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Melatonin regulates defense responses in plants under environmental stress. This study
aimed to explore the impact of exogenous melatonin on the phenotype and physiology of
‘BM1’ pumpkin seedlings subjected to waterlogging stress. Waterlogging stress was
induced following foliar spraying of melatonin at various concentrations (0, 50, 100, 150,
200, and 300 μmol·L-1). The growth parameters, malondialdehyde content, antioxidant
enzyme activity, osmoregulatory substance levels, and other physiological indicators were
assessed to elucidate the physiological mechanisms underlying the role of exogenous
melatonin in mitigating waterlogging stress in pumpkin seedlings. The results revealed
that application of exogenous melatonin significantly increased plant height and root
length of BM1 seedlings compared to those only subjected to waterlogging stress.
Melatonin also reduced membrane damage caused by oxidative stress and alleviated
osmotic imbalance. Exogenous melatonin enhanced the activities of antioxidant enzymes
and systems involved in scavenging reactive oxygen species, with 100 μmol·L-1as the
optimal concentration. These findings underscore the crucial role of exogenous melatonin
in alleviating waterlogging stress in pumpkins. -
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13 Abstract: 

14 Melatonin regulates defense responses in plants under environmental stress. This study aimed to 

15 explore the impact of exogenous melatonin on the phenotype and physiology of �BM1� pumpkin 

16 seedlings subjected to waterlogging stress. Waterlogging stress was induced following foliar 

17 spraying of melatonin at various concentrations (0, 50, 100, 150, 200, and 300 μmol·L-1). The 

18 growth parameters, malondialdehyde content, antioxidant enzyme activity, osmoregulatory 

19 substance levels, and other physiological indicators were assessed to elucidate the physiological 

20 mechanisms underlying the role of exogenous melatonin in mitigating waterlogging stress in 

21 pumpkin seedlings. The results revealed that application of exogenous melatonin significantly 

22 increased plant height and root length of BM1 seedlings compared to those only subjected to 

23 waterlogging stress. Melatonin also reduced membrane damage caused by oxidative stress and 

24 alleviated osmotic imbalance. Exogenous melatonin enhanced the activities of antioxidant 

25 enzymes and systems involved in scavenging reactive oxygen species, with 100 μmol·L-1 as the 

26 optimal concentration. These findings underscore the crucial role of exogenous melatonin in 

27 alleviating waterlogging stress in pumpkins.
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29 Introduction

30 Waterlogging stress is a type of abiotic stress that significantly decreases oxygen levels in the 
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31 soil, leading to adverse effects on plant growth, development, and physiological characteristics. 

32 Local hypoxia in the root system hinders crop root growth, reduces root vigor, disrupts the root-

33 crown ratio, and induces a rapid decline in root dry mass (Zhang et al., 2023). Additionally, 

34 waterlogging stress damages the integrity of cell membranes, leading to increased intracellular 

35 malondialdehyde levels. This stress also disrupts the antioxidant systems that minimize the levels 

36 of reactive oxygen species (ROS), leading to the accumulation of excessive ROS (Huang et al., 

37 2017). Elevated ROS levels damage plant cells and disrupt crucial physiological processes, 

38 ultimately leading to apoptosis. To counteract these effects, plants have a stress defense system 

39 that regulates the production and elimination of ROS. Antioxidant enzymes such as superoxide 

40 dismutase (SOD), peroxidase (POD), and catalase (CAT) play a vital role in scavenging ROS 

41 (Miller et al., 2009; Wang et al., 2016).

42 Pumpkin (Cucurbita moschata D.) is an annual herbaceous plant in the genus Cucurbita 

43 (Cucurbitaceae) (Han et al., 2020). Its fruit is visually appealing, characterized by a sweet yet 

44 non-greasy taste. Pumpkins are rich in nutrients such as vitamin C, β-carotene, proteins, and 

45 carbohydrates (Wang, Li & Zhang, 2010). In addition, pumpkins have anti-cancer, 

46 hypoglycemic, and hypolipidemic properties. Pumpkin plants exhibit strong adaptability and 

47 resilience, thriving in diverse environments. It becomes imperative to explore the mechanisms 

48 through which pumpkins overcome the effects of waterlogging stress owing to an increase in 

49 occurrences of waterlogging-related agricultural and economic losses.

