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Abstract
Background: Nitrogen (N), phosphorus (P), and potassium (K) are important essential nutrients for plant
growth and development, but how they regulate plant energy status remains unclear.

Results: In this study, we grew Nipponbare rice (Oryza sativa) seedlings in a growth chamber for 20 d at
30/24 ℃ (day/night) under natural sunlight conditions with different nutrient regimes. N appeared to
play the most important role in plant growth and development, followed by P and K. The highest
nonstructural carbohydrate (NSC) content, dry weight, net photosynthetic rate (PN), ATP content, and
NADH dehydrogenase, cytochrome oxidase, and ATPase activities were found in the plants that received
su�cient N, P, and K. The lowest values of these parameters were measured in the N-de�cient plants.
Higher dry matter accumulation was observed in the −K treatment than in the −P treatment, but there was
no difference in the ratio of respiration rate to photosynthetic rate between these two treatments,
suggesting that differences in energy production e�ciency may have accounted for this result. This
hypothesis was con�rmed by higher ATP contents and activities of NADH dehydrogenase, cytochrome
oxidase, and ATPase in the K-de�cient plants than in the P-de�cient plants.

Conclusion: We inferred that N, P, and K controlled rice plant growth and development by regulating the
e�ciency of energy production. 

Background
Elements such as nitrogen (N), phosphorus (P), and potassium (K) are the most essential nutrients for
plant growth and development (Ye et al., 2019; Wang et al., 2021). Higher plant tissues typically contain
approximately 1.5% N, 0.2% P, and 1% K (Hawkesford et al., 2012), suggesting that plant growth demands
large amounts of these macronutrients (Bernstein et al., 2019). Indeed, the increased supply of N, P, and K
in crop production systems has been the main contributor to yield enhancement over the past several
decades. However, the overuse of chemical fertilizers has severely damaged the environment by
enhancing greenhouse gas levels and promoting eutrophication, mainly as a result of lower fertilizer
utilization e�ciency (Glibert et al., 2017; Yao et al., 2017; Wang et al., 2020; Song et al., 2020). Therefore,
maintaining nutrient homeostasis and enhancing fertilizer e�ciency is critical for reducing fertilizer use in
crop production systems and thereby protecting the environment.

Among the three major macronutrients, N affects the organic structure, physiological characteristics, and
biomass synthesis and distribution of plants and has the greatest effect on dry matter production (Zhu et
al., 2014; Lin et al., 2016). Insu�cient N supply seriously impairs the structure and function of
photosynthesis, thereby reducing crop yields (Kalaji et al., 2014; Zhao et al., 2017). Similarly, P de�ciency
in plants can markedly reduce leaf area, alter photosynthesis and carbon metabolism, and ultimately limit
tillering, biomass accumulation, and yield (Xu et al., 2007; Chaudhary et al., 2008). In contrast to N and P,
K does not bind covalently to organic molecules. However, it is the most abundant cellular cation,
regulating stomatal movement, osmotic adjustment, charge balance, steady-state enzyme activation,
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membrane potential, and membrane protein transport (Schroeder 2003; Shabala 2003; Britto and
Kronzucker 2008; Maathuis 2009; Blatt et al., 2014; Wang and Wu 2015). These results indicated that
complex interactions among N, P, and K determine nutrient homeostasis and thus plant growth and
development. However, previous studies of the functions of N, P, and K in plant growth and development
have focused primarily on leaf morphology, carbon dioxide absorption, biochemical capacity, or a
combination of these factors, whereas the effects of these elements on plant energy metabolism in
plants are still not well understood.

Energy is the basis of life, and all living things depend on a constant energy transmission mechanism in
order to grow and reproduce (Sousa et al., 2018). The ATP provided by mitochondria through oxidative
phosphorylation plays an essential role in plant development, reproduction, and various biochemical
processes (Bauwe et al., 2010; Millar et al., 2011; Liao et al., 2018). N has been reported to affect plant
energy homeostasis by regulating photosynthesis and respiration (Aspinwall et al., 2016; Moriwaki et al.,
2018; Inomura et al., 2019). However, N assimilation and translocation are high energy processes (Taiz
and Zeiger 2010) and can limit N use e�ciency when N fertilizer is overused or P and K are de�cient
leading to nutrient imbalance. P is found in essential biomolecules, including nucleic acids, ATP, and
phospholipids, that are closely linked to energy metabolism (Poirier and Bucher 2002). K+ is used as a
major solute to maintain turgor and drive irreversible and reversible changes in cell volume, it also plays
an important role in numerous metabolic processes. Indeed, the circulation of K+ in the phloem serves as
a form of decentralized energy storage that can be used to overcome local energy limitations (Dreyer et
al., 2017). It has been documented that posttranslational modi�cation of the phloem-expressed
Arabidopsis K+ channel AKT2 taps the “K battery,” which then e�ciently assists the plasma membrane
H+-ATPase in transmembrane phloem (re)loading processes (Gajdanowicz., et al., 2011). These �ndings
indicate that N, P, and K in�uence energy metabolism by affecting photosynthesis, respiration, charge
balance, and the regulation of phosphorylation. Nutrient imbalances in the soil or the plant can inhibit
plant growth and development by disturbing energy homeostasis.

