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nitrogen metabolism and amino
acid content in tobacco leaves
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Jianping Li*, Yali Guo?®, Guangwei Sun®, Zhengguo Chen®,
Hong Huang®*, Chengxiao Hu? and Xuecheng Sun®

Tobacco Research Institute of Hubei Province, Wuhan, China, 2Microelement Research Centre,
Huazhong Agricultural University, Wuhan, China, *Hubei Tobacco Company Shiyan City Company,
Shiyan, China, “Honghong, Wengfu (Group) Co., Ltd., Guiyang, China

Introduction: This study investigated the combined effects of molybdenum (Mo)
and nitrogen (N) fertilization on N metabolism and amino acid content in the
leaves of flue-cured tobacco (Nicotiana tabacum L.) during its mature stage
through a pot experiment.

Methods: Different application levels of Mo (0, 0.15, 0.30 mg/kg soil) and N (0.06,
0.24, 0.42 g/kg soil) were set to observe and analyze changes in leaf quality, N,
and amino acid content in the tobacco plants.

Results: The results revealed that the N fertilizer application level exhibited a
primary effect on regulating the total nitrogen, nitrate nitrogen, soluble protein,
and amino acid nitrogen concentrations within tobacco leaves, while the
effectiveness of Mo fertilization was influenced by the level of N applied.
Specifically, under the conditions of 0.24 g/kg soil N and 0.30 mg/kg soil Mo
application, the N content, N accumulation, and dry matter mass of the tobacco
plants increased significantly by 110%, 204%, and 48%, respectively.
Concurrently, nitrate reductase activity increased by 107-fold, and the nitrate
nitrogen content was relatively low, contributing to enhanced tobacco yield and
safety. Moreover, this treatment led to a notable (170%) increase in free amino
acid nitrogen content, with minimal impact on total amino acids and soluble
proteins. Notably, it effectively increased the content of free amino acids
beneficial to the sensory quality of tobacco (such as histidine, arginine, aspartic
acid, isoleucine, and glutamic acid) without reducing the total amino acid
content, while simultaneously reducing other amino acids that might affect
quality. Therefore, the combined application of 0.30 mg/kg soil Mo and 0.24
g/kg soil N specifically optimized the amino acid composition in tobacco leaves,
positively impacting overall quality and market competitiveness.
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Discussion: This study provides a theoretical basis for the rational application of
Mo fertilizer in Mo-deficient areas to improve the yield and quality of flue-

cured tobacco.

KEYWORDS

molybdenum, nitrogen, combined application, total nitrogen, nitrate nitrogen, free

amino acids

1 Introduction

N is an indispensable nutritional element for plant growth and
development, actively participates in vital physiological
mechanisms, including carbon and N metabolism (Mahboob
et al,, 2023). Its appropriate application ensures the coordinated
progression of plant life, maintaining a balanced carbon- N ratio,
and notably augmenting both the yield and quality of crops
(Rebouh et al., 2023). In recent years, China has witnessed a
consistent rise in N fertilizer usage across its agricultural lands
(Zhang et al., 2015; Lu and Tian, 2017; Zuo et al., 2018). However,
despite this surge, the efficiency of N utilization stands at a mere
30%, a stark contrast to the efficiency rates observed in North
America and Europe, ranging between 52-68% (Grahmann et al,
2014). This discrepancy highlights the inefficiency of N uptake by
Chinese crops and underscores the need for alternative strategies to
improve N use efficiency. The excessive remnants of N fertilizers in
these farmlands have triggered severe soil acidification,
consequently diminishing the soil’s efficacy in retaining essential
trace elements such as Mo (Yahaya et al., 2023). Reports indicate
that approximately 44.50 million hectares of Chinese soil currently
suffer from decreased Mo effectiveness (Zou et al., 2008). Therefore,
the pressing concern revolves around exploring methodologies
aimed at enhancing crop N utilization through the application of
trace elements, forming a critical focal point in contemporary
agricultural research and practice.

Mo serves as an indispensable micronutrient for plants, acting
as a fundamental constituent of nitrate reductase and playing a
pivotal role in the assimilation of plant nitrate N, thereby
influencing plant N metabolism (Zimmer and Mendel, 1999;
Nandety and Missaoui, 2020; Banerjee and Nath, 2022;
Bursakov et al., 2023). Previous studies have demonstrated the
benefits of Mo fertilization on crop growth and yield. For instance,
the application of Mo fertilizer can significantly enhance nitrate
reductase activity and N content in crops such as soybeans, corn,
and potatoes, leading to improved N utilization efficiency and
increased yield (Elrys et al., 2018; Oliveira et al., 2022).

Abbreviations: Mo, molybdenum; N, nitrogen; C, Carbon; NR, nitrate reductase;
Phe, phenylalanine; Tyr, tyrosine; Glu, glutamic acid; Ala, Alanine; Pro, proline;
Asp, aspartic acid; Arg, arginine; Val, valine; Gly, glycine; His, histidine; Ile,

isoleucine; Met, methionine; Ser, serine; Thr, threonine; Leu, leucine; Lys, lysine
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Furthermore, Mo profoundly influences crop quality. For
instance, its application significantly elevated the concentration
of free amino acids, proline, soluble proteins, and total soluble
sugars in winter wheat, thereby augmenting wheat yield (Imran
et al, 2019). Additionally, the application of Mo fertilizer
substantially increases the crude protein and lipid content in
soybeans (Latifinia and Eisvand, 2022). However, Chatterjee’s
research found that under 170 mg/L N levels, Mo deficiency or
the addition of 10 mg/L of Mo significantly reduced nitrate
reductase activity, protein content, and other quality indicators
in wheat leaves and seeds (Chatterjee and Nautiyal, 2001). This
suggested that the interactions between varying levels of Mo and
N may have different effects on crop N uptake, conversion, and N
metabolism, which require further clarification.

