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26Abstract

27Aims The form of nitrogen (N) supply influences photorespiration in C3 plants, but whether nitrate (NO5’)
28regulates photorespiration and, if so, the underlying mechanisms for such regulation are still unclear.
29Methods Three hydroponic experiments were conducted in a greenhouse to investigate the relationships
30between leaf NOs concentrations and photorespiration rates in rice (Oryza sativa L.) genotypes cv. ‘Shanyou
3163’ hybrid indica and ‘Zhendao 11’ hybrid japonica or using mutants that overexpress NRT2.1 (in cv.
32‘Nipponbare’ inbred japonica). We estimated photorespiratory rate from the CO, compensation point in the
33absence of daytime respiration (I'*) using the biochemical model of photosynthesis.

34Results Higher I'* values under high N level or NO; were significantly and positively correlated with leaf
35NO; concentrations. Further elevating leaf NO; concentrations by either resuming NO;™ nutrition supply
36after N depletion (in ¢v. ‘Shanyou 63’ hybrid indica and ‘Zhendao 11’ hybrid japonica) or using mutants that
37overexpress NRT2.1 (in cv. ‘Nipponbare’ inbred japonica) increased I'* values. Additionally, the activities of
38leaf nitrate reductase (Nr) and concentrations of organic acids involving in the tricarboxylic acid (TCA)
39cycle synchronously changed as environmental conditions were varied.

40Conclusions Photorespiration rate is related to the leaf NO; concentration, and the correlation may links to
41the photorespiration-TCA derived reductants required for NO;™ assimilation.

42
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45Abbreviations

46A, net photosynthetic rate; C;, intercellular CO, concentration; C;*, apparent CO, compensation point in the
47absence of respiration; g., mesophyll conductance; g, stomatal conductance; Jr, total electron transport rate
48N, nitrogen; NH,*, ammonium; NOs, Nitrate; Nr, nitrate reductase; PPFD, photosynthetic photon flux
49density; Rq, day respiration rate; TCA, tricarboxylic acid; I'*, CO, compensation point in the absence of

50daytime respiration.



51Introduction

52The rate of photosynthesis in C3 plants is related to the carboxylation capacity of ribulose-1,5-bisphosphate
53carboxylase/oxygenase (Rubisco), which catalyzes both the carboxylation and oxygenation of ribulose-1,5-
54bisphosphate (RuBP) (Long et al. 2006; Timm et al. 2016). The product of the RuBP oxygenation reaction,
552-phosphoglycolate, is further metabolized in chloroplast, mitochondria, and peroxisomes (Long et al. 2006;
56Somerville 2001). This process is called photorespiration and is closely linked to many physiological
S7processes, including the carbon and nitrogen (N) cycle, cell energy metabolism and redox regulation in
58plants (Hodges et al. 2016). Generally, photorespiration is regarded as an energetically wasteful process
59(Voss et al. 2013; Walker et al. 2016), which consumes 25%-50% of the produced NADPH and 25%-30% of
60the fixed carbon (Bauwe et al. 2010). However, more recent studies suggested that photorespiration maybe
61more energy-efficient than previous assumed and this process stimulates chloroplastic malate production to
62provide reductants for plant energy-intensive activities, therefore have positive effects on plant physiological
63responses (Bloom and Lancaster 2018; Busch 2020). This aligns with observations that photorespiration is

64extremely important for plant normal growth, despite its general adverse effects on carbon fixation and plant

65productivity at normal CO,/O, conditions. For example, the knock-down of the key genes encoding
66photorespiratory enzymes will provoke abnormal plant growth (Timm and Bauwe 2013). In water-stressed
67grapevine (Guan et al. 2004), high irradiated soybean (Jiang et al. 2006), and P. syringae pv. tabaci
68challenged Arabidopsis (Rojas et al. 2012), reduced photorespiration was linked to decreased plant tolerance
69to indicate the role of the photorespiratory cycle in countering environmental stresses in C3 plants. These
70findings underline the importance of understanding the physiological contribution of photorespiration in
71plant growth and productivity.

72 N nutrition is essential for photosynthesis and photorespiration (Hodges et al. 2016). Generally, leaf
73photosynthetic rates can be increased by N fertilization (Dordas and Sioulas 2008; Makino 2003; Makino
742011), but increasing N supply leads to a significant decrease in photosynthetic N use efficiency (PNUE,
75calculated as the photosynthetic rate per unit leaf organic N content) (Li et al. 2012). One reason for this, is
76the relative insufficient CO, supply at the Rubisco carboxylation sites under high N conditions (Li et al.
772012; Yamori et al. 2011), which would enhance photorespiration rate (Guilherme et al. 2019; Li et al.
782009). N concentrations in plant tissues decrease at elevated atmospheric CO, condition, and the magnitude
790f the decrease exceeds what would be expected by any dilution effect from N driving production of

80additional biomass (Bloom et al. 2002; Wujeska-Klause et al., 2019; Dong et al., 2018). Wujeska-Klause et




8lal. (2019) suggested that the decrease in N concentration may relate to the decreased activity of nitrate
82(NOy) reductase, due to a limited supply of reductant from lower photorespiration at elevated atmospheric
83CO0:.. Such changes are most probably connected to changes of organic acids in the tricarboxylic acid (TCA)
84cycle (Obata et al. 2016; Timm et al. 2015). This highlights the link between photorespiration and N
85metabolism.

86 Ammonium (NH,") and NOj™ are two forms of inorganic N and photorespiration rates are higher in

87NO; compared to NH4* fed plants (Guo et al. 2005). Moreover, Oliveira et al. (2002) described a negative

88relationship between leaf NH," concentrations and photorespiration rates in transgenic tobacco plants
89overexpressing cytosolic glutamine synthetase. This clearly suggested that NOy, rather than NH,", is related
90to photorespiration. However, the question of whether NO;' is involved in photorespiratory regulation and its
91mechanism has not been systematically studied.
92 In the present study, three different experiments were conducted in rice (Oryza sativa L.) plants to
93address these questions. Firstly, two rice genotypes (cv. ‘Shanyou 63’ and ‘Zhendao 11°) were supplied with
94the combinations of three different N levels (Low-N: 10 mg L'; Medium-N: 40 mg L' and High-N: 100 mg
95L") and three different N forms (NH,*, NO5, and the mixture of equal mol of NH,* and NO5), to study
96whether photorespiration rate is related to the bulk leaf N content, or related to the inorganic N of NH," or
97NO;". Secondly, the rice plants of ‘Shanyou 63’ and ‘Zhendao 11’ were supplied with N-free nutrient
98solutions for one week to deplete leaf inorganic nitrogens. They were then supplied with three different
99concentrations of NOs™ (20, 40 and 60 mg NO; L) for three days to assess the effect of exogenous supply of
100NO; on photorespiration rates. Thirdly, the differences in photorespiration rate were studied in two
101transgenic lines of rice plants (cv. Nipponbare), overexpressing the OsNRT2.1 which encodes a high-affinity
102NOs transporter, to investigate whether photorespiration rates can be influenced through genetic
103manipulation. Finally, the underlying mechanisms were discussed, linking leaf NO; content, leaf N

104metabolism, and the photorespiration process.



