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Melatonin (MT) is an important biologically active hormone that plays a vital role
in plant growth and development. In particular, it has been investigated for its
roles in abiotic stress management. In this study, pepper seedlings were
subjected to low-temperature combined with low-light stress (LL) (15/5°C,
100 pmol m™2s™) prior to a foliar spray of 200mM MT for 168h to investigate the
protective role of MT in pepper seedlings. Our results demonstrated that LL
stress negatively affected root growth, and accelerated the accumulation of
reactive oxygen species (ROS), including H,O, and O3, changed the osmolytes
contents, and antioxidative system. However, these were reversed by
exogenous MT application. MT effectively promoted the root growth as
indicated by significant increase in root length, surface area, root volume,
tips, forks, and crossings. In addition, MT reduced the burst of ROS and MDA
contents induced by LL, enhanced the activities of SOD, CAT, POD, APX, DHAR,
and MDHAR resulted by upregulated expressions of CaSOD, CaPOD, CaCAT,
CaAPX, CaDHAR, and CaMDHAR, and elevated the contents of AsA and GSH,
declined DHA and GSSH contents, which prevented membrane lipid
peroxidation and protected plants from oxidative damages under LL stress.
Furthermore, seedlings treated with MT released high contents of soluble sugar
and soluble protein in leave, which might enhance LL tolerance by maintaining
substance biosynthesis and maintaining cellular homeostasis resulted by high
levels of osmolytes and carbohydrate in the cytosol. Our current findings
confirmed the mitigating potential of MT application for LL stress by
promoting pepper root growth, improving antioxidative defense system,
ascorbate-glutathione cycle, and osmotic adjustment.
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1 Introduction

The growth of pepper (Capsicum annuum L.) is closely
related to suitable external conditions including light,
temperature, water, gas, fertilizer and other factors (Eom et al,
2010). Pepper is a typically thermophilous and heliophilic
vegetable that originated from South Africa. It is mainly
cultivated in protected facilities out of season during the
winter-spring season, especially in northwest China. Due to
the limited heat preservation performance and poor
controllability of solar greenhouses, temperature and light are
often difficult to reach the level needed for growth and
development of pepper (Ou et al, 2015; Li et al., 2021; Tang
et al., 2021). Low-temperature combined with low-light stress
(LL) not only seriously affects the yield and quality of pepper, but
also decreases the production and management costs.

Chilling stress decrease the plant root growth by decreasing
the biomass of the roots, and this root growth inhibition is
contributed to the constrain of cell elongation and differentiation
shape of root cells (Nagasuga et al, 2011; Zhu et al.,, 2015;
Yamori et al,, 2022). In contrast, light regime affects the root
distribution, and low light leads to longer but less branched roots
in plants (Page et al., 2012). Besides, the cell membrane is the
first place where plants are damaged by low-temperature stress.
Low-temperature stress leads to changes of the membrane phase,
decreased fluidity, and increased cell membrane permeability,
eventually causing ion metabolism disorders as a result of
cytoplasmic exudation (Barrero-Sicilia et al., 2017). In
addition, under low-temperature stress, reactive oxygen species
(ROS) react with unsaturated fatty acids in the cell membrane to
produce malondialdehyde (MDA) (Dey et al., 2021). The
decreased of ROS scavenging ability of plants under low-
temperature stress leads to the production of a large number
of MDA, and finally changes the structure and function of
membrane proteins (Lado et al, 2016; Chen et al, 2018).

Abbreviations: APX, ascorbate peroxidase; AsA, reduced ascorbic acid; AsA-
GSH, reduced ascorbic acid- reduced glutathione; CAT, catalase; DHA,
dehydroascorbate; DHAR, dehydroascorbate reductase; GR, glutathione
reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; H,O,,
hydrogen peroxide; low-temperature combined with low-light (LL); MDA,
malondialdehyde; MDHAR, monodehydroascorbate reductase; MT,
melatonin; NBT, nitroblue tetrazolium; O3, superoxide anion radical; POD,
peroxidase; qRT-PCR, quantitative real-time polymerase chain reaction;

ROS, reactive oxygen species; SOD, superoxide dismutase.
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Under stress, plants will activate the enzymatic defense system,
which can significantly increase the activities of defense enzymes
such as superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), ascorbate peroxidase (APX), glutathione reductase (GR),
dehydroascorbate reductase (DHAR), monodehydroascorbate
reductase (MDHAR), and ascorbate-glutathione (AsA-GSH)
cycle and key genes expressions, and eliminate excess free
radicals to protect from the injury caused by stress (Zhao
et al., 2016). In addition, light intensity directly affects plant
growth characteristics and plant metabolism. Weak light causes
a significant increase in ROS, which in turn leads to an increase
in MDA, resulting in changes in the antioxidant activity of a
series of enzymes, and osmotic regulation (Meng et al., 2017;
Mclay et al, 2018). However, studies on the effects of low-
temperature combined with low-light stress on the root and
antioxidant defense system of pepper plants are not available.