50 Melatonin is a pleiotropic factor with multiple biological functions in plants, participating in 

51 physiological processes such as photosynthesis, seed germination, fruit expansion, root 

52 development, and osmoregulation (Zhao et al., 2022). Previous findings demonstrated that 

53 melatonin plays an important role in regulating plant growth and development and enhancing 

54 resistance to abiotic stresses such as drought, high temperature, salinity, heavy metals, and 

55 bacterial and fungal diseases (Zhang et al., 2021). Chen et al. (2019) observed that soaking rice 

56 seeds in 100 µmol/L of melatonin significantly alleviated the toxic effect of waterlogging stress. 

57 Gao et al. (2017) observed that the application of 0.1 µmol/L melatonin significantly alleviated 

58 the damage caused by salt stress on pre-treating kiwifruit seedlings. Zhang et al. (2020) reported 

59 that foliar spraying with different concentrations of exogenous melatonin alleviated the damage 

60 on soft date kiwifruit caused by low temperatures at 4 °C. Studies on the effect of exogenous 

61 melatonin in pumpkins are relatively few. Therefore, in this study, we selected BM1, a flood-

62 tolerant pumpkin variety, as the experimental material to explore the regulatory capacity of 

63 melatonin in alleviating the effect of waterlogging stress in pumpkins. The findings of this study 

64 will provide a theoretical basis for understanding waterlogging tolerance and the mechanism 

65 underlying the role of melatonin in enhancing this tolerance in pumpkins.
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66 1 Materials and Methods

67 1.1 Experimental materials

68 The experimental material in this study was BM1 seedlings (known for strong waterlogging 

69 tolerance) (Qiao, 2023). The seeds were obtained from the Henan Institute of Science and 

70 Technology, Henan, China. Melatonin was purchased from Beijing Suolaibao Bio-technology 

71 Co. Ltd. The ZhuangZhuang seedling substrate obtained from Hebei Peiji Biotechnology Co. 

72 Ltd. was used to grow the seedlings. The study was conducted in August 2023 in the seedling 

73 room of the College of Horticulture and Landscape Architecture, Henan Institute of Science and 

74 Technology.

75 1.2 Experimental design

76 The experiment comprised five distinct melatonin concentrations (0, 10, 100, 200, and 300 

77 μmol·L-1) and two treatments, no waterlogging and waterlogging. The treatments were as 

78 follows: (1) CK, waterlogging treatment; (2) T0, waterlogging treatment + 0 μmol·L-1 melatonin; 

79 (3) T10, waterlogging treatment + 10 μmol·L-1 melatonin; (4) T100, waterlogging treatment 

80 +100 μmol·L-1 melatonin; (5) T200, waterlogging treatment + 200 μmol·L-1 melatonin; (6) T300, 

81 waterlogging treatment + 300 μmol·L-1 melatonin. Melatonin leaf spray treatment was 

82 administered daily to seedlings with one leaf and one heart, ensuring the water droplets 

83 condensed on the leaf surface without dripping. The spraying was conducted once every other 

84 day, a total of three times. The waterlogging treatment was implemented using the the double-pot 

85 method 12 hours after the third melatonin treatment, while maintaining other growth conditions 

86 (Liu, 2020). After 7 days of waterlogging treatment, growth indices (plant height, stem thickness, 

87 fresh weight, dry weight) and chlorophyll content of pumpkin seedlings were measured. Leaves 

88 and roots were collected to assess relevant physiological indices, with six plants sampled from 

89 each treatment. All experiments were repeated three times.

90 1.3 Test methods

91 1.3.1 Growth indicators

92 The plant height of pumpkin seedlings was assessed by measuring the distance from the base of 

93 the cotyledonary node to the top heart leaf following a methodology described by Bai et al. 

94 (2023). The stem diameter of the seedlings was determined using Vernier calipers by measuring 

95 the diameter of the cotyledonary node in the direction of the cotyledonary leaf unfolding. To 

96 determine the fresh weight, the plants were washed with tap water, rinsed three times with 

97 distilled water, dried with absorbent paper, and weighed using an electronic balance. For dry 
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98 weight determination, the pumpkin seedlings were placed in an oven at 105 °C for 15 minutes, 

99 dried at 75 °C until a constant weight was attained, and weighed using an electronic balance.

