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There is relatively little knowledge about how melatonin helps tobacco withstand
low light stress. To clarify this, a tobacco cultivar ZY100 was planted under light
intensity of 150 pmol m™2 s (low light) and 1000 umol m™ s (control), and extra
melatonin (200 uM) was applied to study the impacts of melatonin on tobacco
seedlings under low light. Results showed that low light lowered plant height,
stem thick, leaf number and shoot biomass, while melatonin alleviated these
negative impacts of low light. Low light decreased net photosynthetic rate (Ay),
while melatonin application increased the Ay of low light-affected tobacco by
reducing stomatal and non-stomatal limitations. Low light promoted NtSOD,
NtPOD and NtCAT (encoding superoxide dismutase, catalase and peroxidase,
respectively) expressions, and ascorbate (AsA) and glutathione (GSH) contents in
tobacco leaves, which was beneficial for antioxidation in theory, however, higher
O, and H,0, contents were still observed, damaging the Ay. Melatonin
application could further up-regulate NtSOD, NtPOD and NtCAT expressions
and promote the AsA-GSH cycle by increasing ascorbate peroxidase and
dehydroascorbate reductase activities in low light-affected tobacco leaves,
lowering O, and H,O, contents. Because low light decreased the Ay, lower
leaf sucrose and starch contents were measured in low light-affected tobacco.
And the decreased sucrose in low light-affected tobacco leaves was attributed to
the down-regulated NtSPS (encoding sucrose phosphate synthase) expression,
and the up-regulated NtCWINV (encoding cell wall invertase) expression. The
reduced starch in low light-affected tobacco leaves was associated to the down-
regulated NtAGP (encoding ADP-glucose pyrophosphorylase) and NtGBSS
(encoding granule-bound starch synthase) expressions, and the up-regulated
expression of a-amylase. Melatonin application could up-regulate NtSPS
expression to promote sucrose synthesis and down-regulate NtCWIN
expression to inhibit sucrose hydrolysis in low light-affected tobacco leaves,
increasing leaf sucrose content. Moreover, melatonin application up-regulated
NtAGP and NtGBSS expressions to enhance the starch biosynthesis, finally
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resulting in increased starch content in low light-affected tobacco leaves. These
results indicated that melatonin application can alleviate the adverse effects of
low light on tobacco growth via regulating antioxidant and
carbohydrate metabolism.
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1 Introduction

In order to optimize the use of limited land, intercropping has
become one of the important agricultural planting patterns in
China. And the intercropping system of wheat (Triticum
turgidum), barley (Hordeum vulgare) and sweet potato (Ipomoea
batatas), etc. with tobacco (Nicotiana tabacum) (food crop/tobacco)
is the characteristic planting mode in the tobacco-growing areas of
central China, which can not only guarantee grain production, but
also produce characteristic cash crops (Liu et al., 2015). However, in
the intercropping system, there is competition between different
crops. Because the newly planted crops are at a lower spatial level,
their competition for light is often weak (Abdel-Wahab and Abd El-
Rahman, 2016), so the tobacco seedlings are often affected by low
light during the growth of seedlings in the intercropping system.

As we all know, low light leads to the tobacco seedlings to
develop weakly, resulting in significant changes in morphological
traits. For example, Wu et al. (2021) reported that low light
obviously inhibited the leaf number, dry weight, and leaf area, etc.
And the negative influences of low light on morphological traits are
strongly connected to the changes in intrinsic physiological
metabolism. Among them, the most significant impact is that low
light could cause obvious increases in the content of reactive oxygen
species (ROS) in plants, especially in H,O, and O, levels (Liu et al.,
2019; Raza et al., 2020), via reducing enzymes activities involved in
antioxidant metabolism, such as catalase (CAT), peroxidase (POD)
and superoxide dismutase (SOD), or via decreasing antioxidant
substances contents, like ascorbate (AsA) and reduced glutathione
(GSH) (Liu et al., 2019; Raza et al., 2020). And the reduced AsA or
GSH level was linked to the limited activities of enzymes, such as
ascorbate peroxidase (APX) and dehydroascorbate reductase
(DHAR), etc. in the AsA-GSH cycle (Liu et al., 2019). In
addition, the morphological formation of plants is closely
associated with the supply capacity of photosynthetic products
(Hu et al,, 2024, 2025) and the light is a necessary factor for plant
photosynthesis. Previous studies have reported that low light will
reduce the photosynthetic efficiency of rapeseed (Brassica
compestris) (Zhu et al., 2017), soybean (Glycine max) (Feng et al.,
2019), wheat (Yang et al., 2020), and tobacco (Wu et al.,, 2021), etc.
to limit plant growth. Hence, low light has been identified as an
important factor that inhibits crop growth (Lu et al., 2019). Low
light can alter the absorb of the light energy by reducing chlorophyll
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content (Feng et al., 2019), photosystem II (PSII) and photosystem I
(PSI) complex contents (Wu et al., 2021), and limit CO, fixation by
restricting ribulose diphosphatecarboxylase (Rubisco) activity
(Tang et al,, 2022). Moreover, low light also inhibits the carbon
metabolism by influencing the enzyme activities and gene
expressions participating in the process of conversion from triose
phosphate, the initial product of photosynthetic products, to other
carbohydrates (Tang et al., 2022). For instance, low light decreased
the activities of cytosolicfructose-1,6-bisphosphatase (FBPase),
sucrose synthase (SuSy), and sucrose phosphate synthase (SPS),
the major enzymes controlling the synthesis of sucrose, and the
activities of ADP-glucose pyrophosphorylase (AGPase), starch-
branching enzyme (SBE), soluble starch synthase (SSSase), and
granule-bound starch synthase (GBSSase), the main enzymes
regulating the synthesis of starch (Hendrix and Huber, 1986),
finally decreasing sucrose and starch contents in leaves (Hendrix
and Huber, 1986; Proietti et al., 2023).

Melatonin influences many physiological functions such as
circadian sleep, food intake and immune system in animals
(Lerner et al., 1958; Reiter et al., 2010). And it was reported in
horticultural crops in 1995 (Dubbels et al., 1995) and has since been
found in over 140 types of plants (Nawaz et al., 2016). Additionally,
melatonin was found with obvious physiological and metabolic
regulatory effects on crops, and the most important of which
includes ROS clearance (Hu et al., 2021). Hence, the application
of melatonin can alleviate the effects of abiotic stress such as cold
(Bajwa et al., 2014), salt stress (Liang et al., 2015), high temperature
(Shi et al,, 2015b) and water deficit (Hu et al., 2022), on plants by
reducing the accumulation of ROS through stimulating the enzyme
system including SOD, CAT, and POD activities and nonenzymatic
system such as the AsA-GSH cycle (Hu et al., 2021). Additionally,
recent studies stated that extra melatonin application could also
affect the carbohydrate metabolism of plants (Qian et al., 2015;
Zhao et al., 2015; Li et al., 2018), and some researches noticed that
exogenous melatonin application could enhance sugar metabolism
in abiotic-stressed plants, thereby facilitating their growth (Shi et al.,
2015a; Zhang et al., 2017). For example, Dawood and El-Awadi
(2015) reported that exogenous melatonin promoted the leaf
carbohydrate content of salt-stressed Vicia faba to enhance the
growth of plants; Hu et al. (2016¢) found that extra melatonin
spraying regulated galactinol, mannobiose, and sorbose levels in
Cynodon dactylon to promote its growth under cold conditions; and
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Hu et al. (2020) stated that exogenous melatonin promoted starch
accumulation in male tissues of drought-stressed cotton
(Gossypium hirsutum) to promote pollen fertility. Regarding low
light stress, only a limited number of studies reported that extra
melatonin spraying enhanced the resistance capacity of pepper
(Capsicum annuum) (Li et al, 2022) and woodland strawberry
(Fragaria vesca) (Shi et al.,, 2024) to low light by reducing ROS.
There is no more information about exogenous melatonin affecting
crops in response to low light conditions. Therefore, more research
is needed to clarify the mechanism by which exogenous melatonin
enhances the weak light resistance of crops.

