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Abstract

Studying the response of photosynthesis to low nitrogen (N) and the underlying physiological mechanism can provide 
a theoretical basis for breeding N-efficient cultivars and optimizing N management. We conducted hydroponic experi-
ments using two wheat (Triticum aestivum) cultivars, Zaoyangmai (low N sensitive) and Yangmai158 (low N tolerant), 
with either 0.25 mM N as a low N (LN) treatment or 5 mM N as a control. Under LN, a decrease in net photosynthetic 
rate (Pn) was attributed to reduction in the maximum Rubisco carboxylation rate, which then accelerated a reduction 
in the maximum ribulose-1,5-bisphosphate regeneration rate, and the reduction in Pn was 5–35% less in Yangmai158 
than in Zaoyangmai. Yangmai158 maintained a 10–25% higher Rubisco concentration, especially in the upper leaves, 
and up-regulated Rubisco activase activity compared with Zaoyangmai to increase the Rubisco activation to sustain 
Rubisco carboxylation under LN conditions. In addition, Yangmai158 increased electron flux to the photorespiratory 
carbon oxidation cycle and alternative electron flux to maintain a faster electron transport rate and avoid photodam-
age. In conclusion, the LN-tolerant cultivar showed enhanced Rubisco activation and sustained electron transport to 
maintain a greater photosynthetic capacity under LN conditions.

Keywords:  ATP, electron transport, low nitrogen, photosynthesis, Rubisco activation, winter wheat.

Introduction

Large amounts of nitrogen (N) fertilizers are applied to crops 
to achieve high yields worldwide. China is a major user of 
N fertilizers, accounting for 40% of the total global amount 

used, with N input doubling from 1990 to 2009; however, crop 
yield increased by only 22% during this period (Gong et al., 
2011). Only 30–40% of the N applied is utilized by plants, with 
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Abbreviations: CE, carboxylation efficiency; Ci, intercellular CO2 concentration; Fv/Fm, maximum quantum efficiency of PSII; Gs, stomatal conductance; Ja, alterna-
tive electron flux; Je(PCO), electron flux to photorespiratory carbon oxidation; Je(PCR), electron flux to photosynthetic carbon reduction; Jmax, light-saturated potential 
rate of electron transport; Jt, electron transport rate; I, stomatal restriction; Pn, net photosynthetic rate; PPFD, photosynthetic photon flux density; PSII, photosys-
tem II; qL, photochemical quenching; Rca, Rubisco activase; Rd, mitochondrial respiration rate in the light; Rubisco, ribulose-1,5-bisphosphate carboxylase/oxyge-
nase; RuBP, ribulose-1,5-bisphosphate; Vcmax, maximum carboxylation rate limited by Rubisco; Γ*, the CO2 compensation point related to Ci; φ, apparent quantum 
yield; ФPSII, quantum efficiency of PSII

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/69/22/5477/5102265 by guest on 01 M

arch 2020

mailto:tingbod@njau.edu.cn?subject=


5478 | Gao et al.

the majority being lost in multiple ways, including leaching, 
run-off, denitrification, and volatilization, placing a burden on 
the environment (Richter and Roelcke, 2000; Xing and Zhu, 
2000; Wang et al., 2016). To minimize the cost to farmers and 
to reduce environmental pollution, it is important to improve 
cultivation management to increase N-use efficiency. Wheat, 
one of the world’s three major cereal crops, consumes more 
N fertilizers than any other crop (18% of the total amount) 
(Ladha et al., 2016). In China, N-fertilizer input during wheat 
production can even amount to 300 kg ha−1 N in the north 
plain; however, the N-uptake efficiency is only 20–35% (Lu 
et al., 2015). Moreover, a large amount (up to 70%) of N fertil-
izer is used as basal fertilizer (Shi et al., 2012), but winter wheat 
seedlings with weak root systems and slow growth rates have a 
poor ability to absorb N at the seedling stage, leading to great 
N losses. Thus, reducing the application of basal N fertilizers 
could be an efficient way to increase N-use efficiency.

As N is an important component of the photosynthetic 
apparatus, reducing N supply may restrict photosynthetic 
rate (Pn), leading to reduced supply of energy and biomass, 
thus resulting in inhibition of tiller development and plant 
growth (Sage and Pearcy, 1987). However, some cultivars show 
higher tolerance to low N, which has a complex genetic basis 
(Lian et al., 2005; Laperche et al., 2007). Studying the differ-
ent responses of cultivars with different tolerance levels would 
help in understanding physiological mechanisms underlying 
low N tolerance. Previous studies have concluded that up-reg-
ulating nitrate transporters (Jiang et al., 2017), overexpressing 
N-assimilation-related genes (Fuentes et al., 2001) and up-reg-
ulating C-metabolism-related genes (Yanagisawa et al., 2004) 
could improve tolerance to low N. However, few reports about 
photosynthetic processes under low N supply are available.

Photosynthesis is a process of light-dependent and light-inde-
pendent reactions. During the light-dependent reactions, light 
energy is absorbed by the light-harvesting complex and trans-
ported to the reaction center, where charge separation occurs. The 
resulting electrons are transported through the electron transport 
chain leading to reduction of NADP+ to NADPH and pho-
tophosphorylation to produce ATP. The generated NADPH and 
ATP are used in the light-independent Calvin cycle in the chloro-
plast stroma to assimilate CO2 into carbon compounds; ribulose-
1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco; EC 
4.1.1.39) is a key enzyme in this process. CO2 has to overcome 
stomatal and mesophyll resistance to reach the carboxylation site, 
where it is assimilated by Rubisco (Warren, 2004). Within this 
highly interactive and regulated system, affecting one link causes 
changes to other links. Under atmospheric CO2 conditions, the 
carboxylation ability of Rubisco is the key factor restricting photo-
synthesis (Li et al., 2009; Carmo-Silva et al., 2015). Under condi-
tions of N deficiency, low Rubisco content caused by decreased 
N assimilation may account for reduced photosynthetic rate.

