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OsNAR2.1 Positively Regulates Drought Tolerance and Grain Yield Under Drought Stress Conditions in Rice
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Drought is an important environmental factor that severely restricts crop production. The high-affinity nitrate transporter partner protein OsNAR2.1 plays an essential role in nitrate absorption and translocation in rice. Our results suggest that OsNAR2.1 expression is markedly induced by water deficit. After drought stress conditions and irrigation, compared with wild-type (WT), the survival rate was significantly improved in OsNAR2.1 over-expression lines and decreased in OsNAR2.1 RNAi lines. The survival rate of Wuyunjing7 (WYJ), OsNRT2.1 over-expression lines and OsNRT2.3a over-expression lines was not significantly different. Compared with WT, overexpression of OsNAR2.1 could significantly increase nitrogen uptake in rice, and OsNAR2.1 RNAi could significantly reduce nitrogen uptake. Under drought conditions, the expression of OsNAC10, OsSNAC1, OsDREB2a, and OsAP37 was significantly reduced in OsNAR2.1 RNAi lines and increased substantially in OsNAR2.1 over-expression lines. Also, the chlorophyll content, relative water content, photosynthetic rate and water use efficiency were decreased considerably in OsNAR2.1 RNAi lines and increased significantly in OsNAR2.1 over-expression lines under drought conditions. Finally, compared to WT, grain yield increased by about 9.1 and 26.6%, in OsNAR2.1 over-expression lines under full and limited irrigation conditions, respectively. These results indicate that OsNAR2.1 regulates the response to drought stress in rice and increases drought tolerance.
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INTRODUCTION

Abiotic stresses, particularly drought and nitrogen (N) deficiency, are important limiting factors for plant growth, development and agricultural production (Ding et al., 2018). Drought stress can seriously impair the growth and development of many soil plants and is often responsible for massive reductions in crop yields globally (Ahuja et al., 2010; Shekoofa and Sinclair, 2018). Drought stress decreases photosynthetic rate, restricts plant growth, and leads to a decrease in yield ranging from 13 to 94% (Farooq et al., 2009). Some studies have shown that the main reason for rice yield reduction caused by drought stress is the decrease in seed setting rate, the ratio of filled grains to total spikelets, and grain number per panicle (Ekanayake et al., 1989, 1990). Abiotic stresses are inevitable because plants need to grow in soil (Farooq et al., 2009). Therefore, improving the adaptability of plants to abiotic stress is of great significance for improving agricultural productivity (Ahuja et al., 2010; Chen G. et al., 2017).

Nitrogen (N) is an essential nutrient for plants; it affects all processes of rice from metabolism to growth and development (Xu et al., 2012). The absorption and utilization of water and nitrogen nutrition are two coupled physiological processes (Shangguan et al., 2000; Ding et al., 2018). Supplying plants with N can increase drought resistance by increasing root hydraulic conductivity (Lpr) through increased ABA and aquaporin expression (Chaves et al., 2002; Guo et al., 2007; Shatil-Cohen et al., 2011; Ren et al., 2015; Ding et al., 2016). Taken together, these data suggest that increasing N uptake may be beneficial during drought conditions.

OsNAR2.1 is a high affinity nitrate transporter partner protein which, along with OsNRT2s, plays a central role in nitrate absorption and translocation in rice (Yan et al., 2011; Liu et al., 2014). Chen et al. (2016) showed that increased expression of OsNRT2.1, using the OsNAR2.1 promoter, could improve yield and ANUE in rice. Tang et al. (2012) reported the involvement of rice OsNRT2.3a in the transport of NO3− from root to shoot. Yan et al. (2011) reported that knockdown of OsNAR2.1 by RNA interference (RNAi) could suppress OsNRT2.1 and OsNRT2.3a expression in mutant roots and demonstrated that OsNAR2.1 performs a crucial function in both high and low nitrate absorption. Chen J. et al. (2017) showed that using the OsNAR2.1 promoter to drive OsNAR2.1 expression could improve nitrate and ammonium absorption and yield in rice. However, the mechanisms by which OsNAR2.1 and OsNRT2s modify drought resistance are not well known. To date, some studies have suggested that the overexpression of stress-related genes may improve drought tolerance in rice to some extent (Kim et al., 2009; Lu et al., 2013). Despite a few such efforts to develop drought-tolerant rice plants, very few have shown an improvement in grain yields under field conditions. In this study, the contributions of OsNAR2.1 and OsNRT2s to drought stress regulation were studied, including effects on crop yield, stress-related genes, and photosynthesis rate.

MATERIALS AND METHODS

Plant Materials

The generation and basic molecular properties of OsNRT2.1/OsNRT2.2 over-expression transgenic lines (OE1, OE2, OE3) was previously described in Chen et al. (2016). The genetic background of OsNRT2.1 over-expression transgenic lines was cv. Wuyunjing7 (WYJ). The generation and basic molecular properties of OsNAR2.1 RNAi transgenic lines (r1, r2) was previously described in Yan et al. (2011). The genetic background of OsNAR2.1 RNAi transgenic lines was cv. Nipponbare (WT).

We amplified the OsNAR2.1 or OsNRT2.3a open reading frame sequence from cDNA isolated from Oryza sativa L. ssp. Japonica cv. Nipponbare using the primers listed in Supplementary Table S1. The PCR products were cloned into the pMD19-T vector (TaKaRa) and confirmed by restriction enzyme digestion and DNA sequencing. The restriction sites (AscI and KpnI) or (SpeI and SpeI) were incorporated into primers to facilitate cloning into the pUbi:OsNAR2.1 vector or the p35S:OsNRT2.3a vector, respectively. These constructs were introduced into Agrobacterium tumefaciens strain EHA105 by electroporation and then transformed into cv. Nipponbare or cv. Wuyunjing7 as described previously (Chen et al., 2016) (Supplementary Figure S1).

Growth Conditions

To determine seedling survival under drought stress, the seedlings were grown for 21 days under highly irrigated conditions by maintaining 10 equal-sized seedlings per pot. Irrigation was withheld for 12 days, followed by re-watering for 7 days. Photographs were taken before the stress (0 days), at the end of the stress period, and a week after recovery. Five biological replicates were maintained among all lines.

For hydroponic drought stress experiments, rice seedlings were grown with the normal IRRI solution for 2 weeks and then transferred to nutrient solution supplemented with 10% (w/v) PEG6000 for 2 weeks. The hydroponic experiments were carried out in a growth room with a 14 h light (30°C) (8:00 – 22:00)/10 h dark (22°C) (22:00 – 8:00) photoperiod and 60% relative humidity. In all treatments, nutrient solutions were replaced every 2 days. At the end of the drought stress experiments, measurements of chlorophyll content, relative water content, photosynthesis rate and water use efficiency were recorded.

The rice plants for the limited water supply experiment were cultivated in plots at the experimental site of Nanjing Agricultural University, Nanjing, Jiangsu, China. The plots size was 1 m × 1 m and the seedlings were planted in a 5 × 5 array. Urea was used as nitrogen fertilizer, and 180 kg N/ha of fertilizer was applied on each plot. All plants were normally irrigated for 2 weeks after transplanting. Then limited water supply (60% field capacity) was applied to the experimental group and fully irrigated conditions (100% field capacity) was applied to controls until completion of the life cycle, and its agronomic characteristics were analyzed.

