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Abstract

Background: Nitrogen is the most abundant mineral nutrient required by rice (Oryza sativa) and the primary limiting factor for grain
yield. Glutamine synthetase (GS) is a key enzyme involved in nitrogen assimilation in rice, and is closely associated with nitrogen use
efficiency (NUE) and source—sink nitrogen dynamics. Methods: We performed a genome-wide characterization of the GS gene family
across 12 plant species. Haplotype analysis of four rice GS genes was conducted using resequencing data from approximately 2000 rice
accessions. A reproductive-stage nitrogen-gradient experimental system (ON, 1N, 3N) was established to simultaneously profile GS tran-
script levels and enzyme activity in source tissues (roots and flag leaves) and sink tissues (young embryos at different developing stages).
Results: A total of 86 non-redundant GS proteins were identified, which clustered into two evolutionarily distinct subfamilies (GS1 and
GS2). In rice, OsGSI-1 exhibited pronounced indica—japonica differentiation and a pattern consistent with a domestication bottleneck,
while other members showed high sequence conservation. Transcript abundance and enzymatic activity data revealed that OsGSI-3
among GS isoforms exhibited its highest transcript level at 5 days after pollination (DAP), while total GS activity peaked at 5 DAP in
developing embryos, suggesting this stage may represent a critical window for active nitrogen assimilation during embryogenesis. Dis-
tinct tissue-specific expression patterns and nitrogen-responsive profiles were also observed among OsGS isoforms. Conclusions: These
findings provide fundamental insights into the evolutionary and functional diversification of the rice GS gene family. The tissue-specific
and nitrogen-dependent transcriptional and enzymatic responses of GS isoforms indicate their coordinated involvement in nitrogen as-
similation processes, which may further influence source—sink nitrogen utilization in rice under varying nitrogen conditions.
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1. Introduction ter eutrophication, greenhouse gas emissions, and soil acid-
ification [9,10]. Therefore, dissecting the molecular mecha-
nisms underlying nitrogen metabolism and improving crop
NUE has become a critical scientific issue for sustainable

agricultural development and global food security.

Nitrogen is the most abundant mineral nutrient re-
quired by rice and the primary limiting factor for grain yield
[1,2]. As an essential macronutrient, it participates in pro-
tein biosynthesis, nucleic acid formation, chlorophyll syn-

thesis, and photosynthetic electron transport, directly deter-
mining crop biomass accumulation and reproductive devel-
opment [3,4,5]. Globally, nitrogen fertilizer application has
increased more than 10-fold over the past 60 years to meet
the food demands of a growing population, with annual con-
sumption exceeding 110 million tons [2,6]. Rice (Oryza
sativa) serves as a primary food source for over half of the
global population, and nitrogen fertilizer application is the
cornerstone of high-yield rice production, accounting for
approximately 30% of global nitrogen fertilizer consump-
tion [7]. However, excessive nitrogen fertilization has led
to persistently low nitrogen use efficiency (NUE) in rice,
with only 30—40% of applied nitrogen being effectively uti-
lized by crops [8]. The remaining nitrogen is lost to the en-
vironment through leaching, volatilization, and denitrifica-
tion, causing severe environmental problems including wa-

Glutamine synthetase (GS, EC 6.3.1.2) is one of the
key enzymes in plant nitrogen assimilation, catalyzing the
ATP-dependent conversion of inorganic NH, ™" into organic
glutamine [11,12]. The GS/GOGAT cycle constitutes the
core pathway for nitrogen assimilation in higher plants, op-
erating throughout the entire growth period from root up-
take to grain translocation [13,14]. Across higher plant
lineages, the GS gene family is categorized into two ma-
jor groups according to their subcellular localization: cy-
tosolic GSI and chloroplastic GS2 [15]. GS! is mainly
involved in the primary assimilation of nitrogen taken up
from the soil and the reassimilation of NH,* released during
protein degradation, while GS2 is predominantly respon-
sible for reassimilating NH4* released from photorespira-
tion [13,16,17]. In maize, a landmark study by Martin et
al. (2006) [18] provided definitive genetic evidence for the
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non-redundant functions of GS isoforms in cereal yield for-
mation. Using knockout mutants and overexpression lines,
they demonstrated that GS/-3 specifically controls kernel
number by regulating nitrogen supply during ear develop-
ment, while GS/-4 determines kernel size by mediating ni-
trogen remobilization from senescing leaves [18]. In rice,
recent functional studies using knockout, knockdown, and
overexpression lines have systematically characterized the
roles of GS isoforms in NUE and yield traits: OsGSI; 1
maintains basal nitrogen assimilation and pleiotropically
regulates grain yield under fluctuating nitrogen conditions;
its alternative splicing further modulates amylose content
[19,20]. OsGS1,2 specifically modulates root NH4 " assim-
ilation and tiller outgrowth [21,22,23]. OsGS1,3 is specif-
ically expressed in the endosperm during grain filling, par-
ticipating in nitrogen accumulation [24]. OsGS2 dominates
photorespiratory NH4 " reassimilation and affects leaf nitro-
gen status; its overexpression enhances nitrogen assimila-
tion capacity under abiotic stresses [11,25]. In soybean, a
recent genome-wide analysis by Elsanosi et al. (2024) [26]
identified 10 GS family members and revealed their dis-
tinct expression patterns in response to nitrogen deficiency,
drought, and salt stress, highlighting the conserved roles of
GS genes in nitrogen metabolism and abiotic stress toler-
ance across plant species. These findings collectively es-
tablish that GS genes are central regulators of crop produc-
tivity and stress adaptation, warranting systematic investi-
gation in rice.

Previous studies on rice GS genes have focused on
single-gene functional validation in vegetative tissues under
normal growth conditions [25,27,28,29], while genome-
wide evolutionary analysis and comprehensive investiga-
tion of their expression dynamics in source-sink tissues dur-
ing the critical reproductive growth stage are still lacking.
At the genome-wide level, several GSS family identification
and characterization studies have been reported in rice and
other Poaceae crops [30,31], but most were limited to basic
bioinformatic annotation and vegetative tissue expression
profiling. Critically, these studies lacked integration with
large-scale population genetics data and biochemical assays
under controlled nitrogen gradients. In rice, the reproduc-
tive growth stage is the most critical period for yield forma-
tion, during which a highly efficient and tightly regulated
source-sink nitrogen transport and allocation system is es-
tablished [32]. Root tips and fully expanded flag leaves are
the most important nitrogen source tissues: root tips absorb
inorganic nitrogen from the soil, while flag leaves domi-
nate photosynthetic nitrogen assimilation and transport or-
ganic nitrogen to reproductive organs via vascular bundles
[33,34]. In sharp contrast, developing young embryos are
the primary terminal nitrogen sink tissues throughout the
reproductive period, and efficient nitrogen allocation from
source tissues directly determines grain yield and quality
[13,35]. However, how GS family genes coordinate ni-
trogen assimilation, translocation, and utilization in this

source-sink system under both low and high nitrogen stress
conditions remains poorly understood.

In this study, we performed genome-wide identifica-
tion and characterization of the rice GS gene family, in-
cluding phylogenetic analysis across 12 plant species, gene
structure characterization, conserved motif analysis, and
haplotype diversity analysis using resequencing data from
nearly 2000 rice accessions. Furthermore, we established a
reproductive-stage nitrogen gradient experimental system
and systematically investigated the transcriptional profiles
and enzyme activities of GS genes in source tissues (roots
and flag leaves) and sink tissues (developing embryos at
four consecutive stages) under low, normal, and high nitro-
gen conditions. Our findings provide fundamental insights
into the evolutionary and functional diversification of the
rice GS family, and identify valuable genetic resources for
molecular breeding of nitrogen-efficient rice varieties.

2. Materials and Methods

2.1 Genome-Wide Screening and Chromosomal
Positioning of OsGS Genes

Genome-wide protein sequences and chromosomal
annotation files of 12 plant species, including Oryza
sativa, Triticum aestivum, Zea mays, Sorghum bicolor,
Hordeum vulgare, Setaria italica, Arabidopsis thaliana,
Chenopodium quinoa, Solanum lycopersicum, Glycine
max, Arachis hypogaea and Brassica napus, were accessed
from the Ensembl Plants database (https://plants.ensembl
.org/index.html) and the NCBI Genome database (https:
//www.ncbi.nlm.nih.gov/genome/) (Supplementary Table
1). The six full-length protein sequences of Arabidop-
sis AtGS used for homologous search were retrieved from
The Arabidopsis Information Resource (TAIR) repository
(https://www.arabidopsis.org/) [36].

