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Two Splicing Variants of OsNPF7.7 Regulate Shoot Branching and Nitrogen Utilization Efficiency in Rice









	 
	ORIGINAL RESEARCH
published: 08 March 2018
doi: 10.3389/fpls.2018.00300





[image: image]

Two Splicing Variants of OsNPF7.7 Regulate Shoot Branching and Nitrogen Utilization Efficiency in Rice

Weiting Huang1†, Genxiang Bai1,2†, Jie Wang1, Wei Zhu1, Qisen Zeng1,2, Kai Lu1, Shiyong Sun2 and Zhongming Fang1,2*

1Center of Applied Biotechnology, Wuhan Institute of Bioengineering, Wuhan, China

2National Key Laboratory of Crop Genetic Improvement, Huazhong Agricultural University, Wuhan, China

Edited by:
Jose M. Garcia-Mina, Universidad de Navarra, Spain

Reviewed by:
Yuanhu Xuan, Shenyang Agricultural University, China
Mustapha Arkoun, Agro Innovation International, France
Andrés Calderín García, Universidade Federal Rural do Rio de Janeiro, Brazil

*Correspondence: Zhongming Fang, zmfang@mail.hzau.edu.cn; zmfang88@163.com

†These authors have contributed equally to this work.

Specialty section: This article was submitted to Plant Nutrition, a section of the journal Frontiers in Plant Science

Received: 09 December 2017
Accepted: 21 February 2018
Published: 08 March 2018

Citation: Huang W, Bai G, Wang J, Zhu W, Zeng Q, Lu K, Sun S and Fang Z (2018) Two Splicing Variants of OsNPF7.7 Regulate Shoot Branching and Nitrogen Utilization Efficiency in Rice. Front. Plant Sci. 9:300. doi: 10.3389/fpls.2018.00300

Rice includes 93 nitrate and peptide transporters family (NPF) members that facilitate the soil uptake and internal reallocation of nitrogen for growth and development. This study demonstrated that OsNPF7.7 had two splicing variants, and altered expression of each variant could regulate shoot branching and nitrogen utilization efficiency (NUtE) in rice. The expression of both variants was down-regulated in the buds by increased nitrogen level in the Japonica rice variety ZH11. The expression level of long-variant OsNPF7.7-1 was higher in panicles at reproductive stage, however, the expression level of short-variant OsNPF7.7-2 was higher in buds and leaves at vegetative stage compared to each other in ZH11. OsNPF7.7-1 was localized in the plasma membrane, whereas OsNPF7.7-2 was localized in the vacuole membrane. Furthermore, the results indicated that the expression level of each variant for OsNPF7.7 determined axillary bud outgrowth, and then influenced the rice tiller number. Overexpression of OsNPF7.7-1 could promote nitrate influx and concentration in root, whereas overexpression of OsNPF7.7-2 could improve ammonium influx and concentration in root. RNAi and osnpf7.7 lines of OsNPF7.7 showed an increased amount of amino acids in leaf sheaths, but a decreased amount in leaf blades, which affected nitrogen allocation and plant growth. The elevated expression of each variant for OsNPF7.7 in ZH11 enhanced NUtE using certain fertilization regimes under paddy field conditions. Moreover, overexpression of each variant for OsNPF7.7 in KY131 increased significantly the filled grain number per plant. Thus, increased each variant of OsNPF7.7 has the potential to improve grain yield and NUtE in rice.
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INTRODUCTION

The application of nitrogen is one possible measure to obtain higher yield, and China applies more nitrogen fertilizers than any other country in the world (Narits, 2010). The loss of nitrogen is not only a serious waste of limited nutrient resources, but also negatively affects the environment through water and air emissions, eutrophication, ground water pollution, and soil acidification (McAllister et al., 2012). A potential solution to this issue could be the increase of nitrogen use efficiency (NUE) in crop plants, including rice (Xu et al., 2012). NUE is divided into two components: N uptake efficiency (NUpE) and Nitrogen utilization efficiency (NutE) (Han et al., 2015). Therefore, NUE is a crucial strategy to increase the grain yield, which is mainly controlled by tiller number per plant, grain number per panicle, and thousand-grain weight in rice (Li et al., 2003; Liang et al., 2014).

Rice tiller experience two distinct stages in its development: the formation of an axillary bud at each leaf axil and the outgrowth of the axillary bud (Li et al., 2003). Nitrogen could enhance the metabolism of carbon and nitrogen, and the synthesis of endogenous hormones such as cytokinin, and then promote the elongation of axillary bud and the production of tiller (Sakakibara et al., 2006; Ohashi et al., 2017). Plants have evolved multiple transport systems to facilitate nitrogen uptake from the soil and internal reallocation involving in growth and development including rice tiller number (Rentsch et al., 2007; Tsay et al., 2007; Hu et al., 2015). Among Rice 93 nitrate and peptide transporters family (NPF) transporters (NPF: NRT1, low-affinity nitrate transporter; PTR, di/tripeptide transporter) (Zhao et al., 2010; Léran et al., 2014), only nine members have been functionally studied. OsNRT1 (OsNPF8.9) is a low-affinity nitrate transporter (Lin et al., 2000). SP1 (OsNPF4.1) determines the rice panicle size (Li et al., 2009). OsPTR6 (OsNPF7.3) transports di/tripeptides (Ouyang et al., 2010) and improves rice growth (Fan et al., 2014). Overexpression of the splicing gene OsPTR9 (OsNPF8.20-2) enhances tiller number and NUtE in rice (Fang et al., 2013).

The rice nitrate transporter OsNPF2.4 functions in low-affinity acquisition and long-distance transport (Xia et al., 2015). OsNRT1.1B (OsNPF6.5) Indica variant enhances nitrate uptake, tiller number and NUtE in rice (Hu et al., 2015). Disruption of the rice nitrate transporter OsNPF2.2 inhibits the root-to-shoot nitrate transport and impedes vascular development (Li et al., 2015). Knockdown of low-affinity nitrate transporter OsNPF7.2 retards rice growth under high nitrate supply (Hu et al., 2016). OsPTR7 (NPF8.1-1) is involved in dimethyl arsenate accumulation in rice grains (Tang et al., 2017). Furthermore, OsNPF7.3 is induced by organic nitrogen, and contributes to tiller number and grain yield (Fang et al., 2017).

Among the important genes identified in previous studies, we identified OsNRT1 (OsNPF8.9-1, Lin et al., 2000), OsPTR9 (OsNPF8.20-2, Fang et al., 2013), OsNPF2.4-1 (Xia et al., 2015), and OsPTR7 (OsNPF8.1-1, Tang et al., 2017) as alternative splicing genes in the OsNPF family by searching the Rice Genome Sequence Annotation1. As we know, alternative splicing is a pattern to increase proteins and enrich the function of a gene (Graveley, 2001). So we speculated that the NPF gene with splicing variants may play an important role in nitrogen translocation and rice growth. In this study, we determined that altered expression of both splicing variants of OsNPF7.7 (OsPTR10) in the NPF family could regulate shoot branching and NUtE in rice. The results could provide diverse alternatives for splicing formation and regulation with respect to function research and NUtE of OsNPF splicing members in rice.

