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A B S T R A C T

Context: Nitrogen (N) plays integral roles in plant growth and yield. Finding ways to increase plant yield with 
reduced N usage will promote both agricultural and environmental sustainability. Melatonin acts as a multi
functional regulatory molecule in numerous metabolic processes crucial for plant growth and development as 
well as response to environmental stresses. The effects of melatonin on the material accumulation and transport, 
source-sink dynamics, as well as its association with yield and quality formation of peanut (Arachis hypogaea L.) 
remain unclear, especially at different N levels.
Objectives: We aim to investigate the response mechanism of melatonin in peanut plants subjected to reduced N 
application, in order to confirm the hypothesis that melatonin regulates carbon and N accumulation and 
transport, and coordinates source-sink relationships to increase production and improve quality.
Methods: This study examined the effects of two seed dressing treatments (with or without 0.5 μM MT) and three 
N fertilizer levels (90, 135, and 180 kg/ha) using a randomized complete block design with split plots and three 
biological replications over 2021 and 2022. The evaluation focused on photosynthetic physiology, enzyme ac
tivities related to carbon and N metabolism, accumulation and transport of dry matter and N, yield, and quality, 
while exploring the relationships among these variables.
Results: Melatonin-treated plants had more stable carbon and N metabolism than the untreated ones. This sta
bility was linked to improved photosynthesis, sucrose production, and N assimilation, especially at the reduced N 
levels (90 and 135 kg/ha). Across three N levels and two years of field tests, MT increased peanut dry matter by 
23.49 % from 455.63 g/m2 to 562.66 g/m2, enhanced the accumulation and mobilization of dry matter and N to 
grains by increasing peanut grain mass by 22.41–29.07 % at different N levels. This process appears to subse
quently elevate the effective pod rate, leading to an average increase in pod yield, fat and protein content by 
12.63 %, 7.95 %, and 10.33 %, respectively, over a two-year period and across three N application levels.
Conclusions: Plants subjected to melatonin treatment exhibited a coordinated source-sink relationship, which is 
manifested in high photosynthetic capacity and a high proportion of assimilates transported to pods, thus pro
moting effective proportions and pod fullness to improve peanut yield and quality under reduced N application.
Significance: Our research provided insights into the response mechanism of melatonin on peanut carbon and N 
metabolism across various N treatments, contributing to a deeper understanding of how melatonin enhances crop 
yield and quality.

1. Introduction

Peanut (Arachis hypogaea L.) is a globally important oil and food 

crop. In China, peanut is grown annually on 4.7 × 106 ha, accounting for 
about 20 % of the world’s total planting area, ranking second, but its 
yield ranks first with approximately 40 % of the world’s total yields (Shi 
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et al., 2022). Combining richness in seed oil (~46–58 %) and protein 
(~22–32 %), peanut’s industrial development helps to fight malnutri
tion, improve the self-sufficiency rate of edible vegetable oil and ensure 
food security (Shi et al., 2022; Liu et al., 2024).

As a leguminous crop, peanut has the ability to fix atmospheric ni
trogen (N), but its growth still requires sufficient N, phosphorus (P), and 
potassium (K) nutrients through fertilization (Crusciol et al., 2021). 
According to a recent field trial study conducted in the North China 
Plain (NCP), the main peanut producing area in China, peanuts require 
42.0 kg of N, 4.6 kg of P, and 15.3 kg of K to produce 1000 kg of pods (Hu 
et al., 2023). However, farmers in the NCP usually apply excessive 
mineral fertilizers, especially N fertilizer, which can exceed 190 kg per 
hectare (Yang et al., 2022a), to ensure higher yields (Feng et al., 2020). 
Excessive fertilization may be due to the following reasons: Firstly, 
small-scale farming households, which are the core model of traditional 
agriculture in the NCP for decades, usually blindly invest and overinvest 
in resources to obtain high yields and higher economic returns from 
limited arable land (Feng et al., 2020). Secondly, the farmers have 
limited choice in improving peanut productivity, i.e., no suitable 
rhizobia inoculation (Bai et al., 2019) or other applicable management 
methods, but only N fertilizer. Consequently, the overuse of chemical 
fertilizer has led to lower N use efficiency and biological N fixation, and 
higher N losses (i.e., gaseous emissions and leaching), and increased 
economic expenditure thus threatening agricultural green development 
in the NCP (Zou et al., 2022). Hence, it is imperative to urgently address 
several critical issues in peanut production, including the reduction of 
nitrogen fertilizer usage, enhancement of nitrogen fertilizer efficiency, 
improvement of yield and quality, mitigation of nitrogen losses in 
agricultural fields, and minimization of environmental impacts (Wan, 
2017).

The accumulation and transport of carbon (C) and N are the most 
critical processes in plant growth and development, and these processes 
determine the yield and quality of grains (Aluko et al., 2023). It is well 
known that the grain filling material is partly derived from 
photo-assimilation directly transferred to grains and partly from the 
remobilization of assimilates from vegetative tissues, of which approx
imately 70–90 % originates from the former (Gao et al., 2022, Liu et al., 
2024). Non-structural carbohydrates (NSCs) accumulated in vegetative 
tissues can be redistributed to the grains in the later stage of grain filling, 
which is an important C source of grains, and is positively correlated 
with grain yield (Aluko et al., 2023; Wang et al., 2023b). Although the 
contribution of remobilization of NSCs accumulated in vegetative tissues 
to yield is relatively low, it can serve as a storage material for grain 
filling under conditions such as limited photosynthesis and insufficient 
supply of assimilates during grain filling stage (Agherikia et al., 2019). 
Moreover, the N in the grain comes from both the redistribution of N 
accumulated in vegetative tissues before flowering, and the N uptake 
from the soil during grain filling (Tegeder and Masclaux-Daubresse, 
2018). The remobilization of N from vegetative tissues not only forms 
the major N source and accounts for the greatest proportion of grain N 
content, but also exhibited a significant positive correlation with grain 
yield and grain protein concentration (Gao et al., 2022, Sharma et al., 
2023). In plants, C and N metabolism are closely interactive: the energy 
such as ATP and NAD(P)H, and C skeleton from C metabolism are 
necessary for N utilization, and organic N produced by N assimilation, 
such as amino acids are the building blocks of proteins, including pro
teins that are indispensable for C metabolic reactions (Nunes-Nesi et al., 
2010). Since both C and N metabolism require C skeleton, ATP and NAD 
(P)H, there is a competitive relationship between C metabolism and N 
metabolism (Foyer et al., 2001). In the case of excessive N fertilizer, N 
assimilation competes with C metabolism, which consumes excessive 
energy and reduces the non-structural carbohydrates required for crop 
growth, thus affects C metabolism (Poorter and Nagel, 2000). Hoogm
oed and Sadras (2016) reported that the increase in NSC concentration 
reduced the concentration of N in the shoots in wheat. Therefore, opti
mizing the relationship between C and N metabolism and coordinating 

the accumulation and transport of C and N is crucial to improve the yield 
and quality of grains (Aluko et al., 2023; Gao et al., 2022).

Crop yield depends on not only the production capacity of photo
synthetic source assimilates, but also the size and storage capacity of the 
reservoir (Liu et al., 2024). Coordinating source-sink relationships is of 
great significance to improving crop yields (Wang et al., 2020); higher 
biomass yields and optimized source-sink ratios will drive the next great 
leap in crop yields (Liu et al., 2024). Peanut is a crop with continuous 
blooming, long flowering period, and a high number of flowers (Liu 
et al., 2024). However, the ultimate rate of gynophore formation is 
limited to a range of 30–70 %, the final rate of fully developed pods is 
confined to 15–30 %, and the variability in the rate of fully developed 
pods rate range from 20 % to 80 % (Ji et al., 2015). Consequently, the 
reduction of redundant and ineffective pod sink has emerged as a crucial 
technical challenge for enhancing both the yield and quality of peanuts 
(Wang et al., 2020). Furthermore, peanuts possess unlimited growth 
habits and branching tendencies, which lead to leaf redundancy and 
premature leaf senescence during the early and late growth stages, 
respectively; this is also a key issue affecting peanut production (Wan 
and Zhang, 2019). Therefore, the measures to prevent leaf sources 
redundancy, and address the issue of abundant flowers but limited pegs 
formation, as well as numerous pods with insufficient filling, are crucial 
for enhancing the proportion of effective pods and improving pod full
ness, thereby significantly contributing to the improvement of peanut 
yield and quality (Liu et al., 2024).

