS) and glutamate synthase (GOGAT) [8–10]. For the past few years,
cereal yield increases have been achieved in some solution culture studies by controlling levels of
nitrate and ammonium [11]. However, the N form is beneficial for plant growth, yield, and quality
may vary with plant species [12–14] and many other factors [15–17]. Supplying the two forms of
nitrogen in a specific ratio will lead to the optimum growth; this finding has been reported in species
such as apple (Malus domestica Borkh) [18,19], tomato (Solanum lycopersicum L.) [20,21], and rice
(Oryza sativa L.) [22–24]. Predominant sources of ammonia N may also negatively affect the whole
plant biomass deposition in some species, such as Arabidopsis thaliana [25,26]; while in another study,
Arabidopsis plants displayed the potential of stimulating glucosinolate metabolism with ammonium
nutrition [27]. An appropriate ammonium-nitrate ratio can enhance plant tolerance to abiotic stresses.
For example, compared with nitrate, the addition of moderate amount of ammonium alleviates low
light intensity stress in some species, such as Chinese cabbage (Brassica pekinensis) [28]. A NH4

+:NO3
−

ratio of 50:50 enhanced tomato growth, soluble protein in roots, and GS activity at chilling temperature
(5–18 ◦C) [29].

There has been an increased trend that consumers demand for vegetables with high nutritional
values and safe characteristics. Pepper (Capsicum annum L.) is an important source of nutrients such as
vitamins C, proteins, and carbohydrates for human consumption. Also, capsaicin, dihydrocapsaicin
and related compounds, namely capsaicinoids, are the secondary metabolites available in pepper
fruits [30]. Thus, peppers are used as an important spice in various foods. Additionally, peppers
have high medical value, as capsaicinoids are utilized for curing biological ailments and improving
overall human health [31]. Two studies concern the impact of different N form supply on pepper
fruit quality parameters, such as N and phosphorus (P) content [32], or nitrate, total N and soluble
sugars content [33]. To the best of our knowledge, there is a lack of information regarding how those
traits of hot peppers might be related to the way the crop is produced. In particular, little is known
about how different forms of nitrogen applied to the crop may affect the levels of pungency in pepper
fruits. We hypothesize that the supply of nitrogen in an appropriate ammonium to nitrate ratio will
promote root development, improve nutrient absorption and enhance capsaicin and dihydrocapsaicin
concentrations in pepper. The objectives of this study were to determine the effect of different
NH4

+:NO3
− ratios on plant growth, root development, nutrient accumulation, and distribution in

different tissues/organs, and identify the most appropriate NH4
+:NO3

− ratio for improved fruit quality,
especially the pungency of hot pepper.

2. Materials and Methods

2.1. Plant Material and Growth Condition

Pepper (cv. ‘Longjiao No.5’) seeds obtained from the Gansu Academy of Agricultural Science
in Lanzhou, China were used as the test material. The seeds were soaked in water at 55 ◦C for
15 min with agitation and at 25 ◦C for 8 h, then placed under dark conditions at 28 ◦C for 3 days
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to allow germination in an electronic climate box. The seedlings were grown in seedling trays for
40 days and then transplanted into plastic containers (25 cm in depth and 35 cm wide at the top)
which were filled with 6 L of the mixture of vermiculite and quartz sand (3:1, v:v). The vermiculite
(2–4 mm) and quartz sand (1–2 mm) were obtained from Xuyang Mining Company (Hebei, China).
The physical and chemical properties of the vermiculite and quartz mixture are shown in Table 1. Each
container contained two seedlings with a similar size. The experiment was conducted in a greenhouse
at Gansu Agricultural University in Lanzhou (36◦05’39.86” N, 103◦42’31.09” E). The conditions in the
greenhouse were as follows: temperature of 28 ± 2 ◦C/18 ± 2 ◦C (day/night), photoperiod of 12 h,
average photosynthetic active radiation at noon of 1000 µmol m−2 s−1, and relative humidity of 60–70%.

Table 1. Physical and chemical properties of medium.

Substrate Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

EC
(us cm−1)

Bulk Density
(g cm−3)

pH

Vermiculite: quartz
sand = 3:1 1.63 8.02 9.00 116.90 0.95 6.79

Note: nitrogen (N); phosphorus (P); potassium (K).

2.2. NH4
+:NO3

− Ratio and Experiment Design

Plants with similar physical size were treated with five NH4
+:NO3

− ratios after being transplanted:
T1 (NH4

+:NO3
− = 0:100) (as control), T2 (NH4

+:NO3
− = 12.5:87.5), T3 (NH4

+:NO3
− = 25:75), T4

(NH4
+:NO3

− = 37.5:62.5), and T5 (NH4
+:NO3

− = 50:50) (Table 2). Ammonium sulfate [(NH4)2SO4] was
used as NH4

+ source. Potassium nitrate (KNO3) and calcium nitrate tetrahydrate [Ca(NO3)2·4H2O]
were used as NO3

− source. Monopotassium phosphate (KH2PO4) was used as the source of P.
Potassium nitrate (KNO3) and potassium phosphate monobasic (KH2PO4) were used as the source of
potassium (K). All pepper plants were maintained under the concentrations of N (10 mM), P (1 mM),
and K (6 mM). Also, microelements were supplied according to Hoagland and Arnon [34]. At the
seedling, flowering, and fruiting stages, pepper plants were watered, respectively, with 500, 1000,
and 1500 mL of five nutrition solutions per container at six days interval. An amount of 7 µmol L−1

of nitrification inhibitor was added to each container to prevent the nitrification of ammonium [35].
Each treatment had 48 containers arranged in a complete randomized design with three replicates;
the sufficient number of plants allowed for the multiple samplings for various measurements. Of which,
36 containers in each treatment were used to determine plant traits and the other 12 containers were
used to determine fruit quality and gene expression.

Table 2. The concentrations of elements (mM), pH, and EC in 5 nutrition solutions.

Treatments NH4
+:NO3−

Elements Concentration (mmol L−1)

pH EC
(µs/cm)

N
P K Ca Mg

NH4
+—N NO3−—N

T1 0:100 0 10 1 6 2.5 1 6.8 892
T2 12.5:82.5 1.25 8.25 1 6 2.5 1 6.7 884
T3 25:75 2.5 7.5 1 6 2.5 1 6.7 899
T4 37.5:62.5 3.75 6.25 1 6 2.5 1 6.6 881
T5 50:50 5 5 1 6 2.5 1 6.7 898

Note: ammonium (NH4
+); nitrate (NO3

−); nitrogen (N); phosphorus (P); potassium (K); calcium (Ca);
magnesium (Mg).

