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Abstract

Background The basic helix-loop-helix (bHLH) transcription factors constitute one of the largest families in plants
and play vital roles in growth, development, and environmental stress responses. However, their involvement in
flower development and heat stress response in Rhododendron simsii remains unclear.

Results A total of 116 bHLH genes were identified in the R. simsii genome and classified into 17 groups based

on phylogenetic relationships with Arabidopsis thaliana bHLHs. Gene duplication analysis revealed that 57 genes
originated from whole-genome duplication events, and 49 from ancient segmental duplications. Promoter analysis
identified abundant cis-regulatory elements associated with light, gibberellin, abscisic acid, and stress responses,
suggesting regulatory roles in flower development and stress adaptation. Expression profiling showed that 23 and 13
genes were specifically expressed in vegetative organs and flowers, respectively. Analysis of five flower developmental
stages grouped 49 genes into four distinct expression patterns. Under high-temperature treatment, 12 flower-
expressed genes exhibited altered expression, with nine being significantly upregulated. Functional annotation
indicated that two genes, RsbHLH53 and RsbHLH59, are orthologous to Arabidopsis MYC2 and JAM2, which are key
regulators of heat stress response.

Conclusions This study provides the first comprehensive characterization of the bHLH gene family in R. simsii and
identifies candidate genes potentially involved in flower development and thermotolerance. These findings lay

a theoretical foundation for understanding the molecular mechanisms underlying heat tolerance and for future
molecular breeding of heat-resistant R. simsii varieties.
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Background

Transcription factors (TFs) are key regulators of eukary-
otic gene expression that function by binding to specific
DNA sequences [1]. Among them, the basic helix-loop—
helix (bHLH) family is one of the largest in plants, play-
ing crucial roles in growth, development, and responses
to diverse environmental stresses [2-4]. bHLH pro-
teins are characterized by a conserved ~ 60-amino-acid
domain containing a basic DNA-binding region (10-15
amino acids) at the N-terminus and a helix—loop—helix
(HLH) region (~40 amino acids) at the C-terminus.
The basic region specifically recognizes the E-box motif
(CANNTG), whereas the HLH region mediates protein
dimerization [5, 6].

The availability of plant genomic resources has facili-
tated the genome-wide identification of bHLH genes in
many species, including cotton, Pyrus ussuriensis, Arabi-
dopsis, potato, apple, grape, mango, and cabbage [7-14].
Functional studies have revealed their diverse biological
roles. For example, GhPAS]1 regulates cotton architec-
ture through brassinosteroid (BR) signaling [15], SIPRE2
modulates fruit development via gibberellin metabolism
in tomato, [16] and DTD interacts with TDR to control
tapetum and pollen development in rice [17]. In addition,
bHLHs are essential for secondary metabolite biosynthe-
sis, such as anthocyanin accumulation in kiwifruit (Actin-
idia chinensis) and orchids [18, 19]. They are also critical
mediators of stress responses: MdbHLH104 improves
iron-deficiency tolerance in apple by activating plasma
membrane H+-ATPase activity [20], SIICE1 enhances
cold tolerance in tomato [21], In Arabidopsis, AtbHLH92
participated in plant’s response to osmotic stresses [22],
and AtbHLH17 (AtAIB) enhances drought tolerance by
modulating ABA signaling in Arabidopsis [23].

Rhododendron simsii (Indian azalea) is a valuable orna-
mental plant of the Ericaceae family, prized for its vibrant
red corolla and horticultural significance [24]. However,
its growth and flowering are highly sensitive to elevated
temperatures, which can shorten blooming periods,
reduce bud formation, cause floral deformities, and com-
promise overall plant health by increasing susceptibil-
ity to root rot and pests [24]. Despite the biological and
horticultural importance of R. simsii, the bHLH tran-
scription factor family in this species has not been sys-
tematically investigated. Specifically, it remains unclear
whether RsbHLHs regulate flower development, which
members respond to high-temperature stress, and how
these genes may link stress responses to floral regulation.

To address these questions, we performed a compre-
hensive genome-wide characterization of the RsbHLH
gene family in R. simsii, including chromosomal distri-
bution, phylogenetic classification, gene structure, and
duplication patterns. We further analyzed their expres-
sion profiles in different tissues and floral developmental
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stages using publicly available RNA-seq data and exam-
ined their responses to high-temperature treatment. Our
findings provide new insights into the molecular roles of
RsbHLHs in flower development and thermotolerance,
offering candidate genes for breeding heat-tolerant azalea
cultivars through molecular approaches.