Melatonin (N-acetyl-5-methoxytryptamine, MT) is an indoleamine 
found in different plant tissues (Dubbels et al., 1995). To date, MT has 
been defined as an essential phytohormone in plants (Arnao and 
Hernandez-Ruiz, 2019), which has multi-regulatory roles on a large 
number of physiological, biochemical, and molecular actions in plants 
(Arnao and Hernandez-Ruiz, (2021); (Yang et al., 2022b). Exogenous 
MT promoted N uptake and assimilation by improving the activities of N 
uptake and metabolism related enzymes, and ultimately, improved the 
plant growth and yield in wheat (Qiao et al., 2019) and cucumber (Xu 
et al., 2024). Exogenous MT increased the content of non-structural 
carbohydrates (NSC) and N and promoted their transport to grains by 
improving the activities of key enzymes involved in sucrose transporter 
and N uptake (Qin et al., 2023). Recent studies have also shown that MT 
treatment improved the quality of fruits and vegetables (Wang et al., 
2022). Foliar spraying of MT increased the content of soluble sugar in 
fruit, especially of sucrose, by promoting the sucrose phosphate synthase 
(SPS) activity in the tomato leaves under salt stress (Jahan et al., 2023) 
and cotton under drought (Khattak et al., 2023). During pear fruit 
ripening, MT increased the content of soluble sugars, especially sucrose 
and sorbitol, which was associated with up-regulation of SPS expression 
(Liu et al., 2019a). Numerous studies have showed that MT enhanced 
plant stress resistance and promoted plant growth and yield by regu
lating C and N metabolism. However, how peanut yield and quality 
responds to MT treatment under field conditions, along with the un
derlying mechanisms, remain inadequately understood, particularly in 
the context of varying N supply levels. In order to make full use of land, 
light and heat resources and adapt to mechanize operations, 
summer-peanuts are commonly planted in the NCP. Over a two-year 
period (2021 and 2022) of field experiments, this study conducted a 
systematic analysis of the effects of exogenous MT on the yield and 
quality of summer-peanuts under varying N levels. Additionally, it 
investigated the responses of photosynthetic physiological characteris
tics, C and N metabolic enzyme activities, as well as the accumulation 
and transport of dry matter and N, and explored their intrinsic re
lationships with yield and quality formation. The results of this study 
would provide a theoretical basis for the application of MT in high-yield 
and high-quality summer peanut cultivation as well as environmental 
suitability.
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2. Materials and methods

2.1. Experimental sites

Field experiments were conducted in 2021 and 2022 at Yanjin 
Experimental Station (35◦12′N, 114◦07′E), Xinxiang, Henan Province, P. 
R. China. The soil type was sandy loam soil at the experimental sites. The 
upper 20 cm of the soil contained total N: 0.55 g/kg, total P: 0.60 g/kg, 
available P: 10.02 mg/kg, available K: 102.70 mg/kg, and organic 
matter: 10.27 g/kg, pH 7.7. The site was characterized as a warm- 
temperate continental monsoon climate. During the whole summer- 
peanut growing periods, the accumulative temperature above 0 ℃ 
was 4308℃ and 4384 ℃, and the cumulative precipitation was 
1115 mm and 392 mm in 2021 and 2022, respectively (Fig. 1).

2.2. Experimental design

The split-plot design was adopted in the field experiment. The main 
plot consisted of two seed dressing methods (dressed with or without 
0.5 μM MT), and the sub-plot comprised three N fertilizer rates [90 
(N90), 135 (N135), and 180 kg N ha−1 (N180)]. There are a total of six 
treatments (Table 1), and each treatment comprised three biological 
replications with a plot area of 56 m2 (2.8 m × 20 m). All treatments 
were conducted in fixed locations to account for the legacy effects of N. 
Additionally, 120 kg ha－1 of the P fertilizer (P2O5) and K fertilizer (K2O) 
inputs were in the summer-peanut growing season, respectively. All N, P 
and K fertilizers were uniformly applied by broadcast method as basal 
fertilizers before peanut sowing. The local peanut variety “Yuhua 37″ 
was planted with a row spacing of 40 cm and an interplant spacing of 
10 cm, on June 6th, 2021 and June 8th, 2022, respectively. During the 
peanut growth period, fungicides (30 % benzoylpropiconazole E.C.) 
were applied in early July to manage peanut diseases, and pesticides 
(high-efficiency chlorfenapyr E.C.) were used in late July to control 
insect pests. Weeds were controlled manually during the growing sea
son. Irrigation was carried out twice in early and late August. The pea
nuts were harvested on October 8th, 2021 and October 10th, 2022, 

respectively.

2.3. Sampling and measurements

2.3.1. Peanut sampling
The experimental data of peanut were collected at two stages: 

anthesis (when 50 % of plants in a plot have begun flowering) and 
maturity (when 50 % of all developed pods show testa or pericarp 
coloration) each year. A total of 21 peanut plants were randomly 
selected from each plot, and 6 peanut plants were placed in liquid N and 
stored in an −80◦C freezer prior to measure the activities of enzymes 
related to C and N metabolism. Another 15 plants were separated into 
leaf, stem, and pod, and dried in an oven at 105◦C for 30 minutes, and 
then dried at 80◦C to constant weight. After measuring the dry weight, 
all plant samples were ground with a grinder to determine N content.

2.3.2. SPAD, net photosynthetic rate (Pn), and photosystem II (PSII) 
maximum photochemical efficiency (Fv/Fm)

At the anthesis and mature stage, a SPAD-502 chlorophyll meter 
(Konica Minolta, Japan) was used to measure the SPAD, a Li-6800 
photosynthetic meter (LI-COR Company, USA) was employed for 
measuring the net photosynthetic rate (Pn), and a Handy-PEA fluorom
eter (Hansatech, UK) was used to measure the photosystem II (PSII) 
maximum photochemical efficiency (Fv/Fm) in the second top peanut 
leaves of the main stem. All the measurements were conducted between 
09:00 and 11:00 on a sunny day. Before measuring chlorophyll fluo
rescence parameters, peanut leaves needed to be dark-adapted for 
20 min. Five plants were selected from each plot to measure SPAD, Pn 
and Fv/Fm, i.e., each treatment was repeated 15 times.

2.3.3. Determining dry matter as well as N accumulation and translocation
The accumulation and translocation of dry matter (DM) in peanut 

plants were calculated as follows:
Post-anthesis dry matter (DM) accumulation (DMA, g/m2) = Total 

DM accumulation at the maturity stage –Total DM accumulation at the 
anthesis stage.

Post-anthesis DM translocation (DMT, g/m2) = Total DM accumu
lation at the anthesis stage − DM accumulation of vegetative parts at the 
maturity stage.

Dry matter (DM) translocation efficiency (DMTE, %) = DMT / total 
DM accumulation at the anthesis stage ×100.

The contribution of post-anthesis DM translocation to pod yield 
(CDMT, %) = DMT / pod yield ×100.

The N concentration was measured in the leaves, stems, and pods of 
peanuts using a Kjeltec 2300 Analyzer Unit (Foss Tecator AB, Hoganas, 
Sweden) (Qiao et al., 2019). The accumulation and translocation of N in 
peanut plants were calculated as follows:

N accumulation amount (g/m2) = N concentration (%) × DM 

Fig. 1. Daily total rainfall and variation of temperature during the peanut growing season in 2021 (A) and 2022 (B). The dates indicated by the red and green arrows 
are anthesis and maturity stage, respectively.