Although a large body of research has focused on the effects of N, P, and K on plant growth and
development under different nutrient conditions, the rational use of fertilizers to ensure food supply and
environmental security remains one of the great challenges of the 21st century (Zhang et al., 2012; Ju et
al., 2011). Thus, understanding the relationship between N, P, and K and energy homeostasis in plants is
necessary for improving grain yield and quality while reducing fertilizer supply. In addition, most
experiments have been conducted in nutrient solution, which differs signi�cantly from actual agricultural
production. Here, we investigated the effects of N, P, and K on the energy metabolism of rice plants grown
at different N, P, and K levels in soil. We measured photosynthesis, respiration, ATP content, mitochondrial
complex activities, antioxidant enzyme activities, and Rubisco carboxylase and oxygenase capacity, as
well as the N, P, and K contents of the plant tissues.

Material And Methods
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Plant materials and growth conditions
The study was performed at the experimental farm of the China National Rice Research Institute in
Hangzhou, China. Seeds of Nipponbare (NIPP) were soaked for 48 h and then germinated for 24 h at
35°C. Twenty to twenty-�ve seeds were sown in a pot of 10 cm height and 10 cm diameter  with 5 kg of
paddy soil (pH 7.1) that contained 0.14% total N, 1.47% total P, 0.04% total K, 33.74 mg·kg−1 available N,
10.8 mg·kg−1 available P, 58.4 mg·kg−1 available K, and 0.99% organic matter. The seedlings were grown
in a plant growth chamber under natural sunlight conditions of 1000 μmol·m−2·s−1, the temperature was
set to 30 °C during the day and 24 °C at night, and the relative humidity was maintained at 70–80%. The
seedlings were thinned to 10 plants per pot at the three-leaf stage, and fertilizers, including urea (N 46%),
superphosphate (P 12%) and potassium chloride (K 50%) were applied. The standard application of
nitrogen fertilizer, phosphate fertilizer and potash fertilizer are 0.683 g, 2.87 g, and 0.353 g per kilogram of
dry soil, respectively. The experiment was designed with �ve replicates of eight treatments: 1) no
fertilization (H2O); 2) standard N, P, and K fertilization (NPK); 3) P and K fertilization with no N (−N); 4) N
and K fertilization with no P (−P); 5) N and P fertilization with no K (−K); 6) ½ N with standard P and K
fertilization (½ N); 7) ½ P with standard N and K fertilization (½ P); and 8) ½ K with standard N and P
fertilization (½ K). About 20 days later, tiller numbers per plant, plant height, and dry weight were
determined, and the youngest fully expanded leaves were harvested to measure chlorophyll content,
photosynthesis, respiration, photorespiration, Rubisco activity, carbohydrates, energy metabolism,
antioxidant capacity, and total N, P, and K content.

Measurements of tiller number, plant height, and dry weight
Twenty days after treatment, the average number of tillers was investigated, and representative plants
were selected based on the average number of tillers to measure plant height from the root to the top of
the uppermost leaf. Afterwards, the whole seedlings were harvested, dried to a constant weight at 80°C
for at least 48 h, and weighed.

Chlorophyll content analysis
Chlorophyll and carotenoid concentrations were determined by the method described in Sartory and
Grobbelaar (1984). Leaf samples (0.1 g) were extracted in 20 ml 95% (v/v) ethanol for 48 h. The
absorbance of the resulting extract was measured at 665, 649, and 470 nm with a spectrophotometer
(Lambda25; Perkin Elmer, Freemont, CA, USA). Chlorophyll a and b concentrations were calculated
according to the formulas: Ca (µg·ml−1) = 13.95×(A665) − 6.88×(A649); Cb
µg ml−1) = 24.96×(A649) − 7.32 × (A665); carotenoid (µg·ml−1) = ( 1000×(A470) − 2.05

Ca − 114.8Cb)/245.
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Carbohydrate measurements
According to the method of Dubois et al. (1956), 0.2 g fresh weight of leaves were boiled with 10 ml
deionized water in a 100°C water bath for 20 min. The resulting extract was collected to measure total
soluble sugar and starch contents using the sulfuric acid anthrone colorimetric method with
modi�cations. Total nonstructural carbohydrates (NSC) were calculated as the sum of the soluble sugar
and starch contents.

