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Editorial on the Research Topic
Plant secondary metabolic regulation and engineering

Introduction

Plant secondary metabolites (PSMs), or plant specialized metabolites attract great
interest they are unique sources of drugs, nutrients, agrochemicals, and chemical additives
(Kabera et al.,, 2014; Tiwari and Rana, 2015). PSMs include several major groups such as
phenolics, terpenes, and nitrogen-containing compounds, and they play vital roles in
coping with abiotic and biotic stresses (Kaushik et al., 2021; Elshafie et al., 2023). Due to the
diversity of PSMs in different plant species, biosynthesis and regulation of PSMs are not
fully elucidated. Moreover, most of the PSMs are low in content and metabolic engineering
has been used to boost the production of valuable PSMs (Verpoorte and Memelink, 2002;
Zheng et al, 2023). This Research Topic presents the most recent advances in 26
publications, including 4 reviews and 22 research articles, contributed by 197 authors.
The aim of this topic is to strengthen our understanding of the biosynthesis and regulation
of PSMs in non-model plants, especially medicinal plants, and provide efficient routes to
elevate the production of valuable PSMs. Here we summarize these papers according to the
classification of contributions, mainly including the identification of key pathway genes of
PSMs, the elucidation of regulatory mechanisms, and the successful metabolic engineering
of several valuable PSMs.

Identification of key pathway genes of PSMs

Although the value of specific PSMs, their biosynthetic and metabolic pathways are not
fully illustrated. In this topic, several candidate genes for the biosynthesis of diterpenoids
(ATDs) and phenolic acids (PAs) were identified in the medicinal plant Salvia apiana and
its close species S. miltiorrhiza (Hu et al.). In this study, comparative metabolome and
transcriptome analyses between S. apiana roots and leaves, and between two species

6 frontiersin.org
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revealed that four cytochromes (CYPs) and clade VII laccases might
contribute to the biosynthesis of specific ATDs and PAs,
respectively. In another study, two borneol acetyltransferases
(BAT), WvBAT3 and WvBAT4, catalyzing the last step of bornyl
acetate (BA) biosynthesis were characterized in Wurfbainia villosa
(Liang et al.). BA is an aromatic monoterpene ester mostly
accumulated in the seeds of W. villosa. These two BATs
presented in vitro catalytic efficiency on the substrates of BA, and
their gene expression patterns well correlate with the distribution of
BA. In Trigonella foenum-graecum, Tf3SGT2 was identified as a
steroid-specific UDP-glucose 3-O-glucosyltransferase that involves
in steroidal saponin biosynthesis (Gao et al.). In vitro enzyme assay
verified the catalytic activity of Tf3SGT2. Furthermore, RNA
interference (RNAi) of Tf3SGT2 in the hairy roots of Trigonella
foenum-graecum confirmed the involvement of Tf3SGT2 in
steroidal saponin biosynthesis. In another study, DoCCDI1 was
characterized involving in the biosynthesis of -ionone in
Dendrobium officinale (Wang et al.). In both Escerichia coli cells
and Nicotiana benthamiana leaves which contain carotenoid
precursors, expression of DoCCD1 resulted in the production of
B-ionone. These findings contribute to our understanding of the
biosynthetic and metabolic pathways of PSMs and provide a basis
for the elucidation of regulatory mechanisms and metabolic
engineering of PSMs.

