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Concentration‑dependent dual 
effects of exogenous sucrose 
on nitrogen metabolism 
in Andrographis paniculata
Xue‑Jing Huang1,4, Shao‑Fen Jian2,3,4, Dong‑Liang Chen2,3, Chu Zhong2,3* & 
Jian‑Hua Miao1,2,3*

The effects of exogenous sucrose (Suc) concentrations (0, 0.5, 1, 5, 10 mmol  L−1) on carbon (C) 
and nitrogen (N) metabolisms were investigated in a medicinal plant Andrographis paniculata 
(Chuanxinlian). Suc application with the concentration of 0.5–5 mmol  L−1 significantly promoted plant 
growth. In contrast, 10 mmol  L−1 Suc retarded plant growth and increased contents of anthocyanin 
and MDA and activity of SOD in comparison to 0.5–5 mmol  L−1 Suc. Suc application increased contents 
of leaf soluble sugar, reducing sugar and trerhalose, as well as isocitrate dehydrogenase (ICDH) 
activity, increasing supply of C‑skeleton for N assimilation. However, total leaf N was peaked at 
1 mmol  L−1 Suc, which was consistent with root activity, suggesting that exogenous Suc enhanced 
root N uptake. At 10 mmol  L−1 Suc, total leaf N and activities of glutamine synthase (GS), glutamate 
synthase (GOGAT), NADH‑dependent glutamate dehydrogenase (NADH‑GDH) and glutamic–pyruvic 
transaminase (GPT) were strongly reduced but  NH4

+ concentration was significantly increased. The 
results revealed that exogenous Suc is an effective stimulant for A. paniculata plant growth. Low 
Suc concentration (e.g. 1 mmol  L−1) increased supply of C‑skeleton and promoted N uptake and 
assimilation in A. paniculata plant, whereas high Suc concentration (e.g. 10 mmol  L−1) uncoupled C and 
N metabolisms, reduced N metabolism and induced plant senescence.

Abbreviations
2-OG  2-Oxoglutarate
BSA  Bovine serum albumin
C  Carbon
DNS  3,5-Dinitrosalicylic acid
Fe  Iron
GDH  Glutamate dehydrogenase
GOGAT   Glutamate synthase
GOT  Glutamic–oxalacetic transaminase
GPT  Glutamic–pyruvic transaminase
GS  Glutamine synthase
ICDH  Isocitrate dehydrogenase
IV  Invertase
MDA  Malondialdehyde
N  Nitrogen
PAR  Photosynthetic active radiation
SOD  Superoxide dismutase
Suc  Sucrose
T6P  Trehalose 6-phosphate
P  Phosphorus
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Sucrose (Suc) is one of the primary free sugar products of plant photosynthesis and the main form of sugar 
transporting between plant tissues and cells. It provides substrates and energy for plant growth, development 
and biosynthesis of important compounds such as protein, cellulose, and starch. It is also a critical signal com-
pound regulating plant growth and development and the expression of genes cross-talk with phytohormones and 
defensive  signals1–4. Suc is closely related to plant nutrition responses. High Suc accumulation in plant tissues 
induces plant nitrogen (N)-, phosphorus (P)-, and iron (Fe)-deficiency  responses3,5,6, in which process it has 
been identified as a vital  signal7,8.

Carbon (C) and N metabolisms, the two most important and intimately connected fundamental metabolic 
processes in plants, play important roles in plant growth and development and adaptation to  adversities9,10. 
Exogenous application of sugars to change the C and N status of plants provides an approach for studying the 
effects of C and N metabolism on plant development. Exogenous application of Suc has been suggesting as an 
effective strategy for improving crop  quality11 and mitigating detrimental effects of environmental stresses such 
as  drought12, salt  stress13,14, and extreme  temperature14,15. The attenuating effect of exogenous Suc on plants 
exposed to stress conditions was associated with increased antioxidant  capacity13, osmotic potential  balance16 
and amelioration of C and N  metabolisms17.

In normal growth conditions, the effects of exogenous Suc on plant growth and metabolism vary greatly 
depending upon plant species, duration of treatment, and growth conditions. Suc improved the levels of carbo-
hydrate and nitrogenous compounds in plants by increasing the activities of C and N metabolic  enzymes11,18. 
However, in some species such as radish and sugarcane, sugar metabolites, photosynthesis, and nitrogenous com-
pounds were down-regulated by exogenous application of  Suc19–21. Source-sink equilibrium affects the response 
of plants to exogenous  Suc22. Exogenous Suc displayed promoting effects when source Suc is a major limiting 
factor, while in sink limitation conditions exogenous Suc induced strong accumulation of hexose and starch, 
followed by inhibition of  photosynthesis22.

Andrographis paniculata (known as ‘Chuanxinlian’ in China) is an important traditional medicinal plant 
which is widely used in China, India, and Southeast Asian countries for therapeutic  values23. Its main bioactive 
ingredient andrographolide has great medical values in anti-inflammatory, antibacterial and  antiviral24. The 
leaf of this plant is the major organ of andrographolide biosynthesis. Therefore, to understand the interaction of 
C and N metabolism in plants is of great importance to regulate plant growth and improve the productivity of 
Chuanxinlian herbs. In the current study, Chuanxinlian plants were treated with different Suc concentrations 
nutritionally, and the C and N metabolisms in leaves were determined. We aimed to establish the foundation to 
reveal the role of Suc in modulation of Chuanxinlian plant growth.

Materials and methods
Materials and treatment. An Acanthaceae annual medicinal plant Andrographis paniculata was used in 
this study. The plant study complies with relevant institutional, national, and international guidelines and legisla-
tion. The seeds were provided by the seed bank of the Guangxi Botanical Garden of Medicinal Plants. The seeds 
were germinated on wet filter paper at room temperature (about 30 °C) and then transferred to a pearlite–ver-
miculite matrix for continuous growth. When the seedlings were two-leaf age, they were transplanted to pots 
grown in perlite–vermiculite matrix and fed with nutrient solution till four-leaf age. Then the seedlings were 
separated into five groups and treated with 0 (control), 0.5, 1, 5, and 10 mmol  L−1 exogenous Suc, respectively, by 
adding this chemical in nutrient solution, for a month.

