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Abstract: Superoxide dismutases (SODs) are the first line of defense in the antioxidant defense
system, and they play an essential role in various adversity stress adaptations in Rhododendron. In this
study, 9 Rhododendron simsii SODs (RsSODs) and 11 Rhododendron delavayi SODs (RASODs) genes were
identified in the genomes of R. simsii and R. delavayi. Phylogenetic relationship analysis classified SOD
proteins from two Rhododendron species and other related species into three subfamilies. The results
of gene structure and conserved motif analysis show that SOD proteins are strongly evolutionarily
conserved, and SODs of the same subfamily have similar motif distributions, positions, and lengths.
Twenty-two light-responsive elements, eight phytohormone regulatory elements, five adversity
stress-related elements, and three growth and development regulatory elements were detected in the
RsSOD and RASOD promoters. Quantitative real-time fluorescence polymerase chain reaction analysis
showed that among the 20 candidate genes, except for RACSD5, the other SODs were expressed in at
least one of four tissues, and all of these gene family members had high expression levels in the leaves.
We then investigated the response of the RsSOD and RASOD gene families to high-temperature stress
in combination with the following specific stressors: abscisic acid, ethephon, and hydrogen peroxide
treatments, followed by high-temperature stress. Different degrees of upregulated expression of the
detected SOD gene family members were found for exogenous reagent treatments and different times
of high-temperature stress. Thus, we provide a basis for the further functional characterization of
SOD genes in R. simsii and R. delavayi in the future.

Keywords: Rhododendron simsii; Rhododendron delavayi; SOD gene family; high-temperature stress;

combined stresses; gene expression

1. Introduction

Plants accumulate excess reactive oxygen species (ROS) when faced with various
stresses, leading to peroxidative damage. To counteract this damage, plants have evolved a
sophisticated system for scavenging ROS over a long period of evolution, which includes
both enzymatic and non-enzymatic mechanisms [1,2]. Superoxide dismutases (SODs)
act as the first line of defense in this antioxidant system by catalyzing the breakdown of
superoxide radicals, thus safeguarding plant cells from peroxidative harm [3], and they are
crucial for enhancing plant stress tolerance [4—6]. Studies have shown that SOD promotes
plant responses to various adversity stresses such as salinity, drought, cold, ethylene and
auxin [7]. In addition, studies using overexpressing or knocked-out plant SOD genes have
confirmed their functions in improving stress tolerance [7].
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SOD enzymes are grouped into three main categories based on the metal ions that
bind to their active centers: copper/zinc superoxide dismutase (Cu/ZnSOD), manganese
superoxide dismutase (MnSOD), and iron superoxide dismutase (FeSOD) [3]. The intracel-
lular localization of these different SOD types varies. Cu/ZnSOD is mainly found in the
cytoplasm, chloroplasts, and peroxisomes. FeSOD is predominantly located in chloroplasts,
and MnSOD is predominantly present in mitochondria [8,9]. The adversity stresses applied
to plants under different types of adversity stresses vary at the subcellular level, inducing
different types of antioxidant enzymes in response to the stresses [10,11]. For example,
chloroplast SODase activity was found to be higher than mitochondrial SODase activity in
winter wheat (Triticum aestivum) leaves under low-temperature stress. The distribution of
SOD enzymes in the cytoplasm of maize (Zea mays) leaves under short-term water stress
was found to be higher than that of other subcells.

The SOD gene family has been widely studied in many plants, for example, soybean
(Glycine max) [12], tomato (Solanum lycopersicum) [13], maize [14], Salvia miltiorrhiza [15], and
cucumber (Cucumis sativus) [16]. The SOD gene family has spatiotemporal and temporal
expression specificity, and different types of SOD genes have different expression patterns
under different stresses [16-18]. For example, SmCSD2 was upregulated in S. miltiorrhiza
under low-temperature stress. The expression of almost all SmSODs, except SmFSD2, was
upregulated under salt stress, and the expression patterns of SmCSD1/2/3 and SmMSD
first increased and then decreased under drought stress [15]. Moreover, transgenic plants
with different types of SOD gene family members exhibited differences in their response to
stress. Yu et al. [19] reported that lines overexpressing the FeSOD gene and transgenic lines
overexpressing the MnSOD gene in tobacco chloroplasts exhibited similar MnSOD enzyme
activities. Still, lines overexpressing the MnSOD gene have been found to be more tolerant
to Mn deficiency stress than lines overexpressing the FeSOD gene. Kwon et al. [20] found
that after the overexpression of the Cu/ZnSOD gene and the overexpression of the MnSOD
gene in tobacco chloroplasts, MnSOD transgenic lines were more tolerant to oxidative
stress mediated by methyl viologen (MV) and photo-oxidative damage than Cu/ZnSOD
transgenic tobacco lines. These studies have shown that members of different SOD gene
families have different mechanisms of response and regulation to adversity stress.