MATERIALS AND METHODS

The Acquisition of Transgenic Rice With Altered Expression of OsNPF7.7

A cDNA 1,710 bp fragment of OsNPF7.7-1 or a cDNA 1,428 bp fragment of OsNPF7.7-2, containing the open reading frame (ORF) of each OsNPF7.7 variant, was inserted downstream of the 35S promoter in pCAM1301 with BglII and AflII, respectively, producing OsNPF7.7-1 or OsNPF7.7-2 overexpression plasmid. To generate OsNPF7.7 RNAi construct, two 263 bp cDNA fragments in common sequence of both variants for OsNPF7.7 were amplified by PCR and inserted downstream of the Ubi-1 promoter in rice RNAi vector pTCK303 (Wang et al., 2004) with BamHI/KpnI and SpeI/SacI, respectively. The homozygous T-DNA insertion mutant osnpf7.7 in ZH11 background was obtained from the Rice Mutant Database of Huazhong Agricultural University (Mutant ID: 04Z11EH19, T-DNA was inserted at site 1091 bp below the first ATG in OsNPF7.72). To generate OsNPF7.7-GFP, OsNPF7.7-1 or OsNPF7.7-2 ORF (lacking the stop codon) was amplified by PCR and was cloned in front of the green fluorescent protein (GFP) coding region in pCAM1302 vector3 with BglII and SpeI, respectively. Agrobacterium strain EHA105 mediated vectors were further transformed into the Japonica rice varieties ZH11 or KY131 (Hiei et al., 1997). The T2 or T3 transgenic lines were used for PCR detection. All the primers were listed in Supplementary Table S1.

Subcellular Localization of OsNPF7.7

To determine the subcellular localization of both variants of OsNPF7.7, p35S-OsNPF7.7-1-GFP, p35S-OsNPF7.7-2-GFP, and p35S-GFP were transformed into rice protoplasts as described previously (Li et al., 2015). Protoplasts were acquired from leaf sheaths of rice seedlings after sowing for 7–15 days. The co-expressed markers were plasma membrane protein OsMCA1 fusing with mCherry (Kurusu et al., 2012) and vacuole membrane protein AtTPK fusing with mkate (Voelker et al., 2006). The fluorescence was observed using a confocal laser scanning microscope (Leica SP8 AOBS, Wetzlar, Germany).

Rice Growth Under Greenhouse Conditions

Germinated seeds were cultured at 28°C under white light with a 16 h light/8 h dark photoperiod for 14 days by basic rice culture solution (Yoshida et al., 1976). The composition of the basic rice solution was as follows: 1.0 mM NH4NO3, 0.32 mM NaH2PO4, 0.51 mM K2SO4, 1 mM CaCl2, 1.65 mM MgSO4, 8.9 μM MnSO4, 0.5 μM Na2MoO4, 18.4 μM H3BO3, 0.14 μM ZnSO4, 0.16 μM CuSO4, and 40 μM FeSO4. The nitrogen content was adjusted in each experiment. Hydroponic experiments were conducted in the hydroponic culture box with size 525 mm × 360 mm × 230 mm covering with cystosepiment by the basic rice culture solution under greenhouse condition. To analyse OsNPF7.7-1 and OsNPF7.7-2 expression in the presence of different nitrogen sources, seedlings of ZH11 variety were grown in the basic rice culture solution supplemented with one of the following as a sole nitrogen source: 0.5 mM NaNO3, 2.0 mM NaNO3, 5.0 mM NaNO3, 0.25 mM (NH4)2SO4, 1.0 mM (NH4)2SO4, 2.5 mM (NH4)2SO4, 0.25 mM NH4NO3, 1.0 mM NH4NO3, or 2.5 mM NH4NO3. The nutrient solution was renewed every 3 days. Samples were harvested for RNA extraction after 3 weeks. To analyze OsNPF7.7-1 and OsNPF7.7-2 expression in the different tissues of rice, seedlings ZH11 were grown in hydroponic culture box with size 525 mm × 360 mm × 230 mm by the soil under greenhouse condition continuously. Samples were harvested for RNA extraction at vegetative stage and reproductive stage. The greenhouse condition is 32°C for sodium lamp 400 w 14 h in the daytime and 25°C for dark 10 h in the evening.

Rice Growth Under Paddy Field Conditions

The rice grew in paddy at season June to October from year 2014 to 2017 at rice experimental field of Huazhong Agricultural University. The 1/3 of the total amount of fertilizer (N/P2O5/K2O = 19%/7%/14%; Hubei Batewang Chemical Co., Ltd.) was applied before seedling transplanting, 1/3 at tillering stage and 1/3 at heading stage. The initial nitrogen level of soil paddy was 30 kg/hm2. Generally, the number of rice plants was 30 for each experiment and the planting density was 19.98 cm × 19.98 cm. For the field yield trials, the number of rice plants was 100 for each transgenic plants and ZH11. For paddy field test of fertilization regimes, the amount of NH4NO3 treatment was 0, 90, 180, and 270 kg/hm2. For each treatment, nitrogen was fractionated: 1/3 of the total amount at seedling transplanting, 1/3 at tillering stage and 1/3 at heading stage. Phosphorus and potassium provided as KH2PO4 and KCl, respectively, were applied before transplanting at the amount of 180 kg/hm2 for all treatments.

Nitrogen Influx, Concentration, and Utilization Efficiency Analysis

To analysis the nitrate and ammonium influx and concentration, 2 week seedlings of ZH11, and transgenic plants of OsNPF7.7 were placed in basic rice culture solution without nitrogen for 3 days. The nitrogen-starved seedlings were transferred to culture solution containing 2.0 mM NaNO3 or 1.0 mM (NH4)2SO4 for 24 h. NO3- influx was calculated as the difference in NO3- concentration between the 2.0 mM nitrate-treatment and nitrate-starved plants in an hour. NO3- concentration was determined by the colorimetric method (Cai et al., 2009). Ammonium influx was calculated as the difference in NH4+ concentration between the 2.0 mM ammonium-treatment and ammonium-starved plants in an hour. Ammonium concentration was measured by the colorimetric method (Kemsley et al., 2001). Total free amino acid concentration was measured by the ninhydrin method (Fang et al., 2013). Sole free amino acid concentration was measured by HPLC method using amino acid analyzer L-8800 HITACHI. Total nitrogen content and total protein content were determined using the semi-micro Kjeldahl method by using a nitrogen analyzer (Smart Chem 200, Westco, Italy). NUtE was determined as grain dry weight (g)/[total N in grain (g) + total N in straw (g)].