To identify GS gene family members across the whole
genome, we adopted a combined approach integrating
BLASTP homology alignment and hidden Markov model
(HMM) search. First, complete amino acid sequences of
Arabidopsis GS proteins served as reference sequences to
conduct BLASTP comparison with the genome-wide full
protein sequences of the 12 species using TBtools (v2.085.
E-value cutoff: <1 x 107). Duplicate sequences were
filtered out to obtain preliminary candidate genes. Next,
HMM profiles corresponding to the conserved GS domains
Gln-synt N (PF00120) and Gln-synt C (PF03951) were
downloaded from the Pfam database (https://pfam.xfam.or
g/), and HMMER 3.0 was used for further screening. E-
value cutoff: <1 x 1074 [37,38].

Candidate sequences from two complementary ana-
lytical strategies were merged, and redundant or incom-
plete sequences were removed using TBtools. The re-
maining sequences were uploaded to the SMART platform
(https://smart.embl.de/), Pfam, and NCBI Conserved Do-
main Database (CDD, https://www.ncbi.nlm.nih.gov/cdd/)
for verification. Only sequences containing both conserved
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GS domains were retained for final identification [37,38].
According to the chromosomal annotation of Oryza sativa,
chromosomal distribution patterns of the four OsGS genes
were analyzed and visualized using TBtools.

2.2 Phylogenetic Tree Construction of the GS Gene Family

The 86 full-length protein sequences of the GS gene
family used for phylogenetic analysis were obtained from
our previous genome-wide identification, covering 12 rep-
resentative plant species. Multiple sequence alignment of
the GS full-length protein sequences from the 12 species
was carried out using the CLUSTALW tool embedded in
MEGA 11 software (http://www.megasoftware.net/) with
default parameters, yielding a standardized sequence align-
ment matrix for phylogenetic analysis. Based on the align-
ment result, the phylogenetic tree of the GS gene family was
inferred with the FastTree software (http://www.microbes
online.org/fasttree/) using the Maximum Likelihood (ML)
method under the default Jones-Taylor-Thornton (JTT)
amino acid substitution model, with the CAT approxima-
tion to model rate heterogeneity across sites. The reliabil-
ity of branch nodes in the phylogenetic tree was assessed
by bootstrap test with 1000 replicates [39].

Visualization, refinement and annotation of the phy-
logenetic tree were completed via the iTOL web server
(https://itol.embl.de/). Subfamily classification and evo-
lutionary characteristic analysis of the GS family proteins
were conducted according to the topological structure and
clustering outcomes of the phylogenetic tree [40].

2.3 Cross-Species Synteny Analysis of the GS Gene Family
in Rice

The MCScanX tool embedded in TBtools software
(https://github.com/CJ-Chen/TBtools-1I) was applied to as-
sess the collinearity data of GS genes, and the collinear ho-
mologous gene pairs of the GS family between rice and
other plant species were identified and counted [41].

2.4 Gene Structure Analysis of the GS Gene Family in Rice

According to the whole-genome annotation informa-
tion of rice, the positional data of the coding sequence
(CDS), 5" and 3’ untranslated regions (UTRs), exons and
introns of all OsGS genes were extracted. The exon-intron
structural features of OsGS genes were systematically dis-
sected, and core structural parameters including full gene
length, exon number and intron length were statistically an-
alyzed. TBtools software was utilized to visualize the struc-
tural characteristics of OsGS genes [42].

2.5 Multiple Sequence Alignment of GS Proteins From
Different Plant Species

Multiple sequence alignment of the full-length GS
protein sequences from six plant species was conducted us-
ing CLUSTALW (v2.1, https://www.ebi.ac.uk/Tools/msa/
clustalw2/), with all alignment parameters set to the pro-

gram default values [43]. Based on the alignment results,
the online tool ESPript 3.0 (https://espript.ibcp.fi/ESPript/
ESPript/) was used to visualize the sequence alignment, and
the conserved amino acid sites as well as the corresponding
positions of the two characteristic functional domains (Gln-
synt N and Gln-synt_C) of GS proteins were annotated.

2.6 Prediction and Visualization Analysis of Cis-Acting
Elements in the Promoter Regions of GS Genes

The 2000-bp promoter sequences upstream of the
ATG start codon of GS genes were submitted to the Plant-
CARE online database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) to predict and annotate the cis-
acting elements in their promoter regions [44,45]. TBtools
software (https://github.com/CJ-Chen/TBtools) was em-
ployed to visualize the distribution and quantitative char-
acteristics of the cis-acting elements.

2.7 Conserved Motif Analysis of GS Proteins

Conserved motifs of GS proteins from rice, wheat,
Arabidopsis and soybean were characterized via the
MEME web server (https://meme-suite.org/meme/tools/me
me), and the upper limit of predicted conserved domains
was defined as 15 [46]. TBtools software (https://github.c
om/CJ-Chen/TBtools) was employed to visualize the num-
ber, type and distribution of conserved motifs [47]. Mean-
while, HMM sequence logos of key conserved motifs were
constructed, and the distribution of subfamily-specific mo-
tifs and their correspondence with the Gln-synt N and Gln-
synt_C functional domains were analyzed in combination
with the phylogenetic clustering results.

2.8 Structural Prediction and Functional Analysis of
Interaction Networks of Rice GS Proteins

The secondary structures of OsGS proteins were
predicted using the SOPMA online tool (https://npsa-prabi
.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html).
The tertiary structures of OsGS monomer proteins were
predicted via AlphaFold2 (https://alphafold.ebi.ac.uk/).
Three-dimensional (3D) structural models of four
OsGS proteins were performed using SWISS-MODEL
(https://swissmodel.expasy.org/) to obtain high-confidence
3D structural models of these proteins. The interaction net-
work of rice GS proteins was constructed via the STRING
database (https://string-db.org/), and interacting proteins
were screened for functional correlation analysis [48].
Gene Ontology (GO) enrichment analysis was conducted
for the interacting proteins to elucidate the key biological
processes in which GS proteins participate [49].

2.9 Ka/Ks Analysis of Rice GS Genes

TBtools software (https://github.com/CJ-Chen/TBto
ols) was applied for the computation of the Ka, Ks and
Ka/Ks values of GS homologous gene pairs between rice
and six other species, including maize, wheat, sorghum,


http://www.megasoftware.net/
http://www.microbesonline.org/fasttree/
http://www.microbesonline.org/fasttree/
https://itol.embl.de/
https://github.com/CJ-Chen/TBtools-II
https://www.ebi.ac.uk/Tools/msa/clustalw2/
https://www.ebi.ac.uk/Tools/msa/clustalw2/
https://espript.ibcp.fr/ESPript/ESPript/
https://espript.ibcp.fr/ESPript/ESPript/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://github.com/CJ-Chen/TBtools
https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html
https://alphafold.ebi.ac.uk/
https://swissmodel.expasy.org/
https://string-db.org/
https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools
https://www.imrpress.com

Arabidopsis, soybean, and rapeseed [50]. The distribution
of Ka/Ks ratios across different species combinations was
visualized using box plots to dissect the evolutionary selec-
tion pattern of the GS gene family.

2.10 Haplotype Analysis

The 1500-bp promoter and full-length coding se-
quence of GSI-1, GS1-2, GS1-3 and GS2 in 2003, 2002,
1981 and 1982 rice accessions were obtained from the
MBKbase rice repository (https://mbkbase.org). The culti-
vated panel comprised approximately 2,005 Oryza sativa_
accessions aggregated from nine pre-release projects
within MBKbase (HBWild461, XD248, HB950, Japan176,
MBK1287, HXH67, Rice3k, ISG575, HAUS33). Sub-
population assignments (Indica, Basmati/Sadri, Aus/Boro,
Temperate Japonica, Tropical Japonica) were obtained from
the rice 3K project (RFGB, http://www.rmbreeding.cn/Inde
x/s) [51] and collapsed into the legend categories Ind, Bas,
Aus, Tem-Jap, and Tro-Jap, respectively. The wild rice
panel comprised 19 Oryza rufipogon accessions from the
HBWild461 project, drawn from the Or-I, Or-1I, Or-III and
Wild ecotype groups and merged into a single Wild cate-
gory. The Nipponbare reference genome was used as the
coordinate reference throughout. Nucleotide diversity pro-
files were generated with a 2000 bp window and a 100 bp
step size. To assess the evolutionary patterns of GS genes,
all polymorphic sites with a minor allele frequency (MAF)
>0.005 within this locus were used to construct phyloge-
netic trees and haplotype networks. The phylogenetic trees
were built using the UPGMA method in MEGA 11, and the
resulting trees were visualized in EvolView [52], whereas
the haplotype network was established with the pegas pack-
age [53]. All parameter settings and detailed nucleotide
polymorphism statistics for the haplotype analysis of the
four GS genes are provided in Supplementary Table 2.

