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Abstract
This study investigated the ability of exogenous melatonin (MT) to alleviate drought stress in Brassica napus L. (rapeseed) 
seedlings. Seedling traits under control condition, drought stress, and drought stress with exogenous MT were evaluated. 
The results indicated that 0.05 mmol/L exogenous MT had the greatest protective effect against simulated drought stress. 
Exogenous MT alleviated the seedling growth inhibition under drought stress and significantly increased the leaf area and 
fresh and dry weights of roots and shoots compared to stress conditions lacking MT. In addition, although the hydrogen 
peroxide (H2O2) content increased under drought stress, it was decreased by exogenous MT. Moreover, antioxidant enzyme 
activities were increased in response to drought stress, and the activities of catalase, ascorbate peroxidase, and peroxidase 
were significantly enhanced by exogenous MT. The results also showed that solute accumulation under stress was enhanced 
with exogenous MT through increases in the contents of soluble sugars and proteins. These results suggest that exogenous 
MT can alleviate the negative effects of drought stress and improve the growth of seedlings. The findings indicate that MT 
possesses antioxidative, osmotic activity-adjusting, and growth-inducing properties, thus making it beneficial for drought 
acclimatization.
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Introduction

Drought is a serious abiotic determinant of crop productiv-
ity worldwide (Basu et al. 2016). When plants are subjected 
to drought stress, the growth process is blocked, reducing 
seedling stem and root lengths and reducing shoot dry, root 
dry, and total dry weights (Zhang et al. 2014; Brunner et al. 

2015). In addition, the relative water content and leaf area 
are decreased (Rymaszewski et al. 2017; Zong et al. 2017). 
Drought causes even more serious effects, such as wilt-
ing, local necrosis, or whole-plant death (Neumann 2008; 
Cominelli et al. 2013). Under drought, plants also develop 
multiple strategies to respond to the stress, including numer-
ous alterations such as the up- or down-regulation of spe-
cific genes, a transient increase in abscisic acid (ABA) levels 
(Parvathi and Karaba 2015), accumulation of compatible 
solutes and protective enzymes (Hatzig et al. 2014), and 
enhanced levels of antioxidants and inhibition of energy-
consuming pathways (Salekdeh et  al. 2009; Huseynova 
2012; Wang et al. 2016b). In these strategies, antioxidant 
capacity and osmotic adjustment are important indices of 
drought tolerance (Hatzig et al. 2014; Blum 2016).

Plant growth regulators are widely used to regulate 
growth and enhance resilience (Liu et al. 2011; Liu et al. 
2016; Khan et al. 2017); therefore, exploring potential 
growth regulators and their mechanisms is of great impor-
tance to improving crop drought tolerance. Melatonin 
(MT, N-acetyl-5-methoxy tryptamine), an indole hormone 
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widely present in plants and animals (Barratt et al. 1977; 
Dubbels et al. 1995; Reiter et al. 2011; Shi et al. 2016a), 
has many functions in plants, including the regulation of 
plant growth and development. Among other functions 
(Foyer et al. 1994), MT can promote lateral root growth 
(Wen et al. 2016), alter fluorescence (Byeon and Back 
2014; Shi et al. 2016b) and delay leaf senescence (Byeon 
et al. 2012). In addition, MT can enhance plant tolerance 
to drought, salt stress, heavy metals, high temperature, and 
cold and other stresses (Arnao and Hernandez-Ruiz 2014; 
Nawaz et al. 2015; Shi et al. 2016a). Under water stress, 
MT can increase the germination rate of cucumber (Zhang 
et al. 2013), promote the growth of the root system, reduce 
damage to grape cuttings (Meng et al. 2014), and delay 
apple leaf senescence (Wang et al. 2013).

Rapeseed is one of the most important oil crops (Yin et al. 
2009), and it has a large water requirement. Indeed, the water 
requirement during the entire growth period far exceeds than 
that of corn, wheat, and other crops (Rad and Zandi 2014). 
If water shortage occurs at the seedling stage, not only will 
it inhibit growth of leaves and the root system, but it will 
also affect flower bud differentiation and the flower angle 
number, ultimately leading to reduced production (Zhang 
et al. 2014; Bhardwaj et al. 2015). Although there are reports 
on drought tolerant effects of MT, there have been no studies 
on oil crops to date. Therefore, a study of the effect of MT 
on plant physiological and biochemical characteristics under 
drought condition has very important theoretical and practi-
cal significance for enhancing drought tolerance of rapeseed.

