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Abstract: Peanut (Arachis hypogaea L.) is a globally cultivated crop of significant economic and
nutritional importance. The role of gibberellic-acid-stimulated Arabidopsis (GASA) family genes
is well established in plant growth, development, and biotic and abiotic stress responses. However,
there is a gap in understanding the function of GASA proteins in cultivated peanuts, particularly
in response to abiotic stresses such as drought and salinity. Thus, we conducted comprehensive in
silico analyses to identify and verify the existence of 40 GASA genes (termed AhGASA) in cultivated
peanuts. Subsequently, we conducted biological experiments and performed expression analyses
of selected AhGASA genes to elucidate their potential regulatory roles in response to drought and
salinity. Phylogenetic analysis revealed that AhGASA genes could be categorized into four distinct
subfamilies. Under normal growth conditions, selected AhGASA genes exhibited varying expressions
in young peanut seedling leaves, stems, and roots tissues. Notably, our findings indicate that certain
AhGASA genes were downregulated under drought stress but upregulated under salt stress. These
results suggest that specific AhGASA genes are involved in the regulation of salt or drought stress.
Further functional characterization of the upregulated genes under both drought and salt stress will
be essential to confirm their regulatory roles in this context. Overall, our findings provide compelling
evidence of the involvement of AhGASA genes in the mechanisms of stress tolerance in cultivated
peanuts. This study enhances our understanding of the functions of AhGASA genes in response to
abiotic stress and lays the groundwork for future investigations into the molecular characterization
of AhGASA genes.
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1. Introduction

The gibberellic acid (GA)-stimulated Arabidopsis (GASA) gene family comprises a
group of small cysteine-rich peptides that have been found in a wide range of plant
species [1]. GA is a diterpenoid that is highly conserved in plants, and it plays a vital role in
many physiological processes, such as cell division, plant development, and stress response.
Since the identification of the first GASA gene in 1992, numerous genome-wide studies have
been conducted on GASA genes in various plant species, including monocotyledonous
and dicotyledonous plants, resulting in the isolation and identification of several GASA
genes [2,3]. For instance, 15 GASA genes have been identified in Arabidopsis (Arabidopsis
thaliana), whereas 18 have been identified in tobacco (Nicotiana tabacum). In maize, Zim-
mermann et al. (2010) [4] reported the existence of 10 GASA genes. Likewise, in rice
(Oryza sativa), 10 GASA genes were identified [5]. Similarly, 37 GASA genes were identified
in soybean (Glycine max), [6] whereas 21 and 19 genes were found in the poplar species
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Populus trichocarpa and P. euphratica, respectively [7,8]. GASA genes have multifaceted roles
in growth and development and a wide variety of roles in regulating processes such as
cell growth and division, biotic and abiotic stress responses, the transmission of signals
from hormones, and redox reactions. Thus, in recent years, research on the GASA gene
family has become increasingly common because of their potential applications in crop
improvement [7–12]. For example, OsGSR1 in rice is involved in the regulation of GA
and brassinosteroid (BR) crosstalk through interactions with BR synthase DIM/DWF1
proteins [13]. Another study revealed the involvement of TaGASR1 in heat stress regulation
in wheat [14]. Similarly, CrGASAs were found to be involved in heat tolerance and heavy
metal tolerance [15].

Peanut (Arachis hypogaea L.) is an important legume with significant agricultural and
economic value globally, and it is widely recognized for its high nutrient, protein, and oil
content and extensive use in various culinary and industrial applications [16,17]. Peanuts
have become a staple food and cash crop in many regions. Peanuts are believed to have
originated in South America, particularly in present-day Bolivia and Peru [17]. Over time,
this crop spread to other parts of the world through exploration and trade routes. Currently,
peanuts are grown in numerous countries across different continents, including the United
States, China, India, Nigeria, and South Korea. The importance of peanuts as a cash crop
lies in their versatility and adaptability. Peanuts can be grown in diverse climates, including
arid and semi-arid regions in which other crops can struggle. The ability of the peanut
plant to fix nitrogen in the soil through symbiotic relationships with nitrogen-fixing bacteria
enhances soil fertility and contributes to sustainable agricultural practices.

