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ABSTRACT: To systematically examine the tolerance of flue-cured tobacco K326 to soil drought stress, this study set up
different water content trials for K326 at 60%, 40%, and 20% levels during the vigorous growing period by greenhouse
pot planting. Pigment content, chlorophyll fluorescence parameters, antioxidant enzyme activity, and SPS and GS
activities associated with carbon and nitrogen metabolism were investigated in the K326 tobacco leaves. The results
showed that chlorophyll a and chlorophyll b contents decreased, non-photochemical quenching coefficient Y(NPQ)
decreased in the later stage of vigorous growth, and energy dissipation quantum yield Y(NO) levels increased under the
drought stresses, suggesting a decrease in the efficiency of conversion by light to electricity in the PSII reaction center.
SOD and CAT activities were elevated during the early stage of drought stresses but sharply declined during the later
stage of drought stresses. POD enzyme activity was less affected by moderate drought stress, but it was inhibited by
severe drought stress. Additionally, moderate drought stress increased the SPS activity and reduced GS activity in K326
tobacco leaves in the later growth stage, indicating that moderate drought stress can promote the transduction from
nitrogen metabolism to carbon metabolism in tobacco leaves in the later growth stage, which will help to improve the
internal chemical quality of tobacco leaves.
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1 Introduction

Tobacco originates in tropical regions and has high water requirements during the growth, development,
and quality formation stages [1]. The production and quality of tobacco leaves can be altered by an
insufficient or excessive water supply, which can also affect tobacco plants’ growth status and physiological
metabolism [2]. As one of China’s most significant economic crops, tobacco requires much water during its
growing season. Water scarcity during seed germination and seedling stage can seriously alter seed vitality,
germination rate, and emergence uniformity. After transplanting, seedlings are vulnerable to drought stress,
which can cause growth and development abnormalities once suffer an insufficient water supply [3]. Tobacco
fields with less than 50% field water holding capacity will significantly impact the growth status of tobacco
leaves during the vigorous growth stage, resulting in decreased tobacco output and quality [4,5].

The primary pigment for photosynthesis in plants is chlorophyll. Tobacco leaves’ chlorophyll is
extremely vulnerable to water stress. Water deficit significantly reduces the chlorophyll in tobacco leaves,
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affecting the leaves absorbing solar energy. Because of this, the photosynthetic capacity of tobacco leaves is
reduced, which hinders tobacco leaf growth and inhibits the normal development of tobacco plants [6]. The
antioxidant enzyme system plays a major role in controlling the plant stress response. Moderate water stress
can significantly affect the antioxidant enzyme activity in tobacco leaf cells, whereas extreme drought stress
can significantly reduce the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT),
which can affect the development of tobacco leaves [7]. Furthermore, carbohydrates and nitrogen-containing
compounds are important intermediates that affect tobacco leaf quality, acting as regulators in tobacco plant
growth and development [8,9]. Tobacco leaves transport and convert photosynthetic products in the form of
sucrose via controlling carbon metabolism pathways [10]. Among them, sucrose phosphate synthase (SPS),
an enzyme that catalyzes the reaction between fructose-6-phosphate and UDPG to produce sucrose, is one
of the most important enzymes in the sucrose synthesis and a key participant in the carbon metabolism of
tobacco leaves [11]. Nitrogen metabolism consists of the reduction and assimilation of inorganic nitrogen,
as well as the synthesis, transformation, and breakdown of organic nitrogen-containing compounds. The
amount of protein and other nitrogen-containing compounds in tobacco leaves is influenced by the intensity
of nitrogen metabolism, which controls the growth status, yield, and quality of tobacco leaves [9,12].
Glutamine synthase (GS), a crucial enzyme that catalyzes glutamine synthesis, is a useful physiological
biomarker of plant nitrogen assimilation. It is essential for nitrogen utilization and protein synthesis in
tobacco leaves [13].