Table 1 
Experimental design and the treatments #.

Treatments N usage Seed dressing

N90 90 kg/ha clear water
N90+MT 90 kg/ha 0.5 μM MT
N135 135 kg/ha clear water
N135+MT 135 kg/ha 0.5 μM MT
N180 180 kg/ha clear water
N180+MT 180 kg/ha 0.5 μM MT

# N: nitrogen; MT: melatonin.

L. Li et al.                                                                                                                                                                                                                                        Field Crops Research 319 (2024) 109650 

3 



accumulation amount (g/m2).
Post-anthesis N translocation (NT, g/m2) = Total N accumulation at 

the anthesis stage – N accumulation of vegetative parts at the maturity 
stage.

The contribution of NT to pod (CNT, %) =NT / pod N at maturity 
×100.

Post-anthesis N accumulation (NA, g/m2) =Total N accumulation at 
the maturity stage –Total N accumulation at the anthesis stage.

Contribution of NT to pod (CNT, %) =NT / pod N at maturity ×100.

2.3.4. N assimilation
Nitrate reductase (NR) activity was measured according to the 

method of Kaiser and Lewis (1984). Enzyme activity was expressed in 1 
µmol h–1 of nitrite (µg/g FW/h). The activities of glutamine synthetase 
(GS), glutamate synthetase (GOGAT), and glutamate dehydrogenase 
(GDH) were determined by individual kits (Solebao Technology Co., 
LTD., Beijing, China) according to the manufacturer’s instructions.

The soluble protein (SP) content in the leaves was determined using 
the Coomassie brilliant blue G-250 reagent according to a previous 
report (Bradford, 1976) with bovine serum albumin (BSA) as a standard. 
The total free amino acid (FAA) content was determined by the ninhy
drin method (Yemm et al., 1955) with glycine as the standard.

2.3.5. Carbon metabolism
The activities of sucrose phosphate synthase (SPS), sucrose synthase 

(SS) and Ribulose-1,5-bisphosphate carboxylase (RuBP) were deter
mined by individual kits (Solebao Technology Co., LTD., Beijing, China) 
according to the manufacturer’s instructions.

The content of sucrose, fructose, and glucose in peanut leaves were 
determined following the protocols previously reported (Li, 2000). In 
short, approximately 200 mg of dry samples was first extracted with 
ethanol and held at 80℃ in a water bath for 30 min; then, the super
natant was used for measuring the contents of glucose, fructose, and 
sucrose by colorimetric method. The supernatant was obtained by 
extracting the residue with 10 mL of 52 % HClO4 (v/v) and used for the 
estimation of the starch contents. The starch content was calculated 
following the procedure described by Shen et al. (2019).

2.3.6. Yield components
At harvest, a 6 m2 quadrat was selected from each experimental plot, 

and all peanut plants in the quadrat were dug out for yield measure
ments; 10 representative plants were sampled from each quadrat and 
oven dried at 80 ℃ to 10 % moisture content with a constant weight. 
Meanwhile, the number of pegs, full pods, empty pods, total pods and 
hundred-grain weight (HGW) were recorded. Pod rate (PR, %) = total 
pods number (TPN) / number of pegs (NP) × 100; Effective pod rate 
(EPR)= effective pods number (EPN) / TPN × 100. The TPN refers to the 
sum of the full pods number and the empty pods number. All pods 
collected from the peanut plants in the quadrat were air-dried and 
weighed to calculate the pod yield of peanuts.

2.3.7. Determination of fat, protein, soluble sugar content in peanut seeds
After the peanut harvest, all pods were collected from the peanut 

plants and air-dried. One hundred intact peanut kernels were taken from 
each plot, and the oleic acid (OA), linoleic acid (LA), fat, protein and 
soluble sugar contents of peanut kernels in different treatments were 
measured using a multifunctional grain near-infrared analyzer (Bruker, 
MATRIX-1).

2.4. Statistical analysis

At least six biological replicates were performed for the indexes 
related to C and N metabolism, and fifteen biological replicates were 
performed for photosynthesis related indicators and the indexes related 
to dry matter and N accumulation and translocation. Duncan’s multiple 
range test (p ≤ 0.05) and analysis of variance (ANOVA) were performed 

by using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) for all traits, 
with MT, N fertilization and year as fix factors. Graphs including the PCA 
Biplot were plotted using the Origin 2021 software (Origin Lab Corpo
ration, USA).

3. Results

3.1. Dry matter accumulation and translocation

In both years, the application of MT significantly increased the 
vegetative dry matter of individual peanut plants at the anthesis stage 
(Fig. 2). On average over the two years and three N levels, the vegetative 
dry matter increased with N input in both the plants treated with or 
without MT and the difference between the plants treated with or 
without MT was consistent across levels of N input (Fig. 2). At the 
maturity stage, based on two years’ average, compared to the planted 
without MT treatment, the application of MT significantly increased 
grain mass per plant by 26.35 %, 29.07 % and 22.41 % under N180, 
N135, and N90 treatments, respectively (Fig. 2). N application signifi
cantly increased vegetative dry matter and reproductive dry matter both 
in plants treated with or without MT (Fig. 2).

The DMA and DMT were significantly affected by the application of 
MT, N supply level, and year as well as by the interaction between MT 
application and N supply level (Table S1). As N levels increased, DMA 
first increased, then decreased, while DMT first remained unchanged 
and then declined (Fig. 3 and Table S1). In both years, the application of 
MT had positive effect on both DMA and DMT. Averaged across three N 
levels and two years, DMA was significantly increased by 23.49 % from 
455.63 g/m2 in plants treated without MT to 562.66 g/m2 in plants 
treated with MT, and DMT increased by 31.36 % from 55.41 g/m2 in 
plants treated without MT to 72.34 g/m2 in plants treated with MT. The 
application of MT had no effect on DMTE, while it had negligible effects 
on the contribution of CDMT because of the increased DMA in plant 
treated with MT. N input significantly decreased CDMT and DMTE in 
both plants treated with or without MT.

3.2. N accumulation and translocation

The NA and NT were significantly affected by the application of MT, 

Fig. 2. Vegetative and generative dry matter of peanuts treated with MT in 
response to three N fertilizer levels in 2021 and 2022. The vegetative dry matter 
and generative dry matter are shown in green and orange, respectively. Each 
column represents the mean dry matter of six replicates, and the bar represents 
the standard error. Different letters represent significant differences between 
treatments with p-values < 0.05.
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Fig. 3. The effect of MT on post-anthesis dry matter accumulation (DMA, A), post-anthesis dry matter translocation (DMT, B), dry matter translocation efficiency 
(DMTE, C) and the contribution of post-anthesis dry matter translocation to pod yield (CDMT, D) responses to N input in peanut. Different letters represent significant 
differences between treatments with p-values < 0.05.

Fig. 4. The effect of melatonin on post-anthesis N accumulation (NA, A), post-anthesis N translocation (NT, B), N translocation efficiency (NTE, C) and the 
contribution of post-anthesis N translocation to pod N (CNT, D) responses to N input in peanut. Different letters represent significant differences between treatments 
with p-values < 0.05.
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N supply level, and year as well as by the interaction between MT 
application and N supply level and the interaction between N supply 
level and year (Table S2). As N input increased, both NA and NT 
increased, then decreased, and reached maximum values under N135 
treatment (Fig. 4, Table S2). The application of MT had an impact on NA 
and NT in both years, and the impact on the former was greater than the 
latter. Compared with the plants without MT treatment, the NT 
increased by 28.60 % while the NA increased by 36.18 % in plants 
treated with MT, respectively, averaged over two years and three N 
levels. The application of MT had positive effect on NTE, and the NTE 
increased by 7.78 % in plants treated with MT, respectively, averaged 
over two years and three N levels. The increased NA in plants treated 
with MT decreased the contribution of CNT by 9.31 %, averaged across 
three N levels and two years. Increasing N input had no effect on CNT, 
while it had negligible effects on NTE, especially in plants without MT 
treatment.