RNA Extraction and qRT-PCR Assay

RNA was extracted from the root or shoot of seedlings under well-watered and drought stress conditions. Total RNA was extracted using TRIzol reagent (Vazyme Biotech Co., Ltd., China). DNase I-treated total RNAs were subjected to reverse transcription (RT) with HiScript II Q Select RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme Biotech Co.). Triplicate quantitative assays were performed using the 2 × T5 Fast qPCR Mix (SYBRGreenI) kit (TsingKe Co, Ltd., China). The primers for qRT-PCR are shown in Supplementary Table S2.

DNA Extraction and Southern Blot Analysis

Genomic DNA was extracted from leaves of WT and transgenic plants using the SDS method (Chen et al., 2016). 60 μg of DNA was digested with EcoRI and HindIII restriction enzymes 10 h at 37°C. The digested DNA was separated on a 1% (w/v) agarose gel and transferred to a Hybond-N+ nylon membrane, and hybridized with the coding sequence of hygromycin-resistance gene as hybridization probe (Chen et al., 2016).

Stress Response Measurements

The degree of relative chlorophyll content in the fully expanded last leaf was determined using a SPAD-502 Chlorophyll Meter (Minolta Co.). Relative water content was measured as described (Ramegowda et al., 2014) in the leaves for chlorophyll content measurements. Relative water content = (fresh weight - dry weight)/(turgid weight - dry weight) × 100%.

The same leaf is used to measure photosynthetic rate. Photosynthesis rates were measured in rice seedlings using a Li-COR6400 portable photosynthesis system equipped with a LED leaf cuvette (Li-COR, Lincoln, NE, United States). Water use efficiency was calculated using photosynthesis measurements and the transpiration rate (Ramegowda et al., 2014). Water use efficiency = photosynthesis/transpiration rate.

Determination of Root 15N-NO3− and 15N-NH4+ Influx Rate

Rice seedlings of WT and transgenic plants were grown in IRRI nutrient solution containing 1 mM NH4+ for 2 weeks and then nitrogen starved for 5 days. The plants were transferred first to 0.1 mM CaSO4 for 1 min, then to a complete nutrient solution containing 1.25 mM 15NH4NO3 or 1.25 mM NH415NO3 (atom % 15N: 15NO3−, 99%; 15NH4+, 99%) for 5 min, and finally to 0.1 mM CaSO4 for 1 min. And the 15N influx rate was calculated following the method in Chen J. et al. (2017).

Statistical Analysis

All data were analyzed by ANOVA using the statistical SPSS 10 program (SPSS Inc., Chicago, IL, United States). The different letters indicate a significant difference between the transgenic line and the WT (P < 0.05, one-way ANOVA).

RESULTS

The Response of OsNAR2.1 and OsNRT2s Relative Expression to Drought Stress

The expression of OsNAR2.1 and OsNRT2s under drought stress was analyzed by qRT-PCR. The results showed that the expression of OsNAR2.1, OsNRT2.1, OsNRT2.2, and OsNRT2.3a was affected by 10% PEG6000 treatment and OsNRT2.4 did not show any response to drought stress (Figure 1). Expression of OsNAR2.1 and OsNRT2.3a was increased by 10% PEG6000. As a result, the expression of OsNRT2.1 and OsNRT2.2 was inhibited. Among them, OsNAR2.1 expression showed the most drastic change under drought stress, the expression increased by nearly 4 times that of fully irrigated conditions (Figure 1).
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FIGURE 1. Relative expression analysis of OsNAR2.1 and OsNRT2s under drought stress treatment by real-time RT-PCR. Rice seedlings were supplied with normal IRRI solution for 7 days and then transferred to nutrient solution containing 10% (w/v) PEG6000 for 3 days. RNA was extracted from roots of rice cv. Nipponbare. Error bars: SE (n = 3 plants).



Results showed that the expression of OsNAR2.1 was significantly enhanced in both shoots and roots of plants treated with 10% PEG6000 (Figure 2). Overall, OsNAR2.1 expression in roots was significantly higher than in shoots, which was consistent with published work by Feng et al. (2011). In roots, OsNAR2.1 expression increased after 10% PEG6000 application and reached maximal expression levels after 6 h, followed by a gradual decline with prolonged treatment (12–72 h) to a 3 to 5-fold increase (Figure 2A). In shoots, the expression of OsNAR2.1 reached the highest level after 12 h of treatment, with a 3.5-fold increase (Figure 2B).
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FIGURE 2. Relative expression analysis of OsNAR2.1 under drought stress treatment by real-time RT-PCR. Rice seedlings were supplied with normal IRRI solution for 7 days then transferred to nutrient solution containing 10% (w/v) PEG6000 for different time. RNA was extracted from (A) roots and (B) shoots of rice cv. Nipponbare. Error bars: SE (n = 3 plants).



Identification of OsNAR2.1 and OsNRT2s Transgenic Lines

The OsNRT2.1 over-expression transgenic lines were designated as OE1, OE2 and OE3 and OsNAR2.1 RNAi transgenic lines as r1 and r2 previously used in Chen et al. (2016) and Yan et al. (2011). We also performed molecular verification to confirm these lines. qRT-PCR analysis showed that the expression of OsNRT2.1 in OE1, OE2 and OE3 increased significantly as compared with WYJ, (Supplementary Figure S2A). Southern blot analysis showed that OsNAR2.1 RNAi transgenic lines r1 and r2 are two independent lines (Supplementary Figure S3A) and, compared with WT, the expression of OsNAR2.1 in root and shoot of r1 and r2 decreased significantly (Supplementary Figure S3C).

We used the Agrobacterium tumefaciens-mediated method to generate transgenic lines. The p35S:OsNRT2.3a expression vector was inserted into Wuyunjing7 (O. sativa L. ssp. Japonica cv., WYJ) and the pUbi:OsNAR2.1 expression vector was inserted into Nipponbare (O. sativa L. ssp. Japonica cv., WT). On the basis of Southern blot analysis and RNA expression level, we selected three independent lines of p35S:OsNRT2.3a designated as WA1, WA2, and WA3 (Supplementary Figures S2B,C), two independent lines of pUbi:OsNAR2.1 designated as Ox1 and Ox2 (Supplementary Figures S3B,D).

Drought Stress Sensitivity of OsNAR2.1 and OsNRT2s Transgenic Lines at the Seedling Stage

To test the involvement of OsNRT2.1, OsNAR2.1, and OsNRT2.3a in drought tolerance, the drought stress response of their transgenic lines was tested at the vegetative stage. Irrigation was withheld for 12 days, followed by re-watering for 7 days (Figure 3A). The survival rate of WYJ, OsNRT2.1 and OsNRT2.3a over-expression transgenic lines was not significantly different and was about 27% (Figure 3B).
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FIGURE 3. Drought stress sensitivity of OsNRT2s transgenic lines at the seedling stage. The seedlings were grown for 21 days in full irrigation by maintaining 10 equal-sized seedlings per pot. Irrigation was withheld for 14 days, followed by re-irrigation for 7 days. (A) Phenotype of drought-stressed plants followed by recovery. (B) Seedling survival after recovery, the number of seedlings with at least one fully expanded leaf was counted. Error bars: SE (n = 5 pots). The different letters indicate a significant difference between the transgenic line and WT (P < 0.05, one-way ANOVA).



However, in OsNAR2.1 transgenic lines (Figure 4A), the change in survival rate was significant. The recovery rate in WT was approximately 43.6%, in OsNAR2.1 RNAi transgenic lines was 21.0%, and in OsNAR2.1 over-expression transgenic lines was 86.3% (Figure 4B).
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FIGURE 4. Drought stress sensitivity of OsNAR2.1 transgenic lines at the seedling stage. The seedlings were grown for 21 days in full irrigation by maintaining 10 equal-sized seedlings per pot. Irrigation was withheld for 12 days, followed by re-irrigation for 7 days. (A) Phenotype of drought-stressed plants followed by recovery. (B) Seedling survival after recovery, the number of seedlings with at least one fully expanded leaf was counted. Error bars: SE (n = 5 pots). The different letters indicate a significant difference between the transgenic line and WT (P < 0.05, one-way ANOVA).