China is rich in Rhododendron plants, but most resources are distributed in high-
altitude areas [21]. Rhododendron prefers cool climates, and the high temperature in summer
severely limits the popularization and application of Rhododendron plants. Heat-tolerant
Rhododendron can maintain high antioxidant defenses under high-temperature stress, in
which SOD enzymes play an important role [22,23]. Previous studies in our laboratory
have found that the improved heat tolerance of Rhododendron treated with exogenous
ethylene [24] and hydrogen peroxide (H,O,) [25] at appropriate concentrations is associated
with enhanced SOD enzyme activity. Rhododendron simsii (R. simsii) is a deciduous shrub
with bright red corolla, a famous flowering plant with high ornamental value, and the whole
plant is used for medicinal purposes. Rhododendron delavayi (R. delavayi) is an evergreen
shrub or small tree with terminal umbels of 10-20 flowers in each cluster and deep red
corolla. Both belong to the genus Rhododendron in the family Ericaceae [21]. In this study,
R. simsii and R. delavayi (both are wild type), which differ in heat tolerance, were selected for
analysis to determine the mechanism of SOD regulation of heat tolerance in Rhododendron.
Genome-wide identification and bioinformatics analyses of the SOD gene family were
performed using available Rhododendron genomic data [26,27]. On this basis, the expression
patterns of different gene family members were analyzed under high-temperature stress
and treatment with exogenous reagents such as hydrogen peroxide, ethephon (ETH) and
abscisic acid (ABA). These results laid an important foundation for further studies on
the evolution of the plant SOD gene family, and provided useful information for the
identification of key SOD under high-temperature stress.
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2. Materials and Methods
2.1. Identification of R. simsii and R. delavayi SOD Gene Family Members

The complete genome sequences and predicted coding region sequences (CDSs) of
R. simsii and R. delavayi were obtained from the NCBI database (http://www.ncbi.nlm.
nih.gov, accessed on 15 September 2021) and the GigaDB database (http://gigadb.org/
dataset/1003311, accessed on 15 September 2021) along with their protein sequences
and annotation files. Hidden Markov model (HMM) files for the Cu/ZnSOD (PF00080)
and Fe/MnSOD (PF00081, PF02777) families were retrieved from the Pfam database (http:
/ /pfam.xfam.org/, accessed on 15 September 2021). HMMERv3.3.2 software was employed
to identify sequences containing the SOD structural domain within the protein sequences
of R. simsii and R. delavayi [28]. The searched protein sequences were again analyzed
by Pfam (http:/ /pfam.xfam.org/search#tabview=tab1, accessed on 18 September 2021),
SMART (http:/ /smart.embl.de/, accessed on 18 September 2021), and NCBI CDD (https:
/ /www.ncbinlm.nih.gov/cdd/, accessed on 18 September 2021) [29] for comparison
and confirmation of conserved structural domains of the SOD protein. Predicting the
physicochemical properties of SOD proteins was undertaken using the Protparam online
tool [30].

2.2. Bioinformatics Analysis

Phylogenetic trees were constructed to analyze the relationships among SOD proteins
from R. simsii, R. delavayi, Arabidopsis thaliana [31], rice (Oryza sativa) [32], soybean [12],
tomato [13], and Medicago truncatula [33]. Sequence alignment was carried out using MEGA
7 software, and a phylogenetic tree with 1000 bootstrap replicates was generated using the
neighbor joining (NJ) method [34]. The tree was customized using the iTOL online tool
(https:/ /itol.embl.de/, accessed on 20 October 2021).

Within the R. simsii genome, gene duplication analysis of SOD genes was conducted
using MCScanX software in TBtools1.09876 [35,36]. The results were visualized using
Advanced Circos software in TBtools1.09876 [37]. Furthermore, gene duplication events
between the R. simsii and Arabidopsis genomes were examined using the Dual Synteny
Plot feature in TBtools. To investigate putative cis-elements in the promoters of SOD genes,
2 Kb sequences upstream of the start codon were extracted from the genome, and the cis-
element prediction was carried out using the PlantCARE website (http:/ /bioinformatics.
psb.ugent.be/webtools/plantcare/html, accessed on 23 October 2021) [38]. The intron—
exon structure of SOD genes was determined based on the genome annotation files of
R. simsii and R. delavayi.