3.3. SPAD, Pn, Fv/Fm and RuBP activity

At the anthesis and mature stages, the value of SPAD, Pn and RuBP 
activities were significantly affected by the application of MT, N supply, 
and the year, and Fv/Fm was only significantly affected by the applica
tion of MT (Table S3). As displayed in Fig. 5 and Table S3, at both 
anthesis and mature stages, the application of MT increased the value of 
SPAD, Pn, Fv/Fm and RuBP activities under three N supply conditions in 
both years, and this positive effect of MT was more obvious under the 
N90 treatment. Compared with N90 treatment, the value of SPAD, Pn, 
Fv/Fm and RuBP activity treated with N90 + MT increased by 23.62 %, 
20.54 % 4.72 %, and 49.03 % at the anthesis stage, and increased by 
31.06 %, 35.07 %, 19.05 % and 55.85 % at the mature stage, respec
tively, averaged over two years.

3.4. The content of sucrose, starch, fructose, and glucose and the activities 
of C metabolism-related enzymes

MT treatments and N supply levels significantly affected the activ
ities of SPS and SuS and the contents of sucrose, starch, fructose, and 
glucose at both anthesis and mature stages, except the starch at the 
anthesis stage (Table S4 and Fig. 6). The year significantly affected the 
SuS activity, and the contents of sucrose, and glucose at both anthesis 
and mature stages, and affected the SPS activity at the anthesis stage. 
The interaction between MT application and the year significantly 
affected SPS activity at the mature stage and affected the SuS activity at 
both anthesis and mature stages. The interaction between MT applica
tion and the year significantly affected SPS activity at the anthesis stage 
and affected the SuS activity at the mature stage. Under the same N 
level, the application of MT increased the activities of SPS and SuS at 
both anthesis and mature stages in both years. Averaged over two years, 
compared to N90, N135, and N180 alone, the actives of SPS and SuS 
under the treatment of N90 + MT, N135 + MT and N180 + MT increased 
by 61.11 %, 43.46 %, 54.32 %, and 50.88 %, 59.67 %, 52.68 % at the 
anthesis stage, and by 60.69 %, 64.47 %, 94.82 % and 65.36 %, 
49.89 %, 40.96 % at the maturity stage. In both years, MT-treated plants 
consistently exhibited higher sucrose, fructose, and glucose levels across 
all N supply conditions at the anthesis stage, and under N135 and N90 at 
the maturity stage. Additionally, MT also boosted starch content at both 
stages under N135 and N90 conditions.

3.5. The contents of SP and FAA and the activities of N metabolism- 
related enzymes

Both the application of MT and N supply levels significantly affected 
the activities of NR, GS, GOGAT and GDH, and the contents of SP and 

Fig. 5. The effect of melatonin on the SPAD (A), net photosynthetic rate (Pn, B) and rubisco ribulose-1, 5 bishosphate carboxylase (RuBP, C) in the leaves of peanut 
under different N supply conditions. Different letters represent significant differences between treatments with p-values < 0.05.
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FAA (Table S5 and Fig. 7). The year also significantly affected these 
indexes except GS activity. The interaction between MT treatment and N 
supply levels significantly affected the activities of NR, GS, GOGAT and 
GDH at both anthesis and mature stages, and affected GS activity and 
FAA content at the mature stage. Both the interaction between MT 
application and the year, and the interaction between N supply levels 
and the year significantly affected NR activity. In both years, the 
application of MT increased the activities of NR, GS, GOGAT, and GDH 
and the contents of SP and FAA on both anthesis and mature stages, 
especially under N90 supply condition. Compared with N90 treatment, 
the NR, GS, GOGAT, and GDH and the contents of soluble protein and 
free amino acids in leaves treated with N90 + MT increased by 38.70 %, 
31.77 %, 47.69 %, 38.23 %, 12.71 %, and 18.20 % at the anthesis stage, 
and increased by 45.29 %, 51.30 %, 93.93 %, 37.68 %, 25.64 %, and 
72.14 % at the mature stage, respectively, averaged over two years.

3.6. Sink characteristics and yield

MT treatment significantly increased NP, ENP, EPR although it did 
not affect PR in 2020 and 2021 under all three N supply conditions 
(Table 2). The NP shows a gradual increase trend in both years as 
increasing N levels, while the PR, EPN, EPR showed a gradual decrease 
trend.

The application of MT had a positive effect on pod yield in both years 
under all three N supply conditions (Table 2). In 2021, the pod yields 
decreased in the following orders of treatments: N135+MT > N90+MT 
> N135 > N90 > N180+MT > N180. In 2022, the pod yields were 
similar to that in 2021 but a little bit of difference as following: N90+MT 
> N135+MT > N180+MT > N135 > N90 > N180. Compared with N90, 
N135 and N180 treatment, the pod yields were increased by 13.51 %, 
13.06 %, and 11.32 % with N90+MT, N135+MT, and N180 + MT, 
respectively, averaged over two years. In 2021, compared with different 

Fig. 6. The effect of melatonin on (A) sucrose phosphate synthase (SPS) activity, (B) sucrose synthase (SuS) activity, (C) sucrose content, (D) starch content, (E) 
fructose content, and (F) glucose content in the leaves of peanut at the anthesis and mature periods under different N supply conditions. Different letters represent 
significant differences between treatments with p-values < 0.05.
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levels of N fertilizer alone, the application of MT increased hundred-pod 
weight but not to a significant level. In 2022, compared with N90 and 
N135, the application of MT significantly increased the hundred-pod 
weight by 9.64 % and 9.86 %, respectively.

3.7. Grain quality

Both MT application and N supply levels significantly affected the 
content of fat, protein, OA, and LA, and the interaction between MT 
application and N supply levels significantly affected fat and protein 
content (Table 3). In both years, the application of MT had no effect on 
the soluble sugar content while it had a positive effect on fat content and 
protein content, especially under N90 supply conditions (Table 3). 
Compared with N90 treatment, the fat content and protein treated with 
N90+MT increased by 11.90 % and 11.96 %, respectively, averaged 
over two years. MT treatment significant enhanced the content of OA 
and LA, which enhance the peanut oil quality.

3.8. Overall effects of exogenous MT on peanut growth and development 
as well as yield and quality

A principal components analysis (PCA) was conducted using the data 
from the application of MT under three N supply conditions to elucidate 
the enzyme activities and substance contents related to C and N meta
bolism at both anthesis (Fig. 8A) and mature stages (Fig. 8B), the dry 
matter and N accumulation and transport, sink characteristics, and grain 
yield and quality (Fig. 8C). According to Fig. 8A and B, the first axis 
separated N180 from N180+MT, N135+MT and N90 +MT. Addition
ally, N90 +MT and N135+MT were closely grouped, indicating similar 
value of the enzyme activities and substance content related to the C and 
N metabolism in these treatments. The score plot also reveals that the 
points representing N180 always in the rightmost, and the point repre
senting the N90 +MT and N135+MT were always on the right and far 
from the point representing N180, which means the treatment of N90 
+MT and N135+MT could alleviate the negative effects of on these 

Fig. 7. The effect of melatonin on the activities of N metabolism-related enzymes including nitrate reductase (NR, A), glutamine synthetase (GS, B), glutamate 
synthase (GOGAT, C), glutamate dehydrogenase (GDH, D), soluble protein content (E), and free amino acid content (F) in peanut at the anthesis and mature periods 
under different N supply conditions. Different letters represent significant differences between treatments with p-values < 0.05.
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Table 2 
The effect of MT on the sink characteristics and yield in peanut under different N supply conditions #.