Effect of OsNAR2.1 Expression on Rice Growth at Seedling Stage Under Drought Stress

To further assess the effect of OsNAR2.1 on growth response to drought stress, the seedlings of OsNAR2.1 transgenic lines were grown in normal IRRI solution for 14 days and then transferred into the nutrient solution containing 10% PEG6000 for 14 days, nutrient solution without PEG6000 was used as a control (Supplementary Figures S4A,B). Under drought conditions, wilting and foliar chlorosis was observed in WT and OsNAR2.1 RNAi lines but not in OsNAR2.1 over-expression lines (Supplementary Figure S4C).

Compared to control, drought stress led to the suppression of root and shoot growth in all plants (Figures 5A,B and Supplementary Figure S4D). As compared with WT, the biomass per plant of OsNAR2.1 RNAi lines was reduced by 34.2% and that of OsNAR2.1 over-expression lines was increased by 35.7% in normal solution (Supplementary Figure S4D). However, under drought stress, the biomass of OsNAR2.1 RNAi lines was reduced by 60.3% and in OsNAR2.1 over-expression lines biomass was increased by 68.2% as compared with WT (Supplementary Figure S4D). Compared with WT, the roots biomass of OsNAR2.1 RNAi lines was reduced by 40.7% in normal solution and by 76.1% under drought stress (Figure 5A). The shoots biomass of OsNAR2.1 RNAi lines was reduced by 35.1% in normal solution and by 66.9% under drought stress (Figure 5B). Similarly, compared with WT, the roots biomass of OsNAR2.1 over-expression lines was increased by 36.8% in normal solution and by 62.8% under drought stress (Figure 5A). Moreover, the shoots biomass of OsNAR2.1 over-expression lines increased by 33.8% in normal solution and by 59.9% under drought stress (Figure 5B).
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FIGURE 5. Growth parameters of OsNAR2.1 transgenic lines under well-watered and drought stress conditions. Rice seedlings were grown in normal IRRI solution for 14 days and then transferred to nutrient solution containing 10% (w/v) PEG6000 for 14 days. (A) Root biomass, (B) shoot biomass, (C) chlorophyll content, (D) relative water content, (E) photosynthesis rate and (F) water use efficiency were assayed. Relative Water Content = (fresh weight – dry weight)/(turgid weight – dry weight) × 100%. Water Use Efficiency (umol/mmol) = photosynthesis/transpiration rate. WW, well-watered; DR, drought stress (10% PEG6000). Error bars: SE (n = 5 plants). The different letters indicate a significant difference between the transgenic lines and WT (P < 0.05, one-way ANOVA).



There was no significant difference in chlorophyll content, relative water content, photosynthesis rate or water use efficiency between OsNAR2.1 RNAi lines and OsNAR2.1 over-expression lines under normal solution (Figures 5C–F). However, after 14 days of drought stress as compared with WT, the chlorophyll content of OsNAR2.1 RNAi lines was reduced by 15.6% and the OsNAR2.1 over-expression lines was increased by 14.5% (Figure 5C). Under drought stress, the OsNAR2.1 RNAi lines showed a reduction in relative water content of about 13.1% compared with WT, but OsNAR2.1 over-expression lines showed an increase of 15.5% (Figure 5D). Compared with WT, the photosynthesis rate of OsNAR2.1 RNAi lines was reduced by 26.1% and the OsNAR2.1 over-expression lines was improved by 20.1% following drought stress (Figure 5E). Water use efficiency of WT in normal conditions was significantly lower than that under drought conditions (Figure 5F). The OsNAR2.1 RNAi lines showed a reduction in water use efficiency by 19.9% as compared with drought-stressed WT and OsNAR2.1 over-expression lines showed an increase of 17.5% (Figure 5F).

OsNAR2.1 Transgenic Lines Altered Expression of Stress-Responsive Genes Under Drought Conditions

To understand the role of OsNAR2.1 in drought stress responses, we analyzed the expression of several known genes involved in abiotic and biotic stress in OsNAR2.1 transgenic lines, including OsMYB2 (Yang et al., 2012), OsNAC10 (Jeong et al., 2010), OsSNAC1 (Hu et al., 2006), OsDREB2a (Cui et al., 2011; Mallikarjuna et al., 2011), OsAP37 (Oh et al., 2009; Ramegowda et al., 2014), OsP5CS1 (Sripinyowanich et al., 2013) and OsRAB16C (Chen et al., 2015). Under normal conditions as compared with WT, the expression of all of these genes in the roots of OsNAR2.1 RNAi lines was decreased and in OsNAR2.1 over-expression lines was increased (Figure 6A). Moreover, in shoots, only OsMYB2 and OsRAB16C expression responded to OsNAR2.1 manipulation, showing a decrease in OsNAR2.1 RNAi lines and an increase in OsNAR2.1 over-expression lines. Conversely, no significant difference was found in the expression of non-stress related genes in transgenic lines (Figure 6C). Under drought stress, the expression of all of these genes was significantly decreased in the roots or shoots of OsNAR2.1 RNAi lines and significantly increased in OsNAR2.1 over-expression lines (Figures 6B,D).
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FIGURE 6. Expression of stress-responsive genes in OsNAR2.1 transgenic lines. Growth conditions and treatments were the same as described in Figure 4. RNA was extracted from root of seedlings under (A) well-watered and (B) drought stress (10% PEG6000) conditions. RNA was extracted from shoot of seedlings under (C) well-watered and (D) drought stress (10% PEG6000) conditions. Error bars: SE (n = 3 plants). The different letters indicate a significant difference between the transgenic line and WT (P < 0.05, one-way ANOVA).



Effect of OsNAR2.1 Expression on Rice Grain Yield Under Drought Stress

Detailed analysis of drought response in OsNAR2.1 transgenic lines was performed by maintaining plants at 60% field capacity (Supplementary Figure S5), the yield of transgenic lines was measured by comparing the results with the fully irrigated field which we designated as a normal field. The seed setting rate and the grain number per panicle of WT under limited irrigation were 16.5 and 13.1%, respectively, lower than those of fully irrigated field. As a result, grain weight was reduced by 23.3% and grain yield was reduced by 26% (Figures 7B–D and Supplementary Figure S6D). Moreover, the yield of OsNAR2.1 over-expression lines under limited irrigation was not significantly different from the WT under full irrigation (Figure 7D).
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FIGURE 7. Comparison of grain yield between OsNAR2.1 RNAi lines and OsNAR2.1 over-expression lines in limited and fully irrigated conditions. All plants were normally irrigated for 2 weeks after transplantation. Then limited water supply (60% field capacity) was applied to experimental groups and maintained throughout the experiment until completion of the life cycle, full irrigation (100% field capacity) was applied to controls. Then agronomic traits were assayed. WW: (full irrigation); DR: drought stress (limited water supply). (A) Effective tiller number per plant, (B) grain number per panicle, (C) seed setting rate and (D) grain yield. Error bars: SE (n = 5 plants). The different letters indicate a significant difference between the transgenic line and WT (P < 0.05, one-way ANOVA).



