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SsMYB113, a Schima superba MYB transcription factor,
regulates the accumulation of flavonoids and functions
in drought stress tolerance by modulating ROS generation
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Abstract

Aims R,R;-type MYB transcription factors are
associated with diverse developmental processes
and responses to abiotic stresses. However, there is
limited information regarding drought-responsive
R,R;-MYB in a widespread subtropical tree species,
Schima superba. Hence, the purpose of this study was
to identify and functionally characterize the role of
SsMYB113 in S. superba under drought stress.
Results  SSMYB113, a novel R,R;-MYB  transcription
factor that was targeted to the nucleus in Arabidopsis thali-
ana protoplasts, functioned as a transcriptional activator
during in vitro and in vivo assays. SsMYBI113 transcript
was abundant in the leaves of six-month-old S. superba,
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and was significantly up-regulated by PEG-simulated
drought stress and abscisic acid (ABA). Overexpression of
SsMYBI13 in A. thaliana seedlings led to enhanced toler-
ance to drought stress and facilitated flavonoid biosynthe-
sis and ABA accumulation, including of corresponding
biosynthetic genes, particularly SsCHS and SsNCED. Fur-
thermore, SSMYB113 was shown to bind directly to the
promoters of SsCHS and SsNCED using Y1H and a dual-
LUC assay, thus activating their expression. In addition,
in SsMYBI 13-overexpressing lines, proline, water content,
superoxide dismutase, and peroxidase activities increased,
while malondialdehyde, electrolyte leakage, and the rate of
superoxide production decreased, suggesting the explicit
role of SsSMYB113 in conferring drought tolerance.
Conclusions Drought-responsive SSMYB113 func-
tioned as a positive regulator by participating in fla-
vonoid and ABA biosynthesis, thereby enhancing
drought stress tolerance in indigenous fast-growing S.
superba.
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Introduction

Schima superba Gardner & Champ. (Theaceae),
which is widespread across most regions of subtropi-
cal China, is an indispensable dominant species in
evergreen broad-leaved subtropical forests of south-
ern China with, as one example, an approximate dis-
tribution of 1236 hm? in Guangdong Province (Han
et al. 2016; Zhao et al. 2018). S. superba is a precious
timber tree species with excellent wood quality, resist-
ance to drought, fire, and salt, and is shade-tolerant
(Li et al. 2016). Since S. superba has an irreplaceable
function in plant community constitution and succes-
sion, natural regeneration of S. superba seedlings is a
top priority of forest vegetation succession and eco-
logical restoration (Han et al. 2016; Li et al. 2010).
However, the viability of feral S. superba populations
does not exceed 11% at the seedling developmen-
tal stage (Hu et al. 2007) due to various restrictive
physiological and environmental factors, especially
insufficient light. Drought may play an indispensable
role in seedling survival and forest regeneration. For
instance, there are two consistently dry seasons, from
July to August and October to February, in Gutian-
shan forest dynamics (Han et al. 2016). Consequently,
greater research focus on S. superba is needed to cope
with intermittent or frequent droughts.

To adapt to drought stressors, plants have evolved
an inherent mechanism to retain high water con-
tent (WC) and to accumulate various hormones and
osmo-protectants, such as proline, flavonoids, absci-
sic acid (ABA), and soluble sugar, thereby mitigating
drought stress (Wasilewska et al. 2008; Xiong et al.
2006; Zhu 2016). Flavonoids not only alter plant
pigmentation, but also latently provide protection
against various abiotic stresses, such as drought, salt,
and cold (Butelli et al. 2012; Nakabayashi and Saito
2015; Wang et al. 2016). Simultaneously, multiple
signaling cascades modulate the transcript levels of
stress-related genes that enhance a plant’s resistance
to drought, either directly or indirectly (Gupta et al.
2020). Over the past decade, transcription factors
(TFs), including v-myb myeloblastosis viral oncogene
homolog (MYB), NAM, ATAF1/2, CUC1/2 (NAC),
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basic helix-loop-helix (bHLH), APETALAZ2/ethyl-
ene-responsive factor (AP2/ERF), and WRKY, have
played a decisive function in orchestrating stress-
induced hormone signals and functional gene expres-
sion, and are essential in plants’ responses to abiotic
stresses (Baldoni et al. 2015; Guo et al. 2021; Jiang
et al. 2017; Licausi et al. 2013; Puranik et al. 2012).
Depending on the amount of adjacent MYB domain
repeats, the plant MYB family has been clustered into
four subfamilies, 1R-, 4R-, R|R,R;-, and R,R;-MYB,
which have been identified at the genome-wide level
in various plant species, such as Arabidopsis thali-
ana (Dubos et al. 2010; Stracke et al. 2001), Popu-
lus trichocarpa (Fang et al. 2020), and Solanum
lycopersicum (Millard et al. 2019). Among them, the
R,R;-MYB family is the largest subfamily of MYB
TFs, which were characterized through knockdown or
overexpression approaches, and have been shown to
participate in plants’ response to drought stress (Bal-
doni et al. 2015; Stracke et al. 2001). For instance, P.
trichocarpa PtrMYB94 was shown to coordinate with
ABA signaling to enhance drought tolerance (Fang
et al. 2020). When a Triticum aestivum R,R;-MYB
gene TaMpcl-D4 was silenced, this positively modu-
lated drought tolerance by activating the activities of
antioxidant enzymes and up-regulating antioxidant-
related genes (Li et al. 2020). However, the regulatory
role of R,R;-MYB in S. superba is unknown.
Additionally, R,R;-MYB TFs have played a
prominent role in the biosynthesis of flavonoids (Bal-
doni et al. 2015; Hichri et al. 2011; Millard et al.
2019). Several MYB TFs act as activators and pro-
mote the production of flavonoids, such as A. thali-
ana AtMYB12 (Wang et al. 2016), Brassica olera-
cea BoMYB2 (Chiu and Li 2012), P. trichocarpa
PtrMYB94 (Fang et al. 2020), Solanum tuberosum
AN1, MYBAI, and MYB113 (Liu et al. 2016). In
contrast, several MYB TFs act as inhibitors and sup-
press the production of flavonoids, including 7. aesti-
vum TaMpcl-D4 (Li et al. 2020) and Brassica rapa
BrMYB4 (Zhang et al. 2014). BrMYB4 is a negative
transcriptional regulator that mediated cinnamate
4-hydroxylase (BrC4H) gene expression, thereby
suppressing the accumulation of phenylpropanoids
and anthocyanins (Zhang et al. 2014). Overexpres-
sion of AtMYBI2 in A. thaliana promoted the pro-
duction of total flavonoids and activated the expres-
sion of flavonoid biosynthetic genes such as chalcone
synthase (CHS), thereby enhancing tolerance to salt
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and drought stresses (Wang et al. 2016). SmMMYB113
from Solanum melongena enhanced the expression
of CBF-regulated genes (SmCBFI, SmCBF2 and
SmCBF3) in response to low temperature, and bound
to the promoter of SmCHS and SmDFR to increase
their expression, thereby facilitating anthocyanin-
related flavonoid accumulation (Zhou et al. 2020).
Intriguingly, the biosynthesis of flavonoids can be
mediated by abiotic stress signals (Nakabayashi and
Saito 2015), as well as the drought stress-induced
accumulation of ABA and proline (Gupta et al.
2020; Wasilewska et al. 2008; Zhu 2016). Although
the drought-induced biosynthesis of flavonoids is
well documented, little is known about how drought
affects the accumulation of flavonoids in S. superba.