Measurement of net photosynthetic rate, photorespiration,
and respiration
Net photosynthetic rate (PN), photorespiration (Pr) and respiration (Rd) were analyzed from the PN-Ci
curve with a Li-Cor 6400 portable photosynthesis system (Li-Cor, Lincoln, NE, USA) according to the
methods of Feng et al. (2020) and Sharkey et al. (1988). The maximum photosynthetic rate (PN max),
CO2 compensation point (Γ*), intercellular CO2 concentration (Ci), and respiration rate (Rd) were
estimated based on the non-rectangular hyperbola model. These parameters were used to calculate Pr
and the ratio of Rubisco oxygenation to carboxylation (vo/vc, Φ). The ratio of Rubisco oxygenation to
carboxylation was estimated by the equation Φ =vo/vc=2*Γ*/Ci, where Γ* is the CO2 compensation point
when no respiration other than photorespiration occurs, and Ci is the intercellular CO2 concentration. Pr
was calculated by the equation vo = (PN max+Rd)/(1/Φ-0.5), in which vo is the rate of oxygenation and

also twice the rate of photorespiration (μmol·m−2·s−1).

Measurement of Ribulose 1·5-bisphosphate carboxylase
and oxygenase activities
The Ribulose 1·5-bisphosphate carboxylase and oxygenase activities was measured according to the
method of Feng et al. (2020). About 0.2 g of leaf sample was weighed and finely ground in liquid
nitrogen in a pre-cooled mortar and transferred to a 2-ml tube filled with 1 ml 0.1 M PBS buffer (pH 7.2).
The crude enzyme extract was centrifuged at 13,400×g for 5 min. The double-antibody sandwich enzyme-
linked immunosorbent assay (ELISA) technique was used following the manufacturer’s instructions
(Shanghai Enzyme-linked Biotechnology Co., Ltd., China), and absorbance was monitored at 450 nm with
a U-3300 spectrophotometer. A standard curve was used to calculate the activity of Rubisco carboxylase
and oxygenase.

Measurements of mitochondrial complexes and ATP
The activities of mitochondrial Complex  (NADH dehydrogenase), Complex  (cytochrome-cytochrome
oxidase), and Complex  (ATPase) were measured with an assay kit according to the manufacturer's
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instructions (Comin Biotechnology Co., Ltd., Suzhou, China). ATP contents were determined using an ATP
assay kit according to the manufacturer’s instructions (Geruisi Biotechnology Co., Ltd., Suzhou, China).

Antioxidant enzyme activity, H2O2, and lipid peroxidation
measurements
About 0.2 g of frozen leaf tissue was homogenized in 5 ml of extraction buffer (100 mM phosphate
buffer, pH 7.00). The homogenate was centrifuged at 10,000×g at 4°C for 10 min, and the supernatant
was used to determine superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate
peroxidase (APX) activities according to the methods of Giannopolitis and Ries (1977), Aebi (1974),
Maehly and Chance (1954), and Bonnecarrère et al. (2011), respectively.

The method of Brennan and Frenkel (1977) was used to measure H2O2 content. Frozen leaf tissue (0.2 g)
was ground to homogeneity in 4 ml of 10 mM 3-amino-1,2,4-triazole, and the homogenate was
centrifuged at 8000×g for 10 min. Next, 1.5 ml of 0.1% titanium tetrachloride in 20% H2SO4 was added to
1.5 ml of the supernatant. The reaction solution was further centrifuged to remove insoluble matter, and
the absorbance was measured at 410 nm.

Malondialdehyde (MDA) content was estimated by measuring the concentration of thiobarbituric acid
reactive substances (TBARS). Frozen leaf tissue (0.1 g) was homogenized in 3 ml of 5% trichloroacetic
acid, and the homogenate was centrifuged at 6000×g for 15 min. The reaction mixture (1.5 ml of
supernatant, 1.5 ml of 20% [v/v] TCA, and 0.5% [w/v] thiobarbituric acid) was incubated in a water bath at
100 °C for 30 min and then quickly cooled in running water. The solution was centrifuged at 6000×g for
10 min, and the absorbance of the supernatant was measured at 450, 532, and 600 nm.