As compared with WT, the effective tiller number and grain number showed no difference in transgenic lines in the normal field. However, in the drought field, OsNAR2.1 RNAi lines showed a decrease of 30.6 and 29.8%, respectively and OsNAR2.1 over-expression lines increased by 24.4 and 13%, respectively (Figures 7A,B). Compared with WT, the seed setting rate and grain yield of RNAi lines was decreased by 14.3 and 18.2%, respectively in the normal field. In addition, as compared with WT, the seed setting rate and grain yield were reduced by 45 and 65.2% in RNAi lines under drought stress. However, the seed setting rate and grain yield in OsNAR2.1 over-expression lines were increased by 5.6 and 9.1% in the normal field as compared to WT. Under drought conditions the OsNAR2.1 over-expression lines, seed setting rate and grain yield was increased by 16.3 and 26.6%, respectively (Figure 7C and Supplementary Figure S6D).

We also analyzed other agronomic traits amongst OsNAR2.1 transgenic lines. When there was plentiful irrigation available, the total tiller number per plant and 1000-grains weight of transgenic lines of OsNAR2.1 showed no difference. However, in limited water supply a 13.2% decline and 11.5% increase were observed in OsNAR2.1 RNAi lines and OsNAR2.1 over-expression lines, respectively, for tiller number and a similar pattern was observed in 1000-grain weight as compared to WT (Supplementary Figures S6A,C). When full irrigation was applied, panicle length declined in OsNAR2.1 RNAi lines and increased in OsNAR2.1 over-expression lines by about 19.0 and 25.8%, respectively, for grain weight it was 15.8 and 8.6%, respectively, for dry weight it was 11.1 and 8.4%, respectively as compared to WT. In contrast, when water supply was limited panicle length declined in OsNAR2.1 RNAi lines and increased in OsNAR2.1 over-expression lines by 39.1 and 25.8%, respectively, for grain weight it was 50.4% decrease and 31.5% increase, respectively, for dry weight it was 50.0 and 17.1%, respectively. Furthermore, the grain/straw ratio in OsNAR2.1 RNAi lines decreased by 43.5% and in OsNAR2.1 over-expression lines increased by 17.4% under drought conditions (Supplementary Figure S6).

Rates of NO3− and NH4+ Influx in WT and Transgenic Plants

We analyzed short-term NO3− and NH4+ uptake in same-size seedlings of the transgenic lines by exposing the plants to 1.25 mM NH415NO3 or 1.25 mM 15NH4NO3 for 5 min to determine the effect of OsNRT2.1, OsNRT2.3a or OsNAR2.1 expression on root NO3− and NH4+ influx into intact plants. Compared with WYJ, overexpression of OsNRT2.1 increased NH415NO3 and 15NH4NO3 influx by 29.4% (Supplementary Figure S7A) and 12.6% (Supplementary Figure S7B), the ratio of 15NH4+ to 15NO3− influx decreased by 12.9% (Supplementary Figure S7C). Compared with WYJ, overexpression of OsNRT2.3a did not significantly affect the influx of NH415NO3 and 15NH4NO3 by rice roots at seedling stage (Supplementary Figures S7A,B). As compared with WT, the NH415NO3 and 15NH4NO3 influx of OsNAR2.1 RNAi lines decreased by 43.0% and 46.0%, that of OsNAR2.1 over-expression lines increased by 32.8% and 30%, there was no significant difference in the ratio of 15NH4+ to 15NO3− influx (Supplementary Figures S7D–F).

We also analyzed OsNAR2.1 and OsNRT2s expression in OsNRT2.1, OsNRT2.3a or OsNAR2.1 transgenic lines. Compared with WYJ, the expression of OsNAR2.1 increased significantly in OsNRT2.1 over-expression lines, but there was no significant difference in the expression of OsNRT2.2, OsNRT2.3a and OsNRT2.4 (Supplementary Figure S8A). There was no significant difference in the expression of OsNAR2.1, OsNRT2.2 and OsNRT2.4 between OsNRT2.3a over-expression lines and WYJ (Supplementary Figure S8B). The expression of OsNRT2.1, OsNRT2.2 and OsNRT2.3a decreased in OsNAR2.1 RNAi lines, increased in OsNAR2.1 over-expression lines, and the expression of OsNRT2.4 is not affected by OsNAR2.1 (Supplementary Figure S8C).

DISCUSSION

Rice (Oryza sativa L.) is the staple food for more than half of the world’s population. Therefore, an increase rice production will be needed to meet the growing demand of future populations (Sharp et al., 2004). Previous studies have shown that drought stress strongly affects plant growth and nitrogen metabolism (Allahverdiyev, 2016). Under drought stress, adjusting nitrogen supply can enhance the adaptability of crops by improving water relationship (Chaves et al., 2002; Guo et al., 2007).

OsNAR2.1 is a high affinity nitrate transporter partner protein. Yan et al. (2011) reported that the OsNAR2.1 plays a key role in both high and low nitrate absorption. (Chen J. et al. (2017)) found that pOsNAR2.1:OsNAR2.1 expression enhances nitrogen uptake efficiency and grain yield in transgenic rice plants. In this study, we examined the possibility of OsNAR2.1 participating in regulation of the response to drought stress and its effect on rice yield by using OsNAR2.1 RNAi and OsNAR2.1 over-expression transgenic lines.

OsNAR2.1 Involvement in Drought Tolerance of Rice Seedlings

Many studies have shown that nitrogen supply has an essential influence on the response of plants to drought stress (Chaves et al., 2002; Guo et al., 2007; Ding et al., 2018). OsNRT2.1 is a high affinity nitrate transporter, mainly expressed at the root and responsible for nitrate uptake (Katayama et al., 2009; Feng et al., 2011). Previous studies have shown that overexpression of OsNRT2.1 increases the expression of OsNAR2.1 and this may be responsible for increased nitrogen uptake (Chen et al., 2016; Luo et al., 2018). This is consistent with our data showing that compared with WYJ, overexpression of OsNRT2.1 increased NH415NO3 influx by 29.4% (Supplementary Figure S7A) and the expression of OsNAR2.1 increased significantly in OsNRT2.1 over-expression lines (Supplementary Figure S8A). Increased nitrate uptake could promote ammonium uptake by rice (Duan et al., 2006; Li et al., 2006). However, although 15NH4NO3 influx of OsNRT2.1 overexpression lines increased by 12.6% as compared with WYJ (Supplementary Figure S7C), the ratio of 15NH4+ to 15NO3− influx decreased by 12.9% (Supplementary Figure S7C).

Tang et al. (2012) reported that OsNRT2.3a is responsible for the transport of nitrate from root to shoot. Previous studies have shown that overexpression of OsNRT2.3a did not increase 15NH415NO3 uptake in rice (Fan et al., 2016). This is consistent with our data showing compared with WYJ, overexpression of OsNRT2.3a did not significantly affect the influx of NH415NO3 and 15NH4NO3 by rice roots at seedling stage (Supplementary Figures S7A,B). This is likely due to the fact that overexpression of OsNRT2.3a did not lead to a significant increase in expression of OsNAR2.1 (Supplementary Figure S8B). Previous work has shown that overexpression of OsNAR2.1 increase nitrate and ammonium absorption in rice, and increase rice biomass under 1.25 mM NH4NO3 treatment (Chen J. et al., 2017). These results are consistent with our data showing as compared with WT, the NH415NO3 and 15NH4NO3 influx of OsNAR2.1 RNAi lines was reduced by 43.0 and 46.0%, that of OsNAR2.1 over-expression lines was increased by 32.8 and 30%, there was no significant difference in the ratio of 15NH4+ to 15NO3− influx (Supplementary Figures S7D–F). Also, the expression of OsNRT2.1, OsNRT2.2 and OsNRT2.3a decreased in OsNAR2.1 RNAi lines and increased in OsNAR2.1 over-expression lines (Supplementary Figure S8C).

