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Paeonia ostii is a commercially important ornamental and traditional medicinal
plant esteemed in China. Salt stress is a widespread abiotic stress that signi�cantly
affects plant growth and development, and moderate stress can signi�cantly
promote the synthesis of plant secondary metabolites, requiring clari�cation of
its underlying molecular mechanisms. The Salt Overly Sensitive 1 (SOS1) gene
family is essential for salt stress tolerance, encoding Na+/H+ antiporters that
preserve ion homeostasis and reduce cellular damage. This study conducted an
extensive genome-wide analysis of the SOS1 gene family in Paeonia ostii,
encompassing gene identi�cation, characterization, three-dimensional and
secondary structure prediction, gene structure and motif analysis, multiple
alignments, phylogenetic tree construction, chromosomal localization, cis-
regulatory element analysis, synteny analysis, Ka/Ks calculation, and gene
expression analysis under salt stress treatments in three cultivars. Our �ndings
identi�ed 19 SOS1 genes within the P. ostii genome, demonstrating unique
structural and functional attributes. All SOS1 genes were located on the plasma
membrane and distributed across �ve chromosomes and two scaffolds. The
conserved motif analysis results indicated that the SOS1 homologs had
comparable protein structures. The coding sections of 19 PoSOS1 genes
comprise amino acid sequences varying from 455 to 859, whereas the exons
encompass amino acids ranging from 3 to 20. Furthermore, we discovered that
the 2.5 kb upstream promoter region of the PoSOS1s gene has many cis-
elements linked to phytohormones and stress responses. The phylogenetic
study categorized the PoSOS1 genes into three subfamilies. In total, 38
miRNAs that target 19 PoSOS1 genes from 18 distinct families were identi�ed.
Conversely, gene expression analysis revealed six differentially expressed SOS1
genes in three distinct cultivars subjected to salt stress, with all six genes down-
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regulated and only one gene up-regulated in the QF-230 cultivar after six days of
salt stress. This study offers new insights into the SOS1 gene family in P. ostii,
elucidating its function in salt stress tolerance and establishing a foundation for
future research on the functional characterization of SOS1 genes in P. ostii.
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1 Introduction

Over 800 million hectares of arable land worldwide are affected
by soil salinization and alkalization. In China, saline-alkali soils
constitute 25% of the total arable land area but remain underutilized
(Liu and Wang, 2021). Plants are susceptible to adverse
environmental conditions due to their sessile nature (Hussain
et al., 2021). However, their survival in natural habitats depends
on adaptations to both abiotic and biotic stressors (Shang et al.,
2024). Salinity hinders plant growth and development through
water de�cit, ionic toxicity (primarily Na+ and Cl- accumulation),
and nutrient imbalances. In salinity-affected regions, crop yields
have been reported to decrease by 20–50% (Isayenkov and
Maathuis, 2019; Isayenkov, 2012; Muhammad et al., 2024; Eswar
et al., 2021). Besides, former research had demonstrated that
moderate stress could signi�cantly promote the synthesis of plant
secondary metabolites; the expressions of PAL, 4CL, C4H, and
COMT genes and their protein contents were up-regulated under
low salt stress, which was positively correlated with the relative
contents of phenolic acid and �avonoid, chlorogenic acid and
luteolin (Cai et al., 2020, 2021; Khare et al., 2020).

The Salt Overly Sensitive (SOS) signaling pathway, critical for
plant salt-stress responses, consists of three core components: SOS1,
SOS2, and SOS3 (Liang et al., 2023; Cheng et al., 2019). SOS1 is a
plasma membrane-localized Na+/H+ antiporter that mediates Na+

ef�ux from root cells and xylem loading to facilitate long-distance
ion transport (S�wiez�awska et al., 2018; Shi et al., 2000). The SOS1
homologs in Arabidopsis thaliana were originally designated as
AtNHX1 to AtNHX8. AtSOS1 exhibits tissue-speci�c expression
patterns, with high abundance in root epidermal cells, xylem
parenchyma, and vascular tissues, indicating its dual role in
rhizosphere Na+ exclusion and systemic ion homeostasis (Ali
et al., 2021; Keisham et al., 2018; Liang et al., 2023; Gao et al., 2016).