100 1.3.2 Physiological indicators

101 Malondialdehyde (MDA) content was determined using the thiobarbituric acid method (Wang. 

102 2012). Activities of CAT, SOD, and POD enzymes were assessed and calculated following a 

103 protocol outlined by Chen. (2000). Soluble protein content was determined using the Thomas 

104 Brilliant Blue method (Cao, Jing & Zhao, 2007). Chlorophyll content was evaluated and 

105 calculated according to the method described by Li. (2000). Root activity was measured using 

106 the naphthylamine method.

107 1.4 Data processing

108 Data compilation and generation of graphs were carried out using Excel 2019 and Origin 2019 

109 software. A one-way ANOVA was performed using DPS software. Duncan's multiple range test 

110 was conducted to assess whether the differences between groups were significant (p<0.05).

111 2 Results

112 2.1 Different melatonin concentrations have varying effects on the phenotypic growth of 

113 pumpkin seedlings under waterlogging stress

114 Waterlogging stress significantly impeded the growth of pumpkin seedlings (Fig. 1-4). Plant 

115 height, stem thickness, fresh weight, dry weight, and root length of pumpkin seedlings decreased 

116 by 34.57%, 11.3%, 58.61%, 48.04%, and 22.75%, respectively, compared to the control group 

117 (CK). External application of different melatonin concentrations exhibited varying effects on the 

118 growth of pumpkin seedlings under waterlogging stress. Increasing melatonin concentration 

119 initially enhanced and subsequently reduced the plant height, stem thickness, fresh weight, dry 

120 weight, and root length of pumpkin seedlings. The optimal growth indexes were recorded at a 

121 melatonin concentration of 100 μmol·L-1, with a plant height of 13.67 cm, stem thickness of 6.62 

122 mm, fresh weight of 22.68 g, dry weight of 1.34 g, and root length of 15.83 cm. These values 

123 represented 45.39%, 23.98%, 126.47%, 76.03%, and 12.83% increase compared to a melatonin 

124 concentration of 0 μmol·L-1.

125 2.2 Different concentrations of melatonin enhanced the root vigor of pumpkin seedlings 

126 under waterlogging stress

127 The results revealed that melatonin significantly reduced the root activity of pumpkin seedlings 

128 subjected to flooding stress. Interestingly, an initial rise followed by a decrease in the overall 
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129 impact on root vitality was observed as the melatonin concentration increased. The root activity 

130 of the seedlings in the control group (CK) was 1305.835 μmg/(g·h). Notably, at a melatonin 

131 concentration of 100 μmol·L-1, the root activity of pumpkin seedlings under waterlogging stress 

132 peaked at 1087.839 μmg/(g·h). The lowest root activity was 588.989 μmg/(g·h) observed when a 

133 0 μmol·L-1 melatonin was used. The root vitality of pumpkin seedlings treated with melatonin at 

134 all concentrations exceeded that without melatonin treatment, indicating a beneficial effect of 

135 melatonin in mitigating the negative impact of flooding stress on root vitality(Fig. 5).

136 2.3 Different concentrations of melatonin alleviate the effect of waterlogging stress on 

137 chlorophyll contents in pumpkin seedlings

138 Pumpkin seedlings subjected to waterlogging stress exhibited significant reductions in 

139 chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids by 74.8%, 52.8%, 42.2%, and 

140 77.4%, respectively, compared to the control group (CK). The application of varying 

141 concentrations of melatonin had a significant impact on the chlorophyll levels in pumpkin 

142 seedling leaves. The chlorophyll content in the leaves initially increased and then decreased with 

143 an increase in melatonin concentration. At a melatonin concentration of 100 μmol·L-1, the 

144 maximum levels of chlorophyll a, chlorophyll b, and total chlorophyll in pumpkin seedling 

145 leaves were 11.56 μmol·L-1, 5.06 μmol·L-1, and 16.62 μmol·L-1, respectively. At a melatonin 

146 concentration of 200 μmol·L-1, the highest carotenoid content was 2.18 μmol·L-1. chlorophyll a, 

147 Chlorophyll b, total chlorophyll, and carotenoid levels in pumpkin seedling leaves increased by 

148 22.7%, 56.7%, 10.4%, and 14.7%, respectively, compared to the control group. This finding 

149 indicates that melatonin mitigated the effects of waterlogging stress and increased the 

150 chlorophyll content in pumpkin seedlings (Fig. 6).