2.3. Dry Matter Determination

At 0, 30, 60, 90 and 120 days after transplantation (DAT), 6 plants were randomly selected from
each replicate. The roots were washed with distilled water and separated from the shoots. Both root,
stem, leaf, and fruit samples were dried separately at 105 ◦C for 15 min and further dried at 80 ◦C until
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a constant weight, and weighed for dry biomass [36]. Calculate the plant dry matter increment every
30 days to get dry matter accumulation rate as the follow formula:

Dry matter accumulation rate
(
g plant−1 d−1

)
=

(Mt −M0)

D
(1)

where Mt and M0 are dry matter at the current and previous sampling, respectively, D is the number of
days between the current and the previous sampling.

2.4. Analysis of Root Morphology

The cleaned roots from each replicate were placed in transparent trays with distilled water
gently to make them fully dispersed. Images were obtained using a root scanner (STD 4800, EPSON,
Canada) and data were analyzed using Win RHIZO version 5.0 (Regent Instruments, Inc., Quebec City,
QC, Canada).

2.5. Determination of N, P, K Contents

At 30, 60, 90, and 120 DAT, the various plant parts which had been used to determine dry
matter (described above), were grounded and sieved through a 2.0 mm screen. H2SO4 and H2O2

were used to mineralize the powder until transparent and colorless liquids were observed, which
were prepared to determine N, P, and K. Total N was measured using Kjeldahl method with a
full-automatic Kjeldahl apparatus K1100 (Jinan Hanon Instruments Company, Jinan, China) [37]. Total
P contents were measured using molybdenum blue colorimetric method and analyzed using a TU-1900
spectrophotometer (Beijing Persee Instruments Company, Beijing, China) [38]. Flame photometer
AP1302 (Shanhai Aopu Analytical Instruments Company, Shanghai, China) was used for the assay of
total K contents [39]. We used the formulas below in our calculations to get nutrient accumulation
and distribution:

The accumulation of N, P and K of organ
(
g plant−1 DW

)
= C×W (2)

The distribution of N, P or K of organ (%) =
C×W

A
×100% (3)

in which C is the content of N, P and K of organ (g kg−1 DW), W is the dry weight of organ (kg plant−1

DW), A is the total content of N, P or K in one plant (g plant−1 DW).

2.6. Determination of Nitrate, Vitamin C, Soluble Sugar, Soluble Protein, Total Phenol, and Flavonoid Contents

Mature green, ripening, and red fruits were harvested from 12 randomly selected containers
from each treatment, with three independent replicates, were washed with distilled water and store at
−80 ◦C for the determination of quality parameters. Nitrate content was measured using the salicylic
acid-sulfuric acid method [40], vitamin C content was measured using the 2,6-dichloroindophenol
stain method [41], anthrone-sulfuric acid assay method was used to estimate soluble sugar [42], and
coomassie brilliant blue method for the estimation of soluble protein content [43]. The total phenol
and flavonoid content were extracted with methanol containing 0.01% HCl, a slight modification of the
method published elsewhere [44].

2.7. Determination of Capsaicin and Dihydrocapsaicin Contents

Mature green, ripening, and red fruits from 12 randomly selected containers from each treatment,
with three independent replicates, were washed with distilled water and then dried at 50 ◦C in an
oven until a constant weight. Methanol-tetrahydrofuran (1:1, v:v) was added to the crushed fruit
powder sample (1 g, accurate to 0.0001) and extracted using a temperature-controlled ultrasonic
cleaner SB25-12D (Ningbo Scientz Biotech Company, Ningbo, China) at 60 ◦C for 0.5 h, repeated
three times. The supernatant was concentrated using a rotary evaporator RE52CS (Shanghai Yarong
Instruments Company, Shanghai, China) at 70 ◦C for 5 min. The concentrated solution was diluted
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with methanol-tetrahydrofuran (1:1, v:v) solution. Prior to injection, samples were filtered through a
Millipore membrane of 0.22 µm pore size [45].

Preparation of standard solution: capsaicin (Sigma-Aldich, St. Louis, MO, USA, 98%) and
dihydrocapsaicin (Sigma-Aldich, St. Louis, MO, USA, 98%) were accurately weighted and dissolved in
methanol with a concentration of 1 mg mL−1. A series of solutions of 0, 20, 40, 60, 80, and 100 µg mL−1

were prepared with the mixed standard solution.
High performance liquid chromatography (HPLC) analysis: The chromatographic system

consisted of Shimadzu LC-20A HPLC (Kyoto, Japan) with ZORBAX Eclipse Plus C18 column
(250 mm × 4.6 mm × 5.0 µm). The absorbance at 280 nm was measured using a Shimadzu UV-VIS
1700 spectrophotometer. Methanol-H2O (55:45) was used as the mobile phase with a flow rate of
1.0 mL min−1. Methanol and tetrahydrofuran were of HPLC grade, and ultrapure water was used for
HPLC determination.

The pungency of pepper was calculated by using Scoville Heat Units (SHU) with the following
equation [46]:

SHU = (X1 + X2) × (16.1 × 103) + (X1 + X2)/90% × 10% × (9.3 × 103) (4)

in the formula, X1 and X2 represent the contents of capsaicin and dihydrocapsaicin (mg g−1), respectively,
90% represents the ratio of capsaicin and dihydrocapsaicin in capsaicinoids, 16.1 × 103 represents
capsaicin and dihydrocapsaicin in SHU, and 9.3 × 103 represents capsaicinoids in SHU.

2.8. The Determination of NR, NiR, GS and GOGAT Activity

At 30, 60, 90 and 120 DAT, the second fully expanded leaves were sampled from each replicate,
frozen in liquid nitrogen and stored at −80 ◦C. To determine the activity of Nitrate reductase (NR), 0.5 g
leaves were ground in liquid nitrogen and added extraction buffer (0.025 M phosphate buffer, pH8.7,
0.1 mM EDTA, 1 mM cysteine) to the leaf tissue powder. Following centrifugation (4 ◦C, 12000 g,
15 min), NR activity was measured immediately in the supernatant. The reaction mixture consisted of
0.1 M phosphate buffer (pH7.5) and 0.17 mM NADH. The reaction was terminated after 30 min by
the addition of 1 mL of 1% sulfanilamide ((w/v) in 3 mol/L HCl) and then naphthylethylenediamine
dihydrochloride (0.02% (w/v)) to the reaction mixture, and measured at 540 nm [47,48]. For the
determination of NiR, GS, and GOGAT, tissues were ground to powder in a mortar that had been
pre-cooled with liquid nitrogen and then homogenized in the extraction buffer (0.1 M phosphate buffer,
pH7.5). The activity of NiR was monitored with the kit NIR-2-G at 540 nm, the GS was assessed
using GS kit (GS-2-Y) at 540 nm, and the GOGAT activity was determined by GOGAT detection kit
(GOGAT-2-Y) at 340 nm [49]. The kits for analyzing enzyme activities were purchased from Comin
Biotechnology Co. Ltd., Suzhou, China.