The nutrient solution contained 3 mmol  L−1 urea (6 mmol  L−1 N), 0.4 mmol  L−1  NaH2PO4, 2 mmol  L−1 KCl, 
0.5 mmol  L−1  MgSO4, 2 mmol  L−1  CaCl2, 18 μmol  L−1  H3BO3, 0.1 μmol  L−1  (NH4)6Mo7O24, 0.15 μmol  L−1  CuSO4, 
0.15 μmol  L−1  ZnSO4, 3.5 μmol  L−1  MnSO4, and 1.25 μmol  L−1 Fe-EDTA. The pH of the nutrient solution was 
adjusted to 6.0, and 10 mg  L−1 benzylpenicillin was added to prohibit reproduction of microbes. The seedlings 
were supplied with nutrient solution twice a week and 200 mL per pot.

The experiment was arranged in a completely randomized design with five treatments, and each treatment 
had eight independent pots, each of which consisted of two plants.

Root activity measurement. Fresh fibrous roots were cut off 2 cm from the root tip, and root activity was 
measured by a triphenyl tetrazolium chloride (TTC)  method25. Briefly, the fresh cut living root samples were 
immersed immediately in a 0.2% TTC solution in 0.1 mol  L−1 phosphate buffer (pH 7.0) for 3 h at 30 °C in the 
dark. The generated trimethoprim in the roots was extracted with ethyl acetate by thoroughly grinding the sam-
ples. The extract was measured spectrophotometrically at 485 nm by a spectrophotometer (L5, Shanghai Yifen 
Scientific Instrument Co., Ltd, China; the same as below), and root activity was presented as the generation rate 
of tetrazole reductive compounds per fresh root weight (mg  g−1  h−1).

Chlorophyll and anthocyanin measurements. Fresh leaf samples (100 mg) were immersed in 25 mL 
mixture of alcohol and acetone (v:v = 1:1) at room temperature in the dark for 24 h till the leaves were completely 
white. The concentrations of chlorophyll a and b in the extracts were calculated from the absorbance at 663 nm 
 (A663) and 645 nm  (A645)26:

where Ca and Cb were the concentration of chlorphyll a and b, respectively.

(1)Ca = 12.7× A663 − 2.69× A645

(2)Cb = 22.9× A645 − 4.68× A663
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Anthocyanin in fresh leaves was extracted by immersing the samples in acid ethanol solution (0.1 mol  L−1 HCl 
in 95% ethanol) at 60 °C for 1 h. The absorbance of the extract was measured at 530 nm, 620 nm, and 650 nm, 
respectively. Anthocyanin content based on fresh weight was calculated using the molar extinction coefficient 
of 4.62  ×  10427.

Malondialdehyde (MDA) content and superoxide dismutase (SOD) activity. Fresh leaf samples 
were frozen in liquid nitrogen, powdered with liquid nitrogen, and stored at − 80 °C for physiological and bio-
chemical assays.

Frozen leaf samples (100 mg) were homogenized in precooled mortar and pestle with 4 mL 0.1 mol  L−1 
sodium phosphate buffer (pH 7.8). The homogenate was centrifuged at 4 °C and 10,000×g for 10 min by an 
Eppendorf centrifuge (5424R, Eppendorf, Germany; the same as below), and the supernatant was used for MDA 
and SOD assays. MDA was measured colorimetrically at 600 nm, 532 nm, and 450 nm, respectively, as in Hodges 
et al.28, and the MDA concentration was calculated using the molar extinction coefficient of 0.155  mM−1  cm−1. 
MDA content was represented by the amount of thiobarbituric acid reactive substances (TBARS) per fresh root 
weight (nmol  g−1 Fw).

SOD activity was determined according to the method described in Giannopolitis and  Ries29. After adding 
0.1 mL enzyme extraction in the reaction system containing 25 mmol  L−1 sodium phosphate buffer (pH 7.8), 
13 mmol  L−1 methionine, 2 mmol  L−1 riboflavin, 10 mmol  L−1 EDTA-Na2, and 75 mmol  L−1 nitro blue tetrazolium 
(NBT), the mixtures were put under light conditions (PAR = 200 μmol  m−2  s−1) for 20 min and then measured 
chromometrically at 560 nm.

Sugars and enzyme activities. Sugars in frozen leaf samples (100 mg) were extracted using deionized 
water in 80 °C water bath for 30 min, and followed by centrifuged at 10,000×g for 10 min after cooling. The 
sucrose in the supernatant was determined by the resorcinol-spectrophotometric method as described in Li 
et al.30. Sucrose was used as standard. Total soluble sugar was measured colorimetrically by sulphate-anthrone 
method at 620  nm31. Reducing sugar was measured using the method of 3,5-dinitrosalicylic acid (DNS) by 
colorimetric assay at 540  nm32. Glucose was used as standard for total soluble sugar and reducing sugar meas-
urements.

Trehalose in leaves was measured by the anthrone-sulfuric acid method using trehalose as  standard33. About 
100 mg frozen leaf samples were extracted with deionized water at 4 °C by grinding. After centrifuging at 
10,000×g and 4 °C for 10 min, trehalose in the supernatant was reacted with 0.2% anthrone in 85% sulfuric acid 
solution (the volume ratio of supernatant:anthrone solution was 1:3) in boiling water bath for 10 min, and then 
quantified colorimetrically at 625 nm.

Invertase was extracted by homogenizing frozen leaf samples with precooled deionized water. After centrifug-
ing at 4 °C and 10,000×g for 10 min, the neutral invertase (pH 6.0) activity in the supernatant was determined 
using the colorimetric method of DNS at 540  nm32. Glucose was used as standard. The invertase activity was 
represented by the generation rate of reducing sugar per unit protein (mg  mg−1 protein  h−1).