2.11 Plant Materials and Hydroponic Treatments

Rice plant materials used in this study were obtained
from the indica rice cultivar Zhongxian 3037. Seedling hy-
droponic growth was conducted inside an artificial climate
incubator under 23-35 °C conditions. The growth settings
included a 10-hour light and 14-hour dark photoperiod,
70% ambient humidity, and a light intensity of 200 pmol
m~2 s7!. Plants were planted in porous ceramic (PROFILE
Products LLC) cultivated with Kimura B nutrient solution
which was defined as normal N condition (Supplementary
Table 3). The nutrient solution was renewed every three
days. For gradients treatment with different N concentra-
tions, (NH4),SO4 and KNO3 were replaced by NH4NO3,
and Ca(NOs), was replaced by CaCl,-2H,0O. Three gradi-
ent contents were set for hydroponic culture, including 0
mM, 0.9 mM and 2.7 mM NH4NO;. Compared with the
N concentration of Kimura B solution (1.7 mM), 0 mM
NH4NO3 was defined as ON condition (low N), 0.9 mM
NH4NO; was defined as IN (the moderate N condition),

and 2.7 mM NH4NO; was defined as excessive N condi-
tion (high N) in this study.

2.12 Sample Collection and RNA Isolation

Collection of flag leaves and root tips and total RNA
extraction: Apical 5 cm of flag leaves and 5 cm root tips
from WT Zhongxian 3037 under three different N treat-
ments were collected. Three independent biological repli-
cates were set for each genotype-treatment group, with
each replicate containing panicles from at least 15 uni-
form plants. Following snap-freezing of samples in pre-
chilled liquid nitrogen, total RNA isolation was conducted
following routine protocols with TRIZOL reagent. RNA-
seq analysis was performed by Metware, Wuhan, China
(https://www.metware.cn/) (Supplementary Table 4).

Rice young embryo collection and total RNA extrac-
tion: Total RNA was isolated from rice embryos of four
developing stages in WT grown under three different N
gradients. Stage 1 (1 DAP): Zygote polarization, no or-
gan differentiation, active cell division. Stage 2 (2 DAP):
Globular proembryo, axial polarity established, rapid cell
proliferation. Stage 3 (3 DAP): Organ primordia initia-
tion, tissue differentiation, functional transition. Stage 4 (5
DAP): Complete embryonic organs, active nutrient storage
and nitrogen metabolism and rapid accumulation of storage
products. After snap freezing rice young embryos in lig-
uid nitrogen, total RNA extraction was conducted following
conventional protocols with a magnetic bead-based high-
efficiency total RNA extraction kit for polysaccharide- and
polyphenol-rich plants (TIANGEN, DP772). RNA purity
and concentration were detected by a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, USA), and RNA
integrity was evaluated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). Samples with RNA integrity
number (RIN) =>7.0 and ODyggp80 ratio between 1.8 and
2.1 were used for subsequent library construction. mRNA
was enriched via oligo (dT) magnetic beads, fragmented
into short fragments, and reversely transcribed into first-
strand cDNA. Second-strand cDNA was synthesized, fol-
lowed by end repair, A-tailing, adapter ligation and PCR
amplification to construct paired-end cDNA libraries. All
libraries were sequenced on the Illumina NovaSeq 6000
platform (Illumina, USA) with a 150 bp paired-end (PE150)
read strategy, and approximately 6 Gb of clean data was
generated for each sample. RNA-seq analysis was per-
formed by Metware, Wuhan, China (https://www.metwar
e.cn/) (Supplementary Table 5).

2.13 RNA Sequencing and Transcriptome Analysis

Read Processing and Gene Expression Quantification:
Raw sequencing reads (raw reads) were first subjected to
quality control using FastQC (v0.11.9, Babraham Bioinfor-
matics, Cambridge, UK) to assess base quality, GC content
and adapter contamination. Trim Galore (v0.6.7, Babra-
ham Bioinformatics, Cambridge, UK) was then applied to
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remove adapter sequences, low-quality bases (Phred qual-
ity score <20) and reads shorter than 50 bp, yielding high-
quality clean reads. The Oryza sativa Nipponbare IRGSP-
1.0 reference genome and corresponding gene structure
annotation file (GTF format) were downloaded from the
Rice Genome Annotation Project (RGAP, Michigan State
University, East Lansing, MI, USA) database. Clean
reads were aligned to the reference genome using HISAT2
(v2.2.1, Johns Hopkins University, Baltimore, MD, USA)
with default parameters. The number of reads mapped to
each gene was counted using featureCounts (v2.0.3, Walter
and Eliza Hall Institute of Medical Research, Melbourne,
Victoria, Australia) based on the genome annotation, and
the raw read count matrix of all genes was generated for
subsequent differential expression analysis.

Quality Control of Transcriptome Data: Prior to dif-
ferential expression analysis, the raw read count matrix
was preprocessed and subjected to systematic quality con-
trol. Genes with consistently low expression (raw count <1
in more than half of all samples) were filtered out to re-
duce statistical noise and improve the reliability of down-
stream statistical tests. The raw counts were then sub-
jected to regularized logarithm (rlog) transformation via
the DESeq2 package (v1.42.0, Bioconductor project, im-
plemented in R statistical software, R Core Team, Vienna,
Austria), which corrects for sequencing depth across sam-
ples and stabilizes the variance of low-abundance genes,
making the data suitable for distance-based quality assess-
ment. To evaluate the reproducibility of biological repli-
cates, pairwise Pearson correlation coefficients of genome-
wide expression profiles were calculated between all sam-
ples based on rlog-normalized values, and the results were
visualized as a clustered heatmap using the pheatmap R
package (v1.0.12, CRAN, implemented in R statistical soft-
ware, R Core Team, Vienna, Austria). Principal component
analysis (PCA) was further performed using the prcomp
function in R (R Core Team, Vienna, Austria) to capture the
major sources of transcriptomic variation across all sam-
ples. The first two principal components were plotted to
inspect the overall separation between different genotypes
and nitrogen treatments, as well as the clustering pattern of
biological replicates within each group. Samples that de-
viated markedly from their corresponding group were re-
garded as potential outliers and would be excluded from
further analysis.

Differential Expression and Functional Enrichment
Analysis: Differential expression analysis between groups
was performed using the DESeq?2 R package (v1.42.0, Bio-
conductor project, implemented in R statistical software, R
Core Team, Vienna, Austria). Genes with adjusted p-value
< 0.05 and [logy(fold change)| =1 were defined as differen-
tially expressed genes (DEGs). Principal component anal-
ysis (PCA) and sample correlation analysis were conducted
to evaluate the reproducibility among biological replicates
and the overall separation between groups. Functional en-

richment analysis of DEGs was carried out using the clus-
terProfiler R package (v4.6.2, Bioconductor project, imple-
mented in R statistical software, R Core Team, Vienna, Aus-
tria), including GO annotation covering biological process,
cellular component and molecular function categories, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment. Enriched terms with adjusted p-value <
0.05 were considered statistically significant.

2.14 GS Enzyme Activity Determination

The apical 10 cm of flag leaves, the apical 5 cm of
root tips, and developing embryos at three developmen-
tal stages (1, 5 and 10 DAP) were collected. All samples
were immediately frozen in liquid nitrogen and stored at
—80 °C until further analysis. GS enzyme activity assays
were performed by the Technical Service Department of
Beijing Solarbio Science & Technology Co., Ltd. (https:
//solarbio.bioon.com.cn/) via the GS Activity Detection Kit
BC0915 (Supplementary Table 6).