RNA Extraction and qRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Beijing, China). First-strand cDNA was synthesized using oligo (dT) primers and MLV reverse transcriptase (TaKaRa Bio, Beijing, China). qRT-PCR was carried out using SYBR Green Premix (TaKaRa Bio) and monitored with the 7500 qRT-PCR system (Applied Biosystems, Foster City, CA, United States). To detection the expression level of two variants for OsNPF7.7, the primers sites for longer variant OsNPF7.7-1 were situated at the sequence of variant OsNPF7.7-1 its own, and the primers of OsNPF7.7-2 were designed at the common sequence of both two variants. Next, the actual expression amount of variant OsNPF7.7-2 was that both variants amount of OsNPF7.7 deduced the amount of OsNPF7.7-1. The primers for qRT-PCR were listed in Supplementary Table S1.

Bud Outgrowth Analysis

To analyze bud outgrowth of different transgenic plants of OsNPF7.7, 2 week seedlings were grown in hydroponic culture box with size 525 mm × 360 mm × 230 mm in the rice culture solution under greenhouse condition. The greenhouse condition is 32°C for sodium lamp 400 w 14 h in the daytime and 25°C for dark 10 h in the evening. The nutrient solution was renewed every 3 days. The length of bud outgrowth was measured using a stereo microscope with ImageJ software.

Statistical Analysis

For all treatments, the statistical differences were indicated by asterisks, and the student’s t-test allowing the determination of the significance between two sets of data was performed using the SPSS 10 software (IBM, Inc.). Significant levels: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05; NSp > 0.05.

RESULTS

Two Splicing Variants of OsNPF7.7 Have Different Expression Patterns

We found that OsNPF7.7 in the OsNPF family has two splicing variants (the long-splicing variant OsNPF7.7-1 and the short-splicing variant OsNPF7.7-2) with different exons (Figure 1A). The splicing proteins were localized at the membrane and contained 11 transmembrane helices in the long variant and nine in the short variant (Figure 1B). To gain insight into the comprehensive roles of the alternative splicing mRNA forms of OsNPF7.7 in response to various forms of nitrogen in rice, their expression patterns were investigated by qRT-PCR using inorganic nitrogen (NO3-, NH4+, or NH4NO3) as a sole nitrogen source. Higher levels of long splicing mRNA existed in OsNPF7.7, indicating that different mRNA splicing forms of a gene were expressed selectively in response to the form of nitrogen. In response to all nitrogen treatments, the expression of OsNPF7.7-2 was downregulated in the roots (Figure 1C) and axillary buds (Figure 1D) from low to high nitrogen concentration, whereas the expression of OsNPF7.7-1 was downregulated only in the axillary buds (Figures 1C–E). To further determine the expression level of two splicing variants for OsNPF7.7 in rice, qRT-PCR experiment of each variant for OsNPF7.7 was measured with different rice tissues (Figure 1F). The result showed that the expression of OsNPF7.7-1 is higher in panicles at reproductive stage, however, the expression of OsNPF7.7-2 is higher in buds and leaves at vegetative stage compared to each other (Figure 1F).
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FIGURE 1. Two splicing variants of OsNPF7.7 have different expression patterns. Gene structure (A) and transmembrane domains (B) of two splicing variants for OsNPF7.7. Root (C), axillary bud (D), and leaf (E) expression patterns of splicing variants for OsNPF7.7 under different nitrogen conditions. (F) The expression pattern of OsNPF7.7-1 and OsNPF7.7-2 variants in different rice tissues. The pink lines represent extracellular membrane domains in (B), and the blue lines represent intracellular membrane domains in (B). The solid red boxes represent transmembrane domains in (B), and the hollow red box represents specific domain of OsNPF7.7-1 in (B). Panicle 1 represents early booting stage panicle in (F), panicle 2 represents late booting stage panicle in (F), panicle 3 represents early heading stage panicle in (F), panicle 4 represents late heading stage panicle in (F), and panicle 5 represents filling stage panicle in (F). Seedlings of ZH11 for different nitrogen treatments (C–E) were cultured 3 weeks under greenhouse condition in the basic rice culture solution containing one of the following as a sole nitrogen source: 0.5 mM KNO3 (N1), 2.0 mM KNO3 (N2), 5.0 mM KNO3 (N3), 0.25 mM (NH4)2SO4 (N4), 1 mM (NH4)2SO4 (N5), 2.5 mM (NH4)2SO4 (N6), 0.25 mM NH4NO3 (N7), 1 mM NH4NO3 (N8), or 2.5 mM NH4NO3 (N9). Seedlings of ZH11 for expression pattern in different rice tissues (F) were cultured under greenhouse condition in the soil pots. All samples were collected for RNA extraction. Three replicates have been used for each experiment. Significant levels (N2 or N3 VS. N1; N5 or N6 VS. N4; N8 or N9 VS. N7; Variant OsNPF7.7-1 VS. Variant OsNPF7.7-2): ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05; NSp > 0.05. Error bars depict the SD (n = 3).



Subcellular Localization of OsNPF7.7

To determine the intracellular localization of OsNPF7.7, we found that the 35S: GFP (control) produced green fluorescence in the plasma membrane and the nucleus (Figures 2A–C), but the transient expression of the long variant OsNPF7.7-1-GFP in rice protoplasts produced green fluorescence in the plasma membrane (Figures 2D–F), whereas that of the short variant OsNPF7.7-2-GFP produced green fluorescence in the vacuole membrane (Figures 2G–I). Furthermore, the results showed that the OsNPF7.7-1-GFP fusion protein signal was localized at plasma membrane (Figures 2J–L) with overlap signal of the plasma membrane marker OsMCA1 fusing with mCherry, and OsNPF7.7-2-GFP fusion protein signal was localized at vacuolar membrane (Figures 2M–O) with overlap signal of vacuolar membrane marker AtTPK fusing with mkate. Overall, these data indicated that two variants of OsNPF7.7 had different localization patterns.
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FIGURE 2. Two splicing variants of OsNPF7.7 are localized at different membranes. (A–C) Free GFP expression in rice protoplasts. (D–F) OsNPF7.7-1-GFP expression in rice protoplasts. (G–I) OsNPF7.7-2-GFP expression in rice protoplasts. (J–L) OsNPF7.7-1-GFP co-expression with the plasma membrane protein OsMCA1 fusing with mCherry in rice protoplasts. (M–O) OsNPF7.7-2-GFP co-expression with vacuolar membrane protein AtTPK fusing with mkate in rice protoplasts. Fluorescence images of GFP (A,D,G), mcherry (J), and mkate (M), corresponding bright-field images (B,E,H,K,N), and merged images (C,F,I,L,O). Three replicates have been used for each experiment. Bars = 5 μm (A–L).