2.9. RNA Extraction and Gene Expression Analysis

RNA samples were extracted at 60 d using a RNA extraction Kit (Tiangen, Beijing, China) in
accordance with the manufacturer’s instructions. After extraction, RNA quality and quantity were
assessed using an Agilent 2100 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Total
RNA was incubated at 42 ◦C for 3 min with gDNA Eraser (Tiangen, Beijing, China) to remove genomic
DNA contamination, the first strand cDNA used as a template for qRT-PCR was synthesized from
0.5–2 µg of the total RNA using an oligo (dT)18 10 mM first-strand cDNA synthesis Kit (TaKaRa,
Dalian, China). Finally, cDNA was diluted 5-fold with sterile ddH2O, and 1 µL of cDNA was used for
quantitative real-time PCR (qRT-PCR) analysis.

The pepper actin gene (GenBank accession No. XM_016722297.1) was used as an internal
control. On the basis of nucleotide, the primers for capsicum annuum nitrate reductase (NR-1,
NR-2), nitrite reductase (NiR), glutamine synthetase (chloroplastic) (GS-1), glutamine synthetase
(GS-2), ferredoxin-dependent glutamate synthase (GOGAT-1), NADH-dependent glutamate synthase
(GOGAT-2) and actin genes were designed by TakaRa Biotechnology Co., Ltd. (Dalian, China) and the
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sequences were provided in Table 3. Quantitative real-time polymerase chain reaction (qRT-PCR) was
performed to determine the relative transcript level of each cDNA, with a real-time PCR detection
system (Lightcycler96 Real-Time PCR System, Roche). Each reaction system was performed in a final
volume of 20 µL, consisted of 2×SYBR Green Master Mix, 1 µL of diluted cDNA, 0.8 µM of forward
and reverse primers, and 7.4 µL ddH2O. The PCR cycling conditions were as follows: 95 ◦C for 30 s,
followed by 40 cycles of 95 ◦C for 10 s, and 60 ◦C for 30 s. The fluorescence data were collected during
the annealing step. All qRT-PCR for each gene was performed in three biological replicates, the relative
quantification of mRNA levels is based on the method of Livak and Schmittgen [50].

Table 3. The list of primer sequences and Gene Bank accession number used in this study for
the qRT-PCR.

Gene Name Sequence (5’–3’) Accession Number Amplicon (bp)

NR-1
F:TGACGCTGAACTTGCAAACG

XM_016714485.1 151 bp
R:CCTCAACGTGTAAGGTCGCT

NR-2
F:GATGACGACGACACGTCGAG

XM_016714486.1 129 bp
R:AGCGGTTCCTTCGTCTCTTG

NIR
F:TCAGAATCAGCTCGTGGCTT

AF065616.1 172 bp
R:GCATCGTGGAATGTCACACA

GS-1
F:TGAAGCTCTTGCTGCCCAAA

NM_001324595.1 154 bp
R:TGGCTCCTTTACAAGATTTTCCCA

GS-2
F:GGAAGGGACACAGAGAAGGC

XM_016717075.1 160 bp
R:AACAAGCGATCCTTCGAGCA

GAGOOT-1
F:TGACCGTGCTGTATGTGGTC

NM_001324694.1 104 bp
R:GCCCAGCACTCCCAGTAAAT

GAGOOT-2
F:GATGGGGTTCCTTGGTCCTG

XM_016700960 143 bp
R:GTCCCCTACGACAGTCTCCT

Actin
F:GTCCTTCCATCGTCCACAGG

XM_016722297.1 133 bp
R:GAAGGGCAAAGGTTCACAACA

2.10. Statistical Analysis

The analysis of variance was performed using SPSS 17.0 for Windows (Chicago, USA). The data
presented was mean ± SE of three replicates for each treatment. A two-way analysis of variance
(ANOVA) with NH4

+:NO3
− ratio treatment and days after transplantation was used to assess the

overall variability of dry matter, root morphology, nutrient accumulation, fruit quality and enzymes
activity. Significant difference and interactions were further evaluated with the Newman Keul post-hoc
test (SNK). The data of nutrient distribution and gene expression were analyzed with a one-way
ANOVA with treatment as variable. The differences were considered significant at p < 0.05.

3. Results

3.1. Dry Matter Accumulation and Root Morphology

The amounts of dry matter in the shoot (Figure 1A) and root (Figure 1B) significantly increased
from 0 to 120 DAT (p < 0.05) and the trend of change varied with the NH4

+:NO3
− ratios. The increase

in the NH4
+ concentration did not affect shoot and root dry matter at 30 DAT (p > 0.05). However,

at 120 DAT, dry matter of root and shoot were observed significant increases in plants with 12.5–37.5%
NH4

+ concentrations (T2, T3, and T4). The rate of dry matter (aboveground + root) accumulation
significantly increased (p < 0.05) with days after transplantation for all treatments, and they reached the
peak at Day 90 except T5 (NH4

+:NO3
− = 50:50) which had the peak value at Day 120 (Figure 1C). Among

the five treatments, T2 (NH4
+:NO3

− = 12.5:37.5) had the significant highest dry matter accumulation
rate (p < 0.05) compared to the other treatments at Day 90. At Day 120, T1 (NH4

+:NO3
− = 0:100) had

the lowest rate among treatments.
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When treated with five ratios, the plants showed no differences in root morphological characteristics
including total root length, surface area, volume and the number of root tips (p > 0.05) at 30 DAT
(Figure 2). The total root length in ratio of NH4

+:NO3
− = 25:75 (T3) had significant difference with

that in T1 (NH4
+:NO3

− = 0:100) treatment at 60, 90, and 120 DAT (p < 0.05) (Table 4). The highest
value of root surface area in T3 was 32.8% higher than T1 at 120 Day. Beyond that, surface area
was significantly higher in T3 compared with T1 and T5 at Day 90 (p < 0.05). At Day 120, the root
volume presented the highest value in T3, which was 52.8%, 27.1%, 14.8%, 40.6% higher than T1, T2,
T4 (NH4

+:NO3
− = 37.5:62.5), and T5. Moreover, the root tips of T3 showed significant differences

(p < 0.05) with 100% nitrate treated plants (T1) except 30 Day. Overall, ammonium-nitrate ratio at 25:75
enhanced root growth and development more than the single nitrate treatment at 60, 90, and 120 DAT.
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Table 4. Effects of NH4
+:NO3

− ratios on root morphological parameters of pepper.