Tobacco, a widely cultivated crop in China, has high demands
for both Mo and N. The critical Mo requirement threshold for
tobacco plants stands at 0.13 mg/kg, which many soils fail to meet.
This deficiency can significantly impact tobacco yield and quality.
Therefore, investigating the combined effects of Mo and N
fertilization on tobacco growth and quality is crucial for
improving N utilization efficiency and enhancing crop quality.
This study focuses on the K326 tobacco variety, a widely grown
cultivar in China. By systematically investigating the combined
effects of Mo and N fertilization on N uptake, conversion, N
metabolism, and quality parameters, we aim to gain insights into
the optimal fertilization regime for tobacco production in Mo-
deficient regions. Understanding the interactions between Mo and
N in tobacco plants is crucial for developing scientific fertilization
strategies that can enhance N utilization efficiency, improve tobacco
yield, and enhance the sensory quality of tobacco leaves.

2 Materials and methods
2.1 Experimental materials and design

In this study, the flue-cured tobacco variety K326, provided by
the Jiangxi Tobacco Research Institute in China, was utilized. The
soil used for testing was acidic yellow-brown soil collected from
Wuhan City, Hubei Province, which was identified as severely
deficient in Mo. The specific soil properties are presented in
Supplementary Table S1. The experiments were conducted using
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polyethylene plastic barrels, each containing 12 kg of soil. A pot
experiment was designed with three levels of Mo (0, 0.15, and 0.30
mg/kg Mo in soil, henceforth abbreviated as Mo0, Mo0.15, and
Mo00.30) and three levels of N (0.06, 0.24, and 0.42 g/kg N in soil;
abbreviated as N0.06, N0.24, and N0.42), resulting in a total of nine
treatments. Each treatment was replicated four times.

Prior to transplanting the tobacco seedlings, potassium
dihydrogen phosphate (P,Os5 at 0.24 g/kg) and potassium sulfate
(K5O at 0.48 g/kg) were applied as basal fertilizers. Ammonium
molybdate and urea were used as sources for Mo and N treatments,
respectively. All fertilizer solutions were administered to the soil
simultaneously before transplanting. The plants were irrigated with
ultrapure water during the growth period. The potting field was
equipped with a fiberglass tile rainproof shelter to prevent rainwater
from washing the soil, and timely soil loosening, weeding, and
pesticide spraying were carried out. Each pot was transplanted with
one tobacco seedling, and leaves were harvested from various parts
at the mature stage after 90 days of transplantation. The biomass
was recorded for the middle leaves (middle 6-14 leaves), as they are
more representative of the entire tobacco plant’s foliage. The leaf
samples were washed with ultrapure water, treated at 105°C for 30
minutes, dried to a constant weight at 60°C, and finally ground into
powder after recording the dry weight.

2.2 Soil and plant nutrient analysis

Soil pH was determined in a 1:2.5 water suspension (distilled
water) with a pH meter (Mettler Toledo, China) (Ng et al., 2022).
Soil organic matter was analyzed according to the methods of Chen
et al. (Chen et al,, 2022). Soil alkaline-hydrolyzable nitrogen was
determined by the alkaline-hydrolysis diffusion method (1 mol/L
NaOH and 2% H3BO;) (Drescher et al., 2020). Soil available
phosphorus was extracted with 0.50 mol/L NaHCO; and
determined by spectrophotometer at 700 nm (Alewell et al., 2020)
(Metash UV-5200, China).

Initially, the leaves were accurately weighed using a precision
scale. Subsequently, they were transferred into a digestion tube,
where 5 mL of H,SO, and an appropriate volume of H,O, were
added. The exact volume of H,O, was determined based on the
specific protocol or the amount of sample being digested. The
digestion tube was then heated in a digestion block to a
temperature of 180°C for a specified period, typically several
hours, to break down the organic matter in the leaves and
release the nitrogen for analysis. After digestion, the sample was
allowed to cool and was diluted with distilled water to a suitable
volume for analysis. The total N content of the digested sample
was then analyzed using a flow injection analyzer (FIAstar5000,
Sweden), which measured the nitrogen content by detecting the
amount of ammonia produced during the digestion process. The
N content was calculated based on the measured ammonia
concentration and the sample weight, and was expressed in
appropriate units such as percentage.
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2.3 Determination of nitrate
nitrogen content

1 g of fresh tobacco leaves was weighed, added with 10 mL of
pure water and boiled for 30 min. The sample was then filtered, and
the volume was set to 25 mL. Then, 0.1 mL of filtrate was taken and
added with 0.40 mL 5% (m/v) sulfuric acid-salicylic acid, followed
by the addition of 9.5 mL 8% (m/v) NaOH, and colorimetric
measurement by spectrophotometer at 410 nm after cooling
(Salehzadeh et al., 2020).

2.4 Leaves nitrate reductase assay

The determination of nitrate reductase (NR) was carried out as
described previously by (Baki et al., 2000). 1 g leaves were ground in a
chilled mortar with 4 mL of extraction buffer which contained 100 mM
Hepes-KOH (pH 7.5), 3% (w/v) polyethylene pyrrolidone, 1 mM
EDTA, and 7mM cysteine. Add 1.2 mL of 0.10 M KNO; phosphate
buffer and 0.40 mL of 2 mg/mL NADH solution, and finally add 6 mM
MgCl, to determine nitrate reductase actual activity.