Elucidation of regulatory mechanisms
of PSMs

The Biosynthesis of PSMs is commonly regulated at the
transcriptional level by transcription factors (TFs). The gene
expression, protein abundance, localization, or trans-activities of
the TFs could be modulated by various stimuli and signaling (Vom
Endt et al., 2002). In this topic, an R2R3-MYB TF TcMYB29a was
identified to regulate taxol biosynthesis in Taxus chinensis (Cao
et al.). Overexpression of TcMYB29a in T. chinensis cell suspension
cultures led to an increased accumulation of taxol, and upregulated
expression of several taxol biosynthetic genes. Moreover, the
expression of TcMYB29a was strongly enhanced by the treatment
of Abscisic acid (ABA), which also induced the production of taxol.
In another study, a bHLH TF AabHLHI112 was characterized to
positively regulate the biosynthesis of three kinds of sesquiterpenes,
B-caryophyllene, epi-cedrol, and B -farnesene in Artemisia annua
(Xiang et al.). AabHLH112 directly binds to the E-box (CANNTG)
motifs in the promoters of the biosynthetic genes of these three
sesquiterpenes. Exogenous methyl jasmonate (MeJA) enhanced the
expression of AabHLHI112, the biosynthetic genes as well as the
contents of sesquiterpenes. In apples, a B-box protein, MdBBX21
was identified to positively involve in the light-induced biosynthesis
of anthocyanins in the fruit peel of red apples (Zhang et al.).
Overexpression of MdBBX21 in Arabidopsis and apple calli under
light increased anthocyanin accumulation. Moreover, the
interaction of MdBBX21 and another TF MdHY5 significantly
increased their trans-activation on the promoter of a target gene.
In another study, a R2R3-MYB TF, NtMIXTA1, was characterized

Frontiers in Plant Science

10.3389/fpls.2023.1174717

to involve in glandular trichomes (GTs) development in the
medicinal plant Nepeta tenuifolia (Zhou et al.). GTs are the
primary storage organ for monoterpenes in N. tenuifolia. Knock-
down of NtMIXTAI resulted in lower GT density, a significant
reduction in monoterpene concentration, and the decreased
expression of genes related to monoterpene biosynthesis. The
findings enrich the the transcriptional regulatory network of PSMs.

Metabolic engineering of
valuable PSMs

Due to the low concentration of valuable PSMs in plants,
metabolic engineering has long been one of the most efficient
approaches utilized to boost the accumulation of specific PSMs
(Courdavault et al., 2021). In this topic, an Arabidopsis MYB-type
TF AtMYBI12 was overexpressed in licorice (Glycyrrhiza inflata)
hairy roots and induced the accumulation of total flavonoids as well
as the specific licochalcones, licochalcone a (LCA) and echinatin
(Wu et al.). Transcriptome analyses of the AtMYBI2-
overexpressing hairy roots implied that the carbohydrate
metabolism was likely reprogrammed to increase carbon flux into
flavonoid biosynthesis. In another study, a Salvia miltiorrhiza
GRAS TF SmSCRI1 was overexpressed in S. miltiorrhiza hairy
roots and significantly induced the accumulation of tanshinone
(Zhou et al)). In Tartary Buckwheat (Fagopyrum tataricum),
FtMYB45 is an R2R3-type MYB TF that negatively regulates
flavonoid biosynthesis. Knock-out of FtMYB45 resulted in an
increased accumulation of rutin, catechin, and other flavonoids
(Wen et al.). Wild tomato species Solanum habrochaites produce
various sesquiterpenes in the GTs for herbivore defense.
Overexpression of a prenyl transferase gene and a terpene synthase
gene in tomato leaves led to an increased accumulation of
sesquiterpenes and also enhanced resistance to pests (Wang
et al.). Deguchi et al. developed the vacuum agroinfiltration
method to increase total CBD content and reduce the total THC
content through transiently expressing CBDAS gene and silencing
THCAS gene, respectively. The study suggests that metabolic
engineering is an effective strategy to increase the accumulation of
valuable PSMs.

PSMs have attracted the attention because of their great
economic value, healthcare value and medical value. To improve
the production of PSMs, the researchers focus on identification of
key pathway genes and understanding regulatory mechanisms of
PSMs. This Research Topic is a timely collection of advanced
studies on plant secondary metabolic regulation and engineering.
Despite further studies are needed, we hope that this Research
Topic offers some important insight into this research area.
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Flavonoids belong to the family of polyphenolic secondary metabolites and contribute
to fruit quality traits. It has been shown that MBW complexes (MYB-bHLH-WD40)
regulate the flavonoids biosynthesis in different plants, but only a limited number of
MBW complexes have been identified in strawberry species in general. In this study, we
identified 112 R2R3-MYB proteins in woodland strawberry; 12 of them were found to
have potential functions in regulating flavonoids biosynthesis by phylogenetic analysis.
gRT-PCR assays showed that FvMYB3, FvMYB9, FYMYB11, FvMYB22, FvMYB64,
and FYMYB105 mostly expressed at green stage of fruit development, aligned with
proanthocyanidins accumulation; FYMYB10 and FVMYB41 showed higher expression
levels at turning and ripe stages, aligned with anthocyanins accumulation. These
results suggest that different MYBs might be involved in flavonoids biosynthesis at
specific stages. Furthermore, FYMYB proteins were demonstrated to interact with
FvbHLH proteins and induce expression from the promoters of CHS2 and DFRZ2
genes, which encode key enzymes in flavonoids biosynthesis. The co-expression of
FYMYB and FvbHLH proteins in strawberry fruits also promoted the accumulation of
proanthocyanidins. These findings confirmed and provided insights into the biofunction
of MBW components in the regulation of flavonoid biosynthesis in woodland strawberry.

