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Abstract
Key message Nitrate-responsive transcriptomic, phenotypic and physiological analyses of rice RGA1 mutant revealed 
many novel RGA1-regulated genes/processes/traits related to nitrogen use efficiency, and provided robust genetic 
evidence of RGA1-regulation of NUE.
Abstract Nitrogen (N) use efficiency (NUE) is important for sustainable agriculture. G-protein signalling was implicated in 
N-response/NUE in rice, but needed firm genetic characterization of the role of alpha subunit (RGA1). The knock-out mutant 
of RGA1 in japonica rice exhibited lesser nitrate-dose sensitivity than the wild type (WT), in yield and NUE. We, therefore, 
investigated its genomewide nitrate-response relative to WT. It revealed 3416 differentially expressed genes (DEGs), includ-
ing 719 associated with development, grain yield and phenotypic traits for NUE. The upregulated DEGs were related to 
photosynthesis, chlorophyll, tetrapyrrole and porphyrin biosynthesis, while the downregulated DEGs belonged to cellular 
protein metabolism and transport, small GTPase signalling, cell redox homeostasis, etc. We validated 26 nitrate-responsive 
DEGs across functional categories by RT-qPCR. Physiological validation of nitrate-response in the mutant and the WT 
at 1.5 and 15 mM doses revealed higher chlorophyll and stomatal length but decreased stomatal density, conductance and 
transpiration. The consequent increase in photosynthesis and water use efficiency may have contributed to better yield and 
NUE in the mutant, whereas the WT was N-dose sensitive. The mutant was not as N-dose-responsive as the WT in shoot/
root growth, productive tillers and heading date, but equally responsive as WT in total N and protein content. The RGA1 
mutant was less impacted by higher N-dose or salt stress in terms of yield, protein content, photosynthetic performance, 
relative water content, water use efficiency and catalase activity. PPI network analyses revealed known NUE-related proteins 
as RGA1 interactors. Therefore, RGA1 negatively regulates N-dose sensitivity and NUE in rice.

Keywords G-protein signalling · Nitrogen response · Nitrogen use efficiency · Nitrate · Transcriptome · Oryza sativa · PPI 
network
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Introduction

Nitrogen is quantitatively the most important nutrient 
needed for plant growth and crop productivity. Most 
of the N-inputs remain unutilized due to the low N-use 
efficiency (NUE) of crop plants (Raghuram and Sharma 
2019). This leads to N-pollution affecting air, water and 
soil quality, health, biodiversity and climate change, apart 
from wastage of fertilizers worth billions of dollars glob-
ally (Abrol et al. 2017; Sutton et al. 2019). The India-led 
United Nations Environment Assembly resolutions 4/14 
(and 5/2) on sustainable nitrogen management called for 
improving NUE in all relevant sectors including agricul-
ture (Raghuram et al. 2021).

NUE may be partly improved by agronomic and crop 
management practices, but biological interventions 
are needed for crop improvement (Udvardi et  al. 2021; 
Raghuram et al. 2022). Considerable understanding has 
accumulated on the physiology, biochemistry and molecu-
lar biology of N-response (Pathak et al. 2008; Krapp 2015; 
O'Brien et al. 2016; Vidal et al. 2020; Xu and Takahashi 
2020; Hou et al. 2021). However, the mechanisms of its 
regulation and the biological determinants of NUE are 
yet to be fully identified, even as tentative gene targets are 
being explored for NUE improvement (Mandal et al. 2018; 
Raghuram and Sharma 2019; Móring et al. 2021; The et al. 
2021; Zhang et al. 2021; Madan et al. 2022). Rice is an 
ideal crop for improving NUE, not only due to its lowest 
NUE and highest N-fertilizer consumption among cereals 
globally, but also due to its huge germplasm and genomic 
resources (Li et al. 2017). Moreover, the phenotype for NUE 
has recently been characterized using experimental differen-
tiation between N-response and NUE (Sharma et al. 2018, 
2021).

Functional genomics of N-response revealed the involve-
ment of thousands of genes beyond those directly involved in 
N uptake, assimilation, translocation and remobilisation in 
various crops, including rice (Chen et al. 2020; Pathak et al. 
2020; Meng et al. 2021; Gao et al. 2022; Mandal et al. 2022 
and references therein). Linking the phenotype and QTL 
information with transcriptomic data on N-response and 
yield, a few NUE gene targets in rice have been shortlisted 
(Kumari et al. 2021). They include signalling and regula-
tory targets, which figure prominently in many studies (Yang 
et al. 2017; Fredes et al. 2019; Nazish et al. 2021; Wang 
et al. 2021; Javed et al. 2022; Madan et al. 2022; Shanks 
et al. 2022; Xing et al. 2022).

Heterotrimeric G-protein signalling has been long impli-
cated in nitrate-responsive gene expression in crop plants 
such as maize (Raghuram and Sopory 1999), rice (Ali 
et al. 2007; Liang et al. 2018; Zhu et al. 2020) and even in 
NUE in rice (Sun et al. 2014). Transcriptomic analyses of 

Arabidopsis single and double knock-out mutants of G-pro-
tein coupled receptor (GCR1) and Gα subunit (GPA1) also 
revealed significant effects on N-responsive genes/processes 
(Chakraborty et al. 2015b, 2019). Further, many of the 
G-protein regulated biological processes overlap with nitrate 
regulated processes such as meristematic growth, root sys-
tem architecture, leaf development and stress (Yadav et al. 
2013; Urano et al. 2014; Choudhury et al. 2020; Maruta 
et al. 2021, Yantong et al. 2022; Tiwari and Bisht 2022; 
Majumdar et al. 2023). Others include nodule formation, 
seed germination, seedling development, grain size, defense 
response, hormone signalling, redox homeostasis, light sens-
ing and response and yield (Choudhury and Pandey 2016; 
Stateczny et al. 2016; Tian et al. 2018; Pandey and Vijaya-
kumar 2018; Bhatnagar and Pandey 2020; Cui et al. 2020; 
Pathak et al. 2021; Zait et al. 2021; Zhang et al. 2021).

However, conclusive genetic evidence on the role of Gα 
(RGA1) subunit in N-response/NUE and its detailed molec-
ular characterization were lacking. Therefore, the present 
study examined genomewide nitrate response in the rice 
rga1 knock-out mutant relative to its corresponding wild 
type to conclusively address the role of RGA1 in N-response/
NUE and validated it at phenotypic, physiological and bio-
chemical levels.

Materials and methods

Plant material and growth conditions

Seeds of wild type (WT) and rga1 knock-out mutant of rice 
(O. sativa ssp. japonica cv. Nipponbare) were procured from 
the Faculty of Agriculture, Kyushu University, Japan and 
grown as described earlier (Mandal et al. 2022). This natu-
ral d1 mutant containing a loss of function allele for RGA1 
was earlier characterized by Ashikari et al. (1999). Briefly, 
the surface-sterilized seeds were germinated on moist cot-
ton in plastic trays in a plant growth chamber (PGC) at 
25 ± 2 °C, with 75% relative humidity and light intensity 
of 2800 ± 100 Lux and a photoperiod of 12:12 h. Seedlings 
were then transplanted to 6-inch pots containing 1:1 mix-
ture of soilrite and vermiculite and watered for the initial 
10 days. Thereafter, seedlings were supplemented with 
30 ml of 1X modified Arnon–Hoagland (AH) nutrient solu-
tion (pH 5.6–5.8) (Hoagland and Arnon 1950) every alter-
nate day for the next 20 days. The media contained 5 mM 
each of  KNO3 and Ca(NO3)2, 1 mM  KH2PO4, 2 mM  MgSO4, 
46 µM  H3BO3, 9 µM  MnCl2·4H2O, 0.765 µM  ZnSO4·7H2O, 
0.32 µM  CuSO4·5H2O, 0.111 µM  H2MoO4·H2O, 0.1 mM 
 FeSO4·7H2O and 0.1  mM  Na2EDTA. These WT and 
mutant plants were either treated as following after 1 month 
post-transplantation for nitrate-responsive transcriptomic 
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analyses or grown till the end of the life cycle for physi-
ological, yield and NUE measurements.

To test the effect of added nitrate, we needed a control of 
no added nitrate. As the plant cannot be grown for 30 days 
without nitrate and endogenous nitrate cannot be removed, 
we stopped nitrate supply for 2 days to bring down the nitrate 
response to the basal or control level as was done earlier 
by others (Krouk et al. 2010). To create N-depleted condi-
tions, the pots were flushed with excess of ultrapure water 
followed by N-free 1X Arnon Hoagland (AH) media twice 
a day for 2 days. Leaf tissues were harvested on the 32nd 
day after transplantation and treated with either 120 mM 
 KNO3 (treatment) or 120 mM KCl (control) in Petri plates 
for 90 min. The concentration and duration of in vitro treat-
ment were standardized earlier using nitrate dose–response 
studies on nitrate reductase and nitrite reductase activities & 
transcripts in rice (Pathak et al. 2020; Mandal et al. 2022). 
The use of excised leaves for nitrate treatment ensured that 
the measured short-term N-response is attributable to locally 
supplied nitrate and not to its downstream metabolite (Wang 
et al. 2004), nor is influenced by soil microbial conversions 
or root–shoot translocation issues (Pathak et al. 2020; Man-
dal et al. 2022). The leaf tissues from independent biologi-
cal triplicates of both control and treatment WT and rga1 
mutants were then frozen in liquid nitrogen and stored at 
−80 °C till further use.