As Rubisco has a relatively low efficiency, large amounts of 
the enzyme are required to sustain photosynthesis, which con-
sumes large amounts of N (Sage and Pearcy, 1987; Cheng and 
Fuchigami, 2000). Therefore, improving the catalytic efficiency 
of Rubisco may represent a viable approach to maintaining a 
higher photosynthetic rate under conditions of N deficiency. 
Carbamylation of an active site of Rubisco is a prerequisite for 

its activity; however, sugar phosphate can easily bind to the active 
site, preventing carbamylation, which may account for its inef-
ficiency. Rubisco activase (Rca) can release tightly bound sugar 
phosphates from the active site to reactivate Rubisco (Carmo-
Silva et al., 2015). The Rca activity is mainly regulated by the 
ATP/ADP ratio in chloroplasts (Bracher et al., 2017). Electron 
transport is the main process affecting ATP and ADP content 
in the light (Santarius and Heber, 1965), so electron transport 
capacity is an important factor affecting Rubisco activity.

Under low N conditions, the demand for light-dependent 
reaction-generated NADPH and ATP in the Calvin cycle 
is reduced due to a decreased carboxylation rate, which can 
result in overexcitation of the photosynthetic electron trans-
port chain. As a result, PSII reaction centres will be closed and 
photochemical efficiency (ΦPSII) and electron transport rate 
(Jt) decreased (Antal et al., 2010). Moreover, photodamage may 
happen (Niyogi, 1999). Alternative electron flux driven by 
photorespiration and the Mehler pathway (water–water cycle) 
can play an important role in consuming overexcitation energy, 
which is considered an important photoprotection process 
(Demmig-Adams and Adams, 1992). Therefore, this process 
helps to sustain electron transport under low N conditions.

Our hypothesis is that under low N conditions, tolerant cul-
tivars maintain faster photosynthetic rates than sensitive cultivars 
because of improved Rubisco carboxylation ability and sustained 
electron transport capacity. Increased Rubisco activation state 
caused by increased Rca activity may contribute to improving 
Rubisco carboxylation ability, while consuming excess electron 
in alternative electron flux may play an important role in sustain-
ing electron transport capacity. In this study, wheat seedlings of 
two cultivars, Zaoyangmai [sensitive to low nitrogen (LN)] and 
Yangmai158 (tolerant of LN), were grown under N-sufficient 
(5 mM) and LN (0.25 mM) conditions. The variation in Rubisco 
content, Rubisco activation and electron flux were compared 
between the two cultivars to assess the differences in Rubisco 
carboxylation and electron transport capacity.

Materials and methods

Plant materials and experimental design
Two winter wheat (Triticum aestivum L.) cultivars, Zaoyangmai (LN sensi-
tive) and Yangmai158 (LN tolerant) were planted for hydroponic exper-
iments. Uniformly sized seeds of both cultivars were selected, surface 
sterilized with 20% (v/v) H2O2 for 10 min, rinsed with distilled water, 
and then germinated in culture dishes covered with wet sterilized gauze 
in the dark. When seed coleoptile length reached 1 cm, they were trans-
ferred to silica sand (soaked with 1% HCl for 2 d and flushed with copi-
ous amounts of water) and watered twice a day with distilled water. When 
seedlings grew to the two-leaf stage, uniform seedlings were selected and 
transplanted to opaque plastic containers filled with modified Hoagland 
nutrient solution (Li et  al., 2013; Jiang et  al., 2017) under greenhouse 
conditions with a photoperiod of 16  h and 18  °C day/8.5  °C night 
temperatures. The containers were 45 cm in length, 32 cm in width, and 
15 cm in height. Each container contained 60 seedlings. The seedlings 
were first grown in N-sufficient solution until the four-leaf stage, and 
then divided into two groups. One group of seedlings was grown under 
N-sufficient conditions (5 mM N) as a control (CK), and the other group 
under LN conditions (0.25 mM N). The composition of the N-sufficient 
solution was as follows: 0.5  mM Ca(NO3)2, 2  mM KNO3, 1  mM 
(NH4)2SO4, 0.5 mM CaCl2, 0.5 mM CaSO4, 1 mM KH2PO4, 1 mM 
MgSO4, 0.5 mM NaCl, 10 μM Fe-EDTA, 2.35 μM H3BO3, 0.55 μM 
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MnSO4·H2O, 0.0385 μM ZnSO4·7H2O, 0.0165 μM CuSO4·5H2O, and 
0.0065  μM H2MoO4. The composition of the low N solution was as 
follows: 0.075 mM Ca(NO3)2, 0.05 mM (NH4)2SO4, 0.25 mM K2SO4, 
0.5 mM CaCl2, 0.5 mM CaSO4, 1 mM KH2PO4, 1 mM MgSO4, 0.5 mM 
NaCl, 10  μM Fe-EDTA, 2.35  μM H3BO3, 0.55  μM MnSO4·H2O, 
0.0385  μM ZnSO4·7H2O, 0.0165  μM CuSO4·5H2O, and 0.0065  μM 
H2MoO4. The nutrient solutions were replaced every 3 d to keep the 
nutrient concentrations constant, aerated continuously, and adjusted with 
H2SO4 or NaOH to maintain the pH between 5.5 and 6.0. The experi-
ment was arranged in a completely randomized block design, with three 
replications for each treatment. The placement of different treatments was 
randomized to control for edge effects in the greenhouse.