Keywords: woodland strawberry, MBW complex, flavonoid biosynthesis, MYB, bHLH

INTRODUCTION

Strawberry is favored by consumers mainly because of its unique aroma, sweet taste, bright color
and nutritional value. These quality traits are largely determined by the secondary metabolites in
the fruit. Flavonoids, which are natural polyphenol compounds, consist of six major subgroups,
including chalcones, flavones, flavonols, flavandiols, anthocyanins, and proanthocyanidins (Li,
2014). Flavonoids not only give plants their attractive colors for pollen and seed dispersal, but also
protect plants against ultraviolet radiation (Winkel-Shirley, 2001; Emiliani et al., 2013). In addition,
flavonoids may act as antioxidants or signaling molecules to exert potential beneficial effects
on human health (He and Giusti, 2010), as well as being antimicrobial agents in plant-microbe
interactions and plant defense response (Nijveldt et al., 2001; Battino et al., 2009).
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Flavonoids are synthesized from malonyl-CoA produced
by the fatty acid metabolic pathway and 4-coumaroyl-CoA
produced by the phenylpropanoid metabolic pathway with the
catalysis by a variety of enzymes. In general, three molecules
of malonyl-CoA and one molecule of 4-coumaroyl-CoA were
converted into one anthocyanin under a successive catalytic
action of many enzymes, including chalcone synthase (CHS),
chalcone isomerase (CHI), flavonoid 3-hydroxylase (F3H),
flavonol synthase (FLS), flavonoid 3’-hydroxylase (F3'H),
dihydroflavonol-4-reductase (DFR), anthocyanidin synthase
(ANS), leucoanthocyanidin reductase (LAR), anthocyanidin
reductase (ANR), and 3-glycosyltransferase (3-GT). In the
synthesis pathway of anthocyanins, the intermediate metabolites
dihydrokaempferol and dihydroquercetin, products of F3H,
can be oxidized by FLS to produce flavonols. Similarly, the
products of DFR and ANS, leucocyanidin, and cyanidin, can also
be converted into proanthocyanidins precursors by LAR and
ANR, respectively.

Flavonoids biosynthesis has been well studied in many plants
and is largely regulated at the transcriptional level by MYB-
bHLH-WD40 (MBW) complex. The MYB protein family is one
of the largest families of transcription factors in plants. According
to the number of R motifs contained in a MYB gene, it could
be divided into four subfamilies, namely 1R-MYB with one R
domain, 2R-MYB (R2R3-MYB) with two R domains, and 3R-
MYB or 4R-MYB with three or four R domains. Among the four
subfamilies, R2R3-MYB is the most abundant, which is widely
involved in regulating plant growth and development, responses
to biotic and abiotic stresses, as well as environmental factors
(Dubos et al., 2010). MBW comprises three classes of regulatory
proteins, including R2R3-MYBs, bHLHs and TRANSPARENT
TESTA GLABROUSI1 (TTGI1; also termed WD40) (Li, 2014).
In Arabidopsis, it has been reported that the three regulatory
proteins, namely AtTT2/AtMYB123 (Nesi et al., 2001; Dubos
etal., 2010), AtTT8/AtbHLHO042 (Nesi et al., 2000), and AtTTG1
(WD40-repeat protein) (Walker et al., 1999; Gonzalez et al,
2009), act together asa MBW complex to promote the production
of proanthocyanidins in seed coat, by activating the expression
of target gene BAN/ANR (Baudry et al, 2004). The genes
involved in the synthesis and accumulation of anthocyanins
are also regulated by MBW complexes, comprise at least one
R2R3-MYB protein from AtMYB75, AtMYB90, AtMYB113 and
AtMYBI114, one bHLH protein from TT8, GLABROUS3 (GL3)
and ENHANCER OF GLABRA3 (EGL3), and one WD40 protein,
AtTTGI (Dubos et al., 2010; Xu et al., 2015).