Climate change is an unavoidable and major factor limiting crop yield. Similarly,
drought and salinity are major abiotic stress factors that significantly impact the production
of crops, including peanuts [18,19]. These stress factors can reduce plant growth and
productivity by affecting various physiological and biochemical processes in plants [20,21].
In recent years, the identification and characterization of genes that play a crucial role in
abiotic stress tolerance have become popular research topics in plant biology. In this context,
researchers recently identified the genome-wide GASA gene family in the cultivated peanut,
as well as its wild relatives, A. duranensis and A. ipaensis. Researchers have analyzed
the distribution of these genes on chromosomes, their structural characteristics, and the
differences between cultivated and wild peanuts. Researchers additionally assessed the
expression of GASA genes during pod development [8]. As previously mentioned, the
GASA gene family has been identified as an important regulator of plant growth and
development under various environmental stress conditions. Thus, this study performed
biological experiments on peanuts and evaluated the roles of selected GASA genes in
the response to drought and salt stress. We further investigated the expression patterns
of the identified peanut GASA genes under drought and salt stress. Additionally, we
assessed the GASA gene sequences of peanut and other plant species and investigated their
phylogenetic relationships. Our findings could shed light on the molecular mechanisms
underlying the responses of peanut plants to abiotic stress and provide new insights for
the development of stress-tolerant peanut varieties.

2. Results
2.1. Phylogenetic Analysis of the GASA Gene Family

To discover the evolutionary inter-relatedness of the AhGASA proteins, a phylogenetic
tree was constructed using multiple sequence alignments of GASA proteins from peanut,
Arabidopsis, tomato, soybean, and cotton. According to the phylogenetic tree (Figure 1),
GASA genes can be categorized into four subfamilies, namely, subfamilies CI, CII, CIII, and
CIV (Figure 1). AhGASA genes from peanut are distributed throughout the four subfamilies
together with Arabidopsis, tomato, soybean, poplar, and cotton GASA genes. Subfamily
CI (Figure 1) contains 43 GASA genes, including 9 AhGASA genes, 12 GlymaGASA genes,
11 GohirGASA genes, 4 PotriGASA genes, 5 LOCOsGASA genes, and 2 ATGASA genes. Sub-
family CII contains the highest number of GASA genes (56), including 15 AhGASA genes,
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4 LOCOsGASA genes, 6 ATGASA genes, 18 GohirGASA genes, 8 GlymaGASA genes, and
5 PotriGASA genes. Likewise, subfamily CIII contains 25 GASA genes, including 9 Glyma-
GASA genes, 7 GohirGASA genes, 6 AhGASA genes, 2 PotriGASA genes, and 1 LOCOsGASA
gene. Subfamily CIV (Figure 1) contains 24 GASA genes, including 10 GohirGASA genes,
9 AhGASA genes, 2 ATGASA genes, 2 PotriGASA genes, and 1 GlymaGASA gene.
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Figure 1. Phylogenetic tree of 148 GASA genes from different plant species (peanut, Arabidopsis,
poplar, soybean, tomato, and cotton). The phylogenetic tree was created via the neighbor-joining
method using MEGA X 64-bit version software (http://www.megasoftware.net/, accessed on 15 May
2022). Subfamilies are colored as follows: CI, red; CII, green; CIII, purple; and CIV, green. Different
species are indicated using prefixes (AT, A. thaliana; Glyma, G. max; Potri, P. trichocarpa; Gohir, G.
hirsutum; LOC Os., Oryza sativa; and AH, A. hypogaea), followed by the GASA protein number.