In the present study, we hypothesized that extra melatonin
supply would alleviate low light’s negative impacts on tobacco
seedlings growth via rising ROS metabolic balance and
carbohydrate balance. The objects of this study were intended to
explore how exogenous melatonin influences the antioxidant (eg.
antioxidant enzyme system and non-enzyme system related to ROS
clearance) and carbohydrate metabolism (eg. sucrose metabolism
and starch metabolism related to photosynthesis) in low light-
affected tobacco seedlings. The expected results of this study will
reveal the mechanism by which melatonin regulates plant growth
and development under low light stress, and will fill the gap in its
application on plants under low light stress.

2 Materials and methods
2.1 Treatments and sampling

An experiment was established in growth chambers using a
tobacco cultivar ZY100 in Henan Academy of Agricultural Sciences.
The growth chamber conditions were temperature at 25°C/20°C
(day/night), air humidity at 75%, and light intensity at 1000 pumol
m? s (12 " per day). Seeds were sowed in a seedling tray. When
seedlings had two true leaves, they were moved into 100 pots being
filled with 10 kg clay soil, with one plant in each pot. After the
transplanted seedlings have adapted for 7 days, 200 uM melatonin
solution (since our previous pre-experiments indicated that this
melatonin concentration could alleviate the effect of low light on
tobacco seedlings) was applied randomly to seedlings in 50 pots
under dark conditions in the evening, and other seedlings in
remained 50 pots were sprayed with deionized water. The entire
plant was sprayed, and each plant was sprayed with approximately
6-8 mL of melatonin or deionized water every two days. After
spraying three times, each treatment was evenly and randomly
divided into two groups. One of the groups was placed into the
growth chamber under 1000 umol m™> s (12 h per day) as
conventional (control) light intensity, and another group was
placed into a growth chamber having 150 pmol m™ s (12 h per
day) as low light intensity (Demirevska et al., 2010). The other
environment conditions for the two growth chambers are same as
25°C/20°C (day/night) and 75% air humidity. After 20 days, the
morphological traits of seedlings were assayed. Moreover, the
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newest fully developed main stem leaves were used for the
measurement of photosynthesis parameters. After the
measurement of photosynthesis parameters, same leaves were
collected for biochemical analysis and gene assay.

2.2 Determination of morphological traits

Plant height of tobacco defined as the distance from the
rootstock to the top of the stem was determined using a meter
stick. The vernier caliper was used to measure the thick of stem
base. After dividing seedlings into aboveground and underground
parts, the seedlings were heated at 105 °C for 30 min, and then for
48 h at 75 °C. The weight of dry samples was measured by a balance.

2.3 Measurement of photosynthesis

Net photosynthetic rate (Ay), stomatal conductance (Gs) and
intercellular CO, concentration (Ci) were detected by a Li-6400
photosynthesis equipment (Li-COR, USA) with leaf chamber
conditions: 25°C leaf temperature, 1000 umol m™ s light
intensity, air flow rate at 500 pmol s, 75% relative humidity of
air and 400 pmol mol reference CO, concentration when the
measurement system reached steady-state conditions.

2.4 Assay of ROS and malondialdehyde
contents

The assay of leaf O, level was conducted as previously
described (Zhang et al., 2023). Briefly, leaves (0.2-0.3 g, fresh
weight) were crushed with liquid nitrogen into powder, before
being extracted with phosphate buffer solution (3 mL, 50 mM) with
a pH of 7.8. After performing a centrifugation at 4 °C for 15 min at
10,000 g, the liquid layer was used for determining O,” content
based on the technique of hydroxylamine oxidation.

The measurement of H,O, content was conducted as previously
described (Zhang et al., 2010). Briefly, fresh leaf samples (0.2-0.3 g)
were ground with 1.5 mL acetone before a centrifugation (10,000 g for
15 min). Then, 1 mL supernatant was mixed with 0.1 mL Ti,SO, (5%)
and 0.2 mL NH,OH before a centrifugation was conducted at 10-000
g for 10 min. The precipitates were washed with acetone until colorless
before the precipitates were dissolved by 2 N H,SO,. After measuring
the absorbance at A5, the H,O, content could be calculated.

The MDA assay was referred to Hu et al. (2016b). Briefly, fresh
leaves (0.2-0.3 g) were crushed with 2 mL trichloroacetic acid (8%)
into a homogenate before performing a 10,000 g centrifugation for
12 min. Subsequently, 2 mL supernatant was boiled for 15 min with
7 mL thiobarbituric acid (0.6%) before a 10,000 g centrifugation was
performed at 4 °C for 12 min. After being cooled, the absorbance
was detected at 600, 532 and 450 nm, respectively, for the
calculation of MDA content as 6.45*(0D532-0OD600)-0.56*0D450.
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2.5 Determination of carbohydrates

Leaf carbohydrates were extracted referring to Hu et al. (2018).
Briefly, 1 mL ethanol (80%, v/v) and dry leaf powder (40-45 mg)
were incubated for three times at 80 °C. Subsequently, the
supernatants from the three extractions were merged. Then, 80%
ethanol was used to calibrate the extraction to 3 mL. After adding 30
mg activated charcoal to absorb impurities such as chlorophyll that
may affect the final absorbance, a 1164 g centrifugation was
performed for 15 min. Then, 20 pL extract was pipetted into a
microplate. After an incubation at 45 °C, distilled water (20 puL) was
pipetted into each cell in the microplate. For the assessment of
glucose, fructose and sucrose, the mixtures were incubated three
times for 15, 15 and 60 min, respectively, at 30 °C. In addition,
glucose assay reagent (100 pL), phosphoglucose isomerase (10 pL,
0.25 U), and invertase (10 pL, 83 U) were added respectively before
each heating. After each heating, the absorbance at 340 nm
was detected.

The above residues insoluble in alcohol were collected for the
determination of starch. The residues were boiled with 1 M KOH
(0.5 mL) for 1 h before regulating pH to 6.5-7.5. Immediately after
that, 100 uL o-amylase was pipetted to the mixture before a
centrifugation was performed for 60 min at 65 °C. Subsequently,
the acetic acid was utilized to regulate the pH less than 5 before
adding amyloglucosidase (0.25 mL) and centrifugating at 55 °C for
60 min. Then, a 10,000 g centrifugation was performed for 15 min.
The upper layer solution was collected for detecting glucose
concentration. The starch content could be calculated based the
glucose concentration (Hu et al,, 2018).

2.6 Assay of APX and DHAR activities

The crude enzyme solution of APX and DHAR were obtained
as previously described (Djanaguiraman et al., 2009). Then, APX

10.3389/fpls.2025.1666102

activity was detected via assaying the reaction amount of AsA in 3
mL reaction solution containing 200 pL enzyme extract, 2.5 mM
H,0,, 0.1 mM sodium ascorbate, 50 mM sodium phosphate (pH
7.0), and 0.1 mM EDTA at Aoy (FHu et al., 2016b).