151 2.4 Different concentrations of melatonin reduce malondialdehyde content in pumpkin 

152 seedlings under waterlogging stress

153 Waterlogging stress induced a significant increase in malondialdehyde content in both the leaves 

154 and roots of the seedlings (Fig. 7). However, the application of melatonin significantly reduced 

155 the MDA content in these plant parts. Varying melatonin concentrations showed distinct effects, 

156 with the most pronounced reduction in MDA observed in leaves and roots at a concentration of 

157 100 μmol·L-1, compared with 0μmol·L-1 corresponding to reductions of 24.57% and 28.82%, 

158 respectively. These findings imply that melatonin can effectively alleviate membrane lipid 

159 peroxidation in pumpkin seedlings under waterlogging stress.

160 2.5 Different concentrations of melatonin increase the activity of antioxidant enzymes in 

161 pumpkin seedlings under waterlogging stress
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162 The activities of SOD, POD, and CAT enzymes in the leaves and roots of pumpkin seedlings 

163 were significantly higher under waterlogging stress than the control group (Fig. 8-10). Following 

164 foliar spraying with various concentrations of melatonin, the enzyme activities in both leaves and 

165 roots were significantly elevated relative to treatment with 0 μmol·L-1 of melatonin. The enzyme 

166 activities exhibited an increasing trend with melatonin concentration, peaking at 100 μmol·L-1 

167 for SOD, POD, and CAT in roots as well as for POD and CAT in leaves. The activity of SOD in 

168 leaves was highest after application of 10 μmol·L-1 melatonin. Notably, the antioxidant enzyme 

169 activities in the leaves and roots of pumpkin seedlings were substantially enhanced by 61.41%, 

170 68.46%, and 39.5%, and 64.03%, 66.36%, and 59.81%, respectively, compared to the treatment 

171 with 0 μmol·L-1 melatonin. These findings indicate that an optimal melatonin concentration can 

172 effectively increase the antioxidant enzyme activities in pumpkin seedlings under waterlogging 

173 stress, thereby improving their resilience to such conditions. The most significant impact on the 

174 activities of antioxidant enzymes was observed at a melatonin concentration of 100 μmol·L-1.

175 2.6 Varying concentrations of melatonin increase the content of the soluble proteins in 

176 pumpkin seedlings under waterlogging stress

177 The contents of soluble proteins in pumpkin seedling leaves and root systems were significantly 

178 higher under waterlogging stress compared to the control (CK) group (Fig. 11). After foliar 

179 spraying with varying concentrations of exogenous melatonin, the contents of soluble proteins in 

180 the seedling leaves and root systems were significantly higher than those treated with 0 μmol·L-1 

181 melatonin. These levels initially increased and then decreased with increasing melatonin 

182 concentration, peaking at 100 μmol·L-1. The level of soluble protein in the group treated with 

183 100 μmol·L-1 melatonin was 132.57% and 74.39% higher than the 0 μmol·L-1 melatonin group. 

184 In summary, waterlogging stress increases the content of osmotic molecules in the leaves and 

185 roots of pumpkin seedlings. Moreover, the application of an optimal melatonin concentration 

186 through foliar spraying substantially elevated the levels of osmotic substances in pumpkins under 

187 waterlogging stress, thereby enhancing their resilience to stress.

188 3. Discussion

189 The response of plants to waterlogging stress is a complex process affecting all stages of plant 

190 growth and involving various physiological activities. Waterlogging stress can result in 

191 physiological water deficit, the production of reactive oxygen species, disruption of normal plant 

192 metabolic activities, damage to cell membrane integrity, dysregulation of the osmotic regulatory 

193 mechanism, and ultimately affect plant growth and development (Li et al., 2022). Plant growth 

194 and development status is a key morphological indicator of their exposure to waterlogging stress. 