The mixture was then thoroughly mixed and placed in a 25°C
water bath for 30 minutes. Immediately after the incubation period,
1 mL of 1% (w/v) sulfonamide solution was added to terminate the
enzymatic reaction, followed by the addition of 1 mL of 0.20% (w/v)
o-naphthylamine solution. The mixture was centrifuged, and the
nitrite concentration was determined calorimetrically using a

spectrophotometer at 540 nm.

2.5 Determination of soluble
protein content

Bradford (Bradford, 1976) spectrophotometric method was used to
determine the total content of soluble protein in leaves. In brief, 10 pL of
the standards (aqueous solution of bovine serum albumin, BSA) or
samples were mixed with 200 pL of diluted dye (acidic solution of
Coomassie Brilliant Blue G-250). Five minutes later, the absorbance was
measured at 595 nm using a spectrophotometer at room temperature.

2.6 Determination of free amino acid
nitrogen content

0.50 g fresh sample was weighed, followed by the addition of 5
mL 10% C,H,0, grinding homogenate, dilution with distilled water
to 50 mL, and filtering. About 1 mL of filtrate was taken and put into
a 20-mL dry tube, followed by the addition of 1 mL of sterile
distilled water, 0.5 mL of ascorbic acid, and 3 mL of ninhydrin
hydrate, and then bathed in boiling water for 15 min. When the
solution turned to blue-purple, the volume was fixed to 20 mL with
60% C,HgO, and the absorbance value was determined by
spectrophotometer at 570 nm after mixing (Mustafa et al., 2007).
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2.7 Determination of individual amino
acids contents

1 g of dry tobacco leaf sample was taken into a hydrolysis tube,
which was then added with 10 mL of 6 mol/L HCI, installed with a
hydrolysis tube on the vacuum pump for degassing. The sample was
then hydrolyzed with a 110°C thermostat for 22-24 h, cooled,
mixed, and filtered. Then, an appropriate amount of filtrate was
taken into a rotary evaporation dish or concentrator, vacuumed at
60°C, evaporated to dryness, added with 3-5 mL of pH 2.2 sodium
citrate buffer and centrifuged well. The supernatant was taken to be
determined on an amino acid analyzer (Hitachi 835-50, Japan)
(Mustafa et al., 2007).

2.8 Determination of individual free amino
acids contents

0.50 g of dry tobacco leaf sample was weighed and put in a
triangular flask, which was then added with 20 mL of distilled water
and boiled on an electric furnace for 15 min. The sample was then
transferred to a volumetric flask with a fixed volume of 50 mL after
cooling. 1 mL of filtrate was taken and evaporated on a rotary
evaporator, and then dissolved with 0.02 mol/L HCL. The aqueous
solution was directly determined on an amino acid analyzer
(Mustafa et al., 2007).

2.9 Data analysis

All data were first tested for normality to ensure their suitability
for statistical analysis. Subsequently, the data were statistically
analyzed using SPSS 20.0 (IBM Corp., Armonk, USA) and Excel
2019 (Microsoft Corp., Redmond, USA). The Tukey test was used to
determine significant variance at p < 0.05. Additionally, Origin 2021
(OriginLab Corp., Northampton, USA) was used for plotting the
results. In the principal component analysis, Y1 represents the score
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of the principal component, and F represents the regression
model coefficient.

3 Results

3.1 The impact of molybdenum and
nitrogen co-application on tobacco
leaf biomass

At the same Mo level, tobacco leaf biomass exhibited a gradual
increase as N application increased. Specifically, compared to the N
0.06 treatment, tobacco leaf biomass significantly increased by
29.8% (N 0.24) and 47.4% (N 0.42) at the Mo 0 level; by 37.5%
(N 0.24) and 63.1% (N 0.42) at the Mo 0.15 level; and by 48.3% (N
0.24) and 93.6% (N 0.42) at the Mo 0.3 level, respectively.
Conversely, under the same N treatment, the trend of tobacco
leaf biomass varied inconsistently with increasing Mo application.
Specifically, under the N 0.06 treatment, tobacco leaf biomass
exhibited no significant variation. However, under the N 0.24
treatment, Mo application significantly increased tobacco leaf
biomass by 12.0% (Mo 0.15) and 12.3% (Mo 0.3), respectively.
Similarly, under the N 0.42 treatment, tobacco leaf biomass
significantly increased by 17.1% (Mo 0.15) and 29.2% (Mo 0.3),
respectively. These findings indicate that effective enhancement of
tobacco leaf biomass is only achieved with molybdenum application
at moderate and high nitrogen levels.

3.2 Effect of molybdenum and nitrogen
combined application on nitrogen content
and accumulation in tobacco leaves

At the same Mo level, tobacco leaf N content and accumulation
exhibited significant increases with increasing N application
(Figure 1). Specifically, compared to the N 0.06 treatment,
tobacco leaf N content increased by 1.4-2 times under the N 0.24
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Effect of Mo and N application on (A) N content and (B) N accumulation in tobacco leaves at the mature stage of flue-cured tobacco. The data are
the average of four biological replicates, error bars represent standard deviation, values followed by the same letters are not significantly different
and different letters indicate that Tukey test is significantly different at P < 0.05
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and N 0.42 treatments, respectively (Figure 1A). Furthermore, with
increasing Mo application, tobacco leaf N content demonstrated a
decreasing trend under the N 0.06 treatment, while it remained
stable under the N 0.24 and N 0.42 treatments (Figure 1A). Notably,
tobacco leaf N accumulation significantly increased with increasing
Mo application under the N 0.24 and N 0.42 treatments.
Specifically, under the N 0.24 treatment, tobacco leaf N
accumulation increased by 25.43% (Mo 0.15) and 26.51% (Mo
0.3), respectively, while under the N 0.42 treatment, it increased
significantly by 15.97% (Mo 0.15) and 36% (Mo 0.3) (Figure 1B).
These results indicated that Mo application may decrease tobacco
leaf N content under low N conditions but significantly enhance leaf
N accumulation under moderate and high N conditions.