Determination of total N, available P and K contents
Rice leaves were placed in a 105 ℃ oven for 30 min and then dried to constant weight at 60 ℃ for 24 h.
After grinding with a pulverizer, about 0.2 g sample was placed into a digestion tube, and the CuSO4–
Na2SO4 (1:10) catalyst and concentrated sulfuric acid were added. N and P contents were measured
using a fully automatic intermittent chemical analyzer (Smart Chem 450, AMS Group Westco), and total K
content was measured by the H2SO4–H2O2 digestion-�ame photometer method.

Statistical analysis
The test data were processed using Microsoft Excel 2019. The mean and standard error in the �gure are
from repeated data from three experiments. Treatment differences were assessed with one-way analysis
of variance (ANOVA) and the least significant difference test (LSD, P≤0.05) using SPSS v.11.5 (SPSS
Inc., Chicago, USA).
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Results

Leaf chlorophyll content, tiller number, plant height, and dry
weight
As shown in Fig. 1a, rice plants from different nutrient treatments differed markedly in chlorophyll
content, plant height, and tiller number per plant. Leaf chlorophyll content was signi�cantly higher in the
NPK treatment than in the other treatments (Fig. 1b). There was little difference in leaf chlorophyll content
among the −P, −K, ½ N, ½ P, and ½ K treatments, but those treatments had signi�cantly higher chlorophyll
contents than the −N and H2O treatments. N could enhance chlorophyll content, but such results were not
found in plants treated with P and K. However, slightly higher chlorophyll contents were found in the −K
and ½ K treatments compared with the corresponding −P and ½ P treatments.

Plant height was greatest in the ½ K treatment, followed by the NPK, −P, −K and ½ N treatments (Fig. 1c).
Interestingly, plant height was lower in the −P and ½ P treatments than in the corresponding −K and ½ K
treatments. Tiller number per plant was much higher in the NPK treatment than in the other treatments
(Fig. 1d). In addition, tiller number per plant clearly increased as the supply of N, P, or K increased. Tiller
number was much lower in the −P and ½ P treatments than in the corresponding −K and ½ K treatments.
Similar differences were observed in dry weight: the highest dry weight was found in the NPK treatment,
followed by the ½ K and −K treatments (Fig. 1e). Dry matter accumulation per plant increased
signi�cantly as N, P, and K were enhanced. Signi�cantly higher dry weights were observed in the −K and ½
K treatments than in the corresponding −P and ½ P treatments.

Soluble sugar, starch, and NSC contents
The production and consumption of carbohydrates plays a key role in the accumulation of plant dry
weight, and we therefore measured NSC, soluble sugars, and starch in plants grown under different
nutrient conditions. Soluble sugar content was highest in the NPK treatment and lowest in the H2O
treatment (Fig. 2a). Soluble sugar content increased as N and P supply was enhanced, although this
difference was not signi�cant. There was a slight increase in the −K treatment compared with the ½ K
treatment, and the soluble sugar contents of the −K and ½ K treatments were higher than those of the
corresponding −P and ½ P treatments.

Similar patterns were observed for starch and NSC contents: the highest and lowest values were found in
the NPK and H2O treatments, respectively (Fig. 2b and c). As the supply of N, P, and K was enhanced,
starch and NSC contents increased markedly. The highest values were found in the −K treatment,
followed by the −P and −N treatments. A similar pattern was observed for the ½ N, ½ P, and ½ K
treatments.
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Photosynthesis, respiration, and photorespiration in rice
leaves
Plant carbohydrate levels are determined by the rates of photosynthesis and respiration, and we therefore
measured PN, Rd, Pr, and Rubisco activity in leaves from different nutrient treatments. The highest value
of PN was found in the NPK treatment, and the lowest value was found in the H2O treatment (Fig. 3a).
Among the –N, −P, and −K treatments, PN was lowest in −N, followed by −P and then −K. A similar pattern
was observed in the ½ P, ½ K, and ½ N treatments. Overall, leaf PN increased signi�cantly as N, P or K
supply was enhanced. For the respiration, the highest value were showed in the treatment of ½K, while the
lowest value were found in -N treatment (Fig. 3b). Among the ½ P, ½ K, and ½ N treatments, Rd was
highest in ½ K, followed by ½ P and ½ N. A similar pattern was observed for the −N, −P, and −K
treatments. Interestingly, there was no obvious difference in Rd between the −P and −K treatments or the
½ P and ½ K treatments, although they had signi�cantly higher Rd values than the corresponding −N and
½ N treatments. There were no obvious differences in Pr among the treatments, with the exception of the
NPK treatment, which had a signi�cantly lower Pr value than the ½ N treatment (Fig. 3c).