Materials and methods

Plant materials and heat stress treatment

Two-year-old R. simsii seedlings were selected, and they
were provided by Wanlvyuan Seedlings Co. Ltd., Bijie,
Guizhou Province, China. Seedlings were cultivated in
a growth chamber under a 12 h light (22 °C)/12 h dark
(18 °C) cycle, 70% relative humidity, and 4000 lx light
intensity. Twelve uniformly growing seedlings were sub-
jected to heat stress by transferring them to an incubator
maintained at 40+ 0.5 °C for 3 or 6 days. The samples col-
lected at 3 and 6 days represent consecutive time points
from independent experimental groups. Leaves were col-
lected immediately, frozen in liquid nitrogen, and stored
at-80 °C for subsequent RNA extraction and RT-qPCR
analysis.

Identification of RsbHLH genes

Genome sequences and annotation files of R. simsii, R.
irroratum, and R. williamsianum were obtained from
the TEGR database (http://www.tegr.com.cn). Candidate
bHLH genes were identified by searching the Pfam data-
base (PF00010; e-value<1le-4) [25], proteins containing
a conserved bHLH domain were designated as RsbHLH,
RibHLH, and RwbHLH according to their respective Rko-
dodendron species. Arabidopsis bHLH protein sequences
were downloaded from PlantTFDB (http://planttfdb.ga
o-lab.org/). Candidate proteins were further verified for
the presence of the bHLH domain using Pfam, CDD, and
SMART databases [26, 27]. The physicochemical proper-
ties of confirmed proteins were calculated using ExPASy-
ProtParam [26, 28]. RibHLH and RwbHLH proteins were
included only in the phylogenetic tree to provide an over-
view of bHLH evolution across Rhododendron species.
They were not used in expression profiling or functional
analyses, as this study focused specifically on the bHLH
family in R. simsii, for which transcriptomic and experi-
mental data were available.

Sequence and structural characterization

Protein characteristics were analyzed using ProtParam (
https://web.expasy.org/protparam/). Subcellular localizat
ion of RsbHLHs was predicted using PSORT [29]. Gene
structure information was visualized with GSDS 2.0
based on R. simsii genome annotation. Conserved motifs
were identified using MEME (default parameters) [30].
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Phylogenetic analysis

Full-length bHLH protein sequences from R. simsii
(RsbHLHS), R. irroratum (RibHLHS), R. williamsianum
(RwbHLHSs), and Arabidopsis (AtbHLHs) (Table S1) were
aligned using MUSCLE [31]. An unrooted maximum-
likelihood (ML) phylogenetic tree was constructed with
IQ-TREE (1,000 bootstrap replicates) [32]. RsbHLHs
were classified into groups based on sequence similarity
to AtbHLHEs.

Cis-regulatory element analysis

Promoter regions (1,500 bp upstream of the ATG start
codon) of each RsbHLH gene (Table S2) were extracted
and analyzed using PlantCARE [33]. Due to the lack of
experimentally validated transcription start sites (TSS),
these sequences may not fully represent the true promot-
ers or include complete 5’-UTRs.

Gene duplication and synteny analysis

Chromosomal locations of RsbHLHs were visualized
using MapChart based on the gene annotation of the R.
simsii genome. Gene duplication events in R. simsii were
detected using MCScanX [34]. Homologous gene pairs
with R. simsii genome were first identified by BLASTp
(e-value< 1e™®) and then used to define syntenic blocks.
Non-synonymous (Ka) and synonymous (Ks) substi-
tution rates were calculated with the PAML package
(v4.10.8) [35]. Collinearity analysis among R. simsii and
three other species was also performed using MCScanX
and visualized with Dual Synteny Plot.

Expression profiling

RNA-seq datasets from flower, leaf, and stem tissues and
from five floral developmental stages were downloaded
from NCBI SRA (accession number SRP229032) of Rho-
dodendron simsii, including immature flower bud with
light green surface (T1), late bud stage with pinkish tinge
and gradual swelling (T2), early blooming stage with
partially unfolded petals (T3), half-blooming stage with
further petal unfolding and visible stamens (T4), and full
blooming stage with fully open flower, plump shape and
clear structures (T5). Each sample contained three bio-
logical replicates. Expression levels were quantified with
RSEM using Bowtie2 (default parameters, mismatch =0).
Genes with FPKM > 1 in at least one sample were consid-
ered expressed. Differentially expressed genes (DEGs),
defined as |log,FC|>1 (FC, fold change) and an adjusted
P-value of<0.05, were screened using the DESeq (ver-
sion 1.10.1). Heatmaps are commonly used to visualize
the expression levels of DEGs using the MeV (v.4.9.0)
software.
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RT-gPCR validation

Total RNA was reverse-transcribed using a PrimeScript
RT Reagent Kit (TaKaRa, Dalian, China). RT-qPCR was
performed using three biological and three technical rep-
licates per sample. Gene-specific primers were designed
for candidate RsbHLHs, with EF1a, GAPDH, and RG7 as
reference genes (Table S3) [36]. Relative expression levels
were calculated using the 2724 method, and Spearman’s
correlation coefficients were used to assess concordance
between RNA-seq and RT-qPCR data.