Altered Expression of Both Variants of OsNPF7.7 Controls Tiller Number Through Regulation of Axillary Bud Outgrowth

To determine the function of OsNPF7.7 in rice plants, we generated OsNPF7.7 overexpressing and RNAi transgenic rice plants (Figure 3). The tiller number of OsNPF7.7-1 overexpressing lines (OE1-1, OE1-2; Figures 3B,C,K,L) and OsNPF7.7-2 overexpressing lines (OE2-1, OE2-2; Figures 3D,E,K,L) was superior to that of ZH11 (Figures 3A,K,L). RNAi lines (common sequence RNAi of two variants for OsNPF7.7) showed a relatively low tiller number, dwarfism, and short panicles (Figures 3F,G,K,L). Therefore, the tiller number of mutant osnpf7.7 (common sequence knockout of two variants for OsNPF7.7) was significantly lower than that of ZH11 (Figures 3H,K,L), but the tiller number was majorly recovered when either variant of OsNPF7.7 was overexpressed in osnpf7.7 (Figures 3I–L).
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FIGURE 3. Phenotype of paddy field-grown OsNPF7.7 transgenic plants in ZH11. Phenotype of paddy field-grown wild-type plants ZH11 (A) and OsNPF7.7-1-overexpressing in ZH11 background lines (OE1-1 and OE1-2; B,C), OsNPF7.7-2-overexpressing in ZH11 background lines (OE2-1 and OE2-2; D,E), OsNPF7.7-RNAi lines (Ri-1 and Ri-2; F,G), osnpf7.7 (H), OsNPF7.7-1-overexpressing in osnpf7.7 background line (I), and OsNPF7.7-2-overexpressing in osnpf7.7 background line (J). Mutant osnpf7.7 was crossed with each overexpression lines OE1-1 or OE2-1, and F2 plants were used in experiments. Expression of OsNPF7.7-1 and OsNPF7.7-2 in the leaves (K) and the tiller number (L) were measured. Three replicates have been used for each experiment. Significant levels (each transgenic line VS. ZH11): ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Error bars depict the SD (n = 30). Bar = 15 cm (A–J).



To further examine whether OsNPF7.7 regulated the axillary bud formation or axillary bud elongation and controlled the rice tiller number, we tested the responses of OsNPF7.7 transgenic plants raised in hydroponic culture. The results showed that the length of first (Figures 4A,B) and second (Figures 4A,C) axillary buds of OE1 and OE2 plants were longer at the seedling stage than those of ZH11, but the length of buds was shorter in RNAi lines and osnpf7.7 plants than that in ZH11 (Figures 4A–C). Furthermore, the expression of OsNPF6.5 (Figure 4D) and OsAMT1.2 (Figure 4F) increased in OE1 lines; the expression of OsNR (Figure 4E), OsAMT1.2 (Figure 4F) and OsGS1.2 (Figure 4G) increased in OE2 lines; and the expression of OsNPF6.5 (Figure 4D), OsNR (Figure 4E), OsAMT1.2 (Figure 4F), and OsGS1.2 (Figure 4G) decreased significantly in Ri and osnpf7.7 plants. Furthermore, we indicated that overexpression of OsNPF7.7-1 promoted the nitrate influx (Supplementary Figure S1A) and nitrate concentration in rice (Supplementary Figure S1B), whereas overexpression of OsNPF7.7-2 enhanced significantly the ammonium influx (Supplementary Figure S1C) and concentration in rice (Supplementary Figure S1D). The expression of the outgrowth bud elongation marker OsFC1 dramatically decreased in OE1 and OE2 lines, but increased in RNAi and osnpf7.7 plants (Figure 4H). In addition, the strigolactone signaling gene OsD3 also decreased in OE1 and OE2 lines, but increased in RNAi and osnpf7.7 plants (Figure 4I).
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FIGURE 4. Phenotype of axillary bud outgrowth and expression of related gene of OsNPF7.7 transgenic plants in ZH11. (A) Axillary buds were cultured in the basic rice culture solution containing 1 mM NH4NO3 under greenhouse condition at 27 days after sowing. First bud length (B) and second bud length (C) was measured at 21–33 days after sowing. Relative expression levels of OsNPF6.5 (D), OsNR (E), OsAMT1.2 (F), and OsGS1.2 (G) was measured in the root of transgenic plants at 27 days after sowing. Relative expression level of OsFC1 (H) and OsD3 (I) was measured in the axillary bud of transgenic plants at 27 days after sowing. Three replicates have been used for each experiment. Significant levels (each transgenic line VS. ZH11): ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Error bars depict the SD (n = 3). Bar = 1 mm (A).



Effects of Two Splicing Variants of OsNPF7.7 on Nitrogen Translocation to the Leaves and Recycling to the Panicle

To investigate the reasons that OsNPF7.7 affects the rice tiller number, we measured the free amino acid and total nitrogen content in the roots, stems, and leaves of OE, Ri, and osnpf7.7 lines (Figure 5). The results showed that the free amino acid content was higher in the roots of Ri and osnpf7.7 plants than in those of ZH11, but lower in the leaves (Figure 5A). The amino acids that mainly accumulated in the root of Ri and osnpf7.7 plants were Asp, Thr, Ser, Ala Lys, Gln, Arg, and Pro; of these, only Ser was lower in the leaves (Supplementary Table S2). The free amino acid content in the stem of the two variant OE lines was lower (Figure 5A) than in those of ZH11, and the amino acids that showed the higher reduction were Asp, Thr, Ser, Gly, Ala, Met, Ile, Leu, Tyr, Phe, His, Arg, and Pro (Supplementary Table S2). Nevertheless, the free amino acid content of OE1 and OE2 plants was relatively higher in the root and leaves than in those of ZH11, but lower in the stem (Figure 5B). Furthermore, we found that the free amino acid content was relatively higher in the roots of Ri and osnpf7.7 plants than in those of ZH11, but lower in the leaves (Figure 5B). Nevertheless, the total nitrogen content of OE1 and OE2 lines was relatively higher in all organs than in those of ZH11, but lower in Ri and osnpf7.7 plants (Figure 5C). Therefore, both splicing variants of OsNPF7.7 participated in nitrogen allocation from the roots to the leaves and affected rice growth and development.
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FIGURE 5. Amino acid and total nitrogen content in ZH11 transgenic plants. Total amino acid concentration (A), total amino acid content per part (B), and total nitrogen content per part (C) of 3-month-old cultured ZH11 and transgenic seedlings using basic rice culture solution supplemented with 1.0 mM NH4NO3 as a nitrogen source. OE1, OE2, and Ri indicated that mixed equal-amount which extracted from each three OE1, OE2, and Ri lines, respectively. Three replicates have been used for each experiment. Significant levels (each transgenic line VS. ZH11): ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Error bars depict the SD (n = 3).