Additionally, conserved amino acid structural domains of the SOD proteins were
predicted using NCBI CD-Search (https://www.ncbi.nlm.nih.gov/Structure/cdd /wrpsb.
cgi, accessed on 28 October 2021), and conserved motifs of SOD proteins were identified
using MEME (http:/ /meme-suite.org/tools/meme, accessed on 28 October 2021) [39].
We predicted the protein interaction networks using the STRING (https:/ /string-db.org/,
accessed on 7 November 2021) website [40]. The interaction score between proteins in
the interaction network was >0.70, with thicker lines between targets indicating stronger
interactions. The results were saved as TSV files, and the PPI network was visualized using
Cytoscape 3.8.2 software.

2.3. Experimental Materials and High-Temperature Stress Treatment

Two-year-old seedlings of R. simsii and R. delavayi were used as experimental materials
and grown in a light culture room at 22 °C with a 16 h light/8 h dark cycle. Roots, stem
epidermis, leaves, and flowers weighing between 1 and 5 g from R. simsii and R. delavayi
were collected, rapidly frozen in liquid nitrogen, and stored at —80 °C for subsequent
analysis of SOD gene expression across various tissues.

The experimental setup involved four treatment zones: direct exposure to high-
temperature stress (40 °C) [25,41] and spraying of 100 uM ETH, 100 uM ABA, and 10 mM
H,O; on the leaves, followed by high-temperature stress. Leaf treatments were adminis-
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tered at 9:00 a.m., followed by high-temperature stress after 24 h. High-temperature stress
was imposed in a light incubator at 40 °C with a light intensity of 12,000 Lx (GZX250E,
Tianjin Taiste Instrument Co., Ltd., Tianjin, China). Trays with a water depth of 1 cm were
placed at the bottom of the pots for water supplementation to alleviate heat-induced water
stress. Leaves were harvested from two-year-old seedlings subjected to high-temperature
stress at 0, 3, 6, 12, and 24 h, weighing between 1 and 5 g, and stored at —80 °C for subse-
quent quantitative real-time fluorescence polymerase chain reaction (QRT-PCR) analysis.
Five two-year-old seedlings of similar growth were sampled from each treatment, with
three biological replicates conducted.

2.4. Total RNA Extraction and cDNA First Strand Synthesis

Total RNA extraction and cDNA synthesis were performed by utilizing the manufac-
turer’s protocols for the TTANGEN Polysaccharide Polyphenol Plant Total RNA Extraction
Kit (RNAprep Pure Plant Plus Kit) (Guizhou, China) and FastKing gDNA Dispelling RT
SuperMix (Guizhou, China).

2.5. Quantitative Real-Time Fluorescence Polymerase Chain Reaction

Quantitative primers (Table S1) were designed according to the gene sequences in the
genomic data and qRT-PCR analysis was performed. qRT-PCR analysis was performed
using the ChamQ Universal SYBR qPCR Master Mix kit from Novizen (Beijing, China).
PCR program: 95 °C for 30 s; 95 °C for 10 s, 60 °C for 30 s, cycling 40 times; 95 °C for
15s, 60 °C for 60 s, and 95 °C for 15 s. The internal reference gene, S-actin, was chosen
and validated, and the gene’s relative expression levels were calculated using the 2~~4Ct
method. Three biological replicates and three technical replicates were carried out for
each gene.

3. Results
3.1. Identification of SOD Proteins in R. simsii and R. delavayi

The SOD gene families in R. simsii and R. delavayi were characterized at the genome-
wide level, revealing the presence of 9 and 11 SOD genes, respectively. These identified SOD
genes were designated based on the chromosome distribution, scaffold size, and structural
domains. In R. simsii, the SOD genes consisted of five Cu/ZnSODs (RsCSD1-RsCSD5), two
FeSODs (RsFSD1 and RsFSD?2), and two MnSODs (RsMSD1 and RsMSD?2). Meanwhile,
the SOD genes in R. delavayi included seven Cu/ZnSODs (RACSD1-RACSD7), two FeSODs
(RAFSD1 and RAFSD?2), and two MnSODs (RAMSD1 and RAMSD?2).