105Material and methods

106Plant material and growth conditions

107Two rice cultivars ‘Shanyou 63’ hybrid indica China and ‘Zhendao 11’ japonica China were selected in this
108study. Rice seeds were surface sterilized in 10% H,O, (V/V) for 30 min and washed thoroughly with water;
109then they were transferred to a mesh for germination at 37 °C. When the seedlings had developed an average
1100f 2-3 visible leaves, they were transplanted into 6.0 L containers (30x20x10 cm) containing 1/4 strength of
111NH4" and NO; mixture nutrient solution (see compositions below) with 12 seedlings per container. Three
112days later, the seedlings were supplied with a 1/2 strength NH4* and NOs mixture nutrient solution. Another
113three days later, they were then supplied with full-strength NH,* and NO; mixture solutions. One week later,
114different treatments were applied to the plants as indicated by the requirements of a given experiment.

115 The compositions of the full-strength of NH,* and NO; mixture nutrients were as follows.
116Macronutrients: 40 mg L' (2.85 mM) N as equal mol of (NH4),SO4 and Ca(NO3),, 10 mg L' phosphorus (P)
117as KH,PO4, 40 mg L' potassium (K) as K>SO, and KH,PO,, and 40 mg L' magnesium (Mg) as MgSO..
118Micronutrients: 2.0 mg L iron (Fe) as Fe- EDTA, 0.5 mg L' manganese (Mn) as MnCl,"4H,0, 0.05 mg L
119molybdenum (Mo) as (NH,)sMo070,:-4H,0, 0.2 mg L' boron (B) as H;BO;, 0.01 mg L' zinc (Zn) as
120ZnS0O,4-7H,0, 0.01 mg L' copper (Cu) as CuSO,4-5H,0, and 2.8 mg L' silicon (Si) as Na,SiO;-9H,0. A
12 1nitrification inhibitor (dicyandiamide, DCD) was added to each nutrient solution to prevent the oxidation of
122NH4*". The nutrient solution was changed every 3 days, and the pH was adjusted to 5.50 + 0.05 by every day
123using 0.1 mM HCI and 0.1 mM NaOH. All of the following three experiments were conducted in an
124environmental-controlled growth room. The environmental conditions in the growth chamber were set to
12530/20°C day/night temperature, 70% air humidity, 400 umol mol' CO, concentration, 1000 umol m? s’
126photosynthetic photon flux density (PPFD) at the leaf level, and a 12-h photoperiod.

127 Experiment [

128 After growth on full-strength of NH4* and NO5™ solution for one week, ‘Shanyou 63’ and ‘Zhendao 11’
129were divided into nine groups, with the combinations of three different N levels (Low-N: 10 mg L°;
130Medium-N: 40 mg L' and High-N: 100 mg L") and three different N forms (NH4*, NOs, and the mixture of
131equal mol of NHs* and NO5). All other nutrients, except for N, were as listed above. N was supplied with
132different concentrations, with either NH,*, NOs, or an equal mol of NH4* and NOs. The Ca content with
133NH,4" and the equal mol of NH4* and NOs treatments were compensated by the addition of CaCl, to the level

134in NOj solution. Three weeks after treatments, gas-exchange and fluorescence measurements were



135conducted and the fresh leaf samples were flash-frozen with liquid nitrogen, and then stored at -80 °C before
136further analysis.

137 Experiment I1

138 After the supplement of full-strength of NH4" and NO;™ mixture solution for one week, ‘Shanyou 63’
139and “Zhendao 11° were supplied with N-free nutrient solutions for one week to deplete leaf inorganic
140nitrogens. All other nutrients were as listed above. Afterwards, the seedlings were divided into three groups
141and supplied with different levels of NO; (20, 40 and 60 mg NO; L") for three days. Thereafter, the
142measurements of gas-exchange, fluorescence and biochemical parameters were conducted.

143 Experiment 111

144 Two transgenic lines of rice (ssp. Japonica cv. ‘Nipponbare’) plants, overexpressing the OsNRT2.1
145gene using a ubiquitin (Ubi) promoter (pUbi: OsNRT?2.1) or the OsNAR2;1 promoter (nOsNAR2.1-NRT2.1).,
146together with their wild type were supplied with full-strength NHs* and NOj solutions for two weeks.
147 Thereafter, the measurements of gas-exchange, fluorescence and biochemical parameters were conducted.

148Detailed description of the transgenic genotypes can be found in Chen et al. (2016).

149

150Gas exchange and fluorescence measurements

151The light-saturated photosynthetic rate and chlorophyll fluorescence of newly expanded leaves were
152measured from 9:30 to 15:30 in the growth chamber using a Li-Cor 6400 portable photosynthesis open
153system (LI-COR, Lincoln, NE, USA). Leaf temperature during measurements was maintained at
15428.0+0.5°C, with a photosynthetically active photon flux density (PPFD) of 1500 pmol photons m™ s, The
155CO0; concentration in the chamber was adjusted to 400£10 pmol CO, mol™, and the relative humidity was
156maintained at approximately 40%. After equilibration to a steady-state (about 10 min), 0.8 s saturating
157pulses of saturating light (~8,000 mol m™ s) were supplied to measure the total electron transport rate (Jr),
158the maximum and steady-state fluorescence (F.’and F;, respectively), the net photosynthesis rate (A),
159stomatal conductance (gs), and intercellular CO, concentration (C;). The actual photochemical efficiency of
160photosynthetic system II (¢ppsi) was calculated as:

(Fm -Fs)

161 ¢pg,= Fm’

162Then the total electron transport rate (Jr) was calculated as:

163 J=@pg,; x PPFD x aleanB



164where o is the leaf absorptance and f is the partitioning of absorbed quanta between PSII and PSI.

165The values of au.,s and  were designated as 0.85 and 0.5 respectively according to Manter and Kerrigan

166(2004).

167

168Measurement of day respiration rate (R4) and the CO, compensation point in the absence of respiration (I'*)
169The R, and apparent CO, compensation point in the absence of respiration (Ci*) were measured through the
170A/C; response curves on newly expanded leaves of rice plants. This takes advantage of the photorespiration
171rate being dependent on and Rq being independent of PPFDs. When A/C; response curves were conducted at
172a various of CO, concentrations and PPFDs, they intersected at a single point where A was taken as -Rq, and
173C; represented C;* (Supplementary Fig. 1). The PPFDs used in the cuvette were a series of 150, 300, and 600
174pmol photons m™ s'. At each PPFD, ambient CO, concentration (C,) was adjusted to a series of 25, 50, 75,
175and 100 umol CO, mol™. Thirty minutes prior to initiating measurements, leaves were placed in a cuvette at
176a PPFD of 600 pmol photons m™ s™' and a C, of 100 pmol CO, mol™'.