Isocitrate dehydrogenase (ICDH) was measured using the enzyme extraction prepared for N metabolic 
enzymes as described below. The reaction system (pH8.0) contained 3.5 mM  MgCl2, 0.4 mM  NADP+, 0.55 mM 
isocitrate, and 88 mM  imidazole34. The absorbance at 340 nm was monitored for 120 s and the enzyme activity 
was presented by the reduction rate of  NADP+ per unit protein (nmo  mg−1 protein  min−1).

Protein content in enzyme extraction was measured using the Bradford  method35.

Nitrogen, ammonium, soluble protein and free amino acids assays. To quantify total leaf N, 
about 50 mg pulverized dry leaf samples were digested by  H2SO4–H2O2 at 260 °C. Because  NO3

− concentration 
was very low in the digesting solution, it is assumed that almost all the N form in the digesting solution was 
 NH4

+.  NH4
+ was measured to represent total N using the indophenol blue colorimetric method at 625  nm36. 

 (NH4)2SO4 was used as standard.
Free  NH4

+ in leaves was extracted by homogenizing samples with deionized water at 4 °C. The homogenate 
was centrifuged at 4 °C and 10,000×g for 10 min.  NH4

+ in the supernatant was measured spectrophotometrically 
at 625  nm36 and  (NH4)2SO4 was used as the standard.

Soluble protein in the frozen leaf samples were extracted by homogenizing with sodium phosphate buffer 
(pH 6.8). After centrifuging at 4 °C and 10,000×g for 10 min, soluble protein in the supernatant was measured 
by the Bradford method at 595  nm35, and bovine serum albumin (BSA) was used as standard.

To obtain free amino acids in the samples, 100 mg frozen leaf powder was ground with 10% acetic acid, and 
then centrifuged at 4 °C and 10,000×g for 10 min. Total free amino acids in the supernatant was measured using 
the triadone colorimetric method at 580  nm37.

Assays of nitrogen metabolic enzymes. Frozen samples (100  mg) were homogenized with 50  mM 
Tris–HCl buffer (pH 8.0, containing 2 mM  Mg2+, 2 mM DTT, and 0.4 M Suc). The homogenates were centri-
fuged at 4 °C and 10,000×g for 10 min, and the supernatant was used for measurement of the activities of N 
metabolic enzymes. Glutamine synthase (GS) activity was measured spectrophotometrically at 540 nm accord-
ing to Zhang et al.38 and presented indirectly by the absorbance at 540 nm  (A540) per unit protein per hour. Glu-
tamate synthase (GOGAT) activity was determined as in Singh and  Srivastava39. The reaction mixture contained 
10 mmol α-ketoglutarate, 1 mmol potassium chloride, 37.5 mmol Tris–HCl buffer (pH 7.6), 0.6 mmol NADH, 
8 mmol l-glutamine and 0.3 mL enzyme. The absorbance at 340 nm was monitored for 120 s and the activity of 
GOGAT was estimated by the oxidation rate of NADH per unit protein (nmo  mg−1 protein  min−1). Glutamic–
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oxalacetic transaminase (GOT) and glutamic–pyruvic transaminase (GPT) activities were measured according 
to Wu et al.40 and presented as the production rate of pyruvate per unit protein (μmol  mg−1 protein 30  min−1).

Statistic analysis. Samples in the same pot were mixed as a replication, and all the data were means of four 
replications. One-way ANOVA was employed to analyze the effects of exogenous Suc. Multiple comparisons 
among Suc concentration treatments were performed using the Duncan’s new multiple range test. Differences 
were considered statistically significant when P < 0.05.

Results
Effects of exogenous Suc on plant growth, root activity and chlorophyll. Figure  1a showed 
that supplying 0.5–5  mmol   L−1 Suc in the nutritional growth media promoted plant growth observably, but 
10 mmol  L−1 Suc had no significant effect on plant growth. Root activity was significantly increased at 1 mmol  L−1 
Suc (Fig. 1b). Supply of 5 mmol  L−1 Suc significantly increased chlorophyll a content; however, chlorophyll b and 
total chlorophyll were remarkably increased in all Suc treatments (Fig. 1c). As a result, the ratio of chlorophyll 
a/b was significantly reduced in Suc treatments (Fig. 1d).

Effects of exogenous Suc on antioxidant indexes and anthocyanin accumulation. Leaf 
MDA content was remarkably lower in exogenous Suc treatments, but it was significantly increased in 5 and 
10 mmol  L−1 Suc in comparison to that in 1 mmol  L−1 Suc (Fig. 2a). Supplying 0.5–5 mmol  L−1 Suc significantly 
reduced SOD activity, but it was not different from the control in 10 mmol  L−1 Suc (Fig. 2b). Compared with the 
control, 0.5 mmol  L−1 Suc reduced anthocyanin accumulation remarkably; however, 10 mmol  L−1 Suc induced a 
threefold increase in anthocyanin (Fig. 2c).

Effects of exogenous Suc on nitrogen metabolism. As shown in Fig.  3a, low Suc concentrations 
(0.5 and 1 mmol  L−1) increased leaf total N remarkably compared to the control. With a further increase of Suc 
concentration, total N content decreased gradually. It was significantly lower in 5 and 10 mmol  L−1 Suc than in 
1 mmol  L−1 Suc but not different from the control.  NH4

+ content was not affected in 0.5 and 1 mmol  L−1 Suc treat-
ments, while it was remarkably increased in the treatments of 5 and 10 mmol  L−1 Suc (Fig. 3b). Exogenous Suc 
of 5 mmol  L−1 increased leaf soluble protein (Fig. 3c). Free amino acid was changed in line with soluble protein, 
but it was significantly higher in Suc treatments than in the control (Fig. 3d).