2.15 Statistical Analysis

Each assay contained three independent biological
replicates, and data statistics were processed via GraphPad
Prism 10.1.2. For all statistical comparisons, we carried
out one-way ANOVA followed by Tukey’s HSD post-hoc
test for multiple pairwise comparisons, with a significance
level set at p < 0.05. For letter marking: within the same
gene, treatments under different nitrogen conditions shar-
ing identical letters indicate no significant difference (p >
0.05), while distinct letters represent statistically significant
differences (p < 0.05). Only intra-gene comparisons were
conducted, and cross-gene comparison was not performed.

3. Results
3.1 Identification of GS Gene Family Members

To comprehensively characterize GS gene family
members across multiple plant species, we employed two
complementary bioinformatics approaches. First, six Ara-
bidopsis thaliana GS (AtGS) protein sequences were em-
ployed as queries to conduct BLASTP searches against
the protein databases of 12 plant species, including Oryza
sativa (rice), Triticum aestivum (wheat), Zea mays (maize),
Sorghum bicolor (sorghum), Hordeum vulgare (barley),
Setaria italica (foxtail), Arabidopsis thaliana (Arabidop-
sis), Chenopodium quinoa (quinoa), Solanum lycoper-
sicum (tomato), Glycine max (soybean), Arachis hypogaea
(peanut), and Brassica napus (rapeseed), with E-value
cutoff <1 x 107>, Second, the hidden Markov model
(HMM) profiles corresponding to the conserved GS do-
mains (PF00120 and PF03951) were extracted from the
Pfam database, and HMMER 3.0 software was used to
screen the same protein databases with a more stringent E-
value cutoff <1 x 1074,

After removing redundant sequences, all candidate
proteins were submitted to the SMART online server for
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Fig. 1. Phylogenetic tree of glutamine synthetase (GS) family proteins from 12 plant species. The tree is divided into two major
evolutionarily distinct subfamilies: cytosolic GS1 and plastidic GS2. The GS1 clade is further classified into three well-supported
subgroups (GS1-1, GS1-2, GS1-3) in Poaceae species according to the rice GS nomenclature. Different colored regions represent distinct
subfamily or subgroup classifications, and bootstrap support values are indicated at each node.

domain validation. Only sequences containing both the
N-terminal (Gln-synt N, PF00120) and C-terminal (Gln-
synt C, PF03951) conserved domains of GS were sub-
jected to further analysis. This rigorous screening process
yielded a total of 86 non-redundant GS protein sequences
across the 12 species. Specifically, the numbers of GS
proteins identified were: 4 in rice (OsGS), 12 in wheat
(TaGS), 6 in maize (ZmGS), 4 in sorghum (SbGS), 4 in
barley (HvGS), 4 in foxtail millet (SiGS), 6 in Arabidop-
sis (AtGS), 4 in quinoa (CqGS), 5 in tomato (SIGS), 8 in
soybean (GmGS), 8 in peanut (AhGS), and 21 in rapeseed
(BnaGS) (Supplementary Table 1). Corresponding cod-

ing gene sequences were then retrieved for all identified GS
proteins, and subsequent analyses were focused on the four
OsGS genes.

Subsequently, chromosomal positioning analysis of
the four OsGS genes was conducted via TBtools software
(Supplementary Fig. 1). The results revealed that the
four OsGS genes were localized to three different rice
chromosomes: OsGSI-1 (0Os02g0735200) was located on
chromosome 2; OsGSI-2 (0s03g0223400) and OsGSI-3
(0s03g0712800) were tandemly arranged on chromosome

3; and OsGS2 (Os04g0659100) was mapped to chromo-
some 4.
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Fig. 2. Genome-wide synteny analysis of GS genes between rice and six representative plant species. Syntenic relationships between

rice chromosomes and the genomes of wheat, maize, sorghum, Arabidopsis, soybean, and rapeseed are shown. Collinear blocks between

the paired genomes are indicated by gray background lines, while orthologous collinear pairs of GS genes are highlighted with red lines.

3.2 Phylogenetic Analysis of GS Gene Family Members

To elucidate the phylogenetic affinities of the GS gene
family, we constructed an unrooted maximum likelihood
phylogenetic tree based on the complete amino acid se-
quences of the 86 non-redundant GS proteins identified
from 12 representative plant species (Fig. 1). All GS
proteins were clearly clustered into two evolutionarily dis-
tinct major clades corresponding to the cytosolic GS1 and
plastidic GS2 subfamilies, consistent with their subcellu-
lar localization. Notably, the GS1 clade in Poaceae (grass)
species was further resolved into three well-supported
monophyletic subgroups, designated as GS1-1, GS1-2, and
GS1-3 following the standardized rice GS nomenclature
system. Phylogenetic clustering was highly consistent with
the species evolutionary relationships: all GS proteins from

monocot grasses and dicotyledonous plants formed sepa-
rate, independent clades with no cross-grouping.

A notable species-specific proliferation of GS ho-
mologs was detected in polyploid lineages, particularly
rapeseed (21 members) and wheat (12 members), with ex-
pansion detected in both the GSI and GS2 subfamilies. This
pattern indicates that gene duplication events, likely includ-
ing whole-genome duplication and segmental duplication,
are important contributors to the lineage-specific expansion
of the GS family in these species, and these duplication
events may serve as key drivers of functional diversifica-
tion of the family. In contrast, the GS gene family remained
evolutionarily conserved in diploid grass species such as
rice, sorghum, and foxtail millet, each containing exactly
4 members.
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3.3 Synteny Analysis of GS Genes Between Rice and Six
Representative Plant Species

To further explore evolutionary mechanisms underly-
ing the phylogenetic diversification of the GS gene family,
genome-wide synteny maps were constructed between rice
and six representative plant species (Fig. 2). These species
included three monocot grasses (wheat, maize, sorghum)
and three dicotyledonous plants (4rabidopsis, soybean,
rapeseed).

The counts of orthologous collinear GS gene couples
identified between rice and wheat, maize, sorghum, Ara-
bidopsis, soybean, and rapeseed were 12, 6, 4, 2, 6, and
2, respectively. Abundant syntenic GS gene pairs were ob-
served between rice and the Poaceae species (wheat, maize,
sorghum), demonstrating the highly conserved syntenic re-
lationships of GS gene loci across grass genomes during
evolution. In sharp contrast, only bits of collinear GS
gene pairs were detected between rice and the two Bras-
sicaceae species (Arabidopsis and rapeseed), reflecting the
substantial erosion of GS gene synteny following the an-
cient monocot-dicot divergence.

Notably, the collinear GS gene pairs between soybean
and rice displayed a clear expansion signature, implying
that species-specific duplication events have driven the evo-
lution and functional diversification of the GS gene family.

3.4 Gene Structure Analysis of GS Genes in Rice

Gene structural divergence is a key driver of adap-
tive evolution and functional diversification in gene fami-
lies [38]. Based on the rice reference genome annotation
files, we analyzed the exon-intron structures of the four
OsGS genes and visualized the results using TBtools soft-
ware (Supplementary Fig. 2). All four OsGS genes con-
tained complete 5'-UTR, 3'-UTR and CDS regions, and
exhibited the characteristic multi-exon structure of the GS
gene family. Notably, the three GS/ subfamily members
(0sGS1-1, OsGSI-2 and OsGSI-3) shared nearly identi-
cal gene architectures, with exactly 10 exons and highly
conserved exon lengths and arrangements, reflecting strong
evolutionary conservation within the cytosolic GS1 clade.
This high structural uniformity aligns with their conserved
cytosolic localization and overlapping roles in basal nitro-
gen assimilation, reflecting strong evolutionary constraint
on the core catalytic function of cytosolic GS isoforms.

In stark contrast, the plastidic OsGS2 gene displayed
a distinct structural profile: it had a significantly longer ge-
nomic length than the GS/ genes, primarily due to the pres-
ence of multiple large introns, and contained 12 exons. The
acquisition of additional exons and expanded introns during
evolution likely underlies the functional specialization of
GS2: the extra exon sequences may encode the chloroplast
transit peptide that determines its plastid localization, while
the enlarged intronic regions may harbor cis-regulatory el-
ements that drive its light-responsive and photosynthetic
tissue-specific expression. This marked structural diver-

gence between the GS1 and GS2 subfamilies suggests that
structural variation has accompanied the functional special-
ization of these two GS isoforms during rice evolution.