Paeonia sect. Moutan, commonly known as the tree peony or
“King of Flowers” in China, belongs to the Paeoniaceae family. This
culturally signi�cant species has been cultivated for over 1,500
years, with documented uses in traditional medicine, ornamental
horticulture, and oil production (Zhang et al., 2017, 2014). Of�cially
recognized as an industrial oil crop by Chinese authorities, P. ostii
demonstrates exceptional adaptability to marginal lands, with
cultivation spanning over 20 provinces due to its high seed yield
(greater than 20% oil content), drought tolerance, and nutritional
02
value (Li et al., 2015; Zhao et al., 2021). Soil salinization has
impeded the advancement of the oil tree peony business. It has
led to a diminished emergence rate, protracted development, and
even mortality of seedlings, reducing crop yield and quality and
resulting in signi�cant economic losses for cultivators (Xiong et al.,
2019). Consequently, it is essential to investigate the enhancement
of tree peony salt tolerance, which can offer theoretical support for
the sustainable advancement of the tree peony business (Shi et al.,
2023). Investigating the characteristics of salt-tolerant gene families
in Paeonia ostii (a traditional Chinese medicinal herb) holds
signi�cant potential for developing novel salt-tolerant cultivars.
Such advancements would enhance the utilization value of saline-
alkali lands, expand the cultivation range of Paeonia ostii, and
provide additional land resources for cultivating this traditional
medicinal herb.

Despite extensive characterization of SOS1 in model plants, this
gene family remains uncharacterized in Paeonia ostii. Thus, this
research represents the initial attempt to perform a genome-wide
analysis to identify SOS1 genes within the genome of P. ostii. This
study aimed to identify and characterize 19 SOS1 genes and then
investigate their expression levels in three cultivars, QF-11, QF-12,
and QF-230, and their response to salt treatments. We employed
comparative genomics and phylogenomic approaches to investigate
the evolutionary trajectory, structural diversi�cation, and stress-
responsive expression patterns of SOS1 genes in P. ostii. This study
provides a foundational framework for molecular breeding
programs to enhance salt tolerance in P. ostii, while elucidating
conserved and lineage-speci�c adaptations in SOS-mediated
ion homeostasis.
2 Results

2.1 Identi�cation of the PoSOS1s family
and its physicochemical properties

Nineteen (19) SOS1 transporter family genes were discovered in
the P. ostii genome (Supplementary Table S1). The proposed
protein sequences demonstrated signi�cant diversity, with amino
acid lengths ranging from 455 (Pos.gene10758.mRNA-1) to 859
(Pos.gene18168.mRNA-1). Seven genes produced polypeptides
containing fewer than 800 amino acids, while the other 12
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encoded polypeptides varied from approximately 803 to 859 amino
acids, averaging a length of 762 amino acids. The statistical analysis
indicated that the coding sequence (CDS) lengths varied from
1365 (Pos.gene10758.mRNA-1) to 2577 (Pos.gene18168.mRNA-1),
with an average length of 2285. The relative molecular weight
varied between 49803.54 and 95407.53 daltons (Da), with a
mean of 83732.63 Da. The isoelectric points varied from 5.57 to
9.37, averaging 7.21. The protein Pos.gene62206.mRNA-1 exhibited
the highest instability index (II) value of 46.64, whereas
Pos.gene1017.mRNA-1 displayed the lowest instability index
value of 31.68, resulting in a mean value of 38.11. The aliphatic
index of the SOS1 family varied from 92.79 to 127.54, with a
mean of 112.25. The grand average hydropathy index (GRAVY)
values for 19 PoSOS1s varied from 0.263 to 0.724, signifying
a hydrophobic nature. Identifying the subcellular location of
SOS1 proteins will facilitate the comprehension of their
molecular function. Predictions of subcellular localization
suggested that members of the PoSOS1 family were
predominantly located in the plasma membrane (Table 1). All
PoSOS1 proteins were anticipated to possess transmembrane
domains, with the number of domains ranging from 9 to 13
based on the speci�c gene. The PoSOS1 transporter family
comprises three proteins with nine transmembrane domains and
�ve proteins with ten transmembrane domains. Three proteins
Frontiers in Plant Science 03
possessed 11 transmembrane domains, seven included 12, and
Pos .gene78717.mRNA-1 exhibi ted a maximum of 13
transmembrane domains (Figure 1). Protein sequence alignment
was conducted based on the presence of the Pfam (PF00999)
domain and its similarity to query sequences (Supplementary
Figure S1).
2.2 SOS1 protein phylogenetic relationships

