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Abstract

GRAS transcription factors play a crucial role in plant response to abiotic stresses. In this
study, 61 members of the rice GRAS family, categorized into nine subfamilies, were identi-
fied by searching the latest genome sequence of rice. The OsGRAS genes that may respond
to abiotic stresses were predicted by analyzing the cis-acting elements of the promoters of
the genes and the structural features of the proteins. The results showed that the known
OsGRAS drought-tolerant genes and OsGRAS salt-tolerant genes have a special structure
in their protein structures, and nine genes that may be related to drought tolerance and
six genes that may be related to salt tolerance were predicted in this study based on these
special structures. The results of tissue expression profiling showed that OsGRAS family
genes were expressed in different degrees during plant growth and development, and the
expression of DELLA, PAT1, and HAM subfamily members was generally high. Finally, the
analysis of the expression levels of 16 randomly selected OsGRAS genes under drought and
salt stress conditions showed significant up-regulation of OsGRAS14 and OsGRAS21 under
both stress treatments, and OsGRAS52 was significantly down-regulated under drought
stress and up-regulated under salt stress. The present study provides important clues for
exploring the molecular basis of the mechanism of rice response to abiotic stress, and also
provides new ideas for the improvement of rice germplasm resources.

Keywords: abiotic stress; rice; GRAS; promoter

1. Introduction
Plant growth is constantly affected by abiotic stresses such as drought, high salinity,

high osmotic pressure, and changing light conditions, which negatively affect plant growth
and productivity. Accordingly, plants have evolved different mechanisms to cope with
these challenges. Studies have shown that plants can cope with the negative effects of
abiotic stresses by acting through the binding of numerous transcription factors to cis-
acting elements in the promoters of specific target genes [1]. In the WRKY transcription
factor family, knockdown of OsWRKY63 using CRISPR/Cas9 enhanced rice tolerance [2].
When MbWRKY65 was introduced into tomatoes, it was rapidly induced under cold
and drought stress, increasing antioxidant enzyme activity, reducing reactive oxygen
species accumulation, activating related downstream genes, and enhancing the resistance
of transgenic plants [3]. The bZIP transcription factor family also plays an important role
in stress responses. OsbZIP71 was directly activated by ABA-dependent pathways in the
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face of salt stress and drought stress to enhance rice tolerance to drought and salt stress [4].
Transgenic tobacco plants overexpressing CgbZIP1 exhibit enhanced tolerance, further
confirming that the stress response mediated by CgbZIP1 may involve an ABA-dependent
pathway [5]. In addition, OsERF101 positively regulates drought response by increasing the
expression levels of drought response genes that synthesize proline and eliminate harmful
ROS, playing an important role in improving rice grain setting under drought stress [6].

The GRAS transcription factor family, as a large family of transcription factors in
plants, plays an important role in responding to abiotic stress. For example, expression
of ZmGRAS72 in Arabidopsis significantly improved the plant’s tolerance to drought and
salt stress. Under non-biotic stress, it up- or down-regulated the expression levels of
abscisic acid biosynthesis genes (NCED3), signal transduction genes (ABI1, ABI2, ABI4,
and ABI5), and stress-related genes (RD22, RD29A, and KIN1) [7]. LzSCL9 was found to
respond to thermo-stress treatment involving trichothecene in transcriptomic and RT-qPCR
analyses. Overexpression of LzSCL9 enhanced the heat tolerance of lilies, while its silencing
reduced heat tolerance, indicating the positive role of LzSCL9 in trichothecene-induced heat
tolerance [8]. PtrPAT1 regulates glycine betaine biosynthesis by modulating the expression
of PtrBADH-1, thereby positively influencing cold tolerance. Compared with the wild type,
overexpression of PtrPAT1 increased BADH activity in transgenic tobacco plants, increased
glycine betaine accumulation, and conferred strong cold tolerance [9].

The GRAS gene family name is derived from the first three transcription factors identi-
fied in the family, gibberellic acid insensitive (GAI), repressor of GAI (RGA) and scarecrow
(SCR), which are widely found in plants [10]. The lengths of different GRAS proteins vary,
with typical GRAS proteins usually containing 400–770 amino acids, primarily distributed
within the cell nucleus. The N-terminal region is variable, while the C-terminal region
is highly conserved. The C-terminal region contains five distinct sequence motifs: LHRI
(leucine heptapeptide repeat I), VHIID, LHRII (leucine heptapeptide repeat II), PFYRE,
and SAW. Among these, the VHIID conserved sequence is the core sequence of the GRAS
family proteins, and the conserved C-terminal region plays a crucial role in protein–protein
interactions. The function of the N-terminal region is primarily manifested in two as-
pects: first, as a variable region, it participates in the specific regulation and molecular
recognition of proteins during plant development; second, the N-terminal region also
contains specific structural MoRFs (molecular recognition features), which can achieve
signal transduction by recognizing and binding to specific target proteins. Therefore, the
N-terminal sequence plays an important role in enabling GRAS proteins to perform their
specific functions [11–13].

Previous studies have mainly focused on gene identification and bioinformatics anal-
ysis. Although attention has begun to be paid to the role of GRAS genes in abiotic stress,
overall functional validation remains insufficient, and comprehensive analysis of cis-acting
elements in the promoter region is also lacking [14,15];this study focuses on combining
system evolution clustering results, coding protein conserved motif analysis, and cis-acting
element distribution to further predict potential new GRAS family members that respond
to abiotic stress, and further verifies this through experiments, thereby proposing a hy-
pothesis on the potential mechanism by which genes exert stress tolerance. This study
employed bioinformatics methods to conduct a genome-wide identification of OsGRAS
genes, analyzing their chromosomal localization, promoter functional elements, evolution-
ary relationships, and conserved motifs and domains of the encoded proteins. Based on the
analysis results, combined with the structural similarity of the encoded proteins, potential
new GRAS family members responsive to abiotic stress were further predicted. Addition-
ally, expression analysis of selected OsGRAS genes under salt-tolerant and drought-tolerant
conditions was conducted to further confirm gene function. The findings of this study



Int. J. Plant Biol. 2025, 16, 95 3 of 18

provide theoretical references for further analysis of the biological functions of OsGRAS
genes, contributing to a deeper understanding of the molecular mechanisms underlying
the response of rice GRAS family members to abiotic stress. Additionally, the study offers
genetic resources for rice molecular breeding.