Photosynthesis is the main source of biomass accumulation in all plants, it is also one of the most sensitive physiological processes during abiotic stress (DaMatta et al., 2002). Drought stress can inhibit stomatal opening and photosynthesis, and can lead to an increase in water use efficiency (Silva et al., 2010; Waraich et al., 2011; Allahverdiyev, 2016). Compared with WT, there were no significant differences in chlorophyll content, relative water content, photosynthesis rate and water use efficiency between OsNAR2.1 RNAi lines and OsNAR2.1 over-expression lines in well-watered conditions (Figures 5C–F). After 14 days of drought stress as compared with WT, the photosynthesis rate of OsNAR2.1 RNAi lines decreased by 26.1%, and of OsNAR2.1 over-expression lines increased by 20.1% (Figure 5E). OsNAR2.1 RNAi lines showed a 19.9% reduction in water use efficiency compared with drought-stressed WT and OsNAR2.1 over-expression lines increased efficiency by 17.5% (Figure 5E). Because of changes in nitrogen uptake, photosynthetic rate and water use efficiency, compared with WT, the biomass of OsNAR2.1 RNAi decreased by 34.2% under normal solution and 60.3% under drought stress, the biomass of OsNAR2.1 over-expression lines increased by 35.7% under normal solution and 68.2% under drought stress (Figures 5A,B and Supplementary Figure S4D).

There are two kinds of nitrogen applications for rice plants: ammonium and nitrate, with different nitrogen supply patterns and effects on plant growth. The root activity of rice with ammonium was significantly higher than that with nitrate, which might be related to the characteristics of aquaporins (Siemens and Zwiazek, 2003). Plants supplied with NH4+ had a higher assimilation rate and stomatal conductance than those applied with NO3− (Guo et al., 2002). Compared with nitrate nutrition, ammonium nutrition increases photosynthesis rate under water stress at the early development stage of rice (Guo et al., 2007) and enhances the tolerance of rice seedlings to drought conditions (Li et al., 2009). Under drought stress, rice seedlings grow better in ammonium nutrition (Guo et al., 2002, 2007). Under PEG6000 treatment water stress, plants under NO3− treatment had significantly lower chloroplast content than those under NH4+ treatment (Li et al., 2012; Xiong et al., 2017). Wilkinson et al. (2007) observed that the decrease in stomatal closure and leaf elongation rate was more sensitive to drought stress in maize plants supplied with high nitrate. Compared with nitrate supply, ammonium can significantly improve the drought resistance of rice. In the present study, irrigation was withheld for 12 days, followed by re-watering for 7 days (Figures 3A, 4A). The survival rate of WYJ, OsNRT2.1 transgenic lines and OsNRT2.3a transgenic lines was not significantly different, about 27% (Figure 3B). Approximately 43.6% of the WT recovered, 21.0% of the OsNAR2.1 RNAi transgenic lines recovered, and 86.3% of the OsNAR2.1 over-expression transgenic lines recovered (Figure 4B). The results showed that over-expression of OsNRT2.1 could increase ammonium uptake by rice, but at the same time increased more nitrate uptake (Supplementary Figure S7C), which might counteract the positive effect of ammonium on rice drought resistance. Overexpression of OsNRT2.3a did not increase nitrogen uptake or drought tolerance in rice. Compared with WT, the NH415NO3 and 15NH4NO3 influx of OsNAR2.1 RNAi lines decreased significantly, and that of OsNAR2.1 over-expression lines increased significantly, there was no significant difference in the ratio of 15NH4+ to 15NO3− influx (Supplementary Figures S7D–F). This ability to increase uptake of NH4+ as well as NO3− may play a role in the mechanism of OsNAR2.1 induced drought tolerance in rice.

We analyzed the expression of several known genes involved in abiotic and biotic stress in OsNAR2.1 transgenic lines, including OsMYB2, OsNAC1, OsSNAC1, OsDREB2a, OsAP37, OsP5CS1, and OsRAB16C. Under normal conditions as compared with WT, the expression of all of these genes in the roots of OsNAR2.1 RNAi lines was decreased and in OsNAR2.1 over-expression lines was increased (Figure 6A). Conversely, no significant difference was found in the expression of other genes in transgenic lines (Figure 6C). In drought stress, the expression of all of these genes was significantly decreased in the roots or shoots of OsNAR2.1 RNAi lines and increased in OsNAR2.1 over-expression lines (Figures 6B,D). Previous studies have shown that overexpression of these genes increases drought tolerance in rice (Hu et al., 2006; Kim et al., 2009; Oh et al., 2009; Jeong et al., 2010; Cui et al., 2011; Mallikarjuna et al., 2011; Yang et al., 2012; Ramegowda et al., 2014; Chen et al., 2015). Overexpression of OsNAR2.1 increased ammonium uptake in rice, while OsNAR2.1 RNAi decreased ammonium uptake (Supplementary Figures S7E,F). Ammonium supply significantly increased abscisic acid (ABA) accumulation in plants (Zdunek and Lips, 2001; Rahayu et al., 2005; Fernández-Crespo et al., 2015; Ding et al., 2016). Under drought stress, ABA accumulation is essential to regulate the expression of drought-tolerant genes (Jang et al., 2004; Schraut et al., 2005; Lian et al., 2006; Mahdieh and Mostajeran, 2009; Parent et al., 2009), promote root water uptake and plant growth (Sharp, 2002; Zhang et al., 2006). OsNAR2.1 regulates the expression of these drought regulating genes in rice under stress (Figures 6B,D); suggesting that the OsNAR2.1 mediated increase in their expression is involved in rice drought tolerance.

Effect of OsNAR2.1 Expression on Rice Grain Yield Under Drought Stress

Compared with fully irrigated conditions, the grain yield of WT decreased by 26% under limited water supply (Figure 7D). The seed setting rate and grain number per panicle of WT in limited water supply were 16.5 and 13.1% lower than those in full irrigation; resulting in a 23.3% reduction in grain weight (Figures 7B,C and Supplementary Figure S6D). This agrees with previous studies showing that drought conditions impair pollen germination, seed setting rate, and grain number per panicle, resulting in decreased grain yield (Ekanayake et al., 1989, 1990; Saini and Westgate, 1999; Kim et al., 2009; Guan et al., 2010).

Drought stress also reduced the tiller number of rice (Kang et al., 2017). Compared with WT, the effective tiller number of OsNAR2.1 RNAi lines and OsNAR2.1 over-expression lines had no significant difference under complete watering conditions. The effective tiller number of OsNAR2.1 RNAi lines decreased by 30.6% and OsNAR2.1 over-expression lines increased by 24.4% under limited water supply (Figure 7A). Compared with WT, there was no significant difference in the grain number per panicle between OsNAR2.1 RNAi lines and OsNAR2.1 over-expression lines under complete watering conditions, but under limited water supply, the grain number per panicle of OsNAR2.1 RNAi lines decreased by 29.8% and that of OsNAR2.1 over-expression lines increased by 13.0% (Figure 7B). Similarly, compared with WT, the seed setting rate of OsNAR2.1 RNAi lines decreased by 14.3% and that of OsNAR2.1 over-expression lines increased by 5.6% in fully irrigated field. Further, that of OsNAR2.1 RNAi lines was decreased by 45.0% and that of OsNAR2.1 over-expression lines was increased by 16.3% under limited water supply conditions (Figure 7C).