Plant sampling
The fifth leaves were sampled at 10 d after treatment (DAT) (five-leaf stage), 
when Pn in LN plants decreased below the control level (Gao et al., 2018), 
and the fifth and sixth leaves were sampled separately at 20 DAT (six-leaf 
stage). For each treatment, three containers were harvested as three repli-
cates. Fresh sample was first placed in liquid N2 for 12 h and then stored at 
–80 °C for chemical analysis. Plant material was dried for 20 min at 105 °C 
and then at 75 °C until constant weight. To determine areas of fifth and 
sixth leaves, they were traced on paper, and then the paper was cut and 
weighed, and the weight was converted to area. Total leaf area was measured 
using a Li-3000 area meter (Li-Cor Inc., Lincoln, NE, USA).

Gas-exchange measurements
Pn, intercellular CO2 concentration (Ci), and stomatal conductance 
(Gs) were measured from 09.00 to 11.00 h using a gas exchange sys-
tem (Li-Cor 6400, Li-Cor Inc.) on fifth leaves at 10 DAT and on fifth 
and sixth leaves at 20 DAT. Leaf temperature during measurements was 
maintained at 25.0 ±  0.5  °C, with steady photosynthetic photon flux 
density (PPFD) of 1500 μmol photons m−2 s−1. The reference CO2 in 
the cuvette was 400 ± 2.5 μmol mol−1, the vapor pressure deficit (VPD) 
was 1.1 ± 0.05 kPa, and the relative humidity was 55–65%. Data were 
recorded after acclimating in the cuvette for at least 10 min. For each 
treatment, gas exchange measurements were determined on six plants.

Simultaneous measurements of A–Ci curves and chlorophyll fluores-
cence were conducted with a Li-Cor 6400 infrared gas analyser. Leaf 
temperature, PPFD, VPD, and relative humidity were maintained as men-
tioned above. Prior to measurements, leaves were placed in the cuvette at 
a reference CO2 concentration of 400 μmol mol−1 for at least 10 min. The 
reference CO2 concentration was controlled across a series of 400, 200, 
150, 100, 50, 400, 600, 800, 1000, 1200, and 1500 μmol mol−1, and data 
were recorded after CO2 reached a steady state (2–3 min). Carboxylation 
efficiency (CE) was calculated as the initial slope of A–Ci curves when Ci 
was <200 μmol mol−1 (Li et al., 2009).

The maximum carboxylation rate limited by Rubisco (Vcmax), RuBP 
regeneration (Jcmax), and stomatal limitation (l) were calculated according 
to a modified equation of Long and Bernacchi (2003).

Photosynthetic rate (A) is mathematically expressed as:

 A v v R v
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where vc is the Rubisco carboxylation rate, vo is the Rubisco oxygen-
ation rate, Rd is the mitochondrial respiration rate in the light, and 
Γ* is the CO2 compensation point related to the intercellular CO2 
concentration(Ci), which was measured according to the method of Li 
et al. (2009). The actual Rubisco carboxylation rate is determined by the 
minimum of three potential rates, the potential Rubisco carboxylation 
rate (wc), the potential RuBP regeneration rate (wj), and the potential tri-
ose phosphate utilization (TPU) rate (wp):
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where O is the O2 concentration (210 mmol mol–1) and VTPU is the max-
imum rate of triose phosphate utilization.
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where Kc and Ko are the Michaelis constants of carboxylation and oxy-
genation, respectively. The A–Ci curve has three phases, which can be 
identified by fitting Jt to Ci.

In the first phase, Rubisco is limiting and Jt increases with the increase 
in Ci. At this phase, Eq. (3) can be fitted to Eqs (1) and (2), and then 
we get:
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Setting f as a variable changing with Ci:
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Fitting Eq. (9) to Eq. (8), Eq. (8) can be rewritten as

 A V f R= × −cmax d  (10)

A can be plotted as a linear function of f, where Vcmax was calculated as 
the slope and Rd was calculated as the intercept.

In the second phase, RuBP regeneration is limiting and Jt is constant 
with increase in Ci. Similarly, Eq. (4) can be fitted to Eqs (1) and (2):
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Setting g as a variable changing with Ci:
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By fitting Eq. (12), Eq. (11) can be written as:

 A J g R= × −max d  (13)

Then, Jmax was calculated as the slope.
In the third phase, TPU is limiting and Jt decreases with the increase 

in Ci. Frequently, TPU will not be a limitation at any Ci and so only two 
phases can be seen.

 l was calculated from Eq. (14):
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where A′ is Pn at the ambient atmospheric CO2 concentration (400 μmol 
mol−1) and A″ is Pn when Ci is equal to ambient atmospheric CO2 con-
centration (Ci=400 μmol mol−1).

The light-response curves of light-adjusted leaves were measured with 
a Li-Cor 6400. Leaf temperature, VPD and relative humidity were main-
tained as mentioned above, and the reference CO2 in the cuvette was 
400 ± 2.5 μmol mol−1. Prior to measurements, leaves were placed in the 
cuvette at a PPFD of 1500 μmol photons m−2 s−1 for at least 10 min. 
PPFD in the leaf cuvette was controlled across the series of 0, 50, 100, 
150, and 200 μmol photons m−2 s−1 and data were recorded after reach-
ing a steady state (2–3 min). Apparent quantum yield (φ) was calculated 
as the initial slope of light-response curves when PPFD was <200 μmol 
photons m−2 s−1 (Li et al., 2009).