The effects of altered OsNPF7.7 expression on agronomic traits associated with the grain number were evaluated using paddy field-grown plants (Figure 6A). The primary branch number per panicle (Figure 6B), secondary branch number per panicle (Figure 6C), panicle length (Figure 6D), and filled grain number per panicle (Figure 6E) of OE2 lines were significantly greater than those of ZH11 and markedly higher than that in OE1 lines. Nevertheless, the same indices of Ri and osnpf7.7 plants were significantly lower than those of ZH11 (Figures 6B–E). Therefore, we indicated that two splicing variants of OsNPF7.7 also regulate the panicle branching in rice.
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FIGURE 6. Phenotype of panicle at the mature stage of transgenic plants in ZH11. Phenotype of panicle at the mature stage (A), primary branch number per panicle (B), secondary branch number per panicle (C), panicle length (D), and filled grain number per panicle (E) of paddy field-grown ZH11 transgenic plants at mature stage. Three replicates have been used for each experiment. Significant levels (each transgenic line VS. ZH11): ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Error bars depict the SD (n = 30). Bar = 3 cm (A).



Overexpression of Both Splicing Variants for OsNPF7.7 Increases Grain Yield and Enhances Nitrogen Utilization Efficiency

To further understand the potential practical application of OsNPF7.7, we evaluated the NUtE of transgenic plants in different concentrations of fertilizer under paddy field conditions. The results showed that NUtE of OE1 and OE2 lines was almost the same as that of ZH11, but the NUtE of Ri and osnpf7.7 plants was lower in the no-nitrogen fertilizer treatment (Figure 7A). Overexpression of either OsNPF7.7 variant led to better NUtE than that of ZH11 (Figures 7B–D). The NUtE of Ri and osnpf7.7 plants decreased in all nitrogen treatments (Figures 7B–D).
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FIGURE 7. Nitrogen utilization efficiency under different nitrogen treatments of transgenic plants in ZH11. Nitrogen utilization efficiency at 0 kg hm-2 NH4NO3 (A), 90 kg hm-2 NH4NO3 (B), 180 kg hm-2 NH4NO3 (C), and 270 kg hm-2 NH4NO3 (D). The number of rice plants was 100 for each transgenic plants and ZH11. Three replicates have been used for each experiment. Significant levels (each transgenic line VS. ZH11): ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Error bars depict the SD (n = 3).



Our study showed that OsNPF7.7 played an important role in regulating tiller number and NUtE. Overexpression of both OsNPF7.7-1 and OsNPF7.7-2 in KY131, which is a Japonica rice variety with the largest planting area in China, greatly increased the tiller number (Supplementary Figures S2A–E) and the effective panicle number per plant (Supplementary Figures S2F–K). The effective panicle number per plant was higher than that in OE1 and OE2 lines, whereas that of KY131 was about 23 (Supplementary Figures S2F–K). Furthermore, OE1 and OE2 lines had a significantly higher filled grain number per plant than did KY131 plants (Supplementary Figure S2L). Therefore, both variants of OsNPF7.7 enhanced rice grain yield by increasing the tiller number, effective panicle number, and filled grain number.

DISCUSSION

Two Variants of OsNPF7.7 Have Similar Expression Patterns Response to Nitrogen in Axillary Buds but Some Divergent Functions in Rice

Alternative splicing is one of patterns to increased functions of a gene at post transcriptional level (Kriventseva et al., 2003). In the present study, the newly found two variants of gene OsNPF7.7 in the NPF family could be assigned by nitrogen sources, and the level of each variant depended on the concentration of external nitrogen source. The expression of OsNPF7.7-1 and OsNPF7.7-2 was downregulated in axillary buds at high external nitrogen concentration (Figure 1D). qRT-PCR also indicated that the gene was highly expressed in the axillary buds and panicle (Figure 1F). Therefore, we suggest that the gene function might be related to branching growth and development.

The long-splicing variant was localized in the plasma membrane, whereas the short-splicing variant in the vacuole membrane, probably because the former had the longest sequence at the N terminus, which determines the localization. It has been shown that some NPF family members are localized in the plasma membrane (Fang et al., 2013; Hu et al., 2015; Tang et al., 2017), and some are localized in the tonoplast membrane (Li et al., 2015; Hu et al., 2016). Therefore, the different localizations of two variants of OsNPF7.7 suggest that each variant may functioned in different nitrogen transport process. In this study, our result indicated that overexpression of OsNPF7.7-1 could increase nitrate influx and concentration, whereas overexpression of OsNPF7.7-2 could enhance ammonium influx and concentration (Supplementary Figure S1). This demonstrated that OsNPF7.7-1 and OsNPF7.7-2 could balance the nitrate and ammonium uptake and storage at the plasma and vacuole membrane. Similarly, OsNPF8.20-2 has been shown to positively influence the uptake of ammonium in rice, but not to directly transport ammonium (Fang et al., 2013).

Enhanced Expression of Each Variants for OsNPF7.7 Could Increase Rice Tiller Number by Promoting the Outgrowth of Axillary Bud

In rice, nitrogen nutrition can regulate root branching (López-Bucio et al., 2003; Walch-Liu et al., 2006). However, the regulation mechanism of tiller number via nitrogen fertilization remains unclear. The high-affinity transporter OsNRT2.3 was a previously reported gene that has two variants, which differ in the regulation of rice growth and development. OsNRT2.3a is primarily expressed in root stellar cells (Tang et al., 2012), whereas OsNRT2.3b in the shoot phloem (Fan et al., 2016). Importantly, OsNRT2.3b regulates NUE (Fan et al., 2016). In addition, it was found that OsNPF8.20-2 (Fang et al., 2013) and OsNPF6.5 (Hu et al., 2015) regulate the tiller number, but the underlying mechanism was not clarified. In our study, we indicated that the two variants of OsNPF7.7 controlled the tiller number (Figure 3) by regulating the axillary bud outgrowth (Figure 4). Previously, it has been reported that OsGS1.2, a key gene in nitrogen assimilation, was implicated in the regulation of axillary bud elongation (Ohashi et al., 2015, 2017). Our results showed that the expression of OsGS1.2 was upregulated by the overexpression of OsNPF7.7-2 and down-regulated by RNAi and osnpf7.7 (Figure 4). Besides, overexpression of OsNPF7.7-1 up-regulated the expression of the nitrate transporter OsNPF6.5, which regulates nitrate transport and tiller number in rice (Hu et al., 2015).