Variables DAT T1 T2 T3 T4 T5

Total root length (cm plant−1)

30 2082.43 ± 84.37 f 2383.06 ± 69.03 f 2654.37 ± 154.07 f 2689.63 ± 96.74 f 2268.78 ± 144.23 f
60 4568.28 ± 391.46 e 4744.46 ± 174.55 e 6140.96 ± 445.39 cd 5220.4 ± 293.51 de 4751.35 ± 137.36 e
90 6160.58 ± 32.65 cd 6730.50 ± 125.78 bc 7844.17 ± 226.66 ab 7584.07 ± 192.30 abc 6977.53 ± 273.40 bc
120 6607.17 ± 276.91 bcd 8000.54 ± 983.60 ab 8693.94 ± 410.14 a 8080.38 ± 355.26 ab 6581.64 ± 555.74 bcd

Surface area (cm2 plant−1)

30 302.15 ± 15.53 h 371.34 ± 23.75 gh 413.98 ± 40.98 fgh 402.97 ± 29.89 fgh 360.13 ± 30.11 gh
60 488.71 ± 51.03 efg 502.04 ± 20.69 efg 644.10 ± 52.44 de 564.17 ± 22.88 ef 503.08 ± 13.88 efg
90 625.91 ± 27.89 de 749.46 ± 36.28 cd 959.95 ± 69.43 b 844.14 ± 25.39 bc 758.00 ± 37.51 cd
120 859.78 ± 24.74 bc 990.17 ± 26.35 b 1141.94 ± 30.81 a 1008.91 ± 41.10 b 881.55 ± 104.36 bc

Volume (cm3 plant−1)

30 3.59 ± 0.16 i 4.62 ± 0.10 i 5.16 ± 0.23 i 4.82 ± 0.42 i 4.56 ± 0.18 i
60 9.38 ± 0.49 hi 12.01 ± 0.58 gh 18.31 ± 1.18 ef 14.01 ± 0.59 fgh 12.93 ± 0.46 fgh
90 13.76± 1.12 fgh 19.53 ± 0.85 de 27.97 ± 1.55 b 27.27 ± 1.29 bc 17.31 ± 0.60 efg
120 21.89 ± 1.77 cde 26.32 ± 3.77 bc 33.44 ± 0.53 a 29.14 ± 2.54 b 23.78 ± 2.70 bcd

Tips (plant−1)

30 1605.00 ± 106.64 g 1673.25 ± 128.78 g 1724.00 ± 70.62 g 2248.67 ± 185.87 g 1359.25 ± 77.53 g
60 3875.83 ± 88.27 f 4145.83 ± 321.47 ef 5656.67 ± 294.22 cde 4880.00 ± 436.42 def 4168.33 ± 277.24 ef
90 5074.17 ± 555.98 def 6135.83 ± 567.11 bcd 7592.50 ± 255.80 ab 7040.00 ± 861.57 abc 5529.17 ± 291.68 cde
120 5952.33 ± 255.48 bcd 7123.00 ± 551.53 abc 7866.83 ± 651.60 a 7442.83 ± 224.39 ab 6570.83 ± 248.04 abcd

Note: ammonium (NH4
+); nitrate (NO3

−). Values given are means ± SE (n = 3 replicates with 6 plants per replicate). Significant differences (p < 0.05) were indicated by different letters for
each variable. The treatment details were defined in Table 2.
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3.2. N, P, and K Accumulation and Distribution Among Organs

The accumulation of N P and K in the pepper plants (Figure 3A–C) increased significantly (p < 0.05)
over the growth period. Within the first 60 d of growth after transplantation, nutrient elements were
accumulated in the five treatments with no difference (p > 0.05). As the growth progressed to the
reproductive period from 60 to 120 DAT, more nutrient elements were accumulated in the fruits than
in the leaves, stems and roots, as more photosynthates were translocated from vegetative tissues
to reproductive organs. Increasing ammonium concentration from 0 to 25 resulted in increased
accumulation of N, P, and K in the plants. However, further increase in ammonium concentration
from 25 to 50 led to a decrease in nutrient elements accumulation. At 120 DAT of data measurement,
plants under T3 (NH4

+:NO3
− = 25:75) had the highest total N, which was 29.0% higher than T1

(NH4
+:NO3

− = 0:100); the accumulation of P in T3 (0.334 g plant−1 DW) was significantly greater
than the other treatments (p < 0.05); T3 and T4 gave the highest K values of 1.58, and 1.56 g plant−1

DW, respectively.
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Figure 3. Total N (A), P (B), and K (C) accumulation in the root, stem, leaf and fruit of pepper plants as
affected by different NH4

+:NO3
− ratios. Vertical bars represent mean ± SE from three independent

replicates and the different letters denote significant differences (p < 0.05). The five treatments were
defined in Figure 1 above.

Percent distribution of N, P, and K differed in pepper plants under the various ammonium-nitrate
ratios treatments (Table 5). Overall, the percent distribution of N in the different organs followed the
order: root < stem < leaf < fruit, whereas that of P in those organs were as follows: root < leaf < stem
< fruit, a trend similar to K. On average, about half of N, P, and K were distributed in fruits and the
rest were distributed in the other three organs. The N, P, and K distribution rate was least in the root
when NH4

+:NO3
− = 0:100 (T1) was applied, whereas the distribution in the leaves was least with the
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application of NH4
+:NO3

− = 50:50 (T5). The distribution of the nutrient elements in stems did not
differ among the five treatments with a few exceptions.

Table 5. Effects of NH4
+:NO3

− ratios on N, P and K distribution in the different pepper organs 120 d
after transplantation.

Elements Treatments
Percent Distribution (%) of Nutrients in the Organ

Root Stem Leaf Fruit

N

T1 8.69 ± 0.27 b 17.85 ± 0.73 a 23.19 ± 0.36 a 50.27 ± 0.45 a
T2 9.69 ± 0.42 a 18.31 ± 0.48 a 20.16 ± 0.87 b 51.83 ± 1.46 a
T3 10.00 ± 0.11 a 18.77 ± 0.24 a 19.08 ± 0.54 b 52.18 ± 1.26 a
T4 9.31 ± 0.02 ab 19.45 ± 0.38 a 21.93 ± 0.45 ab 49.32 ± 2.29 a
T5 10.11 ± 0.22 a 18.95 ± 0.74 a 19.69 ±1.59 b 51.24 ± 2.00 a

