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20  Highlight

21 The wheat cytosolic glutamine synthetase 7aGS1.1 is important for N assimilation
22 and remobilization, and is required for wheat adaptation to low-N stress and spike

23 development.

24 Running head :

25  TaGS$1.1 functions in N use and spike growth
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26  Abstract

27  Glutamine synthetase (GS) mediates the first step in the assimilation of inorganic
28  nitrogen (N) into amino acids, however the function of GS encoding genes is not well
29  understood in wheat (Triticum aestivum). We found that the cytosolic 7aGS1.1 was
30 the major transcripted GSI gene and was up-regulated by low-N availability.
31  CRISPR/Cas9 mediated genome editing was employed to develop two gs/./ mutants
32  with mutated TaGSI1.1-6A, -6B, and -6D. Both mutants had lower grains per spike and
33 grain yield per plant than the wild type under both low-N and high-N conditions in
34 field experiments. In a hydroponic culture treated with different N resources, the two
35 mutants was more sensitive to low-N stress than the wild type, but showed similar
36  sensitivity to high ammonium stress with the wild type. The growth deficiency and
37  impaired spike development were associated with the imbalance of N metabolites in the
38  mutant plants. During grain filling, 7aGSI./ mutation reduced N translocation
39 efficiency and delayed leaf N loss and grain N filling. Our results suggested that
40  TaGSl1.1 is important for N assimilation and remobilization, and required for wheat

41  adaptation to N-limited conditions and spike development.

42  Key word: Amino acid homeostasis, Glutamine synthetase, Grain number, Nitrogen

43  assimilation, Nitrogen translocation, Triticum aestivum
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45  Introduction

46  Wheat is one of the most important food crops, it alone provides more than 20% of
47  the calories and protein for the world's population (Braun et al., 2010; Tilman et al.,
48  2011). Breeding and fertilizer application have greatly increased grain yield, and
49  further yield increase is facing the challenges of a slow genetic gain in yield in recent
50  years and efficient use of resources in wheat production (Hawkesford et al., 2013).
51  Early-season nitrogen (N) fertilizer is known to increase tiller/spike number, grain
52 number per spike, whereas late-season N mainly increases the kernel weight and grain
53  protein concentration (Otteson et al., 2008; Peltonen, 1992, 1993). As such, efficient
54 uptake and assimilation of N is critical for the formation of yield components, and it is
55  important to understand the roles of N-use related genes in controlling wheat yields.

56 Glutamine synthetase (GS) /glutamate synthase (GOGAT) cycle is the first step
57  in the assimilation of inorganic N onto carbon (C) skeletons for the production of
58  glutamine (Gln) and glutamate (Glu). Gln and Glu can then be used to form aspartate
59  (Asp) and asparagine (Asn) through the activity of aspartate aminotransferase (AAT)
60 and asparagine synthetase (ASN) (Coruzzi, 2003). These four amino acids are then
61 converted into all other amino acids and serve as major transport molecules of N
62  between source and sink tissues (Coruzzi, 2003; Galili et al., 2008). There are two GS
63  isoforms in plants, the cytosolic isoform GS1 and chloroplastic isoform GS2. GS1
64  isoenzymes assimilate ammonium derived from primary N uptake and various
65 internal N recycling pathways (Coruzzi, 2003). GS1 is encoded by a small family of
66  genes that are well conserved across plant species and are crucial for N assimilation
67 and N recycling (Bernard and Habash, 2009). The critical roles of GS/ genes in N
68  assimilation have been well documented by analyzing N metabolites in the GS/
69  mutants of Arabidopsis (Arabidopsis thaliana) (Konishi et al., 2017; Konishi et al.,
70  2018; Lothier et al., 2011; Moison et al., 2018), rice (Oryza sativa) (Funayama et al.,
71  2013; Kusano et al., 2020; Kusano et al., 2011), and maize (Zea mays) (Canas et al.,
72 2010; Martin et al., 2006). The crucial roles of GS/ genes in N remobilization also
73 have been demonstrated by characterizing the GS/ deficient mutants (Guan et al.,
74 2015; Kamachi et al., 1991; Masclaux-Daubresse et al., 2010; Moison et al., 2018;
75  Yamaya and Kusano, 2014). GS1 genes play non-overlapping roles in N use and plant
76 growth. For example, the rice OsGS1.2 is responsible for the primary assimilation of

77  ammonium in roots, while OsGS]I.1 is important in the process of N remobilization in
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78  senescing organs (Funayama et al., 2013; Yamaya and Kusano, 2014). In line with
79  their physiological role in N use, disruption of OsGS1.2 greatly reduces active tiller
80  number and hence panicle number at harvest; whereas loss-of-function mutation in
81  OsGSI.1 greatly inhibits rice growth, grain number per panicle, grain size and grain
82  filling (Yamaya and Kusano, 2014). OsGSI.1 and OsGS1.2 are unable to compensate
83  for the individual function of another (Tabuchi et al., 2005; Yamaya and Kusano,
84  2014). The maize GS1 genes ZmGinl.3 and 1.4 are specifically involved in the
85  control of kernel number and kernel size, respectively (Martin, et al., 2006).
86 Physiological correlation and QTL mapping have revealed the importance of GS
87  genes in N use and yield formation in wheat. GS activity is positively correlated with
88  total N, chlorophyll, soluble protein, ammonium, and amino acids in flag leaves
89  (Kichey et al., 2006; Kichey et al., 2007). N remobilization contributes to
90  approximately 70% of grain N, and this contribution varies among wheat cultivars
91  and closely related to leaf GS activity (Kichey et al., 2006; Zhang et al., 2017¢). QTL
92  mapping also has detected the co-localization between QTL for GS activity and N use
93  and yield-related traits (Fontaine et al., 2009; Habash et al., 2007; Li et al., 2015). As
94 such, GS activity can be served as a marker to predict the N status of wheat, and GS/
95  genes are considered valuable in breeding with improved N use efficiency (NUE) and
96 yield. For example, overexpression of a GS/ gene in wheat increased root growth, N
97  uptake, and grain yield (Habash et al., 2001). However, overexpression studies using
98  GSI to increase NUE have not yielded consistent results. To develop future strategies
99  for the use of GSI in increasing NUE, it is required to understand the pivotal role of
100 GSI in the maintenance of essential N flows and internal N sensing during critical
101  stages of plant development (Thomsen et al., 2014). Therefore, understanding the
102 function of GSI genes in mediating N use and yield performance will facilitate the use
103 of GSI genes in wheat breeding.
104 Common wheat has three GSI genes, one GS2 gene, one NADH-GOGAT gene,
105 and one Fd-GOGAT gene in each of the sub-genomes. Our previous studies have
106  shown the essential roles of GS2 and NADH-GOGAT in mediating N use and plant
107  growth in wheat (Hu et al., 2018; Yang et al., 2019; Zhang et al., 2017a). Here we
108  developed gsl.I mutants with mutations in TaGSI.1-6A, -6B, and -6D through
109  genome editing. Investigation of the N use and growth-related traits revealed that

110 TaGS1.1 is critical for N assimilation, N remobilization, and adaptation to low-N
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111 environments. This mutant has reduced grain number per spike and grain yield under

112 both low-N and high-N conditions.
113  Materials and Methods
114  Plant materials