Additionally, the bud outgrowth marker OsFC1 is required for axillary bud outgrowth and has been reported to decrease the tiller number (Minakuchi et al., 2010; Guo et al., 2013). And the strigolactone signaling gene OsD3 also participates in the repression of the tiller number in rice (Jiang et al., 2013; Zhou et al., 2013). In the present study, we showed that overexpression of each variant for OsNPF7.7 down-regulated the expression of OsFC1 and OsD3, but RNAi and osnpf7.7 up-regulated the expression of OsFC1 and OsD3. Thus, both nitrogen and hormone processes might coordinate to regulate bud outgrowth, since previous study indicated that OsGS1.2 increased the concentration of strigolactone (Yamaya and Kusano, 2014). Furthermore, the two kinds of overexpressing transgenic plants have almost the same phenotype of outgrowth bud. This is possible that enhanced expression of each variant could promote the elongation of the tiller buds by influencing the different nitrogen forms, since overexpression of OsNPF7.7-1 promotes nitrate influx and concentration and overexpression of OsNPF7.7-2 promotes ammonium influx and concentration (Supplementary Figure S1), and these two nitrogen forms are needed for plant growth and rice tillering (Fang et al., 2013; Hu et al., 2015; Tegeder and Masclaux-Daubresse, 2018).

Both Variants of OsNPF7.7 Have the Potential to Improve Grain Yield and Nitrogen Utilization Efficiency in Rice

In rice, the tiller number determines the potential effective panicle number (Yan et al., 1998; Xing and Zhang, 2010). Furthermore, it has been reported that the grain number per land area unit can be increased by increasing the panicle number or the grain number per panicle (Khush, 1995). In this study, we showed an increased effective panicle number and filled grain number accompanied by an increased tiller number in OsNPF7.7-1 and OsNPF7.7-2 overexpressing lines in KY131 (Supplementary Figure S2). Since the use of membrane transporters can improve crops and thus contribute to sustainable food production (Schroeder et al., 2013). Therefore, our results indicate that overexpression of each variant for OsNPF7.7 could enhance rice grain yield by increasing of tiller number.

Transporters for nitrogen acquisition are essential for NUE (Tegeder, 2014). Although some efforts have been made in various plants, the improvement of NUE in crops is very limited (Li et al., 2017). In the present study, we found that enhanced expression of each variant for OsNPF7.7 had better NUtE in the high-nitrogen and low-nitrogen treatments than that in ZH11, but no significant difference was found in the no-nitrogen treatment. These results suggest that overexpression of both variants for OsNPF7.7 promotes and accelerates nitrogen translocation from the roots to the leaves and from the straws to the seeds, but had no effect on NUtE when nitrogen concentration in the environment was very low. It has been reported that overexpression of OsNPF7.3 did not increase NUE in high ammonium supply (Fan et al., 2014). However, both variants of OsNPF7.7 differed from OsNPF7.3 with respect to the regulation of NUE, although both genes belong to the NPF subfamily. Overall, we showed that two variants of OsNPF7.7 regulate shoot branching and NUtE in rice.

AUTHOR CONTRIBUTIONS

ZF designed the research. ZF, WH, GB, JW, WZ, QZ, and KL performed the experiments. ZF, WH, and SS drafted the manuscript.

FUNDING

This research was supported by grants from the National Natural Science Foundation of China (31301250 and 31701990), Ministry of Agriculture transgenic major projects (2016ZX08001-003), the National Key Research and Development Program (2016YFD0100700), Hubei Natural Science Foundation (2017CFB696), Chinese Postdoctoral Science Foundation (2015M582243), State Key Laboratory of Rice Biology (160203), and the scientific research projects of Hubei Education Department (B2017293).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.00300/full#supplementary-material

FOOTNOTES

1 http://rice.plantbiology.msu.edu/

2 http://rmd.ncpgr.cn/

3 http://www.cambia.org

REFERENCES

Cai, H., Zhou, Y., Xiao, J., Li, X., Zhang, Q., and Lian, X. (2009). Overexpressed glutamine synthetase gene modifies nitrogen metabolism and abiotic stress responses in rice. Plant Cell Rep. 28, 527–537. doi: 10.1007/s00299-008-0665-z

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

Fan, X., Xie, D., Chen, J., Lu, H., Xu, Y., Ma, C., et al. (2014). Over-expression of OsPTR6 in rice increased plant growth at different nitrogen supplies but decreased nitrogen use efficiency at high ammonium supply. Plant Sci. 227, 1–11. doi: 10.1016/j.plantsci.2014.05.013

Fang, Z., Bai, G., Huang, W., Wang, Z., Wang, X., and Zhang, M. (2017). The rice peptide transporter OsNPF7.3 is induced by organic nitrogen, and contributes to nitrogen allocation and grain yield. Front. Plant Sci. 8:1338. doi: 10.3389/fpls.2017.01338

Fang, Z., Xia, K., Yang, X., Grotemeyer, M. S., Meier, S., Rentsch, D., et al. (2013). Altered expression of the PTR/NRT1 homologue OsPTR9 affects nitrogen utilization efficiency, growth and grain yield in rice. Plant Biotechnol. J. 11, 446–458. doi: 10.1111/pbi.12031

Graveley, B. R. (2001). Alternative splicing: increasing diversity in the proteomic world. Trends Genet. 17, 100–107. doi: 10.1016/S0168-9525(00)02176-4

Guo, S., Xu, Y., Liu, H., Mao, Z., Zhang, C., Ma, Y., et al. (2013). The interaction between OsMADS57 and OsTB1 modulates rice tillering via DWARF14. Nat. Commun. 4:1566. doi: 10.1038/ncomms2542

Han, M., Okamoto, M., Beatty, P. H., Rothstein, S. J., and Good, A. G. (2015). The genetics of nitrogen use efficiency in crop plants. Annu. Rev. Genet. 49, 269–289. doi: 10.1146/annurev-genet-112414-055037

Hiei, Y., Komari, T., and Kubo, T. (1997). Transformation of rice mediated by Agrobacterium tumefaciens. Plant Mol. Biol. 35, 205–218. doi: 10.1023/A:1005847615493

Hu, B., Wang, W., Ou, S., Tang, J., Li, H., Che, R., et al. (2015). Variation in NRT1.1B contributes to nitrate-use divergence between rice subspecies. Nat. Genet. 47, 834–838. doi: 10.1038/ng.3337

Hu, R., Qiu, D., Chen, Y., Miller, A. J., Fan, X., Pan, X., et al. (2016). Knock-down of a tonoplast localized low-affinity nitrate transporter OsNPF7.2 affects rice growth under high nitrate supply. Front. Plant Sci. 7:1529. doi: 10.3389/fpls.2016.01529

Jiang, L., Liu, X., Xiong, G., Liu, H., Chen, F., Wang, L., et al. (2013). DWARF 53 acts as a repressor of strigolactone signaling in rice. Nature 504, 401–405. doi: 10.1038/nature12870

Kemsley, E. K., Tapp, H. S., Scarlett, A. J., Miles, S. J., Hammond, R., and Wilson, R. H. (2001). Comparison of spectroscopic techniques for the determination of Kjeldahl and ammoniacal nitrogen content of farmyard manure. J. Agric. Food Chem. 49, 603–609. doi: 10.1021/jf001060r

Khush, G. S. (1995). Breaking the yield frontier of rice. Geojournal 35, 329–332. doi: 10.1007/BF00989140