3.5 Amino Acid Sequence Alignment of GS Proteins Across
Representative Plant Species

To systematically investigate the sequence conserva-
tion characteristics of the GS gene family, multiple se-
quence alignments were generated with CLUSTALW using
GS protein sequences from six representative plant species:
rice, wheat, maize, Arabidopsis, soybean, and rapeseed
(Supplementary Fig. 3). The alignment results showed
that all GS family members shared extensive highly con-
served amino acid regions across different species. All GS
proteins contained the two characteristic core functional
domains of the family: Gln-synt N (PF00120) and Gln-
synt C (PF03951), which exhibited remarkably high se-
quence conservation. Notably, multiple core functional
sites, including the NH,*-binding active sites within the
Gln-synt N domain and ATP-binding active sites located
in the Gln-synt C domain, were completely identical in
both monocots (rice, wheat, maize) and dicots (4rabidop-
sis, soybean, rapeseed). This finding reflects the strong
evolutionary constraint on the GS gene family and the es-
sential structural and functional stability of this crucial ni-
trogen assimilation enzyme. Further structural feature pre-
diction revealed that rice GS proteins are soluble intracellu-
lar proteins lacking transmembrane helices and signal pep-
tides, and are not directed to the canonical secretory path-
way (Supplementary Fig. 4).

3.6 Cis-Acting Element Prediction of GS Genes Across
Four Representative Plant Species

Gene expression is predominantly modulated by cis-
acting elements that are embedded within the promoter se-
quences of the corresponding genes [44]. To dissect the
transcriptional control mechanisms and circuits underlying
the GS gene family, we predicted and annotated the cis-
acting elements within the upstream promoter regions of G:S
genes across four representative plant species (rice, wheat,
Arabidopsis, and soybean) (Fig. 3).

The results showed that four major classes of pre-
dicted cis-elements were detected in the promoter regions:
hormone-responsive elements, stress-responsive elements,
light-responsive elements, as well as tissue-specific cis-
regulatory elements. Within these predicted cis-element
classes, light-responsive elements were the most widely
distributed and had the highest occurrence frequency in
GS genes across the four species at the sequence level.
ABA-responsive elements, defense and stress-responsive
elements, and anaerobic induction elements were univer-
sally detected in the predicted cis-elements of GS genes
across all four species, which suggests potential evolution-
arily conserved regulatory roles of the GS family in envi-
ronmental adaptation and primary nitrogen metabolism.


https://www.imrpress.com

Fig. 3. Prediction of cis-acting elements in GS genes across diverse plant species. The left panel presents an unrooted maximum

likelihood phylogenetic tree inferred with complete GS amino acid sequences of rice, wheat, Arabidopsis, and soybean, with bootstrap

support values (1000 replicates) marked at each node. The right panel shows the distribution of cis-regulatory elements within the 2000-

bp promoter regions upstream of the translation initiation codon (ATG) of the corresponding GS genes. Color-coded circles denote

distinct cis-acting regulatory motifs grouped by their biological functions as specified in the legend. The bottom scale bar denotes the

nucleotide positions of the promoter regions from the 5’ to 3’ end.

At the species level, rice and wheat GS genes con-
tained more meristem-specific expression elements (4 and
7, respectively) than Arabidopsis (1) and soybean (2).
Seed-specific regulatory elements were exclusively de-
tected in rice (OsGSI-3, OsGS2) and soybean (GmGS1),
but absent in wheat and Arabidopsis. Low-temperature-
responsive elements were widely distributed in rice, wheat
and Arabidopsis, but were not significantly enriched in soy-
bean. These sequence-level findings suggest that the pro-
moter regions of GS genes have conserved motif distribu-
tion features across species, while species-specific motif
enrichment patterns may contribute to divergent spatiotem-
poral expression regulation and adaptive evolution of GS
genes in different plant lineages.

3.7 Conserved Motif Analysis of GS Proteins Across Four
Representative Plant Species

To characterize the conserved structural features of GS
proteins, conserved motif analysis was performed on GS
proteins from rice, wheat, Arabidopsis, and soybean (Fig.
4). In total, 15 conserved motifs were characterized, and
their composition and linear arrangement were highly con-
sistent across all analyzed GS proteins. Among them, the
core motifs (Motif 1, Motif 2 and Motif 4) were universally
conserved in all GS members. Motif 1 and Motif 2 corre-

sponded to the Gln-synt_C domain, while Motif 4 matched
the Gln-synt N domain (Fig. 5).

The motif composition, number, and distribution were
highly consistent among proteins belonging to an identical
GS subfamily, whereas marked divergence was observed
between different subfamilies. This pattern was in excellent
agreement with the phylogenetic clustering patterns of our
phylogenetic tree. Specifically, Motifs 1 to 12 are largely
conserved across GS proteins, although a few proteins such
as AtGS1-5 lack individual motifs, while Motif 14 and Mo-
tif 15 were restricted to the GS2 subfamily. Collectively,
the conserved motif patterns of GS proteins not only un-
derscore the evolutionary conservation of core family func-
tions, but also reveal the molecular basis for functional
diversification among different GS isoforms conferred by
subfamily-specific motif distribution patterns.

3.8 Secondary and Tertiary Structural Characterization of
OsGS Family Proteins

The secondary structures of OsGS proteins were pre-
dicted using the SOPMA online tool, and three-dimensional
(3D) structural models were constructed via AlphaFold2
(Supplementary Fig. 5). All four OsGS proteins were
predominantly composed of random coils and a-helices,
with extended strands as the secondary component. Struc-
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tural analysis revealed that all four OsGS proteins shared
highly conserved spatial conformations, each consisting of
two core functional modules: an N-terminal Gln-synt N
ammonia-binding domain and a C-terminal catalytic Gln-
synt C domain. The assembly of a-helices and B-sheets in
these two core domains formed a stable faf sandwich-like
fold, which constitutes the structural foundation for sub-
strate binding and glutamine biosynthesis—the core cat-
alytic reaction mediating plant primary nitrogen assimila-
tion.

The composition of a-helices and B-sheets in the core
catalytic domains was completely conserved among the
four OsGS proteins, whereas random coils were mainly
distributed in the interdomain linker regions and pro-
tein surfaces, providing structural flexibility for conforma-
tional changes during substrate binding and protein-protein
interactions—a feature consistent with the conserved cat-
alytic function and diversified regulatory patterns of GS iso-
forms in coordinating source-sink nitrogen allocation. The
predicted secondary structure features were highly consis-
tent with the topological characteristics of the 3D models
(Supplementary Fig. 6).

3.9 Prediction of Interacting Proteins and Functional
Network Analysis

Protein—protein interaction (PPI) networks contribute
to the prediction of functionally homologous proteins
among sequence-based homology groups, which is criti-
cal for investigating functional gene interactions and reg-
ulatory networks [54]. Therefore, we used the STRING
database to predict proteins interacting with rice GS pro-
teins. The results revealed that the four OsGS proteins
formed a compact interaction network with NH4" trans-
porters (AMT family), vitamin transporters (VITH family),
iron/manganese ion homeostasis-related proteins, and pyri-
doxal metabolism-related proteins (PDX family), suggest-
ing that GS proteins are not only involved in glutamine
biosynthesis but also widely implicated in biological pro-
cesses including nitrogen uptake, ion homeostasis, and vi-
tamin metabolism (Fig. 6A).

Furthermore, GO functional enrichment analysis (Fig.
6B) demonstrated that the interacting proteins were sig-
nificantly overrepresented in manganese ion homeostasis,
intracellular iron ion sequestration, inorganic cation trans-
membrane transport, and pyridoxal phosphate biosynthesis,
as well as glutamine biosynthesis itself. These findings in-
dicate that rice GS proteins function as pivotal regulators in
integrating core physiological processes such as nitrogen
metabolism, ion balance, and cofactor synthesis through
synergistic interactions with diverse functional proteins.