2. Materials and Methods
2.1. Genome-Wide Characterization of Members of the GRAS Gene Family in Rice

In this study, two methods were utilized to identify GRAS family genes in the rice
whole genome. The first method was to download the rice whole genome sequence
(Oryza sativa v7.0), protein sequence, and GFF gene information files from the phytozome
(JGI) database (https://phytozome-next.jgi.doe.gov, accessed on 10 May 2024), the whole
genome information is derived from three different Nipponbare individuals [16]. The
Hidden Markov Model file (PF03514) for the GRAS gene family was downloaded from the
Pfam (http://pfam-legacy.xfam.org, accessed on 10 May 2024) website, and the structural
domain search was performed on the rice whole genome sequence using the E-value value
of less than 0.015 as a screening criterion, resulting in 61 members. In the second method,
the protein sequences of the GRAS gene family of Arabidopsis were downloaded from the
TAIR (https://www.arabidopsis.org/, accessed on 16 May 2024) website [17]; a local Blast
of the rice protein database was performed by the Blast Compare Two Seqs function of
TBtools (https://github.com/CJ-Chen/TBtools/releases, accessed on 8 May 2024) [18]. All
parameters were set to default, resulting in 58 candidate members. The results obtained
from the above two methods were intersected to obtain 58 candidate gene family members.
Further utilization of the MEME website (https://meme-suite.org/meme/, accessed on
19 June 2024) and online website NCBI Batch CD-Search (https://www.ncbi.nlm.nih.gov,
accessed on 2 September 2024) eliminated three false negative results, ultimately yielding
61 family members containing at least one GRAS conserved domain [19,20].

2.2. Phylogenetic Tree of the GRAS Gene Family in Rice

The Arabidopsis whole genome sequence (Arabidopsis thaliana Araport11) was down-
loaded from the phytozome (JGI) database and searched for structural domains with a
hidden Markov model file (PF03514) to obtain 34 AtGRAS members. Neighbor Joining
(NJ) method in MEGA11 (https://www.megasoftware.net/dload_win_beta, accessed on
13 October 2024, version: 11.0.13) software was applied to perform multiple sequence
comparison between OsGRAS and AtGRAS families [21], setting the self-expansion value
coefficient (Bootstrap) to 1000 repetitions; the substitution model (substitution model) was
p-distance, the subset of data used was partial deletion, and the default values were used
for other parameters, and they were classified into nine subfamilies according to previous
studies [22,23] and were processed using the ITOL (https://itol.embl.de/, accessed on 18
December 2024) online website.

2.3. Physicochemical Characterization of GRAS Proteins

Information such as the number of amino acids, molecular weight, and theoretical
isoelectric point of GRAS proteins were analyzed using the Protein Parameter Calc function
of TBtools software (version: 2.105) (Table 1).

https://phytozome-next.jgi.doe.gov
http://pfam-legacy.xfam.org
https://www.arabidopsis.org/
https://github.com/CJ-Chen/TBtools/releases
https://meme-suite.org/meme/
https://www.ncbi.nlm.nih.gov
https://www.megasoftware.net/dload_win_beta
https://itol.embl.de/
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Table 1. Physicochemical properties of proteins of rice GRAS gene family.

Sequence ID Protein Name Number of Amino Acid Molecular Weight Theoretical pI

LOC_Os01g45860 OsGRAS1 495 52,067.35 5.06
LOC_Os01g62460 OsGRAS2 705 78,998.08 6.1
LOC_Os01g65900 OsGRAS3 553 61,798.49 4.8
LOC_Os01g67650 OsGRAS4 532 57,449.17 6.09
LOC_Os01g67670 OsGRAS5 275 30,461.64 6.46
LOC_Os01g71970 OsGRAS6 442 48,023.77 6.15
LOC_Os02g10360 OsGRAS7 423 44,138.74 5.56
LOC_Os02g21685 OsGRAS8 147 15,305.11 9.18
LOC_Os02g44360 OsGRAS9 709 74,248.23 5.65
LOC_Os02g44370 OsGRAS10 715 74,131.93 5.82
LOC_Os02g45760 OsGRAS11 618 64,200.52 9.27
LOC_Os03g09280 OsGRAS12 535 59,647.91 5.86
LOC_Os03g15680 OsGRAS13 575 60,848.2 5.04
LOC_Os03g29480 OsGRAS14 523 54,077.65 5.99
LOC_Os03g31880 OsGRAS15 603 64,247.77 5.93
LOC_Os03g37900 OsGRAS16 137 15,192.7 7.87
LOC_Os03g40080 OsGRAS17 777 88,331.49 5.53
LOC_Os03g48450 OsGRAS18 731 82,218.82 6.44
LOC_Os03g49990 OsGRAS19 625 65406.24 5.14
LOC_Os03g51330 OsGRAS20 578 62,477.53 5.63
LOC_Os04g35250 OsGRAS21 504 52,579.87 8.67
LOC_Os04g37440 OsGRAS22 152 16,672.18 9.43
LOC_Os04g46860 OsGRAS23 711 74,007.88 5.57
LOC_Os04g49110 OsGRAS24 619 64,918.25 7.2
LOC_Os04g50060 OsGRAS25 636 71,655.98 5.51
LOC_Os05g31380 OsGRAS26 551 56,280.97 5.41
LOC_Os05g31420 OsGRAS27 560 58,183.56 7.85
LOC_Os05g40130 OsGRAS28 176 19,069.29 10.29
LOC_Os05g40710 OsGRAS29 493 51,644.41 5.75
LOC_Os05g42130 OsGRAS30 425 45,430.82 5.81
LOC_Os05g49930 OsGRAS31 500 52,994.99 5.91
LOC_Os06g01620 OsGRAS32 480 51,017.01 5.46
LOC_Os06g03710 OsGRAS33 617 65,846.84 6.02
LOC_Os06g10900 OsGRAS34 223 25,058.86 8.88
LOC_Os06g40780 OsGRAS35 666 69,779.11 5.76
LOC_Os07g16330 OsGRAS36 264 29,803.37 10.07
LOC_Os07g36170 OsGRAS37 571 64,602.19 5.87
LOC_Os07g38030 OsGRAS38 457 49,096.59 5.51
LOC_Os07g39470 OsGRAS39 544 60,108.16 6
LOC_Os07g39820 OsGRAS40 602 64,709.33 5.61
LOC_Os07g40020 OsGRAS41 473 50,596.45 5.31
LOC_Os10g22430 OsGRAS42 541 59,930.59 5.79
LOC_Os10g40390 OsGRAS43 683 74,280.4 8.85
LOC_Os11g03110 OsGRAS44 651 69,918.23 5.91
LOC_Os11g04400 OsGRAS45 549 59,950.36 4.98
LOC_Os11g04570 OsGRAS46 854 94,267.73 7.45
LOC_Os11g04590 OsGRAS47 460 50,420.42 6.92
LOC_Os11g06180 OsGRAS48 472 52,312.55 4.78
LOC_Os11g11600 OsGRAS49 345 37,286.47 10.13
LOC_Os11g31100 OsGRAS50 772 81,094.36 6.18
LOC_Os11g47870 OsGRAS51 692 77,442.34 5.01
LOC_Os11g47890 OsGRAS52 638 71,485.86 5.27
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Table 1. Cont.