In most regions of China, Nicotiana tabacum K326 (K326, flue-cured tobacco) can complete its life cycle
due to its strong temperature and light tolerance. However, K326 is not drought-tolerant and requires much
water during its growth and development, particularly in northern regions with limited water supplies [14,15].
Long-term drought activates the gene regulatory networks of hormones and photosynthesis in K326 [15].
Tobacco leaves can grow and develop normally when the soil moisture level of 60%. When there is a severe
water deficit in the soil, tobacco leaves shrink, leaf opening is prevented, tissue cell expansion slows, and plant
elongation delays or even stagnates. For tobacco plants, the vigorous growing period is the most active and
vigorous stage for dry matter accumulation. During this period, tobacco plants require the greatest water.
Lack of water supply can easily result in the premature blooming of tobacco plants, poor leaf opening, and
smooth leaf formation. The flue-curing characteristics of tobacco leaves decrease, severely limiting the output
and quality of cigarette products [1,5]. Therefore, this study combined the arid climate conditions that tobacco
in the Guizhou region is prone to encountering in the vigorous period, set different degrees of water stress,
and investigated the photosynthetic characteristics, antioxidant enzymes, and key enzyme activities of carbon
and nitrogen metabolism of tobacco K326 in the vigorous period. The effects of different water stresses on
the physiological characteristics of tobacco K326 were elucidated, providing valuable insights for optimizing
water-saving tobacco cultivation.

2 Materials and Methods
2.1 Experimental Design

The experiment was conducted in the greenhouse at the Longgang Base of the Guizhou Academy of
Tobacco Science using soil cultured in pots. The experimental pot was 40 cm in height, 40 cm in mouth
diameter, and 35 cm in bottom diameter, with a row spacing of 110 cm by 55 cm. The test material was
Nicotiana tabacum K326; it has a high yield and is very highly resistant to disease. The original tobacco is
orange-yellow and has a high oil content. It is the most widely grown variety in China and is known for its
strong aroma and burning ability. Using a floating method for tobacco seedling cultivation, the seedlings
were transplanted on 13 May. Each pot contained a single tobacco plant, and each pot received two kilograms
of water every three days. When the tobacco plants reached the vigorous growth stage (about 25 days after
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transplantation), the water supply was restricted and the soil moisture content was maintained at 60%
(control), 40% (moderate drought stress), and 20% (severe drought stress), by watered normally to maintain
water content. The water content was real-time monitored with FieldScout TDR 300 Soil Moisture Meter
(Spectrum, Inc., Aurora, IL, USA). Fresh tobacco leaves were collected at 10, 25, 40, and 55 days after water
stress treatment to measure the photosynthetic pigment content and chlorophyll fluorescence parameters of
tobacco leaves; leaf samples were taken at 0, 10, 20, 30, 40, and 50 days after water stress treatment to measure
the activities of antioxidant enzymes, sucrose phosphate synthase (SPS), and glutamine synthetase (GS).

2.2 Determination of Photosynthetic Pigments

Photosynthetic pigment content in tobacco leaves was measured by a spectrophotometer [16]. Weigh
0.1 g of freshly cut and mixed tobacco leaf samples, then transfer them to a glass test tube with a stoppered
cover. Next, quickly add 20 mL of 95% ethanol over the leaf sample, and then place them in a dark
environment until the samples become white. The extraction solution’s absorbance values were measured
at 665, 649, and 470 nm, respectively. The photosynthetic pigment content was calculated using the
formula below:

Chlorophyll a concentration (pg/mL) = 13.95 A665 — 6.88 A649

Chlorophyll b concentration (ug/mL) = 24.96 A649 — 7.32 A665

Carotenoid concentration (pg/mL) = (1000 A470 — 2.05 Ca — 114 Cb)/245

Chlorophyll component content (ug/mg) = (chlorophyll concentration x extraction solution
volume)/sample fresh weight

A665, A649, and A470 represents the absorbance value of the extraction solution at 665, 649, and
470 nm, respectively.