177 According to Pons et al. (2009) and Harley et al. (1992), I'* was then calculated according to the

178following equations:

179 F"':Cj.”+&

A
[J:+8(A+R,]|
[J;-4[A+R,)]

In=
180

C,-I"x

181where gn represents leaf mesophyll conductance.

182

183Measurement of leaf total N, NH,* and NOs™ content

184The total N in rice leaves was determined by the Kjeldahl H,SO,~H,O, digestion method of Nelson and
185Sommers (1972). The extraction and measurement of NH," and NO;™ were conducted following the method

1860f Cataldo et al. (1975) and (Cataldo et al. (1975); Wang et al. (2016)), with minor modification. For the

187measurement of leaf NH4* content, 0.5 g fresh sample was homogenized with 5 mL of 0.3 mM H,SO., and
188NH," content was determined using the phenol-hypochlorite method after centrifugation at 15,000xg for 15
189min. To measure NOs™ content, 0.5 g leaf sample was homogenized with 5 mL distilled water, followed by

190the transfer to 10 mL centrifuge tubes. They were then boiled in a water bath for 30 min, cooled down to



191room temperature and then centrifuged at 5,000xg for 10 min. Afterwards, 0.1 mL supernatant liquid was
192taken to a new tube, with an addition of 0.4 mL 5% sulfuric acid-salicylic acid solution. Following vortexing
193for 20 min at room temperature, 9.5 mL 8% sodium hydroxide were added and the Ab4ionm Was measured in
194a spectrophotometer.

195

196Measurement of nitrate reductase (Nr) activity

1971In order to measure Nr activity, 1.0 g fresh weight of rice leaf was ground with fine sand beads in a cold
198mortar containing 4 mL of 0.1 M potassium phosphate buffer (pH 7.5), | mM EDTA, 3 mM cysteine, and
1993% (w/v) casein. The homogenate was centrifuged at 4,000xg for 15 min, and the supernatant was reacted
200with 100 mM potassium nitrate buffer (pH 8.8) and 2 mg mL"' NADH at 25 °C for 30 min. The reaction was
201terminated by adding 1 % sulphanilamide. 1 % N-(1-naphthyl) ethylene-diamine hydrochloride was then
202added, centrifuged at 4,000xg for 5 min, and the Abss., measured in a spectrophotometer.

203

2040rganic acid measurement

205The organic acids were extracted and identified according to the method developed by Ji et al. (2005). 500
206mg frozen leaf sample was ground in a mortar with 2 mL of methanol: water (80:20, v/v). The solvent was
207collected into a microcentrifuge tube, shaken at 1200 rpm for 3 min and then centrifuged at 12,000xg for 5
208min. The supernatant was assessed using high-performance liquid chromatography (HPLC) analyses.

209 Standard organic acid compounds for HPLC are used, including oxalic acid, malic acid, glycolic acid,
210glyoxylic acid, 2-ketoglutarate acid and oxaloacetic acid. The compounds were identified using an HPLC
211system (Agilent 1200, USA) with an XDB-C18 column (4.6x250 mm, Agilent, USA) (Ling et al. 2011). The
212analytical conditions were as follows, chromatographic column: XDB-C18 (4.6 mm x 250 mm), the
213temperature of column: 40 °C, detector wavelength: 210 nm, and injection volume: 20 pL. The mobile phase
214consisted of 70%:30% (v/v) acetonitrile (A) and 20 mM ammonium acetate buffers (B) with gradient
215elution. The gradients were established as follows: 0 min, 95% A plus 5% B at a flow rate of 0.4 mL min’
216'—1 min, 95% A plus 5% B at a flow rate of 0.4 mL min—16 min, 90% A plus 10% B at a rate of 0.5 mL
217min"'—20 min, 90% A plus 10% B at a rate of 0.5 mL min"'—stop. Only high purity chemicals were used,
218and the solvents were HPLC spectral grade. Major peaks were identified by comparing the retention time
219with that of the matching standards.

220



221Statistical analysis
2220ne-way analysis of variance (ANOVA) was applied to assess differences using the SPSS 16.0 statistical
223software package. Each mean was based on 4 experimental replicates and calculated standard deviations

224(SD) are reported. Significance was tested at the 5% level.
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225Results

226Effects of different N supply on rice growth and leaf gas-exchange parameters

227Feeding with high N significantly increased plant height and shoot biomass (P < 0.01) but limited the root
228growth in both ‘Shanyou 63’ and ‘Zhendao 11’ (Supplementary Table 1). This resulted in a significantly
220lower root/shoot ratio with increasing N supply. Different N forms also have a significant effect on root
230growth. Root length and root biomass were both larger in NOs than in NH,* treatments, although shoot
23 1biomass did not significantly differ (Supplementary Table 1).

232 In both genotypes, A, g, Ci and Jr were significantly increased with N concentration (P < 0.01). N form
233had no influence on leaf A in rice seedlings growth at low-N and medium-N levels (P = 0.56 and P = 0.115,
234respectively). However, at high-N, N form had significant effect on leaf A values (P = 0.03) with the lowest
235value in NO; treated ‘Zhendao 11’ seedlings (Table 1). Further, C; was significantly higher in NOs™ than in
236NH." supply, regardless of N levels and rice cultivars.

237

238Effects of different N supply on Ci*, Ry, gm and T'*

2391* values were significantly different between rice cultivars, N levels and N forms (Table 1). I'* was
240significantly increased with increased N levels, in both ‘Shanyou 63’ (P < 0.001) and ‘Zhendao 11’ (P <
2410.001). The changes in Ci* and g. were consistent with I'*, while R, was significantly reduced under high-N
242compared with low-N and medium-N conditions. Ci* and I'* values were significantly higher in NO; fed
243than in NH,* fed seedlings (P < 0.001). No significant difference was observed in R, and g, between the N
244forms (Table 2).

245

246Leaf total N and inorganic N concentrations in newly expanded rice leaves

2471In both ‘Shanyou 63’ and ‘Zhendao 11, leaf total N concentrations increased with the increasing N levels (P
248< 0.01), regardless of N forms (NHs" vs NOy) (Fig. 1 A, B). NH4* concentration in ‘Zhendao 11° was
249remarkably higher than that in ‘Shanyou 63’ (P < 0.001), in contrast, leaf NO;™ concentration was lower in
250‘Zhendao 11’ than in ‘Shanyou 63’. Leaf NH,* concentration in rice seedlings was not significantly changed
251by N supply forms. However, the leaf NO;™ concentration was dramatically higher in NO; fed than in NH4*
252fed seedlings (Fig. 1 E, F).