Treatment NP (No/m2) PR (%) EPN (No/m2) EPR (%) HPW (g) PY (g/m2)

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022 2021 2022

N90 1060.8 
±120.7d

1276.6 
±127.9d

​ 54.7±6.1a 50.5 
±4.9ab

​ 13.6 
±2.6b

15.7 
±2.8b

​ 59.9 
±4.9bc

66.6 
±3.6bc

​ 148.4±8.0ab 155.1±10.1b ​ 392.9 
±32.2b

506.0 
±29.9bc

N90+MT 1286.7 
±140.0c

1536.8 
±188.0c

​ 57.5±7.8a 52.7±7.1a ​ 16.2 
±3.0a

18.5 
±2.4a

​ 67.2±5.5a 72.7±5.1a ​ 157.2±9.6a 170.0±12.1a ​ 440.5 
±28.2a

581.3±35.6a

N135 1236.3 
±135.7c

1496.5 
±206.1c

​ 53.2±4.7a 47.5 
±5.5bc

​ 13.8 
±2.8b

15.6 
±2.7b

​ 56.4±5.7c 62.9±6.5c ​ 150.4 
±11.2ab

153.7±9.4bc ​ 397.6 
±28.7b

513.9 
±38.7bc

N135+MT 1466.2 
±169.9b

1712.3 
±143.6b

​ 56.0±4.8a 48.3 
±5.6ab

​ 16.8 
±2.3a

18.0 
±2.8a

​ 63.8 
±7.2ab

67.3±6.8b ​ 158.9±10.4a 168.9±11.6a ​ 452.4 
±36.7a

577.4±40.4a

N180 1423.9 
±116.3b

1752.6 
±161.5b

​ 41.3±4.7b 44.8±6.9c ​ 11.7±1.9c 13.2±1.9c ​ 46.5±6.2d 48.8±6.7e ​ 141.2±10.3c 145.0±12.6c ​ 307.1 
±22.9d

476.2±28.2c

N180+MT 1637.6 
±199.6a

1938.2 
±214.4a

​ 45.7±6.3b 45.2±2.5c ​ 13.9 
±2.4b

15.5 
±1.2b

​ 55.9±3.4c 55.4±7.6d ​ 147.6±8.1bc 152.0 
±10.4bc

​ 347.2±29.6c 521.8±31.4b

NMT 1240.3±66.8b 1508.6 
±103.3b

​ 52.5±7.5a 47.3±3.7a ​ 13.0 
±1.8b

14.8 
±1.5b

​ 53.9±3.1b 58.7±4.4b ​ 146.8±6.19b 150.9±7.5b ​ 366.3 
±34.1b

498.7±25.8b

MT 1463.5 
±134.8a

1729.1 
±104.9a

​ 57.8 
±11.8a

48.1±4.7a ​ 15.6 
±1.7a

17.3 
±1.0a

​ 63.3±4.9a 64.8±4.2a ​ 154.6±4.4a 162.7±8.1a ​ 410.4 
±13.3a

560.2±23.6a

N90 1173.8±94.4c 1406.7 
±109.1c

​ 59.0 
±11.4a

52.1±5.9a ​ 14.9 
±1.8a

17.1 
±1.9a

​ 64.7±6.0a 71.1±4.7a ​ 151.8±6.5a 163.5±10.7a ​ 332.3 
±27.0b

499.0±21.4b

N135 1351.3±81.0b 1604.4 
±134.0b

​ 57.8 
±12.0a

47.8±4.3b ​ 15.3 
±1.7a

16.8 
±1.9a

​ 60.6±5.8a 65.6±5.4b ​ 154.87±8.3a 160.3±9.7a ​ 419.0 
±34.7a

545.6±30.7a

N180 1530.8 
±104.5a

1845.4 
±126.7a

​ 46.9 
±10.3b

45.4±4.7b ​ 12.8 
±1.2b

14.4 
±0.9b

​ 52.6±4.9c 53.1±6.4c ​ 143.77±6.8b 148.5±7.3b ​ 424.6 
±26.5a

543.7±27.6a

NAOVA ​ ​ ​ ​ ​ ​
MT *** ​ N.S. ​ *** ​ *** ​ *** ​ ***
N *** ​ *** ​ *** ​ *** ​ ** ​ ***
Y *** ​ ** ​ *** ​ *** ​ * ​ ***
MT*N N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S.
MT*Y N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S.
N*Y N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ **
MT*N*Y N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S.

# EPN: Effective pods number; EPR: Effective pod rate; HPW: Hundred-pod weight; N: N application; NMT: no melatonin application; NP: Number of pegs; MT: melatonin application; PR: Pod rate; PY: Pod yield; Y: year. 
***: p < 0.001; **: p < 0.01; *: p < 0.05; N.S.: p > 0.05, based on three-way ANOVA considering the factors “melatonin” (2 levels), “N fertilizer” (3 levels), and “year” (2 levels).
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indicators at both anthesis and mature period. According to Fig. 8C, 
N180+MT, N135 +MT and N90+MT treatments were distinguished 
from the N180 by higher PR, DMTE, DNTE, DMT, EPR, Fat, HGW, DNT, 
OA, NA, EPN, DMA, PY, and TPN. N90 treatments were distinguished 
from the N180 by higher CDNT, CDMT, PR, DMTE, DNTE, DMT, EPR, 
Fat, HGW, DNT, and OA.

Correlation analysis of C and N metabolism related indicators at the 
anthesis and mature stages with dry matter and N accumulation and 
transport, pod sink characteristics, yield, and quality were performed, 
respectively (Fig. S1). Pod yield was significantly (p<0.01) correlated 
with the RuBP, SPS, SuS, NR, GOGAT, GDH, SP, and FAA at the anthesis 
stage, and was significantly (p< 0.01) correlated with the Pn, RuBP, SPS, 
SuS, NR, starch, sucrose, and glucose at the mature stage. Pod yield was 
significantly (p< 0.01) correlated with DMT, DMA, NA, DNT, EPN, and 
HGW. Fat content was significantly (p< 0.01) correlated with Pn, RuBP, 
SPS, SuS and NR at the anthesis stage, and was significantly (p< 0.01) 
correlated with Pn, SPS, SuS, GDH, and FAA at the mature stage. Fat 
content was significantly (p< 0.01) correlated with DMA, NA, and HGW. 
Pro was significantly (p< 0.01) correlated with SPAD, RuBP, SPS, SuS, 
NR, GDH, SP, FAA and starch at the anthesis stage, and was significantly 
(p< 0.01) correlated with SPS, NR, GOGAT, and FAA at the mature 
stage. Protein was always significantly (p< 0.01) correlated with DMA, 
NA and EP. linoleic acid (LA) was significantly (p< 0.01) correlated with 
RuBP, SPS, SuS, GS, GOGAT, GDH, SP, and FAA at the anthesis stage, 
and was significantly (p< 0.01) correlated with SPAD, RuBP, and 
GOGAT at the mature stage. Oleic acid (OA) was significantly (p˂ 0.01) 
correlated with DMA, NA, EPN, and Fat.

4. Discussion

A recent study analyzed changes in peanut yields over the period 
from 1993 to 2018, and revealed that 65 % of the experimental fields in 

the NCP region exhibited peanut yields ranging from 4000 to 6000 kg/ 
ha, with an average yield of 5138 kg/ha (Zhao et al., 2021). In this 
study, the peanut pod yields under varying N levels were observed to be 
between 3071 and 3976 kg/ha and between 4762 and 5139 kg/ha in 
2021 and 2022, respectively. In contrast, yields following MT treatment 
were recorded to range from 3472 to 4524 kg/ha and from 5218 to 
5813 kg/ha, respectively. These findings indicate that, without MT 
application, peanut yields at the experimental sites were within the 
medium to lower range typical of the NCP. However, the application of 
MT significantly enhances peanut yields, elevating them to the 
upper-middle range in this region. In this study, the peanut yield in 2021 
was significantly lower than that in 2022, due mainly to a rare heavy 
rain that occurred locally on July 20, 2021 (Fig. 1), resulting in water 
accumulation and a reduction in production. In addition, the application 
of MT increased peanut oil and protein contents, especially under low N 
supply conditions.