GS activity was significantly increased by exogenous Suc at concentration of 1 and 10 mmol  L−1 compared to 
the control (Fig. 4a). GOGAT activity was remarkably reduced with the increase of exogenous Suc concentra-
tion (Fig. 4b). NADH-GDH activity was significantly higher in the control and 0.5 mmol  L−1 Suc, and decreased 
remarkably with the increase of Suc concentration (Fig. 4c). Exogenous Suc increased GOT activity (Fig. 4d), as 
well as GTP activity with the exception of 10 mmol  L−1 Suc (Fig. 4e).

Figure 1.  Plant phenotype (a), root activity (b), and chlorophyll (c,d) in different sucrose concentrations. Scale 
bar 10 cm in (a). Data refers to means ± SE (n = 4). Bars with the same letter are no statistically significantly 
difference at P < 0.05 by Duncan’s new multiple range method.
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Effects of exogenous Suc on sugar accumulation and metabolism. With the increasing of exog-
enous Suc concentration, total soluble sugar increased and peaked at 5  mmol   L−1 Suc, in which it was sig-
nificantly higher than those in other treatments with the exception of 1 mmol  L−1 Suc (Fig. 5a). Exogenous Suc 
increased reducing sugar in leaves with the exception of 1 mmol  L−1 Suc (Fig. 5b). Nevertheless, endogenous 
Suc was not different among treatments (Fig. 5c). Trehalose was remarkably increased by Suc, with the highest 
in 10 mmol  L−1 Suc (Fig. 5d).

Invertase (IV) activity was generally reduced by exogenous Suc, with a significant reduction in 0.5 and 
5 mmol  L−1 Suc (Fig. 6a). Isocitrate dehydrogenase (ICDH) activity was remarkably increased after supple-
mentation of Suc, especially the 10 mmol  L−1 Suc, in which it was about onefold higher than those in other Suc 
treatments (Fig. 6b).

Discussion
Dual effects of exogenous Suc concentration on plant growth. It has been widely reported that 
exogenous Suc affects differentially on plant growth, chlorophyll, photosynthesis, yield and quality in different 
plant  species21,22,41. In this study, exogenous Suc concentration showed dual effects on the growth of Chuanxin-
lian plants, that is, it was promoted in 0.5–5 mmol  L−1 Suc but retarded in 10 mmol  L−1 Suc over the control. The 
results suggested that Suc with appropriate concentration is an important stimulant for the growth of Chuanxin-
lian regardless of its function as a nutrient for the plant or a stimulus for rhizospheric microbial reproduction. 
It has been reported that Suc-ameliorated plant growth was correlated with increased accumulation of soluble 

Figure 2.  Leaf MDA content (a), SOD activity (b) and anthocyanin content (c) in different sucrose 
concentrations. Data refers to means ± SE (n = 4). Bars with the same letter are no statistically significantly 
difference at P < 0.05 by Duncan’s new multiple range method.
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sugar, starch, N and amino  acids42,43. Our findings were consistent with those studies that 0.5–5 mmol  L−1 Suc 
induced improvement of plant growth was associated with increased accumulation of amino acids, soluble sugar 
and total N.

Exogenous application of Suc alters the photosynthetic apparatus, the activities of photosynthetic enzymes and 
the expression of relative  genes44. Our results showed that chlorophyll b was significantly increased by exogenous 
Suc, suggesting exogenous application of Suc could startover the genes in chlorophyll b synthesis. The increase of 
chlorophyll b could expand the range of light intensity absorbed by plants to improve  photosynthesis45. However, 
plant growth in 10 mmol  L−1 was relatively inhibited (Fig. 1a). It could be due to the high anthocyanin concentra-
tion in leaves, because foliar anthocyanins shade the photosynthetic apparatus from light  capture46 and therefore, 
reduce photosynthesis. Chlorophyll is an important organic N sink in  plants47. The increase in chlorophyll b in 
the current study caused by exogenous Suc could be resulted from the changes in N metabolism.

Plant root is a heterotrophic organ which requires sugars derived from aboveground parts to provide energy 
for its physiological  metabolism48. Increasing C supply for roots could promote N uptake and  assimilation49. In 
this study, relative low Suc concentrations (e.g., 0.5 and 1 mmol  L−1) increased root activity but high Suc concen-
tration (10 mmol  L−1) inhibited it, which was consistent with the difference in total leaf N content. It is suggested 
that Suc concentration-mediated plant growth was correlated with root metabolism promoting N uptake. The 
results also indicated that sugar supply is a key limiting factor for N uptake and assimilation in Chuanxinlian 
plants. Improving the photosynthetic capacity and concurrently promoting photosynthate transport from shoot 
to root are feasible measures to promote N utilization in Chuanxinlian plants.

Exogenous Suc regulated balance of C and N metabolism. NH4
+ is at the center of N metabolism flow 

in plant  leaves50. High concentration of  NH4
+ in plant tissues is deleterious for most terrestrial higher  plants51,52. 

It generally results in growth inhibition, disturbance of oxidative  balance53, and even premature  senescence54. 
Our results showed that  NH4

+ concentration in leaves was remarkably increased by 5 and 10 mmol  L−1 Suc rela-
tive to other treatments, suggesting that high accumulation of  NH4

+ was responsible for high Suc concentration 
induced growth retardation of Chuanxinlian plants.  NH4

+ accumulation in plants could be resulted from several 
reasons such as protein  degradation55, reduced generation of 2-oxoglutarate56, and reduced requirement for 
 NH4

+ due to accumulation of free amino  acids57. In the conditions of 5 and 10 mmol  L−1 Suc in this study, soluble 
protein and free amino acids were comparable to those in the conditions of 0.5 and 1 mmol  L−1 Suc, suggesting 
that high Suc concentration induced  NH4

+ accumulation due to neither protein degradation nor reduced  NH4
+ 

requirement.
Assimilation of  NH4

+ requires 2-oxoglutarate (2-OG) to provide C skeletons. ICDH catalyzed dehydrogena-
tion of isocitrate in the Krebs cycle is an important source of 2-OG58,59, which connects C and N metabolisms. 
In the current study, supplying of Suc increased leaf reducing sugar and ICDH activity, suggesting an increased 
supply of C-skeleton for  NH4

+ assimilation. The increase of ICDH activity was consistent with that of total N at 
low Suc concentration (0.5–5 mmol  L−1). However, 10 mmol  L−1 Suc reduced leaf N accumulation although the 
ICDH activity was greatly higher than that in other Suc concentration treatments. It is probably that high Suc 
concentration caused uncoupling of C and N metabolisms and thereby plant growth inhibition in Chuanxinlian.