253

254Correlations between leaf I'* and N status

11



255The linear correlation analysis was conducted between I'* and total N, NH4" or NO; (Fig. 2). A significant
256positive correlation was observed between leaf NO; concentrations and I'* values, regardless of rice
257 cultivars or treatments. In contrast, no significant relationship was observed between I'* values and leaf total
258N or NH,* concentrations.

259

260Effect of short-term exogenous NOs™ supply after N depletion on I'*

261Leaf NO;5 concentrations and I'* were gradually increased by increasing exogenous NOs levels in both rice
262cultivars (Fig. 3A and 3B). There were no significant differences in the concentrations of leaf glycolic acid
263and glyoxylic acid, the two most important metabolites in the photorespiratory pathway, between 20 and 40
264mg L' NO;y supply after N depletion (Fig. 3C). Compared with those under 20 mg L' NO;™ supply, under 60
265mg L' NO; treatment, glycolic acid and glyoxylic acid concentrations were increased by 26.44% and
266166.32%, respectively, in ‘Shanyou 63’; while they were increased by 92.87% and 22.82%, respectively, in
267 Zhendao 11°. In addition, leaf NO;™ concentrations and I'* were significantly and positively correlated in
268both ‘Shanyou 63’ (P < 0.01) and ‘Zhendao 11’ (P < 0.05) (Fig. 3 D).

269

270The variation in I'* between the wild type lines and the lines overexpressing OsNRT2.1

271Leaf NO; concentrations in pOsNAR2.1:OsNRT2.1 and pUbi:OsNRT2.1 Nipponbare leaves were 57% and
272102% higher than in WT (Fig. 4A). Interestingly, leaf I'* values also increased by 15.7% and 26.4%,
273respectively (Fig. 4B). A significant positive correlation between leaf NO;™ concentration and I'* value was
274also seen in different lines of Nipponbare plants (Fig. 4C). However, glycolic acid and glyoxylic acid
275concentrations did not significantly differ between different lines (Fig. 4D).

276

277Leaf nitrate reductase (Nr) activity and organic acids concentrations

278Nr activities increased with the exogenous NOs™ supply in both cultivars (Fig. SA). When comparing plant
279treated with 20 mg L' NO; with 60 mg L' NOs, Nr activity was significantly increased by 112.64% and
28066.45%, respectively, in ‘Shanyou 63’ and ‘Zhendao 11°. Nr activities in transgenic Nipponbare lines
281(pOsNAR2.1:OsNRT2.1 and pUbi:OsNRT2.1) were also much higher than WT (Fig. 5 B).

282 In both ‘Shanyou 63’ and ‘Zhendao 11°, the content of organic acids involved in the TCA cycle
283increased with exogenous NOs supply (Fig. 6). Similarly, transgenic Nipponbare lines exhibited markedly

284increased oxalic acid and 2-ketoglutaric acid concentrations compared to WT (Fig. 6 B, H). However, the

12



285concentrations of oxaloacetic acid and malic acid did not significantly changed in the transgenic lines of

286Nipponbare plants (Fig. 6 D, F).

13



287Discussion

288The estimation of photorespiration rate

289Some time ago, Sharkey (1988) considered the four different methods used for the determination of leaf
290photorespiration rate, which are the post illumination burst of CO,, inhibition of photorespiration by O,, CO,
291efflux into CO,-free air, and the ratio of “CO, to *CO, uptake. However, neither of them have been widely
292used due to their respective limitations (Busch et al. 2012; Sage and Pearcy 1987; Sharkey 1985). Busch
293(2013) characterized multiple newly developed techniques, including '*CO, efflux into a *CO, atmosphere,
294"C-labelling of photosynthates, photorespiratory ammonia production, '®O-labelling of photorespiratory
295metabolites and "“C-labelling of phosphorylated Calvin—Benson cycle intermediates. Nevertheless, these
296methods may underestimate photorespiration rate as they neglect the responses of Ry to high CO,
297concentrations, mitochondrial ammonia refixation and O, uptake, or re-assimilation of the photorespired
298CO, (Busch et al. 2012; Cousins et al. 2008; Mattsson 1996).

299 Both Sharkey (1988) and Busch (2013) emphasized the applicability of the Farquhar, von Caemmerer,

300and Berry (FvCB) model (Farquhar et al. 1980) to indirectly estimate photorespiration rate, by measuring I"
301*. This method has been used widely during the past decades (Busch 2013; Li et al. 2013; Wujeska-Klause
302et al. 2019). Moreover, the consistent changes seen between photorespiratory metabolites contents and the
303estimated photorespiration rate from I'*, using the FvCB model, support the applicability of the latter
304method (Shen et al. 2019; South et al. 2019). In the present study, the responses of I'* to N nutrition as well
305as rice genotypes proved to be more sensitive than that of photorespiratory metabolites (Fig. 3, Fig. 4),
306which again suggested the value of the FvCB model. Therefore, this method was used to evaluate the
307photorespiration rate.

308

309The interactive relationship between leaf NO;™ concentrations and I'*

3100ur results clearly showed that I'* was related to leaf NO;™ content, rather than reflecting bulk leaf N content
311or leaf NH,* content, and the process of N metabolism may involve in the linkage (Fig. 2, Fig. 5). Moreover,
312we also found that T'* can be genetically modified by overexpressing the gene of OsNRT2.1 (Fig. 4). These
313findings are of great importance to agricultural production, especially in the context of global warming,
314because photorespiration increases exponentially with temperature. Interestingly, the variations of gm to N
315supply are much greater than that of I'* (Table 1). The main reason for such an event is the sensitivity of gn

316determinants, including cell wall thickness, chloroplast size and carbonic anhydrase activity, to

14



317environmental changes (Flexas et al. 2008; Xiong et al. 2015). However, the I'* responses are relatively
318smaller due to the photorespiratory CO, re-assimilation and the affinity of Rubisco for CO, (Berghuijs et al.
3192017).

320 Our positive correlation between leaf NOs™ content and photorespiration rate is supported by previous
321studies (Frechilla et al. 1999; Lawlor et al. 1987), where leaf photorespiration rate and glycolate oxidase
322activity were higher in NOs fed wheat and pea plants. Moreover, the expressions of PGP (phosphoglycolate
323phosphatase) and GDCT (glycine decarboxylase T-protein) genes, which encode the enzymes involving in
324the photorespiratory processes, were upregulated by NO;™ supply (Parker and Armbrust 2005).