2.2. GASA Gene Expression Patterns in Different Peanut Tissues under Normal Conditions

According to the data collected from the Phytozome database, most of the AhGASA pro-
teins showed subcellular localization in the extracellular space, nucleus, and mitochondria.
In total, 40 GASA genes were identified in peanuts. According to the expression database
profile results, we investigated 18 GASA genes (Table S1, Supplementary Materials), and
selected genes were reconfirmed via qRT-PCR in certain tissues of peanut plants under con-
ditions. Samples were collected during the seedling stage (young leaves, stems, and roots).
We found that AhGASA39, AhGASA31, AhGASA22, AhGASA25, AhGASA9, AhGASA19,
AhGASA2, AhGASA30, and AhGASA27 exhibited significantly higher expression in leaves
than in stems or roots under normal conditions (Figure 2). Similarly, AhGASA1, AhGASA4,
AhGASA21, AhGASA40, AhGASA13, AhGASA8, AhGASA29, AhGASA20, and AhGASA17
displayed significantly higher expression in stems than in leaves or roots (Figure 2). Inter-
estingly, under normal conditions, AhGASA21 and AhGASA40 expression was significantly
higher in roots than in leaves, whereas the other genes exhibited lower expression in
roots than in stems or leaves (Figure 2). Most of the AhGASA genes exhibited high ex-
pression in young leaves and stems and lower expression in roots. A few of the AhGASA
genes exhibited upregulated patterns under normal conditions, whereas some displayed
downregulated or mixed patterns of expression (Figure 2).

http://www.megasoftware.net/
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Figure 2. The relative expression of AhGASA genes in different tissues of peanut plants. The gene
expression levels of (A) AhGASA39, (B) AhGASA31, (C) AhGASA1, (D) AhGASA22, (E) AhGASA
25, (F) AhGASA4, (G) AhGASA9, (H) AhGASA21, (I) AhGASA40, (J) AhGASA19, (K) AhGASA2,
(L) AhGASA13, (M) AhGASA8, (N) AhGASA30, (O) AhGASA27, (P) AhGASA29, (Q) AhGASA20 and
(R) AhGASA17. Data are presented as the mean ± standard error of three biological replicates. Data
were analyzed for significant differences using Student’s t-test. Asterisks (*) indicate significant
differences at a 5% level (*** p < 0.001, ** p < 0.01, * p < 0.05).



Int. J. Mol. Sci. 2023, 24, 17117 5 of 11

2.3. Transcriptional Response of GASA Genes under Abiotic Stress (Drought and Salt)

To determine the possible role of AhGASA in abiotic stress, the relative expression
of AhGASA genes was analyzed in control plants or plants exposed to drought or salt
stress via qRT-PCR. Specifically, 11 genes (XG1GJV_AHGASA39, VJ6NUA_AhG_ASA31,
FK6HB9_AhGASA1, RUJ0QA_AhGASA22, VES4LD_AhGASA25, PW1K78_AhGASA19,
TJLQ2T_AhGASA13, JGC45.1_AhGASA8, SY561U.1_AhGASA30, XBXR9Z.1_AhGASA29,
and CH1EP2.1_AhGASA20) exhibited significantly reduced transcript levels, 5 genes
(AVE3D2_AhGASA4, 6SHE48_AhGASA9, FJ610L_AhGASA21, F1TUFL_AhGASA40, and
C0SGC9.1_AhGASA27) exhibited significantly higher transcript levels, and 1 gene
(YB2114_AhGASA2) displayed no significant change in transcript levels under drought
stress compared to the control findings (Figure 3).
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A22, (E) AhGASA25, (F) AhGASA4, (G) AhGASA9, (H) AhGASA21, (I) AhGASA40, (J) AhGASA19,
(K) AhGASA2, (L) AhGASA13, (M) AhGASA8, (N) AhGASA30, (O) AhGASA27, (P) AhGASA29, and
(Q) AhGASA20. Data are presented as the mean ± standard error of three biological replicates. Means
were analyzed for significant differences using Student’s t-test. Asterisks (*) indicate significant
differences at a 5% level (*** p < 0.001, ** p < 0.01, * p < 0.05).