195 In the present study, waterlogging stress significantly decreased plant height, stem thickness, 
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196 root length, and dry fresh weight of pumpkin seedlings and caused leaf wilting and a significant 

197 reduction in chlorophyll content. These findings are consistent with previous findings on 

198 chrysanthemum reported by Tao et al. (2024). Melatonin, a compound abundantly present in 

199 plants, plays a crucial role across various growth and development stages, including enhancing 

200 seed germination and delaying leaf senescence, indicating its multifaceted functions in plants 

201 (Bawa et al., 2020). The application of melatonin through spraying on horticultural crops 

202 subjected to biotic and abiotic stresses improves the resistance against these stresses (He et al., 

203 2022). Previous research has demonstrated that treating soybean plants with 50 μmol/L of 

204 exogenous melatonin significantly enhances growth, development, and yield (Wei et al., 2015). 

205 Similarly, spraying a 100 mg/L melatonin solution on young grape berries can stimulate fruit 

206 growth and expansion (Meng et al., 2022). In this study, exogenous melatonin effectively 

207 restored normal growth levels in pumpkin seedlings subjected to waterlogging stress. In addition, 

208 this treatment significantly increased accumulation of dry mass, potentially by enhancing 

209 photosynthesis by increasing the levels of chlorophyll pigments, enhancing reactive oxygen 

210 species scavenging capacity, reducing membrane lipid peroxidation, increasing antioxidant 

211 enzyme activity, and increasing the content of organic osmotic regulators. The optimal melatonin 

212 concentration for foliar spraying to promote pumpkin growth under waterlogging stress was 100 

213 μmol·L-1.

214 The growth and vigor of a plant's root system directly influence the growth of above-ground 

215 parts and yield. Waterlogging stress can significantly reduce root vigor, as observed in the 

216 pumpkin seedlings in this study. However, foliar spraying with various melatonin concentrations 

217 enhanced root vigor in pumpkin seedlings, with 100 μmol·L-1 melatonin showing the most 

218 significant effect. Research conducted by Yuan et al. (2022). demonstrated that kiwifruit 

219 seedlings exhibited reduced root vigor under waterlogging stress, but the application of 

220 exogenous melatonin alleviated the damage. Similarly, Gu et al. (2022). observed reduced root 

221 vigor in peach seedlings under waterlogging stress, but application of exogenous melatonin 

222 alleviated this reduction and partially mitigated the damage to the root system.

223 Zhou et al. (2024) observed that waterlogging stress significantly impaired the photosynthetic 

224 efficiency and chlorophyll levels of kale-type oilseed rape leaves. This effect could be attributed 

225 to the disruptions in ionic balance, oxidative stress, and metabolic disorders induced by 

226 waterlogging stress. Similarly, Xu et al. (2011) demonstrated that spraying appropriate 

227 concentrations of exogenous melatonin mitigated the damage caused by high-temperature stress 

228 on cucumber photosynthetic organs. In the current study, pumpkin seedlings exhibited a decrease 

229 in total chlorophyll content and the levels of chlorophyll a, chlorophyll b, and carotenoids under 

230 waterlogging stress. However, the application of exogenous melatonin alleviated this effect and 
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231 increased the levels of the chlorophyll pigments. This increase could be attributed to the ability 

232 of melatonin to alleviate waterlogging stress, thereby enhancing photosynthesis, promoting the 

233 accumulation of dry matter, and increasing plant growth.

234 Osmoregulation is a vital physiological function in plants that aids them in coping with external 

235 stress and maintaining normal growth (Hua, Li, 2017). Plants counteract adverse conditions by 

236 accumulating osmoregulatory substances. Yang et al. (2023) demonstrated that exogenous 

237 melatonin increases chlorophyll, soluble sugar, and soluble protein levels in leaves of auberge 

238 seedlings under waterlogging stress. In this study, foliar spraying of 100 μmol·L-1 melatonin 

239 significantly increased soluble protein content in pumpkin seedlings, enhancing their resistance 

240 to waterlogging stress. This effect can be attributed to the stimulation of new protein synthesis in 

241 pumpkin seedling leaves by melatonin, enhancing osmoregulation and alleviating cell damage.