325 The variation in Nr activity with different NOs™ treatments and across different transgenic lines were
326similar to those in I'* values (Figs. 3-5). This has also been observed in Eucalyptus trees (Wujeska-Klause et
327al. 2019). A positive relationship between photorespiration rate and NO;™ assimilation was also indirectly
328suggested by the responses of plant growth to environmental CO, concentrations, which can significantly
329affect photorespiration rate. For instance, the adverse effect of sub-ambient CO, on the growth rate of
330loblolly pine was relieved when receiving NOj; rather than NH," nutrition (Bloom 2015). Such a
331phenomenon may be caused by increased NO; assimilation under high-photorespiration condition.
332Conversely, growth promotion with enriched CO, concentrations was lower in NO;” compared to NH,*-fed
333California grassland, wheat, and Arabidopsis (Bloom 2015; Bloom et al. 2010; Rachmilevitch et al. 2004).
334Moreover, the enriched CO, inhibits NOs™ assimilation into organic nitrogen compounds. Taken together
335these data indicate the close relationship between photorespiration with NOs” and NO;™ metabolic processes.
336

337The potential mechanisms linking photorespiration and nitrate assimilation

338The present study showed increases in TCA cycle organic acids with increased NO; content and enhanced
339photorespiration rate (Fig. 6). Such links between leaf NO; and organic acids have been previously
340documented in tobacco (Scheible 2000), tomato (Martinez-Andujar et al. 2013) and cucumber (Wang et al.
3412018) plants. The reducing power (NADH) required for NO5™ reduction may be the key link between NOjy’
342and such organic acids due to the derivation of NADH from the “malate shuttle” between cytoplasm and
343mitochondria (Martinoia 1994; Scheible 1997). This is relevant as photorespiration is a vital redox transport
344system which increases the ratio of cytosolic NADH/NAD" through malate transport, from the chloroplast
345through the cytoplasm and into the peroxisome (Bloom 2015; Bloom et al. 2010; Voss et al. 2013). Thus, the

346TCA cycle is proposed as the critical metabolic process that connecting photorespiration, respiration, and N
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347assimilation (Foyer et al. 2011).

348 The relationships between leaf NOs™ and photorespiration is clear when all of these features are
349considered. When NOj' is transported and accumulated in leaf tissue, NADH is required for NO; reduction.
350The required NADH is produced from mitochondrial “malate shuttle”, which is tightly coupled with the
351photorespiratory pathway that consumes malic acid in the peroxisome. Hence, the photorespiration cycle
352may be driven by NO; assimilation (Bauwe et al. 2010; Rachmilevitch et al. 2004). Interestingly, the
353NADH/NAD* ratio was surprisingly higher under photorespiration conditions (low CO,), which was
354inhibited in the glycine decarboxylase complex-deficient mutants (Taniguchi and Miyake 2012). This
355provides more evidence that NADH status and photorespiration process were closely related. Schneidereit et
356al. (2006) reported that, after the antisense-repression of plastidic dicarboxylate translocator 1-[2-OG/malate
357translocator] in tobacco, leaf NOs; was dramatically accumulated with the inhibited Nr activity when
358compared with their wild types. Therefore, leaf photorespiration is tightly linked to NO; reduction through
359the metabolisms of organic acids and the change in leaf NOs status is an important factor affecting the

360photorespiration rate.
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361Conclusions

3620ur results suggested that the high-N or NOs nutrition induced increase in photorespiration is related to the
363accumulated leaf NO; content. Furthermore, the causal-relationship between leaf NO5 and photorespiration
364rate was demonstrated both physiologically and biochemically. We suggest that this may be caused by an

365association of NOs™ assimilation, malate transportation and photorespiration.
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386(NH.*/ NOy, B) or nitrate (NO5, C). Squares, circles and triangles represent different light intensity (150,
387300, 600 umol m™s”, respectively). Lines were fitted by linear regression and the co-ordinates of their
388intersection were taken as estimates of Ci* and R..

389

390References

391Bauwe H, Hagemann M, Fernie AR (2010) Photorespiration: players, partners and origin. Trends Plant Sci
392 15: 330-336

393Berghuijs H, Yin X, Ho Q, Retta MA, Verboven P, Nicolai BM, Struik PC. (2017). Localization of (photo)
394 respiration and CO2 re-assimilation in tomato leaves investigated with a reaction-diffusion model.

395 PloS One 12: e0183746.

18



396Bloom AJ (2015) The increasing importance of distinguishing among plant nitrogen sources. Curr Opin
397 Plant Biol 25: 10-16

398Bloom AJ, Burger M, Rubio Asensio JS, Cousins AB (2010) Carbon dioxide enrichment inhibits nitrate
399 assimilation in wheat and Arabidopsis. Science 328: 899-903

400Bloom AJ, Lancaster KM (2018) Manganese binding to Rubisco could drive a photorespiratory pathway that
401 increases the energy efficiency of photosynthesis. Nat Plants 4: 414-422.

402Busch FA (2013) Current methods for estimating the rate of photorespiration in leaves. Plant Biology 15:
403 648-655

404Busch FA (2020) Photorespiration in the context of Rubisco biochemistry, CO, diffusion and metabolism.
405 PlantJ 101: 919-939

406Busch FA, Sage TL, Cousins AB, Sage RF (2012) C3 plants enhance rates of photosynthesis by
407 reassimilating photorespired and respired CO,. Plant Cell Environ 36: 200-212

408Cataldo D, Maroon M, Schrader L, Youngs V (1975) Rapid colorimetric determination of nitrate in plant
409 tissue by nitration of salicylic acid 1. Commun Soil Sci Plan 6: 71-80

410Chen J, Zhang Y, Tan Y, Zhang M, Zhu L, Xu G, Fan X (2016) Agronomic nitrogen-use efficiency of rice
411 can be increased by driving OsNRT2.1 expression with the OsNAR2.1 promoter. Plant Biotechnol J
412 14: 1705-1715

413Cousins AB, Pracharoenwattana I, Zhou W, Smith SM, Badger MR (2008) Peroxisomal malate
414 dehydrogenase is not essential for photorespiration in Arabidopsis but its absence causes an
415 increase in the stoichiometry of photorespiratory CO, release. Plant Physiol 148: 786-795
416Dordas CA, Sioulas C (2008) Safflower yield, chlorophyll content, photosynthesis, and water use efficiency
417 response to nitrogen fertilization under rainfed conditions. Ind Crop Prod 27: 75-85

418Farquhar GD, von Caemmerer Sv, Berry JA (1980) A biochemical model of photosynthetic CO, assimilation
419 in leaves of C3 species. Planta 149: 78-90

420Flexas J, Ribas-Carbo M, Diaz-Espejo A, Galmés J, Medrano H (2008) Mesophyll conductance to COy:
421 current knowledge and future prospects. Plant Cell Environ 31: 602-621

422Foyer CH, Noctor G, Hodges M (2011) Respiration and nitrogen assimilation: targeting mitochondria-
423 associated metabolism as a means to enhance nitrogen use efficiency. J Exp Bot 62: 1467-1482
424Frechilla S, Gonzalez EM, Royuela M, Arrese-Igor C, Lamsfus C, Aparicio-Tejo PM (1999) Source of

425 nitrogen nutrition affects pea growth involving changes in stomatal conductance and

19



426 photorespiration. J Plant Nutr 22: 911-926

427Guan XQ, Zhao SJ, Li DQ, Shu HR (2004) Photoprotective function of photorespiration in several
428 grapevine cultivars under drought stress. Photosynthetica 42: 31-36

429Guilherme EA, Carvalho FEL, Daloso DM, Silveira JAG (2019) Increase in assimilatory nitrate reduction
430 and photorespiration enhances CO, assimilation under high light-induced photoinhibition in cotton.
431 Environ Exp Bot 159: 66-74

432Guo S, Schinner K, Sattelmacher B, Hansen U-P (2005) Different apparent CO, compensation points in
433 nitrate- and ammonium-grown Phaseolus vulgaris and the relationship to non-photorespiratory CO,
434 evolution. Physiol Plantarum 123: 288-301

435Harley PC, Loreto F, Di Marco G, Sharkey TD (1992) Theoretical considerations when estimating the
436 mesophyll conductance to CO, flux by analysis of the response of photosynthesis to CO,. Plant
437 Physiol 98: 1429-1436.