For fruit crops, such as grapevine, apple, peach and
strawberry, the identification of key MYB proteins have
significantly contributed to the understanding of the regulation
of fruit flavonoids synthesis (Azuma et al., 2008; Terrier
et al., 2009; Zhang et al., 2014; Zoratti et al, 2014; Tuan
et al,, 2015). Schaart et al. (2013) identified FaMYB9 and
FaMYB11 as regulators of proanthocyanidins in octoploid
strawberry by a strategy combining yeast-two-hybrid screening
and agglomerative hierarchical clustering of transcriptomic and
metabolomic data. FVvMYBI0 has been well studied for its
function in the accumulation of anthocyanin in woodland
strawberry (Lin-Wang et al., 2014; Castillejo et al., 2020). In

the MBW complex, MYB protein is the decisive component for
the regulation of flavonoids synthesis. The R2R3 motif at the
N-terminal of MYB is responsible for the specific binding to the
promoter of target genes, while the C-terminal is responsible
for the activation or inhibition of the expression of target genes
(Mehrtens et al., 2005; Prouse and Campbell, 2012; Franco-
Zorrilla et al., 2014; Kelemen et al., 2015). bHLH protein
functions by interacting with MYB (Grotewold et al., 1994).
WD40 protein seems to have a more general role in the regulatory
complex (Hichri et al., 2010). bHLH proteins in MBW complexes
also play important roles in anthocyanin accumulation. There are
133 bHLHs in Arabidopsis, three of which have been proven to
be related to anthocyanin formation. AtTT8 is a key regulator
of anthocyanin and proanthocyanidins biosynthesis. AtEGL3 and
AtGL3 mainly act in vegetative tissues (Ramsay and Glover, 2005;
Gonzalez et al., 2008). In petunia, the bHLH protein AN1 and
JAF13 can interact with AN2 (a R2R3-MYB protein) and WD40
protein AN11, thereby activating anthocyanin biosynthesis genes
(Quattrocchio et al., 1993; deVetten et al., 1997; Spelt et al.,
2000). In grape, apple and pear, several bHLH proteins, such as
VWMYC1, MdbHLH3, MdbHLH33, PpbHLH3, and PpbHLH33,
have been found to promote anthocyanin accumulation, and
these proteins can form MBW complexes with MYB proteins
(Espley et al., 2007; Hichri et al., 2010; Lin-Wang et al,
2014). Similarly, FvbHLH33 can help FvMYBI10 to activate
the expression of FvDFR and FvUFGT, key enzyme genes of
anthocyanin synthesis. However, there is still limited information
available on the transcriptional regulation of the flavonoids
biosynthesis by the MBW complexes, especially in the fruits of
woodland strawberry.

To identify additional regulatory proteins involved in the
flavonoids biosynthesis pathways in woodland strawberry, we
first identified the R2R3-MYB gene family using latest genome
database version 4.0.2a. Novel MYB and bHLH genes that
are possibly related to flavonoids biosynthesis were identified
through homology alignment and comprehensive phylogenetic
analysis. The corresponding MYB and bHLH proteins were
confirmed to form functional complexes using molecular and
biochemical experiments. The results from our study contribute
to the understanding of flavonoids biosynthesis in the fruits of
woodland strawberry at molecular levels.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Fragaria vesca seeds of RG (Ruegen, runnerless, everbearing,
and red fruited) were grown in flowerpots and cultivated in
photoperiodic conditions of 16 h of light and 8 h of dark at a
temperature of 22°C, and a relative humidity of 50%.