Rd/PN and Pr/PN responded differently to N, P, and K supply (Fig. 3d and e). The highest values of Rd/PN

and Pr/PN were found in the H2O treatment, followed by the −N and ½ N treatments, which had
signi�cantly higher values than the other treatments. Interestingly, there were no obvious differences in
these parameters between the −K and −P treatments or the ½ K and ½ P treatments.

PN and Pr are determined by the balance between Rubisco carboxylase and oxygenase activity. For the
Rubisco carboxylase, the highest and lowest activities were observed in the NPK and H2O treatments,
respectively (Fig. 3f). Among the −N, −P, and −K treatments, the highest Rubisco carboxylase activity was
measured in −K, followed by −P and −N. A similar pattern was observed in the ½ P, ½ K, and ½ N
treatments. By contrast, the highest and lowest Rubisco oxygenase activities were measured in the H2O
and NPK treatments, respectively (Fig. 3g). There were no obvious differences in Rubisco oxygenase
activity among the treatments, with the exception of the NPK and H2O treatments, although the −P and ½
P treatments had a slightly higher value than the corresponding −K and ½ K treatments. The highest ratio
of oxygenase to carboxylase activity was measured in the H2O treatment, and the lowest ratio was found
in the NPK treatment, which were almost signi�cantly higher or lower than the other treatments (Fig. 3h).
For the −N, −P, and −K treatments, the highest value was found in −N, followed by −P and −K. A similar
pattern was observed in the ½ N, ½ P and ½ K treatments.

Energy production in rice leaves under different nutrient
treatments
Respiration is the main pathway by which plants and animals produce energy, and the activities of
mitochondrial complexes I, IV, and V determine the energy production e�ciency of plants. Here, the
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activities of complexes I, IV, and V were highest in the NPK treatment and lowest in the H2O treatment
(Fig. 4a–c). The activities of the three complexes increased as the N, P, and K status of the plants
increased. Among the −N, −P, and −K treatments, the highest values were observed in −K, followed by −P
and −N. A similar pattern was observed among the ½ N, ½ P, and ½ K treatments. ATPase activity was
markedly higher in the −K and ½ K treatments than in the corresponding −P and ½ P treatments. Without
exception, ATP content was highest in the NPK treatment and lowest in the H2O treatment (Fig. 4d). N had
the greatest effect on ATP content, followed by P and K. Among the −N, −P, and −K treatments, ATP
content was highest in −K, followed by −P and −N, and these differences were signi�cant. A similar
pattern was observed among the ½ N, ½ P, and ½ K treatments, although there was no obvious difference
between the ½ P and ½ K treatments.   

Antioxidant capacity and contents of H2O2 and MDA
Antioxidant capacity affects plant survival under stress conditions, and nutrient de�cit itself is a source
of stress. We therefore measured aspects of antioxidant capacity such as SOD, POD, CAT, and APX
activity and H2O2 and MDA content in plants from different nutrient treatments. SOD activity was
signi�cantly higher in the ½ K treatment than in the other treatments (Fig. 5a). SOD activity was lowest in
the H2O treatment, and there were no obvious differences among the other treatments except for NPK and
−K. The highest and lowest activities of POD, CAT, and APX were measured in the NPK and H2O
treatments, respectively (Fig. 5b–d). Among the −N, −P, and −K treatments, the highest activities of these
enzymes were measured in −K, followed by −P and −N. Similar results were found among the ½ N, ½ P,
and ½ K treatments.

By contrast, the H2O2 and MDA contents were highest in the H2O treatment and lowest in the NPK
treatment (Fig. 5e–f). Among the −N, −P, and −K treatments, H2O2 and MDA content were highest in −N,
followed by −P and −K. Similar results were found among the ½ N, ½ P, and ½ K treatments. Overall, H2O2

and MDA content decreased as N, P, and K were enhanced, and this trend was particularly strong for
H2O2.