3.3 Effects of molybdenum and nitrogen
application on nitrate nitrogen content and
nitrate reductase activity in tobacco leaves

Supplementary Table S2 demonstrated that both the main effects
and interaction effects of Mo and N significantly influenced the
nitrate nitrogen content in tobacco leaves. Specifically, with
increasing N application, the NO; N content exhibited an
increasing trend across all three Mo levels. Compared to the N 0.06
treatment, the NO; N content in tobacco leaves significantly
increased by 131% (N 0.24) and 537% (N 0.42) at the Mo 0 level;
by 49.15% (N 0.24) and 389.45% (N 0.42) at the Mo 0.15 level; and by
7.06% (N 0.24) and 373.54% (N 0.42) at the Mo 0.3 level (Figure 2A).
Furthermore, with increasing Mo application, the NO;™N content in
leaves showed no significant change under the N 0.06 treatment but
exhibited a decreasing trend under the N 0.24 and N 0.42 treatments.
Compared to the no Mo application level, the NO; N content in
leaves significantly decreased by 56.37% (N 0.24) and 30.05% (N
0.42) at the Mo 0.3 level (Figure 2A). These results indicated that Mo
application significantly reduced tobacco leaf NO; N content only
under moderate and high N treatments, with the magnitude of
reduction increasing with Mo level.
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Additionally, Supplementary Table S2 revealed that both the
main effects and interaction effects of Mo and N significantly
influenced the nitrate reductase enzyme activity in tobacco leaves.
With increasing N application, the nitrate reductase enzyme activity
exhibited an increasing trend across all three Mo levels. Compared
to the N 0.06 treatment, the nitrate reductase enzyme activity in
tobacco leaves significantly increased by 22 times (N 0.24) and 20
times (N 0.42) at the Mo 0 level; by 31 times (N 0.24) and 44 times
(N 0.42) at the Mo 0.15 level; and by 25 times (N 0.24) and 26 times
(N 0.42) at the Mo 0.3 level (Figure 2B). Moreover, with increasing
Mo application, the nitrate reductase enzyme activity in leaves
showed no significant change under the N 0.06 treatment but
exhibited an increasing trend under the N 0.24 and N 0.42
treatments. Compared to the no Mo application level, the nitrate
reductase enzyme activity in leaves significantly increased by
143.37% (N 0.24) and 270.45% (N 0.42) at the Mo 0.15 level and
by 374.67% (N 0.24) and 438.76% (N 0.42) at the Mo 0.3 level
(Figure 2B). These findings suggested that Mo application
significantly increased tobacco leaf nitrate reductase enzyme
activity only under moderate and high N treatments, with the
magnitude of increase escalating with Mo level.

3.4 Effect of molybdenum and nitrogen
application on soluble protein content and
free amino acid nitrogen content in
tobacco leaves

Analysis of Supplementary Table S2 revealed that both the main
effects of Mo and N significantly impacted the soluble protein content
in tobacco leaves. Specifically, compared to the N 0.06 treatment, the N
0.24 and N 0.42 treatments led to a significant reduction in soluble
protein content in leaves. The reductions were 35.45% (Mo 0), 38.26%
(Mo 0.15), and 21.37% (Mo 0.3) under the N 0.24 treatment, and
25.68% (Mo 0), 29.13% (Mo 0.15), and 32.44% (Mo 0.3) under the N
0.42 treatment, as depicted in Figure 3A. Under the N 0.06 treatment,
Mo 0.15 significantly increased the soluble protein content in leaves by
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Effect of Mo and nitrogen application on (A) nitrate nitrogen content and (B) nitrate reductase activity in the middle leaves of flue-cured tobacco.
The data are the average of four biological replicates, error bars represent standard deviation, values followed by the same letters are not
significantly different and different letters indicate that Tukey test is significantly different at P < 0.05.
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The data are the average of four biological replicates, error bars represent standard deviation, values followed by the same letters are not
significantly different and different letters indicate that Tukey test is significantly different at P < 0.05.

12.62%, whereas Mo 0.3 had no significant effect. Conversely, under the
N 0.24 and N 0.42 treatments, Mo levels did not significantly affect the
soluble protein content in leaves (Figure 3A). These findings suggested
that increasing N fertilizer application reduces soluble protein content
in leaves, and only moderate Mo application under low N treatment
significantly enhances soluble protein content.

Furthermore, Supplementary Table S2 demonstrated that both the
main effects and interaction effects of Mo and N significantly
influenced the free amino acid N content in tobacco leaves. As N
application increased, the free amino acid N content in leaves gradually
increased. Compared to the N 0.06 treatment, the N 0.24 and N 0.42
treatments significantly increased the free amino acid N content in
leaves, with increments of 78.98% (Mo 0), 130% (Mo 0.15), and 61.43%
(Mo 0.3) under the N 0.24 treatment, and 297% (Mo 0), 423% (Mo
0.15), and 539% (Mo 0.3) under the N 0.42 treatment, as illustrated in
Figure 3B. Under the N 0.06 and N 0.24 treatments, Mo application did
not significantly affect the free amino acid N content in leaves.