115  The winter wheat variety KN199 was used in this study. KN199 was commercially
116  released in 2006, and was used to isolate 7aGSI.1 sequences and develop the gsl./

117  mutants.
118  Genome editing of TaGS1.1

119 One sgRNA target for 7aGS1.1 was designed on the conserved domains of all three
120  genomes of wheat variety KN199. The activities of the sgRNA was evaluated by
121 co-transforming the pJIT163-Ubi-Cas9 (Wang et al., 2014) and TaU6-sgRNA (Shan
122 et al., 2013) plasmids into wheat protoplasts. Wheat protoplasts were isolated and
123 transformed as previously described (Shan er al., 2014). The DNAs of plasmids
124 pJIT163-Ubi-Cas9 and pTaU6-sgRNA were simultaneously delivered into immature
125  embryos of KN199 via particle bombardment, as previously described (Zhang et al.,
126 2017b). After bombardment, the embryos were cultured for plantlet regeneration on
127  medium without selective agent. PCR-RE (PCR-restriction enzyme) assays and
128  Sanger sequencing were used to identify wheat mutants in target regions, as described

129  previously (Wang et al., 2014).
130  Hydroponic culture

131  The hydroponic culture was conducted in a greenhouse under the following
132 conditions: 20°C %+ 1°C, 50% to 70% relative humidity, 300 pumol photons m?s” and
133 a 16-h-day/8-h-night cycle. The germinated seedlings were transferred to the nutrient
134 solution which was described previously (Ren et al., 2012). Three treatments were
135  used, the standard-N (SN), low-N (LN), and ammonium-N (AN) treatments which
136  contained 1.0 mM NH4NO;, 0.1 mM NH;NOs, and 4 mM NH,", respectively. The

137  nutrient solutions were refreshed every two days.
138  Field experiment

139  The field experiments were carried out in the 2017-2018 and 2018-2019 growing

140  seasons in Hebei Province, China. Both field experiments consisted of two N
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141  conditions, each of which had four biological replications. The high-N treatment was
142 applied 18 g m™ N as urea, with 12 g m™ applied before sowing and 6 g m* applied at
143 the stem elongation stage. The low-N treatment was applied 3.45 g m” N before
144 sowing. The two N treatments were applied 6 g m? P as calcium superphosphate
145  before sowing. The seeds were sown in a 2-m-long row with a sowing density of 89
146  seeds per m®. In the 2017-2018 growing season, the seeds were sown in two rows for
147  each genotype in each replicate, and four biological replications were set for each
148  sampling time. At stem elongation, anthesis, 14 days post-anthesis (DPA), and 28
149 DPA, the aerial parts of five representative plants were collected for dry weight and N
150  analysis. At maturity, the aerial parts of 20 representative plants in each replication
151  were harvested for dry weight, agronomic traits, and total N analysis. In the
152 2018-2019 growing season, the seeds were sown in four rows for each genotype in
153  each of the four biological replications. At maturity, at least 25 representative plants
154  were harvested in each replication for the measurement of dry weight and agronomic
155  traits. The photosynthetic parameters were measured at 14 DPA by using LI-6400
156  Portable Photosynthesis System (LI-COR Biosciences, Lincoln, Nebraska USA). Five

157  flag leaves in each replicate were measured in 9-11 am.
158  Analysis of N metabolites

159  The fresh samples stored at -80 °C were homogenized for the measurement of free
160  nitrate and ammonium. The nitrate concentrations in plant tissues were quantified
161  according to the methods described by Cataldo et al. (1975), and the free ammonium
162  in plant tissues was determined by Berthelot reaction (Husted et al., 2000). To
163  measure free amino acids, the fresh samples were frozen dried and ground.
164  Ultrasound-assisted extraction was performed for 30 min by adding 1 ml ultra-pure
165  water to 20 mg of ground powder, and the mixture was centrifuged at 10, 000 g for 10
166  min at 4 °C. The amino acids in the supernatant were derivatized before injection, and
167  then the reaction products were separated and detected by HPLC with a BEH Cj;
168  sorbent (Waters Alliance e2695, Waters Corporation, Milford, MA). The dried
169  samples were ground for total N analysis by the automated Kjeldahl method (Kjeltec
170 ™8400, Foss Analytical A/S, Demark).

171  Quantitative Real-time PCR
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172 Total RNA extraction and real-time quantitative reverse transcription PCR (qQRT-PCR)
173  were performed according to the methods of Yang et al. (2019). The primers for
174  gRT-PCR were detailed in Supplemental Table S1. The gene expression levels were

175  normalized to the internal control of TaActin.
176 Western blot and GS activity assay

177  The fresh plant samples stored at -80 °C were ground to a fine powder under liquid N
178  and then homogenized in an extraction buffer containing 50 mM Tris-HCl (pH 8.0), 2
179  mM MgCl,, 2 mM DTT, and 0.4 M sucrose. The homogenate was centrifuged at 10,
180 000 g for 20 min two times at 4 °C. The supernatant fraction was used for western
181  blot and GS activity assay. The total protein concentration was determined by a
182  Bradford assay. Western blot analysis was performed using an antibody raised against
183  GSI protein in rabbits (Abmart, Shanghai, China). The GS activity was determined by
184  using Glutamine Synthetase Detection Kit A047 (Nanjing Jiancheng Biotechnology).

185  Statistical analysis of data

186  Statistically significant differences using SPSS17.0 for Windows (SPSS) were
187  computed based on Student’s z-test.

188  Results

189  The TaGS1 genes differentially respond to N availability

190  The published GS sequences in wheat were used to blast the reference sequence of

191  Chinese spring in the Ensembl Plants database (http://plants.ensembl.org/index.html).

192  We identified three GSI genes and one GS2 gene in each sub-genome, and the GS/
193  genes were named according to their orthologous relation to the GSI genes rice
194  (Supplemental Figure S1). The Gene IDs and former names of GS genes were
195  presented in Supplemental Table S2.

196 Gene expression analysis revealed that 7aGSI./ had much higher transcript
197  abundance than 7aGS1.2 and TaGSI.3 in roots and shoots of the wheat variety
198  KN199 grown under 1.0 mM NH4NOs (SN), 0.1 mM NHsNO3 (LN) and 4.0 mM
199 NH;" (AN) conditions (Fig. 1). Compared with SN treatment, TaGSIl.I was
200  up-regulated in roots by LN treatment, and down-regulated in shoots by AN treatment
201  (Fig. 1A); TaGS1.2 was down-regulated by LN and AN treatments in roots, and by

8
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202 LN treatment in shoots (Fig. 1B); TaGSI.3 was down-regulated in both shoots and
203  roots by LN treatment (Fig. 1C).

204 We then quantified the expression of TaGS1 genes in different organs of KN199
205  grown under field conditions at 20 days post-anthesis (DPA). TaGSI1.I was most
206  strongly transcribed in leaf blades and sheaths, followed by roots, and the lowest in
207  seeds; TaGS1.2 was mainly expressed in leaf blades and sheaths, glumes and rachises;
208  whereas TaGS1.3 was presented at a very low level in all the investigated organs
209  (Supplemental Figure S2A). In flag leaf blades, the expression of 7aGSI.1 displayed
210  a substantial decline from stem elongation (Zadoks growth scale Z37) to 28 DPA,
211 while that of TaGSI1.2 sharply increased from 14 DPA to 28 DPA (Supplemental
212 Figure S2B).

