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Abstract

Background Rose (Rosa hybrida) is a globally recognized ornamental plant whose growth and distribution are
strongly limited by drought stress. The role of Mediator, a multiprotein complex crucial for RNA polymerase ll-driven
transcription, has been elucidated in drought stress responses in plants. However, its physiological function and regu-
latory mechanism in horticultural crop species remain elusive.

Results In this study, we identified a Tail module subunit of Mediator, RAMED15a-like, in rose. Drought stress, as well
as treatment with methyl jasmonate (MeJA) and abscisic acid (ABA), significantly suppressed the transcript level

of RhMED15a-like. Overexpressing RhMED]15a-like markedly bolstered the osmotic stress tolerance of Arabidopsis,

as evidenced by increased germination rate, root length, and fresh weight. In contrast, the silencing of RhMED15a-like
through virus induced gene silencing in rose resulted in elevated malondialdehyde accumulation, exacerbated leaf
wilting, reduced survival rate, and downregulated expression of drought-responsive genes during drought stress.
Additionally, using RNA-seq, we identified 972 differentially expressed genes (DEGs) between tobacco rattle virus
(TRV)-RAMED1 5a-like plants and TRV controls. Gene Ontology (GO) analysis revealed that some DEGs were predomi-
nantly associated with terms related to the oxidative stress response, such as ‘response to reactive oxygen species’
and ‘peroxisome’ Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment highlighted pathways
related to‘plant hormone signal transduction; in which the majority of DEGs in the jasmonate (JA) and ABA signalling
pathways were induced in TRV-RhMED15a-like plants.

Conclusion Our findings underscore the pivotal role of the Mediator subunit RAMED15a-like in the ability of rose

to withstand drought stress, probably by controlling the transcript levels of drought-responsive genes and signalling
pathway elements of stress-related hormones, providing a solid foundation for future research into the molecular
mechanisms underlying drought tolerance in rose.
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drought can result in irreparable damage or even plant
death [1, 4, 5]. Plants have evolved myriad strategies to
enhance survival during water deficit conditions, such
as physiological and biochemical adaptations. Drought
can stimulate the synthesis of stress-protective com-
pounds such as trehalose and proline, activate antioxi-
dant defence systems to maintain redox balance, and lead
to the utilization of peroxidase enzymes to minimize cell
injury and preserve membrane integrity [4, 6—8]. Moreo-
ver, drought stress induces modifications in the concen-
trations of various phytohormones, including abscisic
acid (ABA) and jasmonate (JA), and their associated sig-
nalling networks. Many such adaptive responses involve
systemic transcriptional regulation of genes critical to
plant drought resistance [9, 10]. DNA-binding tran-
scription factors (TFs) including dehydration-responsive
element binding (DREB) protein, NAM ATAF CUC2
(NAC2), AP2/ERF, and WRKY, are well studied [9]. Nev-
ertheless, the transcriptional regulation of downstream
genes by gene-specific TFs calls for the participation of
the Mediator complex as a coregulator, an indispensa-
ble facilitator in forwarding information from TFs to the
transcription machinery [11, 12].

The Mediator complex acts as a molecular link between
DNA-binding TFs and RNA polymerase II (RNA pol II)
[13]. Initially discovered in yeast, Mediator has proven
to be essential for in vitro transcription activation [14,
15]. Mediator proteins in human and plant cells were
subsequently purified [16, 17]. Although earlier findings
suggested low sequence conservation among Media-
tor subunits of diverse species, a later examination of
genomic sequences from multiple eukaryotes indicated
that Mediator is broadly evolutionarily conserved [18].
Eukaryotic Mediator consists of three core subcom-
plexes and a detachable kinase module [19, 20]. The core
Mediator contributes to numerous transcriptional stages,
including RNA pol II initiation, pausing and elonga-
tion, reinitiation, and transcription of certain siRNA and
miRNA precursors [21, 22]. Among the core Mediator,
the Tail subcomplex is considered to have a crucial func-
tion in its interaction with TFs [23-25].

Mediator subunits have been found to have functions
in plant response pathways to environmental stimulus,
such as cold, heat, salinity, drought, and nutrient defi-
ciency [11, 19, 26-30]. MED25 has been shown to be a
crucial element in stress response signalling pathways
[11, 31, 32]. In Arabidopsis, while med25 is sensitive to
salt stress, it is resistant to drought [33—35]. The multi-
functional protein MED25 interacts with various TFs.
Genetic evidence revealed that MED25 acts as a posi-
tive modulator of JA signalling by interacting with MYC2
while also acting as a negative modulator of ABA signal-
ling by interacting with ABI5 [32]. The ACID domain of
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MED?25 also interacts with known drought-related TFs,
such as DREB2A, MYB-like proteins, and ZFHD1 [34].
In Arabidopsis, med18 exhibited heightened sensitivity
to salt stress and ABA treatment. MED18 functions as a
positive modulator of the ABA response and collaborates
with ABI4 and YY1 to regulate the expression of impor-
tant genes responsive to abiotic stresses [36—38]. The
kinase module subunit CDKS8 has been suggested to be
an essential regulator of drought response pathways and
ABA signalling in Arabidopsis. Compared with wild-type
Arabidopsis, the cdk8 mutant exhibited decreased ABA
sensitivity, dysfunctional stomatal apertures, and height-
ened drought sensitivity [39]. Although extensive explo-
ration of Mediator has been performed with Arabidopsis,
studies involving horticultural crop species are limited.