2.3 Determination of Chlorophyll Fluorescence Parameters

After 30 min in a dark environment, select the top second leaf and use a chlorophyll fluorescence imager
(Maxi Imaging PAM, Effeltrich Germany) to measure the primary light energy utilization rate Fv/Fm, non-
photochemical quenching coefficient Y(NPQ), energy dissipation quantum yield Y(NO), and photosynthetic
electron transfer rate ETR of live plant leaves.

2.4 Antioxidant Enzyme, SPS, and GS Activity Detection

Enzyme extraction was carried out according to the method described by Wang et al. [16]. 0.5 g of fresh
leaves were mixed with 3 mL of cooled 50 mmol/L Tris-HCl solution (pH = 7.0) and a tiny bit of quartz sand.
The leaves were then ground thoroughly on ice, transferred to a 10 mL centrifuge tube, rinsed with 2 mL of
extraction solution, collected, centrifuged at 10,000x g at 4°C for 10 min, and the supernatant was collected
for enzyme activity determination.

SOD activity was measured using the Nitro blue tetrazolium (NBT) method, POD activity was measured
using the Guaiacol method [16], and SPS, GS, CAT activity, and enzyme protein were all measured using a
kit manufactured by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.5 Data Analysis

Microsoft Excel 2016 and SPSS 16.0 software were used to standardize or normalize the raw data,
perform data statistics, and variance analysis. Each dataset consisted of three biological replicates.
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3 Results
3.1 The Effect of Drought Stress on Photosynthetic Pigments in Tobacco Leaves

The results of pigment content in tobacco leaves under various drought stresses showed that chlorophyll
a and b content steadily decreased during the vigorous growth to maturity period. The chlorophyll a and
b levels in tobacco leaves did not significantly differ across treatments following ten days of drought stress.
At 25 days of drought stress, the chlorophyll a content under severe drought stress (soil moisture content
of 20%) was significantly lower than that of the control group (soil moisture content of 60%) (p < 0.05),
while the chlorophyll b content was significantly higher than that under moderate drought stress and the
control group. At 40 days of drought stress, the chlorophyll a and b contents under moderate drought stress
(soil moisture content of 40%) and severe drought stress were significantly lower than those in the control
group (p < 0.05). However, chlorophyll a and b content did not significantly differ among stress levels at
55 days of drought stress (Fig. 1A,B). There was no significant difference in chlorophyll a/b values across
drought stress treatments (Fig. 1C). Furthermore, carotenoid content remained relatively stable with the
development of tobacco plants, and there was little fluctuation in carotenoid content under various drought
stresses [14]. The decrease in carotenoid content under severe and moderate drought stresses surpassed that
of the control group only after 40 days of drought stress (p < 0.05). At 55 days of drought stress, however,
there is no significant difference in ca-rotenoid content across drought stress treatments (Fig. 1D), indicating
that drought stress does not generate substantial changes in carotenoid content in tobacco K326 leaves.
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Figure 1: Pigment content in the leaves of flue-cured tobacco K326 under drought stress during the vigorous growing
period. (A) Chlorophyll a content; (B) Chlorophyll b content; (C) Chlorophyll a/b value; and (D) Carotenoid content.
The asterisks represent a significant difference between treatments (p < 0.05)
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3.2 The Effect of Drought Stress on Chlorophyll Fluorescence Parameters in Tobacco Leaves

The Fv/Fm ratio represents the primary light energy utilization efficiency of PSII [17]. As shown
in Fig. 2A, different drought stresses had no significant effect on the Fv/Fm of vigorous-growing tobacco
leaves, suggesting that the primary light energy utilization efficiency of the tobacco leaf photosystem was not
significantly inhibited by drought stresses.