438Hodges M, Dellero Y, Keech O, Betti M, Raghavendra AS, Sage R, Zhu XG, Allen DK, Weber AP (2016)
439 Perspectives for a better understanding of the metabolic integration of photorespiration within a
440 complex plant primary metabolism network. J Exp Bot 67: 3015-3026

441Ji XM, Yang C, Yang J, Peng XX (2005) Determination of glycolic acid and several alpha-keto acids in plant
442 leaves by high performance liquid chromatography. Chinese J Anal Chem 33: 527-530.

443Jiang C, Gao H, Zou Q, Jiang G, Li L (2006) Leaf orientation, photorespiration and xanthophyll cycle
444 protect young soybean leaves against high irradiance in field. Environ Exp Bot 55: 87-96
445Lawlor DW, Boyle FA, Young AT, Keys AJ, Kendall AC (1987) Nitrate nutrition and temperature effects on
446 wheat: photosynthesis and photorespiration of leaves. J Exp Bot 38: 393-408

44711 Y, Gao Y, Xu X, Shen Q, Guo S (2009) Light-saturated photosynthetic rate in high-nitrogen rice (Oryza
448 sativa L.) leaves is related to chloroplastic CO, concentration. J Exp Bot 60: 2351-2360

449Li Y, Ren B, Gao L, Ding L, Jiang D, Xu X, Shen Q, Guo S (2013) Less Chlorophyll Does not Necessarily
450 Restrain Light Capture Ability and Photosynthesis in a Chlorophyll-Deficient Rice Mutant. J Agron
451 Crop Sci 199: 49-56

452Li Y, Yang X, Ren B, Shen Q, Guo S (2012) Why Nitrogen Use Efficiency Decreases Under High Nitrogen
453 Supply in Rice (Oryza sativa L.) Seedlings. J Plant Growth Regul 31: 47-52

454Ling N, Raza W, Ma J, Huang Q, Shen Q (2011) Identification and role of organic acids in watermelon root

455 exudates for recruiting Paenibacillus polymyxa SQR-21 in the rhizosphere. Eur J Soil Biol 47: 374-

20



456 379

457Long SP, Zhu X-G, Naidu SL, Ort DR (2006) Can improvement in photosynthesis increase crop yields?
458 Plant Cell Environ 29: 315-330

459Makino A (2003) Rubisco and nitrogen relationships in rice: Leaf photosynthesis and plant growth. Soil Sci
460 Plant Nutr 49: 319-327

461Makino A (2011) Photosynthesis, grain yield, and nitrogen utilization in rice and wheat. Plant Physiol 155:
462 125-129

463Manter DK, Kerrigan J (2004) A/Ci curve analysis across a range of woody plant species: influence of
464 regression analysis parameters and mesophyll conductance. J Exp Bot 55: 2581-2588
465Martinez-Andujar C, Ghanem ME, Albacete A, Perez-Alfocea F (2013) Response to nitrate/ammonium
466 nutrition of tomato (Solanum lycopersicum L.) plants overexpressing a prokaryotic NH.(*)-
467 dependent asparagine synthetase. J Plant Physiol 170: 676-687

468Martinoia E, and Doris Rentsch. (1994) Malate compartmentation-responses to a complex metabolism. Annu
469 Rev Plant Biol 45: 447-467

470Mattsson M, & Schjoerring, J. K. (1996) Ammonia emission from young barley plants: influence of N
471 source, light/dark cycles and inhibition of glutamine synthetase. J Exp Bot 47: 477-484

472Nelson D, Sommers L (1972) A Simple Digestion Procedure for Estimation of Total Nitrogen in Soils and
473 Sediments 1. J Environ Qual 1: 423-425.

4740bata T, Florian A, Timm S, Bauwe H, Fernie AR (2016) On the metabolic interactions of
475 (photo)respiration. J Exp Bot 67: 3003-3014

4760liveira IC, Brears T, Knight TJ, Clark A, Coruzzi GM (2002) Overexpression of cytosolic glutamine
477 synthetase. Relation to nitrogen, light, and photorespiration. Plant Physiol 129: 1170-1180
478Parker MS, Armbrust E (2005) Synergistic effects of light, temperature, and nitrogen source on transcription
479 of genes for carbon and nitrogen metabolism in the centric diatom Thalassiosira pseudonana
480 (Bacillariophyceae). Journal Phycol 41: 1142-1153

481Pons TL, Flexas J, von Caemmerer S, Evans JR, Genty B, Ribas-Carbo M, Brugnoli E. (2009) Estimating
482 mesophyll conductance to CO,: methodology, potential errors, and recommendations. J Exp Bot 60:
483 2217-2234.

484Rachmilevitch S, Cousins AB, Bloom AJ (2004) Nitrate assimilation in plant shoots depends on

485 photorespiration. P Natl Acad Sci USA 101: 11506-11510

21



486Rojas CM, Senthil-Kumar M, Wang K, Ryu CM, Kaundal A, Mysore KS (2012) Glycolate oxidase
487 modulates reactive oxygen species-mediated signal transduction during nonhost resistance in
488 Nicotiana benthamiana and Arabidopsis. Plant Cell 24: 336-352

489Sage RF, Pearcy RW (1987) The nitrogen use efficiency of C3 and C4 plants: II. Leaf nitrogen effects on the
490 gas exchange characteristics of Chenopodium album (L.) and Amaranthus retroflexus (L.). Plant
491 Physiol 84: 959-963

492Scheible WR, Gonzalez-Fontes, A., Lauerer, M., Muller-Rober, B., Caboche, M., Stitt, M (1997) Nitrate acts
493 as a signal to induce organic acid metabolism and repress starch metabolism in tobacco. Plant Cell
494 9: 783-798

495Scheible WR, Krapp, A., Stitt, M (2000) Reciprocal diurnal changes of phosphoenolpyruvate carboxylase

496 expression and cytosolic pyruvate kinase, citrate synthase and NADP-isocitrate dehydrogenase
497 expression regulate organic acid metabolism during nitrate assimilation in tobacco leaves. Plant
498 Cell Environ 23: 1155-1167