The grain yield of rice is the result of various factors (Kim et al., 2009; Guan et al., 2010). In our experiments, changes in photosynthetic rate, water use efficiency, tiller number, grain number per panicle and seed setting rate led to changes in rice yield. Finally, compared with WT, the grain yield of OsNAR2.1 RNAi lines decreased by 18.2% and that of OsNAR2.1 over-expression lines increased by 9.1% under full watering conditions (Figure 7D). Further, OsNAR2.1 RNAi lines decreased by 65.2% and that of OsNAR2.1 over-expression lines increased by 26.6% under limited water supply (Figure 7D). In conclusion, overexpression of OsNAR2.1 could improve the drought resistance without causing adverse growth phenotypes in rice.

CONCLUSION

We confirmed that OsNAR2.1 is involved in drought stress tolerance through regulating drought stress sensitivity and stress-related gene expression in rice, overexpression of OsNRT2.1 or OsNRT2.3a alone could not improve rice tolerance to drought. The reason may be that overexpression of OsNAR2.1 can significantly increase nitrogen uptake in rice, and does not reduce the ratio of 15NH4+ to 15NO3− influx, while overexpression of OsNRT2.1 or OsNRT2.3a alone cannot improve nitrogen uptake or reduce the ratio of 15NH4+ to 15NO3− influx in rice. After variation in water supply, we found that even in limited water availability, OsNAR2.1 over-expression significantly increased grain yield as compared to WT and led to minimal growth defects in drought stress. These results indicate that over-expression of OsNAR2.1 is a promising strategy to improve abiotic tolerance, especially to drought in rice.

AUTHOR CONTRIBUTIONS

JC, GX, and XgF conceived and designed the experiments. JC, TQ, ZH, XuF, and LZ performed the experiments. JC, MI, and XY analyzed the data. JC, MI, and XgF wrote and revised the manuscript. All authors read and approved the final manuscript.

FUNDING

This study was financially supported by China National Key Program for Research and Development (2016YFD0100700), National Natural Science Foundation (Grant 31372122), Jiangsu Science Fund for Distinguished Young Scholars (Grant BK20160030), the Transgenic Project (Grant 2016ZX08001003-008), Innovation project of basic scientific research in central Universities of Ministry of Education (KYYJ201604 and KJJQ201701).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00197/full#supplementary-material

REFERENCES

Ahuja, I., de Vos, R. C., Bones, A. M., and Hall, R. D. (2010). Plant molecular stress responses face climate change. Trends Plant Sci. 15, 664–674. doi: 10.1016/j.tplants.2010.08.002

Allahverdiyev, T. (2016). Impact of soil water deficit on some physiological parameters of durum and bread wheat genotypes. Agric. For. 62, 131–144. doi: 10.17707/AgricultForest.62.1.16

Chaves, M. M., Pereira, J. S., Maroco, J., Rodrigues, M. L., Ricardo, C. P., Osório, M. L., et al. (2002). How plants cope with water stress in the field. Photosynthesis and growth. Ann. Bot. 89, 907–916. doi: 10.1093/aob/mcf105

Chen, G., Liu, C., Gao, Z., Zhang, Y., Jiang, H., Zhu, L., et al. (2017). OsHAK1, a high-affinity potassium transporter, positively regulates responses to drought stress in rice. Front. Plant Sci. 8:1885. doi: 10.3389/fpls.2017.01885

Chen, J., Fan, X., Qian, K., Zhang, Y., Song, M., Liu, Y., et al. (2017). pOsNAR2.1:OsNAR2.1 expression enhances nitrogen uptake efficiency and grain yield in transgenic rice plants. Plant Biotechnol. J. 15, 1273–1283. doi: 10.1111/pbi.12714

Chen, J., Zhang, Y., Tan, Y., Zhang, M., Zhu, L., Xu, G., et al. (2016). Agronomic nitrogen-use efficiency of rice can be increased by driving OsNRT2.1 expression with the OsNAR2.1 promoter. Plant Biotechnol. J. 14, 1705–1715. doi: 10.1111/pbi.12531

Chen, M., Zhao, Y., Zhuo, C., Lu, S., and Guo, Z. (2015). Overexpression of a NF-YC transcription factor from bermudagrass confers tolerance to drought and salinity in transgenic rice. Plant Biotechnol. J. 13, 482–491. doi: 10.1111/pbi.12270

Cui, M., Zhang, W., Zhang, Q., Xu, Z., Zhu, Z., Duan, F., et al. (2011). Induced over-expression of the transcription factor OsDREB2A improves drought tolerance in rice. Plant Physiol. Biochem. 49, 1384–1391. doi: 10.1016/j.plaphy.2011.09.012

DaMatta, F. M., Loos, R. A., Silva, E. A., Loureiro, M. E., and Ducatti, C. (2002). Effects of soil water deficit and nitrogen nutrition on water relations and photosynthesis of pot-grown coffea canephora pierre. Trees 16, 555–558. doi: 10.1007/s00468-002-0205-3

Ding, L., Li, Y., Wang, Y., Gao, L., Wang, M., Chaumont, F., et al. (2016). Root ABA accumulation enhances rice seedling drought tolerance under ammonium supply: interaction with aquaporins. Front. Plant Sci. 7:1206. doi: 10.3389/fpls.2016.01206

Ding, L., Lu, Z., Gao, L., Guo, S., and Shen, Q. (2018). Is nitrogen a key determinant of water transport and photosynthesis in higher plants upon drought stress? Front. Plant Sci. 9:1143. doi: 10.3389/fpls.2018.01143

Duan, Y. H., Zhang, Y. L., Shen, Q. R., and Wang, S. W. (2006). Nitrate effect on rice growth and nitrogen absorption and assimilation at different growth stages. Pedosphem 16, 707–717. doi: 10.1016/s1002-0160(06)60106-9

Ekanayake, J., Datta, S. K. D., and Steponkus, P. L. (1989). Spikelet sterility and flowering response of rice to water stress at anthesis. Ann. Bot. 63, 257–264. doi: 10.1093/oxfordjournals.aob.a087740

Ekanayake, J., Steponkus, P. L., and Datta, S. K. D. (1990). Sensitivity of pollination to water deficits at anthesis in upland rice. Crop Sci. 30, 310–315. doi: 10.2135/cropsci1990.0011183X003000020013x

Fan, X., Tang, Z., Tan, Y., Zhang, Y., Luo, B., Yang, M., et al. (2016). Overexpression of a pH-sensitive nitrate transporter in rice increases crop yields. Proc. Natl. Acad. Sci. U.S.A. 113, 7118–7123. doi: 10.1073/pnas.1525184113

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. (2009). Plant drought stress: effects, mechanisms and management. Agron Sustain Dev. 1, 185–212. doi: 10.1051/agro:2008021

Feng, H., Yan, M., Fan, X., Li, B., Shen, Q., Miller, A. J., et al. (2011). Spatial expression and regulation of rice high-affinity nitrate transporters by nitrogen and carbon status. J. Exp. Bot. 62, 2319–2332. doi: 10.1093/jxb/erq403

Fernández-Crespo, E., Scalschi, L., Llorens, E., García-Agustín, P., and Camañes, G. (2015). NH4+ protects tomato plants against Pseudomonas syringae by activation of systemic acquired acclimation. J. Exp. Bot. 66, 6777–6790. doi: 10.1093/jxb/erv382

Guan, Y. S., Serraj, R., Liu, S. H., Xu, J. L., Ali, J., Wang, W. S., et al. (2010). Simultaneously improving yield under drought stress and non-stress conditions: a case study of rice (Oryza sativa L.). J. Exp. Bot. 61, 4145–4156. doi: 10.1093/jxb/erq212