Sequence ID Protein Name Number of Amino Acid Molecular Weight Theoretical pI

LOC_Os11g47900 OsGRAS53 642 72,083.57 6.26
LOC_Os11g47910 OsGRAS54 595 66,666.1 5.99
LOC_Os11g47920 OsGRAS55 593 66,636.95 5.98
LOC_Os12g02870 OsGRAS56 660 70,394.72 5.91
LOC_Os12g04200 OsGRAS57 585 63,953.19 5.23
LOC_Os12g04370 OsGRAS58 977 108,691.38 6.55
LOC_Os12g04380 OsGRAS59 464 50,674.5 5.99
LOC_Os12g06540 OsGRAS60 462 50,587.65 4.53
LOC_Os12g38490 OsGRAS61 738 81,365.04 5.17

2.4. Chromosomal Localization of the GRAS Gene Family in Rice

The GFF gene information files downloaded from the phytozome (JGI) database
were submitted to the TBtools software, and the chromosomal localization analysis and
visualization of GRAS genes within the rice genome were carried out using the Gene
Location function of the TBtools software.

2.5. Analysis of Conserved Motifs and Conserved Domains of GRAS Proteins

The conserved motifs of OsGRAS-encoded proteins were identified using the MEME
website (Table 2), and the maximum number of motifs was set to 10. The conserved
structural domains of OsGRAS-encoded proteins were identified using the online software
NCBI Batch CD-Search, and the conserved motifs and conserved structural domains of
OsGRAS family members were visualized using TBtools.

Table 2. Conservative motif information.

Conserved Motifs Amino Acid Sequence Length E-Value Nsites

Motif 1 EACPFLKFAHFTANQAILEAVE 22 2.8 × 10−368 48
Motif 2 NVVACEGAERVERHETYGQWR 21 1.4 × 10−355 40
Motif 3 FLTRFREALHYYSALFDSLDATLP 24 2.8 × 10−401 49
Motif 4 DGGWLLLGWKGRPLYAASAW 20 3.7 × 10−302 42
Motif 5 LQWPSLLQALAARPGGPP 18 1.0 × 10−266 48
Motif 6 PAGDAMQRLAAYFAEALAARL 21 1.2 × 10−289 55
Motif 7 APADELEETGRRLSDFARSLGVPFEFRAV 29 8.1 × 10−318 46
Motif 8 RDAVLRTVRSLSPKVVVLVEQEADHNAPF 29 2.1 × 10−338 46
Motif 9 GERRVHIVDFGISYG 15 1.5 × 10−240 56

Motif 10 PGEALVVNCVLQLHRLLDESV 21 5.6 × 10−189 34

2.6. Analysis of Cis-Acting Elements of Rice GRAS Gene Family Promoters

Sixty-one gene sequences 2000 bp upstream of the CDS of the rice GRAS gene were
extracted for characterization and submitted to the PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/, accessed on 4 September 2024) website to analyze
cis-acting elements in candidate promoter sequences [24]. The cis-acting elements were
later visualized using the Simple BioSequence Gene Viewer function of TBtools software.

2.7. Tissue Expression Profiling

The expression patterns of OsGRAS genes in different tissues of rice were obtained
from the ePlant website (http://bar.utoronto.ca/eplant, accessed on 6 February 2025) [25].
Gene expression values were represented by Affymetrix ATH1 array gene expression data,
standardized using the MAS5.0 and RMA methods. The average values of three biological
replicates were calculated to analyze the specific expression patterns of the OsGRAS family

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bar.utoronto.ca/eplant


Int. J. Plant Biol. 2025, 16, 95 6 of 18

in seedling roots, inflorescence development stages (P1–P6), seed development stages
(S1–S5), mature leaves, young leaves, and shoot apical meristem. Using TBtools software, a
gene expression pattern heatmap was constructed with log2-transformed fold changes as
the scale.