The reaction mixture for DHAR activity contained 0.05 mL
enzyme extract, 0.05 mL reduced glutathione (50 mM), 0.05 mL
DHA (4 mM), and 0.85 mL potassium phosphate (100 mM, pH
7.8). The DHAR activity was assayed by detecting the DHA
reduction at A,es (Hu et al., 2016b).

2.7 Relative expression of genes

Leaf RNA was extracted by A Plant Total RNA Isolation Kit
from the Vazyme Company (Nanjing, China). The generation of
cDNAs was completed with a cDNA Synthesis Kit from the Vazyme
Company. The quantitative RT-PCR was conducted using a
fluorescence quantitative kit Green'" Premix Ex TaqTM II from
the Vazyme Company according to Yu et al. (2024). The expression
of NtSOD, NtPOD, NtCAT, NtSPS, NtSuSy, NtCWINV, NtADP,
NtSSS, NtGBSS, B-amylase and o-amylase encoding SOD, POD,
CAT, SPS, SuSy, cell wall invertase, AGPase, SSSase, GBSSase, f3-
amylase and o-amylase, respectively, were detected. The gene
Nttubulin was selected as the housekeeping gene. Table 1 showed
the used primers for our study. The gene relative expression was
obtained through the use of the method of 2 AL (Livak and
Schmittgen, 2001).

2.8 Data analyses

The SPSS statistic software (Version 17.0, SPSS Inc., USA) was
used to conduct the one-way analysis of variance with least
significant difference (LSD) test (P<0.05). Graphs were made by
the software Origin 8.0 (Origin Lab Inc., USA).

TABLE 1 Gene primer sequences used for the quantitative real-time PCR analysis.

Gene Forward primer (5'-3’) Reverse primer (5'-3)
NtSOD GACGGACCTTAGCAACAGG CTGTAAGTAGTATGCATGTTC
NtPOD CTCCATTTCCATGACTGCTTTG GTTGGGTGGTGAGGTCTTT
NICAT CACCTTACCTGTGCTGATTTC CTGGTGTAGAACTTGACAGC
NtSPS ATCTTGAAAGGGGCTGTCGA CGTTTCCGCTGGTATACGTG
NtSuSy CTCAACATCACCCCTCGAAT ACCAGGGGAAACAATGTTGA
NICWINV CTTACACCCAATTACCGGCG GACACTCTTTTGGGTCGTCG
NtADP AGCAAAGACGTGATGTTAAACC TCTTCACATTGTCCCCTATACG
NiSSS TGAGTTCAGGTGGTCTTGTCTTTGG AATAGCCCTTATGCGTCGATGATGG
NIGBSS AACAGCTCGAAGTGTTGTA ATCTGCTTGGAACCAACATAA
oramylase ATATTGCAGGCCTTCAACTGGG TGGAAGGTAACCTTCAGGAGACAA
B-amylase TGAGCTATTGGAAATGGCGAAGA AAGAGGGATCGTGCAGGAATCA
Nittubulin GCATCTTTGCGTACACTTTGCT ACATAAGCCCAAAACTAGCTGGA
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3 Results

3.1 Influences of melatonin on agronomic
traits of low light-affected tobacco
seedlings

Under control light intensity, the melatonin spraying increased
shoot biomass and root biomass (Table 2). Compared with control
light intensity, low light significantly decreased the height of plant,
stem thick, leaf number and shoot biomass while did not alter root
biomass (Table 2). Extra melatonin alleviated the reduction in plant
height, leaf number and shoot biomass caused by low light, because
plant height, leaf number and shoot biomass of low light-affected
tobacco seedlings increased by 65.4%, 35.7% and 55.6%,
respectively, after the melatonin application (Table 2).

3.2 Influences of melatonin on the
photosynthesis of low light-affected
tobacco seedlings

Under control light intensity, extra melatonin application did
not alter the Ay, Gs and Ci (Figure 1). Compared with control light
intensity, Ay and Gs were obviously decreased while Ci was
obviously increased by low light. Exogenous application of
melatonin increased Ay and Gs in low light-affected tobacco
seedlings by 61.5% and 49.2%, respectively. However, exogenous

10.3389/fpls.2025.1666102

application of melatonin decreased the Ci in low light-affected
tobacco seedlings by 14.9%.

3.3 Influences of melatonin on ROS and
MDA contents of low light-affected
tobacco seedlings

Under control light intensity, extra melatonin application did
not alter the O, and H, O, levels (Figure 2). Compared with control
light intensity, low light significantly increased O, and H,O, levels
by 136.0% and 161.6%, respectively. Spraying additional melatonin
lowered the O, and H,0, levels in low light-affected tobacco
seedlings by 41.9% and 35.0%, respectively.

Under control light intensity, the melatonin spraying lowered
the MDA content by 46.2% (Figure 2). The MDA content of low
light-treated seedlings increased by 221.8% as compared with
seedlings under control light intensity, but melatonin application
prevented the increase in MDA content caused by low light.

3.4 Influences of melatonin on antioxidant
system of low light-affected tobacco
seedlings

Under control light intensity, extra melatonin application did
not alter the ASA and GSH contents (Figure 3). Compared with

TABLE 2 Effects of melatonin on agronomic traits of low light-stressed tobacco seedlings.

Light Melatonin Plant Stem Leaf Shoot Root
intensity (M) height (cm) thick (mm) number (no.) biomass (g) biomass (g)
0 18.17 + 0.60a 2.87 £ 0.07a 7.33 £0.33a 2.03 + 0.09b 0.12 £ 0.03b
CK
200 19.03 £ 0.99a 3.03 £0.12a 7.67 £ 0.33a 2.33 £ 0.09a 0.19 + 0.02a
0 8.67 + 0.67¢ 2.13 £ 0.09b 4.67 + 0.33¢ 0.60 + 0.06d 0.07 + 0.01b
Low light
200 14.33 + 0.88b 2.46 + 0.09b 6.33 + 0.33b 0.93 + 0.03c 0.10 + 0.01b
Different lower-case letters within the same column represent significant differences at the P < 0.05 level. Values are means + standard error (SE, n = 3).
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FIGURE 1

Effect of melatonin application on gas exchange parameters including net photosynthetic rate (Ay), stomatal conductance (gs), and intercellular CO,
concentration (C)) of tobacco seedlings under low light. Different letters represent significant differences at the P < 0.05 level. Values are means + SE

(n=3).
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Effect of melatonin application on the content of leaf ascorbate (AsA) and glutathione (GSH) in tobacco seedlings under low light. Different letters
represent significant differences at the P < 0.05 level. Values are means + SE (n = 3).

control light intensity, leaf ASA content was 79.8% higher for the
low light intensity conditions. Application of melatonin
significantly decreased ASA accumulation in low light-affected
seedlings. In addition, a substantial increase with 140.6% in GSH
content was detected in low light-affected tobacco seedlings
compared with those seedlings under control light intensity,
however, the addition of melatonin alleviated this effect.

Under control light intensity, melatonin application did not
alter the APX activity (Figure 4). However, the APX activity was
obviously reduced by low light. Application of melatonin markedly
increased the APX activity in low light-affected seedlings. Low light
had no influence on the DHAR activity in tobacco seedlings
compared with control light intensity (Figure 4). Melatonin
spraying promoted the DHAR activity in seedlings under control
light intensity and low light.