Subcellular localization

The full-length coding sequences of RsbHLHO053 and
RsbHLHO059, both highly expressed during floral devel-
opment and responsive to heat stress, were used for sub-
cellular localization analysis. These CDS sequences are
provided in Table S4. The coding regions were cloned
into the pCAMBIA2300-GFP vector, and the recombi-
nant plasmids were transformed into Agrobacterium
tumefaciens GV3101 for transient expression in tobacco
epidermal cells. GFP fluorescence was observed 48 h
after infiltration using a confocal laser scanning micro-
scope (Leica TCS SP5-II, Wetzlar, Germany) [37], with
an excitation wavelength of 488 nm and an emission filter
of 500-550 nm. Z-stacks of optical sections (1024 x 1024
resolution) were acquired using Leica Application Suite
X (LAS X). All images were exported as TIFF files and
processed in Image] using a customized macro.

Protein-protein interaction network

Orthologous relationships between R. simsii and Arabi-
dopsis bHLHs were identified using OrthoVenn2 [38].
Protein—protein interaction networks of RsbHLHs were
predicted using the STRING database (https://string-d
b.org/) based on Arabidopsis ortholog interaction data
[39].

Statistical analysis

Statistical analyses were performed using IBM SPSS Sta-
tistics 20 (IBM, Armonk, NY, USA). Differences were
analyzed by one-way ANOVA, and mean separation was
conducted using t-tests or LSD tests at p <0.05.

Results

Identification and phylogenetic analysis of RsbHLHs

In this study, we identified and characterized 116 non-
redundant RsbHLH transcription factors (TFs) in the R.
simsii genome (Table S6). The length of RsbHLH proteins
ranged from 135 amino acids (RsbHLHO016) to 1,174
amino acids (RsbHLHO034), with an average of 391 amino
acids. Their molecular weights ranged from 14.85 kDa
to 130.67 kDa, and the predicted isoelectric points (pI)
varied from 4.67 to 9.51 (average: 6.65). Instability index
analysis showed that 111 out of 116 RsbHLH proteins
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had an index greater than 40, suggesting that most of
these proteins are potentially unstable. The aliphatic
index ranged from 46.34 to 97.40. All RsbHLH proteins
exhibited negative GRAVY values, indicating their hydro-
philic nature. Subcellular localization predictions indi-
cated that 105 RsbHLH proteins are likely localized to
the nucleus (Table S6). Chromosomal mapping revealed
that 111 RsbHLH genes were anchored to chromosomes,
whereas five genes were located on unassembled scaf-
folds (Figure S1 and Table S6).

To explore their evolutionary relationships, we con-
structed an unrooted phylogenetic tree of bHLH proteins
from R. simsii, Arabidopsis thaliana, R. williamsianum,
and R. irroratum using the maximum likelihood (ML)
method with 1,000 bootstrap replicates implemented
in IQ-TREE. Based on tree topology and previously
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identified AtbHLH, the RsbHLH proteins were classi-
fied into 17 groups (Groups I-XVII) (Fig. 1 and Table
S7). Group III contained the largest number of RsbHLHs
(21), which were further divided into six subgroups (IIla—
IIIf). Group IV contained 11 RsbHLHs, partitioned into
four subgroups (IVa—IVd), and Group VIII included 10
RsbHLHs divided into three subgroups (VIIIa—VIIIc).
Further analysis revealed clusters in subgroups IIId,
X, and XVI, suggesting species-specific expansions of
these proteins in R. simsii after the divergence of core
eudicots. Interestingly, some subgroups contained Atb-
HLHs but no bHLHs from Rhododendron species (e.g.,
Groups XVIIb, XIII, and VI), whereas Groups XIV and
X contained only RsbHLHs without orthologs from
other Rhododendron species. Similar lineage-specific loss
or expansion of bHLH genes has also been observed in
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other plants [40-42]. These findings suggest that bHLH
genes may have undergone lineage-specific gain or loss
events during the evolution of Rhododendron and Arabi-
dopsis. We further compared the physicochemical prop-
erties among different subgroups of the RsbHLH family.
The results showed that the protein length and molecu-
lar weight of RsbHLHs in subgroups II, Ille, and IIIf
were significantly higher than those in other groups, sug-
gesting that these RsbHLHs may possess more complex
structures and functions, potentially forming multi-sub-
unit protein complexes. In contrast, the predicted plI val-
ues of RsbHLHs in subgroups IX and VIIIb (pI>8) were
notably higher than those of other subgroups, indicating
that these high-pI RsbHLH proteins may play important
roles in nuclear import and DNA binding.