As predicted by the Protparam tool, the physicochemical properties of the SOD
proteins in R. simsii and R. delavayi exhibited specific characteristics. The lengths of the
SOD proteins ranged from 89 to 277 amino acids (aa) in R. simsii and from 156 to 1668 aa in
R. delavayi. Molecular weights varied from 9139.33 (RsCSD4) to 31,471 (RsFSD2) in R. simsii
and from 16,068.72 (RACSD6) to 184,229.34 (RACSD1) in R. delavayi. The isoelectric point
(pI) ranged from 6.04 to 8.84 in R. simsii and from 5.62 to 9.13 in R. delavayi. Moreover,
the instability indices ranged from 5.20 to 44.13 in R. simsii and from 10.69 to 55.76 in
R. delavayi, indicating protein stability under the experimental conditions (<40 for stable;
>40 for potentially unstable). Several SOD proteins exhibited hydrophobic characteristics,
as indicated by positive GRAVY values (RsCSD1, RsCSD5, RACSD4, and RACSD?7), while
the rest showed hydrophilicity due to negative GRAVY values. The IDs and detailed
physicochemical properties of RsSOD and RASOD are presented in Table S2.

3.2. Phylogenetic Relationships

Phylogenetic analysis allows for the comprehension of the genetic relationships among
various species, and enables the inference of potential gene functions based on protein
homology within the evolutionary context. A phylogenetic tree was constructed using
65 SOD protein sequences from seven species (Figure 1). The protein IDs utilized for
constructing the phylogenetic tree are listed in Table S3. The analysis revealed that the
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65 sequences were grouped into two primary categories: Cu/ZnSODs and Mn/FeSODs,
consistent with their respective metal cofactors. All CSDs were clustered in the Cu/ZnSOD
subgroup and shared a common branch, further segmenting into three subgroups: Ia, Ib,
and Ic. FSDs and MSDs were grouped in the FeSOD (II b) and MnSOD (II a) subgroups,
respectively, forming a separate branch. Moreover, the numbers of genes in the Cu/ZnSOD
subgroup exceeded those in the FeSOD or MnSOD subgroup. Within each subgroup, SOD
proteins from different species were clustered on smaller branches. The SOD proteins from
R. simsii and R. delavayi were found to be distributed across all five subfamilies.
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Figure 1. Neighbor joining phylogenetic tree of 65 superoxide dismutases from Rhododendron simsii,
Rhododendron delavayi, Arabidopsis, rice, soybean, tomato, and Medicago truncatula. The different-

colored graphs indicate different groups (or subgroups) of SOD domains. All annotations indicate
the percentage of bootstrap values.

3.3. Gene Structure and Motif Composition of the R. simsii and R. delavayi SOD Gene Families

For a deeper understanding of the SOD gene family evolution of R. simsii and
R. delavayi, we examined the exon-intron structure of all identified SOD genes (Figure 2b).
In brief, the number of exons in R. simsii SOD genes varied from six to nine, while in
R. delavayi, it ranged from 6 to 16. Additionally, to further characterize the SOD proteins,
the MEME 5.3.2 online software was employed to predict conserved motifs (Figure 2c). The
analysis revealed 10 conserved motifs, with Motif7 and Motif2 being the most prevalent in
both R. simsii and R. delavayi CSDs. For MSD and FSD, Motif3 and Motif4 were identified
as the most conserved, respectively. Each subfamily exhibited similar types and numbers
of conserved motifs, with some subfamilies possessing unique motifs. For instance, Ila
featured Motif 10, while IIb contained Motif 8.
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Figure 2. Gene structure and motif analysis of RsSODs and RdSODs. (a) Phylogenetic relationships
of RsSODs and RdSODs. (b) Gene structure of RsSODs and RdSODs. Light green represents coding
sequences or exon, and yellow represents untranslated regions. (¢) Composition of conserved motifs
identified in RsSODs and RdSODs. Different colored boxes indicate different motifs. Protein length

can be estimated by addressing the scale at the bottom.