Melatonin (N-acetyl-5-methoxytryptamine, MT) is an
indole hormone with multiple functions and is ubiquitously
present in animals, plants, and algae (Hattori et al., 1995).
Endogenous MT plays a vital role in plants, such as
regulating seed germination, plant growth, root system
architecture (root elongation, adventitious root formation, and
lateral development), and circadian rhythm (Park and Back,
2012; Zhang et al,, 2013; Balabusta et al., 2016). Additionally,
MT acts as an endogenous oxygen free radical scavenger that can
eliminate excessive ROS caused by stress, improve the activity of
antioxidant enzyme and the regulation ability of the ASA-GSH
system, and inhibit the content of H,O, and O, in plants
protecting plants from oxidative damage (Zhang N. et al,
2015; Xu et al., 2016; Chen et al., 2017; Li et al., 2019a;
Moustafa-Farag et al., 2020; Zeng et al., 2022). Numerous
studies have proved the antioxidative effect of MT on rice,
cucumber, tomato, maize, Coffea arabica L., and Camellia
sinensis L. (Debnath et al,, 2018; Li et al., 2018; Wei et al,,
2018; Ahammed et al., 2019; Ahmad et al., 2019; Campos et al,,
2019; Ahammed et al., 2020; Wang et al., 2020; Zhang T. et al,,
2020; Yan et al,, 2021). Therefore, MT regulates the metabolic
process of plants to improve plant resistance, and effectively
alleviate many stresses such as low temperature, high
temperature, drought, and salinity (Li et al., 2017; Zhang et al,
2017a; Sharma and Zheng, 2019; Ren et al., 2020; Wang et al.,
2020; Imran et al., 2021).

Although much distinct progress has been made in exploring
the role of MT in response to abiotic stress, little is known about
the mechanism of MT on LL tolerance in pepper. In this study, the
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impacts of exogenous MT pre-application on the root structure,
H,0,, O3, and MDA contents; soluble sugar and soluble protein
contents; as well as activities of SOD, POD, CAT, APX, DHAR,
MDHAR, and contents of AsA, DHA, GSH, GSSH of pepper
seedlings under LL stress were investigated to elucidate the
possible mechanism of MT involved in response to LL.

2 Materials and methods

2.1 Plant materials, and
growth conditions

Two geminated pepper seeds (Capsicum annuum L.) cv.
‘Hangjiao 4’ (purchased from Tianshui Academy of Agricultural
Sciences) were sown in substrate (vermiculite: grass carbon: cow
dung = 3:1:1). The growth conditions were maintained at 28°C/
18°C (day/night) temperature with relative humidity of 70%-
80% under 12h photoperiod (300pumol m™2 s™!) in the
greenhouse of Gansu Agricultural University (N36°05°39.867,
E103°42’31.09”). The plants were watered every day, and
fertilized with 1/2 Hoagland nutrient solution once a week.

2.2 Treatments

Pepper seedlings at the five-leaf stage were selected for stress
treatments. Four treatments were conducted in this study
including (1) CK, 28 °C/18 °C, 300 umol m™> s™', distilled
water; (2) CK+MT 28 °C/18 °C, 300 pumol m™? s, 200 uM
MT; (3) LL, 15°C/5°C, 100 umol m~2 s}, distilled water; and (4)
LL+MT, 15 °C/5 °C, 100 umol m™ s, 200 uM MT. The
melatonin (Sigma-Aldrich, USA) was dissolved in little ethanol
followed by dilution with distilled water [ethanol/water (v/v) =
1/10,000]. All solutions contained 1% Tween 80 and each spray
was carried out at 8:00 pm for four continuous days, while
control seedlings were instead of equal amounts of distilled
water. After that, the seedlings were transferred to an artificial
climate incubator (RDN-400E-4, Zhejiang, China) for different
temperature and light stresses. The third expanded pepper leaves
were collected randomly, then frozen in liquid nitrogen, and
kept at -80 °C for physiological and biochemical analysis after 0,
6, 12, 24, 48, and 168h of the treatment. Each treatment was
repeated three times with 30 plants per replicate.

2.3 Root structure

The root structure was scanned by using a root scanner
(Epson). The root length, root surface area, root volume, tips,
forks, and crossing of pepper seedlings treated for 168h were
determined using WinRHIZO software (LC4800-II LA2400,
Sainte Foy, Canada) (Zhang et al,, 2013).
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2.4 Histochemical staining and analyses
of ROS and MDA content

Superoxide anion (O;) was detected visually by treating leaves
with nitro blue tetrazolium (NBT) after 168h as described by Tang
etal. (2021). Pepper leaves during five-leaf stage of 0.1g grounded
into powders with liquid nitrogen was used to measure O, and
H,O, content in accordance with the instructions of reagent kits
after 0, 6, 12, 24, 48, and 168 h (Suzhou Keming Biotechnology
Co., Ltd, China). Finally, the absorbances of samples were
measured at 530nm and 415nm, respectively. The MDA content
was determined using the thiobarbituric acid method via detecting
the absorbance at 450, 532, and 600nm according to the method
of Kong et al. (2014).

2.5 Analyses of osmotic
adjustment substances

Soluble sugar was determined using the anthrone method
based on a precious study (Shi et al., 2015). In brief, 0.1g of fresh
pepper leaves was added to 2mL of 80% ethanol, and boiled for
30 min. Then 100pL of the extracts was added to 2mL anthrone,
followed by boiling water bath for 10min. The absorbance of the
above mixture was measured at 620 nm wavelength with a
spectrophotometer. Total soluble proteins were determined with
the Bradford reagent. The absorbance at 595 nm was recorded,
and the soluble protein level was calculated according to the
standard curve (Bradford, 1976).

2.6 Extractions and assays of
antioxidant enzymes

2.6.1 Activity of SOD, POD, and CAT

About 0.5g of fresh leaves and 0.1 g of quartz sands were
homogenized in 5.0 mL of 50mM phosphate buffer (pH 7.5)
containing 0.1mM ethylene diamine tetraacetic acid and 5.0%
(w/v) polyvinylpyrrolidone with a cold mortar. Then they were
transferred into centrifugal tubes, and centrifuged at 15,0008 for
15 min under 4°C. The supernatants were used for
measurements of SOD, POD, CAT. All of these antioxidant
enzymes were assayed according to the instruction of the reagent
kits (Suzhou Keming Biotechnology Co., Ltd, China). The
activities of enzymes were determined by observing at 470,
560, and 240 nm, respectively.