Phenotypic and physiological measurements

N-responsive physiological parameters were assessed in 
WT and mutant plants using three independent experimen-
tal replicates in the plant growth chamber (PGC). Briefly, 
germinated seedlings (WT and rga1 mutants) were initially 
grown hydroponically in ultrapure water for 10 days in a 
growth chamber at 25 ± 2 °C, with 75% relative humid-
ity and 98 µmol  m−2  s−1 mean light intensity. For 10 more 
days they were treated with 1X AH nutrient solution with 
either 15 mM N or 1.5 mM N. These doses were achieved 
using a combination of Ca(NO3)2 and  KNO3 in the AH nutri-
ent solution for 15 mM nitrate level, whereas for 1.5 mM 
nitrate level, only Ca(NO3)2 was used. The root and shoot 
lengths of the seedlings were measured before transplant-
ing them into separate 2L cylindrical pots containing 1:1 
mixture of soilrite and vermiculite and supplemented with 
either 1.5 and 15 mM N. The media were replenished every 
48 h till the emergence of panicle and every 72 h thereafter. 
The data on shoot lengths, number of tillers, days to panicle 
emergence, numbers of panicles and weight of filled grains 
per plant were recorded.

Photosynthesis, stomatal conductance and transpi-
ration rates were measured at the active tillering stage 
using LI-6400XT Portable Photosynthesis System (LI-
COR® Biosciences, USA). Net photosynthetic  CO2 

assimilation rate (μmol  CO2  m−2  s−1) was measured with 
maximum light intensity falling at the plant level inside 
PGC (98 µmol  m−2  s−1). The reference  CO2 concentration 
was maintained at 410 ± 20 μmol  mol−1 and all measure-
ments were recorded during maximal photosynthetic activ-
ity between 12:00 noon till 4:00 p.m. IST (Indian Stand-
ard Time). Leaf chlorophyll content was determined as 
described by Lichtenthaler (1987).

Total N and protein content were determined as per 
Prasad et al. (2006). Briefly, the shoot samples were har-
vested after the full life cycle, dried at 90 °C and cut into 
small pieces. 0.5 g of the tissue was digested using conc. 
 H2SO4 along with catalysts anhydrous sodium sulphate and 
dry copper sulphate pentahydrate. The total N and protein 
content were determined using the following formulae:

where Vs = Volume of acid used for sample; Va = Volume of 
acid used for blank; Na = Normality of acid.

Total P and K content were determined as described by 
Prasad et al. (2006). Relative water content (RWC) and 
catalase activity were also calculated at the harvest stage. 
For measuring RWC, leaf samples from control and treated 
plants were harvested and their fresh weights (FW) were 
recorded (Chakraborty et al. 2015c). The leaves were then 
floated in distilled water for overnight in a covered Petri 
plate. Leaves were then removed from water and the surface 
was dried using a filter paper and their turgid weights (TW) 
were then recorded. Subsequently, the leaf samples were 
dried on filter paper in a hot air oven at 70 °C till a constant 
weight was reached. Dry weight (DW) of the leaf samples 
was recorded and RWC was calculated using the following 
formula:

For measuring catalase activity, 100 mg rice leaf tissue 
was homogenized to fine powder in liquid nitrogen using 
pre-chilled mortar and pestle. Tissue homogenate was trans-
ferred to a sterile microcentrifuge tube (MCT) containing 
400 μl of 0.1% TCA at 4 ºC. The solution was mixed by vor-
texing and then centrifuged at 12,000×g for 15 min at 4 °C. 
200 μl of the supernatant was taken in a separate MCT and 
to it 100 μl of 10 mM potassium phosphate  (K3PO4) buffer 
(at pH 7.0) and 200 μl 1 M potassium iodide (KI) were 
added and vortexed. Absorbance of samples was recorded 

Amount ofN (g) in sample (S) = (Vs − Va) × Na × 0.014,

%N in sample =
S × 100

Weight of sample (g)

Crude Protein% = %N in sample × 6.25

RWC (100%) =

[

(FW − DW)

(TW − DW)
× 100

]

.
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at 390 nm (Loreto and Velikova 2001). Final calculations 
were done by comparison with a standard curve of  H2O2 
(0.00–0.10 mM) prepared in 10 mM  K3PO4 (at pH 7.0) and 
1 M KI.

For salt stress responses, surface-sterilized and presoaked 
seeds of WT and rga1 mutants were germinated in ultrapure 
water in a growth chamber under the growth conditions 
described above. Ten days after germination, seedlings were 
grown in 1X AH nutrient solution with nitrate concentrations 
10 and 100% of the recommended N (1.5 mM and 15 mM N) 
for the full life cycle. Seedlings were grown in separate 2 L 
cylindrical pots with 1:1 mixture of soilrite and vermiculite 
to complete their life cycle in a PGC at 25 °C, with 75% rela-
tive humidity, 200 µmol  m−2  s−1 light intensity and 12/12 h 
photoperiod. The nutrient solutions were replenished every 
48 h till panicle emergence and every 72 h thereafter. After 
panicle emergence, plants were subjected to salt stress with 
120 mM NaCl in AH nutrient solutions (Qu et al. 2012; Li 
et al. 2017; Chen et al. 2022) for 1 month during the grains 
filling stage and then leaf tissues were harvested. The data 
on total sodium, nitrogen, protein (Prasad et al. 2006) and 
relative water content, photosynthetic parameters and grain 
yield were recorded for the control and treated plants.

Scanning electron microscopy

Stomatal density and size were measured by scanning elec-
tron microscopy (SEM) at the UNESCO Regional Centre for 
Biotechnology, Faridabad, India. For this, 50-day-old leaf 
samples were used from three each of the 15 and 1.5 mM 
nitrate-treated WT and mutant plants. Each plant was sam-
pled twice. Leaves were fixed for 2 h in 2% Karnovsky solu-
tion (2% glutaraldehyde and 2% paraformaldehyde in 0.1 M 
phosphate buffer). They were washed thrice for 15 min using 
0.1 M phosphate buffer followed by dehydration for 15 min 
each, using gradually increasing concentration of AR-grade 
acetone (30–99.5%). Final dehydration was carried out using 
100% acetone twice for 30 min each and critical point dry-
ing (CPD) was carried out using  CO2 followed by sputter 
coating with gold (18 mA for 15 s). The SEM was carried 
out using Apreo VS FESEM, FEI and the final images were 
obtained using xT Microscope Server 13.5.0 software.

RNA extraction, microarray analyses and data 
processing

Total RNA was isolated from frozen independent biological 
triplicates of control (120 mM KCl) and N-treated (120 mM 
 KNO3) leaf tissues using TRIzol reagent (Invitrogen, USA) 
as per manufacturer’s instructions and processed for micro-
array analysis at Genotypic Technologies, Bengaluru, 
India. The quantity and quality of the extracted RNA were 

analyzed using Nanodrop spectrophotometer and Bioana-
lyzer (Agilent technologies, Santa Clara, USA). Samples 
having RIN value above 6 were used for microarray analy-
sis with Agilent 8 × 60k rice arrays customized to include 
probes for nuclear and organellar genes. The mRNAs were 
transcribed into Cy3 labelled cRNAs, purified, checked for 
specific activity and then hybridized as per manufacturer’s 
instructions. Agilent Feature Extraction software (version 
9.1) was used and data were subjected to global normaliza-
tion using the 75th percentile shift method. The raw data 
were deposited to NCBI–GEO database under the acces-
sion id GSE62164. Transcripts showing geometric mean fold 
change value ± 1.0 (log2FC) with statistically significant cut 
off (Benjamini Hochberg FDR ≤ 0.05) were considered as 
differentially expressed genes (DEGs) in the nitrate-treated 
samples with respect to the control (KCl) samples.

Functional classification of DEGs and data analysis

The nitrate-responsive DEGs in the mutant were subjected 
to GO enrichment analyses using EXPath 2.0 and REVIGO 
with default parameters; and AgriGO with hypergeometric 
test method and Hochberg (FDR) as the multi-test adjust-
ment method. The statistically stringent FDR (<0.05) value 
was used to detect the significantly enriched GO terms. The 
MapMan tool was used to identify the pathways associated 
with DEGs. The DEGs were also mapped to various cellular 
pathways using KEGG (Kanehisa and Goto, 2000), RAP-
DB database (https:// rapdb. dna. affrc. go. jp/), Rice Genome 
Annotation Project database (http:// rice. uga. edu/), Plant-
MetGenMap (http:// bioin fo. bti. corne ll. edu/ cgi- bin/ MetGe 
nMAP/ home. cgi) and Gramene (http:// pathw ay. grame ne. 
org/). DEGs were assigned to various morphological and 
agronomic traits like leaf, culm, panicle, yield and produc-
tivity using Oryzabase database (https:// shigen. nig. ac. jp/ 
rice/ oryza base/) and published literature. Heat maps were 
generated using Heatmapper online tool (http:// heatm apper. 
ca/). Protein subcellular localization was predicted using 
CropPAL2.0 database (Hooper et al. 2016) using default 
parameters for rice. Differentially regulated transcrip-
tion factors (TFs) were identified using comparison with 
STIFDB2 (Priya and Jain, 2013) and plantTFDB 4.0 (Jin 
et al. 2016).

Construction of protein–protein interaction 
networks and detection of molecular complexes

The interacting proteins for the DEGs were retrieved from 
STRING-DB (https:// string- db. org/), MCDRP (http:// www. 
genom eindia. org/ biocu ration/), BioGRID (https:// thebi 
ogrid. org/) and PRIN (http:// bis. zju. edu. cn/ prin/) databases. 
Only experimentally validated interactions were considered 
and DEGs were mapped to the protein–protein interaction 

https://rapdb.dna.affrc.go.jp/
http://rice.uga.edu/
http://bioinfo.bti.cornell.edu/cgi-bin/MetGenMAP/home.cgi
http://bioinfo.bti.cornell.edu/cgi-bin/MetGenMAP/home.cgi
http://pathway.gramene.org/
http://pathway.gramene.org/
https://shigen.nig.ac.jp/rice/oryzabase/
https://shigen.nig.ac.jp/rice/oryzabase/
http://heatmapper.ca/
http://heatmapper.ca/
https://string-db.org/
http://www.genomeindia.org/biocuration/
http://www.genomeindia.org/biocuration/
https://thebiogrid.org/
https://thebiogrid.org/
http://bis.zju.edu.cn/prin/
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(PPI) networks constructed using Cytoscape version 3.8.2. 
To detect the molecular complexes, we used molecular com-
plex detection (MCODE) plugin in Cytoscape network and 
chose the clusters with MCODE score > 3 with node num-
ber > 10 for further analysis.