3.4. Chromosomal Distribution and Synthesis Analysis of RsSOD Genes

In our study, we observed an unequal distribution of the RsSOD genes among the
13 linkage groups in R. simsii (chromosomes, Chr) (Figure 3). Specifically, chromosomes
Chr3, Chr4, and Chr7 harbored two RsSOD genes each, while chromosomes Chr1, Chr9,
and Chr13 contained one RsSOD gene each (Figure 3). We also detected instances of gene
duplication in the RsSODs via both tandem and segmental duplications to investigate
potential gene amplification mechanisms within the RsSOD family. Upon comprehen-
sive analysis, four genes (RsCSD1, RsCSD5, RsMSD1, and RsMSD2) were implicated in
segmental duplications, with no tandem duplications detected in the RsSOD gene family.
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Figure 3. Locations of RsSOD genes on chromosomes and interchromosomal associations. The
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indicates homologous RsSOD gene pairs.
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The synthesis analysis unveiled 10 pairs of homologous SOD genes (AtCSD1/RsCSD4,
AtCSD2/RsCSD1, AtCSD2/RsCSD5, AtMSD2/RsMSD1, AtMSD1/RsMSD1, AtMSD?2
/RsMSD2, AtMSD1/RsMSD2, AtFSD1/RsMSD2, AtFSD2/RsFSD1, and AtCSD3/RsCSD2)
(Figure 4), indicating that segmental duplication likely plays a crucial role in the processes of
the RsSOD gene family. The outcomes of the synthesis analysis between the genomes aligned
with the findings of the phylogenetic relationships between R. simsii and A. thaliana (Figure 1).

At Chrl At Chr2 At Chr3 At Chrd At ChrS
D ¢ [¢ > > >

¢ L& D € ¢ [ @ € [: D ¢ > > >
Rs Chrl Rs Chr2 Rs Chr3 Rs Chrd Rs Chrs Rs Chr6 Rs Chr7 Rs Chr8 Rs Chr9 RsChrl0 RsChrll RsChrl2 RsChrl3

Figure 4. Collinearity analysis of SOD genes in the chromosomes of R. simsii and A. thaliana. The
gray lines in the figure indicate collinear blocks in the R. simsii and A. thaliana genomes, while the red
lines indicate homologous SOD gene pairs.

3.5. Examination of Cis-Elements in the Promoters of RsSOD and RASOD Genes

Analysis of cis-regulatory elements in the SOD promoter region is helpful to exploring the
mechanism of gene response to various stresses. In the R. simsii and R. delavayi SOD genes, 42
and 39 cis-acting elements were identified, respectively, with 43 elements common to both (see
details in Table S4). These 43 cis-regulatory elements are classified into four main groups: light-
responsive, phytohormone-regulated, stress-related, and growth- and development-regulated
elements. They encompass 22 types of light-responsive elements, eight types of plant hormone
regulatory elements, five types of stress-related elements, and three types of growth and devel-
opment regulatory elements. Notably, specific elements, such as the MYB-binding site (MBSI)
linked to flavonoid biosynthesis genes, the circadian element associated with plant circadian
rhythms, the MSA-like element linked to cell cycle regulation, and the MeJA response-related
elements (TGACG-motif, CGTCA-motif), were identified. Interestingly, the light-responsive
element 3-AF1 binding site was exclusive to the R. simsii RsFSD2 gene, and four cis-regulatory
elements (GA-motif, GATA-motif, GTGGC-motif, and MBSI) were unique to the R. delavayi
SOD gene. The positions, quantities, and types of these cis-regulatory elements within the SOD
gene promoters are illustrated in Figure 5a,b. The results show that the cis-acting elements of
most of the SOD genes were responsive to light. While the cis-acting elements of some of the
genes were responsive to growth hormones, gibberellin, ABA, and low-temperature stress.
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Figure 5. Cis-acting elements in the promoter regions of RsSOD and RdSOD genes. (a) Distribution
of cis-acting elements in the promoter regions of RsSOD and the RASOD genes are shown in different
colors. (b) Different numbers indicate the frequency of cis-elements appearing in the promoter region.
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Overall, the expression levels of RsSODs and RdASODs may vary under phytohormonal
and abiotic stress conditions.

3.6. RsSOD and RASOD Family Protein Interaction Networks

Protein interaction analyses showed that the RsSOD and RdSOD protein families
all have 12-19 interaction pathways (Figure S1). By examining the functional roles of
these proteins in the STRING database, we postulated that RsSOD and RdSOD proteins
might play a role in regulating various biological processes, such as ribosomal structural
composition, translation, plastid gene expression, embryonic development, and seed dor-
mancy termination. Interactions among the SOD proteins themselves and with copper
chaperone for superoxide dismutase (CCS) and catalase (CAT) facilitate the neutralization
of superoxide anion free radicals generated within the cell, thus mitigating their toxicity
to the biological system and contributing to the regulation of growth and development in
R. simsii and R. delavayi. Furthermore, CCS’s interaction with CAT aids in the elimination
of ROS.