In this study, a novel R,R;-MYB TF, SsMYB113,
was cloned from S. superba leaves and functionally
characterized as a positive modulator when plants
were subjected to drought stress. Bioinformatic prop-
erties, subcellular localization, tissue-specific expres-
sion profiles, and phylogenetic trees of SSMYB113
in S. superba were investigated. Transgenic A. thali-
ana seedlings constitutively expressing SsMYBI113
significantly promoted the accumulation of flavo-
noids and ABA, and also upregulated the expres-
sion of their corresponding biosynthetic genes, lead-
ing to enhanced drought tolerance. Furthermore,
SsMYB113 regulated the biosynthesis of flavonoids
and ABA by binding to the promoters of SsCHS and
SsNCED, respectively, thereby activating the expres-
sion of these two genes. Taken together, our findings
shed light on the response of S. superba to drought
stress as a consequence of the modulated accumula-
tion of ABA and flavonoids by SSMYB113.

Materials and methods
Plant materials and stress treatments

Six-month-old S. superba plants (Fig. S1) were pur-
chased from Guangzhou Ruijing Landscape Design
Co., Ltd. (Guangzhou, China), and recovered in
sandy-clay soil and turfy soil (3:1, v/v) under natu-
ral conditions. Average temperature and annual
rainfall were 23.1 °C and 1820.5 mm, respectively,
information that was simultaneously collected from
the Guangzhou Meteorological Bureau (http://www.
tqyb.com.cn/en/). For the ABA treatment, leaves of

six-month-old S. superba plants were sprayed with
exogenous 100 pM ABA (Sigma-Aldrich, St. Louis.,
MO, USA) in 0.02% ethanol as the solvent (Baek
et al. 2018). Simultaneously, the control group was
sprayed with an equal amount of tap water. For the
drought treatment, six-month-old S. superba plants
were watered with aqueous 20% (v/v) polyethyl-
ene glycol 6000 (PEG 6000; Sigma-Aldrich) with
an osmotic potential of -0.53 MPa. while S. superba
plants of the same age that were watered with tap
water served as the control (Tang et al. 2019). Leaves
of S. superba from all treatments and controls were
sampled after 0, 3, 6, 12, and 24 h of treatment,
immersed immediately in liquid nitrogen, then stored
at -80 °C until needed.

Arabidopsis thaliana Col-0 seedlings, which
were used to assess the subcellular localization of
SsMYB113, were cultivated in a growth cabinet with
controlled conditions, as follows: a 16-h photoperiod,
100 umol photons m~2 s™!, 70% relative humidity,
and 22+ 1 °C. A. thaliana Col-0 plants in the ini-
tial flowering period (approximately four weeks old)
were selected for genetic transformation with the S.
superba SsMYB113 gene. For the drought treatment,
two-week-old transgenic A. thaliana plants over-
expressing SsSMYB113 and wild-type (WT) seed-
lings that were initially well-watered with Hyponex
(Murakami Bussan, Tokyo, Japan) and subsequently
placed in the above growth conditions, were not
provided water for 14 days until they began to wilt
slightly, using a methodology described previously
(Zhao et al. 2016). In a parallel controlled experi-
ment, the control group was irrigated with 100 mL
of tap water in each pot every three days. Leaves
from treatment and control plants were harvested,
immersed immediately in liquid nitrogen, then stored
at -80 °C. All experiments were conducted as three
replicates per treatment, and each treatment consisted
of three S. superba plants.

Molecular cloning and bioinformatic analysis of
SsMYB113

Nested-PCR  amplification of the S. superba
SsMYB113 gene was conducted in a 50-pL reaction
mixture including 2 pL of 5 ng pL~' ¢cDNA produced
from S. superba leaves, 2 pL of 10 pM L' forward
primer, 2 pL of 10 pM L~! reverse primer, 25 pL
of 2xHieff® PCR Master Mix (Yeasen, Shanghai,
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China), and 19 pL of deionized water. Thermocycling
was conducted as follows: 5 min at 94 °C, followed
by 35cycles of 30 s at 94 °C, 30 s at 60 °C, and 30 s
at 72 °C, and then constant 72 °C for 10 min. PCR
products were electrophoresed and purified with the
HiPure Gel Pure Micro Kit (Magen, Guangzhou,
China).

The coding sequences, corresponding protein, iso-
electric point, and molecular weight of SSMYB113
were investigated with the ExPasy server (https:/
www.expasy.org/). The secondary structure of
SsMYB113 was forecast using the SOPM tool (http://
npsa-pbil.ibcp.fr/). The three-dimensional structure
of SsMYBI113 was visualized using the SWISS-
MODEL website (https://swissmodel.expasy.org/).
The subcellular localization of SSMYB113 was pre-
dicted on the pLoc-mPlant server (http://www.jci-
bioinfo.cn/pLoc-mPlant/).

A comparison of SsMYBI113 with reported
homologous MYB113 proteins (Table S2) was pos-
sible by alignment with Clustal X 2.0 (www.clust
al.org/), and phylogenetically investigated using a
neighbor-joining tree generated in MEGA 7.0 (www.
mega.com/). Additionally, a total of 126 A. thaliana
R,R;-MYB sequences, as previously published by
Dubos et al. (2010), were obtained from the TAIR
database (www.arabidopsis.org/), and were clustered
with SSMYB113 using both Clustal X 2.0 and MEGA
7.0, with 1000 bootstrap replicates.