Metadata analysis/comparison with wild type data

The current list of DEGs in the mutant was compared by 
Venn Selection with nitrate-responsive transcriptome data-
sets generated in the WT (Sawaki et al. 2013; Coneva et al. 
2014; Misyura et al. 2014; Yang et al. 2015; Shin et al. 2018; 
Pathak et al. 2020; Mandal et al. 2022). Similar metadata 
analysis was also performed using the previously published 
RGA1 transcriptomes (Ferrero-Serrano et al. 2018; Pathak 
et al. 2021) with the current data.

Validation of selected RGA1‑regulated 
nitrate‑responsive genes by RT‑qPCR

Leaf tissues for RT-qPCR experiments were either obtained 
after in vitro nitrate treatment as described above for micro-
array experiments, or after in vivo N-treatments in intact 
plants as described for physiological experiments above. 
The nitrate doses were either 15 mM or 1.5 mM. Leaves 
harvested at the active tillering stage were used for RNA 
isolation and 5 µg each of total RNA was reverse transcribed 
into cDNA using PrimeScript 1st strand cDNA synthesis 
kit (TAKARA, Japan). To validate the differential expres-
sion of selected genes, RT-qPCR reaction was carried out 
in 10 µl volume using 1 µl of undiluted cDNA, 0.2 μl of for-
ward and reverse primers (exon-junction spanning) (10 µM) 
and 5 μl of KAPA SYBR FAST Master Mix (2X) Universal 
(Kapa Biosystems, USA) in AriaMx Real-Time PCR System 
(Agilent Technologies, USA). The relative changes in gene 
expression were quantified by  2–△△CT method using actin 
genes (LOC_Os01g64630 and LOC_Os03g50885) as inter-
nal controls. Melting curve analyses of the amplicons were 
used to determine the specificity of RT-qPCR reactions. 
Experiments were performed using independent biological 
and technical triplicates.

Statistical analysis

The data were analyzed either by one-way or two-way 
ANOVA using GraphPad Prism ver. 6 (GraphPad Soft-
ware, San Diego, CA). All the results were expressed as 

mean ± SEM from at least three replicates. Same letters 
denote statistically non-significant pairs.

Results

RGA1 mutation affects N‑response and NUE

The main impetus for a detailed study of genomewide nitrate 
response in rga1 mutant relative to the WT came from our 
meta-analysis of nitrate-responsive transcriptomes and 
RGA1-regulated transcriptomes, as they were never analyzed 
together. Venn selections were done using all the reported 
5128 RGA1-regulated DEGs (Ferrero-Serrano et al. 2018; 
Pathak et al. 2021) with 23,926 N-responsive DEGs com-
piled from 7 published nitrate-transcriptomes in WT rice 
(Sawaki et al. 2013; Coneva et al. 2014; Misyura et al. 2014; 
Yang et al. 2015; Shin et al. 2018; Pathak et al. 2020; Man-
dal et al. 2022). We identified 3839 DEGs as both N-respon-
sive as well as RGA1-regulated (Fig. 1a). Moreover, our 
pot experiments revealed that the mutant exhibited lesser 
nitrate-dose sensitivity than wild type (WT), in yield and 
NUE. (Fig. 1b, c). This also translates into enhancement of 
NUE in the mutant (Fig. 1c). RGA1 mutation seems to have 
rendered the rice plants unresponsive or insensitive to higher 
N-dose, indicating the role of RGA1 in negative regulation of 
N-sensitivity and NUE in the WT. These findings prompted 
a direct comparison of genomewide nitrate-response in the 
mutant and the WT.

RGA1 mutation alters genomewide 
nitrate‑responsive gene expression

Nitrate is an important source of N for all plants including 
rice, even though it was adapted to tolerate ammonium (Bloom 
2015; Kronzucker et al. 1999). Farm soils contain a dynamic 
mixture of different N-forms due to microbial conversions 
and fertilizers containing different N-forms, so we specifi-
cally designed our experiments with nitrate as the only form 
of N-supply and provided it directly to the target tissue (leaf) 
as a transient treatment to study N-responsive transcriptome. 
Excised leaves of 32 days old WT and rga1 mutant deficient in 
G-protein α subunit (Ashikari et al. 1999; Pathak et al. 2021) 
were treated in vitro with  KNO3 or KCl prior to RNA isolation 
and simultaneous microarray analysis. The nitrate-responsive 
genes identified in the WT (KCl vs.  KNO3) were reported and 
analyzed separately in Mandal et al. (2022) and used as the 
baseline data for the current analysis of nitrate-responsive 
genes identified in the RGA1 mutant (KCl vs.  KNO3). Scatter-
plot analysis revealed high correlations among our replicates, 
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indicating the uniformity of results across replicates (Sup-
plementary Fig. 1). A total of 3416 genes showed differen-
tial expression (2245 upregulated and 1171 downregulated) 
in response to nitrate treatment in the mutant, as visualized 
in the volcano plot (Fig. 1d). The complete list of DEGs is 
provided in Supplementary Table 1. The table also reveals 4 
upregulated and 11 downregulated miRNAs that show sig-
nificant N-response in the transcriptome. Overall, our data 
clearly show that RGA1 mutation has an extensive genom-
ewide impact on nitrate-responsive gene expression.

Meta‑analysis reveals common and unique 
N‑responsive genes in RGA1 mutant

We compared our list of 3416 nitrate-responsive DEGs in 
the rga1 mutant (relative to KCl) with those from two pub-
lished rga1 mutant transcriptomes that did not consider N 
and seven WT nitrate-transcriptomes that did not consider 
rga1 (Fig. 2a). The latter included one data set from the 
corresponding WT japonica under identical treatment con-
ditions (Mandal et al. 2022). Our Venn selections deline-
ated and confirmed at least 835 of the 3839 genes shared 
between nitrate-responsive transcriptomes and RGA1-reg-
ulated transcriptomes (Fig. 2a). In other words, these 835 
genes were actually confirmed as nitrate-responsive in the 

Fig. 1  N-responsive genes and yield and NUE measurements of 
rice WT and rga1 mutant (d1) in response to two different doses of 
nitrate. a Venn diagram showing the unique and common DEGs iden-
tified in published seven nitrate-responsive transcriptomes in wild 
type (WT) (Sawaki et  al. 2013; Coneva et  al. 2014; Misyura et  al. 
2014; Yang et al. 2015; Shin et al. 2018; Pathak et al. 2020; Mandal 
et al 2022) and rga1-responsive transcriptomes (Ferrero-Serrano et al. 
2018; Pathak et al. 2021). b Bar graph representing the total weight 
of filled grains per plant in WT and rga1 mutant plants grown in pots 
with two different concentrations of nitrate. c Bar graph representing 

the total NUE per plant in WT and rga1 mutant plants grown in pots 
with two different concentrations of nitrate. b, c Each bar graph rep-
resents mean ± SE of the data from twelve biological replicates. The 
statistical significance is calculated using two-way ANOVA in Graph-
Pad Prism 6.0 and same letters denote non-significant pairs. d Vol-
cano plot showing the distribution of all genes across their log2 fold 
change in the current rga1 nitrate transcriptome. The red and green 
coloured spots represents up- and downregulated DEGs enriched 
based on geometric mean fold change value ± 1.0 (log2FC) with sta-
tistically significant cut off (Benjamini–Hochberg FDR ≤ 0.05)
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mutant for the first time. There were an additional 2031 
DEGs in the mutant that were common with the seven 
nitrate transcriptome datasets in WT; and an additional 
107 DEGs common with the two rga1 mutant transcrip-
tomes. More importantly, our microarray revealed 443 
novel RGA1-regulated N-responsive DEGs not reported 
in any earlier transcriptome (Fig. 2a).

A separate Venn selection of the nitrate-responsive DEGs 
in the rga1 mutant vs. WT was done, as the WT data were 
obtained under identical conditions (Mandal et al. 2022). 

It revealed 1667 common DEGs, which were comparable 
in the nature and extent of their regulation by nitrate, espe-
cially in the mild to moderate levels of regulation (Fig. 2b, 
c). There were a few common DEGs with high levels of 
regulation that differed between the WT and mutant, espe-
cially among the downregulated DEGs. Interestingly, RGA1 
mutation rendered 5021 or 75% of the 6688 nitrate-respon-
sive genes in the WT as unresponsive, while also rendering 
1749 unresponsive genes in the WT as nitrate responsive. 
Further segregation of these novel 1749 DEGs into up- and 

Fig. 2  N-responsive genes and 
their functional annotation. 
a Venn diagram showing the 
unique and common DEGs 
identified in published seven 
nitrate-responsive transcrip-
tomes in WT and nitrate-
responsive DEGs identified 
in RGA1 mutant (d1). b Venn 
diagram showing the unique 
and common DEGs identified 
in the wild type (WT) (Mandal 
et al. 2022) and rga1 mutant 
using microarray carried out 
under similar conditions. c Venn 
diagram showing the unique and 
common up- and downregulated 
genes identified in the rga1 
mutant and its corresponding 
WT using microarray carried 
out under similar conditions. 
d Venn diagram showing the 
unique and common biological 
processes identified in the rga1 
mutant and its corresponding 
WT using microarray carried 
out under similar conditions. e 
Bar chart showing the distribu-
tion of DEGs in statistically 
significant enriched pathways 
identified using AgriGOv2.0
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downregulated sub-categories revealed 1146 and 601 DEGs, 
respectively, in the mutant (Supplementary Table 2). Over-
all, the upregulated genes are almost twice the number of 
downregulated genes, both among the common DEGs and 
those unique to the mutant (Fig. 2b, c).