Identification of R2R3-MYB Proteins in
Woodland Strawberry

All the protein sequences of F. vesca were downloaded from
GDR database' and the genome database version 4.0.2a was

'https://www.rosaceae.org/
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used. An HMM search with the MYB DNA-binding domain
HMM profile (PF000249) was used to blast against strawberry
protein database and the e-value was set as 1.0 x 1073, Because
of the different splicing models for many genes in version
4.0.2a, a total of 499 MYB gene transcripts were obtained as
a result. For the different splicing of each MYB gene, the
longest transcript was preserved and the remaining was removed,
resulting in 242 MYB transcripts obtained. To confirm the
presence of MYB DNA-binding domain, the protein sequences
of the 242 MYB transcripts were used as queries to search against
Pfam?, SMART®, and HMMER® database, the e-value was set as
1.0 x 107>, In the end, a total of 118 MYB protein sequences
containing more than two MYB DNA-binding domains were
obtained. The isoelectric points and molecular weights of the
corresponding MYB proteins were obtained from the online
database of ExPASY".

Phylogenetic Analysis

The 125 R2R3-MYB genes identified in Arabidopsis were
obtained from a previous study (Dubos et al, 2010). The
MYB protein sequences were downloaded from The Arabidopsis
Information Resource (TAIR)®. The sequences of MYB proteins
from Arabidopsis and strawberry were aligned using ClustalW
(Thompson et al.,, 1994), and the BLOSUM matrix was used.
The parameters of gap opening and extension penalties were 25
and 1, respectively, and the other parameters were default. The
phylogenetic tree was constructed using the Neighbour Joining
Tree Method in Mega5 (Tamura et al., 2011). The bootstrap
was 1,000 replicates. Evolutionary distances were computed with
P-distance method and the positions containing gaps and missing
data were eliminated with partial deletion option (95%). For the
MYB and bHLH proteins, and other corresponding proteins from
different species, the phylogenetic tree was constructed as above.

Yeast Two-Hybrid Assay

Full CDS of bHLH and MYB genes were amplified and
then inserted into BD vector pLexA/pGBKT7 and AD vector
pB42AD/pGADT7, respectively, between EcoR I and Xho I using
ClonExpress IT One Step Cloning Kit (Vazyme Biotech Co., Ltd.).
All sequences of the recombinant plasmids were verified by
sequencing (Sangon Biotech Co., Ltd. at Shanghai). The LexA
yeast two-hybrid was performed as described previously (Xu
et al, 2019). For the GAL4 yeast two-hybrid assay, the bait
and prey vectors were co-transformed into AH109 yeast cells as
described by Lu et al. (2015). The primers used were listed in
Supplementary Table 1.

Yeast One-Hybrid Assay

The 2.0 kb upstream sequences before the ATG of FvCHS2
and FvDFR2 genes were amplified from woodland strawberry
of RG and inserted into the reporter vector pLacZ using

Zhttps://www.ebi.ac.uk/Tools/pfa/pfamscan/
*http://smart.embl-heidelberg.de/
“https://www.ebi.ac.uk/Tools/hmmer/
Shttps://www.expasy.org/
Chttp://www.arabidopsis.org/

homologous recombination method as above. The recombinant
effector plasmids with inserted MYB or bHLH genes and the
reporter plasmids were co-transformed into EGY48 yeast cells
and grown at 30°C for 3 days. Then the DNA-binding activity
were detected as described in the previous study (Li et al., 2020).
To investigate whether bHLH can affect the bioactivity of MYB
protein, the cDNA encoding the full-length bHLH was inserted
into a modified pLexA vector, which lacks the BD domain.
The two effector plasmids harboring bHLH and MYB genes,
respectively, were co-expressed with the reporter plasmid in
EGY48 yeast cells. Transformed colonies were selected on SD-
Trp-His-Ura medium plus X-gal as described previously (Li et al.,
2020). The sequences of the CHS2 and DFR2 promoters were
listed in Supplementary Table 2 and the potential cis-elements of
the CHS2 and DFR2 promoters for MBW binding were analyzed
by PlantCARE’ (Lescot et al., 2002). The primers used were listed
in Supplementary Table 1.