Total RNA extraction and RT-qPCR analysis

Total RNA from six-month-old S. superba leaves
during the vegetative growth period was extracted
with the Quick RNA Isolation Kit (Huayueyang, Bei-
jing, China) based on the manufacturer’s protocol,
as reported previously (Yu et al. 2021). Afterwards,
cDNA from S. superba leaves from both 20% (v/v)
PEG 6000 and 100 pM ABA treatments at differ-
ent time points, as well as from stems and roots, was
acquired with the Reverse Transcription Kit (Pro-
mega, Madison, WI, USA). The RT-qPCR procedure
was performed with the LightCycler® 480 Instru-
ment (Roche Diagnostics, Mannheim, Germany) as
published previously (Yu et al. 2021). The house-
keeping gene (SsACTIN), which was determined to
be the optimum reference gene in S. superba (Yang
et al. 2021), was used to detect the relative expression
levels of genes with the 2722€T protocol (Livak and
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Schmittgen 2001). Similarly, A. thaliana ubiquitin 10
(UBQ10, At4g05320) gene was used as the house-
keeping gene to detect the relative expression levels
of genes involved in the biosynthesis of flavonoids
(Fig. S2) and ABA (Fig. S3). The gene-specific prim-
ers that were used are indicated in Table S1.

Overexpression of SSMYB113 in A. thaliana
seedlings

The 774-bp coding sequences of SsSMYB113 with-
out a termination codon (TAA) were introduced into
pCAMBIA 1302 (CAMBIA, Canberra, Australia)
to construct the recombinant pCAMBIA 1302-
SsMYB113 vector with the In-Fusion® HD Cloning
Kit (Takara, Dalian, China). The verified recombinant
plasmid harboring SsMYB113 was integrated into
Agrobacterium tumefaciens EHA105 (Weidi Bio-
technology Co., Shanghai, China) and subsequently
used for the genetic transformation of four-week-old
A. thaliana Col-0 with the A. tumefaciens-mediated
floral dip protocol (Clough and Bent 1998), as pub-
lished previously (Yu et al. 2017). Positive trans-
formants cultivated in half-strength Murashige and
Skoog medium (Murashige and Skoog 1962) sup-
plemented with 50 pg mL~! hygromycin B (Sigma-
Aldrich), 3% (w/v) sucrose, and 0.8% (w/v) agar at
pH 5.8 were identified using RT-qPCR. Two homozy-
gous lines overexpressing SsMYB113, OE1 and OE2,
were selected based on the significant elongation of
cotyledons and roots, and utilized in follow-up assays.

Measurement of water content and the content of
total flavonoids and ABA in A. thaliana seedlings

Water content (WC) was monitored in WT and trans-
genic A. thaliana plants (OE1 and OE2) using an
electronic analytical balance (Shanghai Mingiao Pre-
cision Scientific Instrument Co., Shanghai, China),
as described previously (Zhang et al. 2021), and cal-
culated according to the formula WC (%) =(W-W )/
W% 100, where W, indicates the initial weight and
W, indicates the weight after placing plants at ambi-
ent temperature (25 °C) for 0, 3, 6, 9, and 12 h. There
were at least three samples for each time point.

The amount of total flavonoids in WT and trans-
genic A. thaliana plants (OEl and OE2) was spec-
trophotometrically determined with a UV-6000 spec-
trophotometer (Shanghai Metash Instruments Co.,
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Shanghai, China) using a colorimetric procedure, as
performed previously (Yu et al. 2018), and expressed
as mg of rutin (Sigma-Aldrich) equivalents per gram
of fresh weight (FW).

Fresh leaves of WT and transgenic A. thaliana
plants (OE1 and OE2) were ground into separate
homogenates with precooled 80% methanol and cen-
trifuged at 4 °C and 5000 % g for 10 min. The super-
natants were collected and ABA content was quanti-
fied with the enzyme-linked immunosorbent assay
(ELISA) according to the protocol provided by Agdia
Inc. (Elkhart, IN, USA). All tests were performed
in triplicate from three independent seedlings, and
expressed as ng g~ on a FW basis.

Assay of the activities of antioxidative enzymes, and
non-enzymatic antioxidants in A. thaliana seedlings

Fresh leaves of transgenic A. thaliana seedlings over-
expressing SSMYB113 (0.5 g), as well as their cor-
responding control groups, were ground with 5 mL
of pre-cooled aqueous phosphate buffer (0.05 M, pH
7.8) containing 1% polyvinyl pyrrolidone (PVP40;
Sigma-Aldrich). The supernatants were obtained after
centrifugation at 12,000 x g for 20 min at 4 °C. The
activities of antioxidative enzymes, as well as of non-
enzymatic antioxidants, were immediately quantified.

Superoxide dismutase (SOD, E.C. 1.15.1.1) activ-
ity was detected by monitoring the inhibition of
nitro-blue tetrazolium via photochemical reduction,
as described previously (Zhang et al. 2021), and
expressed as U g~! min~! on a FW basis.

Peroxidase (POD; E.C. 1.11.1.7) activity was spec-
trophotometrically determined at 470 nm by convert-
ing guaiacol to tetra-guaiacol equivalents following
the method of Wang et al. (2016). Briefly, the crude
enzyme extract of OE1 and OE2, as well as their cor-
responding control groups, was separately integrated
into a 3-mL reaction system harboring 50 mM phos-
phate buffer (pH 6.0), 10 mM H,0,, and 20 mM guai-
acol. The increase in absorbance was monitored every
0.5 min after the addition of H,0, for 3 min. POD
activity was expressed as U g~! min™' on a FW basis.

Malondialdehyde (MDA) content in two-week-
old seedlings of transgenic A. thaliana overexpress-
ing SsMYBI113 (OE1 and OE2), as well as their cor-
responding control groups, was measured following
the method of Zhang et al. (2021), and expressed as
nmol g~! on a FW basis. Electrolyte leakage between

transgenic A. thaliana seedlings overexpressing
SsMYBI113 and WT exposed to drought treatment
were detected according to the method of Yu et al.
(2019).

The superoxide (O,°") production rate was spec-
trophotometrically monitored based on the inhibi-
tion of O,° -driven reactions with a UV-6000 spec-
trophotometer (Shanghai Metash Instruments Co.)
at 530 nm using the Superoxide Detection Assay kit
(Solarbio, Beijing, China) that directly monitored the
production of reactive oxygen species (ROS). The
0,°” production rate in WT and transgenic two-week-
old A. thaliana seedlings overexpressing SsMYBI113
(OEI and OE2) was detected and expressed as nmol
g~ min~! on a FW basis.