Structure analysis of RsbHLH family genes

We next analyzed the conserved motif composition and
exon—intron organization of RsbHLH genes (Fig. 1).
Using the MEME suite, we identified 15 conserved motifs
(Motifs 1-15) in RsbHLH proteins (Fig. 1A, B; Figure
S2; Table S8). Motifs 1 and 2, located within the bHLH
domain, were widely distributed across nearly all Rsb-
HLH proteins. Notably, six RsbHLHs (RsbHLH002, Rsb-
HLHO11, RsbHLH054, RsbHLHO062, RsbHLH071, and
RsbHLHO078) contained only one of these two motifs.
Members within the same phylogenetic subgroup gener-
ally exhibited similar motif compositions. For instance,
subgroup Ib shared three motifs (Motifs 1, 2, and 12),
subgroup IIId contained nine motifs (Motifs 1, 2, 3, 6, 7,
8, 9, and 13), group XII contained three motifs (Motifs
1, 2, and 4), and group XI contained four motifs (Motifs
1, 2, 4, and 5). Some motifs were present across multiple
subgroups. For example, Motif 3 was widely distributed
in subgroups Va, Vb, Illa-e, Ia, and IVa; Motif 4 was pre-
dominantly enriched in groups IX, XI, and XII; and Motif
5 was found exclusively in subgroups VIlIa, X, and XI.
These patterns suggest that RsbHLHs within the same
subgroup may share similar biological functions.

The exon-—intron organization of RsbHLH genes was
visualized using the GSDS tool (Fig. 1C). The number
of exons ranged from 1 to 15, with 13 RsbHLHs being
intronless and 84 genes containing two to eight introns.
RsbHLHO0I19 possessed the highest intron number (14
introns). Consistent with the motif results, members of
the same phylogenetic subgroup generally shared simi-
lar gene structures. For example, genes in groups Va and
VIII contained more than eight exons, whereas those
in groups X, XI, and XII harbored five to seven introns.
In contrast, genes in subgroup IIId contained only one
intron, and members of group XVI were intronless. These
results provide additional support for the reliability of the
phylogenetic classification of RsbHLHs (Fig. 2).
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Cis-element profiling of RsbHLH gene promoters

To investigate the potential transcriptional regulation of
RsbHLH genes, 1,500 bp upstream sequences from the
translation start site of each gene were analyzed using
the PlantCARE database (Fig. 3; Table S9). A total of 37
cis-regulatory elements were identified and classified
into four categories: hormone-responsive elements (e.g.,
TCA, CGTCA, GARE, P-box, AuxRR-core) involved in
salicylic acid, jasmonate, gibberellin, and auxin signaling;
stress-responsive elements (ABRE, ARE, LTR, WUN-
motif, TC-rich) associated with ABA response, anaerobic
induction, low temperature, and wounding; light-respon-
sive elements (GT1-box, I-box, G-box, CAT-box, Box 4,
MRE, ACE, AE-box, SP1, etc.) implicated in light signal-
ing and photomorphogenesis; and development-related
elements (O2-site, GCN4-motif, circadian, AACA-motif,
AT-rich element, HD-Zipl) potentially controlling tis-
sue-specific expression and developmental processes.
The abundance and diversity of these elements suggest
that RsbHLH genes may integrate multiple hormonal,
environmental, and developmental cues to coordinate
plant growth, flower development, and stress adaptation.
Among them, two heat stress-related cis-acting elements
(ARE and TC-rich repeats) and four flower-related cis-
regulatory elements (MSA-like, CAT-box, GATA-motif,
and I-box) were identified, which were widely distributed
across 12 (sub)groups (e.g., Ia, Illa-d, IVc-d, Va-b, VII,
Vllla-c, IX, X, XI, XII, XIV, and XVIIa). Further analysis
showed that almost all members of subgroups IIIb, IIId,
IVd, VIlIa, and XIV contained both heat- and flower-
related cis-elements, whereas only one RsbHLH gene in
each of six subgroups (Illc, IVc, Vb, Vllic, IX, and XI)
possessed two types of cis-regulatory elements (Figure
S3).