However, under the N 0.42 treatment, Mo 0.3 significantly increased
the free amino acid N content in leaves by 60.54% (Figure 3B). These
results indicated that increasing N fertilizer application significantly
enhances the free amino acid N content in leaves, but only Mo
application under high N treatment further augments the free amino
acid N content in leaves.

3.5 Effect of molybdenum and nitrogen
application on total amino acid content
and individual amino acids contents in
tobacco leaves

Analysis of Supplementary Table S3 revealed that only the main
effect of N treatment significantly impacted the total amino acid
content in tobacco leaves. Specifically, compared to the N 0.06
treatment, the N 0.24 and N 0.42 treatments led to a significant
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Effect of Mo and N application on the total amount of amino acids in the middle leaves of flue-cured tobacco. The data are the average of four
biological replicates, error bars represent standard deviation, values followed by the same letters are not significantly different and different

letters indicate that Tukey test is significantly different at P < 0.05.
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TABLE 1 Total amino acid composition of flue-cured tobacco leaves (Nicotiana tabacum L.) under different nitrogen and molybdenum treatments (n=4 replicates).
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Mo0.15 Mo0.30 Mo0.15 Mo0.30 Mo0.30
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Glu 0.72+0.13d 0.58 + 0.05 d 0.73+0.13d 2.82 +0.49 be 0.58 + 0.34 be 227+ 044 ¢ 2.96 + 0.23 ab 352 %049 a 350+ 034 a
Gly 027 +0.04 ¢ 022 +0.01 ¢ 0.28 +0.04 ¢ 0.60 + 0.02 b 0.61 +0.03 b 0.60 + 0.01 b 0.79 + 0.06 a 075+ 0.03 a 079 +0.02 a
Ala 031 +0.05 ¢ 023 +0.03 ¢ 031 +0.04 ¢ 0.71 + 0.04 b 0.75 + 0.05 b 071 +0.01 b 091 +0.06 a 0.94 +0.09 a 0.89 +0.03 a
Val 032 + .07 de 026 +0.02 e 035 + 0.04 d 0.73 +0.02 ¢ 0.74 +0.03 ¢ 0.68 + 0.03 0.88 +0.03 a 0.81 +0.03 b 0.85 + 0.02 ab
Met 0.18 +0.03 ¢ 0.13 +0.01d 0.08 + 0.01 ¢ 0.30 + 0.01 b 0.28+0.02b 028 +0.01 b 036 + 0.02 a 035+ 0.02a 037 +0.01 a
Tle 022 +0.04 0.17 +0.01d 023 +0.04 ¢ 0.49 +0.02 b 051+0.02b 0.48 +0.02 b 0.62 +0.05a 057 +0.05a 061 +0.03 a
Leu 039 +0.07 d 030 0.02 e 0.41 + 0.06 d 0.92 +0.05 ¢ 0.92 + 0.04 ¢ 0.92 +0.02 ¢ 1.25 +0.09 a 112 +0.07 b 1.16 + 0.03 ab
Try 0.17 +0.03 d 0.10 £ 0.02 e 0.13 + 0.01 de 0.39 +0.03 ¢ 038 +0.02 ¢ 037 + 0.04 ¢ 0.56 + 0.05 a 0.49 + 0.03 b 0.52 + 0.00 ab
Phe 030 + 0.04 d 021+002e 0.28 +0.03 d 0.61 +0.02 ¢ 0.62 +0.02 ¢ 0.63 + 0.02 ¢ 0.83 +0.08 a 0.74 + 0.04 b 0.82 +0.03 a
Lys 027 % 0.05 cd 023 +0.01d 031 +0.05 ¢ 0.63 + 0.05 b 0.65 +0.03 b 0.65 + 0.03 b 0.82 +0.06 a 0.82 +0.05a 0.77 +0.03 a
His 0.08 + 0.01 d 0.07 +0.00 d 0.09 + 0.01 d 0.20 +0.02 ¢ 023 +0.02 ¢ 0.23 +0.01 ¢ 032 +0.03b 038 +0.03a 033 +0.02 b
Arg 022+0.03d 0.16 + 0.01 d 022 +0.05d 0.52 +0.04 ¢ 057 +0.05 ¢ 055 + 0.01 ¢ 0.71 + 0.06 b 0.84 +0.05a 0.78 + 0.08 ab
Pro 024 +0.01 d 0.18 +0.02 d 023 +0.05d 047 +0.02 ¢ 0.53  0.08 ¢ 0.47 + 0.01 ¢ 0.63 +0.03 b 072+0.03a 0.68 + 0.06 ab

This table presents the total amino acid composition (% DW) of flue-cured tobacco (Nicotiana tabacum L.) leaves under various nitrogen (N: 0.06, 0.24, 0.42 g/kg soil) and molybdenum (Mo: 0, 0.15, 0.30 mg/kg soil) treatments, based on 4 replicates.
The letters abcd indicate significant differences.
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increase in total amino acid content in leaves. The increases were
147% (Mo 0), 217% (Mo 0.15), and 130% (Mo 0.3) under the N 0.24
treatment, and 206% (Mo 0), 313% (Mo 0.15), and 216% (Mo 0.3)
under the N 0.42 treatment, as presented in Figure 4. Under the N
0.06 treatment, Mo 0.15 significantly decreased the total amino acid
content in leaves by 21.76%. These findings indicated that
increasing nitrogen fertilizer application enhances the total amino
acid content in leaves, but moderate Mo application under low
nitrogen treatment decreases the total amino acid content in leaves.