Under control light intensity, melatonin spraying significantly
increased the expression level of NtSOD, NtPOD and NtCAT
(Figure 5). NtSOD, NtPOD and NtCAT expressions were
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significantly higher in low light-affected seedlings compared with
those seedlings under control light intensity (Figure 5). Moreover,
NtSOD, NtPOD and NtCAT expressions were promoted by the
addition of melatonin in the low light-affected tobacco seedlings.

3.5 Influences of melatonin on leaf
carbohydrate metabolism of low light-
affected tobacco seedlings

Under control light intensity, melatonin application had no
influence on sucrose, fructose, glucose as well as starch contents
(Figure 6). The level of sucrose, glucose, fructose and starch was
markedly reduced by 55.3%, 67.4%, 62.2%, and 58.1%, respectively,
by low light in comparison with the control light intensity.
Although melatonin spraying had no influence on fructose
content under low light, it increased sucrose, glucose, and starch
contents of low light-affected seedlings.
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FIGURE 5

Effect of melatonin application on the expression of genes NtSOD, NtPOD and NtCAT encoding superoxide dismutase peroxidase and catalase,
respectively, in tobacco seedlings under low light. Different letters represent significant differences at the P < 0.05 level. Values are means + SE (n = 3).

Under control light intensity, the expression of NtSPS, NtSuSy
and NtCWINV was not influenced by extra melatonin (Figure 7).
The expression of NtSPS was reduced by low light, while the
NtCWIN expression was promoted by low light. And the NtSuSy
expression was not impacted by low light. The expression of NtSPS
in low light-affected seedlings was up-regulated by extra melatonin,
but the expression of NtCWIN in low light-affected seedlings was
down-regulated by melatonin application.

Under control light intensity, the expression of NtADP and
NtGBSS was decreased by extra melatonin (Figure 8). The
expression of NtADP and NtGBSS was down-regulated by 77.5%
and 64.8%, respectively, by low light while the NtSSS expression was
increased by 61.7% by low light. The NtADP and NtGBSS
expressions in low light-affected seedlings were promoted by
77.2% and 50.0%, respectively, by exogenous melatonin. The
expression of o-amylase was markedly increased by low light
(Figure 9). Exogenous melatonin up-regulated the expression of
o-amylase by 215.5% and 39.5% under control light intensity and
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low light, respectively. The B-amylase expression was not impacted
by low light or exogenous melatonin (Figure 9).

4 Discussion

Previous studies have reported that light intensity will influence
plants morphologically, and plant height, leaf number and plant
biomass are usually closely related to light intensity (Zervoudakis
etal, 2012; Ding et al., 2013). In support of above studies, results in
the present study showed that low light notably reduced plant
height, the thick of stem, the number of leaf and shoot biomass in
relation to control light intensity (Table 2), indicating that low light
inhibited the growth of tobacco seedlings (Wu et al., 2021). Many
experiments have found that extra melatonin supply can help plants
to resist abiotic stresses (Shi et al., 2015a; Zhang et al., 2017), and Li
et al. (2022) stated that melatonin supply enhanced the growth of
pepper seedlings under low light, which was manifested as higher
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FIGURE 6

Effect of melatonin application on the content of leaf glucose, fructose, sucrose and starch in tobacco seedlings under low light. Different letters
represent significant differences at the P < 0.05 level. Values are means + SE (n = 3).

aboveground and underground biomass. In the current study, extra melatonin with 65.4%, 35.7% and 55.6%, respectively
although the root biomass of low light-affected seedlings was not ~ (Table 2), which suggested that extra melatonin primarily
affected by melatonin application, the plant height, leaf number and ~ weakened the influences of low light on the growth of above-
shoot biomass of low light-affected seedlings were increased by  ground part, but not the underground part, for tobacco seedlings.
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Values are means + SE (n = 3).

Frontiers in Plant Science 08 frontiersin.org


https://doi.org/10.3389/fpls.2025.1666102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al.

10.3389/fpls.2025.1666102

1.8 3 2.0
2 [_Joum
7 [ = " [CJ200um
Q %]
q I %3 J_ T 4
< 2 I g1t a
22} 200 =< T
5] b ] b s
c T c C c
2 T 2 T k) b
8 3 T 2 10}f
S S = c
3 c 3 c 3 T
0 06 T o1k T o T
2 b 2 4 d
B ® 05+ T
2 : 2 g .
=T 14 4
0.0 0 0.0
Control Low light Control Low light Control Low light

FIGURE 8

Effect of melatonin application on the expression of genes NtADP, NtSSS and NtGBSS encoding ADP-glucose pyrophosphorylase, soluble starch
synthase and granule-bound starch synthase, respectively, in tobacco seedlings under low light. Different letters represent significant differences at

the P < 0.05 level. Values are means + SE (n = 3).

6
®
(%]
K
>
I
g 4
S4l
5 ab a

a

c T 1L
K] J_
@ b
o T
a T
32}
o
=
© c
[0] +
o

0

Control Low light

FIGURE 9

20
[_Joum
2 1200 um
15
©
<
‘S a
T I I
gror —F 1 |
[72]
3 1
Q.
x
()
Zosf
s
Q
i
0.0

Control Low light

Effect of melatonin application on the expression of genes a-amylase and f-amylase encoding o- and -amylase, respectively, in tobacco seedlings
under low light. Different letters represent significant differences at the P < 0.05 level. Values are means + SE (n = 3).