242 Malondialdehyde levels are negatively correlated with the integrity of cell membrane structure. 

243 Elevated MDA levels in plants indicate severe membrane damage due to salt stress. Pumpkin 

244 seedlings subjected to waterlogging stress produce high levels of H2O2, leading to oxidative 

245 damage, increased membrane permeability, and elevated MDA levels due to membrane lipid 

246 peroxidation. In this study, a significant increase in malondialdehyde content was observed in the 

247 leaves and roots of pumpkin seedlings under waterlogging stress, consistent with previous 

248 findings by He et al. (2022). Melatonin maintains the integrity of the cell membrane, ensuring 

249 cell structure stability and enhancing plant tolerance to stress (Zhang et al., 2015). Research has 

250 demonstrated that foliar application of 100 μmol/L melatonin can alleviate membrane lipid 

251 peroxidation in chrysanthemum seedlings under waterlogging stress, thereby reducing the 

252 damage caused by waterlogging (Tao et al., 2024). This study revealed a significant decrease in 

253 MDA levels in pumpkin seedlings treated with 100 μmol·L-1 melatonin foliar spray.

254 Waterlogging stress primarily damages plants by disrupting the integrity of plant cell 

255 membranes, leading to the accumulation of reactive oxygen species (ROS). To counteract this 

256 stress, plants typically rely on antioxidant enzyme systems, such as superoxide dismutase (SOD) 

257 and catalase (CAT), to eliminate excess ROS and protect cells from damage. Melatonin, known 

258 for its ability to scavenge free radicals, also functions as an antioxidant by enhancing the activity 

259 of various enzymes involved in antioxidant defense (Li et al., 2023). In the present study, 

260 pumpkin seedlings exposed to waterlogging stress exhibited increased SOD and CAT activities, 

261 with a further increase observed after application of melatonin.

262 4 Conclusion

263 Melatonin can effectively enhance the SOD and CAT activities of pumpkin seedlings under 
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264 flooding stress, improving their ability to scavenge ROS and increase osmotic regulation 

265 substances. These effects alleviate the damage caused by flooding stress, maintain intracellular 

266 water levels and membrane system functions, and preserve cell turgor pressure. Additionally, 

267 melatonin enhances the photosynthetic capacity of pumpkin seedlings by increasing chlorophyll 

268 levels, enhancing root activity, and improving their overall tolerance to flooding stress. These 

269 beneficial effects are attributed to melatonin's ability to enhance antioxidant enzyme activity and 

270 increase the production of antioxidant substances such as ascorbic acid, glutathione, and 

271 carotenoids, ultimately reducing the ROS levels, to alleviate oxidative damage and enhance the 

272 resilience of pumpkin seedlings to waterlogging.

273 The growth of pumpkin seedlings was impeded under waterlogging stress, leading to a decrease 

274 in leaf chlorophyll content and root vigor, an increase in MDA content, and the accumulation of 

275 reactive oxygen species, which triggered higher activities of antioxidant enzymes. The 

276 application of exogenous melatonin increased chlorophyll content, enhanced the activities of 

277 antioxidant enzymes such as SOD and CAT, decreased lipid peroxidation, mitigated peroxidative 

278 damage, and stimulated pumpkin growth under waterlogging stress. Specifically, treatment with 

279 100 μmol·L-1 melatonin exhibited superior efficacy in enhancing the waterlogging tolerance of 

280 pumpkins.
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Figure 1
Different melatonin concentrations have varying effects on the phenotypic growth of
pumpkin seedlings under waterlogging stress
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Figure 2
Different melatonin concentrations have varying effects on the phenotypic growth of
pumpkin seedlings under waterlogging stress
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Figure 3
Different melatonin concentrations have varying effects on the phenotypic growth of
pumpkin seedlings under waterlogging stress
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Figure 4
Different melatonin concentrations have varying effects on the phenotypic growth of
pumpkin seedlings under waterlogging stress
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Figure 5
Different concentrations of melatonin enhanced the root vigor of pumpkin seedlings
under waterlogging stress
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Figure 6
Different concentrations of melatonin alleviate the effect of waterlogging stress on
chlorophyll contents in pumpkin seedlings
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Figure 7
Different concentrations of melatonin reduce malondialdehyde content in pumpkin
seedlings under waterlogging stress
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Figure 8
Different concentrations of melatonin increase the activity of antioxidant enzymes in
pumpkin seedlings under waterlogging stress
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Figure 9
Different concentrations of melatonin increase the activity of antioxidant enzymes in
pumpkin seedlings under waterlogging stress
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Figure 10
Different concentrations of melatonin increase the activity of antioxidant enzymes in
pumpkin seedlings under waterlogging stress
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Figure 11
Varying concentrations of melatonin increase the content of the soluble proteins in
pumpkin seedlings under waterlogging stress
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