Figure 3.  Leaf total nitrogen (a), ammonium (b), soluble protein (c), and free amino acids (d) in different 
sucrose concentrations. Data refers to means ± SE (n = 4). Bars with the same letter are no statistically 
significantly difference at P < 0.05 by Duncan’s new multiple range method.
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The balance between  NH4
+ production and assimilation is important for plants to adapt to  environments60. 

There are two distinct pathways of  NH4
+ assimilation in plants, namely the GS-GOGAT cycle and NADH-GDH 

 pathway61,62. In this study, the remarkably reduced GOGAT and NADH-GDH activities were responsible for the 
highly accumulation of  NH4

+ in the conditions of 5 and 10 mmol  L−1 Suc, indicating that high concentration of 
Suc could have disturbed  NH4

+ assimilation enzymes. Amino acid metabolism affects  NH4
+ accumulation in 

 plants52,57. The GOT and GPT enzymes catalyze transamination of glutamate to aspartate and alanine, respec-
tively, for the synthesis of branched-chain amino  acids63. The relative low GOT and GPT activities in 10 mmol  L−1 
Suc could act somewhat as feedback inhibitory regulation of  NH4

+ assimilation and finally, resulted in high  NH4
+ 

but low total N accumulation.

High Suc concentration caused plant senescence. High carbohydrate availability plays an important 
signaling role in regulating plant growth and development and metabolism, including leaf  senescence64. Antho-
cyanin is an important indicator of plant senescence resulted from sugar accumulation in plant  tissues65. During 
plant senescence, SOD activity and membrane lipid peroxidation are also  increased66. In this study, supplying of 
Suc increased the availability of sugars in Chuanxinlian plants, whereas 10 mmol  L−1 Suc remarkably increased 
the anthocyanin concentration in leaves relative to other treatments; simultaneously, MDA content and SOD 
activity were maintained at relatively high levels. Those results were in agreement with the phenotype of plant 
growth inhibition and suggested that such high Suc concentration induced leaf  senescence64.

Trehalose metabolic pathway plays an important role in sensing C status in plants and regulating plant 
 development67. It has been reported that exogenous application of Suc increased content of trehalose 6-phos-
phate (T6P) in plants and resulted in anthocyanin  accumulation68. Strong accumulation of T6P is required 
for leaf senescence under the condition of high C  availability64. Trehalose accumulation induced plant growth 
inhibition was associated with the increase of its precursor  T6P69. Our results showed that trehalose content in 
Chuanxinlian plant was increased by supplying of Suc, with the greatest increase in 10 mmol  L−1 Suc (Fig. 5d). It 
is speculated that the dual effects of exogenous Suc concentration on Chuanxinlian plant growth was associated 

Figure 4.  Glutamine synthase (GS, a), glutamate synthase (GOGAT, b), NADH-dependent glutamate 
dehydrogenase (NADH-GDH, c), glutamic–oxalacetic transaminase (GOT, d), and glutamic–pyruvic 
transaminase (GPT, e) activities in different sucrose concentrations. Data refers to means ± SE (n = 4). Bars with 
the same letter are no statistically significantly difference at P < 0.05 by Duncan’s new multiple range method.
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with trehalose metabolism, and that there was a threshold of trehalose concentration in regulation of Chuanxin-
lian plant growth.

Conclusion
Our results revealed that exogenous application of Suc is an effective way to improve N utilization and growth 
of Chuanxinlian plants. However, it has dual effects on Chuanxinlian plant growth and N metabolism depend-
ing upon Suc concentration. An exogenous Suc concentration of less than 5 mmol  L−1 could be appropriate to 
facilitate Chuanxinlian plant growth. In these conditions, exogenous Suc provided plants ample energy and C 
skeletons for N uptake and assimilation, resulting in increment of protein synthesis and growth amelioration. 
In contrast, 10 mmol  L−1 Suc stimulated highly accumulation of  NH4

+ and anthocyanin due to uncoupling of C 
and N metabolism, and consequently inhibited both plant growth and N accumulation. Figure 7 exhibited the 
summarized schematic model of different Suc concentrations (i.e., 1 mmol  L−1 and 10 mmol  L−1) affecting C and 
N metabolism in Chuanxinlian plant.

Figure 5.  Total soluble sugar (a), reducing sugar (b), sucrose (c), and trehalose (d) in different sucrose 
concentrations. Data refers to means ± SE (n = 4). Bars with the same letter are no statistically significantly 
difference at P < 0.05 by Duncan’s new multiple range method.

Figure 6.  Invertase (IV, a) and isocitrate dehydrogenase (ICDH, b) activities in different sucrose 
concentrations. Data refers to means ± SE (n = 4). Bars with the same letter are no statistically significantly 
difference at P < 0.05 by Duncan’s new multiple range method.