Proline content was spectrophotometrically deter-
mined with a UV-6000 spectrophotometer (Shanghai
Metash Instruments Co.) at 520 nm on the basis of
the reaction between L-proline and ninhydrin follow-
ing a published method (Zhang et al. 2021). Proline
content in non-transgenic and transgenic A. thaliana
seedlings overexpressing SsMYBI13 was quantified
against the standard curve of L-proline, and expressed
as pg g~! on a FW basis.

De novo transcriptome analysis of S. superba
seedlings in response to drought stress

S. superba transcriptome large-scale sequencing data
(Han et al. 2016) that was summited to NCBI (https://
www.ncbi.nlm.nih.gov/) by the Institute of Botany,
Chinese Academy of Sciences, under accession no.
PRINA308885, was downloaded. Drought treatment
(DT1-3; SRR3107137, SRR3107138, SRR3107140)
and control (CK1-3; SRR3107140, SRR3107140,
SRR3107140) data were re-analyzed using BMK
Cloud (www.biocloud.net/) strictly following the
company’s instructions. Transcript levels of genes
involved in the biosynthesis of flavonoids and ABA
were analyzed by Pearson’s correlation, and visual-
ized with the TBtools Toolkit (Chen et al. 2020) and
Cytoscape software (https://cytoscape.org/).

Subcellular localization assay
The 774-bp coding sequences without a termination
codon (TAA) of SsMYBI13 were introduced into

pSAT6-eYFP-N1 to generate the pSAT6-SsMYB113-
eYFP fusion construct with the In-Fusion Cloning
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Kit (Takara). The construct was transiently integrated
into the protoplasts of 4-week-old A. thaliana Col-0,
as previously described (Yu et al. 2021). After incu-
bation for 16 h at 22 °C in the dark, fluorescent sig-
nals in infected protoplasts were visualized with a
Leica TCS SP8 STED 3 X microscope (Leica Camera
AG, Solms, Germany).

Transcriptional activity assay in yeast cells

The 774-bp coding sequences without a termination
codon (TAA) of SsMYBI13 were introduced into
pGBKT7 (Clontech, Palo Alto, CA, USA) harboring
the GAL4 DNA-binding domain to generate recom-
binant pGBKT7-SsMYB113. The negative control
(pGBKT7) and pGBKT7-SsMYB113 were separately
transformed into AH109 (Weidi Biotechnology Co.).
Transcriptional activity of SsMYBI13 was investi-
gated by assessing growth performance on double
synthetic dropout (SD; Clontech) plates without tryp-
tophan (-Trp; Clontech), or tryptophan, histidine, and
adenine (-Trp-His-Ade; Clontech).

Yeast one-hybrid (Y1H) screen

The 774-bp coding sequences without a termina-
tion codon (TAA) of SsMYBI13 were introduced
into pJG4-5 (Clontech) to construct recombinant
pJG4-5-SsMYB113. The 1154-bp promoter regions
of SsCHS (SsCHSp; Fig. S4) and the 956-bp pro-
moter regions of SsNCED (SsNCEDp; Fig. S5) were
inserted into pLACzi (Clontech). Thereafter, pJG4-
5-SsMYB113 was co-transformed together with
either recombinant pLACzi-SsCHSp or pLACzi-
SsNCEDp into competent EGY48 cells (Weidi Bio-
technology Co.), which were grown on SD plates
without tryptophan and uracil (-Trp-Ura; Clontech)
at 29 °C for 3 d. Blue spots, along with the negative
control (white or transparent spots) (pLACzi + pJG4-
5-SsMYB113), were selected and dotted on SD-
Trp-Ura plates with additional 80 mg L~ of
filter-sterilized 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-gal; Sigma-Aldrich), at 29 °C
for 3 d, as previously described (Yu et al. 2021).

Dual-luciferase (dual-LUC) assay

To determine the binding transcriptional activities
of SsSMYB113 on the promoter regions of SsCHS
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and SsNCED, 774-bp coding sequences without
the termination codon (TAA) of SsSMYB113 were
inserted into pGreenll 62-SK (Clontech) as the effec-
tor, whereas the promoter regions of SsCHS and
SsNCED were inserted individually into pGreenll
0800-LUC (Clontech), as the reporter, following the
protocols described in Yu et al. (2021). The resulting
effector and reporter recombinants were transiently
co-infiltrated into tobacco (Nicotiana benthamiana)
leaves with Agrobacterium tumefaciens GV3101
strain (pSoup-p19; Weidi Biotechnology Co.). The
activities of LUC and REN luciferase were detected
after 48 h of infiltration with the Dual-Luciferase®
Reporter Assay Kit (Promega). Transcriptional acti-
vation activity of SsSMYB113 SsCHS and SsNCED
promoters was assessed by measuring the LUC to
REN ratio. At least six replicates were employed for
each combination.

Statistical analysis

All  experimental data, represented as the
mean + standard deviation (SD) of three independent
assays in triplicate replicates, were subject to statisti-
cal analysis using SPSS 17.0 (SPSS Inc., Chicago, IL,
USA). Statistical differences between treatments and
their corresponding control were evaluated using the
Student’s #-test (p<0.05, p<0.01) while statistical
differences between harvested tissues (roots, stems,
and leaves), and different time points exposed to
100 pM ABA or 20% (v/v) PEG 6000 were evaluated
using Duncan’s multiple range test (p<0.05). The
correlation between transcript levels of SsSMYB113
and other genes was calculated using Pearson’s cor-
relation coefficient (R?) at p <0.01.