After including gene Ids for 151 differentially expressed 
proteins from the previously published rga1 mutant pro-
teome dataset (Peng et al. 2019), the number of novel and 
exclusive RGA1-regulated N-responsive DEGs identified in 
the current study was 2453 (Supplementary Table 3).

Common and unique nitrate‑responsive biological 
processes in WT and rga1 mutant

Further Venn selections were performed with the process 
categories to ascertain the functional biological implica-
tions of the above 1749 uniquely up/downregulated genes 
identified in the mutant. This revealed 15 uniquely enriched 
biological processes for downregulated and 16 for upregu-
lated nitrate-responsive DEGs in the rga1 nitrate transcrip-
tome (Fig. 2d, e). In other words, the seemingly huge differ-
ences in the number of up- and downregulated DEGs does 
not translate into comparable differences in the number of 
processes involved. This is true at least for the processes 
uniquely regulated by nitrate in the mutant (but not in the 
wild type). All the common and unique processes enriched 
for nitrate-responsive DEGs in WT and rga1 datasets are 
shown in Fig. 2e.

AgriGO analyses revealed that the 2474 RGA1-regulated, 
nitrate-responsive DEGs identified exclusively in our study 
of the mutant (and not in the earlier studies) belonged to 
nine uniquely enriched processes as well as to ten previously 
known biological processes (Fig. 2e and Supplementary 
Table 4). Novel RGA1-regulated and N-responsive processes 
include regulation of biological quality (28 DEGs), porphy-
rin metabolism (8 DEGs), ARF protein signal transduction 

(7 DEGs), small GTPase mediated signal transduction (18 
DEGs), tetrapyrrole metabolism (8 DEGs) and cofactor 
metabolism (21 DEGs). Further, additional/novel RGA1-
regulated and N-responsive DEGs were identified belong-
ing to ten known processes such as cellular nitrogen com-
pound metabolism (41 additional), heterocycle biosynthesis 
(15 additional), homeostasis (23 additional), carbohydrate 
metabolism (83 additional), photosynthesis and light har-
vesting (6 additional).

To understand the overall biological roles of all the 
N-responsive DEGs found in the current study, they were 
subjected to GO analysis using the AgriGO ver. 2.0 (Tian 
et al. 2017) and REVIGO (Supek et al. 2011). Only the sta-
tistically over-represented terms for biological processes 
were used for further analysis (Fig. 2d, e; Supplementary 
Tables 3 and 4). Photosynthesis, carbohydrate biosynthe-
sis, chlorophyll, tetrapyrrole and porphyrin biosynthesis 
and cellular nitrogen compound biosynthesis were among 
the 16 uniquely over-represented GO-BP terms for upregu-
lated nitrate-responsive DEGs in the mutant. This was fol-
lowed by seven common processes for upregulated DEGs in 
both mutant and WT nitrate-transcriptomes. These include 
carbohydrate metabolism, cellular nitrogen compound 
metabolism and glucan metabolism. For the downregulated 
nitrate-responsive DEGs unique to the mutant, 15 enriched 
GO terms were identified, including cellular protein metabo-
lism, intracellular protein transport, small GTPase mediated 
signal transduction, cell redox homeostasis and regulation of 
biological quality. There were also eight processes common 
to downregulated DEGs in both WT and mutant datasets, 
including cellular protein localization, cellular homeostasis, 
protein folding and transport.

Further, statistically significant GO terms were also 
retrieved using gProfiler (Raudvere et al. 2019) and EXPath 
(Tseng et al. 2020). They revealed many similar but also 
a few additional process terms associated with uniquely 
N-responsive DEGs in the mutant viz., response to light 
stimulus, response to cytokinin, cell surface receptor sig-
nalling pathway, protein refolding, glutathione metabolism 
and cell wall biogenesis were the most significant among 
those processes (Supplementary Table 4). Photosynthesis, 
chlorophyll biosynthesis, carbohydrate metabolism and car-
boxylic acid metabolism were most over-represented in the 
upregulated DEGs, while protein transport (intracellular and 
vesicle-mediated), protein folding, cell redox homeostasis 
and regulation of ARF protein signal transduction were the 
most over-represented GO terms among the downregulated 
DEGs. All the DEGs were also mapped to various functional 
categories or ‘bins’ using MapMan (Thimm et al. 2004).

The results of MapMan analysis were highly correlated 
with those of AgriGO, EXPath and gProfiler. Metabolic 
processes, cellular response and photosynthesis were found 

Fig. 3  Functional annotation of DEGs involved in photosynthesis and 
metabolism. a Heatmap showing the distribution of nitrate-responsive 
photosynthesis-related DEGs identified in the rga1 mutant (d1) vs 
the corresponding WT. Gradient of red colour represents upregulated 
while gradient of blue represents the downregulated genes. The col-
our scale shows the log2FC values. b Heatmap showing the distribu-
tion of nitrate-responsive metabolism-related DEGs identified in the 
rga1 mutant vs the corresponding WT. Gradient of red colour repre-
sents upregulated while gradient of blue represents the downregulated 
genes. The colour scale shows the log2FC values. The complete list 
of genes belonging to each functional category is provided in Sup-
plementary Tables 6 & 7. We validated four DEGs belonging to pho-
tosynthesis (OsCRY1a, OsLFNR2, Non-photo hypocotyl3 and YL1) 
as well as five belonging to abiotic stress response and/or metabo-
lism (OsDjC26, OsGS2, OsLACS1, Sugar/inositol transporter and 
OsADH1) as shown in Fig. 5

◂
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to be the bins to which a significant number of DEGs were 
mapped (Fig.  3). In addition to these, DEGs were also 
mapped to regulation, receptor like kinases and tetrapyrrole 
biosynthesis, among others (Supplementary Fig. 2). Further 
analysis of these bins revealed that most of the DEGs were 
mapped to important sub-bins like stress response (abiotic 
and biotic), development, cell wall, light reactions, second-
ary metabolism, RLKs (LRR, S-locus, WAK, PERK-like and 
DUF26; receptor like cytoplasmic kinases) (Supplementary 
Fig. 3). Pathway analysis using PlantMetGenMap (Joung 
et al. 2009) revealed 20 statistically significant differen-
tially regulated pathways (Supplementary Table 5). These 
include cellulose biosynthesis, NAD salvage pathway II, 
β-D-glucuronide degradation, Calvin cycle, proline biosyn-
thesis, etc. Most of the DEGs involved in these pathways 
showed upregulation.

Our search for processes (GO-BP terms) associated with 
the DEGs using AgriGO, EXPath and MapMan (Figs. 2e, 
3, 4 and Supplementary Figs. 2 & 3) further elaborate the 
role of RGA1 in the regulation of several N-responsive pro-
cesses. AgriGO analysis revealed that all the genes related to 
carbohydrate metabolic process were upregulated by N treat-
ment in WT (139) as well as in the mutant (102). However, 
there were 46 common genes in both the datasets and 71 and 
41 unique genes in WT and mutant, respectively. Similarly, 
all the genes related to cellular nitrogen compound meta-
bolic process were also upregulated in WT (60) and mutant 
(52) and there were 26 common and 26 unique DEGs in the 
mutant. Out of 51 DEGs involved in photosynthesis, which 
we earlier reported as N-responsive in WT plants, 25 were 
also common in the mutant dataset (total 72).

Fig. 4  Trait-related DEGs 
identified in the rga1 mutant 
(d1) and the corresponding 
WT. a–f Venn selection to 
identify DEGs associated with 
different traits as indicated. 
DEGs were assigned to various 
morphological and agronomic 
traits like leaf, culm, panicle, 
yield and productivity using 
Oryzabase database (https:// 
shigen. nig. ac. jp/ rice/ oryza base/) 
and published literature. The 
complete gene list for each trait 
is provided in Supplementary 
Table 7 along with their fold 
change values. The selected 
DEGs (fourteen) belonging 
to N-responsive traits were 
validated by RT-qPCR as shown 
in Fig. 5 and mentioned in the 
following sections

https://shigen.nig.ac.jp/rice/oryzabase/
https://shigen.nig.ac.jp/rice/oryzabase/
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RGA1 signalling mediates N regulation 
of agronomic traits

A total of 414 DEGs were mapped to the metabolic pro-
cesses bin using MapMan (Supplementary Table 6; Sup-
plementary Fig. 2). These included genes involved in car-
bohydrate, lipid, amino acid and nucleotide metabolism and 
cell wall biosynthesis (Supplementary Fig. 2 and Fig. 3b). 
Interestingly, Nitrate Transporter (NRT2.6) and Glutamate 
Synthase (GOGAT ), the genes involved in N uptake and 
assimilation, which are known to be upregulated by nitrate, 
were found to be down-regulated in the mutant. Whereas, 
other primary N assimilation genes like Glutamine Syn-
thetase (GS) and Glutamate Dehydrogenase (GDH) were 
upregulated in the mutant. This is by far the most compelling 
genetic evidence of the role of G-protein (RGA1) in nitrate 
response.