4.1. MT treatment promoted post-anthesis dry matter accumulation and 
translocation

Chlorophyll is responsible for photon absorption, transmission, and 
transportation, and its content is directly related to the photosynthetic 
capacity, and the length of the green period of the leaves (Gao et al., 
2024). According to a previous study, dry matter accumulation rates 
were highest from the anthesis stage to maturity stage, but this is also 
the process of gradual aging of peanut leaves (Liu et al., 2024). In this 
study, the application of MT significantly increased the content of 
chlorophyll, especially under reduced N supply conditions (Fig. 5). We 
also founded that there were increases in dry matter accumulation at 
both anthesis and maturity stages in plants treated with MT (Fig. 2), 
which primarily due to less leaf senescence (relatively high chlorophyll 
content) and an enhanced photosynthesis. As N level rise, the Pn value 

Table 3 
The effect of MT on the grain quality of peanut under different N supply conditions #.

Treatment Fat (%) Pro (%) SS (%) OA (%) LA (%) O/L

2021 2022 2021 2022 2021 2022 2021 2022 2021 2022 2021 2022

N90 41.6 
±1.7c

43.9 
±2.9b

​ 21.2 
±1.2d

22.6 
±1.6d

​ 5.2 
±0.7b

5.2 
±0.5d

​ 73.2 
±1.9c

74.9 
±2.9b

​ 10.3 
±0.8c

10.9 
±1.0c

​ 7.1 
±0.6a

6.9 
±0.8ab

N90+MT 45.3 
±3.0b

50.4 
±3.2a

​ 24.3 
±1ab

25.7 
±1.6b

​ 5.5 
±0.6b

5.6 
±0.6 cd

​ 75.8 
±2.6ab

77.2 
±2.3a

​ 11.1 
±1.0b

11.8 
±1.0ab

​ 6.9 
±0.6ab

6.6 
±0.6ab

N135 43.6 
±2.6b

46.1 
±3.3b

​ 22.7 
±1.2c

24.1 
±0.8c

​ 5.6 
±0.9b

5.6 
±0.5 cd

​ 76.0 
±2.4ab

76.0 
±2.9ab

​ 11.1 
±0.7b

11.6 
±0.8bc

​ 6.9 
±0.5a

6.6 
±0.5b

N135+MT 47.4 
±3.0a

51.1 
±3.6a

​ 25.0 
±1.2a

27.5 
±1.1a

​ 6.0 
±0.7b

5.9 
±0.5bc

​ 77.1 
±2.5a

78.0 
±2.8a

​ 12.0 
±1.0a

12.4 
±1.1a

​ 6.4 
±0.6b

6.3 
±0.6b

N180 43.2 
±2.4bc

45.4 
±1.9b

​ 22.9 
±1.2c

24.4 
±0.8c

​ 6.4 
±0.7a

6.1 
±0.3ab

​ 74.7 
±3.5bc

76.5 
±2.8ab

​ 11.1 
±0.8b

10.8 
±0.9c

​ 6.8 
±0.6ab

7.1 
±0.7a

N180+MT 44.4 
±2.0b

46.2 
±2.4b

​ 23.9 
±1.4b

25.6 
±1.5b

​ 6.6 
±0.8a

6.4 
±1.0a

​ 76.7 
±2.5a

77.9 
±2.9a

​ 12.4 
±0.9a

12.2 
±0.9ab

​ 6.2 
±0.5b

6.4 
±0.6b

NMT 45.5 
±2.1b

45.1 
±1.6b

​ 22.3 
±0.6b

23.7 
±0.7b

​ 5.5 
±0.8a

5.7 
±0.4a

​ 74.7 
±1.6b

75.6 
±1.3b

​ 10.8 
±0.4b

11.1 
±0.6b

​ 7.0 
±0.3a

6.9 
±0.4a

MT 51.8 
±3.0a

49.2 
±1.7a

​ 24.4 
±0.7a

26.3 
±0.8a

​ 6.0 
±0.6a

6.0 
±0.7a

​ 76.6 
±1.2a

77.7 
±1.5a

​ 11.9 
±0.6a

12.1 
±0.4a

​ 6.5 
±0.3a

6.4 
±0.2a

N90 43.2 
±1.7b

46.7 
±1.6b

​ 22.7 
±0.7b

23.9 
±1.0c

​ 5.2 
±0.6b

5.4 
±0.5b

​ 74.2 
±1.6b

75.8 
±1.9b

​ 10.7 
±0.6b

11.1 
±0.7b

​ 7.0 
±0.4a

6.9 
±0.5a

N135 45.5 
±2.5a

48.6 
±2.1a

​ 23.9 
±0.8a

25.8 
±0.8a

​ 5.8 
±0.8ab

5.8 
±0.5b

​ 76.6 
±1.6a

77.3 
±1.8a

​ 11.6 
±0.5a

12.0 
±0.8a

​ 6.6 
±0.3a

6.5 
±0.4a

N180 41.3 
±1.5c

46.0 
±1.4b

​ 23.4 
±0.9a

25.0 
±0.9b

​ 6.3 
±0.7a

6.3 
±0.6a

​ 76.2 
±1.7a

77.5 
±1.8a

​ 11.8 
±0.6a

11.6 
±0.6ab

​ 6.5 
±0.4a

6.6 
±0.3a

NAOVA
MT *** ​ *** ​ N.S. ​ *** ​ *** ​ N.S.
N *** ​ *** ​ *** ​ ** ​ *** ​ N.S.
Y *** ​ *** ​ N.S. ​ ** ​ N.S. ​ N.S.
MT*N *** ​ *** ​ N.S. ​ N.S. ​ N.S. ​ N.S.
MT*Y N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S.
N*Y N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S.
MT*N*Y N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S. ​ N.S.

# LA: linoleic acid; N: N application; NMT: no melatonin application; MT: melatonin application; OA: oleic acid; O/L: oleic acid /linoleic acid; Pro: protein; SS: 
soluble sugar; Y: year. ***: p < 0.001; **: p < 0.01; *: p < 0.05; N.S.: p > 0.05, based on three-way ANOVA considering the factors “year” (2 levels), “melatonin” (2 
levels), and “N fertilizer” (3 levels).
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increased during the anthesis stage, promoting vigorous vegetative 
growth early in flowering. However, at the mature stage, Pn initially 
rises and then falls (Fig. 5). This pattern affects pod development, as 
insufficient photosynthetic capacity in the late growth period limits dry 
matter accumulation in peanut plants under high N levels. 
Melatonin-treated plants maintain higher Pn in both the early and late 
growth stages, which was beneficial to the accumulation of carbohy
drates. Rubisco is a rate-limiting enzyme for C fixation in photosynthesis 
in plants (Li et al., 2023). Moreover, the application of MT also signifi
cantly increased the Rubisco activity, and both effects on chlorophyll 
content and Rubisco activity ultimately contributed to an improvement 
in Pn, resulting in greater photosynthetic assimilation capacity, and 
increased dry matter accumulation.