2.8. Expression Level Analysis After Drought and Salt Stress Treatments

Rice test materials (Oryza sativa L.cv. Nipponbare) were provided by Hunan Hybrid
Rice Research Center. The seeds were randomly selected to be full of particles and of
uniform size, then placed in water to absorb and swell, then germinated in an oven at 37 ◦C
overnight, then transferred to Yoshida nutrient solution (pH 5.80) after germination, and
then cultivated in a refining room with 14 h of light/darkness, 30 ◦C, and humidity of 80%
for two weeks.

A 15% solution of PEG6000 was obtained by dissolving 150 g of PEG6000 completely
in 1 L Yoshida nutrient solution. Rice seedling roots were immersed in normal culture
medium and 15% PEG6000 solution, respectively, for 48 h in the control and experimental
groups. For salt stress treatment, the control and experimental groups were immersed in
normal culture medium and culture medium containing 150 mmol/L NaCl, respectively,
for 48 h. The roots of rice seedlings were collected at six time points, namely 0 h, 2 h, 4 h,
8 h, 24 h, and 48 h, and stored at −80 ◦C for reserve.

Based on the information of gene family clustering and gene structure, 16 genes were
randomly selected from each subfamily and each chromosome, and finally, 16 genes were
selected to design specific primers for qRT-PCR (Table 3) for expression level analysis. Total
RNA from high salt and drought-treated rice was extracted by the TRNzol method, and the
RNA was reverse transcribed into cDNA using StarScript III All-in-one RT Mix with gDNA
Remover, and the cDNA was extracted according to the 2× RealStar Fast dye method.
RNA was reverse transcribed into cDNA and then subjected to real-time fluorescence
quantitative PCR (qRT-PCR) according to the procedure of 2× RealStar Fast SYBR qPCR
Mix. The reaction system (10 µL) included the following: Mix 5 µL, ddH2O 4 µL, cDNA
template 0.5 µL, upstream and downstream primers 0.25 µL each. Reaction program: 95 ◦C
pre-denaturation for 2 min, 95 ◦C denaturation for 15 s, 60 ◦C annealing/extension for 15 s,
40 cycles. Rice Actin was selected as the internal reference gene, and Excel software (Excel,
version 2019, Microsoft Corporation, Redmond, WA, USA) were used for statistical analysis
of the data. The 2−∆∆Ct method was used to calculate the relative expression levels.

Table 3. Primers for fluorescence quantitative PCR of OsGRAS differentially expressed genes.

Sequence ID Gene Name Forward Primer Reverse Primer

LOC_Os01g67650 OsGRAS4 ACTACCGATTCTACGACGTG CTCTCAAGAACGTCCCAGAA
LOC_Os02g21685 OsGRAS8 CCTCTTCATCCACGGCTTC AAATGTTGAGACGGGCTTGTG
LOC_Os03g29480 OsGRAS14 TGGACTGGTTCGAGGAGTC CGTAGAACAGGTGCTGCAC
LOC_Os03g37900 OsGRAS16 ATACGCACTACAGCACGTGT TGGCTGATGTTGAACATGTGTG
LOC_Os03g49990 OsGRAS19 ATACGCACATACGCACTACAG CGTTGAGCTCTGGAAAGCAT
LOC_Os03g51330 OsGRAS20 TTTCATGCTGCAGCTGTACC AGAGCAAAAGATCAGCCTGG
LOC_Os04g35250 OsGRAS21 GCTTACATCAATACGCACACTC TTAAAATCACCGACATCGCCG
LOC_Os04g37440 OsGRAS22 ATACGCACACTACCTACGGTA CGTATGTGCTGTATGTGCGTATC
LOC_Os05g31380 OsGRAS26 CCTGACGGAGATACGCACA TTAAAATCATCCGACCCACCAC
LOC_Os05g40710 OsGRAS29 ACCAGTATCTATACAGCAGCAG TCCTCGGAGTACACCTCC
LOC_Os06g10900 OsGRAS34 TCCAGTTCAACCCGGTGG GCAGTACGGATGGAGAGG
LOC_Os07g39820 OsGRAS40 TTTAGGTTGGTTAGCCTCCAAG AGTCTTCATCCATGTAAAGCTGG
LOC_Os11g04400 OsGRAS45 ATGTTCTTCTGCCTGTACCC GCATCATCTTCTCCAACATCTC
LOC_Os11g47870 OsGRAS51 GAAGAAGAGGTGCTCGTGG AGTAGAAGAAGAGCGTCTCC
LOC_Os11g47890 OsGRAS52 ACAATACGACCAACTCCACC GTGAAGGTGGGTTGAATATCC
LOC_Os12g04200 OsGRAS57 GCGCTCTTCTTCTTCTCGG GTTGTTACTACTGTGAGCTCTC

Actin TTCCAGCCTTCCTTCATA AACGATGTTGCCATATAGAT
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3. Results and Analysis
3.1. Genome-Wide Identification of Rice OsGRAS Gene Family Members and Construction of a
Phylogenetic Tree

A total of 61 members were identified in the OsGRAS family (Figure 1), which was
divided into nine subfamilies in combination with the Arabidopsis AtGRAS family classifi-
cation. Among them, LISCL was the largest subfamily in rice OsGRAS with 16 members,
accounting for 26.2% of the OsGRAS family. PAT1 and HAM were the second and third
largest subfamilies, respectively, and the DLT subfamily had the lowest number of mem-
bers, with only two OsGRAS proteins accounting for 3.3% of the OsGRAS family. This is
consistent with the results in Arabidopsis [23]. It has been reported that some subfamilies
play important roles in stress responses. For example, members of the SCL subfamily act as
co-activators in response to cold stress in G. hirsutum [10], while members of the DELLA
subfamily serve as transcriptional co-activators of GA (gibberellin) signaling in rice in
response to abiotic stresses such as salt and drought [11].

 

Figure 1. Evolutionary tree analysis of GRAS family members in rice and Arabidopsis thaliana.