2.6.2 Determination of ASA-GSH cycle
contents and key enzymes

The contents of antioxidant, including reduced ascorbic acid
(AsA), dehydroascorbate (DHA), reduced glutathione (GSH)
(Kong et al,, 2014), and oxidized glutathione (GSSG), and the
activities of key enzymes in AsA-GSH, including APX, MDHAR,
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DHAR were determined by using reagent kits purchased from
Suzhou Keming Biotechnology Company (China).

2.7 Data validation and gene expression
analysis by quantitative real-time
polymerase chain reaction (QRT-PCR)

The transcript levels of genes, including CaSOD, CaPOD,
CaCAT, CaAPX, CaDHAR, and CaMDHAR, in pepper leaves were
determined by qRT-PCR. Total RNA from fresh pepper leaves was
extracted by using an RNAprep Pure Plant kit (Tiangen Biotech Co.,
Ltd., Shanghai, China). The RNA quality and concentration were
detected by Nanodrop 2000 (Thermo, MA, USA). RNA of 0.5
micrograms was reverse-transcribed into cDNA using the cDNA
Synthesis Kit (Takara Biotech Co., Ltd., Dalian, China). Oligo7
software was used to design primers, and the primer sequence of
target genes is provided in Table SI. Finally, qRT-PCR was
performed using the TransStart Green qPCR SuperMix reagent Kit
(TransGen Biotech, Beijing, China) on a LightCycler 480 II system
(Roche, Switzerland). The reaction conditions include 30 s
preincubation at 94°C, followed by 40 cycles at 95°C for 5 s, 60°C
for 30 s, and 72°C for 15 s. Each sample was measured with three
technical replicates. Actin was used as an internal reference gene and
the relative expressions of the relative expressions of target genes were
analyzed using the 22 method (Livak and Schmittgen, 2001).

3 Statistical analysis

All experiments were conducted using three biological repeats.
Duncan’s multiple comparison test at a significance level of P <
0.05 was carried out using SPSS19.0 software (IBM SPSS 22.0, IBM
Corporation, New York, USA) for statistical analysis. The figures
were generated in Origin ver. 8.5 and Adobe Photoshop CS 6.

4 Results

4.1 Effect of exogenous MT on root
morphology and growth in pepper
under LL stress

After 168 h, no significant changes in root growth of pepper
seedlings were observed under CK and CK+MT; however, LL

10.3389/fpls.2022.998293

stress conditions severely hampered the root growth, which was
reversed by MT pre-spraying (Table 1 and Figure 1). The root
length, surface area, root volume, tips, forks, and crossing of
pepper seedlings pre-sprayed with MT showed no significant
changes under normal conditions compared with those under
CK. However, LL stress remarkably reduced the root length,
surface area, root volume, tips, forks, and crossing of pepper
seedlings by 58.14, 69.08, 76.67, 42.14, 76.45, and 74.85%,
respectively, compared with CK. Compared with LL, the root
volume, root length, surface area, tips, forks, and crossing were
increased by 69.55, 105.25, 142.86, 67.60, 142.92, and 164.75%,
respectively, after pre-application of MT. Except the root
volume, all parameters reached significant levels (P < 0.05).

4.2 Effect of exogenous MT on ROS
accumulation in pepper under LL stress

Histochemical detection of O; contents in pepper leaves was
performed by using NBT staining. As shown in Figure 2A, the
blue areas and depth of pepper leaves were the highest under LL
treatment for 168h. However, this was reversed by MT
pretreatment. The blue area was obviously reduced and only
spread over half of the leaf. This finding was consistent with that
shown in Figures 2B, C wherein the O; and H,0, contents
significantly accumulated under LL stress, gradually increased
over time, and reached highest contents after 168h with 1.24-
fold and 2.49-fold of CK, respectively. Both O; and H,0O,
contents in leaves of seedlings treated under LL were still the
highest among four treatments after 6, 12, 24, 48, and 168 h.
However, MT pre-spraying reduced the ROS contents of pepper
leaves under LL. The contents of O; and H,O, significantly
decreased by 18.33, 18.39, 19.24, 14.49 and 21.41%, and 29.95,
24.41, 2291, 13.60 and 15.72% after 6, 12, 24, 48 and
168h, respectively.

4.3 Effect of exogenous MT on soluble
sugar, soluble protein, and MDA in
pepper leaves under LL stress

The effect of MT on soluble sugar, soluble protein, and MDA
is displayed in Figure 3. Under LL stress, the soluble sugar
content significantly decreased (P < 0.05) at the first 6 h and then

TABLE 1 Effect of exogenous MT on the root growth in pepper under LL stress.