The evolutionary relationships between several plant species
were evaluated using a phylogenetic tree. Paeonia ostii, Kandelia
obovata, and potato full-length protein sequences were obtained. A
neighbor-joining tree was created utilizing 76 SOS1 proteins by
repeated sequence alignment with the MEGA-X MUSCLE tool
(Figure 2). This phylogenetic tree utilized protein sequences from
19 (Paeonia ostii), 20 (Kandelia obovata), and 37 (Solanum
tuberosum). The SOS1 proteins were categorized into three
groups: group 1 (light green), group 2 (orange), and group 3
(light blue) (Figure 2). The group had 40 SOS1 proteins, which
were classi�ed into various categories according to their species-
speci�c traits. This subgroup consisted of 14 Paeonia ostii (Pos)
proteins, �ve Kandelia obovata (Ko) proteins, and 21 Potato
(PGSC) proteins. Group II comprised 22 SOS1 proteins,
TABLE 1 General properties of PoSOS1 proteins.

Sequence I AA1 CDS2 MW3 pI4 II5 AI6 GRAVY7 SL8

Pos.gene45943.mRNA-1 788 2364 86530.5 8.72 34.07 114.18 0.354 Plasma Membrane

Pos.gene4502.mRNA-1 803 2409 89838.3 9.37 43.65 117.2 0.382 Plasma Membrane

Pos.gene62206.mRNA-1 832 2496 92699.4 6.33 46.64 108.45 0.331 Plasma Membrane

Pos.gene66267.mRNA-1 820 2460 90806.8 7.65 35.64 112.06 0.424 Plasma Membrane

Pos.gene18168.mRNA-1 859 2577 93101.6 8.97 38.23 109.84 0.424 Plasma Membrane

Pos.gene39601.mRNA-1 777 2331 86459.1 8.48 41.71 118.03 0.464 Plasma Membrane

Pos.gene78717.mRNA-1 858 2574 95407.5 8.8 37.04 105.98 0.263 Plasma Membrane

Pos.gene64207.mRNA-1 614 1842 66912 5.86 32.1 126.82 0.724 Plasma Membrane

Pos.gene68372.mRNA-1 585 1755 61889.6 5.57 36.01 127.54 0.667 Plasma Membrane

Pos.gene71503.mRNA-1 828 2484 92680.9 8.94 41.13 114.14 0.285 Plasma Membrane

Pos.gene1096.mRNA-1 658 1974 73276.7 6.36 45.75 99.12 0.274 Plasma Membrane

Pos.gene34107.mRNA-1 829 2487 92023 8.87 35.78 108.72 0.361 Plasma Membrane

Pos.gene58709.mRNA-1 817 2451 89674 6.68 39.16 117.45 0.416 Plasma Membrane

Pos.gene71179.mRNA-1 837 2511 91335.6 6.02 37.51 111.15 0.367 Plasma Membrane

Pos.gene10758.mRNA-1 455 1365 49803.5 6.18 41.99 92.79 0.324 Plasma Membrane

Pos.gene1017.mRNA-1 587 1761 63466.6 5.77 31.68 124.53 0.679 Plasma Membrane

Pos.gene38444.mRNA-1 849 2547 93320.1 6.19 31.91 109.42 0.325 Plasma Membrane

Pos.gene50418.mRNA-1 816 2448 88223.9 9.24 39.5 109.79 0.392 Plasma Membrane

Pos.gene44710.mRNA-1 857 2571 93471 8.89 34.64 105.52 0.278 Plasma Membrane
AA1, Number of amino acids; CDS2, Coding Sequence; MW3, Molecular weight; pI4, Isoelectric point; II5, Instability Index; AI6, Aliphatic Index; GRAVY7, Grand average of hydropathicity; SL8,
Subcellular Localization.
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including two from Paeonia ostii (Pos), ten from Kandelia obovata
(Ko), and ten from Potato (PGSC). Group III comprised 14 SOS1
proteins, including three from Paeonia ostii (Pos), �ve from
Kandelia obovata (Ko), and six from Potato (PGSC). The data