3.2. Analysis of Physicochemical Properties of Rice GRAS Proteins

To better understand the properties of this family of proteins, their physicochemical
properties were analyzed. The results indicated significant variation for the physicochemi-
cal properties of the OsGRAS proteins (Table 1). The length of the proteins encoded by the
OsGRAS family genes ranged from 137 to 977 amino acids, corresponding to molecular
weights ranging from 15.19 kDa to 108.69 kDa. OsGRAS58 was the longest polypeptide
chain with 977 amino acids; the OsGRAS16 protein has the lowest number of amino acids,
only 137. The theoretical isoelectric point of OsGRAS proteins ranges from 4.53 to 10.29,
suggesting the significant differences in their charge characteristics. However, overall the
isoelectric points of the OsGRAS family amino acid sequences were mostly in the acidic
range, and the amino acid sequences of OsGRAS proteins with isoelectric points less than
7 were 48, accounting for 78.7% of the total number of amino acids, indicating that the
OsGRAS protein molecules are rich in acidic amino acids.
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3.3. Chromosomal Localization of Members of the GRAS Gene Family in Rice

Based on the downloaded GFF3 gene information file, the identified OsGRAS genes
were localized to 10 rice chromosomes (Figure 2). According to the order of the genes on
the chromosomes, they were named OsGRAS1~OsGRAS61. Among the 12 chromosomes
in rice, these 61 genes were unevenly distributed on 10 chromosomes, which might be
caused by the segment loss or chromosome translocation during the evolutionary process.
Chromosome 11 with the most abundance contained 12 genes, accounting for 19.7%.
Chromosome 10 with the least distribution contained only two genes. No gene distribution
was found on chromosomes 8 and 9.

Figure 2. Distribution of rice GRAS gene family members on chromosomes.

3.4. Analysis of Conserved Motifs and Conserved Structural Domains of the Rice OsGRAS
Gene Family

By analyzing the conserved motifs and structural domains of OsGRAS proteins
(Figure 3), it was found that all OsGRAS-encoded proteins have at least one typical GRAS
structural domain, and most of them are distributed with one conserved structural domain
at the C-terminal end, while the N-terminal end is variable. Through the comparative
analysis of conserved motifs and conserved structural domains, it was hypothesized that
there was a certain correspondence. For example, OsGRAS58 has two GRAS domains, and
the distribution of conserved motifs shows two special structures, motif 6, motif 1, motif 9,
motif 5, motif 7, motif 10, motif 8, motif 3, motif 2, and motif 4, and it is hypothesized that
each particular structure functions as a conserved structural domain. Combined with the
distribution of conserved motifs and structural domains of OsGRAS19 and OsGRAS16, it
can be hypothesized that motif 6 functions as an independently expressed structure. And
the clustered coding proteins realized by phylogenetic analysis showed similar structures
in the distribution of conserved motifs (Figure 3), for example, OsGRAS59, OsGRAS47,
OsGRAS35, OsGRAS7, OsGRAS51, and OsGRAS52, which will provide an important basis
for the prediction of new functional genes responding to abiotic stresses.

Observation of the E-value of conserved motifs reveals that the identified conserved
motifs are highly conserved, indicating that they are essential for survival and may play
a central role in stress responses. Furthermore, motif 4 contains GW repeat sequences,
which can influence protein structure and function by interacting with other proteins
and participating in the regulation of plant growth and development and responses to
environmental stress [26]. Motif 7 contains RR motifs, which play an important role in
plant stress responses and post-transcriptional regulation of gene expression [27].
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Figure 3. Analysis of phylogeny (A), conserved motifs (B), and conserved structural domains (C) of
rice GRAS family proteins.

3.5. Functional Clustering of Cis-Acting Elements in the GRAS Gene Family of Rice

Numerous hormone response elements and stress response elements were obtained
by analyzing the promoter cis-acting elements of 61 rice GRAS genes (Figure 4). Among
the identified elements, methyl jasmonate response element and abscisic acid response
element were the most numerous. There were 246 methyl jasmonate response elements,
accounting for 28.6%, and 181 abscisic acid response elements, accounting for 21.1%.
The member with the highest number of elements was OsGRAS33, with 36 cis-acting
elements; the member with the lowest number of elements was OsGRAS60, with only two
elements. Upon comparing the cis-acting elements of OsGRAS genes, it was found that
CGTCA-motif and TGACG-motif often appeared in pairs and were identical in number.
ABRE often overlapped with CGTCA-motif, TGACG-motif, G-box, G-Box, Sp1, and GT1-
motif, and ABRE and G-box, Sp1 and other light-responsive elements mostly showed
overlapping occurrences.

OsGRAS13, OsGRAS21, OsGRAS22, OsGRAS27, and OsGRAS29 are known OsGRAS
salt-tolerant genes, and OsGRAS25 and OsGRAS55 are known OsGRAS drought-tolerant
genes. CGTCA-motif, TGACG-motif, and ABRE are OsGRAS drought-tolerant genes and
OsGRAS salt-tolerant genes. GT1-motif, G-box, and G-Box also have a certain role in
OsGRAS drought-tolerant genes and OsGRAS salt-tolerant genes, and the distribution
pattern of the above elements is similar, so it can be seen that the drought-tolerant genes
and salt-tolerant genes have a certain similarity in the distribution of cis-acting elements.
Research on rice has confirmed the stress response of the above elements, and similar effects
have been observed in other plants. A total of 23 highly overexpressed rice genes were
identified under cold, drought, salt, and heat stress conditions. Trans-regulatory analysis
results indicated that 15 cis-acting elements, including ABRE, CGTCA-motif, GARE-motif,
TGACG-motif, G-box, GA-motif, TCT-motif, Sp1, and MBS, contribute to the tolerance
mechanism against abiotic stress [28]. Transcriptome analysis revealed that the expression
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of PwuWRKY48 was significantly enhanced under drought stress. Analysis of the promoter
region revealed that it contained multiple cis-acting elements related to stress, such as ABRE
and MYB binding sites (MBS) [29]. Comparing the number of methyl jasmonate-responsive
elements and abscisic acid-responsive elements, we suspect that abscisic acid-responsive
elements play a more significant role in the OsGRAS family in response to abiotic stresses.