Results

Identification and bioinformatics analysis of
SsMYB113

Based on the reported S. superba transcriptome
exposed to drought stress (Han et al. 2016), 141 genes
were annotated as R,R;-MYB. Two genes, c63040
and ¢71380, were clustered into the S6 subfamily of
R,R;-MYB (Fig. S6), which regulates the biosynthe-
sis of flavonoids (Gonzalez et al. 2008). Moreover,
the ¢71380 gene exhibited higher expression under
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drought treatment than the control (Fig. S7), and was
thus selected as the candidate gene in this study, and
defined as SsMYBI113. SsMYBI113 was cloned and
identified from the leaves of six-week-old S. superba
seedlings. Sequence analysis demonstrated that
SsMYBI113 harbored a full-length coding sequence of
777 bp (accession no. MZ131646), encoding a pep-
tide of 258 amino acids with a predicted molecular
weight of 29.47 kDa and an isoelectric point of 8.84.
The secondary structure of SSMYB113 consisted of
32.17% a-helices, 8.53% p-turns, 14.73% extended
strands, and 44.57% random coils (Fig. S8A). The

tertiary structure of SSMYB113 was assessed and vis-
ualized (Fig. S8B). SsSMYB113 possessed two con-
served MYB-like DNA-binding domains at the 10-57
and 63-108 amino acid positions (Fig. 1A). It thus
belongs to the R,R;-type MYB superfamily. A phylo-
genetic analysis suggested that SSMYB113 is a mem-
ber of the R,R;-type MYB S6 subgroup (Fig. S9),
and was homologous to A. thaliana AtMYBI113,
which is a known R,R;-type MYB that regulates the
biosynthesis of flavonoids (Gonzalez et al. 2008).
Moreover, in a phylogenetic analysis of MYBI113
with its reported homologous proteins in other plants
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(Table S2), SsSMYB113 was evolutionarily closer to
Fragaria ananassa FAMYB10 and Pyrus communis
PcMYB10 with an evolutionary distance of 0.538 and
0.576, respectively (Fig. 1B). In addition, a highly
conserved motif [R/K]Px[P/A/R]xx[F/Y] in a flavo-
noids-regulating R,R;-type MYB TF (Hichri et al.
2011), was observed in SsSMYB113 at the C-terminal
(Fig. 1A).

Nuclear-targeted SSMYB113 functions as a positive
regulator

Based on the pLoc-mPlant server, SSMYB113 was
considered to be localized in the nucleus. The experi-
mental results indicate that the fluorescence of the
SsMYB113-YFP fused protein was specifically local-
ized in the nucleus, suggesting that SSMYB113 is a
nuclear-targeted protein (Fig. 2A-C).

To investigate whether SSMYB113 displays trans-
activation activity, Y1H and the dual-LUC system
were employed. Both BD and BD-SsMYB113 grew
normally on SD-Trp selective medium, but only BD-
SsMYB113 exhibited GAL4 activity and survived
on SD-Trp-His-Ade selective medium (Fig. 2D). The
dual-LUC system, which was used to understand
trans-activation activity in vivo, indicated an obvious
activation of the relative LUC/REN value (4.64-fold)
in pBD-SsMYB113, relative to pBD (Fig. 2E), sug-
gesting that SSMYB113 is a positive regulator that
exhibits trans-activation activity.

Expression profiles of SsMYBI113 in S. superba

To understand the organ-specific expression profiles
of SsMYBI113, RT-qPCR was employed to exam-
ine its transcription levels in the roots, stems, and
leaves of six-month-old S. superba. SsMYBI13 was
expressed in all the tested organs, but compared with
roots and stems, the highest expression was in leaves
(Fig. 3B). To estimate the potential role of SsSMYB113
under adverse environments, the relative abundance
of SsMYBI13 transcript was analyzed in the leaves of
six-month-old S. superba plants subjected to drought
stress and exogenous ABA (100 pM) treatment. Com-
pared to the treatment at O h, the levels of SsSMYBI113
transcription increased significantly (p <0.05) after
treatment with 20% PEG 6000 at 3 h (2.18-fold) and
6 h (3.13-fold), but exhibited a significant decrease at
24 h (Fig. 3C). Following ABA treatment, the levels
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of SsMYBI113 transcript were significantly higher at
3, 6, 12 and 24 h than at O h, with an obvious increase
(4.02-fold) at 12 h (Fig. 3D). These findings suggest
that the abundance of SsMYBI13 transcript was up-
regulated by both PEG 6000 and ABA (p <0.05).

Overexpression of SsMYBI113 in A. thaliana
seedlings promotes the production of flavonoids

To establish the role of SsMYBI113 in the response to
drought stress, SsMYBI1 13 was introduced into WT A.
thaliana. Two positive transformants (OE1 and OE2)
were identified and selected for subsequent analysis
(Fig. 4A). Total flavonoid content was significantly
higher in OE1 (1.61-fold) and OE2 (1.60-fold) com-
pared to WT under normal (unstressed) conditions
(Fig. 4B). The expression levels of genes associ-
ated with flavonoid biosynthesis, including AfANS,
At4CL, AtC4H, AtCHI, AtCHS, AtDFR, AtF3H,
AtF3'H, AtF3'5'H, AtFLS, AtPAL, and AtUFGT, were
measured between WT and the two overexpression
lines (OE1 and OE2). Aside from AtC4H, AtF3'H,
AtF3'5'H, and AtUFGT, eight genes (AtANS, At4CL,
AtCHI, AtCHS, AtDFR, AtF3H, AtFLS, and AtPAL)
that participate in flavonoid biosynthesis showed an
obvious increase (1.22- to 6.11-fold) in the overex-
pressed SsMYBI113 A. thaliana seedlings, especially
AtCHS, compared with WT (Fig. 5). Interestingly, in
addition to AfF3'H and AtF3'5'H, other genes (AtANS,
At4CL, AtC4H, AtCHI, AtCHS, AtDFR, AtF3H,
AtFLS, AtPAL, and AtUFGT) were obviously up-reg-
ulated (1.33- to 29.37-fold) more than in WT in the
overexpressed SsMYBI113 A. thaliana seedlings under
drought stress (Fig. 5), suggesting that overexpression
of SsMYBI13 in A. thaliana seedlings promotes the
production of flavonoids.