Chlorophyll fluorescence measurements
Chlorophyll fluorescence was measured using a Fluor-Imager (CF Imager, 
Technologia Ltd, Colchester, UK). The steady state fluorescence (Fs) was 
determined under actinic light. A  saturating light pulse (~8000  μmol 
photons m−2 s−1) was applied for 0.7 s to obtain the maximum fluores-
cence (Fm′). After removal of the actinic light and application of 3 s of 
far-red light, the minimal fluorescence of light-adapted state (Fo′) was 
obtained. The minimum and maximum chlorophyll fluorescence (Fo and 
Fm) were determined after full dark adjustment for at least 30 min. The 
quantum efficiency of PSII (ФPSII) and maximum quantum efficiency of 
photosystem II (Fv/Fm) were calculated from Eqs (15) and (16), respect-
ively, according to Genty et al. (1989):
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Photochemical quenching (qL, in the lake model) was calculated from Eq. 
(17) according to Kramer et al. (2004):
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Electron transport rate (Jt) was calculated from Eq. (18) according to Li 
et al. (2009):
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Calculation of the electron flux to the photosynthetic carbon 
reduction cycle, electron flux to the photorespiratory carbon 
oxidation cycle, and alternative electron flux
The electron fluxes in the photosynthetic carbon reduction cycle (Je(PCR)), 
photorespiratory carbon oxidation cycle (Je(PCO)), and alternative electron 
flux (Ja) were calculated form Eqs (19), (20), and (21) according to Zhou 
et al. (2004):
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Determination of Rubisco concentration
The Rubisco concentration was determined according to the method of 
Makino et al. (1986), with minor modifications, using SDS-PAGE. Frozen 
leaves (10 cm2) were homogenized in 5 ml of 50 mM Tris–HCl buffer 
(pH 7.6) containing 5  mM 2-mercaptoethanol, 12.5% (v/v) glycerol, 
1 mM MgCl2, and 1 mM EDTA. The mixture was centrifuged at 10 000 g  
(4 °C) for 15 min. Next, 2 ml of crude enzyme was mixed with 0.5 ml 
of 5×loading buffer (pH 6.8) containing 1 mM Tris, 2% (w/v) SDS, 5% 
(v/v) 2-mercaptoethanol, 25% (v/v) glycerol, and 0.1% (w/v) bromophe-
nol blue, and the mixture was boiled for 5 min. Then, 10 μl of this prepa-
ration, which was heated to 65 °C for 10 min and centrifuged at 1800 
g for 15 min in advance, was used for electrophoresis at 100 V for about 
7 h. After electrophoresis, gels were stained with 0.25% (w/v) Coomassie 
Brilliant Blue R-250 for visualization and destained with destaining solu-
tion (25% ethanol–8% glacial acetic acid) until the background became 
colorless. Large subunits (55 kDa) and small subunits (15 kDa) were trans-
ferred into a 10 ml cuvette with 2 ml of formamide and washed in a 50 °C 
water bath at room temperature overnight; the absorbance was measured 
at 595 nm to determine protein content in the bands.

Determination of Rubisco activase concentration
The Rca concentration was measured by ELISA (Choi and Roh, 2003), 
using a Rubisco activase enzyme-linked immunosorbent assay (ELISA) 
Kit (Jianglai Biology, Shanghai, China). Fifty microliters of crude extract 
and 100 μl of rabbit anti-Rubisco activase antiserum were added to wells 
of a 96-well microtiter plate, which were pre-coated with the Rca anti-
gen, and incubated for 30  min at 37  °C. Then the plate was washed 
and 100 μl of peroxidase-conjugated goat anti-rabbit IgG was added and 
incubated for 30 min at 37 °C. After the plate was washed again, 100 μl 
of peroxidase substrate was added. After incubation at room temperature 
in the dark for 20 min, the reaction was terminated by adding 0.1 ml of 1 
M HCl. Absorbance at 490 nm was determined by an ELISA microplate 
reader (Bio-Rad model 3550-UV).

Determination of Rubisco and Rca activity
Rubisco activity was measured spectrophotometrically by coupling RuBP 
carboxylation to NADH oxidation (Sharwood et al., 2016). Frozen leaves 
(1 cm2) were homogenized in 1 ml of ice cold, N2-sparged 50 mM EPPS–
NaOH buffer (pH 8.0) containing 0.5 mM EDTA, 10 mM MgCl2, 5 mM 
dithiothreitol, and 1% (w/v) polyvinylpolypyrrolidone. The mixture 
was rapidly centrifuged at 15 000 g (4 °C) for 1 min. Twenty microliters 
of crude extract was assayed rapidly for initial Rubisco activity in 1 ml 
cuvettes containing 0.46 ml of assay buffer (100 mM EPPS–NaOH, pH 8.0, 
10 mM MgCl2, 1 mM EDTA, 0.2 mM NADH, 20 mM NaHCO3, 5 mM 
dithiothreitol, 5 mM ATP, 10 U ml−1 creatine phosphokinase, 10 U ml−1 
3-phosphoglyceric phosphokinase, 10 U ml−1 glyceraldehyde-3-phosphate 
dehydrogenase and 5 mM phosphocreatine) and 20 μl of 10 mM RuBP. 
Change in absorbance at 340 nm was monitored for 60 s at 25 °C. To meas-
ure total Rubisco activities, 20 μl of crude enzyme was first activated for 
10 min at 25 °C in RuBP-free assay buffer before starting Rubisco activity 
measurements by adding 20 μl of 10 mM RuBP. The Rubisco activation 
state was calculated as the ratio of initial activity to total activity.