Photosynthesis is the fundamental physiological process for
crop growth, and the products of photosynthesis are the main
material source for the accumulation of plant biomass (Hu et al.,
2024). Many studies found that crop photosynthetic capacity
reduced markedly when exposed to low light (Ding et al., 2013;
Feng et al, 2019). In our study, leaf Ay was also significantly
inhibited by low light (Figure 1), which could explain the restricted
growth of tobacco seedlings. Previous studies have shown that low
light will limit photosynthesis by stomatal factors and non-stomatal
factors (Ding et al., 2013). Hu et al. (2016a) reported that when the
decreased Ay is accompanied by decreased Gs as well as Ci, the
reduction in Ay is mostly caused by stomatal limitation; when the
decreased Ay together with a decreased Gs and an increased Ci was
observed, non-stomatal limitation plays the dominant role in the
reduction of Ay. In this study, leaf Ay and g, were significantly
reduced by low light (Figure 1), while leaf Ci was increased by low
light, implying that the reduction in Ay of tobacco leaves under low
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light was mainly caused by non-stomatal factors in this study. Shi
et al. (2024) claimed that melatonin spraying will not alter the leaf
Ay of strawberry under normal light while significantly promotes
the leaf Ay of strawberry under low light. Similarly, our study found
that under control light intensity, extra melatonin did not influence
the Ay (Figure 1), but increased the Ay in low light-affected tobacco
seedlings by 61.5%, finally resulting in increased plant height, leaf
number and shoot biomass in low light-affected seedlings. In
addition, under low light, g; was enhanced by melatonin
application, while the C; was significantly reduced by melatonin
application (Figure 1), meaning that under low light, the
enhancement of melatonin on Ay was not only attributed to the
decreased stomatal limitation, but also to the reduction of non-
stomatal limitation. This supported the previous study of Shi et al.
(2024) where extra melatonin could mitigate the harmful effects of
low light on Ay via decreasing stomatal and non-stomatal
limitations.
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Excessive ROS in leaves will damage the mechanism that
conducts photosynthesis, which is a key factor leading to the
reduction of photosynthesis (Hu et al., 2024; Yang et al., 2024).
Past studies have confirmed that low light could lead to ROS
accumulation, thereby causing oxidative stress to lower
photosynthesis (Yang et al, 2008; Ding et al, 2013). Similarly,
our results indicated that low light led to higher leaf O, and H,0,
contents compared with control light intensity, resulting in
membrane lipid peroxidation, so the increased MDA content was
observed (Figure 2). In order to eliminate ROS, higher plants
evolves efficient antioxidant system including enzymatic system
and non-enzymatic system (Zhang et al., 2023). In the antioxidant
enzyme system, SOD, POD and CAT have been found to play key
roles. SOD mainly catalyzes the reduction of O, to yield H,0O, and
0,, and CAT and POD can exclusively scavenge H,O, to form O,
(Gill and Tuteja, 2010). In the non-enzymatic system, AsA can
effectively scavenge H,O, (Li et al., 2010) and GSH can be further
converted into AsA under the catalysis of enzyme DHAR (Foyer
and Noctor, 2005). Previous studies have reported that low light
increased SOD and POD activities in Cucumis sativus leaves (Ding
et al,, 2013), POD and CAT activities and ASA content in dragon
spruce (Picea asperata) leaves (Yang et al., 2008), and GSH content
in wheat leaves (Toldi et al., 2019). The findings of the current study
correspond to above studies, since low light up-regulated NtSOD,
NtPOD and NtCAT expressions, and promoted AsA and GSH
contents in tobacco leaves than control light intensity, which
would theoretically accelerate the clearance of O,” and H,O,.
However, leaf O, and H,O, contents were still higher under low
light than control light intensity, which might be because the
increased ROS clearance rate caused by the enhanced antioxidant
system was lower than the increased ROS generation rate caused by
low light (Yang et al., 2008; Ding et al., 2013). Some studies showed
that extra melatonin application can activate SOD, POD and CAT
activities in strawberry (Shi et al., 2024) and promote AsA content
in pepper (Li et al., 2022) to reduce O, and H,O, contents in low
light-affected plants. In support of above reports, results of the
current study presented that extra melatonin spraying further up-
regulated NtSOD, NtCAT and NtPOD expressions in low light-
affected tobacco leaves (Figure 5), finally leading to less O, and
H,0, accumulation. Moreover, extra melatonin application
decreased the content of AsA in low light-affected tobacco leaves
(Figure 3), which should be because that extra melatonin
application enhanced the activity of APX in low light-affected
tobacco leaves (Figure 4), thereby promoting the reaction between
AsA and H,O,, resulting in lower accumulation of H,0, and AsA.
In addition, extra melatonin application promoted the activity of
DHAR in low light-affected tobacco leaves, meaning that extra
melatonin application enhanced the conversion of GSH into AsA,
thereby reducing the content of GSH.

Sucrose is an important product of photosynthesis. Low light
caused lower leaf Ay in relation to control light intensity (Figure 1),
so lower sucrose content in leaves was measured under low light
compared with control light intensity. The biosynthesis of sucrose is
catalyzed by SPS and SuSy (Zhang et al., 2024). Past studies found
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that low light decreased the activity of SPS and sucrose synthetase
(SuSy) (Feng et al., 2019; Yang et al., 2025). Results in this study
partially supported the previous reports, as low light did not affect
the expression of NtSuSy, but lowered the expression of NtSPS
(Figure 7), which would inhibited sucrose synthesis. Moreover, the
hydrolysis of sucrose into glucose and fructose is regulated by cell
wall invertase (CWINV) (Zhang et al., 2024). Results here indicated
that low light up-regulated the expression of NtCWINYV,
accelerating the hydrolysis of sucrose. Hence, the combined effect
of restricted sucrose synthesis and accelerated sucrose hydrolysis
brought the lower sucrose content in low light-affected tobacco
leaves. Surprisingly, lower leaf glucose and fructose levels were
found in low light-affected tobacco, which should be because a large
amount of glucose and fructose content will be used for respiration
to resist abiotic stress (Zhang et al, 2024). Extra melatonin up-
regulated the expression of NtSPS, decreased the NtCWINV
expression, and had no marked impacts on the NtSuSy expression
in low light-affected tobacco leaves, meaning that melatonin
application promoted sucrose synthesis and inhibited sucrose
hydrolysis in low light-affected tobacco leaves, so increased
sucrose content was measured in melatonin-treated tobacco
leaves under low light.

Starch is another main product of photosynthesis apart from
sucrose. The biosynthesis of starch was mainly regulated by three
enzymes including AGPase catalyzing the glucose-1-phosphate to
yield ADP-glucose, and SSSase and GBSSase catalyzing the
generation of amylose and amylopectin from the ADP-glucose
(Hu et al, 2020), and the hydrolysis of starch into hexose was
mainly regulated by o-amylase and B-amylase (Hammond and
Burton, 1983). Low light increased the expression of NtSSS,
implying that low light could enhance the generation of
amylopectin from ADP-glucose. However, low light down-
regulated the expression of NtAGP (Figure 8), meaning that the
production of ADP-glucose was restricted, consequently inhibiting
starch biosynthesis. Moreover, the expression of NtGBSS was
restricted, which could further restrict the amylose biosynthesis.
Regarding starch degradation, although low light did not influence
B-amylase expression, but up-regulated a-amylase expression
(Figure 9), which could accelerate the hydrolysis of starch. These
could explain the lower leaf starch content in low light-affected
tobacco than control ones. Similarly, previous studies reported that
low light resulted in low leaf starch content in soybean (Feng et al.,
2019) and wheat (Yang et al.,, 2023). Melatonin application could
obviously up-regulated NtAGP and NtGBSS expressions in low
light-affected tobacco leaves, which could promote the starch
biosynthesis. Hence, melatonin application increased the content
of starch in low light-affected leaves. Moreover, despite the f-
amylase expression in low light-affected tobacco leaves was not
influenced by extra melatonin, the a-amylase expression in low
light-affected tobacco leaves was further enhanced by melatonin
application, which could promote the decomposition of starch into
glucose, explaining the higher glucose level in low light-affected
tobacco leaves with melatonin application than without
melatonin application.
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5 Conclusion

Low light led to lower plant height, stem thick, leaf number and
shoot biomass, while melatonin application promoted plant height,
leaf number and shoot biomass of low light-affected tobacco
seedlings. Leaf Ay was decreased by low light, while the Ay of
low light-affected tobacco was increased by melatonin application
via reducing both stomatal limitation and non-stomatal limitation.
Low light resulted in higher O, and H,0, contents in tobacco
leaves, damaging the Ay. Melatonin application up-regulated the
expression of NtSOD, NtPOD and NtCAT and promoted APX and
DHAR activities in low light-affected tobacco leave to lower O, and
H,O, contents. Since low light decreased the leaf Ay, lower leaf
sucrose and starch contents were measured under low light. And
the lower sucrose in low light-affected tobacco leaves was attributed
to the inhibited sucrose synthesis caused by down-regulated NtSPS,
and the accelerated sucrose hydrolysis caused by up-regulated
NtCWINV. The lower starch in low light-affected tobacco leaves
was related to the inhibited starch synthesis caused by down-
regulated NtAGP and NtGBSS expressions, and the accelerated
starch hydrolysis caused by up-regulated o-amylase. Melatonin
application could up-regulate NtSPS expression to promote
sucrose synthesis and down-regulate NtCWIN to inhibit sucrose
hydrolysis in low light-affected tobacco leaves, enhancing leaf
sucrose content of tobacco under low light. Melatonin application
up-regulated NtAGP and NtGBSS expressions to enhance the starch
biosynthesis, finally increasing leaf starch content for low light-
affected tobacco seedlings. Therefore, our study found that
exogenous melatonin can alleviate harmful impacts of low light
on tobacco seedlings by regulating antioxidant metabolism and
carbohydrate metabolism. Of course, the effect of melatonin on the
carbohydrate metabolism of cotton seedlings under low light
conditions may also affect the energy metabolism of the seedlings
to influence the growth of tobacco seedlings, because carbohydrates
are the material basis for energy metabolism. This can be further
explored in future research.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