Furthermore, the results in Supplementary Table S3 indicated
that the main effect of N treatment significantly influenced the
content of all amino acids in tobacco leaves. As shown in Table 1,
with increasing N treatment, the content of all amino acids in leaves
exhibited an increasing trend. Under the N 0.24 treatment, Mo
application did not significantly affect the content of all amino acids
in leaves. However, under the N 0.06 treatment, Mo 0.15
significantly decreased the content of isoleucine (Ile), methionine
(Met), tyrosine (Tyr), leucine (Leu), and phenylalanine (Phe).
Conversely, under the N 0.42 treatment, Mo 0.15 significantly
increased the content of arginine (Arg), histidine (His), proline
(Pro), and aspartic acid (Asp), while significantly decreasing the
content of Tyr, Leu, Phe, and valine (Val).

3.6 Effects of molybdenum and nitrogen
application on the total free amino acid

content and individual free amino acids

contents in tobacco leaves

Analysis of Supplementary Table 54 revealed that both the main
effects and interaction effects of Mo and N significantly influenced
the total free amino acid content in tobacco leaves. Specifically,
compared to the N 0.06 treatment, the N 0.24 and N 0.42 treatments
led to a significant increase in total free amino acid content in
leaves. The increases were 221% (Mo 0), 311% (Mo 0.15), and 143%
(Mo 0.3) under the N 0.24 treatment, and decreases of 403% (Mo 0),
1027% (Mo 0.15), and 480% (Mo 0.3) under the N 0.42 treatment,
as presented in Figure 5. Under the N 0.06 treatment, Mo 0.15
significantly decreased the total free amino acid content in leaves by
23.1%. Conversely, under the N 0.42 treatment, Mo 0.15 and Mo 0.3
significantly increased the total free amino acid content in leaves by
72.57% and 28.78%, respectively. These findings indicated that
increasing nitrogen fertilizer application enhances the total free
amino acid content in leaves, and Mo application under high N
treatment further augments the total free amino acid content in
leaves, but Mo application under low N treatment may decrease the
total free amino acid content in leaves.

Furthermore, the results presented in Supplementary Table 54
demonstrated that the main effect of N treatment significantly
influenced the content of all free amino acids in tobacco leaves.
As shown in Table 2, with increasing N treatment, the content of all
free amino acids in leaves exhibited an increasing trend. Under the
N 0.24 treatment, Mo 0.3 significantly increased the content of
histidine (His) in leaves and decreased the content of Tyr and Glu.
Under the N 0.42 treatment, Mo 0.15 significantly increased the
content of His, Arg, Asp, Ile, Phe, Glu, Ala, Pro, and Thr, and
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FIGURE 5

Effect of Mo and N application on the total free amino acids content in
the middle leaves of flue-cured tobacco. The data are the average of
four biological replicates, error bars represent standard deviation, values
followed by the same letters are not significantly different and different
letters indicate that Tukey test is significantly different at P < 0.05.

decreased the content of Ser. This indicated that under low and
moderate nitrogen treatments, Mo has minimal effect on the free
amino acid content in leaves, while under high N treatment, the Mo
0.15 level showed a significant enhancing effect on the free amino
acid content.

4 Discussion

This study found that the combined treatment of 0.24 g/kg soil
N and 0.30 mg/kg soil Mo had a significant positive impact on N
metabolism and amino acid content in tobacco plants,
outperforming all other tested fertilizer treatments. The
fundamental reason for this remarkable enhancement in tobacco
growth and quality lies in the synergistic effect of N and Mo, which
has been previously observed in prior studies (Liu et al., 2017; dos
Santos et al., 2019; Imran et al., 2021) but was further validated and
elaborated in our research.

Notably, this study observed that Mo application significantly
increased tobacco biomass only under moderate and high N levels,
an important finding with practical implications for fertilizer
application strategies. This specificity arises from several
underlying factors: Firstly, N is an indispensable nutrient for
plant growth and development, playing a crucial role in
photosynthesis, nutrient uptake, and biomass accumulation
(Below, 2001; Lawlor et al., 2001; Leghari et al., 2016). When N
supply is adequate, plants can effectively utilize this nutrient for
growth and development, facilitating biomass accumulation.
Conversely, under N deficiency, plant growth is restricted, and
Mo application alone cannot significantly boost biomass due to the
limiting role of N. Furthermore, Mo, as an essential micronutrient,
is integral to N metabolism, particularly as a cofactor in nitrate
reductase, directly involved in converting nitrate N to ammonium
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TABLE 2 Free amino acid content analysis of flue-cured tobacco leaves (Nicotiana tabacum L.) under varying nitrogen and molybdenum conditions (n=4 replicates).