Treatment Length (cm) Surface Area (cm?) Root Volume (cm?) Tips Forks Crossings
CK 539.87 + 42.05a 77.64 + 11.45a 0.90 + 0.20a 480 + 35.51a 2760 + 476.30a 586.5 + 83.12a
CK+MT 558.57 + 37.00a 80.48 + 6.292 0.93 + 0.09a 563.25 + 48.32a 2711 + 328,59 568.5 + 98.29a
LL 226.01 + 28.94c 24.00 + 3.07¢ 0.21 + 0.04b 277.75 + 32.22b 650 + 91.11c 147.5 + 29.88b
LL+MT 383.21 + 19.47b 49.26 + 2.34b 0.51 + 0.03b 465.5 + 78.66a 1579 + 68.15b 3905 + 22.82a
Frontiers in Plant Science 04 frontiersin.org
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FIGURE 1
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LL+MT

Effect of exogenous MT on the root morphology in pepper under LL stress. CK (normal temperature and light, 28°C/18°C and 300 umol
photons m™2 s™), CK+MT (normal temperature and light, 28°C/18°C and 300 umol photons m=2 s 200 pmol L* melatonin), LL (low-
temperature combined with low-light, 15°C/5°C and 100 umol m™ s, and LL+MT (low—temperature combined with low-light, 15°C/5°C and
100 umol m™? s7%, 200 pumol L melatonin). Vertical bars represent the standard errors of the means (three replicates. Different letters denote
statistically significant differences among treatments within same time at a level of P < 0.05 by Duncan’s multiple comparison tests.

increased from 12 h to 168 h with contents ranging from
0.262 mg g FW to 0.845 mg g FW. Meanwhile, exogenous
MT significantly enhanced the content of soluble sugar at 6, 48,
and 168 h compared with LL, and the highest contents were
observed at 168 h (0.948 mg g FW, an increase of 12.22%). In
terms of soluble protein, LL greatly decreased the soluble protein
content at the first 24 h. Then, the content significantly increased
after 168 h. The highest soluble protein content was 29.14 mg g*
FW (an increase of 7.57%) at 168 h compared with CK. After the
application of MT under LL, the contents of soluble protein
significantly increased by 139.97, 125.82, 120.99, 82.71, and
59.47% at 6, 12, 24, 48, and 168 h, respectively However, the
MDA contents significantly increased gradually with time under
LL stress. Exogenous MT significantly decreased the LL-induced
increases in MDA content by 25, 20.50, 28.66, and 24.36% at 12,
24, 48, and 168 h, respectively.

4.4 Effect of exogenous MT on
antioxidant enzyme activity and the
relative expression of related genes in
pepper leaves under LL stress

The activities of SOD, POD, and CAT enzymes and the
relative expression of CaSOD, CaPOD, and CaCAT under
different treatments were investigated (Figure 4) in pepper
leaves to estimate the effects of MT pre-application. Obviously,
when exposed to LL stress, the SOD activity (Figure 4A) of
pepper leaves with and without MT significantly increased by
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57.12, 72.34, 40.17, and 21.81% at 6, 12, 24, and 48 h,
respectively, and then significantly decreased by 54.38% at
168 h in contrast to CK. The SOD activity with MT
pretreatment showed the same tendency under LL. Notably,
the SOD activity increased significantly by 6.27 and 74.26% at
48 and 168h, respectively (P < 0.05) compared with LL. LL
stress significantly enhanced the POD activity (Figure 4B) from
24 h to 48 h and finally decreased by 21.27% at 168 h compared
with no stress. Meanwhile, the POD of MT-pretreated
seedlings was significantly higher than those of other
treatments (CK, CK+MT, and LL) at 12, 24, 48, and 168 h,
displaying an increase of 176.09, 43.22, 36.08, and 121.05%,
respectively compared with LL. After LL stress, the CAT
activity (Figure 4C) of seedlings increased during the first
24 h, and then gradually decreased, which was still higher
than that of CK with an increase of 53.06-97.22% within 168 h.
The pre-application of MT increased CAT activity of pepper
seedlings under LL, and showed a significant increase by 21.80,
16.94, and 31.70% at 12, 24, and 168 h, respectively, compared
with LL.

Figures 4D-Fshow that compared with CK, LL
downregulated the relative expression of CaSOD, CaPOD, and
CaCAT during the first 12h. Then, LL upregulated CaSOD and
CaPOD from 24 h to 48 h, finally, downregulated by 50.84 and
35.78% at 168 h. CaCAT gradually increased from 24 h to 168 h,
which was 127.17-fold higher than that of CK at 168 h. MT
spraying showed significant effects on the relative expression of
CaSOD, CaPOD, and CaCAT at 168 h under LL stress (increased
by 54.00, 193.02, and 147.73%, respectively).
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FIGURE 2

Effect of exogenous MT on the accumulation of ROS in pepper under LL stress. (A) Image of NBT staining after treated for 168h, (B) superoxide
anion (Ogl) content, (C) Hydrogen peroxide (H,O,) content. CK (normal temperature and light, 28°C/18°C and 300 pmol photons m=2s7Y,
CK+MT (normal temperature and light, 28°C/18°C and 300 umol photons m~2 s™%, 200 umol L™* melatonin), LL (low-temperature combined
with low~-light, 15°C/5°C and 100 umol m~2 s™%), and LL+MT (low-temperature combined with low-light, 15°C/5°C and 100 pmol m™2 s7%,
200 pmol Lt melatonin). Vertical bars represent the standard errors of the means (three replicates. Different letters denote statistically
significant differences among treatments within same time at a level of P < 0.05 by Duncan’s multiple comparison tests.
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Effect of exogenous MT on (A) Soluble sugar content, (B) Soluble protein content, (C) Malondialdehyde (MDA) content of pepper leaves under
LL stress. CK (normal temperature and light, 28°C/18°C and 300 umol photons m~2 5%, CK+MT (normal temperature and light, 28°C/18°C and
300 umol photons m~2 s™%, 200 umol L™* melatonin), LL (low—-temperature combined with low—light, 15°C/5°C and 100 umol m~2 s™%), and LL
+MT (low—-temperature combined with low-light, 15°C/5°C and 100 pmol m~2 s™*, 200 umol L™* melatonin). Vertical bars represent the
standard errors of the means (three replicates). Different letters denote statistically significant differences among treatments within same time at

a level of P < 0.05 by Duncan’s multiple comparison tests.