Materials and methods

Tested materials and reagents

Rapeseed variety ZS11 was provided by the Oil Crops 
Research Institute of the Chinese Academy of Agricultural 
Sciences, Wuhan, China. The MT and polyethylene glycol 
6000 (PEG6000) used in the study were purchased from 
Shanghai Sinopharm Chemical Reagent Co., Ltd. Catalase 
(CAT), peroxidase (POD), proline (Pro), ascorbate perox-
idase (APX), and other kits were obtained from Nanjing 
Jiancheng Bioengineering Institute, China.

Experimental methods

Preparation of the PEG6000 solution

Modified Hoagland’s nutrient solution (Dun et al. 2016; 
Murashige and Skoog 1962) was used as the basic medium 
to prepare a 4% PEG solution.

Preparation of MT solution

MT was added to 4% PEG solution to prepare 0, 25, 50, 75 and 
100 µmol/L MT solutions.

Experimental treatment

Healthy and uniform seeds were carefully selected and steri-
lized in 3% NaOCl solution for 10 min. The seeds were then 
rinsed with distilled water, sown on fine gauze, and placed in 
a 24 °C culture room for 7 days under a 16/8 h light and dark 
cycle. Seven days later, the seeds were transferred to a hydro-
ponic box containing Hoagland’s culture medium. At the two 
true leaf stage, seedlings with consistent growth were selected 
for the following treatments: control (CK1), 4% PEG (CK2, 
40 g/L PEG), 4% PEG + 25 µmol/L MT (5.81 mg/L MT), 4% 
PEG + 50 µmol/L MT (11.61 mg/L MT), 4% PEG + 75 µmol/L 
MT (17.4  mg/L MT), and 4% PEG  +  100  µmol/L MT 
(23.23 mg/L MT). Each treatment was repeated three times, 
and each replicate included eight seedlings.

Measurements

Assessment of physiological indicators

After 7 days of treatment, the root length, shoot length (height 
from cotyledon to growing point), and root and shoot fresh 
weights of each seedling were measured. Each seedling was 
then dried at 105 °C for 30 min and dried further at 80 °C to 
obtain a constant weight; the dry weight was then measured.

The third fresh leaf of each seedling was harvested and stored 
at − 80 °C for measurement of biochemical indicators, including 
concentrations of POD, APX, CAT, hydrogen peroxide (H2O2), 
proline, water-soluble proteins (WSP), and water-soluble sug-
ars (WSG). All leaf biochemical indicators were assessed using 
Nanjing Jiancheng kits according to the manuals.

Data processing

The Microsoft Excel software was used to process the data. 
The SPSS 20.0 software was used to perform single factor 
analysis of variance at the level of 0.05, and the Origin 8.0 
software was used to generate graphs.

Results

Effects of different concentrations of MT 
on physiological indicators

As shown in Table 1, compared with rapeseed seedlings 
(CK1) grown under normal growth conditions, various 
physiological indicators (CK2) decreased significantly under 
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4% PEG stress. The indicators, leaf area, root length, shoot 
and root fresh weights, and dry weight were most affected. 
The leaf area decreased to 74%, the shoot fresh weight 
decreased to 61%, and the root fresh weight decreased to 
60.7%. The significant decrease of these indicators indicated 
tremendous damage to the seedlings. Compared with the 
various physiological indices of rapeseed seedlings under 
CK2 (4% PEG) drought stress, root application of different 
concentrations (25 µmol/L, 75 and 100 µmol/L) of MT sig-
nificantly improved various physiological indices. Although 
the observed improvement was similar at these concentra-
tions, 50 µmol/L MT showed the greatest effect; that is, the 
rates of improvement in leaf area (89%), shoot fresh weight 
(39%), root fresh weight (19%), shoot dry weight (20%), and 
root dry weight (16%) were all more obvious at 50 µmol/L 
compared with the other concentrations.