A B
1.0 0.5
05 W% [4o% [T]20% o Bl 60% []40% []20%
£ 0.8} I3
=
=
=07t
0.6
0-5 1 1 1 1 1 1 1 1
10 25 40 55 10 25 40 55
Duration of drought (d) Duration of drought (d)
C D
1.0 60
B0 [T40% []20% B 60 [J40% [C]20%
0.8} =
. E
—_ I
S o6} 1 E
= 3
g
0.4F m
0'2 1 1 1 1 1
10 25 40 55 40
Duration of drought (d) Duration of drought (d)

Figure 2: Chlorophyll fluorescence parameters in the leaves of flue-cured tobacco K326 under drought stress during
the vigorous growing period. (A) Fv/Fm; (B) Y(NPQ); (C) Y(NO); and (D) ETR. The asterisks represent a significant
difference between treatments (p < 0.05)

The non-photochemical quenching coefficient Y(NPQ) under all three water conditions began to
decrease after 40 days of drought stress (Fig. 2B), however, the non-regulatory energy dissipation quantum
yield Y(NO) started to increase after 25 days of drought stress and was higher than the control. After 40 days
of drought stress, Y(NO) increased by nearly 30% in comparison to the initial stage of stress (Fig. 2C). These
results suggested that drought stress weakened the tobacco plant’s ability to control energy dissipation and
provide light protection, which caused damage to the photosynthetic system of tobacco leaves.

The photosynthetic electron transfer rate (ETR) value in tobacco leaves began to decline after 25 days
of drought stress and eventually decreased over time. At 40 days of drought stress, the ETR value reached
its lowest point, and tobacco leaves under severe drought stress had a significantly lower ETR value than the
control (Fig. 2D, p < 0.05), indicating that drought stress decreased the photosynthetic electron transfer rate
in tobacco tissue cells and inhibited tobacco leaves’ photosynthetic assimilation ability.



1292 Phyton-Int ] Exp Bot. 2025;94(4)

3.3 The Effect of Drought Stress on Antioxidant Enzyme Activity in Tobacco Leaves

At 10 days of drought stress, the SOD activity in tobacco leaves under drought stress was higher than that
in the control group, with severe and moderate drought stress increasing by 17.53% and 9.08%, respectively, in
comparison to the control group. Afterward, under severe drought stress, the SOD activity in tobacco leaves
rapidly decreased and remained below that of the moderate drought stress and control group throughout the
same period. Under moderate drought stress, SOD activity in tobacco leaves remained high within 30 days
of stress, surpassing that of severe drought stress and the control group. After 40 days of drought stress, it
fell to a level equal to severe drought stress, which was lower than in the control group (Fig. 3A).
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Figure 3: The activities of antioxidant enzymes in the leaves of flue-cured tobacco K326 under drought stress during
the vigorous growing period. (A) SOD activities; (B) CAT activities; and (C) POD activities

The trend of CAT activity changes in each treatment of tobacco leaves is comparable to that of SOD
activity (Fig. 3B). Among these, the CAT activity of tobacco leaves under severe drought stress exhibited the
largest change amplitude; following 10 days of drought stress, it rapidly increased and was higher than that
of the moderate drought stress and control group. However, within 20 days of moderate drought stress, the
CAT activity in tobacco leaves was higher than that of the control group, and after that fell below the level of
the control group.

Drought stress significantly affected POD activity in tobacco leaves. POD activity rapidly increased and
remained high throughout the early stage of vigorous growth before gradually decreasing after 30 days of
drought stress treatment. Within 30 days of drought stress, POD activity under severe drought stress was
lower than that under moderate drought stress and the control group; after 30 days of drought stress, POD
activity exhibited a declining trend under various drought conditions, with the degree of decline varying
from moderate drought stress to control group and severe drought stress. POD activity under severe drought
stress was lower than that under moderate drought stress and the control group. Under moderate drought
stress, tobacco leaves’ POD activity varied significantly.