213 Development of TaGS1.1 knockout mutants

214 Considering the relatively high transcription abundance of TaGS1.1 and the potential
215  role of TaGSI.1 in wheat adaptation to low-N availability, we then created 7aGS1.1
216  knockout mutants of KN199 by using transgenic free CRISPR/Cas9 mediated genome
217  editing. We cloned the three homoeologous TaGSI.1 genes (GS1.1-6A, -6B, and -6D)
218 in KN199. A single-guide RNA (sgRNA) that matched perfectly with TaGSI.1-6A
219  and -6D but had one mismatch with TaGSI.1-6B was designed (Fig. 2) in the fifth
220 exon. We used the sgRNA sequence to blast with the Chinese spring reference
221  genomic sequence, and the blast result showed that this sgRNA sequence could avoid
222 off-target (Supplementary Document S1). The genome-editing obtained a mutant. In
223 this mutant, 7aGSI1.1-6A and -6D each had homozygous mutation with a 12-bp
224  deletion and a 4-bp deletion respectively, and TaGSI.1-6B had heterozygous
225  mutations with a 4-bp deletion in mutation 1 and a 9-bp deletion in mutation 2 (Fig. 2).
226  We grew the T, transgenic plants and WT under high-N and low-N conditions in the
227  2016-2017 growing season, and identified two kinds of homozygous mutants by
228  PCR-RE (PCR-restriction enzyme) assays and Sanger sequencing. The gs/./-1 and -2
229  had homozygous mutation 1 and 2 in TaGS1.1-6B respectively, and both mutants had
230  homozygous mutations in 7TaGSI.I-6A and -6B. Preliminary investigation of
231  agronomic traits showed that both mutants had lower plant height (PH), grain yield
232 per plant (GY) and spike grain weight (SGW) than WT under both high-N and low-N
233 conditions (Supplementary Figure S3A, B, D), but WT and the mutants showed

234  similar spike number per plant (SNPP, Supplementary Figure S3C).
9


https://doi.org/10.1101/2020.09.03.281014

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.03.281014; this version posted September 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

235
236  TaGS1.1 mutation decreases grain number and grain yield

237  We envaluated the agronomic traits in two consecutive growing seasons from
238  2017-2019 under low-N and high-N conditions. The gs/./ mutants headed about two
239  days later than WT (Supplemental Figure S4). The WT and mutant plants did not
240  show a visible difference in leaf and spike color before 14 days post-anthesis (DPA,
241  Fig. 3A, C), but the leaves and spikes of the mutant plants looked greener than those
242 of WT after 25 DPA (Fig. 3B, D). The spikes of the mutant plants looked smaller than
243 those of WT (Fig. 3C, D). Compared with WT in the 2017-2018 growing season, both
244  of the gs/.1 mutants had a lower GY under high-N and low-N conditions (Fig. 3F).
245  Investigation of yield components showed that the two gs/./ mutants had
246  significantly lower spike grain number (SGN) and spike grain weight (SGW) than
247  WT (Fig. 31, J), but had similar SNPP and 1000-grain weight with WT (Fig. 3G, H).
248  We investigated the morphological traits of the main spikes and found that both of the
249  gsl.1 mutant has shorter spike length and fewer spikelet number than WT (Fig. 3K,
250 L). We grew the WT and gs/./-/ mutant again in the 2018-2019 growing season, the
251  gsl.1-1 mutant plants exhibited very similar phenotypes in agronomic traits with
252 those in the 2017-2018 growing season (Supplemental Table S3). These two growing
253  seasons clearly showed that the lower GY of the mutant plants mainly resulted from a
254  smaller spike size, which was reflected by spike length, spikelet number, and SGN.

255 We monitored the dry weight (DW) of different aerial organs in the main culm of
256  the WT and gs/.1-I mutant plants at stem elongation, anthesis, 14 DPA, 28DPA, and
257  maturity in the 2017-2018 growing season. All the investigated organs and the whole
258  culm displayed lower DW in the mutant than in WT under both high-N and low-N
259  conditions (Supplemental Figure S5). The relative difference between the WT and
260 gsl.1 mutant was evaluated by using the DW ratio of the mutant over WT
261  (gsl.1-1/WT ratio). The lowest gs/.I/WT DW ratio was observed for the spike, the
262  youngest developing organ at stem elongation (Supplemental Figure S5). At stem
263  elongation, the gs/.//WT DW ratio increased with the organ age (Table 1). These
264  results suggested that the inhibitory effect of disrupting 7aGSI.I on organ DW
265 depended on the organ development stage, the younger the organ, the stronger the

266  inhibition.

10
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267  Knockout of TaGS1.1 causes root and shoot growth deficiency in an N

268  resource-dependent manner

269  Considering the potential role of 7aGSI.I in mediating N assimilation, we then
270  investigate how TaGSI.I mutation affected root and shoot growth of wheat seedlings
271  supplied with different N resources. When the seedling were grown under SN, LN
272  and AN conditions, the gs/./-I and -2 mutants displayed shorter PH and leaf length,
273  and lower shoot dry weight (SDW), root dry weight (RDW) and root/shoot ratio (DW
274  R/S ration) than WT, in an N resource-dependent manner (Fig. 4). Among the three N
275  conditions, the mutants showed stronger phenotypes in SDW, RDW and DW R/S
276  ratio under LN conditions than under SN and AN conditions, indicating the role of
277  TaGS1.1 in wheat adaptation to low-N availibility.

278

279  Knockout of TaGS1.1 reduces GSI protein abundance and GS activity

280  To understand the mechanism underlying the growth deficiency of the gs/./ mutants,
281  we characterized the GS activity, N assimilation and remobilization of the gs/./-1
282  mutant plants. The seedlings harvested in the hydroponic culture were used to
283  measure these traits. Analysis of gene expression found that the gs/./-/ mutant
284  exhibited much lower expression of 7aGS1.1-6B and -6D in roots and shoots than WT
285  under both SN and LN conditions; whereas it showed a comparable expression of
286  TaGSI1.1-6A with WT (Fig. SA). It has been reported that a single bp deletion induced
287  frameshift and premature stop prevents mRNA accumulation and consequently results
288 in a low mRNA level of the mutated gene in tobacco (Voelker et al., 1990). The
289  gsl.1-1 mutant had a much lower GS1 protein level in roots and shoots than WT
290  under SN and LN conditions and lost the LN-induced GS1 protein increase which was
291  observed in WT (Fig. 5B, C). These results suggested that TaGS1.1 was the major
292  GS1 isoform in roots and shoots under both SN and LN conditions at the protein level
293  and majorly contributed to the LN-induced GS1 protein increase. Compared with WT,
294  the total GS activities of the mutant were significantly reduced in shoots under LN
295  conditions, and in roots under SN and LN conditions, whereas those in shoots and
296  roots under AN conditions were not significantly affected (Fig. 5D). These results
297  suggested that the mutant seedlings were deficient in GS activity in the presence of

298  nitrate.
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299 In the hydroponic culture, the shoots of the gs/./-I mutant plants had
300  significantly lower expression of TaNRI (nitrate reductase, Supplemental Figure S6A),
301  TaNiR2 (nitrite reductase, Supplemental Figure S6B), TaGS1.2 (Supplemental Figure
302 S6C), TaNADH-GOGAT (Supplemental Figure SO6E) and TaFd-GOGAT
303  (Supplemental Figure S6F) than those of WT, depending on N supply level. In roots,
304  the mutant transcribed significantly fewer transcripts of 7aGSI.2 under SN conditions
305  (Supplemental Figure S6C) and TaASNI (Supplemental Figure S6G) than WT under
306  both SN and LN conditions. The gs/./-/ mutant and WT had similar mRNA levels of
307 TaGS2 (Supplemental Figure S6D). We also analyzed the expression of GS and
308 GOGAT genes in flag leaves in the field experiment and found that knockout of
309 TaGS1.1 reduced the expression of TaGS1.1 and TaFd-GOGAT, but increased the
310  expression of TaNADH-GOGAT (Supplemental Figure S7).