Kriventseva, E. V., Koch, I., Apweiler, R., Vingron, M., Bork, P., Gelfand, M. S., et al. (2003). Increase of functional diversity by alternative splicing. Trends Genet. 19, 124–128. doi: 10.1016/S0168-9525(03)00023-4

Kurusu, T., Nishikawa, D., Yamazaki, Y., Gotoh, M., Nakano, M., Hamada, H., et al. (2012). Plasma membrane protein OsMCA1 is involved in regulation of hypo-osmotic shock-induced Ca2+ influx and modulates generation of reactive oxygen species in cultured rice cells. BMC Plant Biol. 12:11. doi: 10.1186/1471-2229-12-11

Léran, S., Varala, K., Boyer, J. C., Chiurazzi, M., Crawford, N., Daniel-Vedele, F., et al. (2014). A unified nomenclature of nitrate transporter 1/peptide transporter family members in plants. Trends Plant Sci. 19, 5–9. doi: 10.1016/j.tplants.2013.08.008

Li, H., Hu, B., and Chu, C. (2017). Nitrogen use efficiency in crops: lessons from Arabidopsis and rice. J. Exp. Bot. 68, 2477–2488. doi: 10.1093/jxb/erx101

Li, S., Qian, Q., Fu, Z., Zeng, D., Meng, X., Kyozuka, J., et al. (2009). Short panicle 1 encodes a putative PTR family transporter and determines rice panicle size. Plant J. 58, 592–605. doi: 10.1111/j.1365-313X.2009.03799.x

Li, X., Qian, Q., Fu, Z., Wang, Y., Xiong, G., Zeng, D., et al. (2003). Control of tillering in rice. Nature 422, 618–621. doi: 10.1038/nature01518

Li, Y., Ouyang, J., Wang, Y. Y., Hu, R., Xia, K., Duan, J., et al. (2015). Disruption of the rice nitrate transporter OsNPF2.2 hinders root-to-shoot nitrate transport and vascular development. Sci. Rep. 5:9635. doi: 10.1038/srep09635

Liang, W. H., Shang, F., Lin, Q. T., Lou, C., and Zhang, J. (2014). Tillering and panicle branching genes in rice. Gene 537, 1–5. doi: 10.1016/j.gene.2013.11.058

Lin, C. M., Koh, S., Stacey, G., Yu, S. M., Lin, T. Y., and Tsay, Y. F. (2000). Cloning and functional characterization of a constitutively expressed nitrate transporter gene, OsNRT1, from rice. Plant Physiol. 122, 379–388. doi: 10.1104/pp.122.2.379

López-Bucio, J., Cruz-Ramırez, A., and Herrera-Estrella, L. (2003). The role of nutrient availability in regulating root architecture. Curr. Opin. Plant Biol. 6, 280–287. doi: 10.1016/S1369-5266(03)00035-9

McAllister, C. H., Beatty, P. H., and Good, A. G. (2012). Engineering nitrogen use efficient crop plants: the current status. Plant Biotechnol. J. 10, 1011–1025. doi: 10.1111/j.1467-7652.2012.00700.x

Minakuchi, K., Kameoka, H., Yasuno, N., Umehara, M., Luo, L., Kobayashi, K., et al. (2010). FINE CULM1 (FC1) works downstream of strigolactones to inhibit the outgrowth of axillary buds in rice. Plant Cell Physiol. 51, 1127–1135. doi: 10.1093/pcp/pcq083

Narits, L. (2010). Effect of nitrogen rate and application time to yield and quality of winter oilseed rape (Brassica napus L. var. oleifera subvar. biennis). Agron. Res. 8, 671–686.

Ohashi, M., Ishiyama, K., Kojima, S., Kojima, M., Sakakibara, H., Yamaya, T., et al. (2017). Lack of cytosolic glutamine synthetase1;2 activity reduces nitrogen-dependent biosynthesis of cytokinin required for axillary bud outgrowth in rice seedlings. Plant Cell Physiol. 58, 679–690. doi: 10.1093/pcp/pcx022

Ohashi, M., Ishiyama, K., Kusano, M., Fukushima, A., Kojima, S., Hanada, A., et al. (2015). Lack of cytosolic glutamine synthetase1;2 in vascular tissues of axillary buds causes severe reduction in their outgrowth and disorder of metabolic balance in rice seedlings. Plant J. 81, 347–356. doi: 10.1111/tpj.12731

Ouyang, J., Cai, Z., Xia, K., Wang, Y., Duan, J., and Zhang, M. (2010). Identification and analysis of eight peptide transporter homologs in rice. Plant Sci. 179, 374–382. doi: 10.1016/j.plantsci.2010.06.013

Rentsch, D., Schmidt, S., and Tegeder, M. (2007). Transporters for uptake and allocation of organic nitrogen compounds in plants. FEBS Lett. 581, 2281–2289. doi: 10.1016/j.febslet.2007.04.013

Sakakibara, H., Takei, K., and Hirose, N. (2006). Interactions between nitrogen and cytokinin in the regulation of metabolism and development. Trends Plant Sci. 11, 440–448. doi: 10.1016/j.tplants.2006.07.004

Schroeder, J. I., Delhaize, E., Frommer, W. B., Guerinot, M. L., Harrison, M. J., Herrera-Estrella, L., et al. (2013). Using membrane transporters to improve crops for sustainable food production. Nature 497, 60–66. doi: 10.1038/nature11909

Tang, Z., Chen, Y., Chen, F., Ji, Y., and Zhao, F. J. (2017). OsPTR7 (OsNPF8.1), a putative peptide transporter in rice, is involved in dimethylarsenate accumulation in rice grain. Plant Cell Physiol. 58, 904–913. doi: 10.1093/pcp/pcx029

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

Tegeder, M. (2014). Transporters involved in source to sink partitioning of amino acids and ureides: opportunities for crop improvement. J. Exp. Bot. 65, 1865–1878. doi: 10.1093/jxb/eru012

Tegeder, M., and Masclaux-Daubresse, C. (2018). Source and sink mechanisms of nitrogen transport and use. New Phytol. 217, 35–53. doi: 10.1111/nph.14876

Tsay, Y. F., Chiu, C. C., Tsai, C. B., Ho, C. H., and Hsu, P. K. (2007). Nitrate transporters and peptide transporters. FEBS Lett. 581, 2290–2300. doi: 10.1016/j.febslet.2007.04.047

Voelker, C., Schmidt, D., Mueller-Roeber, B., and Czempinski, K. (2006). Members of the Arabidopsis AtTPK/KCO family form homomeric vacuolar channels in planta. Plant J. 48, 296–306. doi: 10.1111/j.1365-313X.2006.02868.x

Walch-Liu, P., Ivanov, I. I., Filleur, S., Gan, Y., Remans, T., and Forde, B. G. (2006). Nitrogen regulation of root branching. Ann. Bot. 97, 875–881. doi: 10.1093/aob/mcj601