Figure 4. Analysis of upstream cis-acting elements of the rice OsGRAS gene family. Note: (A) Dis-
tribution of 2000 bp promoters upstream of OsGRAS gene; (B) heat map of promoters of OsGRAS
gene; numbers represent the number of this promoter in this gene; CGTCA-motif/TGACG-motif:
methyl jasmonate response element; GARE-motif/P- box/TATC-box: gibberellin response element;
TCA-element: salicylic acid response element; ABRE: abscisic acid response element; AuxRR-core:
auxin response element; G-box/G-Box/Sp1/GT1-motif/ACE: light response element; LTR: low
temperature response element.

3.6. Tissue Expression Analysis of OsGRAS Gene

An analysis of the expression of OsGRAS genes in different tissues of rice revealed
that OsGRAS3 was highly expressed at all stages of seed development (expression values:
3800–6000), possibly playing a leading role in seed maturation or storage substance accu-
mulation. OsGRAS23 (InflorescenceP1-P3, SAM, expression values: 3100–4200), OsGRAS42
(Seed S2-S4, expression values: 4500–10,000) and OsGRAS61 (YoungLeaf, expression value:
9857.44) were significantly active at specific stages, suggesting that they regulate plant
development in stages. OsGRAS37 and OsGRAS2 exhibit high expression levels during
leaf development (expression values: 5700–13,000), suggesting their involvement in leaf
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development. OsGRAS10, OsGRAS3, and OsGRAS43 show prominent expression in roots
(expression values: 2500–3500), potentially related to root development, nutrient absorption,
or stress responses. OsGRAS11 (expression value: 383.32) and OsGRAS39 (expression value:
11,039.30) exhibit extremely high expression levels in mature leaves compared to the young
leaf stage, suggesting their important role during the leaf maturation stage. OsGRAS10
(expression value: 4133.52), OsGRAS23 (expression value: 4130.86), and OsGRAS61 (expres-
sion value: 4131.47) exhibit high expression levels in shoot apical meristems, suggesting
potential involvement in meristem differentiation or hormone signal transduction. Os-
GRAS13, OsGRAS14, and OsGRAS45 exhibit extremely low expression levels in all tissues
(expression values: 1–20), suggesting they may only be activated under specific stress
conditions or developmental stages (Figure 5).

Figure 5. Expression profile of OsGRAS gene in different tissues of rice. Data expression is processed
using log2, with color scales representing expression levels from high (red) to low (blue).

3.7. Analysis of the Expression Level of the GRAS Gene Family in Rice

A total of 16 genes were randomly selected to design specific primers for qRT-PCR
(Table 3) for expression-level analysis. The results showed that under drought stress
treatment, the expression of OsGRAS19 (log2FC = 3.29), OsGRAS26 (log2FC = 3.04), and
OsGRAS40 (log2FC = 2.68) peaked at 8 h, and OsGRAS14 was significantly up-regulated
at 4 h (log2FC = 2.15) and 8 h (log2FC = 2.37), respectively, suggesting the important role
in early stress signaling. The expression of OsGRAS8 reached the highest value at 24 h
(log2FC = 2.87) and maintained for 48 h (log2FC = 1.76), suggesting that it may be involved
in the regulation of long-term drought tolerance. On the contrary, the expression of Os-
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GRAS19 (24 h: log2FC = −2.37; 48 h: log2FC = −2.82), OsGRAS20 (24 h: log2FC = −1.95;
48 h: log2FC = −2.17), OsGRAS26 (24 h: log2FC = −2.96; 48 h: log2FC = −1.34), and Os-
GRAS52 (24 h: log2FC = −2.09; 48 h: log2FC = −2.33) decreased sharply at 24 h, suggesting
that the expression of these genes may be regulated by a negative feedback mechanism or
related to the stage-specific stress response [30], while the expression of OsGRAS14 (4 h:
log2FC = 2.15; 8 h: log2FC = 2.37), OsGRAS21 (8 h: log2FC = 2.06; 48 h: log2FC = 1.75),
OsGRAS34 (4 h: log2FC = 2.69; 8 h: log2FC = 2.57), and OsGRAS57 (24 h: log2FC = 1.58;
48 h: log2FC = 1.36) was consistently up-regulated at multiple time points, suggesting a
sustained role in drought stress adaptation in rice (Figure 6).

 

Figure 6. Comparative analysis of 16 OsGRAS genes in response to drought stress by qPCR. The
x-axis shows the names of members of the OsGRAS gene family in rice, and the y-axis shows the
gene expression change multiples (range −4 to 4) after log2FC conversion. The error bars indicate the
standard deviation of three biological replicates.