Quantitative RT-PCR Analysis

Strawberry fruits at green stage (about 15 days post anthesis,
DPA), white stage (about 22 DPA), pre-turning stage (white
receptacles with red achenes), turning stage (2 or 3 days after
the pre-turning stage), and ripen stage (3 or 4 days after the
turning stage) were harvested. The achenes were removed from
all the fruits. and then the total RNA was extracted following
the manufacturer’s instructions of RNA Plant Plus Reagent
(Tiangen, Beijing, China, Cat.DP437). DNase I was used to
remove the genomic DNA contamination. First-strand cDNA
was synthesized using EasyScript® One-Step gDNA Removal
and ¢cDNA Synthesis SuperMix (Transgen, China). Real-time
qPCR was performed using the CFX96 Touch™ Real-Time
PCR System (Bio-Rad, United States) with 2 x M5 HiPer SYBR
Premix EsTaq (with Tli RNaseH) (Meibio, China, Cat. MF787-
01). The qPCR reaction was performed by pre-denaturing at
95°C for 1 min, followed by 40 cycles of denaturing at 95°C for
5 s, annealing at 60°C for 15 s, and extension at 72°C for 15 s.
Melting curve detection from 65 to 95°C was done after the cyclic
reactions. Transcript abundance of target genes were calculated
using 272" method in comparison with the internal control
gene, Fv26S or FvActin. Three biological replicates were used in
each assay. The experiments were repeated at least three times.
The primer sequences were listed in Supplementary Table 3.

BiFC Assay

The vectors used to produce constructs for the BiFC assays were
pXY104 and pXY106, which carry fragments encoding the C-
and N-terminal halves of YFP (cYFP and nYFP), respectively.
The full-length cDNAs of MYB and bHLH genes were cloned
into pXY104 and/or pXY106 vector to generate corresponding
recombinant plasmids. All constructs were transformed into
Agrobacterium tumefaciens strain GV3101 and infiltrated into
tobacco (Nicotiana benthamiana) epidermal leaves in the given
combinations as described previously (Lu et al., 2015; Xu et al,,
2016). After incubation in the dark for 36-40 h, the tobacco
leaf samples were examined by confocal microscopy (Leica TCS

“http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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SP5II) to detect the expression of various fluorescent proteins.
The intensity of the laser was set at 30%, the wavelength at
514 nm, and the voltage at 700 v. All the primers used were listed
in Supplementary Table 1.

Luciferase Reporter Assay

The pGreen0800-Proprrz:Luc vector was described previously
(Li et al.,, 2020). The full length CDS of MYB and bHLH genes
including FvMYB22, FvMYB64, FvMYB105, and FvbHLH33
were cloned into pGreen62SK vector and served as effectors.
The reporter strain GV3101 harboring Proppra:Luc was
mixed with each of the effector strain harboring pGreen62SK,
pGreen62SK-bHLH33 or one of the pGreen62SK-FvMYB
plasmids (pGreen62SK-FvMYB22, pGreen62SK-FvMYB64, or
pGreen62SK-FyMYBI105) individually, as well as combinations
of plasmids indicated. The mixed culture of each combination
was infiltrated into tobacco leaves as described in the results
of this article. After incubation in the dark for 36-40 h, the
N. benthamiana leaves were treated with 1 mM I-luciferin
sodium salt (Yeasen, Shanghai, China, Cat. 40903ES02)
and kept in the dark for an additional 10 min before the
bioluminescence signal were imaged and the intensity measured
by a luminescent imaging workstation (5200; Tanon, Shanghai,
China). The primers used for luciferase reporter assay are listed
in Supplementary Table 1.

Detection of Anthocyanin and

Proanthocyanidin

The method of anthocyanin detection was described in previous
studies (Xu et al, 2018; Li et al., 2020). The method of
proanthocyanidins detection was described in previous study
(Li et al, 2018). DMACA, (—)-epicatechin and 4-hydroxy-3-
methoxybenzaldehyde used in the experiments were from Bide
Pharmatech. Ltd. (Shanghai, China).