N, P, and K contents in rice plants under different nutrient
treatments
There were clear differences in N, P, and K contents of plants grown under different nutrient regimes. N
content increased as the supply of N and P increased, but similar results were not found for K supply (Fig.
6a). It is noteworthy that the highest N content was measured in plants from the –K treatment rather than
the NPK treatment, and the lowest N content was observed in the H2O and –N treatments. Similar
patterns of N content were observed among the −N, −P, and −K treatments and the ½ N, ½ P, and ½ K
treatments.
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Available P content was highest in the −K treatment, followed by the NPK treatment, which was nearly
signi�cantly higher than the other treatments, with the exception of ½ P (Fig. 5b). Available P content was
lowest in the H2O treatment, but there were no obvious differences among the H2O, −N, ½ N, and ½ K
treatments. K content was highest in the −P treatment and lowest in the H2O treatment (Fig. 5c); it was
markedly higher in the −P and −N treatments than in the −K treatment.

NPK ratio of rice plants under different nutrient treatments
The balance of N, P, and K determines plant growth and development and is frequently disturbed by
environmental conditions; we therefore measured the ratio of plant N, P, and K content under different
nutrient regimes. The value for N was set to 10 in each treatment, and the ratio of N, P, and K in the NPK
treatment was therefore 10.0:2.0:5.9 (Table 1). Most treatments had values for P of slightly higher or
lower than 2.0, with the exception of the H2O and −N treatments. The value for K was 5.9 in the NPK
treatment and 6.8 and 6.1 in the ½ K and ½ P treatments, respectively. However, the value for K in the
other treatments was signi�cantly higher or lower than 5.9, especially for the H2O and −N treatments.

Discussion
The effects of N, P, and K on the growth and development of crop plants have been extensively
documented (Milla et al., 2005; Wang et al., 2021), and N plays the most important role in these processes
(Kant 2018; Wang et al., 2018; Iqbal et al., 2019). This is consistent with the present results, in which dry
weight, tiller number per plant, and ratio of Rd to PN were lower in the − N treatment than in the NPK
treatment (Figs. 1 and 3). Similar results were found in plants grown in nutrient solution with tap water:
tiller number and plant height were markedly lower in the − N treatment than in the other treatments (Fig.
S1). In terms of P and K, dry weight, tiller number per plant, and plant height were higher in the –K
treatment than in the –P treatment (Fig. 1). This result seemed to suggest that P may play a more
important role in plant growth and development than K (Nam et al., 2010). However, in potato plants, the
partitioning of dry matter to tubers was markedly reduced by K de�ciency and increased by P de�ciency
(Jenkins and Mahmood, 2015). Indeed, the interaction among N, P, and K in plants is very complex, and
their functions may depend on the background values of the nutrients and on the environment (Gaspar et
al., 2017; Wang et al., 2021). It is notable that the − K treatment in nutrient solution (distilled water) was
lethal to rice plants under warmer conditions, whereas such results were not found in the other
treatments, even for plants grown without any additional nutrients (data not shown). This phenomenon
has not been reported previously, and more research is required to reveal the underlying mechanism.

Carbohydrate metabolism is involved in plant growth and development under both normal and stress
conditions, including nutrient de�cit (Li et al., 2006; Hermans et al., 2006; Berg et al., 2018; Islam et al.,
2019; Jiang et al., 2020). Here, NSC content was lowest in plants from the H2O and –N treatments
(Fig. 2). This �nding was inconsistent with previous reports that N, P, and K fertilization increased the
sugar and starch contents of kernels and that the effect of K fertilization was the most signi�cant (Li et
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al., 2006). In the present experiment, photosynthesis was almost completely inhibited by N de�cit
(Fig. 3a). Although the respiration rate was also signi�cantly inhibited (Fig. 3b), the highest ratio of Rd to
PN was found in the H2O and − N treatments (Fig. 3d). This result suggested that N de�cit signi�cantly
decreased the accumulation of dry matter through both lower assimilate production and higher relative
carbohydrate consumption.

Accumulation of NSC and starch was higher in the − K treatments than in the − P treatments (Fig. 2). This
may be related to the function of P in promoting photosynthesis, as net photosynthetic rate was higher in
− K than in − P treatments (Fig. 3a). However, the present data showed little difference in the Rd to PN

ratio between the − P and − K treatments, a result that was not consistent with their differences in dry
weight, tiller number per plant, and carbohydrate content (Figs. 1–3). Such results have not been found in
previous studies, and we speculated that this phenomenon might be related to differences in plant energy
metabolism under different nutrient conditions (Fig. 4).