Similarly, 11 genes (XG1GJV_AHGASA39, FK6HB9_AhGASA1, AVE3D2_AhGASA4,
FJ610L_AhGASA21, F1TUFL_AhGASA40, PW1K78_AhGASA19, YB2114_AhGASA2,
TJLQ2T_AhGASA13, SY561U.1_AhGASA30, C0SGC9.1_AhGASA27, and XBXR9Z.1_AhG-
ASA2) exhibited significantly higher transcript levels under salt stress, whereas 5 genes
(VJ6NUA_AhGASA31, RUJ0QA_AhGASA22, VES4LD_AhGASA25, AVE3D2_AhGASA4,
and JGC45.1_AhGASA8) displayed significantly lower transcript levels (Figure 3). Among
the 11 upregulated genes, 6 (XG1GJV_AHGASA39, FK6HB9_AhGASA1, PW1K78_AhGA-
SA19, TJLQ2T_AhGASA13, SY561U.1_AhGASA30, and XBXR9Z.1_AhGASA29) exhibited
different expression patterns between drought and salt stress. These results indicate that
some AhGASA genes might play important roles in the regulation of salt stress, whereas
others play important roles in the response to drought stress. Further functional characteri-
zation of upregulated genes under both drought and salt stress will help to confirm the
regulatory roles of the aforementioned genes.

2.4. Effects of Drought and Salt Stress on Plant Traits

The effects of drought and salt stress on plant attributes, such as plant weight,
shoot length, root length, and SPAD value (chlorophyll content), were determined af-
ter 2 weeks of stress, as presented in Figure S1, Supplementary Materials. Under both
abiotic stresses, plants exhibited significant reductions in plant weight, shoot length,
root length, and total chlorophyll content compared to the findings in control plants
(Figure S1A–D, Supplementary Materials). Interestingly, the root length and total chloro-
phyll content of salt-stressed plants were slightly higher than those of drought-stressed
plants (Figure S1C,D, Supplementary Materials). Generally, plants subjected to abiotic
stress modify their physiological mechanisms to combat this stress, resulting in alterations
in attributes such as plant height, biomass, weight, shoot, and root length. Overall, these
results indicated that drought and salt stress adversely affected the measured plant traits.

3. Discussion

Plant GASA proteins are widely reported in diverse plant species and well recognized
for their vital roles in plant hormone signaling, plant organ growth and development,
abiotic stress responses, and biotic stress defenses [22,23]. However, in many plant species,
the functional roles of GASA genes are unknown. Studies have been conducted in plants
subjected to different abiotic stresses to elucidate the regulatory involvement of GASA
genes under abiotic stress [24–26]. A possible role in pod development was recently
discovered for GASA genes in peanuts through expression analysis [8]. However, prior
research did not evaluate GASA genes under abiotic stress. Thus, in this study, we analyzed
the effects of drought and salt stress on plant traits and the expression of GASA genes in an
effort to clarify their regulatory roles.

Phylogenetic evaluation of AhGASA in comparison to GASA genes from Arabidopsis,
soybean, rice poplar, and cotton species revealed that most AhGASA genes are more closely
related to soybean GASA genes, in line with the fact that peanuts and soybeans are both
legumes. AhGASA genes are differentially distributed in four subfamilies. The phylogenetic
results are consistent with previously reported studies of GASA genes in Arabidopsis, rice,
poplar, tomato, soybean, and cotton [1,6,8,11,27,28].

The expression analysis revealed differences in the expression of GASA genes under
normal conditions. The observation of specific gene expression in leaves, stems, and roots
suggests that the genes have specific functions in the development of these organs or tissues.
The expression of GASA genes in different tissues of cultivated peanuts provides a crucial
hint for the discovery of their functional roles. Similarly, the tissue-specific expression of
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GASA genes was previously reported in cotton (G. hirsutum) [27]. However, the expression
of some of the aforementioned genes exhibiting differential expression in peanut plant
tissues needs to be validated in other peanut species.