Overexpression of SsMYB113 in A. thaliana
seedlings stimulates the accumulation of ABA

There were significant differences in stress-respon-
sive ABA levels between WT and transgenic plants
(OE1 and OE2), and levels were significantly higher
in OE1 (3.99-fold) and OE2 (4.13-fold) than in WT
plants (Fig. 4C). In addition, the transcript abun-
dance of genes associated with ABA biosynthe-
sis, including ArfAAO, AtABA2, AtABA4, AtNCED,
AtZEPI, and AtZEP2, displayed no significant dif-
ferences between WT and transgenic lines (OEl



Plant Soil (2022) 478:427-444

435

A Chlorophyll B

SD-Trp

Reporter

SsMYB113-YFP C

5 um

SD-Trp-His-Ade F

o n n
E

6.0
sk

g T
8
% 4.01
&
O ]
=)
—
o
2 2.0
=
O]
o~ | T

0.0

pBD pBD-SsMYBI113

—{camvsssk— reN H5 x cavaf rata - tue

Effector

pBD  JcamvsssHepmvsutR—]GaLssob——cemvsuTrif

pBD-SsMYB1134CaMV35SHCPMVS'UTRHGAL4BDHSsMYB113 HCPMVS'UTR|-I-

Fig. 2 Subcellular localization and transcriptional activity of
SsMYB113. A-C Subcellular localization of SsMYBI113 in
Arabidopsis thaliana protoplasts. The SsSMYB113-YFP fusion
protein with yellow fluorescence is localized in the nucleus.
Red fluorescence represents chloroplast auto-fluorescence. D
Trans-activation of SsMYB113 in vitro. The 777-bp coding
sequences of SSMYB113 were inserted into pGBKT7 to gen-
erate pGBKT7-SsMYB113 (BD-SsMYB113). Transformed
yeast AH109 cells were cultured on SD plates without tryp-
tophan (-Trp) or without tryptophan, histidine, and adenine

and OE?2) in the normal treatment. However, there
was wide variation (2.20- to 9.85-fold) in expres-
sion levels of ABA biosynthetic genes between WT
and the two transgenic lines under drought condi-
tions (Fig. 6), suggesting that overexpression of
SsMYBI113 in A. thaliana seedlings can stimulate
the accumulation of ABA.

(-Trp-His-Ade) for 3 d at 29 °C. pGBKT7 was used as the neg-
ative control. E Schematic representation of constructs used
in the dual-LUC reporter assay. LUC, firefly luciferase; REN,
renilla luciferase; SD, synthetic dextrose. F Trans-activation
of SsMYBI113 in vivo. The LUC/REN value of pBD (nega-
tive control), defined as the calibrator, was set at 1. Data are
expressed as the mean=standard deviation of six individual
biological replicates. Asterisks indicate significant differences
between pBD and pBD-SsMYB113 at p<0.01 based on the
Student’s 7-test

Overexpression of SSMYB113 in A. thaliana
seedlings modulates ROS generation

Plants encounter an armory of biotic and abiotic
stimuli, in extreme cases resulting in the exces-
sive accumulation of ROS, which cause oxidative
damage and ultimately obstruct plant growth and
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Fig. 3 Expression profiles of SsMYBII13. A The Schima
superba plant that was tested. B Transcript levels of
SsMYBI113 in roots, stems, and leaves of a six-month-old S.
superba plant. C Transcript levels of SsMYB113 in S. superba
leaves after treatment with 20% PEG 6000 at different time
points. D Transcript levels of SsMYBI13 in S. superba leaves
after treatment with 100 pM ABA at different time points. Rel-
ative expression is expressed as the mean + standard deviation

development (Mittler 2002). Under normal condi-
tions, O, production rate, MDA content, and elec-
trolyte leakage, which are indicators of cell mem-
brane damage, as well as proline content, were not
statistically significant between WT plants and OE
lines (Fig. 7). After drought treatment, O,*" pro-
duction rate, MDA content, and electrolyte leakage
in OE1 and OE2 decreased significantly (with an
average reduction of 48.21%, 49.39%, and 35.98%,
respectively), while proline content increased sig-
nificantly (1.77- and 1.62-fold in OE1 and OE2,
respectively), compared with WT plants (Fig. 7).
Two ROS-scavenging antioxidant enzymes, SOD
and POD, presented an equivalent ratio between
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of three independent assays, carried out in triplicate for each.
Different lowercase letters above bars represent significant
differences among different treatments at p <0.05 according
to Duncan’s multiple range test. All transcript abundance was
normalized to the SsACTIN transcript levels and carried out
following the 272ACT method (Livak and Schmittgen 2001).
ABA, abscisic acid; PEG 6000, polyethylene glycol 6000

WT plants and OE lines in the absence of stress, but
exhibited an obvious and significant enhancement
of average activity (1.42-fold for SOD; 1.46-fold
for POD), compared to WT plants after exposure
to drought stress (Fig. 7). Additionally, WC in OE
plants was significantly higher than in WT plants
(with an average increase of 9.19% at 3 h to 41.01%
at 12 h; Fig. 4D), suggesting that overexpression
of SsMYBI13 enhanced drought tolerance in trans-
genic plants. These results suggest that overexpres-
sion of SsMYBI113 activated these two ROS-scav-
enging enzymes and alleviated oxidative damage in
transgenic A. thaliana seedlings.
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Fig. 4 Overexpression of A
SsMYB113 in A. thaliana
seedlings. A Determination
of SsMYB113 gene expres-
sion in control (WT) and
SsMYB113-overexpressing
plants (OE1 and OE2).
Total flavonoid content

(B), ABA content (C) and
WC (D) in WT, OE1 and
OE2 treated with 20% PEG
6000 for 2 weeks. Total
flavonoid, ABA, and WC
contents are expressed

as the mean + standard
deviation of three independ-
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ent assays, carried out in
triplicate for each. Asterisks
indicate significant differ-
ences between control (WT)
and transgenic plants (OE1
or OE2) at p<0.01 based
on the Student’s 7-test.
ABA, abscisic acid; OE,
overexpression; PEG 6000,
polyethylene glycol 6000;
WC, water content; WT,
wild-type
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Transcriptome analysis of differential expression of
flavonoid and ABA biosynthetic genes under drought
stress in S. superba seedlings

A reported S. superba transcriptome (SRX1531873;
Han et al. 2016) was de novo re-evaluated by BMK
Cloud, showing the differential transcript abun-
dance of flavonoid and ABA biosynthetic genes
between the drought treatment and control. Among
them, the average expression levels of SsCHS and
SsNCED were significantly up-regulated (1.71- and
13.07-fold, respectively) in the drought treatment
compared to the control (Fig. 8). This trend coin-
cided with the increased expression of SsMYBI13
subjected to drought stress, showing a very strong
correlation between SsMYBI13 and SsCHS (Pear-
son’s R2=0.98), as well as between SsMYBI113 and
SsNCED (Pearson’s R2=0.97) (Fig. S10). Taken
together, under drought stress, SsMYBII13 was
synergistically associated with the upregulation
of flavonoid biosynthesis and the ABA signaling
pathway.
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SsMYB113 activates the transcription of SsCHS and
SsNCED genes