Effects of different concentrations of MT 
on biochemical indicators

Effect of exogenous MT on the activity of antioxidant 
enzymes

The results indicated that 4% PEG increased POD activity 
by 14% compared with the control CK1, and this increase 
in POD activity was more significant after the application 
of MT (Table 1 and Fig. 1). The highest POD activity was 
found in rapeseed leaves after the 50 µmol/L MT treat-
ment, 64% greater than CK1. The POD activity of rape-
seed leaves treated with 100 µmol/L MT was the second 
highest, at an increase of 50%, followed by leaves treated 
with 25 and 75 µmol/L MT, with increases of 47 and 29%, 
respectively, compared with CK1.

Compared with CK1, CAT activity decreased dramati-
cally by 44% under 4% PEG stress (Table 2 and Fig. 2). 
However, CAT activity in leaves treated with 50 μmol/L 
MT was slightly higher than in treatments of several other 
concentrations. CAT activity in rapeseed leaves treated with 
50 µmol/L MT decreased by only 24%, that in leaves treated 

with 25 µmol/L MT decreased by 31%, and that in leaves 
treated with 75 or 100 µmol/L MT decreased by 41%.

Under PEG stress, activity of APX increased significantly 
in rapeseed seedlings, with an increase of 51% compared 
with CK, and the application of different concentrations of 
MT further enhanced APX activity (Table 2 and Fig. 3). The 
increase in APX was greatest when seedlings were treated 
with 50 µmol/L MT, with a 125% increase over that of CK1 
followed by 25 µmol/L MT treatment, with an increase of 
100%, and 75 µmol/L and 100 µmol/L MT, with respective 
increases of 90 and 77%.

Effects of exogenous MT on the regulation of osmolyte 
concentrations

Compared with CK1, under PEG stress, WSG in rapeseed 
seedlings exhibited an upward trend, with an increase of 
13% (Table 2 and Fig. 4). The increase in WSG was even 
greater after the application of different concentrations of 
MT, with the highest after treatment with 50 µmol/L MT, 
an increase of 42% compared with CK1, followed by 25, 75 
and 100 µmol/L MT, which increased WSG by 31, 30, and 
25%, respectively.

Compared with CK1, WSP in rapeseed showed a down-
ward trend under 4% PEG stress, with a decrease of 10%, 
though WSP displayed an upward trend after application of 
different concentrations of MT (Table 2 and Fig. 5). WSP in 
rapeseed leaves treated with 50 μmol/L MT increased 53% 
compared with CK1, and the application of 25 μmol/L MT 
increased WSP by 48%, whereas that of 75 and 100 μmol/L 
MT increased WSP by 47 and 39%, respectively.

Under 4% PEG stress, the proline content increased 
by approximately 3.8-fold, and this increase was even 
greater after the application of different concentrations of 
MT (Table 2 and Fig. 6). The proline content in rapeseed 
leaves treated with 50 μmol/L MT was the highest, show-
ing an increase of 12.1-fold compared with control CK1 
and an increase of approximately 1.7-fold compared with 
4% PEG stress. The proline content after the application 
of 75 µmol/L MT increased 10.1-fold compared with CK1, 

Table 1   Effect of different concentrations of melatonin on various physiological indicators in rapeseed seedlings under drought stress

The same lower case letters indicate no significant difference (P < 0.05)

Leaf area (cm2) Root length (cm) Shoot length (cm) Shoot fresh weight 
(g)

Shoot dry weight (g) Root fresh weight 
(g)

Root dry weight (g)

CK 16.68 ± 0.23a 20.01 ± 0.25a 4.64 ± 0.10abc 1.8807 ± 0.0407a 0.1260 ± 0.0047a 0.3084 ± 0.0009a 0.0158 ± 0.0002a

4%PEG 4.27 ± 0.057e 13.03 ± 0.30 cd 4.22 ± 0.01a 0.727 ± 0.0096e 0.0943 ± 0.0010c 0.1211 ± 0.0016c 0.0127 ± 0.0005b

4%PEG + 25MT 6.28 ± 0.15c 13.78 ± 0.86bc 4.70 ± 0.18abc 0.9425 ± 0.0124c 0.1073 ± 0.0002b 0.1161 ± 0.0028c 0.012 ± 0.0007b