We also obtained 61 DEGs, which are involved in second-
ary metabolism like flavonoid and phenylpropanoid metabo-
lism. Most of these DEGs were found to be upregulated, 
other than those involved in tetrapyrrole metabolism. Fur-
ther, a total of 185 DEGs belonging to various large enzyme 
families like cytochrome P450, oxidases, nitrilases, UDP 
glucosyl and glucuronyl transferases, glutathione-S-trans-
ferases, alcohol dehydrogenases, etc. were identified in the 
analysis. 142 of these enzyme-related DEGs were upregu-
lated, whereas 43 were downregulated in the rga1 mutant. 
Their heatmap in Supplementary Fig. 13 and gene list in 
Supplementary Table 6 and Supplementary Table 7 show 
90 unique DEGs related to these enzyme classes uniquely 
regulated by nitrate in the mutant. 79 DEGs related to bio-
synthesis and signalling of hormones like auxin, ABA, BR, 
ethylene, cytokinin, GA, jasmonic acid and salicylic acid 
were also identified (Supplementary Fig. 2).

Photosynthesis was found to be the most enriched cat-
egory across analyses using all the in-silico tools. A total of 
72 DEGs were mapped in the photosynthesis bin of Map-
Man (Fig. 3a). These include genes involved in light reac-
tions, Calvin cycle as well as photorespiration. Heatmap for 
47 unique DEGs (along with total) related to photosynthe-
sis uniquely regulated by nitrate in the mutant is shown in 
Fig. 3. Out of total 72, 68 DEGs were upregulated, whereas 
only 4 were downregulated in the mutant (Fig. 3a).

Finally, on the basis of literature (Boonburapong and 
Buaboocha 2007; Gao and Xue 2012), MapMan and other 
database searches (RGAP, RAPdb, STIFDB2 and Plant-
TFDB), we prepared a list of non-redundant 857 DEGs 
across metabolism, signalling and transcriptional regula-
tion categories. These DEGs were related to photosynthesis 
and/or enzymes and/or C and N metabolism and/or (TFs) 
and/or RLKs and/or G-proteins and/or MAP Kinases and/or 
hormones in the rga1 nitrate transcriptome (Supplementary 
Fig. 7 and Supplementary Table 7). Interestingly, as many 

as 1536 N-responsive DEGs belonging to the same above 
categories were highly enriched with higher fold change in 
the WT but not in the mutant (Supplementary Table 7), indi-
cating that nitrate response in the mutant and WT target the 
same processes through different genes.

The agronomically important traits associated with the 
RGA1-regulated and N-responsive DEGs such as root/
shoot/tiller development, heading date/panicle emergence/
flowering, seed development and yield are shown in Fig. 4 
and Supplementary Fig. 13. The heatmaps (Supplementary 
Fig. 13) also indicate their involvement in metabolism and/
or signalling and/or transcriptional regulation categories 
(Fig. 4 and Supplementary Fig. 7). Out of 147 DEGs for 
leaf/culm/ root development, 59 belonged to the abovemen-
tioned three functional categories (17 downregulated and 
42 upregulated). Similarly, 21 (6 down- and 15 upregulated) 
and 46 DEGs (12 down- and 34 upregulated) belonging to 
these functional categories were identified for heading (64) 
and seed development (100), respectively. Additionally, 
these functional categories also make up 250 (87 down- and 
163 upregulated), 29 (8 down- and 21 upregulated) and 5 
(1 down- and 4 upregulated) DEGs for tolerance/resistance 
(581), yield/productivity (67) and tiller (17), respectively.

Further comparison revealed a smaller number of exclu-
sive DEGs related to N-responsive agronomic traits in the 
mutant relative to the WT and their fold change was also 
lesser (Fig. 4 and Supplementary Table 7). There were in 
total 198 exclusive DEGs in WT related to leaf/culm/ root 
development compared to 74 exclusive in the mutant), 108 
related to heading/inflorescence/panicle (39 exclusive in 
mutant), 114 related to seed development/yield (46 exclusive 
in mutant), 816 related to tolerance/resistance (296 exclusive 
in mutant) and 20 related to tiller development (6 exclusive 
in mutant). This means that 604 nitrate-responsive DEGs 
associated with agronomic traits in the WT were rendered 
unresponsive to nitrate due to the lack of functional RGA1 
in the mutant. This pattern is also reflected in the pheno-
typic responses in the mutant and WT as explained in later 
sections.

Subcellular distribution of DEGs and identification 
of associated transcription factors

To understand the effect of Gα knockout mutation on 
nitrate response at global cellular and subcellular levels, 
all DEGs were subjected to subcellular prediction using 
cropPAL2.0 program (Hooper et al. 2016). We found that 
most of the upregulated DEGs were distributed into cyto-
sol (22%), plastid (21%), plasma membrane (12%) and 
extracellular (11%), among others (Supplementary Fig. 4); 
while most of the downregulated DEGs were distributed 
into cytosol (26%), plasma membrane (18.5%) and nucleus 
(15%) (Supplementary Fig. 4 and Supplementary Table 8). 
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This clearly suggests the involvement of RGA1 in the regu-
lation of pathways occurring in these multiple subcellular 
locations and organelles. Our search with the DEGs in 
STIFDB2, RGAP, PlantTFDB and MapMan databases 
revealed a total of 343 differentially regulated (TFs) (TFs) 
spread across 30 TF families (TFFs) with bZIP, NAC and 
bHLH TF being most over-represented. About 66% of the 
TFs were upregulated, while the rest of them (34%) were 
downregulated. Most of the TFs of bHLH, bZIP, HD-ZIP, 
GRAS, MYB-related and SBP TFFs were upregulated, 
while those of C2H2, ERF, Dof, WRKY and HSF TFFs 
were downregulated (Supplementary Table 7).

PPI network analysis revealed photosynthetic 
and metabolism as enriched clusters

We developed protein–protein interaction (PPI) networks 
and mapped the DEGs onto them to find RGA1-regulated 
interactions in nitrate response/NUE. The network was 
constructed using only the experimentally verified inter-
action data from STRING, MCDRP, BioGRID and PRIN 
databases and expression values of the DEGs were col-
our-coded to visualize the network using Cytoscape 3.8.2 
(Shannon et al. 2003). The network consisted of 542 nodes 
and 1808 edges after removing the duplicated edges. As 
compared to the WT, the DEGs in the mutant formed a 
majority of the interacting proteins in the network, indicat-
ing the differences in functional interactions underlying 
nitrate response in the wild type and RGA1 mutant (Sup-
plementary Fig. 5 and S6 and Supplementary Table 9). 
MCODE analyses revealed four highly connected sub-
clusters of molecular complexes having MCODE score > 3 
with node number > 10 (Supplementary Fig. 6). A total 
of 32, 30, 12 and 11 nodes having 445, 402, 64 and 55 
number of edges were found in the sub-cluster 1, 2, 3 and 
4, respectively. Singular enrichment analysis (SEA) of the 
genes in these clusters using AgriGO revealed that genes 
of both clusters 1 and 2 are associated with “metabolism”, 
“cellular biosynthesis” and “translation” (Supplementary 
Fig. 6). The genes of cluster 3 and 4 were found to be 
involved in “ubiquitin-dependent protein catabolic pro-
cess” and “photosynthesis”, respectively.

We also found a large network formed only of the vali-
dated interactors of RGA1 (Supplementary Fig. 5 and S6). A 
majority of these interactors (46 out of 64) were found to be 
N-responsive when these interactors were screened against 
known N-responsive genes.

qPCR validation of DEGs across important biological 
processes

To validate the RGA1 regulation of N-responsive DEGs 
selected from different functional categories identified in 

the microarray data (GSE62164), relative transcript abun-
dance values of 12 upregulated DEGs and 6 downregu-
lated DEGs were determined by qRT-PCR (Fig. 5a). The 
primer sequences for the DEGs validated in the experi-
ment are provided in Supplementary Table 10. They were 
selected based on their involvement in important path-
ways such as regulation of cell division and cell cycle 
and/or DNA synthesis and repair and/or development 
(OsSTA28, OsCYP37, CYP26-2, Zinc finger, FYVE-type 
domain containing protein, OsNYC3, Regulator of chro-
mosome condensation, OsRPA1, Replication protein A1, 
OsRH16 and OsRH10). The expression patterns matched 
with the microarray data and the  log2 fold changes for the 
eight DEGs (four upregulated and four downregulated) 
were significantly different in the mutant as compared to 
the WT (Fig. 5a). We also validated four DEGs belong-
ing to light signalling and/or photosynthesis (OsCRY1a, 
OsLFNR2, Non-photo hypocotyl3 and YL1) as well as five 
belonging to abiotic stress response and/or metabolism 
(OsDjC26, OsGS2, OsLACS1, Sugar/inositol transporter 
and OsADH1). Under these categories, the fold change for 
four upregulated and one downregulated DEGs were sig-
nificantly different in the mutant as compared to the WT. 
Figure 5a shows the comparison of the nitrate-responsive 
gene expression after in vitro treatment of wild type vs. 
rga1 mutant leaves. The figure also shows the upregula-
tion of seven (OsLFNR2, OsDjC26, OsGS2, OsSTA28 
OsCYP37, OsCYP26-2, Zn-finger FYVE) and downregula-
tion of two (RCC , OsRPA1) exclusive N-responsive DEGs 
in the mutant, whereas the expression for these DEGs was 
very close to the baseline ‘0’ in the WT.