4.5 Effect of exogenous MT on AsA-GSH
enzyme activity and genes in pepper
leaves under LL stress

Figure 5 shows the changes in the activity levels of enzymes
involved in the AsA-GSH cycle of pepper leaves pretreated with
MT under LL. Relative to CK, LL stress influenced the activities
of enzymes in the AsA-GSH cycle. The activities of APX showed
a significant increase at 12 h but decreased at 168 h (declining by
24.10%). The APX activities were significantly enhanced by
pretreated with MT, and reached a peak value of 23.24 U g
FW (increased by 77.89%) at 24 h. Then, the value decreased
from 24 h to 168 h, which was still significantly higher than that
of LL, and increased by 87.95% after 168 h. LL remarkably
suppressed the DHAR activity (Figure 5B) in pepper leaves at 6 h
but enhanced the activity at 24, 48, and 168 h. The peak value of
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DHAR activity was 1.16 times higher than that in CK at 24 h.
The DHAR activities of seedlings pretreated with MT after LL
stress were significantly higher than those with LL at any time
except at 6 h. The highest value was observed at 24 h, which was
19.65% higher than that of LL. Figure 5C demonstrates that the
MDHAR activity significantly increased by 74.43, 41.70, 65.70,
and 32.81% at 6, 24, 48, and 168 h under LL stress, respectively.
MT application remarkably increased the activity of MDHAR by
14.83, 65.70, and 50.38% at 6, 12, and 168 h, respectively.
Similarly, the relative expression level of CaAPX (Figure 5D)
notably increased at 24 h and decreased at 6, 48 h, and 168 h
under LL. However, the relative expression of CaAPX in pepper
leaves treated with MT increased at 6-168 h compared with LL,
and 43.69 times of LL after treated for 168h under LL. The
expression of CaDHAR (Figure 5E) was obviously inhibited by
LL treatment at 6 and 12 h; however, it was enhanced at 24 to
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Effect of exogenous MT on antioxidant enzyme activity of pepper leaves under LL stress. (A) Superoxide dismutase (SOD) activity, (B) Peroxidase
(POD) activity, (C) Catalase (CAT) activity. (D) Relative expression of CaSOD, (E) Relative expression of CaPOD, (F) Relative expression of CaCAT.
CK (normal temperature and light, 28°C/18°C and 300 umol photons m~2 s™%), CK+MT (normal temperature and light, 28°C/18°C and 300 pmol
photons m~2 s, 200 umol L™* melatonin), LL (low-temperature combined with low-light, 15°C/5°C and 100 pumol m~2 s7%), and LL+MT (low-
temperature combined with low-light, 15°C/5°C and 100 umol m~2s7%, 200 umol L* melatonin). Vertical bars represent the standard errors of
the means (three replicates). Different letters denote statistically significant differences among treatments within same time at a level of P < 0.05

by Duncan'’s multiple comparison tests.

168 h and showed significant differences at 6 (decreased by
49.97%) and 48 and 168 h ((increased by 165.08 and 193.60%,
respectively). MT application remarkably increased the
expression of CaDHAR after 12, 24, 48, and168 h, and were
350.38, 1.18, 4.02, and 0.90 times higher than that of LL. The
relative expression of CaMDHAR (Figure 5F) in pepper
seedlings was significantly enhanced at 6, 24, and 168 h and
was 6.78, 8.77, and 6.87 times higher than that of CK,
respectively. After pretreatment with MT under LL, the
expression of CaMDHAR was dramatically increased by 56.96,
60.89, 12.33, and 41.69% at 6, 12, 48, and 168 h, respectively.

4.6 Effect of exogenous MT on AsA-GSH
cycle contents in pepper leaves
under LL stress

Figure 6 demonstrated the changes in the contents of AsA,
DHA, AsA+DHA, GSH, GSSG, and GSH+GSSG after MT pre-
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application under LL in pepper leaves. ASA contents (Figure 6A)
significantly decreased by 86.71, 48.56, 44.91, 77.10, and 41.53 at
6, 12, 24, 48 and 168 h under LL compared with CK. However,
the AsA contents in seedlings treated with MT under LL were
significantly enhanced, which were 6.99, 4.17, 0.59, 3.44, and
0.34 times higher at 6, 12, 24, 48 and 168 h than those of LL,
respectively. The DHA contents (Figure 6B) displayed no
significant differences under LL at 6 and 12 h, compared to
CK, but significant increases of 75.37, 37.20, and 91.40% were
observed at 24, 48, and 168 h. Whereas, MT pre-application
significantly declined DHA contents by 42.48, 39.93, 24.13, and
41.57% at 12, 24, 48 and 168 h under LL. The varies of AsA+
DHA contents were similar to ASA contents, which significantly
declined by 31.57% after LL stress for 168h compared to CK,
while were reversed by pre-adding MT and increased by 18.11%
in comparison with LL (Figure 6C).