3.4 The Effect of Drought Stress on the Activities of Sucrose Phosphate Synthase (SPS) and Glutamine
Synthetase (GS) in Tobacco Leaves

The SPS activity in tobacco leaves was measured under various drought stresses, and the results showed
that drought stress inhibited the SPS activity in tobacco leaves. During the vigorous growing stage, SPS
activity in tobacco leaves increased quickly, peaked in the late vigorous growing stage, and then decreased.
Among these, SPS activity in tobacco leaves under moderate drought stress was lower than in the severe
drought stress or control groups in the early vigorous growing stage. However, at 40 days of drought stress,
the SPS activity in tobacco leaves under moderate drought stress was higher than in the other two treatments
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(Fig. 4A), indicating that under moderate stress, carbohydrate synthesis in tobacco leaves was lower in the
early and middle stages of vigorous growing than it was under severe drought stress, but it was still higher
in the late vigorous growing stage.
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Figure 4: The activities of SPS and GS in the leaves of flue-cured tobacco K326 under drought stress during the vigorous
growing period. (A) SPS activities; and (B) GS activities

The GS activity in tobacco leaves decreased to varying degrees in both the control group and the mediate
drought stress group after 10 days of drought stress. However, both severe and moderate drought stresses
resulted in an increase in GS activity after 10 days of stress. As the tobacco plant transitioned from vegetative
to reproductive growth, GS activity peaked at 30 days of drought stress before gradually declining. GS
activity under severe drought stress remained continuously higher than moderate drought stress (Fig. 4B).
These findings suggested that drought stress can rapidly elevate GS activity in tobacco leaves, accelerating
nitrogen metabolism.

4 Discussion

During the vigorous growing period, the photosynthetic pigments in tobacco leaves are primarily
regulated by adjusting photosynthesis to control tobacco plant growth, with the stability of chlorophyll
levels being an important indicator of tobacco plants’ drought resistance [13-15]. In drought conditions,
the chlorophyll content of tobacco leaf cells declines, and leaf stomata close, limiting water transpiration
and loss [18]. Simultaneously, leaf stomata close hinders gas exchange between leaf mesophyll cells and the
external environment, resulting in insufficient CO, available for assimilation by leaf mesophyll cells, which
leads to a decrease in tobacco leaves’ photosynthetic capacity and affects tobacco leaf extension, as well as
the growth of tobacco plant tissues [19]. This study found that moderate and severe drought stresses for 25
days reduced chlorophyll a content in tobacco leaves during the vigorous growing period, and chlorophyll b
and carotenoid content decreased significantly after 40 days of drought stress, suggesting that tobacco K326
is more susceptible to drought stress (Fig. 1A,B,D). The leaves photosynthetic pigments started to deteriorate
and decrease after 25 days of moderate drought stress (Fig. I1A-D). In tobacco cultivation management,
reducing pigment content in K326 tobacco leaves due to water restriction can be remedied by modifying
cultivation agronomic measures or chemical control methods. According to Wang et al. [20], appropriate
concentrations of exogenous 5-aminolevulinic acid treatment can slow down the decrease in photosynthetic
pigment content in tobacco leaves caused by soil drought. Exogenous 2,4-brassinosteroid spraying can raise
chlorophyll content in tobacco leaves, enhance photosynthetic rate, and dramatically boost tobacco growth
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under drought stress [21]. Furthermore, at 25 days of severe drought stress, chlorophyll b content was
much higher than that of moderate drought stress and regular water supply, but later declined significantly
(Fig. 1B), which may be attributed to the compensating effect of environmental ecological variables in
tobacco. Reduced chlorophyll b content results from tobacco plants’ inability to completely compensate for
chlorophyll b loss as severe drought stress continues [13,19].