References

Abdel-Wahab, T. I, and Abd El-Rahman, R. A. (2016). Response of some soybean
cultivars to low light intensity under different intercropping patterns with maize. Int. J.
Appl. Agric. Sci. 2, 21-31. doi: 10.11648/j.ijaas.20160202.11

Bajwa, V. S, Shukla, M. R,, Sherif, S. M., Murch, S. J., and Saxena, P. K.. (2014). Role
of melatonin in alleviating cold stress in Arabidopsis thaliana. ]. Pineal Res. 56, 238
245. doi: 10.1111/jpi.12115

Dawood, M. G., and El-Awadi, M. E. (2015). Alleviation of salinity stress on Vicia
faba L. plants via seed priming with melatonin. Acta Biol. Colombiana 20, 223-235.
doi: 10.15446/ABC.V20N2.43291

Frontiers in Plant Science

11

10.3389/fpls.2025.1666102

Author contributions

WX: Conceptualization, Investigation, Methodology, Writing -
original draft. PL: Investigation, Methodology, Writing — original
draft. TP: Methodology, Writing - original draft. QL: Investigation,
Writing - original draft. HH: Investigation, Writing - review &
editing. YL: Funding acquisition, Resources, Writing — review &
editing. ZW: Funding acquisition, Methodology, Project
administration, Resources, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the Innovation Project of Henan Academy of Agricultural
Sciences(2025ZC097).

Conflict of interest

Authors Pl and TP were employed by Henan Provincial
Tobacco Company.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Demirevska, K., Simova-Stoilova, L., Fedina, I., Georgieva, K., and Kunert, K.. (2010).
Response of oryzacystatin I transformed tobacco plants to drought, heat and light
stress. J. Agron. Crop Sci. 196, 90-99. doi: 10.1111/j.1439-037X.2009.00396.x

Ding, X, Jiang, Y., Wang, H. J,, Jin, H,, Zhang, H., Chen, C, et al. (2013). Effects of
cytokinin on photosynthetic gas exchange, chlorophyll fluorescence parameters,
antioxidative system and carbohydrate accumulation in cucumber (Cucumis sativus L.)
under low light. Acta Physiol. Plantarum 35, 1427-1438. doi: 10.1007/s11738-012-1182-9

Djanaguiraman, M., Annie Sheeba, J., Durga Devi, D., and Bangarusamy, U.. (2009).
Cotton leaf senescence can be delayed by nitrophenolate spray through enhanced

frontiersin.org


https://doi.org/10.11648/j.ijaas.20160202.11
https://doi.org/10.1111/jpi.12115
https://doi.org/10.15446/ABC.V20N2.43291
https://doi.org/10.1111/j.1439-037X.2009.00396.x
https://doi.org/10.1007/s11738-012-1182-9
https://doi.org/10.3389/fpls.2025.1666102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al.

antioxidant defence system. J. Agron. Crop Sci. 195, 213-224. doi: 10.1111/j.1439-
037X.2009.00360.x

Dubbels, R., Reiter, R. J., Klenke, E., Goebel, A., Schnakenberg, E., Ehlers, C., et al.
(1995). Melatonin in edible plants identified by radioimmunoassay and by high
performance liquid chromatography-mass spectrometry. J. Pineal Res. 18, 28-31.
doi: 10.1111/j.1600-079X.1995.tb00136.x

Feng, L., Raza, M. A, Li, Z,, Chen, Y. K., Muhammad, H. B., Du, J,, et al. (2019). The
influence of light intensity and leaf movement on photosynthesis characteristics and
carbon balance of soybean. Front. Plant Sci. 9, 1952. doi: 10.3389/fpls.2018.01952

Foyer, C. H., and Noctor, G. (2005). Oxidant and antioxidant signalling in plants: a
re-evaluation of the concept of oxidative stress in a physiological context. Plant Cell
Environ. 28, 1056-1071. doi: 10.1111/j.1365-3040.2005.01327.x

Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery
in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909-930.
doi: 10.1016/j.plaphy.2010.08.016

Hammond, J. B., and Burton, K. S. (1983). Leaf starch metabolism during the growth
of pepper (Capsicum annuum) plants. Plant Physiol. 73, 61-65. doi: 10.1104/pp.73.1.61

Hendrix, D. L., and Huber, S. C. (1986). Diurnal fluctuations in cotton leaf carbon
export, carbohydrate content, and sucrose synthesizing enzymes. Plant Physiol. 81,
584-586. doi: 10.1104/pp.81.2.584

Hu, W,, Cao, Y., Loka, D. A., Karen, R. H., Russel, J. R,, Saif, A., et al. (2020).
Exogenous melatonin improves cotton (Gossypium hirsutum L.) pollen fertility under
drought by regulating carbohydrate metabolism in male tissues. Plant Physiol. Biochem.
151, 579-588. doi: 10.1016/j.plaphy.2020.04.001

Hu, Z, Fan, ], Xie, Y., Amombo, E., Liu, A., Gitau, M. M., et al. (2016¢). Comparative
photosynthetic and metabolic analyses reveal mechanism of improved cold stress
tolerance in Bermudagrass by exogenous melatonin. Plant Physiol. Biochem. 100, 94—
104. doi: 10.1016/j.plaphy.2016.01.008

Hu, W, Jiang, N., Yang, J., Meng, Y., Wang, Y., Chen, B., et al. (2016a). Potassium
(K) supply affects K accumulation and photosynthetic physiology in two cotton
(Gossypium hirsutum L.) cultivars with different K sensitivities. Field Crops Res. 196,
51-63. doi: 10.1016/j.fcr.2016.06.005

Hu, W., Loka, D. A, Fitzsimons, T. R., Zhou, Z., and Oosterhuis, D. M.. (2018).
Potassium deficiency limits reproductive success by altering carbohydrate and protein
balances in cotton (Gossypium hirsutum L.). Environ. Exp. Bot. 145, 87-94.
doi: 10.1016/j.envexpbot.2017.10.024

Hu, W, Loka, D. A, Luo, Y., Yu, H,, Wang, S., and Zhou, Z.. (2025). CYTOKININ
DEHYDROGENASE suppression increases intrinsic water-use efficiency and
photosynthesis in cotton under drought. Plant Physiol. 197, kiaf081. doi: 10.1093/
plphys/kiaf081

Hu, W,, Loka, D. A,, Yang, Y., Wu, Z,, Wang, J., Liu, L., et al. (2024). Partial root-zone
drying irrigation improves intrinsic water-use efficiency and maintains high
photosynthesis by uncoupling stomatal and mesophyll conductance in cotton leaves.
Plant Cell Environ. 47, 3147-3165. doi: 10.1111/pce.14932

Hu, W, Lv, X,, Yang, J., Chen, B., Zhao, W., Meng, Y., et al. (2016b). Effects of
potassium deficiency on antioxidant metabolism related to leaf senescence in cotton
(Gossypium hirsutum L.). Field Crops Res. 191, 139-149. doi: 10.1016/j.fcr.2016.02.025