Rose (Rosa hybrida) holds a significant place in the
world due to its extensive use in ornamental gardens,
as cut flowers, and as a crucial raw material for the per-
fume and cosmetic industries [40]. Despite its impor-
tance, cultivating roses is strongly hindered by drought
stress, which restricts growth and blooming and con-
siderably increases cultivation costs [41]. Unfortunately,
the molecular mechanisms by which rose plants respond
to drought stress are still largely ambiguous. Our previ-
ous research elucidated the function of the transcription
factor RhPTM, which contributes to a striking balance
between growth and drought survival in rose through
interaction with the aquaporin RhPIP2;1 [42]. Here, we
identified RAMEDI5a-like, a Tail module subunit of
Mediator, which plays a crucial role in drought tolerance
in rose. Furthermore, REMED15a-like was found to con-
trol the expression of genes responsive to drought and
those related to hormone signal transduction. The data
from this study provide new details related to the involve-
ment of the Mediator subunit in the plant response to
abiotic stress and offer new insights into the molecular
mechanics of drought stress tolerance in rose.

Materials and methods

Plant materials and growth conditions

The plantlets of Rosa hybrida cv. Samantha were obtained
through tissue culture. The cultured shoots were nur-
tured on Murashige and Skoog medium (MS; Duchefa
Biochemie) that included 1.0 mg/L 6-benzylaminopurine,
0.05 mg/L a-naphthaleneacetic acid, and 3 mg/L gibber-
ellin A3 for a period of 30 days at a consistent tempera-
ture of 22 +1 °C, following a 16-h light and 8-h dark cycle.
Subsequently, the shoots were moved to 1/2 MS medium
that contained 0.1 mg/L a-naphthaleneacetic acid for
45 days to facilitate rooting. After successful rooting, the
plants were moved to pots that contained peat moss and
vermiculite (1:1) and grown under the same conditions as
those described above for 30 days.
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Transgenic Arabidopsis thaliana plants were derived
from the Columbia (Col-0) ecotype background. These
plants were cultivated in pots in an incubator under con-
trolled conditions, i.e., 23 °C temperature, a photoperiod
of 16/8 h (light/dark), and approximately 60% relative
humidity.

Dehydration and mannitol treatments

For the rose dehydration treatments, the cleaned roots
of the plants were held in purified water for 1 day. Then,
the plants were desiccated on the middle layer of a cli-
mate chamber set at a temperature of 25 °C, approxi-
mately 60% relative humidity, and a light intensity of
250 pmol'-m™2s~!. The control plants were maintained
in water under the same conditions. Each plant was
weighed and sampled at the specific time points during
dehydration.

For mannitol stress treatment in transgenic Arabidop-
sis, approximately 36 seeds from each of the RAMEDI15a-
like-overexpressing plant lines (OE-6, 8, and 9) and the
vector control (VC) were cultivated on MS plates with
varying mannitol concentrations (0, 200, and 300 mM).
The germination rates were measured on the 9th day
post-sowing. For the root length and fresh weight assays,
sterilized seeds from both the OE and VC lines were
nurtured on MS medium for three days. These seedlings
were then moved to fresh medium supplemented with
mannitol (0, 200, or 300 mM). Data regarding root length
and plant fresh weight were collected after 12 days of ver-
tical growth. Each treatment had three independent bio-
logical replicates.

Phytohormone treatments

Rose leaf discs were soaked in 200 uM ABA, 200 pM
methyl jasmonate (MeJA) or 200 puM salicylic acid (SA)
solution plus 0.05% Tween for 1 d. Mock samples were
treated with corresponding solution without any phyto-
hormones. Then, these processed leaf discs were sampled
and subjected to the next step of gene expression testing.

RNA extraction and quantitative real-time PCR

An RNA rapid extraction kit (BOLAZ, Nanjing, China)
was used to isolate total RNA from the rose leaves or
roots. First-strand complementary DNA (cDNA) was
generated by employing the PrimeScript " II 1st Strand
c¢DNA Synthesis Kit (Takara, Shiga, Japan). qRT-PCR
was performed by using the TaKaRa"™ SYBR® FAST
qPCR Kit (Takara, Shiga, Japan). The transcript levels
were analysed with reference to RhUBI2. All reactions
were biologically replicated a minimum of three times.
Table S1 lists the primers utilized in this study.
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Vector construction and Arabidopsis transformation

The coding sequence of REMEDI15a-like was incorpo-
rated into the Kpnl and Sall sites of the pCAMBIA2300s
vector. The resulting pCAMBIA2300s-RhMEDI15a-like
plasmid was subsequently introduced into Agrobac-
terium tumefaciens strain GV3101. The recombinant
plasmid was further transferred into wild-type (WT)
Arabidopsis via the floral dipping method [43]. Trans-
genic Arabidopsis plants were screened on MS medium
containing 50 mg/L kanamycin. Subsequently, transgenic
lines that showed 100% germination were chosen for fur-
ther use. The expression levels of REMEDI15a-like in each
selected line of the T generation were evaluated by qRT-
PCR. Table S1 lists the primers utilized in this study.

Subcellular localization

The ORF sequence of REMEDI5a-like was integrated
with the carboxyl-terminal side of the GFP gene before
being inserted into the pCAMBIA2300s vector. The
use of a plasma membrane marker (PM-rk) and nuclear
marker (NF-YA4) labelled with mCherry has been
reported. Subsequently, both pCAMBIA2300s-GFP-
RhMEDI15a-like and the two abovementioned marker
vectors were transformed separately into Agrobacterium
strain GV3101. The leaves of tobacco plants (Nicotiana
benthamiana) that were 5 weeks old were infiltrated with
Agrobacterium. A laser scanning confocal microscope
(Olympus, Tokyo, Japan) was used to detect the fluores-
cence signals.