4%PEG + 50MT 8.09 ± 0.02b 12.10 ± 0.07d 4.80 ± 0.02bc 1.0116 ± 0.0026b 0.1127 ± 0040b 0.144 ± 0.0097b 0.0148 ± 0.0004a

4%PEG + 75MT 5.19 ± 0.18d 14.98 ± 0.55b 4.40 ± 0.07ab 0.8116 ± 0.0038d 0.1098 ± 0.0015b 0.1168 ± 0.0007c 0.0128 ± 0.002b

4%PEG + 100MT 5.50 ± 0.05d 14.90 ± 0.57b 5.15 ± 0.34c 0.9134 ± 0.0091c 0.1123 ± 0.0027b 0.1136 ± 0.0139c 0.014 ± 0.0016a
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and that after the application of 25 and 100 μmol/L MT 
increased 8.7- and 8.1-fold, respectively, compared with 
CK. Treatment with 50 µmol/L MT had a more obvious 
effect with regard to enhancing the Pro content compared 
with the other concentrations.

Effects of exogenous MT on H2O2 levels

H2O2 is an active oxygen molecule that causes oxidative 
stress. As shown in Table 2 and Fig. 7, the H2O2 concen-
tration increased dramatically by 266% under 4% PEG 
stress compared that with under normal growth conditions. 

However, the H2O2 content decreased in all cases compared 
with the level under 4% PEG stress with the application of 
different concentrations of MT. The decrease in H2O2 con-
tent was the largest after the application of 50 μmol/L MT, 
a decrease of 58% compared with 4% PEG stress. After the 
application of 25, 75, and 100 μmol/L MT, the respective 
decreases in H2O2 content were 49, 47, and 46% compared 
with levels under 4% PEG stress.

Table 2   Effect of different concentrations of melatonin on various biochemical indicators in rapeseed seedlings under drought stress

The same lower case letters indicate no significant difference (P < 0.05)

CAT (U/mg prot) POD (U/g Fw) APX (U/mg prot) Pro (µg/g) WSP (g/L) WSG (mg/g) H2O2 (mmol/g prot)

CK1 61.75454 ± 1.87a 0.01001 ± 0.00068a 6.33436 ± 0.52a 14.34153 ± 0.82a 0.54152 ± 0.00828a 1.93661 ± 0.04111a 82.66577 ± 2.48a
CK2 34.87436 ± 1.61c 0.01137 ± 0.00077ab 9.57068 ± 1.193b 68.76176 ± 4.07b 0.48911 ± 0.03880a 2.18862 ± 0.10916ab 302.3301 ± 16.38d
4%PEG + 25MT 42.51218 ± 2.55b 0.01472 ± 0.00082 cd 12.66336 ± 1.14 cd 139.36505 ± 5.43c 0.80014 ± 0.03684b 2.52824 ± 0.09800 cd 155.10004 ± 8.24bc
4%PEG + 50MT 46.96341 ± 1.23b 0.01638 ± 0.00121d 14.22737 ± 0.83d 187.57745 ± 8.70e 0.82766 ± 0.03197b 2.75821 ± 0.05494d 125.73539 ± 6.18b
4%PEG + 75MT 36.36192 ± 1.94c 0.01292 ± 0.00081bc 12.03909 ± 0.39bc 159.67346 ± 4.95d 0.79515 ± 0.03024b 2.51849 ± 0.10603 cd 161.09349 ± 10.87c
4%PEG + 100MT 36.40024 ± 1.66c 0.01502 ± 0.00081 cd 11.22688 ± 0.85bc 130.14021 ± 7.17c 0.75397 ± 0.04829b 2.42873 ± 0.09945bc 163.11284 ± 10.21c

Fig. 1   Effect of different concentrations of melatonin on POD activity under drought stress. Asterisk, double asterisk, and triple asterisk Signifi-
cant at 0.05, 0.01, and 0.001 levels, respectively. Values are means of three biological replications, and bars indicate SEM
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Discussion