presented in Figure 2 indicate that Group I displayed a higher
abundance of PoSOS1 members than Groups II and III. The
PoSOS1 proteins are more similar to their counterparts in
Kandelia obovata than those in the Potato.
2.3 Locations of PoSOS1s on
chromosomes in the Paeonia ostii genome

A chromosomal map of PoSOS1s was created using the genome
sequences of Paeonia ostii to understand better the process underlying
the genomic distribution of PoSOS1s on the species’ chromosomes
(Figure 3). The map analysis indicated that 17 of the 19 PoSOS1 genes
resided on the P. ostii chromosome, while the remaining two were on
the scaffold. Genes that encode members of the SOS1 protein family
were located on all �ve chromosomes. Six genes (Pos.gene18168.
mRNA-1, Pos.gene39601.mRNA-1, Pos.gene4502.mRNA-1,
Pos.gene45943.mRNA-1, Pos.gene62206.mRNA-1, Pos.gene66267.
mRNA-1) were located on chromosome 1, one gene (Pos.gene
78717.mRNA-1) on chromosome 2, two genes (Pos.gene64207.
Frontiers in Plant Science 04
mRNA-1, Pos.gene68372.mRNA-1) on chromosome 3, three genes
(Pos.gene1096.mRNA-1, Pos.gene34107.mRNA-1, Pos.gene71503.
mRNA-1) on chromosome 4, and �ve genes (Pos.gene1017.mRNA-1,
Pos .gene10758 .mRNA-1, Pos .gene38444 .mRNA-1, Pos .
gene58709.mRNA-1, Pos.gene71179.mRNA-1) on chromosome 5.
While the two genes Pos.gene50418.mRNA-1 and Pos.gene44710.
mRNA-1 were located on unchr_scaffold_1 and unchr_scaffold_972.
The genes were predominantly uniformly allocated throughout the �ve
chromosomes and two scaffolds (Figure 3; Supplementary Table S3).
2.4 PoSOS1s collinearity analysis

The collinearity analysis results are presented in Figure 4, which
shows the genomic relationships between Paeonia ostii, Kandelia
obovata, and Potato. In this analysis, we used 19 Paeonia ostii genes
as a query to search against a database of 57 genes, comprising 20
genes from Kandelia obovata and 37 genes from Potato. The results
were visualized using a ‘score/max’ ratio coloring scheme, where
blue (�0.25) indicates low collinearity, green (�0.50) indicates
moderate collinearity, orange (�0.75) indicates high collinearity,
and red (>0.75) indicates very high collinearity. As shown in
Figure 4, a clear pattern of collinearity is evident between the
Paeonia ostii genes and their counterparts in Kandelia obovata
FIGURE 1

Transmembrane domains in PoSOS1 family members. The blue line denotes the outside, the orange line signi�es the inside, and the purple line
indicates the transmembrane region.
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RE 2FIGU

A phylogenetic analysis of SOS1 proteins from Paeonia ostii (Pos), Kandelia obovata (Ko), and Potato (PGSC) was conducted utilizing the maximum
likelihood method. The SOS1 proteins were categorized into three distinct groups: Group 1 (light green), Group 2 (orange), and Group 3 (light blue),
with each group denoted by a unique color. The red color text showed P. ostii SOS1 proteins.
FIGURE 3