P

T1 12.78 ± 0.12 c 21.22 ±3.32 a 17.93 ± 1.12 a 48.13 ± 1.48 c
T2 15.02 ± 0.92 ab 15.78 ± 0.94 ab 14.70 ± 1.56 ab 54.50 ± 0.9 ab
T3 13.67 ± 0.37 bc 18.21 ± 0.35 ab 14.14 ± 0.63 ab 53.97 ± 0.58 ab
T4 13.66 ± 1.01 bc 21.42 ± 1.50 a 16.8 ± 2.67 ab 51.46 ± 1.8 bc
T5 16.11 ± 0.34 a 14.12 ± 0.89 b 12.23 ± 1.42 b 57.49 ± 1.49 a

K

T1 9.80 ± 0.26 b 27.85 ± 1.01 a 21.66 ± 0.24 a 40.69 ± 1.02 b
T2 10.96 ± 0.22 ab 25.79 ± 1.32 ab 22.36 ± 0.17 a 40.89 ± 1.25 b
T3 10.75 ± 0.89 b 22.37 ± 0.83 b 20.72 ± 1.43 ab 46.15 ± 1.36 a
T4 10.43 ± 0.23 b 28.65 ± 0.24 a 20.81 ± 1.47 ab 40.12 ± 1.57 b
T5 12.36 ± 0.37 a 27.53 ± 1.78 a 17.79 ± 1.32 b 42.32 ± 1.11 ab

Note: nitrogen (N); phosphorus (P); potassium (K). Values given are means ± SE (n = 3 replicates with 6 plants per
replicate). Significant differences (p < 0.05) among treatments were indicated by different letters. The five treatments
were defined in Table 2 above.

3.3. NH4
+:NO3

− Ratios and Fruit Quality

The different NH4
+:NO3

− ratios significantly (p < 0.05) affected the quality of the pepper fruits
(Table 6). The nitrate content in fruits decreased with the increased ammonium concentration of the
NH4

+:NO3
− ratios. The fruits from plants subjected to T1 supplied with 100% nitrate nitrogen, had

significantly higher nitrate content than fruits with T3, T4, and T5.
The contents of soluble sugar, soluble protein, and dry matter in pepper fruits followed a similar

trend of treatment effect where the fruits from plants supplied with NH4
+:NO3

− = 25:75 ratio had the
highest values among the five treatments at red stage. However, we found that the content of vitamin
C, total phenols, and flavonoids were superior with T3 at mature green stage.

Pepper fruits were fractionated for the extraction of capsaicin and dihydrocapsaicin for the purpose
of examining the influence of NH4

+:NO3
− ratio on the level of pungency. In mature green fruits,

the contents of capsaicin (Figure 4A) and dihydrocapsaicin (Figure 4B) increased with increases in
ammonium nitrogen and was highest at NH4

+:NO3
− = 25:75, and then decreased with further increase

in ammonium nitrogen concentration. At mature green stage, the application of NH4
+:NO3

− = 25:75
(T3) increased the contents of capsaicin and dihydrocapsaicin by 25.1% and 79.3%, respectively, more
than T1. At red stage, the capsaicin in fruits produced with NH4

+:NO3
− = 25:75 (T3) had the highest

content, which was 12.9% more than fruits from T1.
The effect of NH4

+:NO3
− ratio on the Scoville heat units (SHU) was evaluated using the values

of capsaicin and dihydrocapsaicin (Figure 4C). Overall, SHU was significantly (p < 0.05) increased
from mature green to the red stage, but the rate of increase varied with the different NH4

+:NO3
− ratios.

Fruits from the pepper plants treated with NH4
+:NO3

− of 25:75 (T3) had the highest SHU values at the
three stages of measurements, whereas those from the other treatments increased the SHU sharply
from mature green to ripening and then leveled off from ripening to the red stage.
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Table 6. Effects of NH4
+:NO3

− ratios on quality of pepper fruit at the three stages in response to different NH4
+:NO3

− ratios.

Variables Stages T1 T2 T3 T4 T5

Nitrate (mg g−1 FW)
Mature green stage 0.51 ± 0.02 bcd 0.46 ± 0.02 de 0.44 ± 0.02 e 0.42 ± 0.01 e 0.43 ± 0.01 e

Ripening stage 0.57 ± 0.02 ab 0.558 ± 0.03 abc 0.48 ± 0.02 de 0.43 ± 0.03 e 0.45 ± 0.01 e
Red stage 0.60 ± 0.01 a 0.59 ± 0.01 a 0.51 ± 0.03 bcd 0.49 ± 0.01 cde 0.45 ± 0.01 de

Vitamin C (mg g−1 FW)
Mature green stage 0.46 ± 0.02 ef 0.55 ± 0.02 ab 0.57 ± 0.02 a 0.50 ± 0.02 bcd 0.51 ± 0.02 bcd

Ripening stage 0.43 ± 0.01 fg 0.55 ± 0.03 bcde 0.59 ± 0.02 abc 0.53 ± 0.01 cde 0.51 ± 0.00 de
Red stage 0.41 ± 0.01 fg 0.43 ± 0.01 fg 0.51 ± 0.02 de 0.40 ± 0.02 fg 0.40 ± 0.01 g

Soluble sugar (mg g−1 FW)
Mature green stage 23.40 ± 0.25 cde 23.15 ± 0.16 de 25.70 ± 1.04 abc 22.11 ± 0.33 e 22.21 ± 1.03 e

Ripening stage 22.01 ± 0.48 e 22.75 ± 0.21 de 25.03 ± 0.40 bcd 21.77 ± 0.29 e 21.50 ± 0.84 e
Red stage 24.01 ± 0.69 bcde 26.09 ± 0.22 ab 27.37 ± 0.34 a 25.11 ± 0.30 bcd 23.84 ± 0.35 bcde

Soluble protein (mg g−1 FW)
Mature green stage 1.01 ± 0.04 c 1.00 ± 0.09 c 1.13 ± 0.02 c 0.94 ± 0.03 c 0.93 ± 0.01 c

Ripening stage 1.09 ± 0.04 c 1.10 ± 0.06 c 1.33 ± 0.10 bc 1.10 ± 0.08 c 1.03 ± 0.09 c
Red stage 1.23 ± 0.09 bc 1.55 ± 0.08 ab 1.69 ± 0.10 a 1.20 ± 0.08 bc 1.35 ± 0.24 bc

Total phenols (mg g−1 FW)
Mature green stage 39.39 ± 2.31 bcd 41.99 ± 0.85 bc 53.67 ± 3.67 a 43.16 ± 0.84 b 42.86 ± 1.61 b

Ripening stage 31.44 ± 3.01 d 35.96 ± 2.09 bcd 41.34 ± 0.42 bc 36.36 ± 1.09 bcd 34.83 ± 1.11 bcd
Red stage 32.72 ± 1.02 cd 35.32 ± 2.50 bcd 43.67 ± 2.36 b 36.48 ± 2.62 bcd 36.19 ± 1.74 bcd