499Schneidereit J, Hiusler RE, Fiene G, Kaiser WM, Weber AP (2006) Antisense repression reveals a crucial
500 role of the plastidic 2-oxoglutarate/malate translocator DiT1 at the interface between carbon and
501 nitrogen metabolism. Plant J 45: 206-224

502Sharkey TD (1985) O,-insensitive photosynthesis in C3 plants: its occurrence and a possible explanation.
503 Plant Physiol 78: 71-75

504Sharkey TD (1988) Estimating the rate of photorespiration in leaves. Physiol Plantarum 73: 147-152
505Shen BR, Wang LM, Lin XL, Yao Z, Xu HW, Zhu CH, Teng HY, Cui LL, Liu EE, Zhang JJ, He ZH, Peng
506 XX (2019) Engineering a New Chloroplastic Photorespiratory Bypass to Increase Photosynthetic
507 Efficiency and Productivity in Rice. Mol Plant 12: 199-214

508Somerville CR (2001) An early Arabidopsis demonstration. Resolving a few issues concerning
509 photorespiration. Plant Physiol 125: 20-24

510South PF, Cavanagh AP, Liu HW, Ort DR (2019) Synthetic glycolate metabolism pathways stimulate crop
511 growth and productivity in the field. Science 363: eaat9077

512Taniguchi M, Miyake H (2012) Redox-shuttling between chloroplast and cytosol: integration of intra-
513 chloroplast and extra-chloroplast metabolism. Curr Opin Plant Biol 15: 252-260

514Timm S, Bauwe H (2013) The variety of photorespiratory phenotypes - employing the current status for

515 future research directions on photorespiration. Plant Biology 15: 737-747

22



516Timm S, Florian A, Fernie AR, Bauwe H (2016) The regulatory interplay between photorespiration and
517 photosynthesis. J Exp Bot 67: 2923-2929

518Timm S, Wittmiss M, Gamlien S, Ewald R, Florian A, Frank M, Wirtz M, Hell R, Fernie AR, Bauwe H
519 (2015) Mitochondrial Dihydrolipoyl Dehydrogenase Activity Shapes Photosynthesis and
520 Photorespiration of Arabidopsis thaliana. Plant Cell 27: 1968-1984

521Voss I, Sunil B, Scheibe R, Raghavendra AS (2013) Emerging concept for the role of photorespiration as an
522 important part of abiotic stress response. Plant Biology 15: 713-722

523Walker BJ, VanLoocke A, Bernacchi CJ, Ort DR (2016) The Costs of Photorespiration to Food Production
524 Now and in the Future. Annu Rev Plant Biol 67: 107-129

525Wang M, Gu Z, Wang R, Guo J, Ling N, Firbank LG, Guo S (2018) Plant primary metabolism regulated by
526 nitrogen contributes to plant-pathogen interactions. Plant Cell Physiol 60: 329-342

527Wang M, Sun Y, Gu Z, Wang R, Sun G, Zhu C, Guo S, Shen Q (2016) Nitrate Protects Cucumber Plants
528 Against Fusarium oxysporum by Regulating Citrate Exudation. Plant Cell Physiol 57: 2001-2012
529Wujeska-Klause A, Crous KY, Ghannoum O, Ellsworth DS (2019) Lower photorespiration in elevated CO2
530 reduces leaf N concentrations in mature Eucalyptus trees in the field. Global Change Biol 25: 1282-
531 1295

532Xiong D, Liu X, Liu L, Douthe C, Li Y, Peng S, Huang J (2015) Rapid responses of mesophyll conductance
533 to changes of CO, concentration, temperature and irradiance are affected by N supplements in rice.
534 Plant Cell Environ 38: 2541-2550

535Yamori W, Nagai T, Makino A (2011) The rate-limiting step for CO(,) assimilation at different temperatures
536 is influenced by the leaf nitrogen content in several C(3) crop species. Plant Cell Environ 34: 764-

537 777

23



538Tables

Cultivars Treatments A g5 gm G Jr C* R, r#*
Low-N 164+1.8d  0.1940.04d  0.1320.03b  256+l4c  155.01+8.51d 30.2240.99f  0.72+0.18a  35.97+0.87¢f
NH,* Medium-N  223+1.5b  029+0.06bc  0.2120.06ab  260+4bc  175.15+10.54bc  34.74%1.14e  0.53+0.05abc 27'40“—“1‘35“1
High-N 21.9+1.9b  035+0.06ab  0.24+0.09ab  269+6abc  169.77+1.88c 37.10£1.36d  0.40+0.19bcd  38.76+1.45cd
NH, Low-N 183+1.4cd  029+0.03bc  0.14+0.04b  279+6ab  149.28+8.11d 32.1941.01f  0.57+0.11ab  36.69+2.89de
Shanyou 63* Medium-N  25.040.7a  0.39+0.01a  0.25+0.08ab  281+4a 185.74+7.26ab  38.16+1.61cd  0.3420.10cd  39.63+1.38bc
NO:'  High-N 259+1.1a  040+0.0l1a  0.30+0.11a  287+lla  189.55+6.87a 40.79+2.59ab  0.2240.09d  41.58+2.24ab
Low-N 16942.1d  023+0.02cd  0.21+0.09ab  277+13ab  129.28+10.63¢  30.69+1.09f  0.57+0.09ab  33.81+0.94f
NO;  Medium-N  20.3+1.0bc  0.35+0.04ab  0.22+0.07ab  280+5ab  157.79+2.60d 39.68+0.96bc  0.47+0.07bc  41.93+0.79ab
High-N 2454052 0.40£0.01a  027+0.07a  284+5a 182.73+0.80ab  42.63+1.13a  0.34+0.16cd  43.93+0.69a
Low-N 133#05d  0.1740.01d __ 0.09+0.0lab _ 246+14c _ 153.58+16.59abc 27.17+0.64f  0.72+0.0ab __ 34.94%0.50c
NH,' Medium-N  15.640.7bc  02120.01bcd 0.0940.0lab  257+6bc  179.42+#332ab  31.52+123cd 0.40+0.09cd  35.86+0.62de
High-N 16.7+1.4b  023+0.0lab  0.1020.0la  263+6abc  188.97+8.55a 34.3940.75b  0.29+0.03d  37.34+0.76cd
hondao 110 VH Low-N 14.2+0.8cd 3'2“’0'023‘” 3'091'0'033& 264+6abc  145.37+8.75bc  28.02+1.49f  0.7620.09a  37.27+l.11cd
{\IO _ Medium-N  15.6+1.3bc  0.2440.03ab  0.07+0.01bcd 265+7ab  168.22+21.53abc  30.06+1.38de 0.61+0.10b  38.39+1.61bc
> HighN 19.142.2a  026+0.03a  0.09+0.02abc  266+4ab  187.89+20.52a  34.76+1.26b  0.40+0.11cd  39.24+0.53b
Low-N 143+0.4cd  0.1840.02cd  0.07x0.0lcd _ 267+4ab  134.52423.70c __ 28.94+0.85¢f  0.66+0.07ab _ 38.22+1.04bc
NO; Medium-N  14.7+#13cd 02020.0lbcd 0.07#0.01d  272+4ab  163.91+24.72abc  32.04+121c  0.49+0.08c  39.56+0.28b
High-N 15.840.5bc  0.2240.03abc  0.07+0.0lcd  279+11a  174.65+13.11abc  37.46x1.93a  031+0.10d  41.96+1.69a
Cultivars ok Hk Hok ok ns Hok ns *
N leVels skek kek kk kek kek sk ek kk
N formS skek kek ns skek kek ek ns kk