A schematic representation of the SOS1 gene distribution in Paeonia ostii included two scaffolds and �ve chromosomes, with the gene’s name on
the right. The black inscriptions on the chromosomes denote the position of the SOS1 genes. The chromosomal numbers are located at the apex of
each chromosome (Chr).
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and Potato, with several regions exhibiting high collinearity (orange
to red). These �ndings suggest that conserved genomic areas exist
across the three species.
2.5 Investigation of the SOS1 gene
structure and conserved motifs

An investigation of gene structure and conserved motifs was done to
elucidate the association between the structure and function of PoSOS1
proteins, creating distinct phylogenies. A phylogenetic tree was created
using the individual sequences of the SOS1 protein. The SOS1 proteins
were classi�ed into three groups: Group 1, green color text; Group II,
orange color text; and Group III, blue color text. The study examined the
exon-intron con�gurations of the SOS1 genes to explore gene expansion
within the Paeonia ostii family. Examining exon-intron architectures
and conserved motifs, as depicted in Figure 5, we identi�ed that the
SOS1 gene displays a variable number of exons (from 3 to 20) and
introns (from 4 to 21). Group I included a relatively limited number of
introns, ranging from 4 to 9, whereas Groups II and III exhibited a more
extensive range, from 19 to 21. Pos.gene64207.mRNA-1 exhibited the
maximum quantity of exons (20) and introns (21), as illustrated in
Frontiers in Plant Science 06
Figure 5. The study demonstrated that the SOS1 genes in Paeonia ostii
exhibit a highly conserved gene structure, signifying a notable similarity
to those in closely related species. To further examine the evolutionary
variety of the PoSOS1 family, the conserved motifs of the 19 PoSOS1
proteins were analyzed using MEME online software, identifying 15
distinct conserved motifs (designated motifs 1–15) (Figure 5). The
conserved motifs in all SOS1 genes displayed a variation of two to 15.
The results showed that motifs 2, 5, and 6 have been detected in 17
proteins. Motif 7 was identi�ed in 13 proteins, and motifs 1, 3, 4, 8, 9,
and 10 were identi�ed in 14 proteins. We also found that 15 motifs were
primarily distributed in Groups 1 (14-15), while four motifs, including 2,
5, 6, 10, and 15 were found in Group 2, and motifs 2, 5, and 10 were
found in Group 3. Motif 10 identi�ed two copies in protein
Pos.gene71503.mRNA-1.
2.6 Variation across the SOS1 family in
terms of 3D and secondary structure

All PoSOS1 proteins were subjected to 3D modeling (Figure 6),
and the detailed results of the projected templates are presented in
Supplementary Table S2. Four unique templates were discovered,
FIGURE 4

Collinearity analysis results between Paeonia ostii, Kandelia obovata, and Potato. In Circos, the colors blue <=25%, green <=50%, orange <=75%, and
red >75% all display their sequential identity in the explosion.
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including c5bz2A, c8pvrA, c4bwzA, and c5bz3A, which displayed a
100% con�dence level. The high con�dence level of various
templates proposes reliable structural estimates. Brie�y, six
proteins, including Pos.gene34107.mRNA-1, Pos.gene62206.
mRNA-1, Pos.gene64207.mRNA-1, Pos.gene66267.mRNA-1,
Pos.gene71179.mRNA-1, and Pos.gene71503.mRNA-1 were
modeled based on the “c4bwzA” template, while �ve proteins,
including Pos.gene1017.mRNA-1, Pos.gene18168.mRNA-1,
Pos.gene38444.mRNA-1, Pos.gene45943.mRNA-1, and Pos.
gene68372.mRNA-1 were modeled based on the “c5bz2A”
template. The other six proteins include Pos.gene39601.mRNA-1,
Pos.gene44710.mRNA-1, Pos.gene4502.mRNA-1, Pos.gene
50418.mRNA-1, Pos.gene58709.mRNA-1, and Pos.gene
78717.mRNA-1 were modeled based on the “c5bz3A” template,
while two proteins, including Pos.gene10758.mRNA-1 and
Pos.gene1096.mRNA-1 were modeled based on the “c8pvrA”
template. The �exible structures emphasized by coils may aid the
functional adaptability of PoSOS1 proteins.