Hu, W., Zhang, J., Wu, Z., Loka, D. A., Zhao, W., Chen, B,, et al. (2022). Effects of
single and combined exogenous application of abscisic acid and melatonin on cotton
carbohydrate metabolism and yield under drought stress. Ind. Crops Prod. 176, 114302.
doi: 10.1016/j.indcrop.2021.114302

Hu, W., Zhang, J., Yan, K., Zhou, Z., Zhao, W., Zhang, X,, et al. (2021). Beneficial
effects of abscisic acid and melatonin in overcoming drought stress in cotton
(Gossypium hirsutum L.). Physiol. Plantarum 173, 2041-2054. doi: 10.1111/ppl.13550

Lerner, A. B., Case, J. D., Takahashi, Y., Lee, T. H., and Mori, W.. (1958). Isolation of
melatonin, the pineal gland factor that lightens melanocyteS1. J. Am. Chem. Soc. 80,
2587-2587. doi: 10.1021/ja015432060

Li, X., Brestic, M., Tan, D. X., Zivcak, M., Zhu, X,, Liu, S., et al. (2018). Melatonin
alleviates low PS I-limited carbon assimilation under elevated CO, and enhances the

cold tolerance of offspring in chlorophyll b-deficient mutant wheat. J. Pineal Res. 64,
€12453. doi: 10.1111/pi.12453

Li, Y., Liu, Y., and Zhang, J. (2010). Advances in the research on the AsA-GSH cycle
in horticultural crops. Front. Agric. China 4, 84-90. doi: 10.1007/s11703-009-0089-8

Li, ], Xie, J., Yu, J., Lyv, J., Zhang, J., Ding, D., et al. (2022). Melatonin enhanced low-
temperature combined with low-light tolerance of pepper (Capsicum annuum L.)
seedlings by regulating root growth, antioxidant defense system, and osmotic
adjustment. Front. Plant Sci. 13, 998293. doi: 10.3389/fpls.2022.998293

Liang, C., Zheng, G., Li, W., Wang, Y., Hu, B, Wang, H., et al. (2015). Melatonin
delays leaf senescence and enhances salt stress tolerance in rice. J. Pineal Res. 59, 91—
101. doi: 10.1111/jpi.12243

Liu, H,, Tu, N,, Zhang, W., Yi, ], Yin, H., and Chen, Y.. (2015). Influences of different
intercropping modes on yield and quality of flue-cured tobacco. Crop Res. 29, 254-258.
doi: 10.3969/j.issn.1001-5280.2015.03.09

Frontiers in Plant Science

12

10.3389/fpls.2025.1666102

Liu, Y.J.,, Zhang, W., Wang, Z. B., Ma, L., Guo, Y. P,, Ren, X. 1, et al. (2019). Influence
of shading on photosynthesis and antioxidative activities of enzymes in apple trees.
Photosynthetica 57, 857-865. doi: 10.32615/ps.2019.081

Livak, K. J., and Schmittgen, T. D. (2001). Analgsjs of relative gene expression data
using real-time quantitative PCR and the 27**“" method. Methods 25, 402-408.
doi: 10.1006/meth.2001.1262

Lu, T,, Yu, H, Li, Q,, Chai, L., and Jiang, W.. (2019). Improving plant growth and
alleviating photosynthetic inhibition and oxidative stress from low-light stress with
exogenous GR24 in tomato (Solanum lycopersicum L.) seedlings. Front. Plant Sci. 10,
490. doi: 10.3389/fpls.2019.00490

Nawaz, M. A,, Huang, Y., Bie, Z., Ahmed, W., Reiter, R. J,, Niu, M., et al. (2016).
Melatonin: current status and future perspectives in plant science. Front. Plant Sci. 6,
1230. doi: 10.3389/fpls.2015.01230

Proietti, S., Paradiso, R., Moscatello, S., Saccardo, F., and Battistelli, A.. (2023). Light
intensity affects the assimilation rate and carbohydrates partitioning in spinach grown
in a controlled environment. Plants 12, 804. doi: 10.3390/plants12040804

Qian, Y., Tan, D. X,, Reiter, R. J., and Shi, H.. (2015). Comparative metabolomic
analysis highlights the involvement of sugars and glycerol in melatonin-mediated
innate immunity against bacterial pathogen in Arabidopsis. Sci. Rep. 5, 15815.
doi: 10.1038/srep15815

Raza, M. A, Feng, L. Y., Igbal, N,, Khan, I, Khan, T. A, Xi, Z. J., et al. (2020). Effects
of contrasting shade treatments on the carbon production and antioxidant activities of
soybean plants. Funct. Plant Biol. 47, 342-354. doi: 10.1071/FP19213

Reiter, R. J., Tan, D. X,, and Fuentes-Broto, L. (2010). Melatonin: a multitasking
molecule. Prog. Brain Res. 181, 127-151. doi: 10.1016/S0079-6123(08)81008-4

Shi, Y., Fan, X, Sun, Y., Yu, Z,, Huang, Y., Li, D,, et al. (2024). Short-term evaluation
of woodland strawberry in response to melatonin treatment under low light
environment. Horticulturae 10, 118. doi: 10.3390/horticulturae10020118

Shi, H.,, Jiang, C., Ye, T., Reiter, R. J., and Chan, Z.. (2015a). Comparative
physiological, metabolomic, and transcriptomic analyses reveal mechanisms of
improved abiotic stress resistance in Bermudagrass [Cynodon dactylon (L). Pers.] by
exogenous melatonin. J. Exp. Bot. 66, 681-694. doi: 10.1093/jxb/eru373

Shi, H,, Tan, D. X,, Reiter, R. ], Ye, T., Yang, F., and Chan, Z.. (2015b). Melatonin
induces class Al heat-shock factors (HSFA 1s) and their possible involvement of
thermotolerance in Arabidopsis. J. Pineal Res. 58, 335-342. doi: 10.1111/jpi.12219

Tang, W., Guo, H., Baskin, C. C,, Xiong, W., Yang, C,, Li, Z,, et al. (2022). Effect of
light intensity on morphology, photosynthesis and carbon metabolism of alfalfa
(Medicago sativa) seedlings. Plants 11, 1688. doi: 10.3390/plants11131688

Toldi, D., Gyugos, M., Darko, E., Szalai, G., Gulyas, Z., Gierczik, K., et al. (2019).
Light intensity and spectrum affect metabolism of glutathione and amino acids at
transcriptional level. PloS One 14, €0227271. doi: 10.1371/journal.pone.0227271

Wu, X, Khan, R, Gao, H,, Liu, H,, Zhang, J., and Ma, X.. (2021). Low light alters the
photosynthesis process in cigar tobacco via modulation of the chlorophyll content,
chlorophyll fluorescence, and gene expression. Agriculture 11, 755. doi: 10.3390/
agriculture11080755

Yang, H., Dong, B., Wang, Y., Qiao, Y., Shi, C,, Jin, L., et al. (2020). Photosynthetic

base of reduced grain yield by shading stress during the early reproductive stage of two
wheat cultivars. Sci. Rep. 10, 14353. doi: 10.1038/541598-020-71268-4

Yang, Y., Han, C,, Liu, Q,, Lin, B., and Wang, J.. (2008). Effect of drought and low
light on growth and enzymatic antioxidant system of Picea asperata seedlings. Acta
Physiol. Plantarum 30, 433-440. doi: 10.1007/s11738-008-0140-z