Gene duplication events of RsbHLH family genes

Gene duplication provides raw material for the evolu-
tion of new gene functions. To investigate the evolution-
ary patterns of the RsbHLH gene family, we performed
a genome-wide analysis using MCScanX. Among the
identified RsbHLHs, 42 and 57 genes originated from
dispersed and whole-genome/segmental duplications,
respectively, while seven genes were derived from tan-
dem duplication.Given the major contribution of seg-
mental duplication, we further examined its role in
RsbHLH gene family expansion. Collinearity analysis
based on all-against-all BLASTP searches identified 28
segmentally duplicated gene pairs (49 genes), accounting
for 85.96% of WGD-derived RsbHLHs (Fig. 4A; Table S8).
Selective pressure analysis using PAML revealed that all
28 gene pairs had Ka/Ks ratios< 1, indicating that these
genes have been subjected to strong purifying selec-
tion (Fig. 4A; Table S10). To estimate the timing of these
duplication events, Ks values were used for molecular
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Fig. 2 Phylogenetic analysis of bHLH family in Arabidopsis, R. simsii, R. irroratum and R. williamsianum. An unroot phylogenetic tree of bHLH family mem-
bers from Arabidopsis, R. simsii, R. irroratum and R. williamsianum was constructed using ML method in IQ-TREE software with a bootstrap test (replicated
1000 times). The bHLH family members in R. simsii, R. irroratum, R. williamsianum, and Arabidopsis were marked by different symbols, respectively

dating. The Ks-based divergence times ranged from 58.84
Mya (Ks=0.7178) to 301.89 Mya (Ks=3.683), suggest-
ing that most segmental duplication events predated the
divergence between Rhododendron and Vaccinium cor-
ymbosum (~55.93 Mya) [43]. This finding implies that
the expansion of the RsbHLH family largely occurred
before the speciation of Rhododendron.

To further elucidate the evolutionary relationships
of RsbHLH family genes, we constructed comparative
synteny maps between R. simsii and three other repre-
sentative species (Fig. 4B-D; Table S11). We identified

69 orthologous groups between Arabidopsis thaliana
and R. simsii, 130 between R. irroratum and R. simsii,
and 120 between R. williamsianum and R. simsii. Nota-
bly, the number of orthologous pairs between RsbHLH
and RibHLH was higher than that between RsbHLH and
RwbHLH, suggesting closer evolutionary relationships
between R. simsii and R. irroratum. We next calculated
Ks, Ka, and Ka/Ks values for all orthologous gene pairs
across the four species (Fig. 5). In all comparisons, Ka/
Ks values were<1, indicating that these orthologous
genes have been subject to purifying selection. Moreover,
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the Ka/Ks ratios between Arabidopsis and R. simsii were
markedly lower than those between R. irroratum-R.
simsii and R. williamsianum-R. simsii, suggesting stron-
ger functional constraint and evolutionary conservation
across the more distantly related lineages.

Transcript abundance of RsbHLHs in various organs

bHLH transcription factors are known to play crucial
roles in plant growth and development. To character-
ize the roles of RsbHLHs in R. simsii, we analyzed their
expression profiles in stems, leaves, and flowers using
RNA-seq data (Fig. 6A; Table S12). Among the identified
genes, 49 RsbHLHs were highly expressed in flowers, 63
in leaves, and 58 in stems. Further analysis revealed that

46 RsbHLHs were expressed in all three organs, whereas
23 exhibited higher transcript abundance in vegetative
tissues than in flowers, suggesting their potential involve-
ment in leaf and stem development. Conversely, 13 Rsb-
HLHs displayed flower-preferential expression, indicating
putative roles in regulating floral development.

We further explored the expression dynamics of Rsb-
HLH genes during five flower developmental stages (T1-
T5) (Fig. 6B; Table S13). A total of 67 RsbHLHs showed
differential expression, which could be classified into four
major patterns: [) Twenty-one RsbHLHs were highly
expressed during the early stages (T1-T3). II) Thirteen
RsbHLHs displayed higher expression during the late
stages (T4-T5). II) Thirteen RsbHLHs were upregulated
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in T1-T3 and sharply downregulated in T4-T5. [V) Two
RsbHLHs exhibited an initial decrease followed by a late-
stage increase in expression. These distinct expression
patterns suggest stage-specific regulatory functions of
RsbHLHs in flower development.

Based on comparative orthology analysis, 20 species-
specific RsbHLHs were identified, with 16 showing pref-
erential expression in vegetative organs and 4 in flowers
(Figure S4). Notably, three genes (RsbHLHO034, Rsb-
HLHO098, and RsbHLHI114) were specifically expressed
in early flower stages (T1-T2), whereas RsbHLHO016 and
RsbHLH116 were preferentially expressed in late stages
(T4-T5), implying their potential roles in stage-specific
floral differentiation.
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Prediction of protein-protein interaction