Rca activity was measured according to the method of Carmo-Silva 
and Salvucci (2011) with minor modifications. Briefly, Rubisco in the 
extracts was supplemented with 5% polyethylene glycol 3350 and 4 mM 
RuBP and incubated for 5 min at 4  °C to promote the formation of 
inactive Rubisco–RuBP (ER) complex. The extract was then added to 
equal volume of reactivation solution (containing 90 mM Tris–HCl, pH 
7.5, 40 mM MgCl2 and 20 mM NaHCO3 with or without 10 mM ATP 
and an ATP-regenerating system consisting of 10 mM phosphocreatine 
and 200 U ml−1 phosphocreatine kinase) and incubated for 5 min at 25 °C. 
The Rubisco activity was measured subsequently and compared with total 
Rubisco activity to calculate the fraction of Rubisco active sites that were 
restored to catalytic competence. The Rca activity was determined as the 
increase of the fraction of active sites per minute after subtracting the 
spontaneous rate of activation determined by measuring Rubisco activity 
in the reactions without ATP and ATP regeneration system.
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Determination of ATP and ADP concentration
The ATP and ADP concentrations were measured using an ATP Assay Kit 
and ADP Assay Kit (Detect Technical Institute, Shanghai, China) accord-
ing to the manufacturer’s instructions (Wang et  al., 2013). The work-
ing solution was prepared according to the kit protocol. Then, 100 μl of 
working solution and 100 μl of crude extract were added to each well of 
a 96-well microtiter plate. The luciferase signal was detected by a multi-
functional microplate reader (SpectraMax M2) for 30 s. ADP concentra-
tion was measured after ADP was converted to ATP.

Statistical analysis
A two-way analysis of variance (ANOVA) with Dunnett’s multiple com-
parison test was conducted using SPSS software version 19 (IBM Corp., 
Armonk, NY, USA) to determine the significance of the effects of dif-
ferent cultivars and N levels. Graphs were plotted using SigmaPlot 10.0 
software (Systat Software, Inc., San Jose, CA, USA).

Results

Dry weight and leaf area

The LN treatment resulted in a significant reduction in shoot and 
plant (shoot+root) biomass of both cultivars at 20 DAT, and the 
shoot biomass was reduced by 45% for Zaoyangmai, but only 23% 
for Yangmai158 (Table 1). On the contrary, growth in LN condi-
tions induced a significant increase in root weight of Yangmai158, 
whereas the increase was not prominent in Zaoyangmai. Moreover, 
LN also reduced leaf area, and the reduction was greater in 
Zaoyangmai than in Yangmai158. In Zaoyangmai, LN reduced the 
fifth leaf, sixth leaf, and total leaf area by an average of 17%, 49%, 
and 48%, respectively, compared with CK. However, the average 
reduction of the fifth leaf, sixth leaf, and total leaf area was only 
5%, 18%, and 38%, respectively, in Yangmai158.

Photosynthesis and its related attributes

The LN treatment reduced Pn in both cultivars compared with 
CK (Fig. 1), but the reduction in Yangmai158 was less than that 
in Zaoyangmai. Moreover, the extent of reduction of Pn in the 
sixth leaf was less than that in the fifth leaf in Yangmai158 at 20 
DAT, and this phenomenon was not prominent in Zaoyangmai. 
At 20 DAT under LN conditions, Pn of the fifth and sixth 
leaves was 55% and 51% lower, respectively, in Zaoyangmai 
than in CK, whereas the reduction of Pn in Yangmai158 was 
much less in the sixth leaf (17%) than in the fifth leaf (30%).

Compared with CK, LN treatment significantly decreased 
Gs (Fig.  1) in both cultivars, but increased Ci (Fig.  1) and l 
(Table 2) in both cultivars, indicating that although LN led to 

a decrease in Gs, the Ci was sufficient and would not restrict 
photosynthesis. At 10 DAT, wheat plants had significantly lower 
CE and Vcmax values when grown under LN, and these effects 
were especially notable for Zaoyangmai (Table  2). However, 
LN did not reduce φ or Jmax at this time (Table 2). At 20 DAT, 
LN reduced CE, φ, Vcmax, and Jmax, and these reductions were 
greater in Zaoyangmai than in Yangmai158. At 20 DAT, LN 
reduced CE, φ, Vcmax, and Jmax in the fifth leaf of Zaoyangmai 
by 54%, 51%, 34%, and 33%, but only 40%, 30%, 21%, and 
13% in the fifth leaf of Yangmai158 compared with that of CK. 
Moreover, no significant reductions in φ or Jmax were observed 
in the sixth leaf of Yangmai158.

Rubisco carboxylation section

The Rubisco concentration decreased markedly in plants 
grown under LN (Fig. 2), but the decrease was much greater in 
Zaoyangmai (41% at 10 DAT) than in Yangmai158 (30% at 10 
DAT). Moreover, at 20 DAT, the decrease in Rubisco concen-
tration was less in the sixth leaf than in the fifth leaf, particularly 
in Yangmai158. Compared with CK, the Rubisco concen-
tration of Yangmai158 decreased by 37% in the fifth leaf and 
only 24% in the sixth leaf under LN, while that of Zaoyangmai 
decreased by 50% in the fifth leaf and 48% in the sixth leaf.