Non-structural carbohydrates (NSC), including soluble sugars and 
starch, are the main photosynthetic products of plants, which can usu
ally reflect the overall C supply status of the plant (Mathan et al., 2021). 
Before flowering, NSC mainly exists in the form of starch in stems and 
leaves. After entering the pod-setting stage, the sucrose produced by 
photosynthesis of functional leaves and the sucrose hydrolyzed from 

stored starch are both transported to the grain via the phloem, where it is 
synthesized into starch (Yang et al., 2020). A higher sucrose supply level 
in the leaves is a prerequisite for a higher starch accumulation rate in the 
grain, which is beneficial to increasing grain yield (Liu et al., 2024). 
Previous studies have shown that N has a great impact on the accumu
lation and transport of NSC in crops (Wu et al., 2018). In this study, we 
also found that the content of soluble sugar and starch were decreased 
with increasing N supply levels (Fig. 6), which may be because more 
assimilates are used for the formation of structural carbohydrates and N 
assimilation (Wang et al., 2023). While the application of MT increased 
the content of soluble sugar and starch, and the activity of SPS and SuS 
in leaves at both anthesis and mature periods under different N supply 
conditions, especially under reduced N conditions, suggesting that MT 
application benefits growth and promotes sugar metabolism and sucrose 
uptake into the phloem (Khattak et al., 2023). Qin et al. (2023) found 
that the foliar spraying of MT promoted the formation of photosynthetic 
products by promoting photosynthesis and by enhancing the enzymatic 
activities of SPS, AI, NI and SSs (synthesis direction), and it also could 
promote sucrose transport by upregulating gene expression of OsSUT 

Fig. 8. Principal components analysis (PCA) biplot showing the differences in enzyme activities and substance content related to carbon and nitrogen metabolism 
among treatments at the anthesis (A) and mature (B) stages and the differences in the dry matter and nitrogen accumulation and transport, sink characteristics, and 
grain yield and quality under MT treatment the relationship among the related indicators that describe them. The relevant indicators are shown by arrows, while the 
different treatments are indicated as triangles of different colors. CDMT: contribution of post-anthesis dry matter translocation to pod yield; CNT: contribution of 
post-anthesis nitrogen translocation to pod yield; DMA: post-anthesis dry matter accumulation; DMT: post-anthesis dry matter translocation; DMTE: dry matter 
translocation efficiency; EPN: effective pod number; EPR: effective pod rate; FAA, free amino acid; GDH: glutamate dehydrogenase; GOGAT: glutamate synthase; GS: 
glutamine synthetase; HPW: hundred-pod weight; LA: linoleic acid; NA: post-anthesis nitrogen accumulation; NEP: number of effective pods per plant; NP: Number of 
pegs per plant; NR: nitrate reductase; NT: post-anthesis nitrogen translocation; NTE: nitrogen translocation efficiency; TPN: total pods number; OA: oleic acid; O/L: 
oleic acid /linoleic acid; Pn, net photosynthetic rate; PR: pod rate; Pro: protein; PY: pod yield; SPS: sucrose phosphate synthase; SP: soluble protein; SuS: su
crose synthase.
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family, thereby accelerating the synthesis, transformation and material 
transport of NSC into rice grains (Qin et al., 2023). The higher sugar 
content may be due to the higher photosynthetic capacity as indicated 
by the Pn, which meaning more CO2 was fixed to form carbohydrates in 
plants treated with MT (Teng et al., 2022). It can be identified from the 
correlation coefficient analysis that the DMA were significantly posi
tively correlated with sucrose and starch contents. Therefore, MT may 
increase the supply capacity of photosynthetic products and promote the 
storage and redistribution of carbohydrates to the grains, thereby 
achieving high yields.

Photosynthetic products for crop grain filling not only come from 
both post-anthesis photosynthesis that are transferred directly to the 
grains, but also from the remobilization of the assimilate that are 
temporarily stored in the vegetative part of the plants (Okamura et al., 
2018). In peanut, vegetative growth continues after flowering, causing 
competition between young vegetative tissues and developing seeds for 
the supply of assimilates (Turner et al., 2005). Post-anthesis dry matter 
accumulation is a major source for grain filling, and post-anthesis dry 
matter transfer can serve as a supplement to the grain fillings (Gao et al., 
2022). Although the contribution of pre-anthesis dry matter transport to 
yield is relatively low, assimilates accumulated before flowering are 
preferentially activated during the grain fillings, and its transport plays 
an important role in improving sink activity and promoting grain filling 
(Wada et al., 2017). In our study, we also found that both the dry matter 
accumulation and dry matter translocation significantly correlated to 
grain yield, but the former showed the highest correlation coefficients, 
which suggests that the dry matter accumulation after anthesis than that 
before anthesis plays a greater role in increased grain yield. As esti
mated, with the application of MT, the dry matter accumulation after 
anthesis increased by 35.39 %, while post-anthesis translocation of dry 
matter increased by 31.06 % on average over the two years and three N 
levels (Fig. 3). Correlation analysis indicated a strong positive link be
tween post-anthesis accumulation and Pn, RuBP activity and chlorophyll 
content. This suggests that enhanced dry matter accumulation in 
MT-treated plants may stem from improved photosynthetic efficiency 
and prolonged green leaf duration. Ahmad et al. (2021) also reported 
that MT significantly promoted C and N metabolism in maize, leading to 
increased dry matter accumulation. A study conducted by Qin et al. 
(2023) found that MT enhances substance transport in rice, boosting 
NSC to grains by upregulating auxin target genes like OsSUT, OsAMT, 
and OsNRT. Melatonin (MT) also increases the dry matter accumulation 
before anthesis, which is crucial for flower bud differentiation due to its 
reliance on the energy provided by carbohydrate metabolism and dry 
matter accumulation (Chen et al., 2018; Qin et al., 2023). This increase 
in flower bud differentiation likely contributes to a higher grain. A 
greater number of grain is beneficial to promote dry matter accumula
tion during grain filling and provide a sink for the transfer of dry matter 
to the grains (Egli, 2015), which may be an important reason for the rise 
in that peanut yield with MT treatments.

4.2. Melatonin treatment promoted post-anthesis N accumulation and 
translocation

Grain N is mainly derived from soil N uptake after anthesis and the 
translocation of N stored in vegetative tissues, as well as from the 
recycling and degradation of macromolecules (protein) into amino acids 
(or ureides) for reproductive sink development (Tegeder and 
Masclaux-Daubresse, 2018). Plants generally take up inorganic N as 
nitrate and ammonium, and assimilate it in the form of amino acids 
through N assimilation enzymes, such as NR, GS, and GOGAT (Tegeder 
and Masclaux-Daubresse, 2018). After conversion, FAA were trans
ported via the xylem to the vegetative organs (source leaves), where 
they are partly used for various metabolic processes and protein syn
thesis, and the rest is redistributed to storage organs (sink organs) via the 
phloem (Tegeder, 2014; Aluko et al., 2023). Soluble protein represents 
the largest N pools in all plant tissues (Tegeder and Masclaux-Daubresse, 

2018). Up to 75 % of N in leaves is located in chloroplasts in the form of 
proteins like RuBP and the light-harvesting complex II (LHCII), which 
are also the main source of N for mobilization and reuse (Wu et al., 
2018). Thus, post-anthesis leaf N is vital for maintaining the stay-green 
state, sustaining photosynthesis, and supporting grain N demands by 
aiding remobilization and sink construction (Tegeder and 
Masclaux-Daubresse, 2018). In this study, MT application increased the 
activities of NR, GS, GOGAT, and GDH enzymes (Fig. 7). This increase in 
N-metabolism enzymes may enhance N uptake and assimilation at the 
post-anthesis stage, aligning with the higher content of amino acid and 
protein, which help leaves to stay green longer. Increased GS activity 
may promote N translocation to the grains, by re-assimilating ammo
nium from amino acid catabolism, supporting N needs during grain 
filling (Masclaux et al., 2000). Additionally, GS is found to promote 
phloem loading for translocation to sinks (Lothier et al., 2011), and its 
activity positively correlates with the amount of N remobilization to 
grains (Kichey et al., 2007). Thus, MT could enhance N absorption by 
enhancing the activity of N assimilation-related enzymes, benefiting 
photosynthesis duration for grain filling and promoting N activation and 
transport for construction of the sink.