This study used PEG 6000 to simulate drought stress in rape-
seed seedlings, and different concentrations of exogenous 
MT were applied to examine the changes in physiological 
and biochemical indicators. The leaf area, root and shoot 
fresh, and dry weights at the seedling stage are important 
indicators of growth and development that will directly 
affect the entire growth and development stages of rape-
seed, and the results showed that drought stress severely 
inhibited the growth of rapeseed seedlings, as specifically 
demonstrated by these indicators. These indicators were 
significantly increased with exogenous MT. Although root 
length was not significantly increased or was even smaller 
than that under PEG stress without MT, the root fresh weight 
and dry weight were significantly increased, suggesting that 
exogenous application of MT can increase the number of 
roots, perhaps by promoting the growth of adventitious roots 
or lateral roots. A previous study (Zhang et al. 2014) showed 
that exogenous MT could effectively relieve the inhibition of 
cucumber seed germination caused by PEG stress, promote 
rooting, enhance root vitality, and improve the root/shoot 
ratio (Zhang et al. 2013). Even under normal condition, 

exogenous MT stimulates root growth in etiolated seedlings 
of Brassica juncea (Chen et al. 2009) and adventitious root 
regeneration in shoot tip explants of sweet cherry (Sarro-
poulou et al. 2012). In this study, after exogenous appli-
cation of MT, leaf area and shoot fresh and dry weights 
were significantly increased. A previous study in soybean 
also showed that MT increased plant growth under drought 
stress (Wei et al. 2015). In addition, transcriptome analysis 
in Arabidopsis revealed that auxin-responsive genes were 
both up- and down-regulated in response to MT and that MT 
up-regulates the transcript levels of many defense-related 
factors, including stress receptors, kinases, and transcription 
factors (Weeda et al. 2014). In both our and previous studies, 
root application of MT could increase biomass accumulation 
in plants and relieve growth inhibition caused by drought 
stress.

When plants are exposed to drought, reactive oxygen 
species (ROS) such as H2O2, superoxide, singlet oxygen, 
and hydroxyl radical are produced naturally by a number 
of metabolic pathways (Becana et al. 2000). These free 

Fig. 2   Effect of different concentrations of melatonin on CAT activity under drought stress. Asterisk, double asterisk, and triple asterisk Signifi-
cant at 0.05, 0.01, and 0.001 levels, respectively. Values are means of three biological replications, and bars indicate SEM
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radicals disturb normal metabolism by oxidizing mem-
brane lipids and denaturing proteins, photosynthetic pig-
ments and nucleic acids (Lin and Ho 2000). To maintain 
the balance between ROS production and removal, plants 
have developed scavenging systems against ROS, includ-
ing antioxidant enzymes such as APX, POD, and CAT, to 
eliminate excess ROS (Reddy et al. 2004; Ge et al. 2006). 
POD, CAT, and APX are important antioxidant enzymes in 
plants that scavenge hydroxyl radicals and H2O2 and thereby 
reduce damage to the cell membrane, mitigate membrane 
lipid peroxidation, and stabilize membrane permeability. 
In the present study, we measured POD, CAT, and APX 
activities and observed an upward trend for POD and APX 
in rapeseed seedlings after PEG stress, suggesting that these 
antioxidant enzymes respond to drought stress to reduce 
stress-induced membrane lipid peroxidation and stabilize 
membrane permeability. Related research showed that the 
activities of POD, APX, and other antioxidant enzymes all 
exhibit upward trends under drought stress (Salekdeh et al. 
2009; Huseynova 2012; Wang et al. 2016a). However, in 
the present study, we observed downward trend for CAT 
under drought stress, and we speculate that this result may 
be related to the duration of the stress for rapeseed or the 
variety of rapeseed utilized. Zhang et al. reported that super-
oxide dismutase (SOD) activity was decreased and that CAT 