Chlorophyll fluorescence parameters are crucial indicators for evaluating the photosynthetic physiology
of plants because they may be used to depict photosystem II (PSII) capture, absorption, and electron transfer
efficiency for solar energy in the thylakoid membrane of green tissue cells [21]. Moderate drought stress
does not significantly affect tobacco leaves’ photosynthetic capacity, whereas severe drought stress reduces
tobacco leaves’ net photosynthetic rate and leaf stomatal conductance by about 72.7% [22]. Soil drought stress
mainly damages the electron acceptor of the photosystem in tobacco seedling leaves by reducing the openness
of PSII reaction centers [23] and accumulating QA on the receptor of PSII reaction centers, resulting in
excess light energy that deoxidizes QA, blocking the electron transfer pathway, and drastically lowers the
photosynthetic electron transfer capacity. This leads to a considerable decrease in the Fv/Fm of tobacco leaves
and a significant increase in the heat dissipation quantum ratio and heat dissipation [24]. This study found
that the primary light energy utilization efficiency Fv/Fm of tobacco leaves was not significantly affected
by drought stress during the vigorous growing period (Fig. 2A). However, after 40 days of drought stress,
the non-photochemical quenching coeflicient Y(NPQ) started to decrease under three moisture conditions,
while Y(NO) increased (Fig. 2B,C). Still, there was no substantial difference between the various moisture
treatments. This could be because the light system structure of tobacco plants during the vigorous growing
period differed greatly from that of tobacco leaves at the seedling stage when drought stress was more
likely to cause damage. These results also mean that K326 tobacco at the seedling stage is more sensitive to
drought stress than that at the vigorous growing stage. Moreover, throughout the vigorous growing period,
tobacco leaves’ light system structure was more influenced by their developmental dynamics than by soil
water supply conditions. The initial light energy utilization rate Fv/Fm represents the capture and absorption
ability of light reaction centers. The PSII structure of tobacco K326 leaves is relatively intact, enabling
improved physical absorption of light energy in the beginning of drought stress. As the tobacco plant grows
and develops, the photosynthetic system of leaves suffers physiological damage, Y(NO) increases, and its
efficiency in converting light energy to electrical energy falls. This reduces the photochemical reaction of
PSII, which results in a decrease in the non-photochemical quenching coefficient Y(NPQ) and the regulating
ability of energy dissipation. Meanwhile, the physiological damage to the photosynthetic system lowers the
photosynthetic electron transfer rate, as determined by ETR, and decreases tobacco leaves’ photosynthetic
assimilation ability. In tobacco cultivation, appropriate selenium and water retaining agents can effectively
alleviate the damage to PSII centers, partially compensate for the loss of PSII photochemical reaction function
caused by drought stress, and increase the drought tolerance of tobacco leaves [24].

Plants under drought stress have more intracellular reactive oxygen species (ROS), which oxidatively
damages the structure of the cell membrane. The antioxidant enzyme system, which consists mostly of SOD,
CAT, and POD, is critical for the clearance of ROS [25,26]. SOD mainly removes superoxide anion radical
(O;7) from plant cells, and its activity is closely associated with tobacco plants’ drought resistance. In the
early stage of drought stress, SOD activity in tobacco varieties with high drought resistance rapidly increases,
regulating the early adaptation of tobacco plant tissue cells to drought stress and preventing the accumulation
of superoxide anion radical (O,7) in cells [24]. CAT and POD primarily remove the hydrogen peroxide
H, 0O, produced by superoxide anion radical (O,”) catalyzed by SOD. The activities of CAT and POD in
tobacco leaves are higher in the early stage of drought stress but decline dramatically in the later stage of
drought stress [27,28]. In this study, SOD and CAT activities in K326 tobacco leaves increased sharply over
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the first 10 days of drought stress before rapidly decreasing (Fig. 3A,B). POD activity was higher in the early
stage of vigorous growing and started to decline in the late stage of vigorous growing (Fig. 3C). These results
suggest that drought stress increased the cytoplasmic production of superoxide anion radical (O,”) in K326
tobacco leaves in the early stage of stress, induced the activity of SOD to catalyze the removal of excessive
superoxide anion radical (O,7) in the cell, and caused a temporary buildup of hydrogen peroxide H, O, in the
cell, thereby inducing an increase in the activities of CAT and POD. However, tobacco leaves’ adaptability to
drought stress declined as the drought stress continued and tobacco tissues grew and aged, and SOD activity
started to decrease, while the accumulation of intracellular superoxide anion radical (O,~) increased. Excess
superoxide anion radical (O,) are not promptly removed, and as CAT and POD activity sharply decline, the
generated H,O, accumulates, exacerbating the peroxidation reaction of cell membrane lipids and causing
oxidative damage to cell membrane structure [24,29].