311

312 The gs1.1-1 mutant displays an imbalance of N metabolites

313  To understand the roles of TaGSI.I in mediating N assimilation, we measured N
314  metabolites in roots and shoots of wheat seedlings exposed to different N recourses as
315  described in Fig. 4. For total N concentration (NC), the WT and gs/./-/ mutant only
316  differed in root NC under LN conditions, with the mutant having the lower root NC
317  (Fig. 6A). Compared with WT, the mutant accumulated much higher free NOs™ in
318  shoots under SN conditions, and roots under SN and LN conditions (Fig. 6B); it also
319  contained significantly higher free NH4" in shoots under LN conditions, and in roots
320  under LN and AN conditions (Fig. 6C).

321 The free amino acids were detected in both roots and shoots (Supplemental Table
322  S4). The concentrations of total free amino acids in shoots and roots of the mutant
323  were significantly reduced under SN and LN conditions but not under AN conditions,
324  as compared to WT (Fig. 6D). Under SN conditions, the mutant had significantly
325 lower Asn in shoots, and lower Gln, Asp, and Asn level in roots than WT, but had
326  significantly higher Glu level in shoots than WT; under LN conditions, the mutant had
327  significantly lower Glu, Gln and Asp level in shoots, and lower Glu level in roots than
328  WT, but had significantly higher Asp level in shoots than WT; under AN conditions,
329  the mutant had significantly lower Glu level in roots than WT (Fig. 6E-H). Besides

330  these four amino acids, the levels of many other amino acids were significantly
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331  changed in the mutant in a tissue- and N resource-dependent manner, as compared to
332 WT (Supplemental Table S4).

333 We also measured the free amino acids in the young spikes at stem elongation and
334  seeds at maturity in the field experiment in the 2017-2018 growing season. In the
335  young spikes at stem elongation stage, the concentrations of Asn, Gln, arginine (Arg),
336  alanine (Ala) and proline (Pro) were significantly higher in the gs/./-/ mutant than in
337  WT (Supplemental Figure S8A), those of Glu and Asp (Supplemental Figure S8A)
338 and other amino acids (data not shown) did not show significant difference between
339  the mutant and WT. In the seeds at maturity, the gs/./-/ mutant had significantly
340  higher levels of Gln and Asn than WT, but had significantly lower level of Asp than
341  WT (Supplemental Figure S8B).

342

343 Knockout of TaGS1.1 decreases flag leaf photosynthetic rate but delays flag leaf

344  senescence

345  Since the gsl.1-1 mutant exhibited growth deficiency, we then investigated if the
346  knockout of TaGS1.1 affected photosynthetic capacity flag leaves at 14 DPA in the
347  2017-2018 growing season. The mutant had a significantly lower net photosynthetic
348 rate (Pn, Fig. 7A), but significantly higher stomatal conductance (Gs, Fig. 7B),
349  intercellular CO; concentration (Ci, Fig. 7C); transpiration rate (7r, Fig. 7D) than WT
350  under both high-N and low-N conditions.

351 We also measured total N concentration (NC) in leaf blades, leaf sheaths, stems,
352  spikes (with seeds removed), and grains at stem elongation, anthesis, 14 DPA, 28
353 DPA, and maturity. The strongest phenotype was observed in flag leaf blades
354  (Supplemental Figure S9C and D), in which the gs/./-I mutant had much higher NC
355 than WT under both high-N and low-N conditions at 28 DPA, but had similar NC
356  with WT at stem elongation, anthesis and maturity stage (Fig. 7E). The dynamic
357  changes in SPAD values clearly showed that the flag leaf senescence was delayed in
358  the mutant as compared to WT (Fig. 7F). These results indicated that gs/./ mutation
359 delayed N loss in the flag blades and thereby flag leaf senescence. Similarly, the
360 mutant also displayed a delay of N loss in the stems and middle leaf blades (top P
361 and 3" leaves) as compared to WT (Supplemental Figure S9A, D). The significantly
362  higher NC in the flag leaf blades and middle leaf blades of the gs/./-/ mutant than

363  WT was observed at 14 and 28 DPA under low-N conditions, but was only observed
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364  at 28 DPA under high-N conditions (Supplemental Figure S9C, D). The mutant had
365  significantly higher grain NC than WT under both high-N and low-N conditions at
366  maturity (Supplemental Figure S9G).

367 The gsl.1-1 mutant has an altered translocation efficiency of N and dry matter
368  during grain filling

369 N translocation efficiency (NTE) and dry matter translocation efficiency (DMTE) of
370 aerial organs in the main culm were calculated to reflect N and dry matter
371  remobilization during grain filling by using the data in Supplemental Figure S5 and
372 S9. The gslI.1-1 mutant had significantly lower NTE in stems, spikes, leaf blades, and
373  sheathes than WT, depending on N supply level (Fig. 8A). The gs/./-I mutant
374  exhibited significantly lower DMTE in stems, leaf sheathes, middle and bottom leaf
375 blades than WT under both high-N and low-N conditions (Fig. 8C). We also
376  calculated N harvest index (NHI) and harvest (HI) and found that the gs/.7/-/ mutant
377  had lower NHI and HI than WT at 14 DPA and 28 DPA, but had similar NHI and HI
378  with WT at maturity under both high-N and low-N conditions (Fig. 8B, D). These
379  results suggested that disruption of 7aGS1.1 delayed grain N and dry matter filling,
380  but not the final NHI and HL