The secondary protein structure results showed transmembrane
(TM) helices, beta strands, alpha helices, and protein disorder
(Supplementary Table S4). Among all the 19 PoSOS1 proteins, the
alpha helix ranged from 43% (Pos.gene78717.mRNA-1) to 65%
(Pos.gene64207.mRNA-1), beta-strand ranged from 0%
(Pos.gene10758.mRNA-1) to 11% (Pos.gene34107.mRNA-1),
transmembrane (TM) helix ranged from 28% (Pos.gene78717.
mRNA-1) to 45% (Pos.gene10758.mRNA-1 and Pos.gene
64207.mRNA-1), and disordered ranged from 12% (Pos.gene
Frontiers in Plant Science 07
68372.mRNA-1) to 24% (Pos.gene1017.mRNA-1) (Supplementary
Table S4). These scores advise signi�cant adaptability in the structural
elements of PoSOS1 proteins, implying diverse functional roles. The
broad scope of secondary structure elements highlights these
proteins’ structural complexity and possible adaptability.
2.7 Prediction of cis-elements in the
promoter sequences of PoSOS1 genes

To clarify which hormonal, environmental stress, or
developmental-related signal elements are involved in these
PoSOS1s, we performed a promoter analysis using the PlantCARE
server. A total of 10 critical cis-acting elements, including abscisic
acid, auxin, circadian control, defense and stress, drought,
gibberellin, light, low-temperature, MeJA, and salicylic acid, were
annotated from the 2,500 bp upstream promoter region of the 19
PoSOS1 genes (Figure 7). Concerning the PoSOS1 genes, it is
noteworthy that among all 10 cis-acting elements, light-
responsive cis-regulatory elements accounted for the most
signi�cant proportion (84.41%). Hormone-related cis-elements,
including abscisic acid, auxin, gibberellin, MeJA, and salicylic
acid, accounted for 29.65%, 9.05%, 11.56%, 42.21%, and 7.54%. In
contrast, abiotic stress-related elements, including circadian
control, defense and stress, drought, light, and low-temperature,
accounted for 2.06%, 3.82%, 3.82%, 84.41%, and 5.88% of the total
(Figure 8). The variation in the response components demonstrated
FIGURE 5

Investigations were undertaken about the gene structure and motif composition of the SOS1 gene family in Paeonia ostii. In the phylogenetic tree,
the green text shows Group I, the orange color shows Group II and the blue text shows Group III. The SOS1 genes identi�ed in the genome were
categorized into three distinct categories based on their evolutionary relationships, with particular attention to the gene structure of the SOS1s. The
UTR sections are graphically represented in yellow, whereas the CDS or exons are also depicted in green. A black horizontal line denotes introns.
Furthermore, the conserved patterns in the SOS1s are de�ned by a speci�c letter. Vibrantly hued boxes featuring various patterns are exhibited.
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the regulatory functions of PoSOS1 genes in numerous
physiological and biological processes (Supplementary Table S5).
2.8 Ka/Ks calculation and Protein pairwise
similarity matrix of PoSOS1 proteins

The selection pressure between tandem and segmental
duplications was evaluated by computation of the Ka/Ks ratio.
Concerning the evolutionary mechanism, genes are subjected to
Frontiers in Plant Science 08
various forms of selection pressure, indicated by the ratios of Ka/Ks
< 1, Ka/Ks = 1, and Ka/Ks > 1, corresponding to purifying selection,
neutral selection, and positive selection. A collinearity association
test investigated gene duplication within the PoSOS1 gene family.
For �ve pairs of PoSOS1 members, the Ka/Ks ratio was <1,
suggesting that all PoSOS1 duplicated genes were under purifying
or negative selection. In one pair, Pos.gene18168.mRNA-1 and
Pos.gene50418.mRNA-1, the Ka (nonsynonymous) value was
0.2268, but the Ks (synonymous) value was NaN, so the Ka/Ks
value was NaN (Table 2). To investigate the similarities among the
URE 6FIG