Virus-induced gene silencing (VIGS)

VIGS of REMEDI15a-like was implemented in accord-
ance with a previously described method [44]. A 350-
base pair (bp) specific fragment from the ORF region of
RhMEDI15a-like was inserted into the pTRV2 vector. The
pIRV2-RhEMEDI5a-like vector, along with the pTRV1
and pTRV2 vectors, was introduced into Agrobacterium
strain GV3101. After incubating, cells of Agrobacterium
were collected and resuspended in infiltration buffer
to an ODg, of approximately 1.5. Rose plantlets were
immersed in infiltration buffer and subjected to a vac-
uum pressure of -25 kPa twice, each lasting for 60 s. Next,
the soaked plants were washed and then transplanted
into pots for further examination.

Regarding the drought stress treatment, Agrobacte-
rium-infected plants were cultivated at a normal growth
conditions for 30 days. Then, the plants were deprived of
water for 20 days and allowed to return to regular water-
ing for another 20 days. Observations of any phenotypi-
cal variations in the rose plants were made at several time
intervals.
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Transcriptomic sequencing and analysis

Leaves of TRV control and TRV-RhEMED15a-like plants
subjected to RNA sequencing (RNA-seq) were harvested
45 days after infection Leveraging Sequencing by Synthe-
sis (SBS) technology, a significant amount of high-qual-
ity raw data was acquired utilizing an Illumina NovaSeq
6000 to produce 150 bp paired-end reads. After data
processing, the raw sequences were converted into clean
reads, which were subsequently aligned to the reference
genome sequence (Rosa chinensis GCA_002994745.1_
RchiOBHm_V2 from NCBI). The relative expression
levels were calculated using FPKM, which represents the
anticipated count of fragments per kilobase of transcript
sequence per million mapped fragments. The derived p
values were obtained using the Benjamini and Hoch-
berg method to control the false discovery rate. The cor-
relation coefficient and principal component analysis
between every pair of biological replicates were calcu-
lated (Fig. S3). Genes that exhibited a |log2FC|>1.0 and a
p value <0.05 were regarded as significantly differentially
expressed genes (DEGs). Furthermore, Cluster Profiler
was used for enrichment analysis to statistically catego-
rize the DEGs in the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways.

Statistical analysis

Significant discrepancies between the experimental data
related to the physiological indices and the results from
the qRT-PCR analysis were assessed using either one-
way analyses of variance (ANOVAs) with Duncan’s mul-
tiple range tests or independent-samples t test (p <0.05).

Results

Characteristics of RhMED15a-like

In our previous work, we discovered that the transcript
level of a gene encoding a Mediator subunit, RRMED15a-
like, in rose petals was significantly reduced under dehy-
dration stress, as indicated by the transcriptome data
(Fig. S1). Subsequently, we successfully isolated the full-
length cDNA sequence of REMEDI15a-like from rose.
The ORF of REMEDI5a-like spans 1590 base pairs and
encodes a protein consisting of 529 amino acids. To
investigate the structural features of RhMED15a-like, we
analysed its sequence using the Interpro database and
TMHMM web servers [45, 46]. The results revealed the
presence of a KIX domain and a transmembrane domain
within the deduced protein sequence of RhMED15a-
like (Fig. S2). Additionally, upon aligning the deduced
amino acid sequences of RhMEDI15a-like with those
of its homologues in other plants, we observed a high
degree of similarity at the amino terminus, which con-
tains the conserved KIX domain. This domain is known
to be involved in interactions between Medl5 and
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various transcriptional activators in Arabidopsis [47].
Notably, RhMEDI15a-like was the only protein that fea-
tured a transmembrane domain at the carboxyl terminus
(Fig. S2). Through phylogenetic analysis between RhM-
ED15a-like, RhMED15a (another homologous protein
of MEDI15 in rose) and the Mediator Tail module subu-
nits in Arabidopsis thaliana, including MED14, MED15,
MED16, MED23, MED24/33/5, MED25, MED27/3, and
MED29/32/2 [22], we found a close relationship between
RhMED15a-like, RhMED15a and AtMED15 (Fig. 1a).
These findings suggest that RhRMED15a-like is a homo-
logue of the MED15 protein and belongs to the Mediator
Tail module, which plays a crucial role in interacting with
gene-specific TFs (Fig. 1a) [47].

Then, we obtained a nearly 3 kb promoter sequence
of RhUMEDI5a-like and conducted an analysis of cis-
acting regulatory elements (CREs) using the PlantCARE
database. The results indicated the presence of several
CREs in the RhEMEDI15a-like promoter that respond
to plant hormones and abiotic stresses (Fig. 1b). These
included two ABA-responsive elements (ABREs), three
MeJA-responsive elements (TGACG motifs), one SA-
responsive element (TCA element), and one gibberellin
(GA)-responsive element (GARE motif) for phytohor-
mone response. Additionally, there were two drought-
responsive MYB binding sites (MBSs) and one anaerobic
stress-responsive element (ARE) involved in the abiotic
stress response. These results suggested that the tran-
scriptional profile of REMEDI15a-like may vary under
drought stress conditions and in the presence of certain
hormones, such as ABA, MeJA, SA, and GA.