381 DISCUSSION
382  TaGS1.1is the major GS1 isoform

383  The expression levels of the three 7TaGSI depended on N availability, organs, and
384  developmental stages (Fig. 1, Supplemental Figure S5), suggesting their
385 non-overlapping roles in N use. The sharp reduction of GS1 protein abundances in
386  roots and shoots of the gs/./-/ mutant grown under SN and LN conditions indicated
387  that TaGS1.1 is the major GS1 isoform in both roots and shoots in the presentation of
388 nitrate (Fig. 5C). In line with this result, TaGSI.I was more abundantly transcribed
389  than TaGS1.2 and TaGS1.3 in shoots and roots at the seedling stage (Fig. 1). A recent
390  study reported that TaGS1.1 has much higher protein abundance than TaGS1.2 and
391 1.3 in roots and aerial parts (Wei et al., 2019). TaGS1.1 also majorly contributed to
392  the increased GS1 protein level in roots and shoots by LN treatment (Fig. 5C), this
393  result was associated with the up-regulation of 7aGSI.I by LN treatment, as
394  compared to SN treatment (Fig. 1A).
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395 Although there was a sharp reduction in the GS1 protein level in the gs/.I-1
396  mutant, the GS activity was moderately decreased in the mutant under SN and LN
397  conditions, as compared to WT (Fig. 5D). Firstly, a possible explanation for this
398  phenomenon was that the GS activity was measured as the sum of the GS1 and GS2
399 activities. Secondly, the gs/./-/ mutant had four amino acids deletion in TaGS1.1-6A
400 and a frameshift mutation in TaGS1.1-6B and -6D (Fig. 2), the mutated TaGS1.1-6A
401 may still have GS activity. Finally, TaGS1.2 and 1.3 had much higher V;,,x for Glu
402  than TaGS1.1 (Wei et al., 2019), the higher Vi« of TaGS1.2 and 1.3 may compensate
403  the effect of low GS1 abundance on GS activity in the gs/./-1 mutant. Under AN
404  conditions, the WT and gs/./-/ mutant had similar GS activity in both shoots and
405 roots (Fig. 5D). This result was possibly related to the fact that a high level of
406  ammonium greatly reduced TaGS1.1 protein abundances in shoots and roots (Wei et
407  al., 2019). When the external NH4" was greater than 2 mM, TaGS1.1 subunit
408  abundance is difficultly detected in shoots and presents at a much lower level than

409  TaGS1.2 in roots (Wei et al., 2019).
410  TaGS1.1is important for NH," assimilation

411  Measurement of N metabolites revealed the crucial role of 7aGSI.] in maintenance of
412  internal inorganic N and amino acid homeostasis in wheat plants grown under
413  different N conditions. The results from the seedlings grown in the hydroponic culture,
414  and the young spikes and mature seeds from the field experiment showed that the
415  effects of TaGSI.1 mutation on N metabolites depended on tissue type and N resource.
416  In the hydroponic culture treated with SN, LN and AN, the gs/./-/ mutant had a
417  reduced level of many free amino acids and total free amino acids in shoots and roots
418  under SN and LN conditions compared with WT (Fig. 6, Supplemental Table S4),
419  suggesting the essential role of TaGS1.1 for NH4" assimilation in shoots and roots in
420  the presence of nitrate. However, the gs/./-/ mutant had an increased free NH," level
421  in both shoots and roots under LN conditions but not under SN conditions compared
422 with WT (Fig. 6C), indicating that TaGS1.1 was important for NH;" assimilation and
423  homeostasis in wheat plants under LN conditions. The importance of TaGSI1.1 for
424  NH," assimilation under LN conditions was in line with the fact that TaGS1.1 was
425  up-regulated in roots by LN treatment (Fig. 1A) and majorly contributed to the
426  LN-induced GS1 protein increase in shoots and roots (Fig. 2D). This importance was

427  further supported by a recent study in which TaGS1.1 is found to be expressed in root
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428  epidermis cells and displays a higher affinity for Glu and hydroxylamine than
429  TaGS1.2 and TaGS1.3 (Wei et al., 2019). OsGS1.1, the rice orthologue of wheat
430 TaGS1.I has also been reported its importance in N assimilation under
431  low-ammonium conditions (Ishiyama et al., 2004). Under AN conditions, the gs/./-1
432 mutant had a higher free NH," level and a lower level of Glu and seven other amino
433 acids in roots than WT (Fig. 6C, E; Supplemental Table S4); however, only Ala level
434 was significantly changed in the investigated N metabolites in shoots of the mutant
435  compared with WT (Supplemental Table S4). These results suggested a role of
436  TaGSI1.I in NH," assimilation in roots, but not (or a limited role, if any) in shoots
437  when NH4" was used as the sole N resource. In contrast to the decreased Gln and Asn
438 levels in shoots and roots of the hydroponically grown gsl./-1 seedlings in the
439  presentence of nitrate (SN and LN treatments), the field grown gs/./-1 plants had
440  higher Gln and Asn in the young spikes and mature seeds than WT (Supplemental
441  Figure S8A). As such, the role of TaGS1.1 in maintaining internal amino acid
442  homeostasis depended on organ type or development stage.

443 The imbalance of N metabolites in the gs/./-/ mutant seemed the combination
444  results of TaGS1.1 deficiency and the down-regulated expression of other genes
445  involved in N assimilation (Supplemental Figure S6). Compared with the shoots of
446  WT, for example, the increased free NO; level was possibly associated with the
447  down-regulated TaNRI in the gsl.I-I mutant under SN conditions (Supplemental
448  Figure S6A). Knockout of TaGSI.1 more substantially reduced the total free amino
449  acid level in shoots and roots under SN conditions than under LN conditions
450  compared with WT (Fig. 6D), this was possibly associated with the fact that the
451  transcripts of TaGSI.2 in shoots and roots of the mutant were significantly reduced
452  under SN condition but not under LN conditions, as compared to WT (Supplemental
453  Figure S6C). Among the detected free amino acids, the Asn level in roots under SN
454  conditions was most sharply reduced (the lowest gs/./-1/KN199 ratio, 0.19) by
455  disrupting TaGS1.1 (Supplemental Table S4). As ASN catalyzes the synthesis of Asn
456  and Glu from Asp and Gln, the reduced TaASN| transcripts together with the reduced
457  Asp and Gln level might contribute to the sharp reduction of Asn in the gs/.7-1 roots
458  under SN conditions (Fig. 6F, G; Supplemental Figure S6G).

459 The internal pools of amino acids within plants have been suggested to indicate N
460  status of a plant, and are served as a signal to regulate gene expression (Miller et al.,

461  2008). Compared with SN treatment, LN treatment had a lower level in total NC and
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462 most of the investigated N metabolites in both shoots and roots of WT (Fig. 6,
463  Supplemental Table S4), indicating an N-deficient status of WT under LN conditions.
464  The gsl.1-1 mutant had a reduced level of many free amino acids and total free amino
465  acids in shoots and roots under both SN and LN conditions (Fig. 6D, Supplemental
466  Table S4). As such, the mutant might have a deficient N status under SN conditions
467 and a more deficient N status under LN conditions compared with WT, and thereby
468  displayed growth deficiency. In line with this claim, the responses of several
469  N-assimilation genes to N availability were changed in the mutant. In shoots, the
470  expression of TaNRI, TaNiR2, and TaGS1.2 in WT was up-regulated by SN treatment
471 as compared to LN treatment; however, these genes had significantly lower
472  expression in the mutant than in WT under SN conditions (Supplemental Figure
473  S6A-C). In roots, the expression of 7aGSI1.2 and TaASNI in WT was up-regulated by
474 SN treatment as compared to LN treatment; however, disrupting 7aGS!.2 impaired
475 the SN up-regulated TaGSI.I expression, and significantly reduced 7aASNI
476  expression under SN and LN conditions (Supplemental Figure S6C, G).