As shown in Figure 6D, compared to CK, GSH contents of
seedlings under LL stress showed no changes at 6 and 48 h, but
significantly decreased by 61.21% at 24h, and slightly increased
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Effect of exogenous MT on ASA-GSH enzyme activity and genes in pepper leaves under LL stress. (A) Ascorbate peroxidase (APX) activity, (B)
Dehydroascorbate reductase (DHAR), (C) Monodehydroascorbate reductase (MDHAR) activity. (D) Relative expression of CaAPX, (E) Relative
expression of CaDHAR, (F) Relative expression of CaMDHAR. CK (normal temperature and light, 28°C/18°C and 300 umol photons m~2s71), CK
+MT (normal temperature and light, 28°C/18°C and 300 umol photons m™2 s, 200 umol L™* melatonin), LL (low-temperature combined with
low-light, 15°C/5°C and 100 umol m™? s™"), and LL+MT (low-temperature combined with low-light, 15°C/5°C and 100 umol m™ s™*, 200 umol
L™* melatonin). Vertical bars represent the standard errors of the means (three replicates). Different letters denote statistically significant
differences among treatments within same time at a level of P < 0.05 by Duncan’s multiple comparison tests.

by 40.23 and 38.66% at 12 and 168h. In contrast, MT
dramatically increased GSH contents in pepper under LL after
6, 12, 24, 48, and 168 h, which increased by 162.55, 31.62, 91.06,
53.96, and 77.78%, respectively, compared with LL. Differently,
GSSG contents (Figure 6D) significantly increased by 64.93,
77.36, 36.55, 66.55, and 42.16% at 6, 12, 24, 48, and 168 h under
LL, whereas, these were reversed by MT pre-application, which
declined by 11.20, 22.36, 14.62, 22.11, and 14.35%. The changes
of GSH + GSSG contents (Figure 6F) were similar to GSH
contents, compared with CK, declined by 56.67% at 24 h, but
enhanced by 36.34% at 168h under LL. While, GSH + GSSG
contents in seedlings pre-treated with MT were 1.24, 0.31, 0.79,
0.51, 0.70 times higher than those of LL at 6, 12, 24, 48, and
168 h, respectively.

5 Discussion

Low temperature combined with low-light stress is one of
the most devastating stresses limiting the growth and
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development of plants by causing a series of physiological,
biochemical, and molecular disorders (Cui et al, 2016; Shu
et al., 2016; Bi et al., 2017; Anwar et al., 2020; Bawa et al.,
2020; Liu et al, 2020b; Zhang J.F. et al., 2020). As reported
previous, LL has adverse effects on plant seedlings and results in
significant reduction in growth (Li et al., 2021; Ding et al., 2022;
Li et al, 2022). Our results demonstrated that the LL-induced
inhibition was associated with significant increases in ROS and
changes in antioxidant enzymes in pepper seedlings. MT is a
naturally pleiotropic molecule in plants, and is considered to be a
plant growth regulator involved in improving plant resistance
against environmental stresses (Zhang et al., 2015; Li et al,
2019a; Chen et al,, 2020; Yan et al,, 2021). The present findings
revealed that MT-pre-application treatment significantly
influenced the pepper seedling root and antioxidant systems
under LL stress.

The root system plays a dominant role in absorbing water
and nutrients from the soil or substrate, and reflects whether the
plants are stressed. Hussain et al. (2020) indicated that the root
surface area and root volume of XD889, XD319, Yul3, and Yu37
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by Duncan’s multiple comparison tests.

maize cultivars were significantly reduced under a low
temperature of 15°C. In the present study, the root surface
area, root volume, total root length, forks, tips, and crossing of
pepper seedlings were all decreased after 168h under LL stress.
Recent evidence showed that MT treatment stimulated
adventitious and lateral root formation and root elongation
(Arnao and Hernandez-Ruiz, 2007; Park and Back, 2012;
Sarropoulou et al.,, 2012; Zhang et al., 2013; Wang et al., 2016).
Zhang et al. (2019) found that aluminum-induced inhibition of
Arabidopsis root length may be associated with the reduced MT
caused by AtSNAT downregulation, which was reversed by
exogenous MT application and endogenous MT synthesis
(Zhang et al., 2019). Similarity, a study found that the soybean
root growth was increased after supplementation with low
concentration of MT (0.1-1.0 pM) under aluminium toxicity,
which might be contributed to the enhanced expression of NSI-
X1 and NSI-X2 involved in MT biosynthesis (Zhang et al,
2017b). Dai et al. (2020) stated that the taproot and lateral
root length of rapeseed (Brassica napus L.) cv Qinyou 8 seedlings
irrigated with 100 uM MT for 7 days were promoted under
drought, enabling normal water uptake, compared with
seedlings without MT. While, no pronounced effects on total
root length, root surface area, root diameter, and root volume
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were found, indicating that MT enhance drought tolerance by
improving lateral and taproot growth (Dai et al., 2020). This is
inconsistent with the results of our study, wherein the root
length, root surface area, tips, forks, and crossing were increased
compared with seedlings without MT-spraying by 105.25,
142.86, 67.60, 142.92, and 164.75% (P < 0.05), respectively
(Table 1). The reason for these inconsistent results may be due
to different stresses or species. Our findings suggested that MT
improved the LL-tolerance of pepper seedlings by alleviating LL-
induced root growth limitation, which might be upregulate the
key genes in MT biosynthesis in roots.