3.10 Ka/Ks Analysis of GS Genes in Rice

To deeply dissect the phylogenetic trajectory of the
GS family genes, TBtools software was utilized to analyze
the Ka/Ks ratios of GS homologous gene pairs between
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Fig. 4. Conserved motif analysis of GS proteins from four
plant species. Conserved motif composition and arrangement
are shown for GS proteins from rice, wheat, Arabidopsis, and
soybean. A total of 15 conserved motifs (Motif 1-15) were de-
tected, with distinct colored boxes representing different motifs.
The amino acid length of the proteins is indicated by the scale bar
shown at the bottom.

rice and other plants. The results revealed that Ka/Ks ra-
tios of all species combinations were significantly below
unity (Supplementary Fig. 7), suggesting that GS genes
underwent intense purifying selection during the evolution
of rice and other analyzed plant species, which reflects the
functional conservation of GS as a core enzyme in nitrogen
metabolism. Overall, the purifying selection pattern of GS
genes is consistent across different species, with only minor
differences in evolutionary rates. These results further vali-
date the central and conserved role played by the GS family
in the regulation of plant nitrogen metabolism.
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Fig. 5. Hidden Markov model (HMM) logos of conserved motifs in GS proteins. Sequence logos of three conserved motifs (Motif 1,

Motif 2, and Motif 4) from GS proteins were generated to visualize the amino acid conservation at each position. The X-axis represents

the consensus amino acid sequences of each motif, while the Y-axis denotes the relative entropy values, which reflects the conservation

rate of each residue. Motif 1 and Motif 2 correspond to the Gln-synt C domain, and Motif 4 corresponds to the GIn-synt N domain of

GS proteins.

3.11 Haplotype Diversity and Evolutionary Divergence
Analysis of OsGS Genes in Rice Germplasm Resources

To comprehensively investigate the genetic variation
and evolutionary characteristics of the entire rice GS gene
family, we performed comprehensive haplotype analysis
of four members: OsGSI-1 (0s02g0735200), OsGSI-2
(0s0320223400), OsGSI-3 (Os03g0712800) and OsGS2
(0Os04g0659100). For each gene, we analyzed the 1.5 kb
upstream promoter region and complete CDS using rese-
quencing data from 1975-2003 rice accessions, including
approximately 1975 cultivated rice (Oryza sativa) and 14—
19 wild rice (Oryza rufipogon) accessions obtained from
the MBKbase database (Supplementary Table 2).

OsGS1-1 exhibited the most pronounced evolutionary
dynamics among all GS family members. After strict qual-
ity filtering, a total of 10 single nucleotide variants (SNVs)
were identified, defining 48 distinct haplotypes (Fig. 7A).
OsGS1-1 displayed a classic domestication bottleneck sig-
nature, though a few haplotypes were shared between cul-
tivated and wild rice. Two dominant haplotypes accounted
for 74.8% of all cultivated rice accessions: Hapl (n =851,
42.9%), which was almost exclusively restricted to the in-
dica subspecies (90.1% indica), and Hap2 (n =632, 31.9%),
which was predominantly enriched in the japonica sub-
species (78.2% japonica). This extreme complementary
distribution pattern suggests that OsGSI-1 may have expe-
rienced divergent selection during the independent domes-

tication of indica and japonica rice. Phylogenetic analysis
(Fig. 7B) and haplotype network (Fig. 7C) revealed three
distinct evolutionary clades corresponding to indica, japon-
ica and wild rice, with 5—7 mutational steps separating cul-
tivated and wild haplotypes. Notably, 8 of the 10 SNVs
were located in the promoter region, and 2 SNVs in CDS
suggested that functional divergence could potentially be
primarily intended to be mediated by transcriptional regu-
lation.

For OsGSI-2, only one high-quality SNV was iden-
tified in the promoter region, defining only 3 haplotypes.
Other single nucleotide polymorphisms (SNPs) were lo-
cated in introns. Similar to OsGSI-1, OsGSI-2 exhibited a
domestication bottleneck with 14 wild-rice accessions not
present in cultivated rice. Two dominant haplotypes ac-
counted for 98.1% of cultivated rice accessions: Hapl (n
= 1439, 72.0%) and Hap2 (n = 524, 26.2%). Hapl was
predominantly found in indica accessions (81.2% indica),
while Hap2 was enriched in japonica accessions (84.5%
japonica), indicating a moderate level of indica-japonica
subspecies differentiation, although less pronounced than
that observed for OsGS/-1. Non-synonymous mutations
were not detected in the CDS, confirming the high conser-
vation of the OsGS1-2 protein sequence (Supplementary
Fig. 8).

A total of 11 SNVs were identified in OsGSI-3, in-
cluding 10 SNVs in the promoter and 1 in the 3'UTR, defin-
ing 31 haplotypes. A single dominant haplotype, Hap1 (n

11
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Fig. 6. Protein—protein interaction (PPI) network and Gene Ontology (GO) enrichment analysis of rice OsGS proteins. (A)

Protein-protein interaction network of four OsGS proteins (OsGS1-1,

0OsGS1-2, 0sGS1-3, and OsGS2, highlighted in red). Gray lines

denote pairwise protein interactions. (B) GO biological process enrichment analysis of the interacting proteins was performed, with the
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and the color gradient representing the false discovery rate (FDR).

= 1363, 68.8%), was present at high frequency across all
rice subpopulations: 777 indica, 293 temperate japonica
and 239 tropical japonica accessions. The remaining 30
haplotypes were all low-frequency variants with no signif-
icant subpopulation enrichment. Notably, no unique wild

12

rice haplotypes were detected, indicating that OsGS1-3 has
not experienced a strong genetic bottleneck during domes-
tication. All mutations in the CDS region were synony-
mous substitutions, further supporting the functional con-
servation of this gene (Supplementary Fig. 9).
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Fig. 8. Transcriptional profiles of GS genes in rice leaf and root tissues under three nitrogen gradient treatments. (A,B) All rice
materials used in this study were of the Zhongxian 3037 genetic background. Rice seedlings were transplanted into porous ceramic
supports and cultivated with Kimura B complete nutrient solution. (A) Whole plants at seedling stage. Bar = 10 cm. (B) Whole plants
after 50 days for vegetative growth treated with three nitrogen nutritional conditions (ON, 1N and 3N). To meet the sampling quantity
requirements for plant material collection, two pots of rice plants treated with ON (low-nitrogen condition) were prepared. Bar = 10 cm.
(C) Expression dynamics of four GS genes during reproductive development (August—September) in leaf tissues via RNA-seq. Results
are shown as mean + SD (n = 3). Distinct lowercase letters indicate statistically significant differences among different nitrogen treatment
groups for the same gene (p < 0.05); groups with the same letter show no significant difference. (D) Expression dynamics of four GS
genes during reproductive development (August—September) in root tissues obtained by RNA-seq analysis. FPKM values are shown
as relative expression levels. Values are presented as mean + SD (n = 3). Distinct lowercase letters indicate statistically significant
differences among different nitrogen treatment groups for the same gene (p < 0.05); groups with the same letter show no significant
difference.

Coincidentally, only one high-quality SNV was iden-  3.12 Expression Profiles of OsGS Family Genes in Source
tified in the promoter region of OsGS2 like OsGS1-2, defin- ~ and Sink Tissues Under Different Nitrogen Regimes

ing 3 haplotypes. For OsGS2, one SNV was identified To investigate the transcriptional responses of GS
in the promoter region and one in the CDS region, while family genes to nitrogen availability and reveal the molec-
the remaining three SNPs were all located in intronic re-  ylar mechanism underlying nitrogen remobilization, real-
gions. OsGS2 exhibited a moderate domestication bottle-  Jocation and efficient source-sink communication in rice,
neck with 14 wild-rice accessions carrying private haplo- we performed high-throughput transcriptome sequencing to

types absent in cultivated rice. Two dominant haplotypes  systematically analyze the expression patterns of four OsGS
accounted for 97.2% of all cultivated rice accessions: Hapl members (OsGSI-1, OsGSI-2, OsGSI-3, and OsGS2) in

(n = 1050, 52.5%) and Hap2 (n = 895, 44.7%). Hapl major nitrogen source and sink tissues (Supplementary
was more prevalent in indica accessions (83.3% indica), Table 4).

while Hap2 showed weak enrichment in japonica acces- In this study, Oryza sativa cv. Zhongxian 3037, an

sions. (44..1%jap.0n.ica), indicating a very low lev.el of sub-  ¢lite indica rice cultivar with stable genetic background,
species differentiation. Non-synonymous mutations were  wag hydroponically cultured with modified Kimura B nutri-
not detected in the CDS region, with only one SNV lo-  en¢ solution under three strictly controlled and biologically

cated in the promoter region, consistent with the essential representative nitrogen regimes: ON (low-nitrogen stress),
and highly conserved function of OsGS2 in photosynthetic 1N (normal nitrogen condition, standard control), and 3N
nitrogen assimilation (Supplementary Fig. 10). (high-nitrogen treatment). This graded nitrogen experi-
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mental design possesses profound agronomic and scientific
significance: ON accurately simulates the nitrogen-limited
soil conditions that widely restrict crop growth in low-input
agricultural systems, IN corresponds to the optimal nitro-
gen supply that maintains normal vegetative and reproduc-
tive growth of rice in conventional cultivation, and 3N repli-
cates the excessive nitrogen fertilization practice commonly
adopted in intensive rice production, which causes low ni-
trogen use efficiency and serious environmental pollution
[4,55]. Collectively, these three nitrogen gradients estab-
lish a rigorous comparative system to dissect the adaptive
transcriptional regulation of nitrogen metabolic genes, and
to clarify how external nitrogen levels reshape the source-
sink nitrogen distribution network in rice.