Analyses of the expression of RhMED15a-like in response
to drought and phytohormone treatments

To further analyse the responsiveness of RhEMEDI15a-
like to water stress, we examined the expression profile
of RUMEDI15a-like in 1-month-old rose seedlings sub-
jected to 24 h of dehydration. As depicted in Fig. 2a,
the control plants displayed healthy characteristics,
with smooth leaves and light brown roots. In contrast,
plants exposed to dehydration stress exhibited symp-
toms of wilting and drying after just 1 h of treatment.
Furthermore, some leaves became curved, and the
roots darkened in colour. Consistent with these obser-
vations, the dehydration-treated plants experienced
a significantly greater rate of water loss than did the
control plants during the treatment period (Fig. 2b).
The qRT-PCR results indicated that REMEDI15a-like
transcription was rapidly and significantly repressed
by dehydration stress in both the leaf and root samples
of rose plants (Fig. 2c). The abundance of REMED15a-
like decreased substantially in both organs within 1 h
of treatment, reaching approximately 14.5% in leaves
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Fig. 1 Phylogenetic relationships of RAMED15a-like and diagram of the RhMED15a-like promoter region. a Phylogenetic relationships

between RAMED15a-like, RAMED15a and the Mediator Tail module subunits in Arabidopsis. MEGA 7.0 was utilized to construct

the neighbour-joining tree. The RhMED15a-like protein is represented by a black solid circle. Bootstrap values delineate each branch’s divergence,
with the scale demarcating the branch length. AtMED15 (NP_173030.1), AtMED25 (NP_173925.3), AtMED29 (NP_172641.2), AAMED 14
(NP_187125.1), AtMED23 (NP_173737.1), AtIMED16 (NP_192401.5), AtMED27 (NP_566345.1), AtMED33b (NP_566125.4), AtMED33a (NP_189001.1). b
Potential CREs present in the RhWMED15a-like promoter. The CREs that respond to plant hormones and environmental stresses were analysed using
the PlantCARE database and are indicated by different colours
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Fig. 2 The expression level of RhMED15a-like in rose plants under dehydration stress and hormone treatments. a Morphological changes in rose
plants under dehydration treatment. Dehydration-treated rose plants were placed horizontally with their roots exposed to air, while the controls
were held in water under the same conditions. Cont, control plants; DE, dehydration-treated plants. Scale bar, 7 cm. b The water loss rate of rose
plants under dehydration stress. The values represent the means +SDs (n=3). ¢ Relative expression of the RhMED15a-like gene in the leaves

and roots of rose plants after dehydration treatment for 0, 1, 6, 12, and 24 h. The transcript level of RhMED15a-like at O h was normalized to 1. The
values represent the means +SDs (n=3). d Relative expression of RhMED15a-like under exogenous hormone treatments. ABA, 200 uM abscisic acid;
SA, 200 pM salicylic acid; JA, 200 uM methyl jasmonate. The values represent the means + SDs (n =3). The asterisks denote significant differences
calculated using the independent samples t test (**p <0.01; ***p <0.001, two-tailed)

and 17.7% in roots after 12 h compared to that in the
control. These findings aligned with the transcriptome
data from dehydrated rose petals (Fig. S1), suggesting
that the inhibitory effect of dehydration treatment on
RhMEDI5a-like expression extends to multiple organs

in rose.

We also determined the transcript level of RhM-
EDI15a-like in response to drought-related phytohor-
mones, including ABA, MeJA, and SA [48-50], based
on the analysis of CREs of its promoter (Fig. 1b). Leaf
discs were soaked in solutions of these phytohor-
mones for 24 h. The results demonstrated a significant
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downregulation of REMEDI15a-like by ABA, MeJA, and
SA after this treatment period (Fig. 2d). Specifically,
MeJA and ABA treatments reduced REMEDI15a-like
expression by approximately 88.7% and 52.6%, respec-
tively, suggesting a potential role for REMEDI15a-like in
MeJA- and ABA-mediated stress responses.

RhMED15a-like was localized to the nucleus and plasma
membrane

To trace the subcellular localization of RhMED15a-
like, we obtained a 35S::GFP-RhWMEDI15a-like con-
struct and introduced it into the leaf cells of Nicotiana
benthamiana. mCherry-labelled plasma membrane
markers or nuclear markers were also used [51]. The
results showed that the green fluorescence signals of
RhMED15a-like closely matched the red signals of both
markers (Fig. 3), indicating that RhRMED15a-like was
localized to the nucleus and plasma membrane.

GFP

GFP
+
NF-YA4-mCherry

GFP-RhMED15a-like
+

NF-YA4-mCherry

GFP-RhMED15a-like
+
PM-mCherry

mCherry
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Overexpression of RhMED15a-like enhanced osmotic stress
tolerance
To test the possible involvement of REMEDI5a-like in
the drought tolerance of plants, we overexpressed RhM-
EDI5a-like in Arabidopsis via a constitutive promoter.
Three stable and homozygous overexpression (OE) lines
(OE-6, 8, and 9) with relatively high expression levels
of REMEDI15a-like were used for phenotypic analyses
(Fig. 4b). For the osmotic stress treatment, seeds from
both the OE and vector plant (VC) groups were placed
on MS plates containing 0, 200 or 300 mM mannitol. On
MS medium without mannitol, nearly 100% of the seeds
in both groups germinated (Fig. 4a, c). However, the seed
germination rates of both groups greatly decreased under
osmotic stress. After the plants were exposed to 200 mM
mannitol, the average germination rate of the OE plants
was approximately 1.2-fold greater than that of the VC
plants.

The phenotypes of the roots of REMEDI5a-like OE
plants under mannitol treatment were also analysed.