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4906  | https://doi.org/10.1038/s41598-022-08971-x

www.nature.com/scientificreports/

Received: 29 May 2021; Accepted: 8 March 2022

References
 1. Ruan, Y. L. Sucrose metabolism: Gateway to diverse carbon use and sugar signaling. Annu. Rev. Plant Biol. 65, 33–67 (2014).
 2. Shahri, W., Ahmad, S. S. & Tahir, I. Sugar signaling in plant growth and development. In Plant Signaling: Understanding the 

Molecular Crosstalk (eds Hakeem, K. et al.) 93–116 (Springer, 2014).
 3. Lin, X. Y., Ye, Y. Q., Fan, S. K., Jin, C. W. & Zheng, S. J. Increased sucrose accumulation regulates iron-deficiency responses by 

promoting auxin signaling in Arabidopsis plants. Plant Physiol. 170, 907–920 (2016).
 4. Salam, B. B. et al. Etiolated stem branching is a result of systemic signaling associated with sucrose level. Plant Physiol. 175, 734–745 

(2017).
 5. Lei, M. et al. Genetic and genomic evidence that sucrose is a global regulator of plant responses to phosphate starvation in Arabi-

dopsis. Plant Physiol. 156, 1116–1130 (2011).
 6. Su, N., Wu, Q. & Cui, J. Increased sucrose in the hypocotyls of radish sprouts contributes to nitrogen deficiency-induced antho-

cyanin accumulation. Front. Plant Sci. 7, 1976 (2016).
 7. Hammond, J. P. & White, P. J. Sucrose transport in the phloem: Integrating root responses to phosphorus starvation. J. Exp. Bot. 

59(1), 93–109 (2008).
 8. Jia, H., Wang, Y., Sun, M., Li, B. & Jia, W. Sucrose functions as a signal involved in the regulation of strawberry fruit development 

and ripening. New Phytol. 198(2), 453–465 (2013).
 9. Wang, M., Shen, Q., Xu, G. & Guo, S. New Insight into the strategy for nitrogen metabolism in plant cells. In International Review 

of Cell and Molecular Biology (ed. Jeon, K. W.) 1–37 (Academic Press, 2014).
 10. Das, A., Rushton, P. J. & Rohila, J. S. Metabolomic profiling of soybeans (Glycine max L.) reveals the importance of sugar and 

nitrogen metabolism under drought and heat stress. Plants 6(2), 21 (2017).
 11. Guo, S. & Xie, P. Effects of exogenous substance on starch synthesis and related enzymes activity in Chinese chestnut. Sci. Silvae 

Sin. 49(4), 135–140 (2013).
 12. Cao, Y. Y. et al. Exogenous sucrose influences antioxidant enzyme activities and reduces lipid peroxidation in water-stressed 

cucumber leaves. Biol. Plantarum 59(1), 147–153 (2015).
 13. Ying, Z. et al. Sugar-induced tolerance to the salt stress in maize seedlings by balancing redox homeostasis. Agric. For. Fish. 5(4), 

126–134 (2016).
 14. Qiu, N. & Deng, Y. Role of exogenous sucrose in protecting PSII particles against salt stress and heat stress. Bull. Bot. 24(4), 484–489 

(2007).
 15. Cao, Y. Y. et al. Exogenous sucrose increases chilling tolerance in cucumber seedlings by modulating antioxidant enzyme activity 

and regulating proline and soluble sugar contents. Sci. Hortic. 179, 67–77 (2014).
 16. Siringam, K., Juntawong, N., Cha-Um, S., Boriboonkaset, T. & Kirdmanee, C. Salt tolerance enhancement in indica rice (Oryza 

sativa L. spp. indica) seedlings using exogenous sucrose supplementation. Plant Omics J. 5(1), 52–59 (2012).
 17. Chang, L. L. et al. Effect of exogenous sucrose on nitrogen and carbon metabolism of lettuce under  NO3

− stress. Northern Hortic. 
1, 10–15 (2016).

 18. Furbank, R. T., Pritchard, J. & Jenkins, C. L. D. Effects of exogenous sucrose feeding on photosynthesis in the C3 plant tobacco 
and the C4 plant Flaveria bidentis. Aust. J. Plant Physiol. 24(3), 291–299 (1997).

 19. Li, Y. F. & Yu, X. H. Effect of exogenous sucrose on nitrogen and carbon metabolism of broccoli (Brassica loeracea var. Italica). J. 
Northeast Agric. Univ. 2, 166–169 (2007).

 20. Smoleń, S. & Sady, W. Effect of foliar application of urea, molybdenum, benzyladenine, sucrose and salicylic acid on yield, nitrogen 
metabolism of radish plants and quality of edible roots. J. Plant Nutr. 35(8), 1113–1129 (2012).

Figure 7.  Simplified representation of the effect of exogenous Suc concentration on C and N metabolism in 
A. paniculata. (a) Effects of 1 mmol  L−1 Suc on plant metabolites and enzyme activities in comparison to the 
control. (b) Effects of 10 mmol  L−1 Suc on plant metabolites and enzyme activities in comparison to 1 mmol  L−1 
Suc. Red lines and boxes represent significant increase, green lines and boxes represent significant decrease, and 
yellow boxes represent unchanged.  NH4

+ and anthocyanin were highlighted by blue wireframe, because they 
are key products of N and C metabolism, respectively, whose changes were closely related to the differential 
responses of plants to exogenous Suc.



10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4906  | https://doi.org/10.1038/s41598-022-08971-x

www.nature.com/scientificreports/

 21. Lobo, A. K. M. et al. Exogenous sucrose supply changes sugar metabolism and reduces photosynthesis of sugarcane through the 
down-regulation of rubisco abundance and activity. J. Plant Physiol. 179, 113–121 (2015).

 22. Le, Q. U. Y. V., Samson, G. U. Y. & Desjardins, Y. Opposite effects of exogenous sucrose on growth, photosynthesis and carbon 
metabolism of in vitro plantlets of tomato (L. esculentum mill) grown under two levels of irradiances and  CO2 concentration. J. 
Plant Physiol. 158(5), 599–605 (2001).

 23. Mishra, S. K., Sangwan, N. S. & Sangwan, R. S. Andrographis paniculata (Kalmegh): A review. Phcog. Rev. 1(2), 283–298 (2007).
 24. Aromdee, C. Modifications of andrographolide to increase some biologicalactivities: A patent review (2006–2011). Expert Opin. 

Ther. Pat. 22(2), 169–180 (2012).
 25. Zhang, X., Huang, G., Bian, X. & Zhao, Q. Effects of root interaction and nitrogen fertilization on the chlorophyll content, root 

activity, photosynthetic characteristics of intercropped soybean and microbial quantity in the rhizosphere. Plant Soil Environ. 
59(2), 80–88 (2013).