In leaf tissues, the chloroplastic isoform OsGS2 was
highly expressed across four OsGS genes (Fig. 8A-C),
which is highly consistent with its well-documented spe-
cialized function in reassimilating the large amount of NH,*
released from photorespiration in photosynthetic green or-
gans [56]. The transcript abundance of OsGSI-I and
OsGS1-2 was significantly and negatively regulated by ex-
ternal nitrogen supply levels (Fig. 8C): their transcripts
were significantly reduced under 3N conditions but strongly
induced under ON stress in leaves, while OsGS2 exhibited
an opposite regulatory pattern with the highest expression
under 3N conditions. In contrast, the grain-specific cytoso-
lic isoform OsGS1-3 showed extremely low basal expres-
sion in leaf tissues and was not sensitive to changes in exter-
nal nitrogen availability, reflecting its strict tissue-specific
expression pattern in reproductive tissues.

In root tissues, the root-predominant OsGS1-2, an es-
sential functional gene responsible for primary nitrogen as-
similation of absorbed NH,™ in rice root system, displayed
the highest expression level among all family members
(Fig. 8D). Consistent with the expression trend in leaf tis-
sues, compared with IN conditions, nitrogen deficiency led
to a significant reduction in the transcript abundance of cy-
tosolic OsGS! isoforms (OsGSI-1 and OsGSI-2), whereas
excess nitrogen supply also repressed their transcription in
root tissues, with both genes reaching peak transcript lev-
els under IN. And although OsGS2 and OsGSI-3 were
up-regulated along the nitrogen gradient, their transcript
levels remained comparatively low relative to OsGSI-1 and
OsGS1-2. These results imply that external nitrogen avail-
ability strongly and differentially modulates the transcrip-
tional activity of OsGS family genes in vegetative source
tissues, and the distinct tissue-specific expression pattern of
each OsGS member are consistent with their proposed non-
redundant biological function in nitrogen uptake, primary
assimilation and metabolic recycling.

We further profiled the detailed spatiotemporal ex-
pression dynamics of OsGS family genes in develop-
ing young embryos at four consecutive and critical de-
velopmental stages (1, 2, 3, and 5 DAP) (Fig. 9A)
(Supplementary Table 5). Morphological and cytological

observations confirmed that rice young embryos undergo a
highly ordered, precise and sequential developmental pro-
gram after fertilization: zygote polarity establishment and
initial asymmetric cell division at 1 DAP, compact globu-
lar proembryo formation and vigorous cell proliferation at
2 DAP, active organ primordium initiation and tissue re-
gional patterning at 3 DAP, and complete embryonic organ
maturation coupled with the most vigorous starch biosyn-
thesis, amyloplast proliferation and massive storage reserve
deposition at 5 DAP [35]. Transcriptome data showed
that mRNA of four OsGS genes were constitutively de-
tected throughout the entire embryonic developmental pro-
cess, with clear and distinct stage-specific expression char-
acteristics. Under IN conditions, the transcriptional abun-
dance of most OsGS genes increased gradually and contin-
uously with embryonic development, with OsGSI-3 reach-
ing its prominent maximum expression peak at 5 DAP,
which was highly synchronized with the rapid accumulation
of starch and storage reserves in late-stage embryos (Fig.
9B). Different nitrogen supply treatments significantly and
differentially altered the transcriptional abundance of OsGS
genes in young embryos: ON stress tended to severely re-
press most OsGS family members at certain developmental
stages, whereas 3N treatment remarkably and continuously
induced transcription for a subset of these genes, with the
most significant regulatory effect observed at the key stor-
age accumulation stage of 5 DAP (Fig. 9C—F). Notably,
the grain-specific OsGSI-3 showed a dramatic and specific
upregulation trend during late embryogenesis, suggesting
that it may play an important role in nitrogen remobiliza-
tion, translocation and storage protein synthesis in devel-
oping rice embryos (Fig. 9E). Collectively, these compre-
hensive findings demonstrated that OsGS family genes ex-
hibit typical tissue-specific, developmental stage-specific
and nitrogen-responsive expression patterns in rice, and
their coordinated transcriptional regulation at the critical 5
DAP stage plays a pivotal regulatory role in coupling nitro-
gen assimilation with carbon storage metabolism, thereby
fine-tuning source-sink nitrogen utilization efficiency and
normal embryonic development in rice.

3.13 Tissue-Specific Regulation of GS Activity by
Exogenous Inorganic Nitrogen in Rice

We determined the GS enzyme activity in flag leaves,
roots and developing embryos of wild-type rice under three
nitrogen regimes (ON, 1N and 3N) (Supplementary Table
6). The results showed that GS activity exhibited distinct
tissue-specific regulatory patterns in response to exogenous
inorganic nitrogen levels (Fig. 10).

In flag leaves and developing embryos (at 1, 5 and
10 days after pollination), GS activity was significantly de-
creased under high nitrogen (3N) treatment compared with
the normal nitrogen (1N) control, while no statistically sig-
nificant difference was detected between nitrogen-free (ON)
and normal nitrogen conditions. In contrast, as the most
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Fig. 9. Expression pattern analysis of GS genes in rice young embryos under three nitrogen gradient treatments. (A) Morphology
of rice young embryos at four stages (1, 2, 3 and 5 days after pollination). Bar =3 mm. (B) Expression dynamics of four GS genes
during reproductive development (August—September) in young embryos of rice treated with normal nitrogen nutrition condition (1N)
via RNA-seq. Bars represent mean = SD (n = 3). Distinct lowercase letters indicate statistically significant differences among different
developmental stages for the same gene under the 1N condition (p < 0.05); groups with the same letter show no significant difference.
(C-F) Expression dynamics of four GS genes in young embryos of rice treated with three nitrogen nutrition conditions (ON, 1N and 3N)
via RNA-seq. Bars represent mean + SD (n = 3). Distinct lowercase letters indicate statistically significant differences among the three
nitrogen treatments (ON, 1N, 3N) for the same gene at the same developmental stage (p < 0.05); groups sharing the same letter are not

significantly different.

direct nitrogen source tissue, roots showed a different re- Importantly, we observed that GS activity displayed
sponse pattern: both high nitrogen (3N) and nitrogen-free an identical developmental trajectory in early rice embryos
(ON) treatments led to a significant reduction in GS activity regardless of exogenous nitrogen supply. Specifically, GS
relative to the normal nitrogen control. activity increased from 1 DAP to 5 DAP, reached its peak
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Fig. 10. GS enzyme activity in source and sink tissues of wild-
type rice under different nitrogen concentrations. Source tis-
sues: leaf and root; sink tissues: embryo at 1, 5 and 10 DAP.
ON, nitrogen-free treatment; 1N, normal nitrogen treatment (con-
trol); 3N, high nitrogen treatment. Enzyme activity assays were
performed with three independent biological replicates, each con-
taining three technical replicates. Values are expressed as mean
+ standard error (SE). Bars with different lowercase letters indi-
cate statistically significant differences among the three nitrogen
treatments (ON, 1N, 3N) within the same tissue or developmental
stage (p < 0.05), as determined by one-way ANOVA followed by
Tukey’s HSD post-hoc test; bars sharing the same letter show no
significant difference.

at 5 DAP, and subsequently decreased by 10 DAP. Given
that GS is the only enzyme catalyzing glutamine formation
and plays a central role in nitrogen remobilization to sink
organs, this temporal pattern is highly consistent with the
metabolic demand of developing embryos. In rice, most
nitrogenous compounds (amino acids and proteins) are de-
posited in the embryo and aleurone layer during seed devel-
opment. Therefore, our findings provide direct biochemical
evidence that 5 DAP is the metabolically most active stage,
corresponding to the completion of aleurone layer differ-
entiation and the onset of rapid starch accumulation in the
endosperm.