The role of GASA genes in abiotic stress responses is well recognized. Recently,
Bouteraa et al. (2023) [29] reported that the GASA gene in durum wheat (TdGASA1) was
highly upregulated in response to salt and osmotic stress. Previously, a study in Arabidopsis
revealed that the AtGASA14 gene was involved in leaf expansion and salt stress toler-
ance through reactive oxygen species regulation [26]. An earlier overexpression study of
GASA4 in Arabidopsis suggested improved tolerance to heat stress in transgenic plants [24].
However, overexpression of GASA5 in Arabidopsis uncovered a negative regulatory role
in heat stress responses [30]. Another study in rice revealed the upregulation of GASA
genes (OsGASA1/8/10) under salt stress [5]. These studies indicate that some GASA genes
play vital positive or negative regulatory roles in abiotic stress responses. In line with
previous studies, our investigation of GASA genes revealed differential expression patterns
for selected genes in response to drought or salt stress. Furthermore, overexpression or
complementation studies in a homologous or heterologous system for genes that are specif-
ically upregulated or downregulated during drought or salt stress could provide precise
insights into the functional roles of the genes.

The functional characterization of GASA genes has not been thoroughly completed in
peanuts; thus, efforts to understand GASA genes via functional characterization studies
in response to abiotic stress are needed. This will facilitate the development of peanut
cultivars with enhanced tolerance to abiotic stresses such as drought and salt stress.

Typically, when plants are exposed to drought or salt stress, they exhibit morphological,
physiological, molecular, and biochemical changes [31–33]. Previous studies reported
that during the beginning of abiotic stress, the plant shoot length decreases immediately,
whereas root growth is initially maintained before gradually declining, highlighting the
adverse effects of stress on the entire plant. Studies have recorded an increased root/shoot
ratio under abiotic stress in the early stage [34,35]. In our study, we observed that plants
exposed to drought or salt stress exhibited significant reductions in plant weight, shoot
length, root length, and chlorophyll content.

The impact of salt stress was more devastating on plant weight and shoot length than
that of drought stress, whereas root length and chlorophyll content were more strongly
affected by drought stress. Drought and salt stress result in reduced CO2 levels and
suppressed photosynthesis, leading to a decrease in the RuBisCO content for carbon
fixation and alterations in the enzymes involved in the biosynthesis of pigments, such as
chlorophylls and carotenoids [36,37]. Our results are consistent with previously reported
findings and revealed that drought and salt stress adversely affect plant morphological
traits and chlorophyll content.

4. Materials and Methods
4.1. Experimental Condition

For this study, we chose a high-yielding variety ‘Palkwang’ seed materials specifically
obtained from the Upland Crop Breeding Division, National Institute of Crop Science,
Miryang (Gyeongnam, South Korea), and the experiment was conduct at this site. The
seeds were sterilized using 70% ethanol, followed by multiple washes with diluted water.
Afterward, the seeds were soaked in water and stored in a dark environment at 28 ◦C for
24 h to ensure consistent germination. Once the seeds germinated uniformly after 24 h,
they were planted in a mixture of vermiculite, perlite, and peat moss (in a ratio of 2:2:1) in
pots measuring 90 × 80 mm. Subsequently, the seedlings were transferred to a controlled
greenhouse environment. The seedlings were grown under long-day conditions (16 h of
light and 8 h of darkness) in a temperature range of 25 ◦C–28 ◦C.

Following the initial planting, regular watering was performed, and all plants were
treated equally for 2 weeks. After this period, the two-week-old peanut plants in the
greenhouse were divided into two sets. One set was subjected to water deprivation for
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7 days, whereas the other set received ample water. The evaluation of plant growth,
development, and chlorophyll content (soil–plant analysis development (SPAD) meter) was
conducted on both well-watered and drought-stressed plants during the pot experiment.

Additionally, 2-week-old seedlings were exposed to salt stress using NaCl (150 mM)
for 7 days. The concentration of 150 mM was based on a preliminary study and previous
research conducted on legume species. Following salt stress, samples were collected and
stored at −80 ◦C until further analysis as described for the drought stress experiment.