In the mitochondria, multiprotein complexes such as NADH dehydrogenase (Complex I), succinate
dehydrogenase (Complex II), cytochrome bc1 (Complex III), cytochrome oxidase (Complex IV), and
ATPase (Complex V) are involved in the respiratory process and drive cellular energy (ATP) production
(Milla et al., 2010; Meyer et al., 2019). These proteins are frequently affected by abiotic stress (Dahal et
al., 2014; Shameer et al., 2019; Rashid et al., 2020; Li et al., 2020) and nutrient status (Wang et al., 2021),
thereby affecting the e�ciency of ATP production. In this experiment, ATP content and the activities of
NADH dehydrogenase, cytochrome oxidase, and ATPase were much lower in the − N treatment than in the
other treatments (Fig. 4). This result indicated that N plays the most important role in the energy
production e�ciency of plants. Likewise, compared with K, P may also have a more important role in
energy production e�ciency, as ATP content was signi�cantly higher in the − K treatment than in the − P
treatment (Fig. 4d). Furthermore, the activities of NADH dehydrogenase, cytochrome oxidase, and ATPase
were lower in the − P treatment than in the − K treatment, although this difference was not signi�cant
(Fig. 4). This result suggested that P has a greater effect on energy production e�ciency than K in soil-
grown plants (De Block and Van Lijsebettens, 2011).

H2O2 is a signaling molecule involved in the response of plants to environmental stress (Brisson et al.
1998; Sierlaet al. 2016), but it is also toxic for plants when overproduced (Singh et al. 2017). Its
homeostasis is therefore important for plant growth and development. The contents of H2O2 and MDA
were signi�cantly higher in the − N treatment than in the other treatments (Fig. 4e and f). This �nding was
consistent with previous reports that N has a strong ability to maintain ROS homeostasis in plants
(Chokshi et al., 2017; Shao et al., 2020). Likewise, P and K also functioned to maintain plant ROS
homeostasis, as the H2O2 and MDA contents decreased as the supply of P and K increased (Fig. 4).
Interestingly, a greater decrease in H2O2 and MDA contents was observed in the − P treatment than in the
− K treatment. Therefore, we speculated that P might be more important than K for maintaining ROS
homeostasis in plants under soil conditions. The capacity of the antioxidant system was almost certainly
the primary contributor to this process. To cope with the harmful effects of ROS, plant cells are equipped
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with a well-developed antioxidant defense system comprising multiple enzymes (Li et al, 2016). In
particular, APX activity may have been the main process by which P reduced the overproduction of ROS,
as its activity was clearly lower in the − P treatment than in the − K treatment (Fig. 4d). It has been well
documented that antioxidant capacity exacts a high energetic cost. Under cold stress, GSH content and
APX activity were signi�cantly reduced when ATPase activity was decreased in rice plants (Yu et al.,
2020). Therefore, the lower energy status associated with P de�cit may have contributed signi�cantly to
lower antioxidant capacity and higher H2O2 and MDA content in the − P treatment than in the − K
treatment.

Complex interactions have been found between N, P, and K in plants, and these can strongly in�uence
plant growth and development (Milla et al., 2005; Rosenstock et al., 2015). Interestingly, we found that the
highest N and P contents were observed in plants from the − K treatment, which had signi�cantly higher
values than the other treatments (Fig. 6a and b). This �nding may re�ect interactions among N, P, and K
metabolism in plants. Plants typically absorb N as nitrate (NO3

−) and ammonium (NH4
+). The absorption

and transport of K+ and NO3
− are coordinated (Triplett et al., 1980), whereas antagonism has been shown

between NH4
+ and K+ (Wang et al., 1996; ten Hoopen et al., 2010). Although the interaction between P and

K is unclear, there is crosstalk between signaling pathways for plant responses to K and P (Wang et al.,
2021). External high K+ concentrations can inhibit Pi uptake in Arabidopsis (Ródenas et al., 2019). Indeed,
plants have evolved complex signaling networks to respond to �uctuating external levels of nutrients, and
these mechanisms help plants to utilize nutrients e�ciently (Wang et al., 2021). These results could
explain the higher accumulation of dry matter in the − K treatment than in the − P treatment (Fig. 1b).