Further validation was done in whole plants, using the 
leaf tissues of WT and mutant plants at active tillering stage 
grown with either 1.5- and 15 mM nitrate. The differential 
expression of eight DEGs (Fig. 5b) was validated as upreg-
ulated viz. OsSTA28, OsCYP26-2, OsDjC26, OsCAT-A, 
ALPHA-AMYLASE 3D, OsLhca3, OsFBP1 and OsCDPK23. 
Downregulated DEGs were also validated namely, RNA 
Helicase, CLASS I CLP ATPASE B-M, OsGPDH1-1 and 
Similar to Coatomer gamma subunit. These DEGs belonged 
to cell cycle and/or DNA synthesis (Os RH16, OsSTA28, 
OsCYP26-2) and abiotic stress responses (OsDjC26, OsCAT-
A & CLASS I CLP ATPASE B-M). Other DEGs belonging to 
photosynthesis/yield (OsGPDH1-1, ALPHA-AMYLASE 3D, 
OsLhca3 and OsFBP1) and signalling or protein transport 
(OsCDPK23, Similar to Coatomer gamma subunit) were also 
validated. The expression patterns matched with the micro-
array data and fold changes of all these DEGs were signifi-
cantly different in the mutant as compared to the WT (Fig. 5). 
These results clearly reveal that the RGA1 and N regulation 
of the DEGs as observed in excised leaves was also valid in 
intact plants grown with normal dose of nitrate prescribed 
in AH solution. They also provide conclusive evidence for 
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RGA1 regulation for novel genes and processes for subtle 
N-responsive effects in the mutant. On the basis of literature 
(Kumari et al. 2021; Neeraja et al. 2021; Sandhu et al. 2021), 
we report 226 NUE-related DEGs (compared to 477 in WT) 
in the mutant using the nitrate-responsive transcriptome 
(Supplementary Fig. 8 and Supplementary Table 11). We 
validated the nitrate-responsive expression of six upregulated 

(OsCRY1a, OsLFNR2, YL1, OsGS2, OsFBP1 and α-amylase 
3D) and three downregulated (OsADH1, OsNYC3 and 
OsRH10) NUE-related DEGs (Fig. 5).

Fig. 5  Validation of expression 
profile of selected novel nitrate-
responsive DEGs in the rga1 
mutant (d1) vs the correspond-
ing WT by RT-qPCR. a RNA 
from excised leaves of 32-day-
old rice seedlings treated 
in vitro with control (120 mM 
KCl) and nitrate (120 mM 
 KNO3) and b RNA from leaves 
of potted intact plants at active 
tillering stage, treated in vivo by 
growing them throughout with 
AH nutrient solution contain-
ing 1.5 mM (control) or 15 mM 
nitrate. Relative change in the 
gene expression was calculated 
by comparative Ct method and 
actin genes were used for data 
normalization. The control val-
ues were taken as zero and only 
the test values are shown as 
averages of three technical and 
three independent biological 
replicates (±SE). The statisti-
cal significance is calculated 
using one-way ANOVA in 
GraphPad Prism 6.0 and same 
letters denote non-significant 
pairs. Log2Fold change values 
for the DEGs using RT-qPCR 
and microarray data showed a 
positive correlation of >83% 
(Supplementary Table 10)
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Phenotypic and physiological validation 
of differential N‑response in mutant and WT

Phenotypic data were generated using the same plants used 
for RT-qPCR validation of DEGs associated with agronomic 

traits (Fig. 5b), to relate gene expression found in leaves 
to other organs, traits and overall comparative agronomic 
performance in WT and mutant plants. For this purpose, 
10-day-old seedlings were grown hydroponically in AH 
solution containing either 1.5 or 15 mM nitrate for next 

Fig. 6  Phenotypic measurements of rice WT and rga1 mutant (d1) 
in response to two different doses of nitrate. a Representative image 
of WT and rga1 mutant plants grown in pots with two different con-
centrations of nitrate. b Bar graph showing the root length of 20-day-
old seedlings grown hydroponically at two different nitrate concen-
trations. c Bar graph representing the shoot length of WT and rga1 
mutant plants at heading stage grown in pots with two different con-
centrations of nitrate. d Bar graph representing the days to panicle 
emergence in WT and rga1 mutant plants grown in pots with two dif-
ferent concentrations of nitrate. e Bar graph representing the number 
of productive tillers in WT and rga1 mutant plants grown in pots with 

two different concentrations of nitrate. f Bar graph representing the 
total N content per plant in WT and rga1 mutant plants grown in pots 
with two different concentrations of nitrate. g Bar graph represent-
ing the total protein content per plant in WT and rga1 mutant plants 
grown in pots with two different concentrations of nitrate. b-e Each 
bar graph represents mean ± SE of the data from twelve biological 
replicates. f, g Each bar graph represents mean ± SE of the data from 
three independent biological replicates. The statistical significance is 
calculated using two-way ANOVA in GraphPad Prism 6.0 and same 
letters denote non-significant pairs
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10 days and then their root lengths were recorded (Fig. 7b). 
Under the contrasting doses of nitrate, WT and mutant 
plants exhibited significant differences in phenotypic and 
physiological responses in four independent experiments 
(Figs. 6, 7, 8 and Supplementary Figs. 9, 11, 12). The dura-
tion of treatments was selected based on our previous experi-
ments with WT japonica plants, wherein significant N-dose-
responsive phenotypic and physiological differences were 
observed with 20 days old seedlings and thereafter through-
out the life cycle (Mandal et al. 2022). Root lengths were 

significantly longer, as expected in the WT plants treated 
with 1.5 mM  NO3

− relative to 15 mM. However, no sig-
nificant difference in root length was observed in mutant 
plants under any nitrate concentration (Fig. 6b). The same 
trend was also observed for shoot length (Fig. 6c). Similarly 
heading date and productive tillers were affected by 15 mM 
 NO3

− (relative to low N) in the WT but not in the mutant 
(Fig. 6 d,e). These consistent results across multiple growth 
and yield-related parameters suggest that the mutation in 
RGA1 may have rendered the plant insensitive to changes in 

Fig. 7  Physiological measure-
ments of rice WT and rga1 
mutant (d1) in response to 
two different doses of nitrate 
(1.5 mM or 15 mM) at early 
vegetative stage. Measure-
ments of stomatal density and 
physiology of rice WT and the 
mutant in response to two dif-
ferent doses of nitrate. Stomatal 
density on a, b the adaxial leaf 
surfaces and c abaxial surface. 
d Stomatal size on the abaxial 
surface. Measurement of e sto-
matal conductance, f transpira-
tion rate, g photosynthetic rates, 
h water use efficiency (photo-
synthetic rate/transpiration rate), 
i intrinsic water use efficiency 
(photosynthetic rate/stomatal 
conductance) of photosyntheti-
cally active fully developed leaf 
at active tillering stage. Meas-
urement of j total chlorophyll 
content of photosynthetically 
active fully developed leaf at 
active tillering stage. SEM anal-
yses were performed using three 
independent biological replicate 
plants and two technical repli-
cates from each plant. Stomatal 
density was analyzed in frames 
of 550.56 × 825.43 (H × W) µm2 
area on the leaf surfaces. e–i 
Bar graphs represent mean ± SE 
of the data from five independ-
ent biological replicate plants. j 
Bar graphs represent mean ± SE 
of the data from three independ-
ent biological replicate plants. 
The statistical significance 
is calculated using two-way 
ANOVA in GraphPad Prism 6.0 
and same letters denote non-
significant pairs
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N-supply/content, which may explain its better NUE relative 
to WT, especially at 15 mM  NO3

− (Fig. 1b, c).
Total nitrogen and total protein contents were found to 

be higher in 15 mM  NO3
− treated plants as compared to the 

1.5 mM  NO3
− treated ones in both the WT and mutant plants. 

However, the mutants had lower total nitrogen and total protein 
contents relative to the WT (Fig. 6f,g). Our measurements of 
relative water content and catalase activity (Supplementary 
Fig. 9) in these plants indicate higher N-dose sensitivity in WT 

at 15 mM  NO3
− as compared to the mutant. Similarly, our data 

shown in Supplementary Fig. 10 show insignificant differences 
in P contents at the harvest stage, though the differences in 
K content between WT and mutant were significant only at 
1.5 mM nitrate and not at 15 mM nitrate.

To reconfirm that the phenotypic results are solely due to 
N-response and not any other external effect, we repeated the 
experiment with higher light intensity (200 µmol  m−2  s−1) 
at the plant level in the growth chamber. We also saturated 

Fig. 8  Physiological measure-
ments of rice WT and rga1 
mutant (d1) in response to 
two different doses of nitrate 
(1.5 mM or 15 mM) and salt 
stress during grain filling stage. 
Measurements of sodium con-
tent (a), total filled grain weight 
per plant (b), nitrogen content 
(c) and protein content (d) in 
rice WT and the mutant plants 
at harvest in response to two 
different doses of nitrate with 
or without salt stress. Measure-
ment of water use efficiency 
(photosynthetic rate/transpira-
tion rate) (e), relative water 
content (f), Fv/Fm; maximal 
quantum efficiency of photosys-
tem II (PSII) (g) and photosyn-
thetic rates (h) of photosyn-
thetically active leaf (h) of rice 
WT and the mutant plants in 
response to two different doses 
of nitrate with or without salt 
stress salt stress. Bar graphs b, 
e–h represent mean ± SE of the 
data from at least six independ-
ent biological replicate plants. 
Bar graphs a, c, d represent 
mean ± SE of the data from at 
least four independent biologi-
cal replicate plants. The statisti-
cal significance is calculated 
using three-way ANOVA in 
GraphPad Prism 6.0 and same 
letters denote non-significant 
pairs
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the pots with water to rule out any water deficiency and 
still obtained similar N-responsive results. Our data in Sup-
plementary Fig. 12 show that RGA1 mutant was insensitive 
to N-dose while the WT exhibited N-dose sensitivity and 
decreased plant height. Further, we showed here that RGA1 
mutation renders even other agronomically important traits 
unaffected by N-dose (Fig. 6). Consequently, the inhibition 
of yield and NUE seen in the WT at 15 mM nitrate did not 
manifest in the mutant, thus appearing to perform better in 
terms of yield and NUE-related parameters.