Protein 3D structures and modeling. Also, see Supplementary Table S4 for detailed results.
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19 PoSOS1 proteins, we generated a protein pairwise similarity
matrix using TBtool v2.516. The matrix shows the pairwise
similarity scores between each pair of proteins, ranging from 2.57
to 73.71. The similarity matrix is shown in Supplementary Table S6.
The matrix is symmetric, with the diagonal elements representing
the self-similarity of each protein.
2.9 Identi�cation of miRNAs that target
PoSOS1 genes

This study identi�ed 38 miRNAs that target 19 genes from 18
distinct families (Figure 8A). In total, 27 miRNAs in�uenced 13
PoSOS1 genes through cleavage, while six miRNAs affected �ve
PoSOS1 genes via translation. Notably, four miRNAs—miR159b,
miR400, miR414, and miR4221—demonstrated inhibitory effects on
different genes (Figure 8A). These �ndings indicate that various
miRNAs play a role in the post-transcriptional regulation of PoSOS1
genes by interacting with them through cleavage and translation.
Figures 8B, C illustrates the correlations and networks between
miRNA-targeted and PoSOS1 genes. The results indicated that the
Frontiers in Plant Science 09
Pos.gene1017.mRNA-1 was targeted by three miRNAs (miR161.2,
miR167b, miR399e), whereas Pos.gene10758.mRNA-1 was targeted
by four miRNAs (miR156h, miR159b, miR400, miR414). Six miRNAs,
such as miR156h, miR167d, miR171b, miR406, miR159b, and
miR4221 targeted one gene (Pos.gene64207.mRNA-1). Similarly, the
six genes, including Pos.gene1096.mRNA-1, Pos.gene18168.mRNA-1,
Pos.gene38444.mRNA-1, Pos.gene58709.mRNA-1, Pos.gene
66267.mRNA-1, and Pos.gene71503.mRNA-1 were targeted by each
two miRNAs (Figures 8B, C).
2.10 Expression analysis of PoSOS1 genes
under salt stress

Quantitative RT-PCR analysis of six SOS1 genes in salt-stressed
Paeonia suffruticosa cultivars (QF-11, QF-12, and QF-230) revealed
distinct temporal expression patterns. Five genes showed signi�cant
downregulation across all time points compared to controls; their
expression was markedly higher on day 6 than on days 3 and 9, with
day 3 exhibiting the lowest transcript levels (Figure 9). Notably,
Pos.gene68372.mRNA-1 displayed unique dynamics, peaking in
FIGURE 7

The anticipated cis-regulatory regions within the promoter of the PoSOS1 genes. This legend employs diverse colors to represent distinct cis-
elements metaphorically. Diverse cis-elements involved in abiotic stress and phytohormone responses are shown with diverse colors.
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TABLE 2 Ka/Ks analysis of PoSOS1 genes.

Gene 1 Gene 2 Ka Ks Ka/Ks

Pos.gene45943.mRNA-1 Pos.gene66267.mRNA-1 0.3655 1.32724 0.27538529

Pos.gene71503.mRNA-1 Pos.gene34107.mRNA-1 0.30428 0.7975 0.38153951

Pos.gene18168.mRNA-1 Pos.gene50418.mRNA-1 0.2268 NaN NaN

Pos.gene78717.mRNA-1 Pos.gene38444.mRNA-1 0.32426 0.90122 0.3598057

Pos.gene64207.mRNA-1 Pos.gene1017.mRNA-1 0.11317 1.13948 0.09931784

Pos.gene1096.mRNA-1 Pos.gene10758.mRNA-1 0.7239 2.53044 0.28607878
F
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FIGURE 8

miRNA interactions with PoSOS1 genes. (A) A Sankey diagram shows the connections among miRNAs, target genes, and their inhibitory effects.
(B, C) Correlation and network analysis display the predicted miRNA interactions with PoSOS1 genes.
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