Wang, Z., Chen, C., Xu, Y., Jiang, R., Han, Y., Xu, Z., et al. (2004). A practical vector for efficient knockdown of gene expression in rice (Oryza sativa L.). Plant Mol. Biol. Rep. 22, 409–417. doi: 10.1007/BF02772683

Xia, X., Fan, X., Wei, J., Feng, H., Qu, H., Xie, D., et al. (2015). Rice nitrate transporter OsNPF2.4 functions in low affinity acquisition and long distance transport. J. Exp. Bot. 66, 317–331. doi: 10.1093/jxb/eru425

Xing, Y., and Zhang, Q. (2010). Genetic and molecular bases of rice yield. Annu. Rev. Plant Biol. 61, 421–442. doi: 10.1146/annurev-arplant-042809-112209

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

Yamaya, T., and Kusano, M. (2014). Evidence supporting distinct functions of three cytosolic glutamine synthetases and two NADH-glutamate synthases in rice. J. Exp. Bot. 65, 5519–5525. doi: 10.1093/jxb/eru103

Yan, J. Q., Zhu, J., He, C. X., Benmoussa, M., and Wu, P. (1998). Quantitative trait loci analysis for the developmental behavior of tiller number in rice (Oryza sativa L.). Theor. Appl. Genet. 97, 267–274. doi: 10.1007/s001220050895

Yoshida, S., Forno, D. A., Cock, J. H., and Gomez, K. A. (eds). (1976). “Routine procedures for growing rice plants in culture solution,” in Laboratory Manual for Physiological Studies of Rice (Los Banos: International Rice Research Institute), 61–66.

Zhao, X., Huang, J., Yu, H., Wang, L., and Xie, W. (2010). Genomic survey, characterization and expression profile analysis of the peptide transporter family in rice (Oryza sativa L.). BMC Plant Biol. 10:92. doi: 10.1186/1471-2229-10-92v

Zhou, F., Lin, Q. B., Zhu, L. H., Ren, Y. L., Zhou, K. N., Shabek, N., et al. (2013). D14-SCFD3-dependent degradation of D53 regulates strigolactone signaling. Nature 504, 406–410. doi: 10.1038/nature12878

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 © 2018 Huang, Bai, Wang, Zhu, Zeng, Lu, Sun and Fang. 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 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-09-00300-g002.jpg





OPS/images/fpls-09-00300-g001.jpg
A D

OsNPF7.7 % [3[; WH s V1 1 7

S [] OsNPF7.7-1
OSNPF7.7-AYr 2| s [ 6 | 1 %% g L [J OsNPF7.7-2
OSNPFZ.7-21mmts 11| s | 1 W §
B

Relativ

OsNPF7.7-1 E—u._-‘._r-_.—l.

ﬂﬁﬁ

OSNPF7.7-2 E'I_I'I_I'I_I'I.I_l- S &e’*’\& \% \; \; e e

O

m
=
¢

1.57 NS
** [ OsNPF7.7-1  [[] OsNPF7.7-2

A ﬂ ﬂnﬂ E

[ osNPF7.7-1  [] OsNPF7.7-2

Relative expression

u
T

o o o
o w 2]
—
&

il

Relative expression
o 3
© N
(2]
HH
i
=
(2]

QILLEELEL QIS IEEL S SILLLEILLL JILILEL L

=164 [ osNPF7.7-1 [ OsNPF7.7-2






OPS/images/fpls-09-00300-g004.jpg





OPS/images/fpls-09-00300-g003.jpg
[OE1-1/0snpf7.

IOE2-1/0snpf7.

N >
N 3 OsNPF7.7-1 2
Q ©
% 3 OsNPF7.7-2 3
o pog
et
0 ' 61 £
co = 109 * *
% £ 4 8
8 5
S c 5.1
S ol
F r‘ﬂ BRI -
e IR ¢ 3 i
= T T T T T T T T T T
\ N 9% N Y N A A NS A N ! A2 A
A . 4 . . ¢ q f v v Q Q Q
1& © OQ:\ Oéb v ¢ ¢ Q(\ L L 1& & & & & ¥ ¥ S &S
& &L CEEERCAIRS
[ \O \O N ¢

A\ N\ ¢ &

N A o o

« %

[¢) [9)





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Plant Science

Two Splicing Variants of
OsNPF7.7 Regulate Shoot
Branching and Nitrogen
Utilization Efficiency in Rice





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





OPS/images/fpls-09-00300-g006.jpg
N
o 4 +—= |
***TT— » WNV M.NV
s prefmg i \,ovo * fpt—rp e M..«O
o Y A L %
14 = - \O %
**E I\V@O *{ [~ &\/WO
iz N, - B 7 o
o o o o o o < o rr} =3 bred
0 < ™ 13 - L = -
M apoiued sod apolued sad
;| Jaquinu ysueuq Atepuosas Jaquinu uresb paji4
@] ©O w
0 o = — —
2 4Q * ¥ = «-
ke —t= - o %, <
O .\a\ o **T—I— ln.V ON\.%
5 =% S = m— K
1 o o = N 3
u ~HR .0 o i
©) R &
o) = -2, 0
= - q/,ov owvo
) . L %% HA L s
H TT— \wx&v \@O
S e | % B 4
T ajoiued sad g 8§ g © o w» <
N
Jaquinu yosue.uq Arewtid (wd) yBusy ajoIued






OPS/images/fpls-09-00300-g005.jpg
uwgnwv
P
—

=

Total amino acid concentration

Total amino acid content
o pat (g W)
§ 8 8

O Root O stem
2 leaf

O Root O stem
2 el

i

L]

3

FES F FEE G FEP S

O Root 3 stem
0 feaf

Totalnitrogen content
por part (mg OW)
g

oo |

S SLP L S )
o ¢&d”i,o 5\&&9:{





OPS/images/fpls-09-00300-g007.jpg
m

<

«H

~H

Y

-H

H
H
“H

iy

I T T
o o o
© < N

(% N jueld sad pjaif uress) 31NN

(a]

KKK

3

***_____

*i_____

B = FHE

T T T
o o o
© < N

(% N 3ueld sad pjaif uieis) 31NN

(&}

*_.m - <
A\omw,
*—I—I— - Ww\&\ (o]
*—+— - \w\a\
*K K o ﬂﬂ
*KK - £,
onO
***—.—.— o ﬂﬂ
@0
***_.—._ - £,
ovO
ki %,

60+
0

20+
0

(% N 3ueld sad pjaif utei9)31INN

¥ = «0
**_-—-— = A.Vw\e (o]
off 4,
*x L. ﬂV:
XX = \l
oﬂvvo
**—I—l— L ﬁf:
/vvo
r I
/VO
H i \Aw\
I T T T T -
g § 8 8 ¢ ©

(% N 3ueld sad pjaif urei)3INN