The total number of stomata on leaf surfaces did not 
show any significant difference attributable to nitrate 
dose in the wild type plants, however, it was lower in the 
mutant plants at 15 mM  NO3

− relative to 1.5 mM nitrate 
(Fig. 7a–c). On the other hand, significant effect of nitrate 
dose was observed in the stomatal length on the abaxial 
surfaces of both WT and mutant leaves (Fig. 7d). Moreo-
ver, the mutant plants showed larger stomata relative to the 
WT, as is known in Arabidopsis (Zhang et al. 2008) but 
not reported for N-response in rice so far to our knowledge. 
Stomatal conductance and transpiration rate increased with 
increase in nitrate concentration in the WT plants; while 
the mutant did not show significant change with respect to 
N-dose (Fig. 7e, f). However, the mutant plants exhibited 
lower stomatal conductance and transpiration rates relative 
to the WT irrespective of the N-dose.

Interestingly, the mutant plants also showed significantly 
higher chlorophyll content than their corresponding WT 
irrespective of the nitrate concentration, with visibly darker 
green leaves of the mutant plants (Fig. 7j). Nitrate dose had 
significant effect on the chlorophyll content only in mutant 
plants, as those grown under 15 mM  NO3

− had significantly 
higher chlorophyll content than those grown under 1.5 mM 
 NO3

− (Fig.  7j). However, nitrate concentration did not 
significantly affect the photosynthetic rate in the mutants, 
whereas a significant increase was observed in case of WT 
plants from 1.5 mM to 15 mM nitrate concentration at both 
early (Fig. 7g) and late vegetative stages (Supplementary 
Fig. 11). Additionally, mutant plants showed better water use 
efficiency (WUE) and intrinsic water use efficiency (WUEi) 
owing to higher photosynthetic rate and lower stomatal con-
ductance and transpiration rates (Fig. 7h, i and Supplemen-
tary Fig. 11).

Abiotic stress tolerance/resistance is one of the best stud-
ied roles of RGA1. It also emerged as an important process 
in the functional annotation of the DEGs in WT and RGA1 
to nitrate in this study (Fig. 4). Further physiological exami-
nation was done on the effect of nitrate dose (1.5 and 15 mM 
nitrate) and/or salt stress (120 mM NaCl) on grain yield in 
the WT and RGA1 mutant. It revealed that despite similar 
sodium accumulation, the mutant was far less sensitive (or 
far more tolerant) to both nitrate dose and salt (Fig. 8a, b). 
However, the lack of additive effect of higher nitrate/salt 

on yield in the WT as well as in the mutant indicates that 
nitrate and salt affect yield through the same regulatory step. 
In other words, RGA1 emerges as a convergence point in 
the mechanism of salt tolerance and NUE for the first time.

The total nitrogen content in the shoot increased from 1.5 
to 15 mM nitrate in both the WT in the mutant, though to a 
slightly lesser degree in the mutant than in the WT (Fig. 8c). 
This explains why the mutant is less sensitive to the inhibi-
tory effects of nitrate dose on root/shoot length and yield 
than the WT and suggests that RGA1 regulate nitrate uptake. 
Interestingly, the same cannot be said for reduced sensitivity 
to salt stress in the mutant, as the sodium content remained 
unchanged between the WT and mutant (Fig. 8a). Total 
protein contents increased in response to N-dose in both 
WT and the mutant, but were more affected by salt stress 
in the WT and non-significantly in the mutant (Fig. 8d). 
Interestingly, this is not due to reduced sodium intake in 
the mutant and is inspite of the reduced nitrogen content 
in the mutant (Fig. 8a) and needs further exploration for 
other mechanisms. RGA1 mutant plants also showed lower 
physiological sensitivity than WT to salt stress at both the 
N doses and maintained better maximal quantum efficiency 
of photosystem II (Fv/Fm) photosynthetic rate, water use 
efficiency and relative water content (Fig. 8e–h).

Overall, these findings on nitrate-responsive phenotypic 
traits must have a basis in differential gene expression in the 
mutant plants, as many of the nitrate-responsive DEGs found 
in this study are functionally linked to such phenotypic traits 
(Fig. 4, Supplementary Figs. 5, 6 & 13). The lesser number 
of DEGs with higher foldchange in mutant over WT may be 
due to the reduced N-sensitivity of the mutant relative to the 
WT, which may in turn subdue the associated phenotypic 
effects. PPI network of total DEGs in the mutant for traits 
like leaf and/or culm and/or root, panicle and/or seed and/or 
yield and tolerance and/or resistance were mainly enriched 
with upregulated DEGs (Fig. 9). At least 14 of them have 
been validated as nitrate responsive by RT-qPCR (Fig. 5), 
clearly indicating their role in regulating the agronomic 
response to nitrate through G-protein (RGA1) signalling in 
rice. They are OsGS2, OsLFNR2, OsADH1, YL1, OsNYC3, 
OsSTA28, Oslhca3, OsCAT-A, Regulator of chromosome 
condensation, OsRH16, OsFBP1, OsRH10, Class I CLP 
ATPase B-M and Catomer γ subunit.

Discussion

Our earlier transcriptomic studies on G-protein α subu-
nit mutants identified differential expression of some 
genes involved in N-response/metabolism in Arabidopsis 
(Chakraborty et al. 2019; Chakraborty et al. 2015a, b, c) 
and rice (Pathak et al. 2021). But a thorough validation of 
the role of Gα in genomewide nitrate response was long 
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Fig. 9  Protein–protein interaction network of DEGs involved in reg-
ulation of plant traits. a Leaf and/or culm and/or root development, 
b tolerance and/or resistance and c panicle and/or seed development 
and/or yield. d Heatmap depicting expression levels of differentially 

regulated miRNAs in rga1 mutant (d1) mutant in response to nitrate. 
The nodes in red and blue colour represent the up- and downregulated 
nitrate-responsive DEGs, respectively, some of which are validated 
by RT-qPCR. Interactors that are not DEGs are shown in green colour
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overdue, especially in view of its agronomic implications in 
crop plants and the availability of the rice d1 mutant devoid 
of functional Gα (RGA1).

The present study was prompted by the meta-analyses that 
revealed significant overlaps between N-responsive genes 
and RGA1-regulated genes, as well as better yield and NUE 
in the mutant relative to WT under 15 mM Nitrate treatment 
(Fig. 1a–c). While further exploitation of the NUE trait in 
the natural RGA1 mutant can be taken up through agronomic 
field trials, we sought to understand its functional biology. 
It was specifically designed to examine the transcriptome-
wide N-response in the rga1 mutant and to compare it with 
its corresponding WT nitrate-responsive transcriptome gen-
erated simultaneously under identical conditions (Mandal 
et al. 2022). We identified the common and many exclu-
sive DEGs/pathways/processes in the mutant and WT for 
the associated NUE-related phenotypic and physiological 
aspects for a more comprehensive understanding. To the best 
of our knowledge, this is the first attempt to address most of 
the published rice NUE traits together in the RGA1 mutant 
with two N doses and represents a convergence of two long 
tracks of work (Raghuram 2023).

N‑responsive genes/processes in RGA1 mutant

A proper characterization of the effect of RGA1 mutation 
on genomewide N-response would require baseline knowl-
edge of nitrate response in the corresponding WT. Our ear-
lier studies on nitrate response were carried out in indica 
background to search for candidate target genes to improve 
NUE in rice (Pathak et al. 2020; Sharma et al. 2022). We 
recently generated similar genomewide nitrate-response data 
in japonica using KCl as a control for  KNO3 and reported 
6688 DEGs (Mandal et al. 2022). In view of several overlap-
ping genes between nitrate-response and RGA1-response, 
we analyzed the effect of RGA1 mutation on the genom-
ewide nitrate response in the present study. The raw data are 
provided at NCBI GEO database (GSE62164). We hereby 
report 3416 DEGs and their associated processes, traits etc., 
and also compare it with the corresponding WT DEGs.

These 3416 nitrate-responsive genes we identified in the 
mutant for the first time are larger in number than those 
regulated by RGA1-alone (Figs. 1a, 2a) and only 605 of them 
are in common with Ferrero-Serrano et al. (2018) and 474 
common with Pathak et al. (2021). Venn comparison with 
all the nitrate-responsive DEGs found in WT under identical 
conditions revealed 1749 unique DEGs in the mutant, apart 
from those common (1667) and exclusive in the WT (5021; 
Fig. 2b, c). We found opposite trend of expression between 
the mutant and WT in 28 upregulated and 30 downregu-
lated DEGs, some of which were validated by RT-qPCR 
(Fig. 5). This could mean that the Gα knock-out mutation 
has reversed the nitrate-response for these genes, but this 

does not seem to have any measurable impact on the growth 
parameters, which seem to be insensitive to N-supply or 
N-dose in the mutant (Figs. 6, 7, 8). Some degree of insen-
sitivity can be explained with our transcriptomic data that 
lesser number of DEGs (related to various N-responsive 
traits) with higher foldchange were enriched in the mutant 
than WT (Fig. 4).

Though nitrate upregulated most of the genes for 
increased photosynthesis both in WT as well as mutant 
plants, their proportion was higher in the mutant (68 out of 
72 or 94%) as compared to 73% in WT. This is consistent 
with our finding that chlorophyll biosynthetic/metabolic pro-
cess was significantly enriched for upregulated DEGs only in 
mutant. These results are in line with some earlier reports on 
the role of G-proteins in better light harvesting (Ferrero-Ser-
rano et al. 2018) and photosynthesis in Arabidopsis (Zhao 
et al. 2010) and rice (Wang et al. 2021) but reported in nitro-
gen response for first time in the current study. Our results 
add N-responsive DEGs to the earlier reported biological 
processes in the mutant that include cell redox homeostasis 
(Yadav et al. 2013; Chakraborty et al. 2015a, b, c; Swain 
et al. 2017), regulation of ARF protein signal transduction 
(Donaldson et al. 1991) and cellular protein metabolism.