Guo, S., Bruck, H., and Sattelmacher, B. (2002). Effects of supplied nitrogen form on growth and water uptake of French bean (Phaseolus vulgaris L.) plants - Nitrogen form and water uptake. Plant Soil 239, 267–275. doi: 10.1023/A:1015014417018

Guo, S., Chen, G., Zhou, Y., and Shen, Q. (2007). Ammonium nutrition increases photosynthesis rate under water stress at early development stage of rice (Oryza sativa L.). Plant Soil 296, 115–124. doi: 10.1007/s11104-007-9302-9

Hu, H., Dai, M., Yao, J., Xiao, B., Li, X., Zhang, Q., et al. (2006). Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor enhances drought resistance and salt tolerance in rice. Proc. Natl. Acad. Sci. U.S.A. 103, 12987–12992. doi: 10.1073/pnas.0604882103

Jang, J. Y., Kim, D. G., Kim, Y. O., Kim, J. S., and Kang, H. (2004). An expression analysis of a gene family encoding plasma membrane aquaporins in response to abiotic stresses in Arabidopsis thaliana. Plant Mol. Biol. 54, 713–725. doi: 10.1023/B:PLAN.0000040900.61345.a6

Jeong, J. S., Kim, Y. S., Baek, K. H., Jung, H., Ha, S. H., Do Choi, Y., et al. (2010). Root-specific expression of OsNAC10 improves drought tolerance and grain yield in rice under field drought conditions. Plant Physiol. 153, 185–197. doi: 10.1104/pp.110.154773

Kang, J., Li, J., Gao, S., Tian, C., and Zha, X. (2017). Overexpression of the leucine-rich receptor-like kinase gene LRK2 increases drought tolerance and tiller number in rice. Plant Biotechnol. J. 15, 1175–1185. doi: 10.1111/pbi.12707

Katayama, H., Mori, M., Kawamura, Y., Tanaka, T., Mori, M., and Hasegawa, H. (2009). Production and characterization of transgenic rice plants carrying a high-affinity nitrate transporter gene (OsNRT2.1). Breed. Sci. 59, 237–243. doi: 10.1270/jsbbs.59.237

Kim, E. H., Kim, Y. S., Park, S. H., Koo, Y. J., Choi, Y. D., Chung, Y. Y., et al. (2009). Methyl jasmonate reduces grain yield by mediating stress signals to alter spikelet development in rice. Plant Physiol. 149, 1751–1760. doi: 10.1104/pp.108.134684

Li, B., Xin, W., Sun, S., Shen, Q., and Xu, G. (2006). Physiological and molecular responses of nitrogen-starved rice plants to re-supply of different nitrogen sources. Plant Soil 287, 145–159. doi: 10.1007/s11104-006-9051-1

Li, Y., Gao, Y. X., Ding, L., Shen, Q. R., and Guo, S. W. (2009). Ammonium enhances the tolerance of rice seedlings (Oryza sativa L.) to drought condition. Agric. Water Manag. 96, 1746–1750. doi: 10.1016/j.agwat.2009.07.008

Li, Y., Ren, B. B., Yang, X. X., Xu, G. H., Shen, Q. R., and Guo, S. W. (2012). Chloroplast downsizing under nitrate nutrition restrained mesophyll conductance and photosynthesis in rice (Oryza sativa L.) under drought conditions. Plant Cell Physiol. 53, 892–900. doi: 10.1093/pcp/pcs032

Lian, H. L., Yu, X., Lane, D., Sun, W. N., Tang, Z. C., and Su, W. A. (2006). Upland rice and lowland rice exhibited different PIP expression under water deficit and ABA treatment. Cell Res. 16, 651–660. doi: 10.1038/sj.cr.7310068

Liu, X., Huang, D., Tao, J., Miller, A. J., Fan, X., and Xu, G. (2014). Identification and functional assay of the interaction motifs in the partner protein OsNAR2.1 of the two-component system for high-affinity nitrate transport. New Phytol. 204, 74–80. doi: 10.1111/nph.12986

Lu, Y., Li, Y., Zhang, J., Xiao, Y., Yue, Y., Duan, L., et al. (2013). Overexpression of Arabidopsis molybdenum cofactor sulfurase gene confers drought tolerance in maize (Zea mays L.). PLoS One 8:e52126. doi: 10.1371/journal.pone.0052126

Luo, B., Chen, J., Zhu, L., Liu, S., Li, B., Lu, H., et al. (2018). Overexpression of a high-affinity nitrate transporter OsNRT2.1 increases yield and manganese accumulation in rice under alternating wet and dry condition. Front. Plant Sci. 9:1192. doi: 10.3389/fpls.2018.01192

Mahdieh, M., and Mostajeran, A. (2009). Abscisic acid regulates root hydraulic conductance via aquaporin expression modulation in Nicotiana tabacum. J. Plant Physiol. 166, 1993–2003. doi: 10.1016/j.jplph.2009.06.001

Mallikarjuna, G., Mallikarjuna, K., Reddy, M. K., and Kaul, T. (2011). Expression of OsDREB2A transcription factor confers enhanced dehydration and salt stress tolerance in rice (Oryza sativa L.). Biotechnol. Lett. 33, 1689–1697. doi: 10.1007/s10529-011-0620-x

Oh, S. J., Kim, Y. S., Kwon, C. W., Park, H. K., Jeong, J. S., and Kim, J. K. (2009). Overexpression of the transcription factor AP37 in rice improves grain yield under drought conditions. Plant Physiol. 150, 1368–1379. doi: 10.1104/pp.109.137554

Parent, B., Hachez, C., Redondo, E., Simonneau, T., Chaumont, F., and Tardieu, F. (2009). Drought and abscisic acid effects on aquaporin content translate into changes in hydraulic conductivity and leaf growth rate: a trans-scale approach. Plant Physiol. 149, 2000–2012. doi: 10.1104/pp.108.130682

Rahayu, Y. S., Walch-Liu, P., Neumann, G., Romheld, V., Von Wiren, N., and Bangerth, F. (2005). Root-derived cytokinins as long-distance signals for NO3–induced stimulation of leaf growth. J. Exp. Bot. 56, 1143–1152. doi: 10.1093/jxb/eri107

Ramegowda, V., Basu, S., Krishnan, A., and Pereira, A. (2014). Rice growth under drought kinase is required for drought tolerance and grain yield under normal and drought stress conditions. Plant Physiol. 166, 1634–1645. doi: 10.1104/pp.114.248203

Ren, B., Wang, M., Chen, Y., Sun, G., Li, Y., Shen, Q., et al. (2015). Water absorption is affected by the nitrogen supply to rice plants. Plant Soil 396, 397–410. doi: 10.1007/s11104-015-2603-5

Saini, H. S., and Westgate, M. E. (1999). Reproductive development in grain crops during drought. Adv. Agron. 68, 59–96. doi: 10.1016/S0065-2113(08)60843-3

Schraut, D., Heilmeier, H., and Hartung, W. (2005). Radial transport of water and abscisic acid (ABA) in roots of Zea mays under conditions of nutrient deficiency. J. Exp. Bot. 56, 879–886. doi: 10.1093/jxb/eri080

Shangguan, Z. P., Shao, M. A., and Dyckmans, J. (2000). Nitrogen nutrition and water stress effects on leaf photosynthetic gas exchange and water use efficiency in winter wheat. Environ. Exp. Bot. 44, 141–149. doi: 10.1016/S0098-8472(00)00064-2