bHLH proteins can form homo- or heterodimers, which
is essential for DNA recognition and binding [9, 10]. To
explore potential functional interactions of RsbHLHs,
we constructed PPI networks using the STRING data-
base (confidence score>0.6) (Fig. 7; Table S14). The net-
work contained 42 nodes (bHLH proteins) and 38 edges
(interaction relationships), with an average degree of
1.5. A total of 32 RsbHLHs were included, of which 26
interacted with more than one other RsbHLH. Three
key hub proteins (RsbHLH017, RsbHLH037, and Rsb-
HLHO067) were identified with degrees greater than 4.
For instance, RsbHLHO037 interacted with four Rsb-
HLHs (RsbHLHO045, RsbHLHO057, RsbHLHO097, and
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Fig. 7 Prediction and analysis of the protein—protein interaction network between RsbHLH proteins and their closely associated partners. The network
was predicted using the STRING database
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RsbHLH114), while RsbHLHO067 interacted with three
RsbHLHs (RsbHLHO084, RsbHLHO085, and RsbHLH092).
We further examined interactions between RsbHLHs
and other family proteins. RsbHLHO017 showed exten-
sive connectivity, interacting with six proteins, includ-
ing JAZ1 (Rs05G0004700), MYB75 (Rs08G0087700),
MYBO (Rs08G0087700), MYB66 (Rs08G0171500),
TTG1 (Rs09G0209900), and TT2 (Rs12G0209800). Rsb-
HLHO059 interacted with TIFY7 (Rs09G0091800) and
JAZ (Rs05G0004700), and RsbHLH094 interacted with
CRY2 (Rs02G0037100) and PHYB (Rs04G0239100).
Additionally, four RsbHLHs (RsbHLHO015, RsbHLHO053,
RsbHLHO066, and RsbHLH115) were predicted to inter-
act with Rs05G0004700, Rs09G0091800, Rs11G0107300,
and Rs09G0209900, respectively. Functional annotation
of interacting proteins revealed roles in flower develop-
ment, flavonoid biosynthesis, and stress responses. These
results suggest that RsbHLHs may act as key hubs in reg-
ulatory networks governing both development and stress
adaptation.

Validation of RNA-seq data using RT-gPCR

To validate the RNA-seq results, RT-qPCR was per-
formed on 12 RsbHLH genes exhibiting high transcript
abundance across various organs and flower develop-
mental stages of R. simsii (Fig. 8A, B, Table S15). The
expression patterns obtained from RT-qPCR showed
strong agreement with the RNA-seq data, with Pear-
son correlation coefficients ranging from 0.924 to 0.991
across the four flower developmental stages (Figure
S5). Comparative analysis confirmed that the temporal
expression trends observed in RT-qPCR were consistent
with those from RNA-seq, supporting the reliability of
the transcriptome data.

Expression profiles of RsbHLHs under high-temperature
treatment

High temperatures can significantly affect plant physi-
ological processes, including photosynthesis, water
balance, growth, and flowering (e.g., shortened bloom
period, reduced bud formation, and floral deformi-
ties). To investigate the roles of RsbHLHs in heat stress
response, the expression levels of 12 flower-expressed
RsbHLH genes were examined under high-temperature
treatment (Fig. 9, Table S16). Among these genes, nine
RsbHLHs (RsbHLHO016, 033, 048, 053, 058, 059, 107, 114,
and 115) were markedly upregulated, suggesting that they
may positively regulate the response to high-temperature
stress. In contrast, RsbHLHO75 was strongly downregu-
lated, indicating a potential role in negative regulation of
heat stress response. These results highlight specific Rsb-
HLHs as candidate regulators of high-temperature adap-
tation in R. simsii.
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Subcellular location of RsbHLH053 and RsbHLH059
proteins

To further verify the predicted subcellular localiza-
tion of RsbHLHs, two RsbHLH genes, RsbHLH053
and RsbHLHO059, both highly expressed in floral stages
and induced by heat stress, were selected for proform-
ing subcellular location analysis. The full-length coding
sequences of RsbHLH053 and RsbHLHO059 were fused
with GFP to generate 35S-RsbHLH053/RsbHLHO059-
GFP vectors, which were transiently expressed in tobacco
leaf cells (Fig. 10). Fluorescence observation showed that
both RsbHLHO053 and RsbHLHO059 proteins were local-
ized predominantly in the nucleus, whereas free GFP was
distributed throughout the cells. These results indicate
that RsbHLHO053 and RsbHLHO059 are likely expressed
and function in the nucleus, consistent with their roles as
transcription factors.

Discussion

The bHLH gene family is one of the largest transcription
factor families in plants, playing crucial roles in devel-
opment and stress responses [4, 44—47]. Despite their
importance, a comprehensive characterization of bHLH
genes in R. simsii had not been performed. In this study,
we identified 116 RsbHLH genes and classified them into
17 subgroups based on phylogenetic relationships with
Arabidopsis bHLHs. Compared with other species, such
as Arabidopsis thaliana (21 subfamilies), apple (23), and
peach (19), this indicates both evolutionary conservation
and species-specific diversification [48—50].