Since overexpression of SsMYB113 notably activated
the expression of flavonoid and ABA biosynthetic
genes, especially CHS (29.37-fold) and NCED (9.85-
fold), the Y1H and dual-LUC assays were employed
to investigate the transcriptional role of SSMYB113 in
response to drought stress. As illustrated in Fig. 9A,
three MYB binding sites (MBSs) were observed in
the 1154-bp promoter regions of the SsCHS gene,
and one MBS was found in the 956-bp promoter
region of the SSNCED gene. Co-transformed yeast
cells (pLacZi-SsCHSp and pLacZi-SsNCEDp, with
pJG4-5-SsMYB113, respectively) grew on SD/-
Ura/-Trp+X-Gal medium while the corresponding
control cells (pLacZi+ pJG4-5, pLacZi+ pJG4-5-Ss-
MYB113, pLacZi-SsCHSp+pJG4-5, and pLacZi-
SsNCEDp +pJG4-5) were unable to grow on this
medium (Fig. 9B). More importantly, transcriptional
activation of SSMYB113 in SsCHSp (3.03-fold) and
SsNCEDp (2.91-fold) was observed, relative to the
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control group. After treatment with 100 pM of exog-
enously applied ABA, the relative LUC/REN ratio of
SsMYB113+4SsNCEDp increased obviously (6.46-
fold) compared to the MOCK (i.e., treatment with-
out ABA) (Fig. 9C). Accordingly, SSMYB113 was
capable of binding directly to the promoter region of
SsCHS and SsNCED genes, activating their transcript
levels and resulting in the accumulation of flavonoids
and ABA, thus contributing to enhanced tolerance to
drought stress in S. superba.

Discussion

Considerable evidence has accumulated that dem-
onstrates that R,R;-MYB family members make a
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valuable contribution towards the response of plants
to various abiotic stresses, such as drought, salt,
and cold (Baldoni et al. 2015; Li et al. 2015; Mil-
lard et al. 2019; Wang et al. 2016). Despite this,
most information of enhanced stress resistance for
the majority of R,R;-MYB members is available for
model plants, such as A. thaliana and P. trichocarpa
(Stracke et al. 2001; Dubos et al. 2010; Fang et al.
2020). In the present study, we functionally character-
ized a R,R;-MYB TF, SsMYBI113, from S. superba.
SsMYB113 harbored two signature R,R;-type MYB
motifs (Fig. 1A) as well as two conserved motifs
([A/S/GINDV and [R/K]Px[P/A/R]xx[F/Y]) found
in a flavonoids-regulating R,R;-type MYB (Hichri
et al. 2011). Furthermore, SSMYB113 was grouped
into the same subfamily as its A. thaliana homologue,
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Fig. 7 Determination of superoxide (O,*) production rate,
MDA content, electrolyte leakage, proline content, SOD activ-
ity, and POD activity. O,*" production rate (A), MDA content
(B), electrolyte leakage (C), proline content (D), SOD activ-
ity (E), and POD activity (F) in WT plants, and OE1 and OE2
lines treated with 20% PEG 6000 for 2 weeks. O,*~ production
rate, MDA content, electrolyte leakage, proline content, and

SOD and POD activities are expressed as the mean + standard
deviation of three independent assays, carried out in triplicate
for each. Asterisks indicate significant differences between
control (WT) and transgenic plants (OE1 or OE2) at p <0.01
based on the Student’s r-test. MDA, malondialdehyde; OE,
overexpression; PEG 6000, polyethylene glycol 6000; POD,
peroxidase; SOD, superoxide dismutase; WT, wild-type
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Fig. 8 Transcriptomic anal-

ysis of differential transcript
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Fig. 9 SsMYBI113 directly binds to the promoter of SsCHS
and SsNCED, and stimulated the expression of SsCHS and
SsNCED. A Diagrams of SsCHS and SsNCED promoter frag-
ments. Solid circles indicates the MBS sequence 5’-CAA
CTG-3’. B SsMYB113 binds to the promoter of SsCHS and
SsNCED harboring the MBS domain via a yeast one-hybrid
screen. The interaction is indicated by the ability of yeast
cells to grow on a synthetic dropout (SD) medium without
uracil and tryptophan (-Ura-Trp), but containing X-gal, for 3
d at 29 °C. Empty pLACzi and pJG4-5-DobHLH4 were used
as negative controls. C SsMYB113 activated the expression

AtMYBI113 (Fig. S9), which regulates flavonoid
biosynthesis (Gonzalez et al. 2008), suggesting that
SsMYB113 may be a flavonoid-specific R,R;-MYB
regulator.
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of SsCHS and SsNCED in the 100 pM ABA treatment, as
assessed by the dual-LUC assay. The ratio of LUC/REN of
the empty vector was used as a calibrator (set as 1). Relative
LUC/REN ratio of the control, SsSMYB113+SsCHSp, and
SsMYB113+4SsNCEDp is expressed as the mean =+ standard
deviation of three independent assays, carried out in triplicate
for each. Asterisks indicate significant differences between the
control (WT) and transgenic plants (OE1 or OE2) at p<0.01
based on the Student’s t-test. ABA, abscisic acid; LUC, fire-
fly luciferase; REN, renilla luciferase; WT, wild-type; X-gal,
5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside

Our results indicate that SSMYB113 is a nuclear-
targeted protein that functions as a positive regulator
(Fig. 2). Similarly, several reported R,R;-MYB acti-
vators, such as B. oleracea BoMYB2 (Chiu and Li
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2012), P. trichocarpa PtrMYB94 (Fang et al. 2020),
and S. tuberosum StMYB113 (Liu et al. 2016), all dis-
played an obvious up-regulation of transcript levels
of flavonoid biosynthetic genes. Flavonoids enhance
tolerance to abiotic stresses, resulting from their
cells’ ability to detoxify ROS during abiotic stress
(Agati et al. 2012). Overexpression of SsMYBI13
obviously increased total flavonoid content in OEI
and OE2 lines more than in WT plants (Fig. 4B),
consistent with reported R,R;-MYBs, such as A.
thaliana AtMYB12 (Wang et al. 2016) and S. lyco-
persicum SIMYB14 (Li et al. 2021). Concurrently, a
significant increase in transcript levels of flavonoid
biosynthetic genes (AfANS, At4CL, AtCHI, AtCHS,
AtDFR, AtF3H, AtFLS, and AtPAL) was observed
in OEl and OE2 lines compared with WT plants
(Fig. 5). Furthermore, SsSMYB113 bound directly to
the promoter sequences of SsCHS, resulting in acti-
vated expression of the SsCHS gene (Fig. 9). Taken
together, SsSMYB113 has been shown to regulate
the transcript levels of flavonoid biosynthetic genes,
especially SsCHS, leading to the accumulation of fla-
vonoids. The enhanced accumulation of flavonoids in
transgenic lines may enhance their antioxidant abil-
ity, thereby improving their environmental stress tol-
erance to drought, salt, and cold (Gupta et al. 2020;
Pourcel et al. 2013).