477  TaGS1.1 functions in N remobilization

478  Cytosolic GS1 isoforms are known to positively mediate N remobilization during leaf
479  senescence (Moison et al., 2018; Yamaya and Kusano, 2014). Our current study
480  showed that knockout of TaGSI.1 in the gsl./-1 mutant reduced N and dry matter
481  translocation efficiency during grain filling (Fig. 8A, C), and delayed N loss and
482  senescence of flag leaves (Fig. 7E, F). However, disruption of TaGSI.I did not
483  significantly affect the final NHI and HI (Fig. 8B, D) and total N concentrations in the
484  vegetative organs at maturity (Supplemental Figure S9). These phenomena were
485  possibly associated with the dynamic changes of TaGS|! transcripts. In flag leaves, the
486 mRNA levels of TaGSI.1 and 1.2 sharply decreased and increased after 14 DPA,
487  respectively, and TaGS1.1 had a higher mRNA level than TaGS/.2 before 14 DPA,
488  but a much lower level than 7aGSI.2 after 14 DPA (Supplemental Figure S2B).
489  These results indicated that 7aGS/.I may mainly function during relatively earlier
490  grain filling, while 7aGS1.2 may mainly function during relatively later grain filling
491  in modulating N and dry matter remobilization. Since knockout of 7aGSI.1 did not
492  significantly alter the expression of 7aGSI.2 in flag leaves (Supplemental Figure
493  S7B), it can be assumed that the functional TaGS!.2 may partially compensate for the
494 adverse effects of TaGS1.1 deficiency on N and dry matter remobilization.
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495  TaGS1.1 is required for wheat tolerance to low-N stress

496  The three GSI genes showed a differential response to N availability (Fig. 1),
497  suggesting their different roles in wheat adaptation to a fluctuating nutrient
498  environment. In the hydroponic culture, the gs/./-/ and -2 mutant seedlings were
499  more sensitive to low-N stress than WT (Fig. 4). At stem elongation, the young spike
500  growth of the gs/./-1 mutant was more sensitive to low-N treatment than that of WT
501  under field conditions (Table 1). The role of TaGSI.1 in wheat adaptation to low-N
502  stress was supported by its importance for NH4" assimilation under N-limited
503  conditions, which has been discussed in the context. The amino acids Glu, Gln, Asp,
504 and Asn are the precursors of other amino acids in N assimilation, and Glu and Gln
505 may serve as signals of organic N status (Gutierez et al., 2008). The reduced low-N
506  tolerance of shoot growth in the gs/./-1 mutant was possibly associated with the fact
507  that the mutant had a reduced level of Glu, Gln, and Asp in shoots under LN
508  conditions but not under SN conditions, as compared to WT (Fig. 6E-G).

509 A high level of ammonium in the growth media is known to inhibit plant growth,
510 as has been shown in our current study (Fig. 4). The WT and gs/./ plants did not
511  differ in their sensitivity to high ammonium stress under our experimental conditions
512 (Fig. 4). The underlying reason might be because that 7aGSI.1 had a limited role in
513  NH," assimilation in shoots under AN conditions. The wheat GS1.1 is orthologous to
514  the rice GS1.1/GInl.1. However, the rice gs/./ mutant exhibits a severe decrease in
515  shoot growth and an imbalance in the levels of sugars, amino acids, and metabolites
516  when ammonium is used as the sole N resource (Kusano et al., 2011). Since nitrate
517  and ammonium are, respectively, the major N resources for wheat and rice, it can be
518 assumed that 7aGSI.I and OsGSI.1 are evolutionally adapted to nitrate and

519  ammonium recourses, respectively.
520 TaGS1.1 Is Required for Spike Development

521  We observed plant growth deficiency in the two gs/./ mutants at the seedling stage in
522 the hydroponic culture (Fig. 4) and in the field experiments (Fig. 3, Supplemental
523  Figure S3). In line with these results, the gs/./-1 mutant exhibited much lower Pn in
524  flag leaves than WT under both high-N and low-N conditions at 14 DPA (Fig. 7A).
525  The impaired plant growth and photosynthetic capacity were possibly caused by a

526  deficiency in free amino acids and the imbalance of N metabolites but not by total N
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527  deficiency in the mutant. In fact, the mutant had similar with, or even higher N
528  concentrations in aerial parts than did WT (Supplemental Figure S9).

529 The field experiments showed that the lack of 7aGS1.1 reduced GY by inhibiting
530  spike development, as both of the gs/./-/ and -2 mutants had a shorter spike length, a
531  fewer spikelets and grains per spike, and consequently a lower spike grain weight
532  compared with WT (Fig. 3, Supplemental Figure S3, Supplemental Table S3).
533  Monitoring aerial organ growth of the gs/./-/ and WT plants from stem elongation to
534  mature revealed that the growth deficiency in the gs/./-/ mutant was most obvious in
535  the young spikes at stem elongation stage (Table 1). This result together with the later
536  heading date in the mutant (Supplemental Figure S4) indicated a delay in spike
537  development in the mutant compared with WT. Calculation of the data in Fig. 31 and
538 3L showed that the gs/./-1 and -2 mutant plants had fewer spikelets per spike and
539  lower grains per spikelet (the ratio of grain number per spike over spikelet number per
540  spike) than WT, indicating that both of spikelet development and floret development
541  (or seed setting rate) were impaired in the mutants. Measurement of free amino acids
542  in young spikes at stem elongation stage (corresponding to the floret development
543  stage) revealed the over-accumulations of Gln, Asn, Arg, Ala and Pro in the gs/./-1
544  mutant plants (Supplemental Figure S8A), and these over-accumulations maybe
545  associated with the impaired spike growth in the mutant. Maintenance of internal
546  amino acid homeostasis has been shown the importance plant growth and
547  development (Lu et al., 2018). Loss-of-function of OsARG encoding an arginine
548  hydrolysis enzyme increases Arg accumulation in panicles and leads to small panicle
549  and low seed-setting rate in rice (Ma et al., 2013). Exogenous application of a low
550 level of Lys, Arg, Val, and Ala to nutrient solution promotes tiller bud outgrowth, but
551  applying a high level of these amino acids inhibits tiller bud outgrowth in rice (Lu et
552 al, 2018). Overexpression of an amino acid permease, OsAAPS, in rice transports
553  more Lys, Arg, Val and Ala to the tiller base parts and reduces tiller bud outgrowth,
554  while the opposite result occurs in the RNAi-mediated knockdown lines (Wang et al.,
555  2019). These results suggest that an appropriate concentration range of free amino
556  acids is required for tiller and spike growth. As such, it can be assumed that over
557  accumulation of free amino acida such as Arg and Ala may inhibit spike growth in the
558  gsl.1-1 mutant.

559 In summary, the three 7aGSI genes differentially responded to N availability.

560  TaGSI.1 is up-regulated by low-N and is the major GSI gene expressed in roots and
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561  shoots at transcriptional and protein levels, supporting the importance of this gene in
562  NH," assimilation and wheat adaptation to low-N stress. TaGS1.1 has essential roles in
563  remobilization, and its mutation delays leaf N loss and senescence during grain filling.
564  Lack of TaGSI.1 causes growth deficiency in an organ age-dependent manner and
565  reduces yield by impairing spikelet and grain number. The current study and the reported
566 literature showed that GS1.1 orthologues in wheat, rice, and maize were functionally
567  diversified in adaptation to N resources and in mediating yield component formation. As
568  such, strategies for the use of GS/ genes in increasing yield and NUE should be
569  optimized in different crops.
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581  Table 1. Dry weight for different aerial organs of the main culm at stem elongation in

582  the 2017-2018 growing season.