Comtent (% DW)
Free amino NO0.24 NO0.42

acid compositions

Mo0.30 Mo0.15 Mo0.30 Mo0.15 Mo0.30
Asp 0.005 + 0.00 ¢ 0.004 + 0.00 ¢ 0.006 + 0.00 ¢ 0.024 + 0.00 ¢ 0.026 + 0.01 ¢ 0.018 £ 0.01 ¢ 0.061 +0.02 b 0.183 £ 0.05 a 0.197 £ 0.10 a
Thr 0.006 + 0.00 e 0.005 + 0.00 e 0.009 + 0.00 de 0.027 + 0.01 de 0.035+0.01d 0.027 £ 0.01 de 0.086 + 0.01 ¢ 0.376 £ 0.14 a 0.247 £ 0.16 b
Ser 0.004 + 0.00 ¢ 0.004 + 0.00 ¢ 0.012 £ 0.00 b 0.015 £ 0.00 b 0.014 £ 0.00 b 0.013 + 0.00 b 0.025 + 0.00 a NS 0.009 + 0.01 be
Glu 0.043 + 0.02 de 0.034 £ 0.0l e 0.054 + 0.01 de 0.110 £ 0.04 ¢ 0.061 +0.01 d 0.050 + 0.03 de 0.137 £ 0.03 b 0.246 £ 0.17 a 0.128 + 0.01 be
Gly 0.003 £ 0.00 e 0.002 + 0.00 e 0.003 £ 0.00 e 0.014 + 0.00 cd 0.011 +0.00 d 0.010 £ 0.00 d 0.025 + 0.00 a 0.021 + 0.00 ab 0.019 + 0.00 be
Ala 0.020 £0.01d 0.015+0.00 d 0.030 + 0.01 d 0.098 + 0.03 be 0.126 £ 0.03 b 0.083 +0.02 ¢ 0.122 £ 0.02 b 0.206 + 0.06 a 0.103 + 0.02 be
Val 0.010 £0.01d 0.010 + 0.00 d 0.009 + 0.00 d 0.056 + 0.01 be 0.049 + 0.01 ¢ 0.046 + 0.01 ¢ 0.087 + 0.02 a 0.070 + 0.00 b 0.056 + 0.01 be
Tle 0.023 +£0.00 d 0.019 £ 0.00 d 0.025 + 0.00 d 0.068 + 0.02 ¢ 0.073 £ 0.01 ¢ 0.070 £ 0.01 ¢ 0.108 + 0.00 b 0.155 £ 0.03 a 0.125 + 0.06 b
Leu 0.018 £ 0.00 d 0.013 £ 0.00 d 0.016 + 0.00 d 0.047 £ 0.01 be 0.046 + 0.01 be 0.035 + 0.01 ¢ 0.064 + 0.01 a 0.060 + 0.01 ab 0.048 + 0.01 be
Tyr 0.017 +0.01 f 0.015 + 0.00 f 0.020 + 0.00 f 0.061 + 0.01 cd 0.052 + 0.01 de 0.043 £ 0.01 e 0.088 + 0.00 ab 0.097 £ 0.02 a 0.076 + 0.02 be
Phe 0.046 +0.00 d 0.032 £0.00 d 0.044 +0.01 d 0.093 + 0.02 be 0.085 + 0.02 ¢ 0.086 + 0.02 ¢ 0.102 + 0.00 be 0.129 + 0.02 a 0.117 + 0.05 ab
Lys 0.025 + 0.01 ¢ 0.016 + 0.00 ¢ 0.022 + 0.01 ¢ 0.062 £ 0.01 b 0.056 + 0.02 b 0.051 £ 0.02 b 0.097 £ 0.01 a 0.100 + 0.02 a 0.085 + 0.02 a
His 0.004 +0.00 d 0.002 +0.00 d 0.005 + 0.00 d 0.017 £ 0.00 d 0.024 + 0.01 cd 0.021 + 0.01 be 0.033 + 0.01 bed 0.082 £ 0.03 a 0.060 + 0.03 ab
Arg 0.012 + 0.00 f 0.012 + 0.00 f 0.017 + 0.00 ef 0.026 + 0.01 def 0.038 + 0.01 cd 0.033 + 0.01 cde 0.045 + 0.01 ¢ 0.130 £ 0.05 a 0.102 + 0.07 b
Pro NS NS NS 0.039 + 0.01d 0.053 +£ 0.02 d 0.055 + 0.01d 0.109 + 0.02 ¢ 0.194 £ 0.02 a 0.156 + 0.06 b

This table analyzes the free amino acid content (% DW) of flue-cured tobacco (Nicotiana tabacum L.) leaves under different nitrogen (N: 0.06, 0.24, 0.42 g/kg soil) and molybdenum (Mo: 0, 0.15, 0.30 mg/kg soil) conditions, with 4 replicates for each treatment. NS, indicates
no significant differences.
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N (Zimmer and Mendel, 1999; Kovacs et al., 2015; Imran et al.,
2019; Wen et al., 2019). At moderate and high N levels, adequate
Mo supply significantly enhances NR activity (Figure 2B),
accelerating nitrate reduction and utilization, thereby promoting
N uptake and assimilation, leading to enhanced growth and
biomass accumulation. Additionally, Mo may affect plant growth
through other mechanisms, such as regulating hormone synthesis
and signaling pathways, and contributing to the plant’s antioxidant
system (Khan et al., 2018; Nazir et al., 2020). Our study also revealed
significant changes in nitrate reductase activity and NO5; N content
in response to varying N and Mo fertilization treatments. To
understand these changes, this study analyzed the following
mechanisms: NR, a key enzyme in plant N metabolism, directly
determines the efficiency of nitrate conversion to ammonium (Liao
et al., 2023; Zayed et al., 2023; Li et al., 2024). The results showed
that NR activity significantly increased with Mo application under
moderate and high N conditions (Figure 2B). This can be attributed
to Mo being a cofactor of NR, and its adequate supply promotes NR
synthesis and function, accelerating nitrate reduction. This process
not only improves N use efficiency but also reduces nitrate
accumulation in plants, enhancing crop quality and safety. The
nitrate content was inversely related to NR activity, with higher NR
activity leading to lower nitrate accumulation, especially under high
N conditions. Under low N conditions, nitrate supply is limited, and
even with Mo application, NR activity enhancement was
constrained by N availability, resulting in no significant decrease
in nitrate content.