The LN treatment resulted in decreases in the initial Rubisco 
activity and total Rubisco activity in both cultivars (Fig. 3). At 20 
DAT, LN reduced initial Rubisco activity in the fifth and sixth 
leaves in Zaoyangmai by an average of 49% and 38%, respect-
ively, compared with CK. The average reductions of the fifth and 
sixth leaves were only 29% and 11%, respectively, in Yangmai158. 
However, growth under LN induced significant increases in the 
Rubisco activation state in both cultivars (Fig. 3), but the extent 
of the increase was much less in Zaoyangmai (7% in the fifth leaf 
and 13% in the sixth leaf at 20 DAT) than in Yangmai158 (15% 
in the fifth leaf and 22% in the sixth leaf at 20 DAT).

No significant effect of LN on Rca concentration was observed 
in either cultivar (Fig. 4). In contrast, Rca activity increased sig-
nificantly in both cultivars grown under LN (Fig.  4), but the 
extent of the increase was less in Zaoyangmai (12% in the fifth 
leaf and 24% in the sixth leaf at 20 DAT) than in Yangmai158 
(36% in the fifth leaf and 41% in the sixth leaf at 20 DAT).

Electron transport section

The LN reduced ATP and ADP concentrations in both culti-
vars (Fig. 5), but the reductions were less in Yangmai158 than 
in Zaoyangmai. In contrast, the ATP/ADP ratios increased 

Table 1. Effects of nitrogen deficiency on dry weight and leaf area of wheat seedlings at 20 d after treatment

Cultivar Treatment Shoot dry 
weight  
(mg plant−1)

Root dry 
weight  
(mg plant−1)

Plant dry weight  
(mg plant−1)

Fifth leaf area 
(cm2 plant−1)

Sixth leaf area 
(cm2 plant−1)

Plant leaf area  
(cm2 plant−1)

Zaoyangmai CK 1062 ± 56a 280 ± 6b 1342 ± 61a 7.3 ± 0.1c 12.4 ± 0.6c 324 ± 7a
LN 589 ± 10c 301 ± 11b 890 ± 10c 6.1 ± 0.1d 6.6 ± 0.1d 167 ± 6c

Yangmai158 CK 1135 ± 46a 284 ± 10b 1418 ± 54a 12.6 ± 0.1a 22.9 ± 0.2a 343 ± 9a
LN 866 ± 33b 335 ± 7a 1201 ± 38b 11.1 ± 0.1b 19.8 ± 0.3b 213 ± 5b

Data are expressed as means ±SE, n=6. Lowercase letters following the data within the same column refer to significant differences (P<0.05), 
which were determined by Dunnett’s multiple comparison test.
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significantly in plants grown under LN (Fig.  5), and the 
increase was much greater in Yangmai158 (16% in the fifth leaf 
and 25% in the sixth leaf at 20 DAT) than in Zaoyangmai (10% 
in the fifth leaf and 8% in the sixth leaf at 20 DAT).

Corresponding to ATP concentration, Jt decreased in both 
cultivars under LN compared with CK (Table  3), and this 
reduction was more significant in Zaoyangmai (45% in the fifth 
leaf and 29% in the sixth leaf at 20 DAT) than in Yangmai158 

Fig. 1. Effects of nitrogen deficiency on Pn, Gs, and Ci in newly expanded leaves of wheat seedlings at 10 and 20 d after treatment (DAT). Data are 
expressed as means over six replicates. Lowercase letters indicate significant difference at the 0.05 level, determined by Dunnett’s multiple comparison 
test. Error bars indicate SE.
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(14% in the fifth leaf and 3% in the sixth leaf at 20 DAT). The 
LN resulted in significant reductions in ΦPSII and qL in both 
cultivars (Table 3), and these reductions were more significant 
in Zaoyangmai than in Yangmai158. At 20 DAT, the reduc-
tion of qL in the fifth and the sixth leaves of Zaoyangmai was 
37% and 19%, respectively, under LN compared to CK, while 
that of Yangmai158 was only 25% and 7%, respectively. Under 
LN conditions, Fv/Fm showed no significant difference from 
the control at 10 DAT. However, at 20 DAT, Fv/Fm decreased 
under LN in the fifth leaves of Zaoyangmai (Table 3), while 
that in Yangmai158 remained at the CK level.

Under LN, Je(PCR) and Je(PCO) decreased in both cultivars 
(Table  3), but Je(PCR) and Je(PCO) in Yangmai158 were higher 
than in Zaoyangmai. Moreover, the Je(PCR)/Jt ratio decreased 
under LN; at 20 DAT, the Je(PCR)/Jt ratio in the sixth leaf of 
Zaoyangmai was 69% and 59% in CK and LN, respectively, 

while that of Yangmai158 was 68% and 62% in CK and LN, 
respectively. In contrast, LN resulted in increases in Ja in both 
cultivars (Table  3), and the increase was more significant in 
Yangmai158 (93% in the fifth leaf and 75% in the sixth leaf at 
20 DAT) than in Zaoyangmai (31% in the fifth leaf and 50% in 
the sixth leaf at 20 DAT).