Under salt stress treatment, OsGRAS14 showed significant up-regulation at all de-
tected time points (log2FC: 1.81–2.85), especially peaking at 4 h (log2FC = 2.85), suggest-
ing a sustained regulatory role in salt stress response. Similarly, OsGRAS45 responded
rapidly at 2 h (log2FC = 2.29) and maintained high expression at 48 h (log2FC = 1.28),
suggesting the involvement in early signaling and long-term tolerance. OsGRAS4 was
significantly up-regulated at 8 h (log2FC = 2.18), whereas it gradually declined in the early
(2 h: log2FC = −1.02) and late stages (24 h: log2FC = 1.87; 48 h: log2FC = 1.72). OsGRAS21
showed a bimodal response, with two peaks of expression at 2 h (log2FC = 2.31) and 8 h
(log2FC = 2.72), suggesting that it may play a possible role in the stress perception and
adaptive reestablishment in a staged manner. OsGRAS57 showed dramatic up-regulation
at 24–48 h (24 h: log2FC = 1.65; 48 h: log2FC = 1.71) and significant suppression at the early
stage (2 h: log2FC = −0.86; 8 h: log2FC = −1.87), suggesting a time-dependent function.
OsGRAS19 was significantly down-regulated at all time points, with log2FC values ranging
from −0.84 to −1.47, and the deepest suppression occurred at 4–8 h (4 h: log2FC = −1.43;
8 h: log2FC = −1.47), suggesting that this gene may be negatively regulated by salt stress.
OsGRAS22 showed a dramatic decrease in expression at 48 h (log2FC = −2.32), while
OsGRAS26 showed the lowest value at 24 h (log2FC = −1.86), speculating that these genes
may be involved in the salt-sensitive pathway (Figure 7).
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Figure 7. Comparative analysis of 16 OsGRAS genes in response to salt stress by qPCR. The x-axis
shows the names of members of the OsGRAS gene family in rice, and the y-axis shows the gene
expression change multiples (range −4 to 4) after log2FC conversion. The error bars indicate the
standard deviation of three biological replicates.

4. Discussion
Conservative motifs play an important role in stress responses. Under stress condi-

tions, GW repeat sequences may exert their effects by influencing the transcription and
translation of related genes. For example, WD40 proteins (a type of protein containing GW
repeat sequences) may regulate gene expression by affecting the activity of transcription
factors or the stability of mRNA, thereby enhancing the stress resistance of plants [31].
GW repeat sequences may also participate in plant signal transduction pathways. Some
proteins containing GW repeat sequences may act as calcium-binding proteins, regulating
intracellular calcium ion concentrations [32]. In this way, GW repeat sequences can inte-
grate different stress signals and coordinate the physiological and metabolic processes of
plants [33]. Phosphorylation is an important modification in cellular signal transduction
that regulates protein activity, stability, and localization. The RR motif may serve as a recog-
nition site for protein kinases, thereby influencing the phosphorylation level of proteins [34].
Under stress conditions, cells need to transport certain proteins to specific locations to
respond to stress. Studies have shown that RR motifs can function as part of signal peptides,
guiding proteins into organelles such as the endoplasmic reticulum or mitochondria [35].
In plant cells, many stress response processes require the coordinated action of multiple
proteins to be completed. RR motifs may serve as domains for protein–protein interactions,
mediating interactions between proteins [36].

Previous studies have reported two OsGRAS genes with drought tolerance functions,
namely OsGRAS25 and OsGRAS55 [37,38], as well as five OsGRAS genes that respond to
salt stress (OsGRAS13, OsGRAS21, OsGRAS22, OsGRAS27, and OsGRAS29) [14]. Based
on the results of systematic evolutionary clustering of the OsGRAS family and analysis
of conserved motifs in the encoded proteins, it was found that the nine genes OsGRAS2,
OsGRAS18, OsGRAS54, OsGRAS57, OsGRAS45, OsGRAS53, OsGRAS61, OsGRAS51, and Os-
GRAS52 belong to the LISCL subfamily, along with the known drought-tolerant functional
genes OsGRAS25 and OsGRAS55, and they share similar conserved motif arrangements



Int. J. Plant Biol. 2025, 16, 95 14 of 18

with OsGRAS25 and OsGRAS55, specifically motif 6, motif 1, motif 9, motif 5, motif 7, motif
10, motif 8, motif 3, motif 2, and motif 4. Additionally, we found that OsGRAS6, OsGRAS59,
OsGRAS47, OsGRAS26, and OsGRAS27 belong to the SCL3 subfamily and share a similar
conserved motif arrangement structure with OsGRAS27. OsGRAS35 and OsGRAS7 belong
to the MOC subfamily and share a similar conserved motif arrangement structure with
OsGRAS13. Therefore, this study predicted nine new genes potentially associated with
drought tolerance (OsGRAS2, OsGRAS18, OsGRAS54, OsGRAS57, OsGRAS45, OsGRAS53,
OsGRAS61, OsGRAS51, and OsGRAS52) and six new genes potentially associated with
salt tolerance (OsGRAS6, OsGRAS59, OsGRAS47, OsGRAS26, OsGRAS35, and OsGRAS7).
These genes may play important roles in the stress response process of rice.

Phytohormone responses in drought-stressed environments are usually realized in
multiple ways. On the one hand, drought leads to an imbalance in plant water status, which
in turn induces the synthesis of abscisic acid and promotes stomatal closure. This process
is regarded as an adaptive response of plants to drought. In addition, auxin, cytokinins,
jasmonates, and salicylic acid are also involved in the regulation of stomatal aperture.
ABA (abscisic acid), JAs (jasmonates), BRs (brassinosteroids), and SA (salicylic acid) act
as positive regulators of stomatal closure, whereas auxin and cytokinins usually act as
positive regulators of stomatal opening [39]. On the other hand, jasmonates (JAs), a class of
lipid-derived compounds produced in plants, act as signaling molecules involved in the
regulation of abiotic stresses such as drought, low temperature, and high salt, etc. [40]. The
main signaling molecular forms of JAs include jasmonic acid, methyl jasmonate (MeJA),
and jasmonic acid–isoleucine complexes [41], which function in the alleviation of drought
stresses of various crops. Studies have shown that exogenous MeJA treatment can increase
the photosynthetic rate of plants under drought stress conditions. When leaves were
sprayed with exogenous MeJA or steam treated, the stomatal conductance of the leaves was
reduced, thus weakening the transpiration of plants [42]. Therefore, the methyl jasmonate
response elements (CGTCA-motif, TGACG-motif) and abscisic acid response elements
(ABRE) of OsGRAS25 and OsGRAS55 all exhibit high levels. Based on the distribution
levels of these three types of elements (CGTCA-motif, TGACG-motif, and ABRE), drought-
tolerant genes were predicted (OsGRAS1, OsGRAS11, OsGRAS16, OsGRAS28, OsGRAS33,
OsGRAS38, OsGRAS46, OsGRAS61).