4.2. Identification of GASA Family Candidate Genes in A. hypogaea

To identify AhGASA genes, 15 GASA sequences from Arabidopsis (TAIR; http://
www.arabidopsis.org accessed on 5 May 2022) were used for BLAST searches against
the peanut genome in the Phytozome database (https://phytozome-next.jgi.doe.gov/
report/transcript/Ahypogaea_v1_0 accessed on 5 May 2022). Consequently, putative
GASA protein sequences were identified via a HMMER search against A. hypogea. Further,
genomic DNA, CDS, transcripts, protein sequences, and 1500 bp sequences upstream of
the promoter were obtained from the Phytozome database (https://phytozome-next.jgi.
doe.gov/report/transcript/Ahypogaea_v1_0 accessed on 5 May 2022).

4.3. Extraction of RNA, cDNA Synthesis, and Quantitative Real-Time PCR (qRT-PCR) Analysis
of GASA Genes

Expression analysis of selected GASA genes at different plant developmental growth
stages (leaves, stems, and roots) and expression analysis of drought-stressed plants were
conducted as previously described [38]. To quantify the expression of selected AhGASA
genes, the actin gene was used as a reference housekeeping gene [39]. Peanut plant tis-
sue was collected, frozen immediately in liquid nitrogen, and stored at −80 ◦C. Total
RNA was extracted using an RNeasy PowerPlant Kit (Cat No. 13500-50), and quantifi-
cation was performed using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). A PrimeScript 1st strand cDNA synthesis kit (Takara, Shiga, Japan)
was used according to the manufacturer’s protocol for reverse transcription. GASA gene-
specific primers were designed using Primer 6.0 and examined using NCBI Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primerblast/ accessed on 5 May 2022). qRT-PCR of
selected GASA genes was performed at various developmental stages (leaves, stems, and
roots) in stressed or unstressed samples as described previously [40]. The expression value
was calculated via the relative expression method.

4.4. Phylogenetic Analysis

To investigate the evolutionary relationships of the GASA genes, a list of the GASA
genes, including upregulated and downregulated genes, found in the transcriptome
database was used as a query in Phytozome against Arabidopsis (Arabidopsis Thaliana),
rice (Oryza sativa), soybean (Glycine max), poplar (P. trichocarpa), and cotton (Gossypium hir-
sutum). These orthologous protein sequences were obtained from the Phytozome database,
and these sequences were aligned using ClustalW. Phylogenetic trees were constructed
via the neighbor-joining method using MEGA software (http://www.megasoftware.net/
accessed on 5 May 2022), and a bootstrap test was performed with 1000 replicates. Based
on the analysis, protein sequences were hierarchically clustered, and each cluster was
manually separated into subclades.

5. Conclusions

In the study, we conducted a comprehensive genome-wide investigation of the GASA
gene family in cultivated peanuts in an effort to uncover their evolutionary relationships
and their expression patterns under normal conditions and under abiotic stress. This study
reconfirmed the identity of 40 GASA genes in cultivated peanuts. Furthermore, through
a biological experiment and the gene expression analysis of selected genes under abiotic
stress and control conditions, we uncovered the potential regulation of GASA genes in
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response to drought and salt stress. This study provides vital information for further
functional characterization of GASA genes to identify their exact regulatory roles in the
context of abiotic stress responses. As peanut is an economically important crop for farmers
that is cultivated widely as an oilseed crop, this study could improve our understanding of
GASA genes for crop improvement and could lead to the development of resilient peanut
varieties in view of challenging environmental conditions.
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https://www.mdpi.com/article/10.3390/ijms242317117/s1.