The number of bHLH genes increases from lower
plants (e.g., Volvox carteri, Chlamydomonas reinhardtii)
to higher plants (e.g., Oryza sativa, Solanum lycopersi-
cum, Vitis vinifera, Fragaria vesca, Arabidopsis, R. sim-
sii), suggesting expansion during plant evolution [9,
51-54]. Gene duplication, including WGD/segmental
duplication, tandem duplication, and dispersed duplica-
tion, is a major driver of gene family expansion [55-58].
In R. simsii, 99 RsbHLHs arose from dispersed or WGD/
segmental duplication, with 28 gene pairs (49 genes)
derived from ancient segmental duplications prior to
Rhododendron diversification. Functional divergence
likely occurred after these duplications, as indicated by
limited positive correlation among three segmental gene
pairs (RsbHLH75/RsbHLH96, RsbHLHO017/RsbHLH054,
RsbHLHO033/RsbHLH095, P<0.01). For example, the
duplicated gene pair RsbHLH033/RsbHLHO095 exhib-
ited divergent expression patterns, with RsbHLH033
expressed at all five stages of flower development,
whereas RsbHLH095 was expressed only in the late stages
(T3-T5). Analysis of cis-regulatory elements further
revealed motifs involved in light, GA, ABA, and stress
responses, suggesting roles in flower development and
environmental adaptation. The subcellular localization
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Fig. 8 Expression profiles of 12 RsbHLH genes during four stages of flower development in R. simsii. A Four flower development stages (stage 1-4) of R.
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stages (p<0.05). C A comprehensive regression analysis was performed to assess the correlation between RNA-seq and RT-gPCR data across all four
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relationships between the two techniques



Wang et al. BMC Plant Biology (2026) 26:69

Page 13 of 17

A 307 B 2.0~ C 4+ D 4-
) RsbHLH107 ¢ = RsbHLHI109 b = RsbHLHI114 b = RsbHLHIIS
= > > > c
= 1 £ 5] T =3 T =23 T
= = =
£20+ 1| = b INE b l 2 T
& 2 1.0 T é 24 [ & 2
2 =10 /I = = £ b
<10+ < T < v ==
210 v Py a v a -
2 Z 0.5 L 214 =& £ 11
= 2 = = =
& a & & &
0 ! I ! 0.0 T T T 0 T T T 0 T T T
od 3d 6d od 3d 6d od 3d 6d od 3d 6d
E2.54 F2.5- RsbHLH033 b G157 RsbHLH044 H 2.5+
= RstLyozg = b = o RsbHLH048 b
I’ = P >
i2.0— == . Ez.o- E T é _;,,r a a 2 2.0 % B
.0 1 2
1.5 T Z1.54 il S EE [ w7 s i 1
® a & a @ _[_ =
E104 - £1.04 —F g Z 1.0 %
< 4 1 I8 <0.5- o
= Z i =
£0.5- 0.5 = = 0.5
= = < <
& ~ :4 &
0.0 T T T 0.0 T T I 0.0 T T I 0.0 T T T
od 3d 6d od 3d 6d 0d 3d 6d 0d 3d 6d
105 RsbHLH053 - 50+ 1.5
l b RsbHLH058 lf RsbHLHO059 L RsbHLHO75
s b £ 240 c %
2 2N z < 404 z
= b T = 34 c = T = b
= = = =
1.0 —&
2 6 T [ : :il: 2304 ik ==
& @& < @<
& = 27 b = b =
§ 41 g =3 520 T Z
@ w a L v 5,0‘5-
g . 214 = = L = a a
= 2 a = = 10 =
[} = = )
& - [~ 2 a & =
o ! | I 0 T T T 0 T T T 0.0 T T T
0d 3d 6d od 3d 6d od 3d 6d od 3d 6d

Fig.9 Expression patterns of 12 candidate RsbHLH genes in R. simsii treated with high-temperature. Total RNA was extracted from young leaves at differ-
ent time points after high-temperature treatment (3d and 6 d) and without high-temperature treatment (0d) and subjected to quantitative RT-PCR analy-
sis. The EF1a, GAPDH, RG7 genes was used as an internal reference gene, the relative expression level was calculated by 2Bt The data are the mean + SE
of three independent biological samples. Lowercase letters indicate significant differences between treatments (p <0.05)

of two RsbHLH proteins (RsbHLHO053 and RsbHLHO059)
was detected in the nucleus, consistent with the predic-
tion results. However, analyzing only two candidates is
insufficient to draw broad conclusions, though it provides
preliminary evidence supporting their nuclear localiza-
tion and possible transcriptional regulatory roles.
Previous studies have demonstrated that bHLH TFs
play crucial roles in floral development [59-61]. For
example, PhFBH4 regulates flower senescence via ethyl-
ene biosynthesis in petunia [62], SIMS10 is required for
tapetum development and pollen fertility in tomato [63],
and TIP2 regulates anther development in rice by con-
trolling TDR and EAT1 expression [64]. Similarly, Lib-
HLH]I2 negatively regulates anthocyanin biosynthesis in
Lycoris longituba petals [65], while BIGPETALp controls
petal size in Arabidopsis [66]. Collectively, these findings
highlight the crucial role of bHLH TFs in floral develop-
ment. Our study identified 49 RsbHLHSs with high expres-
sion in flowers, among which 13 exhibited significantly