Discussion

Hydroponic experiments have advantages over field or pot 
experiments when conducting investigations that require pre-
cision, as complex interactions between ions and soil particles 
may affect nutrient bioavailability (Conn et al., 2013; Nguyen 
et al., 2016). In this study, a hydroponic experiment was con-
duct to study the response of wheat seedlings to LN. The abil-
ity of wheat seedlings to withstand N deficiency stress differed 

Table 2. Effects of nitrogen deficiency on CE, φ, Vcmax, Jmax, and I in newly expanded leaves of wheat seedlings at 10 and 20 d after 
treatment (DAT)

Cultivar Treatment CE φ Vcmax (μmol m−2 s−1) Jmax (μmol m−2 s−1) I

10 DAT Fifth leaf Zaoyangmai CK 0.131 ± 0.002a 0.056 ± 0.002a 47.1 ± 1.3a 196.4 ± 6.9a 0.278 ± 0.003a
LN 0.120 ± 0.005b 0.053 ± 0.001a 40.0 ± 0.6b 195.6 ± 4.9a 0.253 ± 0.003b

Yangmai158 CK 0.130 ± 0.003ab 0.057 ± 0.001a 46.2 ± 0.9a 193.1 ± 4.0a 0.280 ± 0.002a
LN 0.129 ± 0.001ab 0.056 ± 0.002a 44.1 ± 0.9a 199.5 ± 1.7a 0.252 ± 0.003b

20 DAT Fifth leaf Zaoyangmai CK 0.133 ± 0.003a 0.057 ± 0.001a 47.9 ± 1.0a 201.6 ± 4.0a 0.277 ± 0.003a
LN 0.061 ± 0.005c 0.028 ± 0.002c 31.6 ± 0.2c 134.6 ± 3.7c 0.187 ± 0.006c

Yangmai158 CK 0.131 ± 0.002a 0.054 ± 0.002a 46.4 ± 1.5a 200.5 ± 6.3a 0.285 ± 0.005a
LN 0.078 ± 0.004b 0.038 ± 0.001b 36.5 ± 0.5b 175.2 ± 2.7b 0.216 ± 0.005b

Sixth leaf Zaoyangmai CK 0.130 ± 0.002a 0.056 ± 0.001a 46.9 ± 1.3ab 206.2 ± 3.5a 0.294 ± 0.017a
LN 0.067 ± 0.002c 0.038 ± 0.003c 35.2 ± 0.3c 162.4 ± 3.8b 0.193 ± 0.006c

Yangmai158 CK 0.134 ± 0.002a 0.055 ± 0.001a 48.7 ± 0.8a 198.3 ± 6.9a 0.281 ± 0.003a
LN 0.111 ± 0.002b 0.050 ± 0.002a 44.3 ± 0.7b 189.3 ± 4.7a 0.238 ± 0.003b

Data are expressed as means ±SE, n=6. Lowercase letters following the data within the same column refer to significant differences (P<0.05), which were 
determined by Dunnett’s multiple comparison test.

Fig. 2. Effects of nitrogen deficiency on Rubisco concentration in newly expanded leaves of wheat seedlings at 10 and 20 d after treatment (DAT). 
Data are expressed as means over six replicates. Lowercase letters indicate significant difference at the 0.05 level, determined by Dunnett’s multiple 
comparison test. Error bars indicate SE.
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between cultivars. The most obvious response of plants to N 
deficiency was observed as decreased Pn (Fig.  1) leading to 
reduced plant dry weight and leaf area (Table  1). However, 
Yangmai158 showed lower reduction of Pn than Zaoyangmai 
from sufficient nitrogen to low nitrogen conditions, especially 
in the upper leaves, leading to a higher dry matter.

As photosynthesis is a highly synergistic system—affecting 
one link causes changes to other links—the factors respon-
sible for the decrease in photosynthesis under LN conditions 
remain controversial. To identify the primary target of the 

LN-induced decrease in rate of photosynthesis, we examined 
stomatal limitation and photochemical reactions. Wheat plants 
exposed to LN showed lower Gs (Fig. 1) than CK plants; how-
ever, Ci (Fig. 1) increased and l (Table 2) decreased under LN. 
It was concluded by Li et al. (2015) that increased Ci when Gs 
declined was caused by a decrease in the rate of the photosyn-
thetic CO2 reduction. In this study, at 20 DAT, LN resulted in 
reduction of both Vcmax and Jmax (Table 2), while at 10 DAT 
LN had little effect on Jmax but resulted in decreased Vcmax. Sage 
(1990) concluded that non-limiting processes can be regulated 

Fig. 3. Effects of nitrogen deficiency on initial Rubisco activity, total Rubisco activity and Rubisco activation state in newly expanded leaves of wheat 
seedlings at 10 and 20 d after treatment (DAT). Data are expressed as means over six replicates. Lowercase letters indicate significant difference at the 
0.05 level, determined by Dunnett’s multiple comparison test. Error bars indicate SE.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/69/22/5477/5102265 by guest on 01 M

arch 2020



Photosynthetic response to low nitrogen in wheat seedlings | 5485

to match the ability of limiting processes in the photosynthetic 
system. Therefore, after N withdrawal, the decrease in Pn was 
first attributed to the decrease in Rubisco carboxylation abil-
ity, which then accelerated the decrease of electron transport 
capacity, confirming some studies showing that reduction in 
chlorophyll and Rubisco content results in decreased photo-
chemical efficiency, leading to a decreased photosynthetic rate 
(Ciompi et al., 1996; Shangguan et al., 2000; Cruz et al., 2003).

The Vcmax reflects apparent Rubisco activity in vivo, which 
depends on both the amount of Rubisco and its activation state 
(Long and Bernacchi, 2003). Our results show that Rubisco 
concentration decreased significantly under LN (Fig. 2), which 
should be responsible for the decrease in Vcmax. Compared with 
the LN-sensitive cultivar, the LN-tolerant cultivar maintained 
a higher Rubisco concentration under LN, especially in upper 
leaves. Our previous study indicated that Yangmai158 had higher 
N absorption ability than Zaoyangmai, because of root extension 
and nitrate transporter up-regulation (Jiang et al., 2017), which 
would contribute to improved N status and Rubisco synthesis.