539 Table 1 Effect of different nitrogen (N) levels and forms on the net photosynthetic rate (A, pmol CO, m? s™) , stomatal conductance (g, mol H,O m? s™), mesophyll
540conductance (gn, mol m? s™), intercellular CO, concentration (C;, pmol CO, mol™), electron transport rate (Jr, umol photons m™ s™), apparent CO, compensation point in the
541absence of respiration (Ci*,umol CO, mol™), day respiration rate (R4, umol CO, m™ s™') and CO, compensation point in the absence of daytime respiration (I'*, pmol CO, mol
542") of rice seedlings (‘Shanyou 63’ and ‘Zhendao 11°).

543
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544Rice plants (‘Shanyou 63’ and ‘Zhendao 11°) were supplied with three N levels (10 mg L' N as low-N, 40 mg L' N as medium-N and 100 mg L™ N as high-N) in the form of
545ammonium (NH,"), nitrate (NO5’) or the mixture of equal mol of NH,* and NO; (NH,4*/ NOy). The data are from Experiment 1 and the values represent the means + SD of 4
S546biological replicates. ANOVA results are indicated; different letters indicate significant differences in the same genotype, P < 0.05. * and ** indicate significant difference at

5470.05 and 0.01 probability levels, respectively; ns indicates a non-significant difference.
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548Figure Legends

549Fig. 1 Effect of different N levels and forms on the concentrations of leaf total-N (A, B), ammonium (NH.,*, C,
550D) and nitrate (NOs, E, F) in ‘Shanyou 63’ (A, C, E) and Zhandao 11 (B, D, F).

551The data are from Experiment 1 and the values represent the means + SD of four replicates. Significant
552differences between treatments are indicated by different letters (P < 0.05). * and ** indicate significant
553differences at P < 0.05 and P < 0.01, respectively; ns indicates a non-significant difference at P < 0.05 level.
554DW: dry weight, FW: fresh weight. LN: Low-N level, 10 mg L' N; MN: Medium-N level, 40 mg L' N; HN:
555High-N level, 100 mg L N. NH,": ammonium nutrient solution; NOs: NOs nutrient solution; NH,*/ NO;
556mixture nutrient solution with equal amount of NH4" and NO;".

557

558Fig. 2 The linear relationships of I'* with leaf total N and available N (ammonium and nitrate) contents under
559different N levels and forms in both ‘Shanyou 63’ (red circle) and “Zhendao 11’ (blue diamond). The data are
560from Experiment 1 and the values represent the means + SD of four replicates.

561DW: dry weight; FW: fresh weight; I'*: CO, compensation point in the absence of respiration.

562

563Fig. 3 Effect of exogenous supply of NO5 on the leaf NO; concentrations (A), I'* values (B), the relative leaf
S64concentrations of glycolic acid and glyoxylic acid (C), and the correlation between leaf NO;™ concentrations and
565T* values (D) in newly expended leaves of ‘Shanyou 63’ and ‘Zhendao 11°.

566The lines in panel D represent linear regressions, and the regression equation are y = 202.920x + 12.277, R* =
5670.6945, P < 0.01 for ‘Shanyou 63’ and y = 77.203x + 29.793, R*> = 0.9844, P < 0.05 for ‘Zhendao 11°.

568FW: fresh weight; I'*: CO, compensation point in the absence of respiration.

569The exogenous NOs were supplied after 3 days of N depletion, and the levels of the exogenous NO; were 20, 40
570and 60 mg L™, respectively. The data are from Experiment 2 and the values represent the means + SD of four
571replicates, and the bars indicate the SD. Significant differences between treatments are indicated by different
572letters (P < 0.05).

573

574Fig. 4 The leaf NOs content (A), I'* values (B), the relative leaf concentrations of glycolic acid and glyoxylic
575acid (C) and the linear relationship between leaf NO; concentrations and I'* values (D) in newly expended
576leaves of WT and transgenic lines of Nipponbare.

577The lines represent linear regressions and the regression equation is y = 60.955 x + 27.223, R*=0.998, P < 0.01.
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578The transgenic lines of Nipponbare enhanced the expression of the OsNRT2.1 gene that encodes a high-affinity
579NOs5 transporter, using a ubiquitin (Ubi) promoter (pUbi:OsNRT2.1) or the NO; inducible promoter
580(pOsNAR2.1-NRT2.1) of the OsNAR2.1 to drive OsNRT2.1 expression in transgenic rice plants.

581Nipponbare plants were supplied with full-strength nutrient under medium-N level (40 mg L'). The data are
582from Experiment 3 and the values represent means of four replicates; bars indicate SD. Significant differences
583between treatments are indicated by different letters (P < 0.05).

584

585Fig. 5 (A) Effect of exogenous NO; supply on the leaf nitrate reductase (Nr) activities in newly expended leaves
5860f ‘Shanyou 63’ and ‘Zhendao 11’ after N depletion; (B) Leaf Nr activities in WT and transgenic lines of
587Nipponbare.

588The in vitro NO5 supply was conducted after 3 days of N depletion, and the levels of NO;5 supply were 20, 40
589and 60 mg L, respectively. While different lines of Nipponbare plants were supplied with full-strength nutrient
590under medium-N level (40 mg L™). The data of (A) and (B) are from Experiment 2 and 3 respectively and the
591 values represent the means + SD of four replicates. Significant differences between treatments are indicated by
592different letters (P < 0.05). Statistical differences are compared only in a single cultivar.

593FW: fresh weight

594

595Fig. 6 The relative leaf contents of oxalic acid (A, B), malic acid (C, D), oxaloacetic acid (E, F) and 2-
596Ketoglutarate acid (G,H) in ‘Shanyou 63’ and “Zhendao 11 plants (A, C, E, G) of exogenous NOs™ supply after
597N depletion and in WT and transgenic lines of Nipponbare (B, D, F, H). The data of (A) and (B) are from
598Experiment 2 and 3 respectively and the values represent the means + SD of four replicates. Significant
599differences between treatments are indicated by different letters (P < 0.05). Statistical differences are compared

6000nly in a single cultivar.
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