Organ High-N treatment Low-N treatment
KN199 gsl.1-1 gs1.1-1/KN199 KN199 gsl.1-1 gs1.1-1/KN199
Spike (mg) 77+£5 54 + 6* 70.1% 54+3 34 + 6% 63.0%
Stem (mg) 41319 350+ 17* 84.7% 39611 334+29 84.3%
Leaf sheath (mg) 452 +24 372+ 17* 82.3% 402+ 14 343 £28 85.3%
Flag leaf blade (mg) 122£5 106 £ 1* 86.9% 120+ 12 93+2 77.5%
Middle leaf blade (mg) 260+ 5 213 + 6% 81.9% 263+ 10 211 + 8+ 80.2%
Bottom leaf blade (mg) 133+7 123+£6 92.5% 136 £ 9 128+ 14 94.1%
583 Data are mean * SE of four replications. Asterisks indicate statistically significant differences between wild type and gs/./-1

584  mutant at P < 0.05 (*) and P < 0.01 (¥%).

27


https://doi.org/10.1101/2020.09.03.281014

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.03.281014; this version posted September 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

585  Figure legend

586

587  Figure 1. The response of TaGSI genes to N availability. A-C, The expression of
588  TaGS1.1 (A), TaGS1.2 (B), and TaGS1.3 (C) in roots and shoots of wheat seedlings

589  grown under 1.0 mM NH4NOj3 (SN), 0.1 mM NH4NO; (LN), and 4.0 mM NH4+ (AN)
590  conditions. The germinated seedlings grown for 18 days under SN, LN, and AN
591  conditions. The relative expression levels were normalized to the expression of
592  TaActin. The data are expressed as mean * SE of three replicates. Asterisks indicate
593  the significant difference compared with SN treatment at P < 0.05 (*) and P < 0.01
594 (*%)level.

595

596 Figure 2. Development of 7aGSI.I mutant by CRISPR/Cas9-mediated genome
597  editing. Target sites of single guide RNA (sgRNA) in the three 7aGSI.1 homoeologs,
598 and CRISPR/Cas9-induced deletions in the three 7aGS1.1 genes in the gs/./ mutants
599 are illustrated. The protospacer-adjacent motif (PAM) is highlighted in red, the single
600 nucleotide polymorphism (SNP) between the three target sites is underlined, the Bg /11
601  sites using in the PCR-RE are highlighted in bold font type .

602

603  Figure 3. Agronomic traits of the wild type and gs/./ mutants under low-N and
604  high-N conditions in the 2017-2018 growing seasons. A and B, images of plants at 14
605  days post-anthesis (DPA) (A) and 28 DPA (B), bar = 10 cm; C and D, Spikes at 7 DPA
606  (C) and 30 DPA (D), bar = 3 cm; E, Plant height; F, Grain yield per plant; G, Spike
607  number per plant; H, 1000-grain weight; I, Spike grain number; J, Spike grain weight;
608 K, Spike length; L, Spikelet number per main spike. Data are mean * SE of four
609 replications. Asterisks indicate statistically significant differences between wild type
610 and gs/.] mutants at P <0.05 (*) and P < 0.01 (*%).

611

612  Figure 4. Root and shoot growth-related traits of the wild type and gs/./ mutants at
613  seedling stage. The germinated seedlings were grown for 18 days under 1.0 mM
614  NHsNO;(SN), 0.1 mM NH4NO; (LN) and 4.0 mM NH4" (AN) conditions. A, Plant
615  height; B, Shoot dry weight per plant (SDW); C, Tiller number per plant; D-F, Length

S| nd rd
616 of the 1 t, 2 and 3 leaf; G, Root dry weight per plant (RDW); H, Root/Shoot dry
617  weight ratio. Data are mean + SE of four replications. Asterisks indicate statistically
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618  significant differences between the wild type and gs/./ mutants at P < 0.05 (*) and P
619  <0.01 (**),
620

621  Figure 5. GS activity of the gs/./-1 mutant. The germinated seedlings were grown for
622 18 days under 1.0 mM NH NO, (SN), 0.1 mM NH NO, (LN) and 4.0 mM NH4+ (AN)

623  conditions. A, Transcriptional expression of the three 7aGSI1.1 homeologs in wheat
624  seedling of wild type (WT, KN199) and gs/./-/ mutant under SN and LN conditions,
625  the relative expression levels were normalized to the expression of TaActin; B and C,
626  Western blot (B) and relative protein abundance (C) of GS1, equal amounts of
627  proteins were loaded in each lane; D, GS activity. Data are represented as means + SE
628  of four replicates. Asterisks indicate that the difference between the means of the
629  gsl.1-1 mutant and KN199 was significant at the P < 0.05 (*) and P < 0.01 (**) level.

630

631  Figure 6. Concentration of N metabolites in roots and shoots of the wild type and
632  gsl.1-1 mutant. The roots and shoots of wheat seedlings described in Fig. 4 were used
633  to measure the concentrations of total N, nitrate, ammonium, and free amino acids. A,
634  Total N concentration; B, Nitrate concentration; C, Ammonium concentration; D,
635  Concentration of total free amino acids; E, Glu concentration; F, Gln concentration; G,
636  Asp concentration; H, Asn concentration. Data are mean + SE of four replications.
637  Asterisks indicate statistically significant differences between wild type and gs/./-1
638 mutant at P < 0.05 (*) and P < 0.01 (*%).

639

640  Figure 7. Photosynthetic parameters and N concentrations in flag leaves of the wild
641  type and gs/./-1 mutant in the 2017-2018 growing season. A, Net photosynthetic rate
642  (Pn); B, Stomatal conductance (Gs); C, Intercellular CO2 concentration (Ci); D,

643  Transpiration rate (7r); E, N concentrations in flag leaves; F, SPAD values of the flag
644  leaves. Data are mean * SE of four replications. Asterisks indicate statistically
645  significant differences between wild type and gs/./-1 mutant at P < 0.05 (*) and P <
646  0.01 (**).

647

648  Figure 8. N and Dry matter translocation efficiencies in different aerial parts of the
649 main culm in the wild type and gs/./-/ mutant plants in the experiment of the
650  2017-2018 growing season. A, N translocation efficiency, which was expressed as (N
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651  accumulation at anthesis — N accumulation at maturity) / N accumulation at anthesis X
652 100%; B, N harvest index; C, Dry matter translocation efficiency, which was
653  expressed as (dry weight at anthesis — dry weight at maturity) / dry weight at anthesis
654 X 100%. But the dry matter translocation efficiency for stem was calculated from the
655 data at 14 DPA and maturity; D, Harvest index. DPA, days post-anthesis. Data are
656 mean * SE of four replications. Asterisks indicate statistically significant differences

657  between wild type and gs/./-1 mutant at P < 0.05 (*) and P < 0.01 (¥%*).
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658  Supplemental Data

659  Supplementary Document S1. Off-target prediction

660

661  Supplemental Figure S1. Phylogenetic analysis of GS proteins in plants.

662

663  Supplemental Figure S2. Expression analysis of GS/ genes in different organs of
664  wheat.

665

666  Supplemental Figure S3. Preliminary measurement of agronomic traits in the wild
667  type KN199 and the gs/./ mutants.

668

669  Supplemental Figure S4. The difference of heading time between the wild type and
670  gsl.1-1 mutant plants.

671

672  Supplemental Figure SS. Dry weights of the aerial parts in the main culm at different
673  developmental stages in the 2017-2018 growing season.