activity was first enhanced, but then declined as the duration 
of water stress increased (Salekdeh et al. 2009). After the 
root application of MT under drought stress, the activities of 
POD, CAT, and APX in rapeseed seedlings were all higher 
than those under drought stress, indicating that MT can 
enhance plant antioxidant enzyme activity and antioxidant 
capacity under drought stress. Studies by Rodriguez et al. 
showed that MT could directly or indirectly regulate the 
antioxidant enzyme system and increase enzyme activity in 
plants (Rodriguez et al. 2004). A study result by Zhao et al. 
showed that 0.1 mmol MT could improve the activities of 
SOD and CAT in Rhodiola rosea (Zhao et al. 2011), and the 
results of Wang et al. revealed significantly elevated levels 
of ascorbic acid and other antioxidants in apple seedlings 
treated with MT (Wang et al. 2012). Similar results were 
also reported in cucumber seedlings under high tempera-
ture stress (Xu et al. 2010). In this study, root application of 
MT significantly enhanced the activities of POD, CAT, and 
APX, which was helpful for scavenging ROS. The present 
study also measured H2O2 as representative of ROS, and the 
concentration of H2O2 also decreased in rapeseed seedlings 
treated exogenously with MT, an important endogenous free 
radical scavenger. Indeed, MT may directly scavenge H2O2 
and help in maintaining intracellular H2O2 at steady-state 
levels. This homeostasis might be due to the inhibition of 

Fig. 3   Effect of different concentrations of melatonin on APX activity under drought stress. Asterisk, double asterisk, and triple asterisk signifi-
cant at 0.05, 0.01, and 0.001 levels, respectively. Values are means of three biological replications, and bars indicate SEM
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H2O2 accumulation and enhanced CAT and POD activities 
caused by endogenous MT supplementation. Related studies 
showed that the ROS levels in plant seedlings treated with 
MT under salt and drought stresses were significantly lower 
than those of plant seedlings without MT treatment (Li et al. 
2012; Zhang et al. 2013).

In this study, proline and WSG levels increased under 
PEG stress, and these levels further increased in stressed 
rapeseed seedlings when MT was applied to roots. The WSG 
indicator was slightly decreased under PEG stress com-
pared with under normal growth conditions, and this may 
be related to the duration of drought stress or the extent of 
stress suffered by the seedlings. A related study also reached 
a similar conclusion, whereby soluble proteins in rapeseed 
seedlings exhibited a downward trend when stressed using a 
high concentration of PEG (Zhang 2012). WSP in rapeseed 
seedlings treated with root-applied MT under drought stress 
showed a significant upward trend. Proline, WSG, and WSP 
are important osmotic regulators in plants. To maintain the 
water potential difference between the inside and outside 
of the cell for water absorption even at low external water 
potentials, the levels of osmotic regulatory substances in 
plants will increase under drought stress (Subbarao et al. 

2000), thus maintaining the turgor required for cell growth 
and allowing growth during mild water shortage condition 
(Basu et al. 2016). Studies showed that the osmotic regu-
lation capacity affects the degree of rapeseed response to 
drought (Wright et al. 1995) and its yield under drought 
stress (Wright et al. 1997). In addition, other studies also 
indicated that proline and WSG play a role in both osmotic 
protection and ROS scavenging, thus protecting the cell 
membrane (Trinchant et al. 2004; Verbruggen and Hermans 
2008; Signorelli 2016).

Conclusion

The results of this study showed that exogenous MT has 
antioxidant activity, and can increase antioxidant enzyme 
activities to reduce the accumulation of free radicals, H2O2 
and other substances that are harmful to the cell membrane. 
It can also increase osmolyte content to improve osmotic 
regulation capacity and enhance the response to water stress 
to alleviate damage caused by drought. Therefore, exogenous 
MT could promote root and leaf growth to increase rapeseed 
seedling biomass accumulation under drought stress.

Fig. 4   Effect of different concentrations of melatonin on WSG activity under drought stress. Asterisk, double asterisk, and triple asterisk signifi-
cant at 0.05, 0.01, and 0.001 levels, respectively. Values are means of three biological replications, and bars indicate SEM
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Fig. 5   Effect of different concentrations of melatonin on WSP activity under drought stress. Asterisk, double asterisk, and triple asterisk signifi-
cant at 0.05, 0.01, and 0.001 levels, respectively. Values are means of three biological replications, and bars indicate SEM

Fig. 6   Effect of different concentrations of melatonin on Pro activity under drought stress. Asterisk, double asterisk, and triple asterisk Signifi-
cant at 0.05, 0.01, and 0.001 levels, respectively. Values are means of three biological replications, and bars indicate SEM
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