Among the DEGs hitherto unknown to be both RGA1-
regulated and N-responsive, there are those belonging to 
several regulatory classes like TFs, RLKs, MAP Kinases, 
hormones and G-proteins and calcium signalling with agro-
nomic influence, as elaborated below.

Association of DEGs with phenotypic/agronomic 
traits

Out of 1323 N-responsive DEGs associated with impor-
tant phenotypic/agronomic traits in the WT (Mandal et al. 
2022), only 719 were nitrate-responsive in the mutant. 
But there were 381 others that responded to nitrate only 
in the mutant and not in the WT, whereas reverse was 
true for 985 DEGs (Supplementary Table 7). Only 151 of 
these DEGs were found in the mutant transcriptome by 
Ferrero-Serrano et al. (2018), without reference to nitrate 
or any agronomic trait. Similarly, 186 such DEGs were 
found in the mutant transcriptome by Pathak et al. (2021), 
with some reference to agronomic traits and annotations 
associated with nitrate metabolism. The identification of 
over 3.6-fold more DEGs associated with N-response and 
Gα-regulated phenotypic/agronomic traits in this study 
indicates the importance of experimentally examining 
nitrate response in the mutant. The lesser number of highly 
up- or downregulated phenotypic trait-related DEGs in the 
mutant (relative to the WT) may account for the differ-
ent phenotypic and physiological responses in the mutant 
(Figs. 6, 7, 8 and Supplementary Table 7).
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The mutant was not sensitive to N-dose (15 mM) relative 
to the WT with respect to growth parameters such as root/
shoot length, number of productive tillers, heading date/pan-
icle emergence and yield (Fig. 6 and Supplementary Figs. 9 
& 12). This insensitivity seems to translate into better NUE 
in the mutant as compared to the WT (Fig. 1c), especially at 
15 mM relative to 1.5 mM  NO3

−. However, both the mutant 
and WT displayed significant N-dose responsive changes 
in stomata, photosynthesis, chlorophyll, total N and protein 
contents (Figs. 7, 8 and Supplementary Fig. 11). RT-qPCR 
validation of DEGs (Fig. 5) encompassing diverse functional 
categories indicated links between N- and RGA1-mediated 
regulation of several agronomic traits as discussed below.

The N-dose insensitivity of root and shoot growth in the 
mutant (Fig. 6a, b and Supplementary Figs. 9 & 12) may be 
explained in part by the predominance of lower fold change 
(1–2) DEGs and the reduced number of higher foldchange 
(3–8) DEGs as compared to the WT (Supplementary Table 7 
and Supplementary Fig. 13). These findings were further 
strengthened by the upregulated DEGs and their experimen-
tally validated interactions, which were predominant in the 
mutant (Fig. 9) relative to the corresponding WT (Mandal 
et al. 2022). Our RT-qPCR validation of downregulation of 
OsNYC3 (LOC_Os06g24730, NON-YELLOW COLORING 
3) (Fig. 5), which is involved in chlorophyll degradation can 
explain the N-responsive increase of chlorophyll content in 
the mutant (Cao et al. 2022). Further, the preponderance of 
uniquely upregulated DEGs belonging to photosynthesis, 
light harvesting and chlorophyll biosynthesis (five of which 
were validated by RT-qPCR) in the mutant may explain 
its better photosynthetic capacity than WT irrespective of 
N-dose (Figs. 5, 7g). Better NUE at 15 mM N for the mutant 
can also be explained by such improved photosynthetic and 
stomatal response as well as WUE (Fig. 7h, i and Supple-
mentary Fig. 11) together with upregulation of many NUE-
related DEGs belonging to light signalling and/or photo-
synthesis (5 such validated in Fig. 5; OsCRY1a, OsLFNR2, 
YL1, OsFBP1 and α-amylase 3D). Interestingly, yield and 
number of productive tillers per plant were also insensitive 
or non-responsive to nitrate dose in the mutant, whereas both 
declined in the WT from 1.5 to 15 mM nitrate (Figs. 1b, 6e). 
This could be because nitrate-dose sensitivity inhibited yield 
in the WT at 15 mM (relative to 1.5 mM), but not in the 
mutant (Fig. 1b, c). Our physiological validation of nitrate-
response in the WT showed reduced water use efficiency 
owing to increased stomatal conductance and transpiration 
(Fig. 7). Also, Fv/Fm; maximal quantum efficiency of photo-
system II (PSII), relative water content (Fig. 8f, g) and cata-
lase activity (Supplementary Fig. 9) were reduced in the WT 
plants at 15 mM N, but not in the mutant (with or without 

120 mM salt stress). These differences corresponded with 
the higher proportion of upregulated DEGs related to traits 
like seed development, yield and tolerance and/or resistance 
in the mutant transcriptome but greater number of highly 
up- and downregulated DEGs in the WT (Supplementary 
Table 7). Most of the DEGs belonged to lower foldchange in 
the mutant. This was validated by RT-qPCR with the upreg-
ulation of NUE-related OsFBP1 (LOC_Os01g64660) and 
ALPHA-AMYLASE 3D (LOC_Os08g36910) in whole plant 
leaves (Fig. 5b). These genes are known to be related to seed 
development and/or yield (Damaris et al. 2019).

We also validated four upregulated (OsDjC26, OsCAT-
A, OsLACS1, Sugar/inositol transporter) and three down-
regulated DEGs in the mutant related to tolerance and/or 
resistance by RT-qPCR (Fig. 5). They include OsRH10 
(LOC_Os03g46610) and OsRH16 (LOC_Os03g51900), 
related to tolerance and growth at higher temperatures 
(Wang et al. 2016) that were less severely downregulated 
in the mutant than the WT. These results indicate the role 
of Gα as a common link between abiotic stress and nitrate 
response, an under explored area (Jangam and Raghuram 
2015). Our current physiological data strengthen this link, 
as the RGA1 mutation significantly reduced the impacts 
of nitrate dose and salt stress on grain yield, comparably 
but non-additively (Fig. 8b). The mutant plants also exhib-
ited lesser impact of salt stress on protein content at higher 
nitrate dose at the grain filling stage (Fig. 8c, d). Overall, 
RGA1 mutant plants showed lower physiological sensitivity 
than WT to salt stress at both the N doses and protected their 
photosynthetic performance, water use efficiency, relative 
water content (Fig. 8e–h). The improved stress tolerance of 
the RGA1 mutant is also evidenced by the upregulation of 
OsCAT-A gene expression (Fig. 5b) and catalase activity at 
15 mM  NO3

− than the WT (Supplementary Fig. 9).
Such changes in the gene expression are in line with ear-

lier reports on the role of G-protein signalling in improv-
ing tolerance to abiotic and biotic stresses (Chakraborty 
et  al. 2015a, b, c; Ferrero-Serrano et  al. 2018; Jangam 
et al. 2016; Kaur et al. 2018; Urano et al. 2020; Zait et al. 
2021). One possible mechanism for such tolerance could 
be through higher photosynthesis and lower transpiration 
displayed by the mutant, apart from higher WUE owing 
to less stomatal density (Fig. 7). This is in line with ear-
lier reports of higher photosynthates in mutants of AGB1 
in Arabidopsis (Mudgil et al. 2016). Our RT-qPCR vali-
dated the nitrate upregulation of four genes viz. OsFBP1, 
ALPHA-AMYLASE 3D, OsCDPK23 and OsLhca3 in whole 
plant leaves and OsLFNR2 related to photosynthesis and/
or carbohydrate metabolism in excised leaves. Further, the 
validated upregulation of OsGS2 (chloroplastic glutamine 
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synthetase, LOC_Os04g56400) and YELLOW-LEAF 1 
(LOC_Os01g17170) related to N metabolism in the mutant 
may account for increased total N and protein content at 
15 mM  NO3

−, despite N insensitive phenotypic growth. 
Finally, a total of 53 genes encoding proteins for light har-
vesting complex or photosystem I and II were enriched in 
our data, which is in line with similar results obtained for 
Arabidopsis (Warpeha et al. 2006, 2007). Most of these 
genes were upregulated and some of them were validated 
(Fig. 5). Therefore, higher rate of photosynthesis along with 
better stomatal physiology (Ferrero-Serrano et al. 2018) may 
account for better yield in the rga1 mutant relative to the 
wild type. This indicates that G-protein signalling may regu-
late tolerance towards nitrate dose and NUE, much the same 
way as it might regulate salt stress tolerance.

Conclusion

The current study used genomewide nitrate-response of 
a knock-out mutant of the G-protein α subunit (RGA1) in 
japonica rice to show that it regulates N-dose-sensitivity in 
some N-responsive parameters that contribute to yield and 
NUE. Our nitrate-responsive microarray analyses revealed 
many novel RGA1-regulated genes/processes involved in 
NUE. We identified their phenotypic association with root/
shoot, stomata, tiller, panicle/flowering and yield, with better 
chlorophyll content and photosynthesis, transpiration rate 
and stomatal density/conductance and better water use effi-
ciency and salt tolerance as important for NUE. Overall, our 
integration of the genomewide nitrate-responsive transcrip-
tome analysis with its physiological and phenotypic under-
pinnings provide clinching genetic evidence to show that Gα 
could be an important link between G-protein signalling and 
NUE. This opens up many opportunities for further studies 
to understand the underlying mechanisms, as well as to use 
it for the improvement of NUE.
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tary material available at https:// doi. org/ 10. 1007/ s00299- 023- 03078-7.
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