It is notable that the NPK ratio of plant tissue differed among different nutrient treatments. Rice plants in
the NPK treatment had the highest dry weights and ATP contents and the lowest Rd to PN ratio; their ratio
among N, P and K was 10:2:5.9 (Table.1). The next highest dry weight was measured in the ½ K
treatment, and its NPK ratio was 10:1.9:6.1. These �ndings indicated that the balance of nutrients in
plants is important for their growth and development and can enhance fertilizer utilization e�ciency to
reduce fertilizer use in crop production systems. The plant NPK ratio is not constant and can change
among different varieties and environments. Therefore, more research is required to characterize the
mechanisms that underlie the NPK ratio in rice plants under different nutrient conditions.

Conclusion
Dry weight, NSC content, tiller number, photosynthetic rate, ATP content, and the activities of NADH
dehydrogenase, cytochrome oxidase and ATPase were higher in rice seedlings grown with su�cient N, P,
and K (Fig. 7). Values of these parameters were generally reduced when N, P, or K was de�cient, and this
was particularly true for N. This �nding indicated that among these three essential nutrients, N plays the
most important role in plant growth and development by enhancing assimilate and energy production
while reducing carbohydrate consumption. Compared with plants that received insu�cient P, dry weight
was markedly higher in plants that received insu�cient K. By contrast, there was little difference in the
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ratio of net photosynthetic rate to respiration rate between the two treatments. This result suggested that
P plays a more important role in the regulation of energy production e�ciency during plant growth and
development: NSC content, ATP content, and the activities of NADH dehydrogenase, cytochrome oxidase,
and ATPase were lower in P-de�cient plants than in K-de�cient plants.
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Figure 1

Effect of N, P and K on the plant morphology of rice. (a) The photos of rice plant; (b) The total chlorophyll
content (a+b); (c) the plant height; (d) tiller numbers per plant; (d) Dry weight per plant. Vertical bars
denote standard deviations (n=5). One way analysis of variance (ANOVA) was conducted to compare the
difference with a least significant difference test (LSD) at P≤0.05 for the data. Different letters indicate
significant differences.
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Figure 2

Effect of N, P and K on the contents of carbohydrates in leaf of rice plants. Vertical bars denote standard
deviations (n=3). Vertical bars denote standard deviations (n=3). One way analysis of variance (ANOVA)
was conducted to compare the difference with a least significant difference test (LSD) at P≤0.05 for the
data. Different letters indicate significant differences.



Page 23/28

Figure 3

Effect of N, P and K on the photosynthesis, respiration and photorespiration of leaf in rice plants. (a) Net
photosynthetic rate (PN); (b) Respiration rate (Rd); (c) Photorespiration rate (Pr); (d), the ratio of Rd to PN;
(e) The ratio of Pr to Pn; (f) The ribulose 1·5-bisphosphate carboxylase activity; (g) The ribulose 1·5-
bisphosphate oxygenase activity; (h) The ratio of oxygenase to carboxylase. Vertical bars denote
standard deviations (n=3). One way analysis of variance (ANOVA) was conducted to compare the
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difference with a least significant difference test (LSD) at P≤0.05 for the data. Different letters indicate
significant differences.

Figure 4

Effect of N, P and K on the energy production e�ciency in leaf of rice plants. (a) NADH dehydrogenase
(b) Cytochrome-cytochrome oxidase (c) ATPase; (d) ATP. Vertical bars denote standard deviations (n=3).
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One way analysis of variance (ANOVA) was conducted to compare the difference with a least significant
difference test (LSD) at P≤0.05 for the data. Different letters indicate significant differences.

Figure 5

Effect of N, P and K on the antioxidant capacity, H2O2 and lipid peroxidation in leaves of rice plants.
Vertical bars denote standard deviations (n=3). One way analysis of variance (ANOVA) was conducted to
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compare the difference with a least significant difference test (LSD) at P≤0.05 for the data. Different
letters indicate significant differences.

Figure 6

changes in content of total N and K as well as available P in leaves of rice plants under different nutrient
conditions. One way analysis of variance (ANOVA) was conducted to compare the difference with a least
significant difference test (LSD) at P≤0.05 for the data. Different letters indicate significant differences.
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Figure 7

The model of NPK functioned in the energy production e�ciency in rice plants. When the plants was
provided adequate NPK, the photosynthesis of leaves and the energy production e�ciency such as
activity of NADH dehydrogenase, cytochrome C oxidase and ATPase of leaves in the electron transport
chain of oxidative phosphorylation in mitochondria were enhance. This could produce more energy in
plants, and thus the accumulation of dry matter weight increased signi�cantly. In contrast, when the NPK
was insu�cient, the photosynthesis and energy production was inhibited that resulted in lower ATP
production, which could reduce the dry matter weight accumulation.
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