Bright

Merge

Fig. 3 Subcellular localization of RAMED15a-like.GFP-RhMED15a-like signals expressed in N. benthamiana. It was expressed alongside both the
plasma membrane marker (CD3-1007) and the nuclear marker (NF-YA4), each labelled with mCherry. GFP paired with NF-YA4-mCherry served

as the control. Scale bars, 50 um

(See figure on next page.)

Fig. 4 RhMED15a-like overexpression augmented osmotic stress tolerance in Arabidopsis. a Seed germination phenotype

of RhMED15a-like-overexpressing (OE) lines and vector control (VC) plants. Ty seeds from RhMED15a-like-OE lines (OE-6, 8, and 9) and VC plants
were subsequently grown on MS plates supplemented with mannitol (0, 200, or 300 mM). Images of the seedlings were taken nine days after they
were planted. Scale bar, 1.5 cm. b Expression of RhMED15a-like in the leaves of 3-week-old RWMED15a-like-OE and VC plants.The values represent
the means+SDs (n=3). Significant differences determined by independent samples t test are denoted by asterisks (** p<0.01; *** p<0.001,
two-tailed). ¢ Seed germination rates of RhMED15a-like-OE and VC plants subjected to osmotic stress. The results are based on three replicates
with 36 seeds per line. d Root phenotype of the RAMED]5a-like-OE and VC lines after osmotic stress treatment. Both groups were nurtured

for 3 days and then transferred to MS agar plates containing varying mannitol concentrations (0, 200, and 300 mM). Scale bar, 1.5 cm. Root length
(e) and fresh weight analysis (f) of RAMED15a-like-OE and VC plants. The root length and fresh weight were determined after 12 days of vertical
growth. Statistically significant differences were analysed using Duncan’s multiple range test and are denoted with lowercase letters (p <0.05)
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Three-day-old plants were moved to MS medium con-

taining varying concentrations (0, 200, and 300 mM) of
mannitol, followed by a 12-day vertical growth period. In

the absence of mannitol, the length of the primary roots
of the OE plants were equal to those of the VC plants, as
determined via observation on MS plates (Fig. 4d, e). An
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increase in the concentration of mannitol correspond-
ingly decreased primary root lengths in all plants, with
the greatest suppression observed at 300 mM mannitol.
However, under osmotic stress, the OE plants exhibited
significantly longer primary root lengths than did the VC
plants (Fig. 4d, e). In the medium containing 200 mM
mannitol, the root lengths of the three OE lines decreased
by approximately 37.9%, in contrast to the average 66.7%
reduction observed in the VC plants. In addition, com-
pared with that of the VC plants, the fresh weight of the
OE plants was significantly greater after mannitol expo-
sure (Fig. 4f). Collectively, these results suggested that
RhMEDI15a-like overexpression bolstered osmotic toler-
ance in Arabidopsis.

Silencing of RhMED15a-like reduced tolerance to drought
stress

To gain further insight into the role of RUMEDI5a-like
under water scarcity, REMEDI5a-like was silenced in
rose plants using a VIGS approach. As demonstrated by
the qRT-PCR results, REMEDI15a-like expression was
substantially lower in the TRV-RAMEDI5a-like plants
than in the TRV plants (Fig. 5b). For drought stress test-
ing, both groups underwent 20 days of water deprivation
on the 30th day post infection, and subsequent normal
watering was resumed for another 20 days. Leaf wilting
rates were documented every four days. Figure 5a shows
that on Day 16 of drought treatment, the TRV control
plants began to wilt. In comparison, the RIMEDI5a-
like silenced plants exhibited wilting much earlier, on
Day 12, and exhibited greatly increased wilting during
the drought treatment. The leaf wilting rate of the RhM-
EDI5a-like-silenced plants increased strikingly under
drought stress, reaching nearly 1.5 times that of the TRV
control plants on Day 20 (Fig. 5¢).

The MDA contents of both the control plants and those
with RAMEDI1Sa-like silenced were compared before
drought stress and after twelve days of treatment. Sig-
nificant MDA variations were not detected between the
two groups under normal conditions (Fig. 5e). However,
the MDA content of the RUMED15a-like-silenced plants
was approximately 2.4 times greater than that of the TRV
plants during drought treatment, showing that these
plants experienced more damage during drought treat-
ment. Moreover, nearly 70.5% of the TRV control plants
survived after rewatering, but only approximately 37.3%
of the RUMED15a-like-silenced plants survived drought
(Fig. 5d). These findings suggested that the silencing of
RhMEDI5a-like decreases tolerance to drought stress in
rose.

To explore the potential role of RhMED15a-like in
enhancing the resistance of roses to water stress through
the regulation of drought-related genes, we assessed the
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transcript levels of several drought-responsive genes,
namely, RD29A, P5CS, ERD14, NCEDI, and DREBIB, in
control plants and those with REMED15a-like silenced on
the twentieth day of water deficit treatment. The results
showed that the expression of the tested genes were sub-
stantially increased in both groups under drought condi-
tion. However, the drought-induced expression levels of
these genes were significantly lower in the TRV-RhM-
EDI5a-like plants than in the TRV controls (Fig. 6), indi-
cating that REMED15a-like promotes the transcription of
these genes during drought stress.