Furthermore, this study found that combined Mo and N
application significantly increased specific free amino acids beneficial
to tobacco sensory quality, particularly histidine (His), arginine (Arg),
aspartic acid (Asp), isoleucine (Ile), and glutamic acid (Glu) under the
0.24 g/kg N + 0.3 mg/kg Mo treatment. These amino acids contribute
to tobacco’s aroma, sweetness, and umami taste, significantly
improving tobacco’s sensory profile (Liu et al., 2023). Specifically, our
findings indicated that combined application of 0.30 mg/kg Mo and
0.24 g/kg N optimized tobacco leaf amino acid composition, enhancing
overall quality. Based on these findings, this study recommended the
following fertilization practices: accurately assessing soil Mo and N
levels to identify deficiencies; supplementing Mo, particularly in Mo-
deficient soils, using sources like ammonium molybdate; and
scientifically calculating and applying N fertilizer, while concurrently
adding Mo to leverage their synergistic effects. This approach not only
improved N use efficiency but also optimized amino acid composition,
enhancing tobacco quality and sensory attributes. Moreover, the
treatment with 0.24 g/kg N and 0.30 mg/kg Mo not only increased
tobacco biomass (Figure 6) but also reduced potentially carcinogenic
nitrosamine synthesis by decreasing nitrate N content in leaves
(Figure 2), thereby enhancing tobacco safety and aligning the final
product with public health requirements. This approach offered a novel
perspective for the tobacco industry by improving tobacco leaf quality
and safety through scientific fertilization strategies. From the
perspective of the N-Mo synergy, this study further elucidated the
interaction mechanism between trace elements and major nutrients in
tobacco leaf growth and quality formation (Supplementary Tables 52—
54). These interactions not only influenced N metabolism pathways but
also optimized amino acid composition, crucial factors affecting
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FIGURE 6

Effect of Mo and N application on dry weight at the mature stage of
flue-cured tobacco. The data are the average of four biological
replicates, error bars represent standard deviation, values followed
by the same letters are not significantly different and different letters
indicate that Tukey test is significantly different at P < 0.05.

tobacco leaf quality (Yang et al, 2022; Li et al, 2023). Principal
Component Analysis (PCA) validated our results, further amplifying
treatment differences and comprehensively evaluating the effects of
varying Mo and N concentrations on tobacco quality attributes
(biomass, N content, N accumulation, nitrate N, nitrate reductase
activity, soluble protein, free amino acid N, total amino acids). The
treatment efficacy ranking was N0.24 Mo0.3 > N0.42 Mo0.3 > N0.42
Mo0.15 > N0.42 Mo0 > N0.24 Mo0.15 > N0.06 M00.15 > N0.24 Mo0 >
NO0.06 M00.3 > N0.06 Mo0 (Supplementary Table S5), emphasizing the
optimal combination of 0.24 g/kg N and 0.30 mg/kg Mo.

In this study, an intriguing observation was made: under low N
conditions, an increase in Mo application resulted in a decrease in N
content in tobacco leaves. This phenomenon underscores the
complex physiological interactions between N and Mo,
warranting further investigation. We speculate that this may be
related to the regulation of N uptake and translocation mechanisms.
Under low N conditions, plants prioritize the allocation of limited N
resources to vital life processes such as photosynthesis and
respiration to ensure basic survival requirements (Nord et al,
2011; Simontacchi et al., 2015; Zhang et al., 2020). Therefore,
excessive Mo application may disturb the equilibrium of N
distribution within the plant, leading to reduced N accumulation
in leaves. Mo serves as a critical component of nitrate reductase, a
key enzyme in N metabolism. However, under low N conditions,
nitrate reductase activity may be constrained by the limited N
supply. Consequently, even with increased Mo availability, the
activity of nitrate reductase and overall N metabolism efficiency
may not be significantly enhanced. Instead, excess Mo may exert an
unforeseen influence on other enzymes or regulatory factors
involved in N metabolism pathways, thereby impacting N
absorption and utilization. Furthermore, we cannot rule out the
possibility of an antagonistic relationship between Mo and N under
certain conditions, though such interactions are relatively
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uncommon in plant nutrition. This potential antagonism could
affect plant N uptake, translocation, and assimilation processes,
ultimately contributing to the observed decrease in N content. To
gain a deeper understanding of the underlying physiological
mechanisms, we recommend that future research focus on the
following aspects: 1) investigating the absorption, translocation,
and distribution patterns of N and Mo within plants; 2) examining
the impact of Mo on key enzyme activities and gene expression in N
metabolism pathways; and 3) assessing the combined effects of
varying N and Mo concentrations on plant physiological and
biochemical characteristics. Through these efforts, we aim to
uncover the intricate interactions between N and Mo, providing a
more scientific basis for rational fertilization practices and high-
yield, high-quality crop cultivation. In conclusion, by adjusting
fertilization ratios, particularly by appropriately adding Mo based
on N application, the overall quality of tobacco leaves can be
significantly improved, enhancing aroma and smoking taste. This
study provides a scientific basis for optimizing N and trace element
fertilizer use in tobacco production and serves as a reference for
nutrient management in other crops, promoting sustainable

agricultural development and public health.

5 Conclusions

In summary, the application of N fertilizer was found to be the
decisive factor in determining the total nitrogen, nitrate nitrogen,
soluble protein, and amino acid nitrogen content in tobacco leaves.
Specifically, the combined application of Mo and N at moderate
levels (0.24 g/kg soil N and 0.30 mg/kg soil Mo) yielded the most
significant improvements. This treatment combination significantly
increased N content, accumulation, and dry matter mass by
110.88%, 204.90%, and 48.81%, respectively. Furthermore, nitrate
reductase activity surged by 107.36-fold, leading to a notable
reduction in nitrate nitrogen content and an increase in free
amino acid nitrogen content by 170.66%. Importantly, this
optimized amino acid composition, specifically enhancing
histidine, arginine, aspartic acid, isoleucine, and glutamic acid,
which positively impacted the sensory quality of tobacco leaves.
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