The plasma membrane is the first site that senses the
temperature, and low temperature induced substantially
alterations in lipid composition (Lado et al, 2016). Plants are
expose to adverse environment throughout their life which
generally cause excessive ROS generation causing lipids damage
(Hassan et al., 2021). ROS are widely considered to be signaling
molecules that are involved in oxidative stress. Although plants
possess well-developed antioxidant system and other defense
systems, stresses are likely to induce surfeit accumulation of
ROS, resulting in membrane lipid peroxidation and reduction of
enzyme activity (Heidarvand and Amiri, 2010). In the present
study, short time (0-48h) and long time (168h) LL stress
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significantly increased the O, and H,O, contents (Figure 2),
causing oxidative stress to seedlings as a result of continuously
increased MDA concentration (Figure 3), and suggesting critically
irreparable lipid peroxidation and severe damage to the plasma
membrane. Exogenous substances have been widely used to
enhance plant tolerance to LL. However, the role of MT in ROS
and antioxidant system in pepper seedlings is still limited. In the
present study, pretreated with MT, although the O; and H,O,
contents in pepper leaves under LL stress were obviously higher
than those under CK, but significantly decreased after 6, 12, 24, 48,
and 168h compared with LL, which indicated that exogenous MT
effectively alleviated the LL-induced damage in pepper plants. Our
results are consistent with those of a previous study that in
“Zhongnong 37” cucumber (Cucumis sativus L.) sprayed 200uM
MT for 5 days during 2-leaf stage, a significant decrease of 246.1%
in MDA contents were observed on 6th day under 15/10°C and
95% humidity, in addition, the H,0O, contents were greatly reduced
on the second and fourth day, and the production of O; was
dramatically suppressed, compared to the seedlings without MT
treatment (Amin et al, 2022). Membrane stability damage is
considered to be a dominant stress caused by low temperature
combined with low light as indicated by the accumulations of
H,0, and O;. While, MT functions as an antioxidant and a free
radical scavenger, its supplementation protects the membrane and
maintains membrane stability by scavenging ROS. Zhang et al.
(2021) reported that the H,O, content displayed a 65.5% increase
when cucumber seedlings were exposed to 8°C or 5°C, however,
this effect was reversed by application of MT, in which less H,O,
content increase (37.8%) was detected compared with the seedlings
treated with H,O (Zhang et al., 2021). Whereas, more evidence
proved that the favorable function of MT is not merely participated
in ROS scavenging, MT also could strongly induce ROS signaling
and desensitize plant ion channels to ROS (Liu et al, 2020a).
Generally, plants use increasing ROS generated by stresses to
stimulate multiple Ca*" signaling pathways acting upstream or
post-translational adaptive mechanisms (Huang et al., 2022).
Studies have demonstrated that transcript levels of many calcium
signals and stress-related kinases were upregulated in Arabidopsis
treated with MT (Weeda et al., 2014). These results affirmed that
exogenous MT substantially reduced MDA and ROS
accumulation, and the possible role of MT in triggering more
efficient ROS signaling, preventing membrane lipid peroxidation
and oxidative injury, maintaining membrane stability, (Tan et al,,
2007), eventually improving the tolerance to LL.

The accumulation of osmolytes, especially carbohydrate, is an
imperative mechanisms in response to stresses in plants (Hassan
et al,, 2021). The contents of carbohydrate, including soluble sugar
and soluble protein, are necessary for plants as a source of energy,
and play a crucial role in plant tolerance against stress. Stresses
have been shown to change the soluble sugar and soluble protein
concentrations to adapt to environmental alternation (Kobylinska
et al, 2018). In a previous report, plants accumulated higher
osmolyte in the cytosol to prevent the adverse effects of osmotic
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stress (Latef and He, 2011), and tolerant plant species with good
growth performance release high concentrations of osmolytes
under stress, which enhance protein function and tissue water
contents (Ahanger et al., 2018). Consistently, in our study, LL stress
significantly reduced the soluble protein content after stressed for
short time (6, 12, and 24h), but increased after 48 and 168h
compared with CK. Differently, the soluble sugar content
decreased at 6h, but increased at 12, 24, 48, and 168 h, which
implied that the soluble protein and soluble sugar contents were
changed in response to LL stress. However, the response of soluble
sugar response was faster than that of soluble protein in pepper
seedlings. The foliar spray of MT maintained higher soluble sugar
after 48 and 168h stress, but soluble protein contents for any time
under LL stress that kept cell water contents, maintain membrane
stability, and improved the plant LL tolerance. Irshad et al. (2021)
also found the osmolyte agents (proline, glycine betaine, soluble
sugars, and protein) in Medicago truncatula were increased by pre-
application of 75 UM MT under cold stress (Irshad et al., 2021).
Similar results of MT-enhanced osmolytes were found to be
induced in alfalfa under low temperature (Liu et al, 2019),
grafted Carya cathayensis plants under drought (Sharma et al,
2020), and sorghum seedlings exposed to waterlogging (Zhang
et al,, 2022). Except the regulation of osmotic adjustment, soluble
sugar and soluble protein function as energy reservoirs, providing
carbon and nitrogen storage for plant growth and key components
for cell survival (Singh et al,, 1987). Therefore, MT pretreatment
was inferred to enhance LL tolerance by effectively maintaining
substance biosynthesis and membrane stability caused by
improved osmolyte and carbohydrate levels.