3.7. Tissue-Specific Expression Profiles of RsSODs and RASODs

Among the 20 SOD gene family members, RICSD5 gene expression was not detected,
suggesting that RICSD5 may be a pseudogene or that it is expressed at specific devel-
opmental stages, or under specific conditions (Figure 6). Other members of SODs were
expressed in at least one of the tissues, with both RsSODs and members of the RdSOD gene
family having high levels of expression in leaves. RsSOD3/5, RsMSD1/2, and RAMSD?2
were expressed at higher levels in stems, and RACSD1/6 and RAMSD?2 were expressed at
higher levels in roots. RsCSD4 and RACSD3 were expressed only in the leaves. In other
tissues, the expression levels were very low and almost undetected. RsCSD1/2, RsFSD2,
RACSD?2, and RAFSD1/2 were expressed in flowers and roots at low levels.
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Figure 6. Tissue-specific expression profiles of RsSODs and RASODs. The tissues tested were roots,
stems, leaves, and flowers. In the expression bar, red represents high expression levels, and white
represents low expression levels.

3.8. Expression of RsSODs and RASODs under Exogenous Reagents and High-Temperature Stress

The expressions of 20 SOD genes were examined by gqRT-PCR under heat stress and
direct heat stress after ABA, HyO,, and ETH treatments (Figure 7, Table S5). Among them,
RsCSD4, RACSD3/5, and RAFSD?2 expressions were nearly undetectable after heat stress
(details not displayed in the figure).
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Figure 7. Expression levels of RsSOD and RASOD genes at different time points (0 (CK), 3, 6,
12, and 24 h) after hydrogen peroxide, abscisic acid, and ethephon treatments followed by high-
temperature stress conditions and direct heat stress conditions without exogenous reagent treatment.
The data are the means =+ standard deviation of three independent replicates. Error lines indicate the
standard deviation of three independent biological replicates. In the same treatment area, lowercase
letters indicate a significant difference (p < 0.05) between different high-temperature stress durations.
Capital letters indicate the significant difference between different treatment areas with the same
high-temperature stress time (p < 0.01). Those arranged in the same row are homologous genes,
among which RsCSD3/RdACSD1 and RsFSD1/RACSD6 are not homologous.
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All detected SOD gene members were differentially expressed under high-temperature
stress and showed similar expression patterns, except for RsMSD1, which all peaked after
6,12, or 24 h of high-temperature stress (Figure 7). Within 24 h, the expression levels of five
genes in R. simsii (RsCSD3/5, RsFSD1/2, and RsMSD1) and five genes in R. delavayi (Rd-
CSD2/7, RAFSD1, and RAMSD1/2) were notably higher than their initial levels. RsCSD3/5
and RsFSD2 exhibited the most upregulation at 6 h (or 12 h), showing fold increases of
2.51, 3.52, and 2.91, respectively. In R. delavayi, the genes significantly upregulated were Rd-
CSD1/2/4/6 and RAFSD1, among which RACSD?2 and RAFSD1 correspond to homologous
genes RsCSD5 and RsFSD2, respectively (refer to Figure 1). These findings suggest these
two genes’ crucial roles in conferring Rhododendron’s heat tolerance.

Upon exposure to various exogenous reagents (before high-temperature stress treat-
ment, 0 h), the response profiles of individual gene family members to H,O,, ABA, and
ETH treatments differed, with inconsistent expression trends of homologous genes ob-
served in the two Rhododendron species. The expression of only three genes, RsCSD1/2/3,
was upregulated in R. simsii after HyO, pretreatment. The expressions of all members of the
RASOD gene family were upregulated, with the most significant upregulation of RAIMSD?2
(by 3.3-fold compared to the control), and RsCSD1/2 were homologous to RACSD4 and
RACSD?7, respectively (Figure 1). After initiating high-temperature stress, the area treated
with Hy,O, showed an overall lower expression level of RsSOD genes compared to the
directly heat-stressed area at the same time. However, all members of the RdSOD gene
family exhibited lower expression levels at the onset of high-temperature stress compared
to the directly heat-stressed area, with certain gene family members (RACSD7, RAMSD1,
and RAFSD1) demonstrating significant upregulation in expression at later stages.