Flavonoid (mg g−1 FW)
Mature green stage 23.37 ± 0.88 bc 27.92 ± 0.28 a 27.57 ± 0.69 a 21.89 ± 1.03 bcd 19.83 ± 1.43 cde

Ripening stage 20.65 ± 0.82 cde 24.92 ± 0.61 ab 24.57 ± 0.94 ab 21.27 ± 0.49 bcd 18.16 ± 0.88 de
Red stage 19.31 ± 0.95 cde 21.58 ± 0.27 bcd 23.23 ± 0.99 bc 19.94 ± 1.23 cde 17.16 ± 0.69 e

Dry weight (g fruit−1 DW)
Mature green stage 1.37 ± 0.12 f 1.3 ± 0.06 f 2.17 ± 0.06 bcd 1.85 ± 0.04 de 1.57 ± 0.07 ef

Ripening stage 1.83 ± 0.02 de 1.88 ± 0.07 de 2.23 ± 0.03 bc 2.13 ± 0.09 cd 1.83 ± 0.06 de
Red stage 2.03 ± 0.03 cd 2.43 ± 0.15 b 2.87 ± 0.03 a 2.80 ± 0.10 a 2.10 ± 0.10 cd

Note: ammonium (NH4
+); nitrate (NO3

−); fresh weight (FW); dry weight (DW). Values are means ± SE (n = 3 replicates with 12 fruits per replicate). Significant differences (p < 0.05) were
indicated by different letters for each variable. The treatment details were defined in Table 2 above.



Agronomy 2019, 9, 683 12 of 21Agronomy 2019, 9, x FOR PEER REVIEW 12 of 21 

 

 
Figure 4. Capsaicin (A), dihydrocapsaicin (B) contents and Scoville heat units (C) in pepper fruit at 
the mature green, ripening, and red stage in response to different NH4+:NO3− ratios. Vertical bars 
represent mean ± SE (n = 3, each replicate consisted of 12 pepper fruits) and the different letters denote 
significant differences (p < 0.05). The five treatments were defined in Figure 1 above. 

3.4. Activity of Enzyme and Gene Expression of Nitrogen Metabolism 

To determine the effects of NH4+:NO3− ratio on nitrogen metabolism in pepper plants, we 
measured the activities of NR (Figure 5A), NiR (Figure 5B), GS (Figure 5C), and GOGAT (Figure 5D) 
at 30, 60, 90, and 120 DAT. We found that activities of these enzymes varied largely among treatments 
(p < 0.05) and among the different times (p < 0.05) of measurement. At 30 and 60 DAT, the NR activity 
decreased significantly as the proportion of nitrate in the NH4+:NO3− ratio was decreased (Figure 5A). 
However, at 90 DAT, plants treated with NH4+:NO3− ratio of 25:75 (T3) had the highest NR activity. 
The effect of the treatments on NiR activity was similar to what was observed in the NR activity 
(Figure 5B). Among the five ratio treatments and four times evaluated, the highest NiR activity 
obtained with the T1 treatment was 5.72 μmol h−1 g−1at 60 DAT. 

Different ammonium and nitrate ratios had a significant effect (p < 0.05) on GS activity (Figure 
5C), and the activity increased with the increased proportion of ammonium in the NH4+:NO3− ratio, 
then leveled off or declined. At the various times of data measurement, T3 (NH4+:NO3− = 25:75) and 
T4 (NH4+:NO3− = 37.5:62.5) had highest GS activities at Day 90, averaging 215.2 and 233.4 μmol h−1 g−1, 
respectively. In comparison, the response of GOGAT activity to the treatments were significantly 
interacted with the days of transplantation (p < 0.05); at Day 30, the highest GOGAT activity was 

Figure 4. Capsaicin (A), dihydrocapsaicin (B) contents and Scoville heat units (C) in pepper fruit at
the mature green, ripening, and red stage in response to different NH4

+:NO3
− ratios. Vertical bars
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3.4. Activity of Enzyme and Gene Expression of Nitrogen Metabolism

To determine the effects of NH4
+:NO3

− ratio on nitrogen metabolism in pepper plants, we
measured the activities of NR (Figure 5A), NiR (Figure 5B), GS (Figure 5C), and GOGAT (Figure 5D) at
30, 60, 90, and 120 DAT. We found that activities of these enzymes varied largely among treatments
(p < 0.05) and among the different times (p < 0.05) of measurement. At 30 and 60 DAT, the NR activity
decreased significantly as the proportion of nitrate in the NH4

+:NO3
− ratio was decreased (Figure 5A).

However, at 90 DAT, plants treated with NH4
+:NO3

− ratio of 25:75 (T3) had the highest NR activity.
The effect of the treatments on NiR activity was similar to what was observed in the NR activity
(Figure 5B). Among the five ratio treatments and four times evaluated, the highest NiR activity obtained
with the T1 treatment was 5.72 µmol h−1 g−1 at 60 DAT.

Different ammonium and nitrate ratios had a significant effect (p < 0.05) on GS activity (Figure 5C),
and the activity increased with the increased proportion of ammonium in the NH4

+:NO3
− ratio, then

leveled off or declined. At the various times of data measurement, T3 (NH4
+:NO3

− = 25:75) and T4
(NH4

+:NO3
− = 37.5:62.5) had highest GS activities at Day 90, averaging 215.2 and 233.4 µmol h−1 g−1,

respectively. In comparison, the response of GOGAT activity to the treatments were significantly
interacted with the days of transplantation (p < 0.05); at Day 30, the highest GOGAT activity was
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attained with the T4 treatment, whereas at Day 90 and 120, the highest GOGAT activity was with T3
treatment, and at Day 60, T3 and T4 both achieved the highest GOGAT activities (Figure 5D).

Using qRT-PCR, we measured the relative expression levels of 7 genes involved in nitrogen
metabolic pathway associated with the different NH4

+ and NO3
− ratios in 60-d old pepper leaves.