Analysis of the regulatory network downstream

of RhMED15a-like

To gain further insight into the regulatory network
downstream of REMEDI15a-like, we employed a large-
scale screen for DEGs between TRV-REMED15a-like and
TRV plants via RNA-seq. After filtration, we obtained
37.7 Gb of clean data, averaging 6.3 Gb per sample. Clean
reads were subsequently aligned to the reference genome
of Rosa chinensis ‘Old Blush! The Q30 levels of all the
samples exceeded 92.0%, with the GC content of the six
samples ranging between 47.4% and 48.2% (Table S2).
We identified 972 DEGs (FDR<0.05 and |[log2FC|>1)
between TRV-REMEDI15a-like and TRV plants, among
which 555 genes were upregulated and 417 genes were
downregulated in TRV-REMEDI5a-like plants compared
to TRV plants (Fig. 7a).

The DEGs were mapped to the GO database to iden-
tify related functions (Fig. 7c). We observed significant
enrichment of GO terms in the biological process (BP)
category such as ‘translation, ‘nuclear-transcribed mRNA
catabolic process; and ‘translational elongation’; terms in
the molecular function (MF) category such as ‘structural
constituent of ribosome; and ‘RNA binding’; and terms in
the cellular component (CC) category such as ‘ribosome’
and ‘spliceosomal complex; revealing the potential roles
of RhMEDI15a-like related to these GO terms, which
was consistent with the functions of MEDs in numerous
stages of transcription [21, 22]. We also observed signifi-
cant enrichment of the GO terms ‘response to reactive
oxygen species’ in the BP category, hydroquinone:oxygen
oxidoreductase activity’ in the MF category, and ‘per-
oxisome’ in the CC category, suggesting the possible
involvement of REMEDI5a-like in the response to oxi-
dative stress, which can be triggered by drought condi-
tions as a secondary stress [2]. The expression levels of
most DEGs associated with these three GO terms were
upregulated in the REIMEDI5a-like-silenced plants com-
pared with those in the TRV control plants (Table S3).
This result suggested that disruption of the REMEDI5a-
like gene may regulate oxidative stability in rose plants.
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Fig. 5 RhMED15a-like played a positive role in the resistance of roses to drought stress. Both TRV (TRV control) and TRV-RhMED15a-like

plants underwent similar growth conditions: a 30-day period under normal conditions, a subsequent 20-day period of water deprivation,

and a subsequent 20-day period of rewatering. a Phenotypes of TRV and TRV-RhMED15a-like during drought treatment. D, drought treatment;

RW, rewatering stage. Scale bar, 7 cm. b Relative expression of RhMED15a-like in TRV and TRV-RhMED15a-like plants. RhUBI2 served as the internal
reference gene. Data are the means+SDs (n>5). ¢ Leaf wilting rate of TRV-RhMED15a-like under drought condition. Data are the means +SDs
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The analysis of the DEGs by employing KEGG path-  several pathways. These pathways included ‘ribosome;
way enrichment, facilitated by the use of the KOBAS ‘plant hormone signal transduction, ‘MAPK signalling
program, indicated the enrichment of DEGs within pathway, and ‘starch and sucrose metabolism’ (Fig. 7b).
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Phytohormones play an essential role in the response to
abiotic stresses in plants, prompting us to pay particular
attention to the thirteen DEGs that were involved in the
signalling pathway of stress-associated hormones. These
hormones included ABA, JA, and SA (Table 1). The
ABA signal transduction pathways contained the great-
est number of DEGs, followed closely by the JA signal
transduction pathways. Notably, we identified the upreg-
ulation of most DEGs within the ABA and JA signalling

(See figure on next page.)

pathways due to the silencing of REMED15a-like in con-
trast to that in the TRV control. This result suggested that
disruption of the REMED15a-like gene influences the sig-
nal transduction of these stress-associated hormones in
rose plants. This interference might be a leading factor
altering rose drought resistance.

For further validation of the RNA-seq data, nine
randomly chosen DEGs were subjected to qRT-PCR.
These genes included six upregulated DEGs (GH3.1,

Fig. 7 KEGG and GO analyses of DEGs between RhMED15a-like-silenced plants and TRV controls. a Volcano diagram analysis of the DEGs. A total
of 972 DEGs were identified in the TRV-RhMED15a-like and TRV control comparisons, with 555 upregulated and 417 downregulated DEGs. b
KEGG assignments for the DEGs. The number next to the column indicates the total number of DEGs in the same category, and the percentage
in the bracket indicates the proportion of a specific category of DEGs to the total number of annotated DEGs. ¢ GO assignments for the DEGs
(p<0.05, gene ratio> 1.0). The percentage of a specific category of DEGs in each main category is indicated by the left y-axis
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Table 1 DEGs involved in the signal transduction pathways of stress-related phytohormones

Gene ID Gene description log,FC p value
ABA
LOC112177157 serine/threonine-protein kinase SAPK2-like -2.0995 0.0017
LOC112170995 transcription factor PIF1 1.1555 0.0076
LOC112185404 protein phosphatase 2C 77-like 2.0422 0.0030
LOC112186701 serine/threonine-protein kinase SAPK1-like 1.1803 0.0192
LOC112197995 major allergen Pruar 1-like 1.5827 0.0361
LOC112177387 low-temperature-induced 65 kDa protein isoform X1 2.0984 0.0004
JA
LOC112189737 protein TIFY 10a 13313 0.0172
LOC112190005 protein TIFY 10b-like 27137 0.0050
LOC112176325 protein TIFY 6B isoform X1 1.1956 0.0161
LOC112175688 transcription factor MYC2-like 1.6827 0.0050
LOC112182139 transcription factor MYC3 1.1961 0.0017
SA
LOC112170085 pathogenesis-related protein 1-like -1.18125 0.0178
LOC112200867 pathogenesis-related protein PR-1-like -1.08938 0.0430

TRV vs. TRV-RhMED15a-like
FCfold change

bHLH35, ATP-PEK6, NAC72, MYBI02 and ERF2) and
three downregulated DEGs (SAPK2, HYS5, PEPC4). The
analysis was conducted on REMEDI5a-like-silenced
and TRV control samples (Fig. 8). The results revealed
a high resemblance in the expression patterns of DEGs
between the qRT-PCR and RNA-seq analyses, despite
minor variations in FC values. This similarity suggests
highly consistent results between the two analytical
methods, subsequently confirming the trustworthiness
and precision of the RNA-Seq analysis.