Yang, W, Li, X,, Chang, F., et al. (2025). Low light reduces saffron corm yield by
inhibiting starch synthesis. Front. Plant Sci. 16, 1544054. doi: 10.3389/fpls.2025.1544054
Yang, Y., Yang, X,, Dai, K,, He, S., Zhao, W., Wang, S,, et al. (2024). Nanoceria-
induced variations in leaf anatomy and cell wall composition drive the increase in

mesophyll conductance of salt-stressed cotton leaves. Plant Physiol. Biochem. 216,
109111. doi: 10.1016/j.plaphy.2024.109111

Yang, H., Zhao, J., Ma, H., Shi, Z., Huang, X,, and Fan, G.. (2023). Shading affects the
starch structure and digestibility of wheat by regulating the photosynthetic light response of
flag leaves. Int. J. Biol. Macromol. 236, 123972. doi: 10.1016/j.ijbiomac.2023.123972

Yu, H,, Luo, Y., Cao, N., Wang, S., Zhou, Z., and Hu, W.. (2024). Drought-induced
cell wall degradation in the base of pedicel is associated with accelerated cotton square
shedding. Plant Physiol. Biochem. 214, 108894. doi: 10.1016/j.plaphy.2024.108894

Zervoudakis, G., Salahas, G., Kaspiris, G., and Konstantopoulou, E.. (2012). Influence of
light intensity on growth and physiological characteristics of common sage (Salvia
officinalis L.). Braz. Arch. Biol. Technol. 55, 89-95. doi: 10.1590/81516-89132012000100011

Zhang, ], Cheng, M., Cao, N,, Li, Y., Wang, S., Zhou, Z,, et al. (2023). Drought stress and
high temperature affect the antioxidant metabolism of cotton (Gossypium hirsutum L.)
anthers and reduce pollen fertility. Agronomy 13, 2550. doi: 10.3390/agronomy13102550

Zhang, S. G., Han, S. Y., Yang, W. H., Wei, H., Zhang, M., and Qj, L.. (2010). Changes
in H,O, content and antioxidant enzyme gene expression during the somatic
embryogenesis of Larix leptolepis. Plant Cell Tissue Organ Cult. (PCTOC) 100, 21—
29. doi: 10.1007/s11240-009-9612-0

frontiersin.org


https://doi.org/10.1111/j.1439-037X.2009.00360.x
https://doi.org/10.1111/j.1439-037X.2009.00360.x
https://doi.org/10.1111/j.1600-079X.1995.tb00136.x
https://doi.org/10.3389/fpls.2018.01952
https://doi.org/10.1111/j.1365-3040.2005.01327.x
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1104/pp.73.1.61
https://doi.org/10.1104/pp.81.2.584
https://doi.org/10.1016/j.plaphy.2020.04.001
https://doi.org/10.1016/j.plaphy.2016.01.008
https://doi.org/10.1016/j.fcr.2016.06.005
https://doi.org/10.1016/j.envexpbot.2017.10.024
https://doi.org/10.1093/plphys/kiaf081
https://doi.org/10.1093/plphys/kiaf081
https://doi.org/10.1111/pce.14932
https://doi.org/10.1016/j.fcr.2016.02.025
https://doi.org/10.1016/j.indcrop.2021.114302
https://doi.org/10.1111/ppl.13550
https://doi.org/10.1021/ja01543a060
https://doi.org/10.1111/jpi.12453
https://doi.org/10.1007/s11703-009-0089-8
https://doi.org/10.3389/fpls.2022.998293
https://doi.org/10.1111/jpi.12243
https://doi.org/10.3969/j.issn.1001-5280.2015.03.09
https://doi.org/10.32615/ps.2019.081
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fpls.2019.00490
https://doi.org/10.3389/fpls.2015.01230
https://doi.org/10.3390/plants12040804
https://doi.org/10.1038/srep15815
https://doi.org/10.1071/FP19213
https://doi.org/10.1016/S0079-6123(08)81008-4
https://doi.org/10.3390/horticulturae10020118
https://doi.org/10.1093/jxb/eru373
https://doi.org/10.1111/jpi.12219
https://doi.org/10.3390/plants11131688
https://doi.org/10.1371/journal.pone.0227271
https://doi.org/10.3390/agriculture11080755
https://doi.org/10.3390/agriculture11080755
https://doi.org/10.1038/s41598-020-71268-4
https://doi.org/10.1007/s11738-008-0140-z
https://doi.org/10.3389/fpls.2025.1544054
https://doi.org/10.1016/j.plaphy.2024.109111
https://doi.org/10.1016/j.ijbiomac.2023.123972
https://doi.org/10.1016/j.plaphy.2024.108894
https://doi.org/10.1590/S1516-89132012000100011
https://doi.org/10.3390/agronomy13102550
https://doi.org/10.1007/s11240-009-9612-0
https://doi.org/10.3389/fpls.2025.1666102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al.

Zhang, J., Loka, D. A, Wang, J., Ran, Y., Shao, C,, Tuersun, G,, et al. (2024). Co-
occurring elevated temperature and drought stress inhibit cotton pollen fertility by
disturbing anther carbohydrate and energy metabolism. Ind. Crops Prod. 208, 117894.
doi: 10.1016/j.indcrop.2023.117894

Zhang, N., Zhang, H. J,, Sun, Q. Q,, Cao, Y. Y, Li, X,, Zhao, B,, et al. (2017). Proteomic
analysis reveals a role of melatonin in promoting cucumber seed germination under high
salinity by regulating energy production. Sci. Rep. 7, 503. doi: 10.1038/s41598-017-00566-1

Frontiers in Plant Science

13

10.3389/fpls.2025.1666102

Zhao, H.,, Su, T., Huo, L., Wei, H,, Jiang, Y., Xu, L, et al. (2015). Unveiling the
mechanism of melatonin impacts on maize seedling growth: sugar metabolism as a
case. J. Pineal Res. 59, 255-266. doi: 10.1111/jpi.12258

Zhu, H,, Li, X,, Zhai, W., Zou, J., He, J., Wang, Y., et al. (2017). Effects of low light on
photosynthetic properties, antioxidant enzyme activity, and anthocyanin accumulation
in purple pakchoi (Brassica campestris ssp. Chinensis Makino). PloS One 12, €0179305.
doi: 10.1371/journal.pone.0179305

frontiersin.org


https://doi.org/10.1016/j.indcrop.2023.117894
https://doi.org/10.1038/s41598-017-00566-1
https://doi.org/10.1111/jpi.12258
https://doi.org/10.1371/journal.pone.0179305
https://doi.org/10.3389/fpls.2025.1666102
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Melatonin application alleviates adverse effects of low light on tobacco seedlings via enhancing antioxidant and carbohydrate metabolism
	1 Introduction
	2 Materials and methods
	2.1 Treatments and sampling
	2.2 Determination of morphological traits
	2.3 Measurement of photosynthesis
	2.4 Assay of ROS and malondialdehyde contents
	2.5 Determination of carbohydrates
	2.6 Assay of APX and DHAR activities
	2.7 Relative expression of genes
	2.8 Data analyses

	3 Results
	3.1 Influences of melatonin on agronomic traits of low light-affected tobacco seedlings
	3.2 Influences of melatonin on the photosynthesis of low light-affected tobacco seedlings
	3.3 Influences of melatonin on ROS and MDA contents of low light-affected tobacco seedlings
	3.4 Influences of melatonin on antioxidant system of low light-affected tobacco seedlings
	3.5 Influences of melatonin on leaf carbohydrate metabolism of low light-affected tobacco seedlings

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