Previous studies indicated that the Rubisco activation state 
increased at low N supply (Mächler et  al., 1988), which can 
be an important mechanism for acclimation to low N envi-
ronments. In this study, the Rubisco activation state increased 

significantly under LN (Fig. 3), particularly in Yangmai158; as 
a result, the extent of decrease in Pn (16% in the sixth leaf 
of Yangmai158 at 20 DAT) was less than in Rubisco con-
centration (24% in the sixth leaf of Yangmai158 at 20 DAT). 
Therefore, exploring the gene related to optimizing Rubisco 
may provide a genetic basis for low nitrogen tolerance research. 
Rca relieves the contact inhibition of sugar phosphate inhibi-
tors and promotes carbamylation to improve Rubisco activity, 
and the manipulation of Rca is considered an effective way to 
regulate Rubisco activity (Bracher et al., 2017). In this study, 
LN resulted in promotion of Rca activity, but had no signifi-
cant effect on the Rca concentration (Fig. 4). The Rca activity 
is regulated mainly by the ATP/ADP ratio (Carmo-Silva et al., 
2015). In comparison, the LN-induced improvement of Rca 
activity was accompanied by an increase in the ATP/ADP ratio 
(Fig. 5) consistent with the results of Mächler et al. (1988). This 
may be due to the lower consumption of ATP by the Calvin 
cycle and N metabolism. However, Yangmai158 possessing 
higher Rubisco carboxylation ability had a higher ATP/ADP 
ratio than Zaoyangmai under LN conditions, indicating that it 
had a higher capacity to synthesize ATP.

ATP synthesis plays an important role in feedback regula-
tory mechanisms, sensing stress-induced changes in metabolic 

Fig. 4. Effects of nitrogen deficiency on Rca concentration and Rca activity in newly expanded leaves of wheat seedlings at 10 and 20 d after treatment 
(DAT). Data are expressed as means over six replicates. Lowercase letters indicate significant difference at the 0.05 level, determined by Dunnett’s 
multiple comparison test. Error bars indicate SE.
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status, and then adjusting light capture and electron trans-
port, and consequently regulating other metabolic pathways 
(Kohzuma et  al., 2013). The photosynthetic electron trans-
port reaction generates a proton-motive force, driving the 
phosphorylation of ADP to ATP, which is the main pathway 
involved in synthesis of ATP in the light (Armbruster et  al., 
2017). Under N-deficient conditions, the loss of carboxyl-
ation efficiency of Rubisco would lead to reduced capacity 

for consuming NADPH and regenerating NADP+, resulting 
in a lack of electron receptors, which would in turn shut down 
PSII. Our results show that LN resulted in significant closure 
of PSII, identified by decreased qL (Kramer et al., 2004). As a 
result, ΦPSII and Jt decreased (Table  3). When absorbed light 
energy exceeds the capacity for energy dissipation, the PSII 
reaction centers are at risk of damage (Niyogi, 1999). As shown 
in our results, under LN, Fv/Fm decreased in Zaoyangmai 

Fig. 5. Effects of nitrogen deficiency on ATP and ADP concentration and ATP/ADP ratio in newly expanded leaves of wheat seedlings at 10 and 20 d 
after treatment (DAT). Data are expressed as means over six replicates. Lowercase letters indicate significant difference at the 0.05 level, determined by 
Dunnett’s multiple comparison test. Error bars indicate SE.
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compared with CK at 20 DAT (Table 3), indicating damage 
to PSII may occur. Compared with Zaoyangmai, Yangmai158 
had a greater ability to maintain open PSII to allow electron 
transport to proceed more smoothly. Moreover, LN caused no 
damage to the reaction centers in Yangmai158.

Electron transport to oxygen through the photorespiratory 
or Mehler pathway (water–water cycle) plays an important role 
in consuming excess excitation energy, and maintaining open 
PSII (Demmig-Adams and Adams, 1992; Niyogi, 1999). Under 
LN, the Je(PCR)/Jt ratio decreased compared with CK, indicat-
ing increasing electron flux to oxygen. Although photorespir-
ation is an ATP-consuming process, it is capable of maintaining 
the open PSII reaction centers and linear electron transport 
under conditions of carboxylation limitation (Makino, 2011). 
The Mehler pathway generates a proton-motive force for ATP 
synthesis, but produces neither NADPH nor O2 (Miyake and 
Yokota, 2000). In this study, Yangmai158 had higher Je(PCO) 
and Ja compared with Zaoyangmai under LN conditions 
(Table  3), indicating proper functioning of alternative elec-
tron flux to photorespiratory and Mehler pathways, explaining 
why Yangmai158 had a greater ability to maintain open PSII. 
However, the Je(PCR)/Jt ratio was still higher in Yangmai158 
than in Zaoyangmai under LN, indicating Yangmai158 
invested more energy in photosynthetic carbon assimilation 
than Zaoyangmai.

In conclusion, under low N conditions, Rubisco carboxyl-
ation ability decreased leading to suppression of photosynthesis 
that would further lead to a reduction in electron transport 
capacity. However, a low N tolerant cultivar maintained 
Rubisco carboxylation by improving Rubisco activation and 
sustaining electron transport by consuming excess excitation 
energy through photorespiratory and Mehler pathways, which 
contributed to sustained photosynthesis under low N condi-
tions. In the future, Rca may be an effective target for breeding 
low N tolerant cultivars, which will contribute to low N input 
agriculture.
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