higher expression than in vegetative tissues, suggesting
their involvement in R. simsii floral development. Orthol-
ogy analysis revealed that these 13 genes correspond to
Arabidopsis BPE, JAM2, ILR3, MYC4, BHLH79, SACL3,
BHLH48, JAM2, ATMYCI, BIM1, BIM2, BHLHI103, and
BHLHO041, all previously reported to regulate floral organ
growth, flowering time, or fertility [66—70]. For exam-
ple, BPE modulates petal size in Arabidopsis [66], and
overexpression of AtbHLH48 promotes early flowering
by increasing FT transcript abundance under long-day
conditions [67]. JAZ proteins inhibit the MYC4-MYB
module to regulate stamen development [69], while Aab-
HLH48 from Adonis amurensis activates FRUITFULL
expression to induce early flowering in Arabidopsis [71].
In rice PTGMS line PA64S, hypermethylation of BIM2
reduces BR target gene expression and affects male fertil-
ity[70]. Moreover, JAM?2 and JAM3 act as transcriptional
repressors influencing male fertility [72].
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Fig. 10 Subcellular distribution of RsbHLHO053 and RsbHLHO059 proteins. GFP alone or GFP fusions with RsbHLHO053 and RsbHLHO059, driven by the
CaMV35S promoter, were transiently expressed in tobacco leaf epidermal cells. The localization of the fusion proteins was visualized using laser scanning
confocal microscopy. Scale bar= 20 um. GFP, Green fluorescence channel showing the protein-GFP fusion signal; CHI, Chloroplast autofluorescence chan-
nel (red) for chloroplast localization reference; DAPI, Blue fluorescence channel staining nuclei; DIC, Differential interference contrast image of the cell
structure; Merge, Overlay of all channels to illustrate the co-localization of the protein, chloroplasts, and nuclei

High temperature is a major abiotic stress that adversely
affects R. simsii physiology, leading to reduced photosyn-
thesis, shortened flowering period, decreased bud forma-
tion, and floral malformations [73]. To explore potential
heat-responsive bHLH genes, we analyzed the expres-
sion of 12 flower-preferential RsbHLHs under heat stress.
Nine genes (RsbHLH016, 033, 048, 053, 058, 059, 107,
114, and 115) were significantly upregulated compared
with controls, suggesting their involvement in heat stress
response. Notably, RsbHLH053 and RsbHLHO059 are
orthologous to Arabidopsis MYC2 and JAM2/bHLH13,
respectively, both of which have been implicated in ther-
motolerance regulation. For example, high temperature
induces NtMYC2a expression to regulate nicotine and JA
biosynthesis in tobacco [74], and JAM genes are required
for Arabidopsis TWA1l-mediated thermotolerance [75].
These findings, together with our RT-qPCR data, indicate
that RsbHLHO053 and RsbHLHO059 likely play central roles
in heat stress response in R. simsii.

Conclusions

In this study, we totally characterized 116 RsbHLH fam-
ily genes in R. simsii genome, which were divided into
17 groups based on the tree topology, structure analysis,
and identified AtbHLHs. Characterization of cis-acting

regulatory elements in promoter regions of RsbHLHs
showed that the heat-stress-related (ARE and TC-rich
repeats) and flower-related (MSA-like, CAT-box, GATA-
motif, and I-box) cis-regulatory elements were widely dis-
tributed in 39 RsbHLH genes from 12 groups. Expression
analysis of the RsbHLH family genes in different organs
of R. simsii revealed that 23 and 13 RsbHLH genes were
specifically expressed in vegetative organs and flowers,
respectively. Investigation of the RsbHLH family genes in
five distinct stages of flower development showed that 49
RsbHLH genes were differentially expressed in different
stages of flower development. Then, we further explored
the expression patterns of 12 randomly selected Rsb-
HLH genes with high expression levels in flower in high-
temperature-treated R. simsii, found that nine RsbHLHs
were significantly upregulated after high-temperature
treatment. Function annotation revealed that RsbHLH53
(torthologous gene of MYC2) and RsbHLHS59 (ortholo-
gous gene of JAM2/bHLH13) might play essential roles
in regulating high temperature stress response. This
study not only systematically identified and analyzed the
RsbHLH family genes in R. simsii, but also screened two
candidate genes potentially involved in flower develop-
ment and heat stress response. However, functional vali-
dation of these candidate genes and the limited number
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of experimental samples represent potential limitations,
which should be addressed in future studies.
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