Discussion

Drought, a pervasive abiotic stressor, significantly cur-
tails plant productivity and survival in numerous regions
worldwide [1, 4, 5]. Many studies have reported that TFs

play a notable role in bolstering drought resistance in
plants via regulating the expression of drought-related
genes [9, 10]. However, there is minimal research on the
involvement of transcription cofactors such as Mediator.
The plant Mediator is involved in RNA pol II-mediated
transcription [52]. Mediator has crucial functions in vari-
ous growth, development, stress response and cellular
movement processes in plants [19, 26, 53, 54]. To date,
the majority of studies on plant Mediator subunits have
been conducted with Arabidopsis, with minimal research
extending to other plant species, such as rice and tomato
[55, 56]. In our study, we discovered a new Mediator Tail
module subunit, REMEDI15a-like, in rose and investi-
gated how it influences the plant response to water stress
in Arabidopsis and rose.
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Multiple Mediator subunits, namely, MED2, MED?7,
MEDS, MED14, MED16, MED17, MED19a, MED?25,
MED36a, and CDKS, play a role in the response to vari-
ous abiotic stresses [11, 19]. With respect to water scar-
city, med25 mutants of Arabidopsis exhibited drought
resistance [33-35], while Med19a mutants were less
resistant to drought stress, as confirmed by increased
water loss rates and reduced survival rates [57]. Com-
pared with the control, the Arabidopsis cdk8 mutant
displayed diminished ABA sensitivity, flawed stomatal
apertures, and increased drought stress susceptibility
[39]. Our research revealed that REMEDI5a-like also
plays a pivotal role in plant resistance to water stress.
RhWMEDI15a-like overexpression heightened osmotic
stress tolerance in transgenic Arabidopsis, as indicated
by an increased germination rate, extended root length,
and increased fresh weight under mannitol treatment
(Fig. 4). In contrast, REMEDI5a-like silencing decreased
tolerance to drought stress in rose, as verified by an
escalated leaf wilting rate, increased MDA content, and
reduced survival rate (Fig. 5). These findings suggest that
RhMEDI5a-like functions as a positive regulator of plant
tolerance to water stress. These results not only deepen
our knowledge of the functions of Mediator subunits in
plants but also shed light on the molecular mechanisms
underpinning tolerance to drought stress in rose.

In addition, a subset of mediator subunits, such as
MED15, has been previously reported to participate in
development processes. Notably, med15/nrb4-4 Arabi-
dopsis plants exhibited a reduced size and a lower flower
count but, conversely, an increase in additional stems
post-bolting compared to the wild type [58]. In con-
trast, no significant differences were observed in plant
height between RHMEDI5a-like-silenced rose plants
and TRV controls or between the sizes of REMEDI5a-
like-overexpressing Arabidopsis and VC plants (data not
shown). The phenotypic disparities between REMED15a-
like-silenced rose and medl5 Arabidopsis potentially
stemmed from the divergent roles that MED15s might
play in various plant species and at different plant devel-
opmental stages, as well as from the efficiency of gene
silencing. Therefore, an in-depth investigation is required
to determine whether REMEDI5a-like contributes to the
growth and development of rose plants.

Previous reports have shown that drought-related gene
expression, which can influence drought resistance, can
be regulated in genetically modified plants or mutants
during water stress [34, 59]. For example, the expression
levels of RD29A, RD29B, and DREB2A notably increase
under drought treatment in med25 Arabidopsis, cor-
roborating its drought-resistant phenotype [34]. CDKS,
another Mediator subunit, serves as a positive regulator
of both drought response pathways and ABA signalling
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in Arabidopsis [39]. ABA-responsive genes, including
DREB2A, RD29B, COR27, and RAP2.6, were less strongly
induced in the ¢dk8 mutant than in the wild type. Our
study revealed significantly lower transcript levels of
drought-responsive genes, including stress/ABA-respon-
sive genes (RD29A, RhP5CS, ERDI14) [60-62], an ABA
synthesis gene (RINCEDI) [63], and an ABA-independ-
ent gene (RhDREBIB) [64], in REMEDI15a-like-silenced
rose than in TRV controls during drought condition,
which aligned with the drought-sensitive phenotype
of RUMEDI15a-like-silenced rose plants (Figs. 5 and 6).
Therefore, RhMED15a-like may be involved in rose
drought tolerance through the modulation of gene
expression in ABA-dependent as well as ABA-independ-
ent pathways.