Following pre-treatment with ABA, the expressions of RsCSD2/3/5, RACSD1/6/7,
and RAMSD2 were elevated, with RsCSD2 sharing homology with RACSD?7 (see Figure 1),
while the expressions of other gene members were reduced. After the onset of high-
temperature stress, the expressions of all RsSODs (except RsCSD2) were upregulated at
different times in the ABA-treated area compared with the same stress time in the direct
high-temperature stress-treated area. Among them, RsMSD1 and RsFSD1/2 were the most
significantly upregulated, and their expression levels were all higher than those of the
control group within 24 h and reached 5.41, 5.31, and 5.29-fold increases in their peaks at
6 h (or 12 h), respectively. Furthermore, the gene members of RACSD1/2/4/6 and RAMSD1
exhibited augmented expression in the early phase of high-temperature stress (3 h). In
contrast, during the later phase, all RISOD gene members showed reduced expression
levels compared to the direct high-temperature stress treatment zone.

After pretreatment with ETH, the expression of only three genes from the RsSOD
family, namely, RsCSD2/3/5, increased. In contrast, all RASOD genes exhibited a notable
upregulation, of which RsCSD2/5 belonged to the homologous genes with RdICSD7/2,
respectively (illustrated in Figure 1). Following the onset of high-temperature stress,
the ETH-treated region showed a generally lower expression level of RsCSD1/2/3/5
genes compared to the area directly subjected to high-temperature stress at the same time.
However, RsCSD1 showed a significant upregulation at 24 h of heat stress. RsMSD1/2 and
RsFSD1/2 showed an overall higher expression level after heat stress, except for RsFSD2,
which experienced a noticeable downregulation at 24 h of heat stress. All RASOD gene
members showed an overall low expression level.

4. Discussion

SOD plays a crucial role in various plant growth processes and their ability to resist
environmental stress [42]. The SOD gene family is known to be present in diverse plant
species, such as G. max [12], S. miltiorrhiza [15], and Setaria italica [43]. In this study, the
comprehensive characterization of SOD gene families in R. simsii and R. delavayi enabled
the identification of 9 and 11 SOD genes, respectively. Previous research has indicated
that the number of SOD genes differs across plant species, with this variability not directly
correlating with genome size changes. Discrepancies in the SOD gene count among plant
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species are likely due to gene duplications, which can involve segmental and tandem
duplications and are vital for the divergence of SOD genes. Gene duplication events
within SOD genes have been observed in many plant species, such as segmental and
tandem duplications in tomato SOD genes [13] and tandem duplications in cucumber
SOD genes [16]. In this study, an intraspecific collinearity analysis detected segmental
duplications between a couple of pairs of RsSOD genes (RsMSD1/2, RsCSD1/5), indicating
that fragment duplication may have significantly contributed to the expansion of RsSODs
(Figure 3).

Phylogenetic analyses indicated a close relationship between Cu/ZnSODs and FeS-
ODs/MnSODs. Phylogenetic analyses of SOD proteins of R. simsii and R. delavayi with
several other plants showed that the two formed two separate groups based on bootstrap
values (Figure 1), which is consistent with previous findings [44]. Orthologous SODs from
different plant species clustered together, with a clear separation between monocotyledons
and dicotyledons, reflecting the evolutionary connections between these plant groups. The
unique evolutionary relationship between monocot SOD and dicot SOD can be used as a
basis to explain the common ancestry of the two groups of plants [45]. The conserved motif
analysis of SOD proteins supported the phylogenetic findings (Figure 2). Subgroups with
similar motifs shared common features, including motif distribution, position, and length,
among the SOD proteins within each group (Figure 2).

In this study, the gene structure analysis also revealed a high level of evolutionary
conservation among SOD proteins. Previous research has indicated that the number of
introns and the organization of intron-exon structures in plant SOD genes are highly
conserved, with most cytosol and chloroplast genes containing seven introns [3]. However,
our investigation identified a variation in the number of introns, ranging from 5 to 9 for
RsSODs and from 8 to 16 for RASODs (Figure 2). Previous reports have shown that this
diversity in intron numbers can be attributed to three main mechanisms: insertion/deletion,
exonization/pseudoexonization, and exon/intron gain/loss [46].