 26. Porra, R. J., Thompson, W. A. & Kriedemann, P. E. Determination of accurate extinction coefficients and simultaneous equations 
for assaying chlorophylls a and b extracted with four different solvents: Verification of the concentration of chlorophyll standards 
by atomic absorption spectroscopy. Biochim. Biophys. Acta 975, 384–394 (1989).

 27. Sun, M. L., Liang, Y. Y., Wang, H. D. & Zhang, Z. M. Extraction process of anthocyanins from husk of local-grown rice Oryza 
sativa L. Nanyangensis in Nanyang, Henan. Chin. Agric. Sci. Bull. 34(18), 71–76 (2018).

 28. Hodges, D. M., DeLong, J. M., Forney, C. F. & Prange, R. K. Improving the thiobarbituric acid-reactive-substances assay for esti-
mating lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 207, 604–611 (1999).

 29. Giannopolitis, C. N. & Ries, S. K. Superoxide dismutases I. Occurrence in higher plants. Plant Physiol. 59, 309–314 (1977).
 30. Li, Y. S. et al. Greater differences exist in seed protein, oil, total soluble sugar and sucrose content of vegetable soybean genotypes 

[Glycine max (L.) Merrill] in Northeast China. Aust. J. Crop Sci. 6(12), 1681–1686 (2012).
 31. Wang, Y. Y. et al. Studies on the immuno-modulating and antitumor activities of Ganoderma lucidum (Reishi) polysaccharides: 

Functional and proteomic analyses of a fucose-containing glycoprotein fraction responsible for the activities. Bioorg. Med. Chem. 
10, 1057–1062 (2002).

 32. Breuil, C. & Saddler, J. N. Comparison of the 3, 5-dinitrosalicylic acid and nelson-somogyi methods of assaying for reducing sugars 
and determining cellulase activity. Enzyme Microb. Tech. 7(7), 327–332 (1985).

 33. Li, Y. L., Zhang, X. Z., Miao, M., Shi, R. J. & Liu, J. H. Improvement of chromogenic conditions on trehalose determination by 
anthrone-sulphutic acid method. Sci. Technol. Food Ind. 2, 296–298 (2009).

 34. Bergmeyer, H. U., Gawwehn, K. & Grassl, M. Enzymes as biochemical reagents. In Methods of Enzymatic Analysis (ed. Bergmeyer, 
H. U.) 425–556 (Academic Press, 1974).

 35. Bradford, M. M. A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72, 248–254 (1976).

 36. Santoni, S., Bonifacio, E. & Zanini, E. Indophenol blue colorimetric method for measuring cation exchange capacity in sandy soils. 
Commun. Soil Sci. Plant Anal. 32, 2519–2530 (2001).

 37. Yokoyama, S. & Hiramatsu, J. I. A modified ninhydrin reagent using ascorbic acid instead of potassium cyanide. J. Biosci. Bioeng. 
95, 204–205 (2003).

 38. Zhang, C., Peng, S., Peng, X. & Chavez, A. Q. Response of glutamine synthetase isoforms to nitrogen sources in rice (Oryza sativa 
L.) roots. Plant Sci. 125, 163–170 (1997).

 39. Singh, R. P. & Srivastava, H. S. Increase in glutamate synthase (NADH) activity in maize seedlings in response to nitrate and 
ammonium nitrogen. Physiol. Plant. 66, 413–416 (1986).

 40. Wu, L., Jiang, S. & Tao, Q. The application of colormetric method on the determination of transaminase activity. Chin. J. Soil Sci. 
29(3), 136–138 (1998).

 41. Fuentes, G., Talavera, C., Desjardins, Y. & Santamaria, J. M. Exogenous sucrose can decrease in vitro photosynthesis but improve 
field survival and growth of coconut (Cocos nucifera L.) in vitro plantlets. In Vitro Cell Dev. Biol. Plant 41, 69–76 (2005).

 42. Cazetta, J. O., Seebauer, J. R. & Below, F. E. Sucrose and nitrogen supplies regulate growth of maize kernels. Ann. Bot. 84(6), 747–754 
(1999).

 43. Zhou, Q., Jiang, D., Dai, T. B., Cao, W. X. & Jing, Q. Effects of varied carbon and nitrogen supply on starch and protein accumula-
tion in grain during early filling of wheat. Acta Agron. Sin. 30(10), 975–979 (2004).

 44. Halford, N. G. & Paul, M. J. Carbon metabolite sensing and signaling. Plant Biotech. J. 1, 381–398 (2003).
 45. Ren, W. J. et al. Impact of low-light stress on leaves characteristics of rice after heading. J. Sichuan Agric. Univ. 20(3), 205–208, 278 

(2002).
 46. Hoch, W. A., Zeldin, E. L. & Mccown, B. H. Physiological significance of anthocyanins during autumnal leaf senescence. Tree 

Physiol. 21, 1–8 (2001).
 47. Evans, J. R. Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia 78(1), 9–19 (1989).
 48. Wang, L. & Ruan, Y. L. Shoot-root carbon allocation, sugar signalling and their coupling with nitrogen uptake and assimilation. 