SsMYB113 exhibited the highest transcript lev-
els in the leaves of six-month-old S. superba plants
(Fig. 3B), and SsMYBI13 was up-regulated by
PEG-induced drought stress (Fig. 3C) as well as by
the stress signal molecule ABA (Fig. 3D), suggest-
ing that SsMYBI13 is a drought stress-responsive
gene. Earlier transcriptome data (Han et al. 2016)
revealed a significant increase in the transcript lev-
els of SsMYBI13 under drought stress in one-year-
old S. superba seedlings than in normal conditions.
In addition, in our study, the endogenous level of
ABA was markedly enhanced in transgenic A. thali-
ana seedlings overexpressing SsMYBI13 (Fig. 4C).
ABA is a pivotal mediator of plants’ responses to
drought stress by triggering the activation of ABA
biosynthetic genes, as well as by modulating the tran-
script levels of ABA-dependent drought-responsive
genes, thereby strengthening drought stress resistance
(Shokat et al. 2021; Xiong et al. 2006; Zhu 2016). As
expected, overexpression of SsMYBI13 in A. thali-
ana seedlings dramatically up-regulated the transcript
levels of ABA biosynthetic genes (AtAAO, AtABA2,

AtABA4, AtINCED, AtZEPI1, and AtZEP2), especially
the maximum expression of AtNCED (Fig. 6). Nota-
bly, SSMYB113 was capable of binding to the pro-
moter sequences of SSNCED, thereby activating the
expression of the SsSNCED gene (Fig. 9). Based on
these observations, ABA-inducible SsMYB113, which
is involved in the ABA signaling pathway, may be
instrumental to drought tolerance.

Increasing evidence has demonstrated that vari-
ous abiotic stresses, particularly drought stress,
exacerbate the accumulation of ROS such as
0,°” and H,0, (Choudhury et al. 2017; Mittler
2002), thereby enhancing ROS-scavenging anti-
oxidant enzymes, which offer protection to a plant
against oxidative damage (Qi et al. 2018). Com-
pared to the control group, PEG-inducible drought
treatment resulted in the generation of ROS, even-
tually leading to increased O,°” production, MDA
content, and electrolyte leakage (Fig. 7). Intrigu-
ingly, overexpression of SsMYBI113 in A. thaliana
seedlings substantially alleviated the O,°” pro-
duction rate, MDA content, and electrolyte leak-
age (Fig. 7) while simultaneously increasing the
activity of ROS-scavenging enzymes, SOD and
POD (Fig. 7). Hence, transcriptional regulation of
SsMYB113 may be necessary for the adaptation of
S. superba to abiotic stresses. These findings are
consistent with those from previous studies that
extensively examined R,R;-MYB TFs, including
A. thaliana AtMYB12, which enhanced salt and
drought tolerance (Wang et al. 2016), S. tuberosum
StMYB113, which increased drought tolerance (Liu
et al. 2016), and P. trichocarpa PtrMYB94, which
improved drought tolerance (Fang et al. 2020), dem-
onstrating their essential roles in responding to abi-
otic stresses. Proline is a ROS scavenger in response
to environmental stresses, stabilizes subcellular
structures and promotes cell recovery from dam-
age (Per et al. 2017). Proline accumulation and WC
significantly accumulated in transgenic SsMYB113-
overexpressing A. thaliana seedlings (Fig. 4D;
Fig. 7D), in turn stimulating the ROS scavenging
antioxidant-based defense machinery. Further-
more, the accumulation of proline upon exposure
to drought or ABA treatment serves the dual pur-
pose of supplying a compatible solute for osmotic
adaptation in SsMYBI13-overexpressing leaves and
partially preceding stomatal closure (Bharath et al.
2021). ABA not only induces stomatal closure but
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also inhibits stomatal opening, helps plant defense
responses, and is beneficial to osmotic adaptation
under drought stress by increasing WC and accu-
mulating proline (Verslues and Sharma 2010).
This suggests that SSMYB113 positively controls
S. superba drought tolerance by increasing WC
through osmotic adjustment via the accumulation of
proline.

Combined with the existing results, SSMYB113
functions in the accumulation of flavonoids and
enhanced ABA levels, protecting S. superba from
abiotic stress-induced damage by enhancing ROS
detoxification, improving the retention of WC, and
reducing ROS production, ultimately enhancing
PEG-induced drought tolerance (Fig. 10).

Drought

Flavonoid ABA

biosynthetic genes biosynthetic genes
(i.e. SsCHS) (i.e. SSNCED)
Flavonoids ABA
\x ’I

Enhanced drought tolerance

Fig. 10 A simple model depicting how SsMYB113 responds
to drought stress in S. superba. SSMYB113, which is signifi-
cantly up-regulated as a result of drought stress, contributes to
the induced increase of total flavonoid content and ABA con-
tent, resulting from the up-regulated transcript levels of bio-
synthetic genes involved in the production of flavonoids and
ABA. The ROS scavenger is activated, thereby relieving mem-
brane peroxidation. Ultimately, ROS decreases accordingly,
while WC increases significantly, leading to enhanced drought
tolerance. ABA, abscisic acid; ROS, reactive oxygen species;
WC, water content

@ Springer

Conclusion

S. superba SsSMYB113 is a nucleus-localized tran-
scriptional activator that is modulated by PEG-
induced drought stress and exogenous ABA. Over-
expression of SsMYBII3 in A. thaliana seedlings
exhibited an increase in flavonoid accumulation and
ABA hypersensitivity, as well as high WC and low
levels of ROS. In parallel experiments, SsMYBI13
overexpression obviously up-regulated genes associ-
ated with the biosynthesis of flavonoids and ABA.
Furthermore, SSMYB113 was able to bind directly
to the promoter sequences of SsCHS and SsNCED,
thereby activating their expression. Consequently,
our findings reveal a novel drought-responsive
R,R;-MYB, which can be utilized to increase flavo-
noid content and enhance drought stress tolerance in
S. superba.
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