The carbon metabolism of tobacco plants provides energy and a carbon skeleton for nitrogen
metabolism. In contrast, nitrogen metabolism supplies the nitrogen-containing components and catalytic
enzymes required for carbon metabolism, which operate together to regulate the growth and quality of
tobacco plant tissues and organs [30]. When exposed to stresses, such as drought, tobacco plants respond
by modulating the activity of enzymes involved in the metabolism of carbon and nitrogen and their
products [31]. For example, tobacco plants that overexpress BnDREBI-5 show increased activity of important
enzymes involved in carbon and nitrogen metabolism during drought stress, resulting in enhanced drought
tolerance [32]. In this study, the activity of sucrose phosphate synthase (SPS), a crucial enzyme for starch
synthesis in carbon metabolism, rapidly increased in tobacco after entering the vigorous growing stage,
peaking at the bud stage (Fig. 4A). However, drought stress had an inhibitory effect on SPS activity. Under
moderate drought stress, the increase in SPS activity in tobacco leaves was less than that under severe
drought stress or in the control group. In the late stage of drought stress (40 days), as the tobacco plants
reached maturity, SPS activity under moderate drought stress was higher than that under severe drought
stress and the control group (Fig. 4A). These results suggest that moderate drought stress can enhance carbon
metabolism in tobacco leaves during the vigorous growing stage. When tobacco plants move from vegetative
to reproductive growth, glutamine synthetase (GS), an enzyme essential to nitrogen metabolism, reaches its
highest activity. In contrast to severe drought stress, GS activity was decreased under moderate drought stress
(Fig. 4B). Severe drought stress can accelerate nitrogen metabolism transformation and intensity in tobacco
leaves, whereas moderate drought stress relatively decelerates nitrogen metabolism. The timely transition
from nitrogen metabolism and carbon fixation to carbon accumulation metabolism of tobacco leaves at the
appropriate growth stage is crucial to producing high-quality tobacco [33,34]. Tobacco leaves have higher
nitrogen metabolism in the early stage of development, whereas lowering nitrogen metabolism in the later
stage of development can enhance tobacco leaves’ carbon metabolism, encourage yellowing, and effectively
improve their intrinsic chemical quality [35,36]. Thus, moderate drought stress during the late stage of
tobacco plant growth may accelerate the transition of tobacco leaves from nitrogen metabolism to carbon
metabolism, which has a favorable influence on improving tobacco quality.

5 Conclusions

Drought stress during the vigorous growing period reduced the content of chlorophyll a and chlorophyll
b in tobacco K326, although the chlorophyll fluorescence parameter Fv/Fm remained mostly unchanged.
Y(NPQ) decreased throughout the late vigorous growing period, but Y(NO) increased. Tobacco leaves’
photosynthetic system suffered physiological damage during the later growth period, reducing their ability
to regulate energy dissipation. The antioxidant enzymes SOD and CAT are more active in the early stage
of drought stress, allowing them to swiftly remove the accumulation of superoxide ions in tobacco cells
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generated by drought stress. However, SOD and CAT activities drastically decrease in the later stage of
drought stress, whereas POD activity is unaffected by moderate drought stress but inhibited by severe
drought stress. Additionally, moderate drought stress increases the SPS activity of tobacco leaves in the
later stage of growth, inhibits GS activity, and promotes the conversion of nitrogen metabolism to carbon
metabolism in tobacco leaves in the later stage of development, all of these would be beneficial for
tobacco quality.
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