Figure 6A,B manifested the expression levels of 2 genes (NR-1, NR-2) related to nitrate reduction were
up-regulated with 12.5 to 37.5% of NH4

+-N in the NH4
+-NO3

− ratio. Compared to T1 which had 100%
nitrate in the NH4

+-NO3
− ratio, all the other treatments showed an up-regulated expression of NiR

(Figure 6C) in nitrite reduction, with the NH4
+:NO3

− ratio of 12.5:87.5 (T2) and 25:75 (T3) being the
highest. Figure 6D and 6E also showed that the relative expression of GS-1 and GS-2 were up-regulated
when the plants were treated with 12.5% to 37.5% of NH4

+-N, but there was no significant difference
among T2, T3, and T4. The expression levels of GOGAT-1 (Figure 6F) and GOGAT-2 (Figure 6G) in
plants treated with NH4

+:NO3
− = 25:75 (T3) were 8.5 and 4.7-fold, respectively, more than T1.
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Figure 5. Activities of NR (A), NiR (B), GS (C), and GOGAT (D) enzymes in pepper leaves at the
different NH4

+:NO3
− ratios. Vertical bars represent mean ± SE from three independent replicates

and the different letters denote significant differences (p < 0.05). The five treatments were defined in
Figure 1 above. Abbreviations: nitrate reductase (NR); nitrite reductase (NiR); Glutamine synthetase
(GS); glutamate synthases (GOGAT).
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Figure 6. The relative expression of NR-1 (A), NR-2 (B), NiR (C), GS-1 (D), GS-2 (E), GOGAT-1 (F), and
GOGAT-2 (G) genes involved in nitrogen metabolism in pepper leaves 60 days after transplantation
at the five different NH4

+:NO3
− ratios (T1, T2, . . . T5). Vertical bars represent mean ± SE from

three independent replicates and the different letters denote significant differences (p < 0.05) among
treatments. Abbreviations: nitrate reductase (NR); nitrite reductase (NiR); Glutamine synthetase (GS);
glutamate synthases (GOGAT).

4. Discussion

4.1. Ammonium-Nitrate Ratios and Plant Growth, N, P, and K Accumulation and Distribution

Maximizing the dry matter accumulation is essential to fruit yield in pepper. In the present
study, we found that the supply of the appropriate ratio of the two main nitrogen forms induced a
synergistic growth response that surpassed the maximum growth rate produced by sole application
of NO3

−-N. Our results demonstrate that appropriate NH4
+:NO3

− ratio in nitrogen application is
an effective way to promote the accumulation of photosynthetic materials in the vegetative tissues
of peppers. However, plants were treated with ratio of NH4

+:NO3
− 50:50 shown the decreased

promoting effect, which indicated that high concentration of ammonium nitrogen could inhibit the
growth of pepper plants. Such a phenomenon has also been reported in other species, such as ryegrass
(Lolium multiflorum ssp.) [51]. Furthermore, we found that an appropriate ammonium-nitrate ratio
stimulated root development in pepper including root length, surface areas, volume, and root tips.
Root growth is influenced by the nitrogen forms available in the surrounding media, and plants may
develop longer roots when ammonium is the primary nitrogen source [52]. Root nitrogen acquisition
alters the rhizosphere pH and redox potential, which in turn regulates root cell proliferation and the
mechanical properties. Usually, the root regeneration capacity of pepper is inferior, and the main roots
are typically distributed in the 0–25 cm of the top soil [53]. In our study, the addition of appropriate
amount of ammonium nitrogen was beneficial to the pepper root architecture, especially with the
application of NH4

+:NO3
− at the 25:75 and 37.5:62.5 ratios. These treatments led to higher root surface

area and longer roots that allowed the accumulation of more mineral nutrients.
The accumulation of N, P, and K in plants is closely related to the growth and development

processes. Nitrogen plays a key role in the formation of cells, tissues, and organs. Phosphorus
participates in the balance and regulation of acid and alkali, the metabolism of energy, and the
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maintenance of the metabolism of ATP balance. Potassium promotes the synthesis and transportation
of amino acids, proteins, and carbohydrates in plants, and K cycling acts as an important signal for
feedback regulation of nutrient uptake [54,55]. In the present study, we found that pepper plants
supplied with 25% ammonium and 75% nitrate had the highest contents of N, P, and K accumulated
in the different organs (leaves, stems, roots, fruits), suggesting that this ratio has a potential interest
in fertilization for improving N, P, K use efficiency. However, as compared to 0:100 of NH4

+:NO3
−,

total plant N content and NUE of sorghum (Sorghum bicolor L. Moench) were reduced by mixed
N source [56]. When watermelon (Citrullus lanatus) plants were supplied with mixed NO3

− and
NH4

+, higher concentrations of N and P were observed [57]. Tu et al. suggested that the increased
availability of P was mainly due to the effect of the NH4

+ source on the pH of the rhizosphere soil [15].
Shaviv A et al. found that when the ratio of ammonium to nitrate was increased, K addition to
soil increased the utilization of N fertilizers, demonstrating the existence of a positive effect of the
N-K interaction in wheat [58]. However, in Dieffenbachia amoena the form of supplied N (NH4

+-N or
NO3

−-N) does not affect the K uptake [59].
Compared with the sole nitrate treatment (NH4

+:NO3
− = 0:100), the addition of ammonium

affected the distribution of N, P, and K in plant tissues; NH4
+:NO3

− ratio at 50:50 increased N, P, and K
concentrations in roots and decreased those in leaves. The assimilation of ammonium in the pepper
root promoted the higher root N content, whereas the assimilation of nitrate mainly occurred in the
shoot; hence, more N was detected in leaves when NH4

+:NO3
− was applied at the ratio of 0:100. It has

been reported that appropriate ammonium-nitrate ratio in nitrogen fertilization is essential to balance
NH4

+ and NO3
− in the assimilation of nitrogen in higher plants [60].

4.2. Ammonium-Nitrate Ratios and the Quality and Capsaicinoids

Higher nitrate concentration in pepper fruits is not ideal for consumers. In this study, we
anticipated that the nitrate concentration in pepper fruits could be regulated through the controlling
of nitrate uptake during the reproductive growth period. Nitrate availability to the plants through
the application of ammonium versus nitrate fertilization could regulate the outcome. We found
that when the NH4

+:NO3
− ratio in nitrogen application was at 25:75 (i.e., the T3 treatment), the

fruits nitrate content decreased significantly (p < 0.05) compared with sole nitrate application (i.e.,
NH4

+:NO3
− = 0:100). Also, fruit at the red stage had higher content than mature green and ripening

stage. Nevertheless, according to Kołton et al., nitrate ion accumulation was higher in green pepper
fruits when supplied with mixed nitrogen fertilization [33]. The application of NH4

+:NO3
− ratio (25:75)

increased the contents of vitamin C, soluble sugars, soluble proteins, total phenols, flavonoids and dry
matter in the fruits compared to the sole nitrate fertilization. In addition, the improvement of fruit
length, width, weight, and number of fruits per plant, leading to the enhancement of the appearance
quality (Supplementary Materials). Our findings added new values to the scientific literature that
some of the key quality-related variables will be affected by the ammonium-nitrate fertilization ratio,
but not all of them like the size of fruits in apple [61].