N fertilization significantly affects dry matter accumulation and 
translocation, particularly during early stages of grain development 
when amino acids are essential for growth and sink establishment (Gao 
et al., 2022). In this study, plants increased N accumulation with rising N 
levels, but it decreased at high N levels, which may be related to the 
reduced NR, GS, and GDH activities (Fig. 7), similar to a previous report 
(Li et al., 2024a), resulting in lower N use efficiency. In addition, excess 
N inhibits root nodule formation and rhizobium activities, limiting po
tential symbiotic N fixation (Huang et al., 2023; Liu et al., 2023). In the 
present study, MT treatment increased post-anthesis N accumulation 
and translocation in peanut under varying N supply conditions, similar 
to a previous report (Qin et al., 2023), who showed that under the same 
N conditions, MT treatment increased N accumulation and total N 
concentration, and improved the material transport volume and mate
rial transport rate to grains in rice. Our results also suggest that MT 
treatment is beneficial to root development and nodule development 
(data not shown), which is in line with Wang et al.’s findings that it 
increased N uptake and N fixation capacity in plants, while promoting N 
assimilation by enhancing N assimilation-related enzymes (such as GR, 
GOGAT and GDH), increasing the synthesis of chlorophyll and amino 
acids, and enhancing photosynthetic capacity, thereby increasing dry 
matter accumulation under different N levels (Wang et al., 2022). 
Enhanced post-anthesis N accumulation and translocation was attrib
uted to the prolonged lifespan of green leaves, boosting photosynthesis 
and dry matter accumulation (Qin et al., 2023), and improved grain 
growth and sink capacity (Aluko et al., 2023), and facilitating carbo
hydrates transport to grains. These factors contributed greatly to the 
yield of peanuts treated with MT.

4.3. MT synergistically improved peanut yield and quality

Our two-year study with three N levels found that MT application 
increased the number of effective pods and hundred-pod weight by 
18.25 % and 6.72 %, respectively. Similar results were also observed in 
rice, where MT treatments increased the number of grains per spike 
under reduced N supply condition (Qin et al., 2023), and in wheat, 
where MT pre-soaking significantly increased grain number and 
thousand-grain weight with under N deficient condition (Qiao et al., 
2019). Research indicates that post-anthesis N transport was crucial for 
grain development, as grains require large amounts of amino acids early 
to support their growth and establish sink capacity (Tegeder and 
Masclaux-Daubresse, 2018; Aluko et al., 2023). Under MT application, N 
accumulations increased by 36.18 % and N translocation by 28.60 % 
compared to sole N supply, potentially enhancing sink capacity and 
resource redistribution from the leaves to grains (Aluko et al., 2023).

The pod yield of peanuts consists only of the weight of full and 
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blighted pods, which are also called effective pods, but does not include 
young pods because it has no economic value (Liu et al., 2024). The 
effective pod setting rate and pod filling rate of peanut plants treated 
with high N were significantly lower than those of plants with lower 
levels of N supply (Table 2). Ineffective pods and pod needles may 
consume too much of the available nutrients, which may be one of the 
important reasons for limiting the peanut yield under excessive N fer
tilizer supply conditions (Yang et al., 2024). In this study, MT-treated 
plants had more mature pods at harvest season, which probably due 
to higher Pn and higher chlorophyll content, ensuring a steady flow of 
photo-assimilates. Meanwhile, these plants showed higher pod weight 
compared with non-treated ones. Therefore, the higher pod yield of 
MT-treated plants was mainly due to a higher pod number and improved 
pod filling rate, linked to a greater allocation of photosynthate to the 
pods.

The soils of the NCP are primarily classified as fuvo-aquic soils 
(Chinese Soil Taxonomy, entisols in US Soil Taxonomy), which exhibit 
low fertility, attributable to limited humus accumulation and subopti
mal soil structure, characterized by either heavy-textured or heavy 
sandy compositions (Du et al., 2018). Balanced nutrient management, 
particularly of N, P, and K, is crucial for sustainable peanut yields in the 
NCP (Zhao et al., 2021; Hu et al., 2023; Xie et al., 2020), while excessive 
single nutrient may lead to over-uptake (Wang et al., 2020). In this 
study, we found that as N levels increased, yields stabilized and then 
declined. Similarly, Huang et al., (2023b) found through a meta-analysis 
of post-1990 Chinese studies that the optimal N application rate for 
peanut yield was 90–135 kg/ha. Excess nitrogen fertilizer can reduce 
yield due to nutrient imbalance (Zhao et al., 2021; Xie et al., 2020) and 
the limited growing season of summer peanuts, which leads to insuffi
cient grain filling (Yang et al., 2024). The results of this study showed 
that MT improved peanut yield under different N levels, especially under 
low N application levels (Table 2). It has been reported that soybeans 
and rice treated with MT had a higher yield potentials under different N 
levels, respectively, according to two recent studies (Wang et al., 2022; 
Qin et al., 2023). The application of MT promoted the accumulation and 

transport of substances to the grains, increased the number of effective 
pods, and thus improved the peanut yield under different N levels.

Peanut grains contain approximately 50 % oil and 25 % protein, 
which are essential indicators for evaluating peanut quality (Liu et al., 
2019b). The amount of N applied not only affected the yield of peanuts, 
but also the quality of peanuts. Our findings align with a previous study 
(Yang et al., 2024), showing that oil, amino acids and crude protein 
levels in peanut grains were increased first and then stabilized with rise 
in N application, with 135 kg/ha being optimal. The application of MT 
increased the contents of oil, amino acids, and protein in peanut grain at 
different N levels, especially at lower N levels (Table 3). Correlation 
analysis showed that oil content was positively correlated with Pn, SPS, 
SuS, GDH, and FAA, while protein content was positively correlated 
with SPS, NR, GOGAT, and FAA, and both the content of oil and protein 
was positively correlated with SPS, FAA, and post-anthesis dry matter 
accumulation and N accumulation. Previous studies indicate that the 
formation of oil is closely related to the activities of SPS and SuS ac
tivities, while the formation of protein is closely related to the activities 
of NR, GS, GOGAT, and GDH in peanut (Liu et al., 2024; Zhang et al., 
2013; Li et al., 2024a). The plant treated with MT had higher grain 
protein mainly due to higher NR, GOGAT, and GDH activities (Fig. 7), 
that could generate various amino acids used in protein biosynthesis 
(Gutierrez, 2012). SPS and SuS activities were significantly elevated in 
the N135+MT treatment compared to that in the N180 treatment, 
resulting in increased sucrose metabolism in the leaves of N135+MT 
plants. This enhanced sucrose metabolism may lead to an increase in 
NSC content and transport rate, thereby providing ample substrates for 
lipid synthesis and ultimately elevating the fat content in the grains.

5. Conclusion

This study evaluated the effects of MT application and N fertilization 
on C and N accumulation and translocation, source-sink dynamics, as 
well as its association with yield and quality formation in peanut. Post- 
anthesis dry matter accumulation from anthesis to maturity greatly 

Fig. 9. A model for melatonin-enhanced peanut yield and quality by regulating C and N accumulation and translocation, source-sink dynamics as well as its as
sociation with yield and quality formation under different N supply conditions. Metabolism and parameters that increased or decreased it are indicated by the red or 
green boxes in melatonin-treated plants when compared with the plants without melatonin treatment. The red arrows in the figure denote increased or enhanced 
processes. F-6-P, fructose-6-phosphate; GDH, glutamate dehydrogenase; Gln, glutamine; Glu, glutamate; GS, glutamine synthetase; GOGAT, glutamate synthetase; 
NH4

+, ammonia; NSC, Non-structural carbohydrate; NO2
- , nitrite; NR, nitrate reductase; RuBP, ribulose-l,5-disphosphate; SPS, sucrose phosphate synthetase; SuS, 

sucrose synthase; TP, triose phosphate.
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determined the formation of peanut yield. Greater N input decreased dry 
matter accumulation and translocation in peanut, while MT application 
had a positive effect on post-anthesis accumulation and translocation of 
both dry matter and N, especially under reduced N supply conditions, by 
improving photosynthesis, enhancing the synthesis and transformation 
of C metabolism and the absorption and utilization of N metabolism, 
thereby increasing both peanut yield and quality (Fig. 9). The solved 
molecular mechanism may provide gene targets for using CRISPR/Cas 
genome editing to improve peanut yield and quality, including oil pro
duction (Li et al., 2021, 2024b). As a result of this study, new insights are 
gained into how exogenous substances can stabilize yield by affecting 
the C and N cycle in plants at reduced N rates, which is crucial for 
promoting stable yields in agriculture and environmentally sustainable 
development.
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