674

675  Supplemental Figure S6. The expression of N assimilation genes in the WT and
676  gsl.1-1 mutant seedlings.

677

678  Supplemental Figure S7. The expression of GS and GOGAT genes in flag leaves of
679  the WT and gs/./-/ mutant plants under high-N conditions in the field experiment of
680  the 2017-2018 growing season.

681

682  Supplemental Figure S8. Concentration of free amino acids in young spikes and
683  mature seeds in the field experiment of the 2017-2018 growing season.

684

685  Supplemental Figure S9. N concentrations in different aerial parts of the main culm
686  at different developmental stages in the field experiment in the 2017-2018 growing
687  season.

688

689  Supplemental Table S1. PCR primers used in this study.

690

691  Supplemental Table S2. Gene Ids and former names of GS genes in wheat.
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692

693  Supplemental Table S3. Agronomic traits of the wild type and gs/./-/ mutant under
694  low-N and high-N conditions in the field experiment of the 2018-2019 growing
695  season.

696

697  Supplemental Table S4. Concentration of N metabolites in shoots and roots of the

698  wild type and gs/./-1 mutant grown under SN, LN, and AN conditions.
699
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Figure 1. The response of 7aGS1 genes to N availability. A-C, The expression of TaGS!.1
(A), TaGS1.2 (B), and TaGS1.3 (C) in roots and shoots of wheat seedlings grown under 1.0
mM NH,NO; (SN), 0.1 mM NH,NO; (LN), and 4.0 mM NH,* (AN) conditions. The
germinated seedlings grown for 18 days under SN, LN, and AN conditions. The relative
expression levels were normalized to the expression of TaActin. The data are expressed as
mean * SE of three replicates. Asterisks indicate the significant difference compared with

SN treatment at P < 0.05 (*) and P < 0.01 (**) level.
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Figure 2. Development of 7aGS1.I mutant by CRISPR/Cas9-mediated genome editing.
Target sites of single guide RNA (sgRNA) in the three 7aGSI.I homoeologs, and
CRISPR/Cas9-induced deletions in the three 7aGS1.1 genes in the gs/./ mutants are
illustrated. The protospacer-adjacent motif (PAM) is highlighted in red, the single
nucleotide polymorphism (SNP) between the three target sites is underlined, the Bg/II
sites using in the PCR-RE are highlighted in bold font type .
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Figure 3. Agronomic traits of the wild type and gs/./ mutants under low N and high N
conditions in the 2017-2018 growing seasons. A and B, images of plants at 14 days
post-anthesis (DPA) (A) and 28 DPA (B), bar = 10 cm; C and D, Spikes at 7 DPA (C)
and 30 DPA (D), bar = 3 cm; E, Plant height; F, Grain yield per plant; G, Spike number
per plant; H, 1000-grain weight; I, Spike grain number; J, Spike grain weight; K, Spike
length; L, Spikelet number per main spike. Data are mean £+ SE of four replications.
Asterisks indicate statistically significant differences between wild type and gs/./

mutants at P < 0.05 (*) and P < 0.01 (*%).
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Figure 4. Root and shoot growth-related traits of the wild type and 7aGS1./ mutants
at seedling stage. The germinated seedlings were grown for 18 days under 1.0 mM
NH,NO; (SN), 0.1 mM NH,NO; (LN) and 4.0 mM NH,* (AN) conditions. A, Plant
height; B, Shoot dry weight per plant (SDW); C, Tiller number per plant; D-F, Length
of the 1%, 2" and 3" leaf; G, Root dry weight per plant (RDW); H, Root/Shoot dry
weight ratio. Data are mean + SE of four replications. Asterisks indicate statistically
significant differences between wild type and gs/./ mutants at P < 0.05 (*) and P <
0.01 (**).


https://doi.org/10.1101/2020.09.03.281014

* (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A 5o B
S uGS1.1-6A = GS1.1-6B m GS1.1-6D
S 40 ¢}
g 30
5 20| GS1- GSt-
g I el | I
T 00 == ==
& Sl=18=|8|=|8|=
slelzl2lzl=2|Z]|=
X|35[X]|35[%X]|35|%]|5 —170 —17
—130 —13
SN LN SN LN HSP—ae s = == 100 HSP jmwe e et 8 —100
Shoot Root 70
C 20 D_ 50
0 mKN199 = gs1.1-1 € .
S s} g sEa0 | BKN199 = gsi.1-1
° . 2 T *
=512 | S5 30 | i
g5 : s | EZ I
5 © 08 I I S35 20 I
— n E ok
Q04 CZ10 [ i= - -
T E £ 1
SN | LN SN | LN SN LN AN | SN LN AN
Shoot Root shoot Root

Figure 5. GS activity of the gs/./-1 mutant. The germinated seedlings were grown for 18
days under 1.0 mM NH,NO; (SN), 0.1 mM NH,NO; (LN) and 4.0 mM NH,* (AN)
conditions. A, Transcriptional expression of the three 7aGSI.1 homeologs in wheat
seedling of wild type (WT, KN199) and gs/./-1 mutant under SN and LN conditions, the
relative expression levels were normalized to the expression of 7TaActin; B and C,
Western blot (B) and relative protein abundance (C) of GS1, equal amounts of proteins
were loaded in each lane; D, GS activity. Data are represented as means + SE of four
replicates. Asterisks indicate that the difference between the means of the gs/./-1 mutant

and KN199 was significant at the P < 0.05 (*) and P < 0.01 (**) level.
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Figure 6. Concentration of N metabolites in roots and shoots of the wild type and gsi./-1
mutant. The roots and shoots of wheat seedlings described in Fig. 4 were used to measure the
concentrations of total N, nitrate, ammonium, and free amino acids. A, Total N concentration;
B, Nitrate concentration; C, Ammonium concentration; D, Concentration of total free amino
acids; E, Glu concentration; F, Gln concentration; G, Asp concentration; H, Asn
concentration. Data are mean + SE of four replications. Asterisks indicate statistically

significant differences between wild type and gs/./-I mutant at P < 0.05 (¥) and P < 0.01
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Figure 7. Photosynthetic parameters and N concentrations in flag leaves of the wild type

and gs/./-1 mutant in the 2017-2018 growing season. A, Net photosynthetic rate (Pn); B,

Stomatal conductance (Gs); C, Intercellular CO, concentration (Ci); D, Transpiration rate

(Tr); E, N concentrations in flag leaves; F, SPAD values of the flag leaves. Data are mean *

SE of four replications. Asterisks indicate statistically significant differences between wild

type and gs/.1-1 mutant at P < 0.05 (*) and P < 0.01 (**).
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Figure 8. N and Dry matter translocation efficiencies in different aerial parts of the
main culm in the wild type and gs/./-/ mutant plants in the experiment of the 2017-
2018 growing season. A, N translocation efficiency, which was expressed as (N
accumulation at anthesis — N accumulation at maturity) / N accumulation at anthesis.
B, N harvest index; C, Dry matter translocation efficiency, which was expressed as
(dry weight at at anthesis — dry weight at maturity) / dry weight at at anthesis, but the
dry matter translocation efficiency for stem was calculated from the data at 14 DPA
and maturity. D, Harvest index. DPA, days post-anthesis. Data are mean = SE of four
replications. Asterisks indicate statistically significant differences between wild type

and gs/.1-1 mutant at P < 0.05 (*) and P < 0.01 (¥%*).
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