The soluble sugars content in pepper fruits increased in plants with T3; this was probably due
to improvement in the absorption of K. It was demonstrated that K fertilization increases the sugar
accumulation in soybean seeds [62]. Zhang et al. showed that K fertilization increased soluble sugar
content of apple fruit (Malus domestica Borkh. Cv. Fuji) by regulating trehalose metabolism [63].
Moreover, Xu G, et al. reported that the N and K nutrition status of pepper have effects on the
components of both inorganic and organic solutes of seeds [64]. Higher soluble protein in the pepper
fruits from T3 were related to increased nitrogen metabolism under the specific ammonium-nitrate
ratio, as protein N accounts for 80 to 85% of the total N accumulated in green material. The highest
nitrate content in the organs of plants with the sole nitrate treatment suggests the imbalance between
the supply and demand of nitrogen nutrient needed for an optimal growth. Therefore, the use of
nitrate as sole nitrogen source in pepper production is not an ideal practice and even unacceptable
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in food nutrition. Thus, an effective strategy to reduce nitrate content in peppers is to control nitrate
availability by replacing the nitrate with ammonium in an appropriate ratio.

Capsaicinoids are important indicators of the quality of pepper fruits. In several studies,
the synthesis of capsaicinoid was greatly influenced by environmental conditions. Gurung et al.
showed there were significant differences in capsaicinoid content among different cultivars and
different cultivation environments [65]. Pungency in pepper varies greatly with soil type particularly
depending on soil organic C content, microbial activity and nutrient content [66]. In our study,
the contents of capsaicin and dihydrocapsaicin were significantly higher with the application of
ammonium-nitrate ratio at 25:75 compared to the other treatments. It has been reported that the
precursors of capsaicinoid compounds have two biosynthesis pathways: phenylpropane pathway
by using phenylalanine as precursor and branched fatty acid pathway with valine as precursors [67].
Research of Mazourek comprehensively analyzed the anabolism network of capsaicin substances,
phenylalanine ammonia-lyase (PAL), GOGAT, and GS were regarded as candidate enzymes in
Capsaicinoid biosynthetic pathway [68]. The GOGAT and GS enzymes were affected by appropriate
ammonium supply in this study, which may associate with the enhanced synthesis of capsaicinoids
in pepper fruits. Flavonoids and phenols are secondary metabolites widely found in plants, their
synthesis is regulated by the common speed-limiting enzyme PAL. However, it is not clear whether
PAL was affected by nitrogen metabolism, the mechanisms responsible for the improved capsaicinoids,
flavonoids and phenols in peppers need to be further investigated.

4.3. Ammonium-Nitrate Ratios and Nitrogen Metabolism Gene Expression

In higher plants, nitrate reductase (NR) is a complex enzyme containing two identical subunits,
which exists as a dimer. NO3

− must be converted into NO2
− and then reduced to NH4

+ by nitrite
reductase (NiR) in energy-requiring reactions before being assimilated into amino acids. It has been
established that NR and NiR activity in higher plants is typically dependent on nitrate availability,
such as on ryegrass [69], Salvinia natans [70], Canna indica [71], and Nicotiana plumbaginifolia [72]. Our
data indicate that NR and NiR activities decreased with the increased proportion of ammonium in the
NH4

+:NO3
− ratio at 30, 60, and 90 DAT, but during the later growth stage (120 DAT), the application of

NH4
+:NO3

− = 25:75 led to higher NR and NiR activities than the other treatments. Glutamine synthetase
(GS), one of the key enzymes in ammonia assimilation, can catalyze the synthesis of glutamine from
ammonium and glutamic acid, which apart from preventing excess ammonium ions from poisoning
organisms, also serves as the main storage and transportation form of ammonium [73,74]. Plants
contain two glutamate synthases; one receiving electrons from ferrodoxin (GOGAT-1) and the other
receiving electrons from NADH (GOGAT-2), thus, the increase of glutamine level stimulates the activity
of glutamate synthase to produce glutamate. MosheSagi et al. suggested that the N source had no
significant effect on GS activity [69]. In another study, the increased activity of GS was found in the
embryogenic tissue of pumpkin (Cucurbita pepo L.) when the NH4

+ was the sole source of nitrogen [75].
In the present study, the highest GS and GOGAT enzyme activity were observed when the ratio of
ammonium to nitrate was either 25:75 or 37.5:62.5. However, an optimal ammonium-nitrate ratio
may depend on other factors, such as temperature [29], atmospheric CO2 concentration [76] and soil
microorganisms [77].

The relative expression of seven key genes involved in nitrogen metabolism was analyzed.
The results showed that the expression levels of the genes were up-regulated in pepper plants which
were fertilized with the different ammonium-nitrate ratios compared with those under sole nitrate
treatment. Our results indicate that the two nitrogen sources may work together to induce up-regulated
expression of nitrogen metabolism-related genes that regulated the activity of corresponding enzymes.
Finally, leading to improve nitrogen uptake in plant tissues and interfere with carbohydrate compounds
accumulation of fruits [78]. However, there was no obvious linkage between NR and NiR enzyme
activity and gene expression in peppers under the different NH4

+:NO3
− ratio treatments. It is reported

that the profound changes of nitrogen metabolite levels were resulted by the additional deregulation
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at the posttranslational level [79]. In romaine lettuce (Lactuca sativa L.), it was found that the transcript
abundance was poorly linked to de novo protein synthesis due to profound regulation at the level
of translation [80]. In our study, adding NH4

+-N influenced GS/GOGAT expression, but when
NH4

+:NO3
− = 50:50 was applied, the expression levels of NR, GS-2, GOGAT-2 were not up-regulated,

suggesting that excessive ammonium ions are toxic in pepper and NH4
+ uptake and metabolism may

be tightly regulated. Compared with the single nitrate nitrogen, the addition of moderate NH4
+ was

beneficial for enhancing the genes expression of GS, GOGAT and activating GS/GOGAT enzymes.
Hence, the stimulation of nitrogen metabolism contributed to promote growth of shoot, root, and the
pungency of fruit.

5. Conclusions

In conclusion, our study has shown that different NH4
+:NO3

− ratio affects the growth, nutrient
element accumulation and quality of fruits differently in pepper plants. The results have demonstrated
that NH4

+:NO3
− (25:75) is the most suitable ratio, as it improved root growth and accumulation of

nutrient elements (N, P and K) and subsequently increased dry matter accumulation in the pepper
plants. Moreover, the application of NH4

+:NO3
− (25:75) enhanced fruit quality by increasing the

contents of vitamin C, soluble sugar, soluble protein, total phenols, flavonoids, dry matter, and
pungency of the fruits. It can be concluded that NH4

+:NO3
− (25:75) is the most appropriate ratio

to promote plant growth, root development and fruit quality in pepper production, and this is
probably linked to the observed induction in GS and GOGAT expression and enzymes activities,
in nitrogen metabolism.
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