Sharp, R. E. (2002). Interaction with ethylene: changing views on the role of abscisic acid in root and shoot growth responses to water stress. Plant Cell Environ. 25, 211–222. doi: 10.1046/j.1365-3040.2002.00798.x

Sharp, R. E., Poroyko, V., Hejlek, L. G., Spollen, W. G., Springer, G. K., Bohnert, H. J., et al. (2004). Root growth maintenance during water deficits: physiology to functional genomics. J. Exp. Bot. 55, 2343–2351. doi: 10.1093/jxb/erh276

Shatil-Cohen, A., Attia, Z., and Moshelion, M. (2011). Bundle-sheath cell regulation of xylem-mesophyll water transport via aquaporins under drought stress: a target of xylem-borne ABA? Plant J. 67, 72–80. doi: 10.1111/j.1365-313X.2011.04576.x

Shekoofa, A., and Sinclair, T. R. (2018). Aquaporin activity to improve crop drought tolerance. Cells 7:E123. doi: 10.3390/cells7090123

Siemens, J. A., and Zwiazek, J. J. (2003). Effects of water deficit stress and recovery on the root water relations of trembling aspen (Populus tremuloides) seedlings. Plant Sci. 165, 113–120. doi: 10.1016/S0168-9452(03)00149-3

Silva, E. N., Ribeiro, R. V., Ferreira-Silva, S. L., Viegas, R. A., and Silveira, J. A. G. (2010). Comparative effects of salinity and water stress on photosynthesis, water relations and growth of Jatropha curcas plants. J. Arid. Environ. 74, 1130–1137. doi: 10.1016/j.jaridenv.2010.05.036

Sripinyowanich, S., Klomsakul, P., Boonburapong, B., Bangyeekhun, T., Asami, T., Gu, H., et al. (2013). Exogenous ABA induces salt tolerance in indica rice (Oryza sativa L.): the role of OsP5CS1 and OsP5CR gene expression during salt stress. Environ. Exp. Bot. 86, 94–105. doi: 10.1016/j.envexpbot.2010.01.009

Tang, Z., Fan, X., Li, Q., Feng, H., Miller, A. J., Shen, Q., et al. (2012). Knockdown of a rice stelar nitrate transporter alters long-distance translocation but not root influx. Plant Physiol. 160, 2052–2063. doi: 10.1104/pp.112.204461

Waraich, E. A., Ahmad, R., Saifullah, and Ahmad, A. (2011). Water stress and nitrogen managment effects on gas exchange, water relations, and water use efficiency in wheat. J. Plant Nutr. 34, 1867–1882. doi: 10.1080/01904167.2011.600413

Wilkinson, S., Bacon, M. A., and Davies, W. J. (2007). Nitrate signalling to stomata and growing leaves: interactions with soil drying, ABA, and xylem sap pH in maize. J. Exp. Bot. 58, 1705–1716. doi: 10.1093/jxb/erm021

Xiong, D., Flexas, J., Yu, T., Peng, S., and Huang, J. (2017). Leaf anatomy mediates coordination of leaf hydraulic conductance and mesophyll conductance to CO2 in Oryza. New Phytol. 213, 572–583. doi: 10.1111/nph.14186

Xu, G., Fan, X., and Miller, A. J. (2012). Plant nitrogen assimilation and use efficiency. Annu. Rev. Plant Biol. 63, 153–182. doi: 10.1146/annurev-arplant-042811-105532

Yan, M., Fan, X., Feng, H., Miller, A. J., Sheng, Q., and Xu, G. (2011). Rice OsNAR2.1 interacts with OsNRT2.1, OsNRT2.2 and OsNRT2.3a nitrate transporters to provide uptake over high and low concentration ranges. Plant Cell Environ. 34, 1360–1372. doi: 10.1111/j.1365-3040.2011.02335.x

Yang, A., Dai, X., and Zhang, W. H. (2012). A R2R3-type MYB gene, OsMYB2, is involved in salt, cold, and dehydration tolerance in rice. J. Exp. Bot. 63, 2541–2556. doi: 10.1093/jxb/err431

Zdunek, E., and Lips, S. H. (2001). Transport and accumulation rates of abscisic acid and aldehyde oxidase activity in Pisum sativum L. in response to suboptimal growth conditions. J. Exp. Bot. 52, 1269–1276. doi: 10.1093/jxb/52.359.1269

Zhang, J., Jia, W., Yang, J., and Ismail, A. M. (2006). Role of ABA in integrating plant responses to drought and salt stresses. Field Crops Res. 97, 111–119. doi: 10.1016/j.fcr.2005.08.018

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Chen, Qi, Hu, Fan, Zhu, Iqbal, Yin, Xu and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-10-00197-g002.jpg
>

Relative expression level

0 1 2 6 12 24 72
Hours after drought stress treatment

m
N

Relative expression level
[N

0 1 2 6 12 24 72
Hours after drought stress treatment





OPS/images/fpls-10-00197-g001.jpg
Relative expression

b

i

B Well-watered
010% PEG6000

a a

A

OsNAR2.1 OsNRT2.1 OsNRT2.2 0sNRT2.3a OsNRT2.4





OPS/images/fpls-10-00197-g004.jpg
r1

r2 Ox1 Ox2

W
—
o =
o o

»
o

40

Survival (%)

20

i

b
l ﬁ
WT 11

r2 Ox1 Ox2






OPS/images/fpls-10-00197-g003.jpg
Stop the

WYJ OE1 OE2 OE3 WA1 WA2 WA3

OE-OsNRT2.1

OE-OsNRT2.3a

water supply

w
o

Survival (%)
N
o

10 f

WYJ OE1 OE2 OE3 WA1 WA2 WA3





OPS/images/fpls-10-00197-g006.jpg
A
c c
2 S
n3 w3
a n
o ]
2 e
=% g
3 3
02 o2
> >
s s
Kot jC)
[} ]
1 ©1
0 0
OsMYB2 OSNAC10 OSSNACTOSDREB2a OSAP37 OsP5CS1 OSRAB16C OsMYB2 OSNAC10 OSSNAC1OsDREB2a OSAP37 OsP5CS1OSRAB16C
4 r C 10 ¢ D
awWT
< ort c
S o8
w3 a ar2 ]
n n
o o
e -
S 26
X x
v, )
o o
> 2
g g4
] [
1 ©
2
0

OsMYB2 OsNAC10 OsSNAC10sDREB2a OsAP37 OsP5CS1OsRAB16C OsMYB2 OsNAC10 OsSNAC1OsDREB2a OsAP37 OsP5CS1 OsRAB16C





OPS/images/fpls-10-00197-g005.jpg
BWT or1 or2 mOx1 mOx2

C 50

(avds) 3uajuod ||Aydosojyd

- w o

DR

A 03

o o
(3ue|d/B) ssewolq jooy

(jowwyjown)
Aduaidyyg asn 133em

(s/;w/jown)
ajel o13ayjuAsoljoyd

o
S
=4
[m]

o o o o o
© ©0 < N

(%) 3ua3u0D 13)eM dAREIRY





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg






OPS/images/fpls-10-00197-g007.jpg
Kol

g 8 8 & °8 S —
m 3poiued 1ad Jaquinu uiels o  (yueld/B) plgIA uiein
% © ®

o © ©

= o x m

| e} e

o

o

= © ©

m © = ©

ES L s )

a © o

© ]
8 8 = ° g8 8 8 g
juerd -
< Jad Jaquinu J3||1} 3ARI3YT O (%) ae1 Buyas pasg

DR





OPS/images/logo.jpg
' frontiers
in Plant Science