Some phytohormones, notably ABA, JA, SA, and eth-
ylene, have been shown to either independently or syn-
ergistically manage drought responses in plants [4, 42,
65, 66]. ABA, in particular, is a crucial stress-signalling
hormone that increases in concentration during drought
stress periods, acting as the primary hormonal signal-
ling agent for plants under water stress conditions [67,
68]. Our current study revealed differential expression of
two significant genes associated with ABA signal trans-
duction, phosphatase 2C (PP2C) and serine/threonine-
protein kinase (SAPK), between REMED15a-like-silenced
rose and TRV controls (Table 1). This suggested the
possibility of ABA signalling pathway activation due to
RhMEDI15a-like silencing. Similarly, rice sapk2 mutants
were found to be more susceptible to drought stress com-
pared to their wild counterparts, indicating that SAPK2
can increase the tolerance of rice plants [69]. In contrast,
overexpression of Zea mays ZmPP2C in Arabidopsis
resulted in decreased salt and drought tolerance [70]. In
this context, our RNA-seq analysis revealed a substan-
tial suppression of SAPK2-like expression and an induc-
tion of PP2C 77 due to REMEDI5a-like silencing in rose
plants, consistent with the observed reduction in drought
resistance in RAIMEDI5a-like-silenced plants. With
regard to JA, growing evidence suggests that JA primar-
ily regulates plant drought resistance by modulating sto-
matal closure and transpiration loss [71-73]. Our results
showed that within the JA signalling pathway, 3 TIFY
genes and 2 MYC genes, which include MYC2, a critical
regulator of the JA pathway, were significantly induced
in REMED]15a-like-silenced rose (Table 1). It was previ-
ously reported that the levels of JA-Ile increased in pet-
als under dehydration, weakening the ability for osmotic
adjustment in petal cells and thereby reducing the toler-
ance to dehydration stress in rose [42, 66]. Consequently,
the induction of these genes by the silencing of RhM-
EDI5a-like was consistent with the drought-sensitive
phenotype of the silenced plants. Nevertheless, further
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evidence is necessary to explore whether REMED15a-like
plays a role in regulating JA and/or ABA signalling under
drought conditions in rose.

While REMEDI15a-like is instrumental in enhancing
drought stress tolerance in rose, its transcript levels were
significantly downregulated following dehydration stress
and stress-related hormone treatments (Fig. 2). Paral-
lel outcomes have been documented in related studies
[74-76]. For instance, Arabidopsis PUB22 and PUB23,
two analogous E3 ubiquitin ligases, are swiftly and simul-
taneously triggered by drought stress. Intriguingly, pub22
and pub23 mutants, which are functionally deficient,
exhibited markedly improved drought tolerance. Sub-
sequent research revealed that the protein products of
these two genes collaboratively regulate the drought sig-
nalling pathway through the ubiquitination of RPN12a,
a component of the 19S regulatory particle in the 26S
proteasome [74]. Similarly, the transcriptional activity of
osmotically responsive gene 4 (LOS4) remained unaffected
by cold stress, while its mutant demonstrated increased
sensitivity to such stress. Further experimental evidence
showed that the regulation of cold-responsive genes and
cold sensitivity in los4 plants were triggered by severe
defects in mRNA export [77]. These reports imply that
the role of genes in environmental stress resistance is not
consistent with their expression profiles under stressful
conditions due to the multifaceted molecular mecha-
nisms interwoven with regulation processes during envi-
ronmental stress responses [78, 79]. Given the functional
attributes of the Mediator Tail subunit, RhRMED15a-like
is likely to be instrumental in conferring drought resist-
ance. It may achieve this through interacting with hormo-
nal signalling elements and a multitude of TFs, thereby
altering the expression of numerous genes responsive
to drought and enhancing rose tolerance to such stress.
For instance, MED25, a Mediator subunit in the Tail
module, contrarily regulates drought resistance through
interactions with drought stress-induced proteins such
as DREB2A, PHOSPHATE STARVATION RESPONSE
LIKE1 (PHL1), and ZINC FINGER HOMEODOMAIN
1 (ZFHD1) [34, 80]. Similarly, MED15a homologues have
been found to interact with lots of TFs [47]. In Arabidop-
sis, interactome analysis revealed forty-five proteins that
interact with the KIX domain of AtMedl5a [47]. Our
study also revealed a KIX domain in the deduced protein
of RhMed15a-like (Fig. S2). Moreover, subcellular locali-
zation analysis revealed that RRMED15a-like is present in
the nucleus and plasma membrane (Fig. 3), which is simi-
lar to the localization pattern of AtMedl5a and OsM-
ED15a [81]. Both AtMed15a and OsMED15a are known
to interact with nuclear and nonnuclear proteins local-
ized at various cellular sites, indicating that these Media-
tor subunits may perform additional roles beyond their
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involvement in the Mediator complex. Our aim in future
investigations will be to screen the interactors of RhM-
ED15a-like which play an important role in the response
to drought stress in rose.

Conclusions

In conclusion, the novel Mediator subunit REMEDI15a-
like was successfully isolated and characterized from rose
plants. Upon exposure to dehydration stress and treat-
ment with both ABA and MeJA, the transcript level of
RhMEDI5a-like was markedly downregulated. Overex-
pression of REMEDI5a-like in Arabidopsis resulted in
enhanced osmotic stress tolerance, whereas silencing of
RhMED]15a-like in rose plants diminished drought stress
tolerance. The expression of several stress-responsive
genes was lower in the TRV-REMED15a-like plants than
in the TRV plants under drought stress. Furthermore,
many DEGs involved in the JA and ABA signalling path-
ways were induced in these silenced plants. Our findings
suggest that RAIMEDI1Sa-like ameliorates tolerance to
drought stress in rose, possibly through modulating the
expression of drought-responsive genes in concert with
genes associated with stress-related hormone signalling
pathways. In future applications, REMEDI15a-like has
potential as a candidate gene for manipulation via genetic
engineering techniques to bolster the drought tolerance
of rose.
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