As in other plants, members of the RsSOD and RASOD gene families exhibit tissue-
specific expression patterns [12,13]. Among the 20 SOD gene family members, SODs were
expressed in at least one of the tissues, except for RACSD5, which was not detected in
the roots, stems, leaves, or flowers (Figure 6). Notably, all the identified SODs exhibited
high expression levels in leaves (Figure 6). This suggests that RACSD5, similar to CsFSD3,
may function as a pseudogene [16]. RAFSD1 and RAMSD1 showed constitutive expression
without significant variations across the four tissues, as reported previously, reminiscent of
the constitutive expression of SISOD1/9 genes [13]. However, RACSD1/6 and RAMSD?2
exhibited high expression levels in the roots, aligning with the high expression of cereal
SiCSD1/3 and SiMSD genes in roots and stems [43].

In this study, following exposure to high-temperature stress, all identified SOD
genes exhibited increased expression, with some showing similar expression profiles (see
Figure 7). RsCSD5 and RsFSD2, which share homology with RACSD2 and RAFSD1, respec-
tively, were notably upregulated in both Rhododendron species after the high-temperature
stress treatments, indicating their potential significance in heat tolerance mechanisms in
Rhododendron. SiFSD3 (as depicted in Figure 1), a member of the same subfamily as RsCSD5,
demonstrated decreased expression levels following drought treatment, increased expres-
sion after exposure to cold, and slight variations in expression after salt treatment [43].
RsFSD?2 is of the same subfamily as GmFSD4 in soybean (Figure 1), and GmFSD4 was
significantly upregulated in the roots after alkaline treatment [12]. This observation implies
that SOD genes may serve diverse roles in scavenging ROS induced by distinct abiotic
stresses, and could be crucial for plant adaptation to challenging environments [16].

The upregulation of RsCSD3/5 and RACSD1/6 occurred following ABA pretreatment
and the initiation of high-temperature stress (Figure 7), indicating that ABA might play
a role in regulating SOD expression during high-temperature stress. Upon analyzing the
promoters, it was observed that six RsSOD genes (RsCSD2/3/4, RsMSD1/2, and RsFSD?2)
and eight RdSOD genes (RACSD1/2/5/6/7, RAMSD?2, and RAFSD1/2) contained one to eight



Forests 2024, 15, 931

12 of 15

ABA-responsive elements (ABREs) (Figure 5). Interestingly, despite the absence of ABRE cis-
elements, the expression of the RsCSD5 gene was significantly induced by ABA, suggesting
alternative regulatory mechanisms in response to ABA treatment. Further investigations
revealed that miRNA-mediated regulation at the post-transcriptional level influences SOD
gene expression under ABA treatment [47]. This implies a potential synergistic mediation
of the SOD gene response to ABA treatment by both ABRE and miRNA [7].

Research has indicated that phytohormones can trigger signal transduction pathways
in plant stress responses [48]. SOD genes serve as crucial regulators in the ethylene re-
sponse [49,50]. In this investigation, the expression of RsCSD3/5 was elevated following
ETH pretreatment and during high-temperature stress (Figure 7), indicating that ETH
might facilitate plant heat tolerance via the regulation of SOD genes. A cross-regulation
mechanism exists among various plant hormones during high-temperature stress. For
example, the heat stress tolerance of the ethylene response factor (AtERF53) is stimulated
by ABA [51]. Moreover, the heat tolerance of CaWRKY6 in chili peppers is positively
modulated by ethylene (ET) and ABA [52]. Dong et al. [53] also proposed that the enhanced
thermotolerance in the ET biosynthesis mutant (acs7) could be attributed to either signal-
ing pathways or ABA synthesis in plants, indicating an antagonistic interplay between
these two hormones. Furthermore, six other hormone-responsive elements (P-box, GARE-
motif, TATC-box, TGA-box, AuxRR-core, and TGA-element) are present in the specific
promoter regions of RsSODs and RASODs. Their transcriptional regulation under auxin
and gibberellin treatment warrants further exploration in subsequent experiments.

5. Conclusions

This study presented an extensive examination of the SOD gene family in R. simsii and
R. delavayi. Here, 9 RsSOD genes and 11 RdSOD genes were identified and analyzed. We
examined the phylogenetic relationships, sequence features, gene architecture, collinearity
patterns, cis-acting elements, and protein interaction networks of RsSODs and RdSODs,
along with their responses to ABA, H,O,, and ETH treatments and high-temperature
stress. The findings indicate that various SOD genes may undertake distinct functions in
combating different abiotic stresses. This investigation enhances our comprehension of the
potential roles of RsSOD and RdSOD genes under environmental stress conditions. This
provides a better understanding that will help in future to elucidate the function of the
SOD gene family in Rhododendron.
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