ROS induced by LL are closely related to the antioxidant
defense system, and are considered as the direct pathway to
alleviate the negative impact of ROS. SOD, POD, and CAT are
vital enzymes responsible for scavenging ROS in the plant
defense system, SOD first catalyzes O, to H,0,, and then
POD and CAT decompose H,0, to H,O and O,, which
present oxidative injury induced by stresses (Anwar et al,
2018). Numerous researches have proved that exogenous MT
application enhances the antioxidant defense mechanism against
adverse conditions (Ding et al., 2018; Wei et al,, 2018; Wang
et al., 2020). The SOD, POD, and CAT activities of cucumber
seedlings treated with MT were increased by 201.30, 213.92, and
477.63%, respectively under low temperature and high humidity
for 4 days. The key enzyme-encoding genes (CsSOD, CsPOD)
were dramatically upregulated at day 2, 4, and 6, and the highest
expression level was obtained at day 4, increasing by 69.25 and
95.33% in comparison with those of seedlings without MT.
However, CsCAT increased from day 0 to day 6 (Amin et al,
2022). In our experiment, MT pretreatment exerted slight effects
on the SOD, POD, and CAT activities under control condition.
Pepper seedlings exposed to LL stress significantly enhanced the
activities of SOD after 6-48h, CAT after 6-168h, POD after 24-
48h, but all activities in seedlings pretreated with MT increased
from Oh to 168h except SOD at 168h (Figures 3A-C). At the
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same time, the maximum relative expression levels of CaSOD,
CaPOD, and CaCAT were obtained in MT groups under LL at
24, 48, and 168h, respectively. The reduction in ROS
accumulation triggered by MT improved plant performance
under stress, which was positively correlated with the
strengthened activities of antioxidant enzymes. Sun et al.
(2018) also proposed that the upregulated expression of Cu/Zn
and Fe-SOD genes caused by MT caused the increase of SOD
activity, mitigating oxidative stress and enhancing tolerance
against cold (Sun et al., 2018). These results implied that MT
plays a synergistic role in LL resistance.

ROS in plants exhibit homeostasis under suitable conditions,
whereas excess ROS content generated by abiotic stress causes the
oxidative injury (Xu et al., 2019). Consequently, to cope with the
oxidative injury triggered by stresses, plants initiate enzymatic
antioxidant defense mechanisms and nonenzymatic mechanisms.
Most importantly, it has to mention that AsA and GSH are
indispensable nonenzymatic antioxidants located in plant cell
organelles and cytoplasm. In the current study, H,O, and MDA
accumulated in pepper seedling leaves under LL stress and the
NBT staining result showed a dark blue color (Figure 2), which
suggested that cell membrane lipid peroxidation already occurred.
The dominant pathway to clear H,O, in plants is through the AsA-
GSH cycle, and APX, DHAR, MDHAR, AsA, and GSH levels are
enhanced in LL-stressed seedlings to conquer reduced oxidative
stress (MDA, H,0,, O3). However, the capacity of ROS scavenging
was limited, especially in severe stress. The pretreatment of MT
significantly boosts the antioxidant system by improving

10.3389/fpls.2022.998293

antioxidant enzyme activities and expression of related genes
(Sun et al., 2019). Rice plants with over-expressed
dehydroascorbate reductase gene (OsDHARI) exhibited
enhanced ascorbate levels, photosynthetic ability, and membrane
stability (Kim et al,, 2022). Similar trends were reported in tomato
seedlings, wherein the GR and APX activities as well as AsA
contents were significantly increased after exposure to 0.1mM MT
for 3 days under drought (Liu et al., 2015). Li et al. (2017) also
revealed that under salinity conditions, the activities of main
enzymes including APX, DHAR, and MDHAR were significantly
decreased, but the decrease was mitigated when Citrullus lanatus L.
was treated with 150 UM MT. Moreover, AsA and GSH were
dramatically higher in plants treated with MT than those treated
with H,O, resulting highest ratios of GSH/GSSH and AsA/DHA
(Li et al, 2017). Additionally, in MT-deficient tomato seedlings,
increasing ROS accumulation and server lipid peroxidation were
observed which was associated with significantly declined
endogenous MT under chilling, however, MT-supplementation
improved this, meanwhile, reduced ratios of AsA/DHA in MT
deficient seedlings displayed low antioxidant enzymes capacity
were reversed by exogenous MT (Wang et al., 2020). These results
were well agreed with our findings, wherein MT promoted APX,
DHAR, and MDHAR activities, as well as AsA and GSH contents,
and inhibited the increased contents of DHA and GSSH caused by
LL. Furthermore, a experiment conducted by Li et al. (2019b)
demonstrated that MT positively upregulated the expression of
CsAPX in tea plant under stresses of cold, salt, and drought stresses,
leading to increased ROS elimination (Li et al, 2019b). The
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Schematic overview of 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.
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expressions of CsAPX, CsMDHAR, CsDHAR, and CsGR in
cucumber were all upregulated by MT under low-temperature
and high-humidity stress (Amin et al, 2022). This result was
consistent with our findings in which CaAPX, CaDHAR, and
CaMDHAR were upregulated by pre-application of MT after 12,
24, 48, and 168h LL stress (Figure 6). These findings indicated that
MT could improve cell redox homeostasis and cell membrane
stability by inducing the activities of enzymatic and non-
enzymatic antioxidant defense system, regulating AsA-GSH
cycle, and upregulating the expression of antioxidant
enzymes genes.

6 Conclusions

LL stress inhibited pepper root growth and caused oxidative
stress by increasing accumulations of ROS levels and lipid
peroxidation degrees in pepper seedlings. However, MT
reversed the phenomena and enhanced LL tolerance in pepper
seedlings. MT Preapplication improved the root morphology
structure and cell structure. Additionally, MT application
rescued the LL-induced oxidative stress by exerting a synergistic
effect that regulated of osmotic adjustment (soluble sugar and
soluble protein) and a series of antioxidant enzymes (SOD, POD,
CAT, APX, DHAR, MDHAR) and substances (AsA, DHA, GSH,
and GSSH), as well as upregulating the expression of CaSOD,
CaPOD, CaCAT, CaAPX, CaDHAR, CaMDHAR. Therefore, MT
pretreatment was inferred to enhance LL tolerance by effectively
maintaining substance biosynthesis, membrane stability, and ROS
scavenging (Figure 7).
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