The main mechanism of plant adaptation to high salt concentrations is the mainte-
nance of intracellular ion homeostasis by regulating the influx and efflux of excess sodium
and chloride ions across the plasma membrane and vesicular ion sequestration [43]. It
has been shown that many genes responsive to hyperosmotic and hypertonic stresses are
regulated by ABRE (ABA-responsive element) and DRE/CRT (dehydration-responsive
element/C-repeat element) [44]. Abscisic acid acts as a central regulator of stress acclima-
tion and growth retardation, mediating key processes in seed germination, development,
and plant stress response that are regulated by ABA synthesis and ABA-dependent sig-
naling pathways [45–47]. Research has found that some transcription factors can promote
ABA accumulation by binding to the G-box element in the ABA biosynthesis gene pro-
moter, and this binding is further enhanced after treatment with 200 mM NaCl [48]. Under
dehydration conditions such as drought and high salinity, ABA activates SnRK2 family
protein kinases (e.g., Arabidopsis OST1/SRK2E, fava bean AAPK), which phosphorylate
the conserved regions of AREB/ABF (such as the C1–C4 domains), thereby activating
them and enabling them to bind to ABRE, which in turn initiates downstream gene tran-
scription and participates in the endogenous and exogenous regulation of plant cell water
homeostasis [49]. When observing the response of OsGRAS genes to salt stress, it was
found that the ABREs of OsGRAS22, OsGRAS27, and OsGRAS13 exhibited high expression
levels, and the expression levels of G-box and G-Box were also elevated. Based on this
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pattern, genes such as OsGRAS1, OsGRAS2, OsGRAS8, OsGRAS11, OsGRAS16, OsGRAS17,
OsGRAS28, and OsGRAS49 were identified, suggesting that they may participate in similar
stress response processes.

Analysis of the expression patterns of OsGRAS genes in different tissues revealed that
the expression of DELLA subfamily members was generally high, especially during seed
development, a phenomenon that may be closely related to the key role of the DELLA
subfamily in plant growth and development [50]. In addition, the highly expressed OsGRAS
genes were mainly concentrated in the PAT1 and HAM subfamilies. PAT1 is a specific
member of the GRAS family that regulates the plant development process by interacting
with light signals through the photosensitive pigment a [51], and HAM maintains the stem
cell activity of the meristem by emitting non-cell-autonomous signals from differentiated
tissues and synergizing with endogenous factors (such as WUS and STM), thereby ensuring
the continuous growth and organogenesis of plants [52], both of which are important
subfamilies in the plant development process.

Experimental verification revealed that some OsGRAS genes showed significant dif-
ferences in expression. According to research, ABA is an important signaling molecule
in plants’ response to drought and salt stress [53]. In this study, the expression levels of
OsGRAS14 and OsGRAS21 were significantly up-regulated under both stress treatments.
Observation of the distribution of their cis-acting elements revealed that the methyl jas-
monate response elements of OsGRAS14 and OsGRAS21 were distributed more widely.
MeJA may indirectly influence the expression of downstream genes by regulating ABA
synthesis or signal transduction under abiotic stress, inducing plants to synthesize defense
compounds and activating gene expression related to systemic acquired resistance (SAR)
and local resistance [54,55]. This indicates that these genes may be promoted by MeJA and
actively respond to abiotic stress. This study also found that OsGRAS52 was significantly
suppressed under drought stress and significantly up-regulated under salt stress. It is
speculated that the two stresses affect gene expression through different signaling path-
ways, which is one of the reasons for the differential expression. Drought stress typically
activates ABA-dependent signaling pathways, while salt stress may rely more on non-ABA
pathways such as osmotic regulation and ion balance [56]. For example, salt stress may
activate calmodulin-dependent protein kinases to regulate the activity of ion channels and
transporters, thereby maintaining intracellular ion balance [57]. Therefore, differences in
the upstream signaling pathways activated by drought and salt stress lead to different
downstream gene expression patterns. In addition, the complex cross-regulation between
drought and salt stress is another reason. For example, the ABA signaling pathway plays
a role in both drought and salt stress, but its mode of action and regulatory targets may
differ [53].

Based on the above discussion, this study proposes a hypothesis regarding the poten-
tial mechanisms underlying the stress tolerance of OsGRAS14 and OsGRAS21: OsGRAS14
and OsGRAS21 promote increased MeJA synthesis. Once the MeJA signal is detected,
it triggers downstream signaling pathways, activating transcription factors [58], or Os-
GRAS14 and OsGRAS21 act as transcription factors by binding to the G-box elements in
the promoters of ABA biosynthetic genes, thereby promoting ABA accumulation. ABA
activates SnRK2 family protein kinases, which phosphorylate the conserved regions of
AREB/ABF, activating them to bind to ABRE and subsequently initiate downstream gene
transcription, thereby resisting external stress.

5. Conclusions
Compared with previous studies, this study conducted a bioinformatic analysis of

the GRAS family in rice based on the latest rice genome sequence. According to infor-
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mation such as promoter element distribution and protein structure, new GRAS family
members that may respond to abiotic stress were identified. The functions of some of these
genes were further verified through tissue expression profiling and real-time fluorescent
quantitative PCR; for example, the expression levels of OsGRAS14 and OsGRAS21 were sig-
nificantly up-regulated under both stress treatments, while OsGRAS52 showed completely
opposite expression levels under both stress treatments, leading to the hypothesis that these
genes may play a role in stress tolerance mechanisms. However, genes such as OsGRAS1,
OsGRAS11, OsGRAS28, OsGRAS33, and OsGRAS38 have not yet been experimentally vali-
dated for their functions, which warrants further attention in future studies. Overall, this
study contributes to a deeper understanding of the molecular basis of rice stress response
mechanisms and provides new insights and approaches for genetic improvement of rice.
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