Funct. Plant Biol. 43(2), 105–113 (2016).
 49. Schofield, R. A., Bi, Y. M., Kant, S. & Rothstein, S. J. Overexpression of STP13, a hexose transporter, improves plant growth and 

nitrogen use in Arabidopsis thaliana seedlings. Plant Cell Environ. 32, 271–285 (2009).
 50. Thomsen, H. C., Eriksson, D., Moller, I. S. & Schjoerring, J. K. Cytosolic glutamine synthetase: A target for improvement of crop 

nitrogen use efficiency?. Trends Plant Sci. 19, 656–663 (2014).
 51. Hachiya, T. et al. Nitrate addition alleviates ammonium toxicity without lessening ammonium accumulation, organic acid deple-

tion and inorganic cation depletion in Arabidopsis thaliana shoots. Plant Cell Physiol. 53, 577–591 (2012).
 52. Jian, S. et al. NRT1.1-related NH4+ toxicity is associated with a disturbed balance between NH4+ uptake and assimilation. Plant 

Physiol. 178, 1473–1488 (2018).
 53. Liu, Y. & von Wirén, N. Ammonium as a signal for physiological and morphological responses in plants. J. Exp. Bot. 68(10), 

2581–2592 (2017).
 54. Wang, W., Yang, C., Tang, X., Gu, X. & Ma, D. Effects of high ammonium level on biomass accumulation of common duckweed 

Lemna minor L.. Environ. Sci. Pollut. Res. Int. 21(24), 14202–14210 (2014).
 55. Rolny, N., Bayardo, M., Guiamet, J. J. & Costa, L. Nitrogen fertilization increases ammonium accumulation during senescence of 

barley leaves. Acta Physiol. Plant 38, 39 (2016).
 56. Nguyen, H. T. T., Shim, I. S., Kobayashi, K. & Usui, K. Regulation of ammonium accumulation during salt stress in rice (Oryza 

sativa L.) seedlings. Plant Prod. Sci. 8, 397–404 (2005).
 57. Hoai, N. T. T., Shim, I. S., Kobayashi, K. & Kenji, U. Accumulation of some nitrogen compounds in response to salt stress ad their 

relationship with salt tolerance in rice (Oryza sativa L.) seedlings. Plant Growth Regul. 41, 159–164 (2003).
 58. Gálvez, S., Lancien, M. & Hodges, M. Are isocitrate dehydrogenases and 2-oxoglutarate involved in the regulation of glutamate 

synthesis?. Trends Plant Sci. 4(12), 484–490 (1999).
 59. Zhong, C. et al. Nitrogen-mediated alleviation of photosynthetic inhibition under moderate water deficit stress in rice (Oryza 

sativa L.). Environ. Exp. Bot. 157, 269–282 (2019).
 60. Sánchez-Rodríguez, E. et al. Ammonia production and assimilation: Its importance as a tolerance mechanism during moderate 

water deficit in tomato plants. J. Plant Physiol. 168, 816–823 (2011).



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4906  | https://doi.org/10.1038/s41598-022-08971-x

www.nature.com/scientificreports/

 61. Masclaux-Daubresse, C. et al. Glutamine synthetase-glutamate synthase pathway and glutamate dehydrogenase play distinct roles 
in the sink-source nitrogen cycle in tobacco. Plant Physiol. 140, 444–456 (2006).

 62. Bittsánszky, A., Pilinszky, K., Gyulai, G. & Komives, T. Overcoming ammonium toxicity. Plant Sci. 231, 184–190 (2015).
 63. Brock, B. L. W., Wilkinson, D. A. & King, J. Glyoxylate aminotransferases from oat leaves. Can. J. Biochem. 48, 486–492 (1970).
 64. Wingler, A. et al. Trehalose 6-phosphate is required for the onset of leaf senescence associated with high carbon availability. Plant 

Physiol. 158, 1241–1251 (2012).
 65. Murakami, P. F., Schaberg, P. G. & Shane, J. B. Stem girdling manipulates leaf sugar concentrations and anthocyanin expression 

in sugar maple trees during autumn. Tree Physiol. 28, 1467–1473 (2008).
 66. Jakhar, S. & Mukherjee, D. Chloroplast pigments, proteins, lipid peroxidation and activities of antioxidative enzymes during 

maturation and senescence of leaves and reproductive organs of Cajanus cajan L.. Physiol. Mol. Biol. Plants 20(2), 171–180 (2014).
 67. Nunes, C. et al. Regulation of growth by the trehalose pathway. Plant Signal Behav. 8(12), e26626 (2013).
 68. Schluepmann, H., Pellny, T., van Dijken, A., Smeekens, S. & Paul, M. J. Trehalose 6-phosphate is indispensable for carbohydrate 

utilization and growth in Arabidopsis thaliana. PNAS 100, 6849–6854 (2003).
 69. Schluepmann, H., Dijken, A. V., Aghdasi, M., Wobbes, B. & Smeekens, P. S. Trehalose mediated growth inhibition of Arabidopsis 

seedlings is due to trehalose-6-phosphate accumulation. Plant Physiol. 135(2), 879–890 (2004).

Author contributions
S.F.J. and X.J.H. performed the experiments, analyzed the data and drafted the manuscript. D.L.C. conducted the 
experiments. J.H.M. and C.Z. designed the experiments and revised the manuscript. All the authors contributed 
to the article and approved the submitted version.

Funding
This work was financially supported by the China Agriculture Research System of MOF and MARA (CARS-21), 
the Guangxi Innovation-Driven Development Project (GuiKe AA18242040) and the Guangxi Natural Science 
Foundation of China (2020GXNSFAA159025).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.Z. or J.-H.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Concentration-dependent dual effects of exogenous sucrose on nitrogen metabolism in Andrographis paniculata
	Materials and methods
	Materials and treatment. 
	Root activity measurement. 
	Chlorophyll and anthocyanin measurements. 
	Malondialdehyde (MDA) content and superoxide dismutase (SOD) activity. 
	Sugars and enzyme activities. 
	Nitrogen, ammonium, soluble protein and free amino acids assays. 
	Assays of nitrogen metabolic enzymes. 
	Statistic analysis. 

	Results
	Effects of exogenous Suc on plant growth, root activity and chlorophyll. 
	Effects of exogenous Suc on antioxidant indexes and anthocyanin accumulation. 
	Effects of exogenous Suc on nitrogen metabolism. 
	Effects of exogenous Suc on sugar accumulation and metabolism. 

	Discussion
	Dual effects of exogenous Suc concentration on plant growth. 
	Exogenous Suc regulated balance of C and N metabolism. 
	High Suc concentration caused plant senescence. 

	Conclusion
	References