Author Contributions: R.B.S.N. wrote the main manuscript draft, performed the experiments, and
analyzed the data. E.O. helped with the conceptualization of the study. M.H.L. and K.-S.C., performed
data curation, developed the material, and organized the greenhouse work. R.B.S.N. prepared
illustrations, figures, tables, and references. R.T. and K.-S.C. reviewed and edited the manuscript.
S.K. provided resources. M.-Y.K., J.-I.K. and S.-W.K. were in charge of visualisation, E.L. performed
formal analyses and J.L. performed investigation. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was carried out with the support of the “Cooperative Research Program for
Agriculture Science and Technology Development (Project No. 01607603)” and Fellowship Program
of National Institute of Crop Science, Rural Development Administration, Republic of Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rezaee, S.; Ahmadizadeh, M.; Heidari, P. Genome-wide characterization, expression profiling, and post-transcriptional study of

GASA gene family. Gene Rep. 2020, 20, 100795. [CrossRef]
2. Shi, L.; Gast, R.T.; Gopalraj, M.; Olszewski, N.E. Characterization of a shoot-specific, GA3- and ABA-Regulated gene from tomato.

Plant J. 1992, 2, 153–159. [CrossRef]
3. Nahirñak, V.; Almasia, N.I.; Hopp, H.E.; Vazquez-Rovere, C. Snakin/GASA proteins. Plant Signal. Behav. 2012, 7, 1004–1008.

[CrossRef]
4. Zimmermann, H.M.; Hartmann, K.; Schreiber, L.; Steudle, E. Chemical composition of apoplastic transport barriers in relation to

radial hydraulic conductivity of corn roots (Zea mays L.). Planta 2000, 210, 302–311. [CrossRef]
5. Muhammad, I.; Li, W.-Q.; Jing, X.-Q.; Zhou, M.-R.; Shalmani, A.; Ali, M.; Wei, X.-Y.; Sharif, R.; Liu, W.-T.; Chen, K.-M. A systematic

in silico prediction of gibberellic acid stimulated GASA family members: A novel small peptide contributes to floral architecture
and transcriptomic changes induced by external stimuli in rice. J. Plant Physiol. 2019, 234–235, 117–132. [CrossRef]

6. Ahmad, P.; Ahanger, M.A.; Alam, P.; Alyemeni, M.N.; Wijaya, L.; Ali, S.; Ashraf, M. Silicon (Si) Supplementation Alleviates
NaCl Toxicity in Mung Bean [Vigna radiata (L.) Wilczek] Through the Modifications of Physio-biochemical Attributes and Key
Antioxidant Enzymes. J. Plant Growth Regul. 2019, 38, 70–82. [CrossRef]

7. Han, S.; Jiao, Z.; Niu, M.-X.; Yu, X.; Huang, M.; Liu, C.; Wang, H.-L.; Zhou, Y.; Mao, W.; Wang, X.; et al. Genome-Wide
Comprehensive Analysis of the GASA Gene Family in Populus. Int. J. Mol. Sci. 2021, 22, 12336. [CrossRef]

8. Wu, K.; Qu, Y.; Rong, H.; Han, X.; Tian, Y.; Xu, L. Identification and Expression Analysis of the Populus trichocarpa GASA-Gene
Family. Int. J. Mol. Sci. 2022, 23, 1507. [CrossRef]

9. Ben-Nissan, G.; Lee, J.Y.; Borohov, A.; Weiss, D. GIP, a Petunia hybrida GA-induced cysteine-rich protein: A possible role in shoot
elongation and transition to flowering. Plant J. 2004, 37, 229–238. [CrossRef]

10. Li, Z.; Gao, J.; Wang, G.; Wang, S.; Chen, K.; Pu, W.; Wang, Y.; Xia, Q.; Fan, X. Genome-Wide Identification and Characterization of
GASA Gene Family in Nicotiana tabacum. Front. Genet. 2021, 12, 768942. [CrossRef]

11. Roxrud, I.; Lid, S.E.; Fletcher, J.C.; Schmidt, E.D.L.; Opsahl-Sorteberg, H.-G. GASA4, One of the 14-Member Arabidopsis GASA
Family of Small Polypeptides, Regulates Flowering and Seed Development. Plant Cell Physiol. 2007, 48, 471–483. [CrossRef]