4. Discussion

4.1 Divergent Evolutionary Trajectories of Rice GS
Family Members Are Tightly Coupled to Their Functional
Specialization

Our comprehensive haplotype analysis of the four rice
GS genes revealed strikingly distinct evolutionary patterns
that directly reflect their non-redundant roles in nitrogen
metabolism. OsGSI-1 emerged as the most evolutionarily
dynamic member, exhibiting extreme indica-japonica dif-
ferentiation and a pattern consistent with a domestication
bottleneck. This pattern is consistent with its central role in
root primary nitrogen assimilation [13,30], a process sub-
ject to intense divergent selection during the independent

domestication of indica and japonica rice in distinct ecolog-
ical environments. In contrast, OsGSI-3 showed minimal
subspecies differentiation and no domestication bottleneck,
likely due to its specialized function in reproductive tissues
that are less sensitive to environmental nitrogen variation.
Notably, all four GS genes displayed strong purifying se-
lection on their coding regions, with functional variation re-
stricted almost exclusively to promoter regions. This find-
ing provides compelling evidence that the catalytic func-
tion of GS enzymes is evolutionarily immutable, while tran-
scriptional regulation has been the primary driver of adap-
tive evolution in the rice GS family.

4.2 A Reproductive-Stage Source-Sink Experimental
System Uncovers Novel Nitrogen Response Mechanisms

A major innovation of this study is the establishment
of a porous ceramic-based hydroponic system that enabled
precise nitrogen gradient treatments (ON, 1N, 3N) during
the critical reproductive growth stage of rice. Unlike pre-
vious studies that focused primarily on vegetative tissues
[33,57], we simultaneously profiled GS expression and en-
zyme activity in both source tissues (roots and flag leaves)
and sink tissues (developing embryos at four consecutive
stages). This integrated approach revealed that nitrogen
availability exerts tissue-specific regulatory effects on GiS
family members: while root GS activity was suppressed
under both low and high nitrogen stress, leaf and embryo
GS activity was only reduced under high nitrogen condi-
tions. Furthermore, we identified 5 DAP as the metaboli-
cally most active stage for nitrogen assimilation in develop-
ing embryos, where GS expression and activity peaked in
synchrony with rapid storage reserve accumulation. These
findings provide a previously unrecognized temporal and
spatial resolution of nitrogen metabolism during rice repro-
ductive development.

4.3 Transcriptional and Biochemical Evidence Reveals
Functional Division and Coordination of GS Isoforms in
Source-Sink Nitrogen Allocation

Despite high sequence conservation at the amino acid
level, the four rice GS isoforms exhibited distinct tissue-
specific expression patterns and nitrogen response profiles.
OsGSI-1 showed constitutive abundant expression in all
tested tissues, consistent with its housekeeping function in
basal nitrogen assimilation [19]. OsGSI-2 was predomi-
nantly expressed in roots, reflecting its specialized function
in primary nitrogen uptake [21]. OsGSI-3 displayed strict
reproductive tissue specificity, being highly expressed only
in developing embryos, which is consistent with a potential
role in nitrogen remobilization to seeds. OsGS2 was almost
exclusively expressed in photosynthetic tissues, consistent
with its function in photorespiratory NH; ™ reassimilation.
Importantly, these expression patterns were mirrored at the
enzyme activity level, suggesting that transcriptional regu-
lation is the primary mechanism controlling GS function in
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different tissues. Collectively, our results support a work-
ing model of GS family function in rice, where distinct iso-
forms act in a coordinated manner to mediate efficient nitro-
gen assimilation, translocation, and storage across source
and sink tissues.

5. Limitations and Future Perspectives

This study provides a comprehensive multi-omics at-
las of the rice GS family, establishing a foundational frame-
work for understanding its roles in source-sink nitrogen al-
location. While our integrative analyses offer robust evolu-
tionary and transcriptional insights, certain aspects warrant
further investigation in future studies.

Evolutionary Mechanisms: Our cross-species synteny
analysis revealed lineage-specific expansion patterns, sup-
porting the role of duplication events in functional diversifi-
cation. To precisely date these events, subsequent research
should integrate intraspecific collinearity analysis with Ks
calculations, calibrated against established ancient poly-
ploidization events in rice. This will refine the evolutionary
timeline of the GS family and clarify how specific duplica-
tion types contributed to its expansion and functional parti-
tioning.

Validation of Computational Predictions: Key find-
ings regarding cis-regulatory elements (PlantCARE), pro-
tein structures (AlphaFold2/SOPMA), and interaction net-
works (STRING) are derived from in silico predictions.
These predictions provide high-value hypotheses for down-
stream validation. For instance, predicted structural di-
vergences between GS1 and GS2 isoforms offer a plausi-
ble basis for their functional specialization, while predicted
interaction networks highlight candidate regulatory mod-
ules. Future experimental work, employing reporter assays,
ChIP, X-ray crystallography, and Co-IP, will be essential to
transition these bioinformatic inferences into empirical ev-
idence.

Functional Correlation and Genetic Context: We iden-
tified tissue-specific and nitrogen-responsive patterns at
both transcriptional and enzymatic levels. However, the
quantitative relationship between transcript abundance and
enzymatic activity, along with the direct genetic validation
of isoform function, remains to be elucidated. While the
use of a single elite indica cultivar (Zhongxian 3037) min-
imized genetic background noise, expanding this work to
diverse germplasm will be crucial to confirm the broader
applicability of our findings. Furthermore, integrating
CRISPR-Cas9-mediated gene editing and targeted qRT-
PCR will help establish causal links between gene expres-
sion, enzyme activity, and phenotypic outcomes.

Physiological and Population Genetics Extensions:
The absence of direct tissue nitrogen measurements limits
the precision of linking GS activity to in planta nitrogen
assimilation efficiency. Future physiological experiments
incorporating total nitrogen quantification will address this
gap. Additionally, while our haplotype analysis suggests
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strong selection on OsGSI-1, formal population genetic
tests—such as Tajima’s D and F gt scans—are required to
confirm selection signals and intensities. Functional char-
acterization of promoter polymorphisms via dual-luciferase
assays will also be vital to determine their impact on gene
expression and nitrogen use efficiency.

In conclusion, this study constructs a comprehensive
theoretical framework for the rice GS family. Future inte-
gration of quantitative physiology, structural biology, and
population genomics will be pivotal in translating these cor-
relative insights into causal mechanisms, thereby providing
robust theoretical support for molecular breeding aimed at
improving nitrogen use efficiency in rice.

6. Conclusions

This study presents comprehensive characterization of
the rice GS gene family to date, integrating evolutionary
genomics, transcriptomics, and biochemical approaches to
elucidate their roles in source-sink nitrogen allocation un-
der different nitrogen regimes. We identified 86 GS genes
across 12 plant species, revealing that the GS family has un-
dergone strong purifying selection during evolution, with
significant species-specific expansion in polyploid crops.
Inrice, the four GS members exhibited distinct evolutionary
trajectories: OsGSI-1 showed extreme indica-japonica dif-
ferentiation and a pattern consistent with a domestication
bottleneck, while OsGSI-3 displayed minimal subspecies
differentiation, reflecting their divergent functional roles.

A key innovation of this study is the establishment
of a reproductive-stage nitrogen gradient experimental sys-
tem, which enabled simultaneous profiling of GS expres-
sion and enzyme activity in both source tissues (roots and
flag leaves) and sink tissues (developing embryos at four
consecutive stages). We identified 5 days after pollination
as the critical period for nitrogen assimilation in develop-
ing embryos, where GS expression and activity peaked in
synchrony with rapid storage reserve accumulation. Fur-
thermore, we demonstrated that despite high sequence con-
servation, the four rice GS isoforms exhibit distinct tissue-
specific expression patterns and nitrogen response profiles,
indicating distinct transcriptional response patterns that are
consistent with functional division and coordination in ni-
trogen metabolism.

Collectively, our findings provide fundamental in-
sights into the evolutionary and functional diversification of
the plant GS family. The divergent haplotypes of OsGSI-1
between indica and japonica rice represent valuable genetic
resources for molecular breeding to improve nitrogen use
efficiency in rice, addressing the pressing global challenges
of food security and environmental sustainability.
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