12. Zhang, S.; Yang, C.; Peng, J.; Sun, S.; Wang, X. GASA5, a regulator of flowering time and stem growth in Arabidopsis thaliana. Plant
Mol. Biol. 2009, 69, 745–759. [CrossRef]

13. Wang, L.; Wang, Z.; Xu, Y.; Joo, S.-H.; Kim, S.-K.; Xue, Z.; Xu, Z.; Wang, Z.; Chong, K. OsGSR1 is involved in crosstalk between
gibberellins and brassinosteroids in rice. Plant J. 2009, 57, 498–510. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms242317117/s1
https://doi.org/10.1016/j.genrep.2020.100795
https://doi.org/10.1111/j.1365-313X.1992.00153.x
https://doi.org/10.4161/psb.20813
https://doi.org/10.1007/PL00008138
https://doi.org/10.1016/j.jplph.2019.02.005
https://doi.org/10.1007/s00344-018-9810-2
https://doi.org/10.3390/ijms222212336
https://doi.org/10.3390/ijms23031507
https://doi.org/10.1046/j.1365-313X.2003.01950.x
https://doi.org/10.3389/fgene.2021.768942
https://doi.org/10.1093/pcp/pcm016
https://doi.org/10.1007/s11103-009-9452-7
https://doi.org/10.1111/j.1365-313X.2008.03707.x


Int. J. Mol. Sci. 2023, 24, 17117 10 of 11

14. Zhang, L.Y.; Geng, X.L.; Zhang, H.Y.; Zhou, C.L.; Zhao, A.J.; Wang, F.; Zhao, Y.; Tian, X.J.; Hu, Z.R.; Xin, M.M.; et al. Isolation and
characterization of heat-responsive gene from wheat (L.). J. Plant Biol. 2017, 60, 57–65. [CrossRef]

15. Zhang, M.; Wang, Z.F.; Jian, S.G. Genome-Wide Identification and Functional Analysis of the GASA Gene Family Responding to
Multiple Stressors in Canavalia rosea. Genes 2022, 13, 1988. [CrossRef]

16. Otyama, P.I.; Kulkarni, R.; Chamberlin, K.; Ozias-Akins, P.; Chu, Y.; Lincoln, L.M.; MacDonald, G.E.; Anglin, N.L.; Dash, S.;
Bertioli, D.J. Genotypic characterization of the US peanut core collection. G3 Genes Genomes Genet. 2020, 10, 4013–4026. [CrossRef]

17. Wang, C.; Wang, Z.; Han, H.; Li, J.; Li, H.; Sun, X.; Song, G. Combining ability for main quality traits in peanut (Arachis hypogaea
L.). Oil Crop Sci. 2021, 6, 175–179. [CrossRef]

18. Passioura, J.B. Phenotyping for drought tolerance in grain crops: When is it useful to breeders? Funct. Plant Biol. 2012, 39, 851–859.
[CrossRef]

19. Rahmianna, A.A.; Purnomo, J.; Nuryati. Yield performance of several peanut genotypes under two different soil moisture
availabilities during plant growth. IOP Conf. Ser. Earth Environ. Sci. 2021, 803, 012015. [CrossRef]

20. Rahdari, M.R.; Rodríguez-Seijo, A. Monitoring Sand Drift Potential and Sand Dune Mobility over the Last Three Decades
(Khartouran Erg, Sabzevar, NE Iran). Sustainability 2021, 13, 9050. [CrossRef]

21. Zhao, X.; Huang, L.J.; Sun, X.F.; Zhao, L.L.; Wang, P.C. Differential Physiological, Transcriptomic, and Metabolomic Responses of
Paspalum wettsteinii Under High-Temperature Stress. Front. Plant Sci. 2022, 13, 865608. [CrossRef]

22. Bouteraa, M.T.; Ben Romdhane, W.; Baazaoui, N.; Alfaifi, M.Y.; Chouaibi, Y.; Ben Akacha, B.; Ben Hsouna, A.; Kačániová, M.;
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