Transient Overexpression in Strawberry

Fruit

The construct of pGreen62SK, pGreen62SK-bHLH33 or one
of the pGreen62SK-FvMYB plasmids (pGreen62SK-FvMYB22,
pGreen62SK-FvMYB64, or pGreen62SK-FvMYBI105) was used
for transient overexpression. The method of injection was
described in previous study (Zhang et al., 2020). The octoploid
strawberry of “HongYan” was used for transient overexpression.
The fruit were collected at 7 days after transfection and the
measurement of proanthocyanidins was described in the same
previous study (Xu et al., 2018). The expression of FvbHLH33,
FvMYB22, FvMYB64, FvMYBI105, FvCHS2, and FvDFR2 was
confirmed by qRT-PCR assay.

RESULTS

Genome Wide Identification of

R2R3-MYB Genes in Fragaria vesca
In order to identify R2R3-MYB genes in strawberry, the HMM
profile (Pfam:00249) of MYB DNA-binding domain was used to

blast against the woodland strawberry genome database (F. vesca
Whole Genome v4.0.a2) from GDR (see Text Footnote 1). The
blast search resulted in a total of 242 MYB genes after removing
repetitive redundant sequences. The protein products of 118
MYB genes out of the 242 were verified to contain conserved
MYB DNA-binding domains through searching Pfam, SMART
and HMMER databases. All 118 MYB gene products contain
more than two MYB repeat units. Among them, one contains
four MYB repeat units, five contain three MYB repeat units.
The remaining 112 contain two MYB repeat units, which are
R2R3-MYBs (Supplementary Table 4). Through gene sequence
alignment analysis, we found that FvH4_ 1G22020 shares the
same sequence with FvMYBI10, thus annotated as FvMYBIO0.
Blast results showed that the sequences of FvH4_2g31100
and FvH4 6g34650 were almost consistent with FaMYB9 and
FaMYBI1, respectively. We therefore named FvH4_2g31100
and FvH4_6g34650 as FvMYB9 and FvMYBI11. The remaining
R2R3-MYB genes were named according to the order of their
chromosomal locations in the strawberry genome browser
(Supplementary Table 4). The physical and chemical property
prediction analysis was performed for the 112 R2R3-MYB
proteins using ExPASy database. The results showed that the sizes
of these MYB proteins are significantly different. For example, the
protein product of FvH4_7g19850 is composed of 1703 amino
acids, while other MYB proteins are much smaller, containing
amino acids of a number ranging from 127 to 562. The isoelectric
points of MYB proteins have been predicted to range from 4.82
to 10.10, and the presumed molecular weights are in a range of
15-62.7 kD, except for the protein product of FvH4_7g19850, the
molecular weight of which is 185 kD (Supplementary Table 4).

Identification of Potential MYB and bHLH
Proteins Involved in Regulating

Flavonoids Biosynthesis

To identify which R2R3-MYB genes in strawberry are possibly
involved in flavonoids biosynthesis, the sequences of the 112
strawberry R2R3-MYB genes identified by us and the 125 R2R3-
MYB genes from Arabidopsis were phylogenetically analyzed. The
results showed that a total of 17 strawberry MYB genes clustered
with AtMYBs that are involved in flavonoids biosynthesis
(highlighted in black solid circles in Figure 1). We also included
R2R3-MYB genes from other species with known functions
in flavonoids synthesis for comparison, including those from
grape, apple, cotton, tomato, maize and freesia. These R2R3-
MYB genes were also phylogenetically analyzed together with the
17 strawberry MYB genes. Taken together,12 strawberry R2R3-
MYB genes were identified as potentially involved in flavonoids
biosynthesis (highlighted in black solid circles, Supplementary
Figure 1). Specifically, FvMYBIO and FvMYB75 clustered
with MdMYB10 and MdMYBI1, which promote anthocyanin
biosynthesis (Espley et al., 2007). FvMYB3, FvMYBY9, and
FvMYBII clustered with FaMYB9 and FaMYBI1, which were
found to complement the phenotype of transparent testa in
Arabidopsis tt2-1 mutant (Schaart et al, 2013), suggesting a
function of regulating proanthocyanidins biosynthesis. FvMYB64
and FvMYBI105 were homologous to VYMYBPAI, which is
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specific to the regulation of proanthocyanidins biosynthesis
in seeds (Bogs et al, 2007). FvMYB45 and FvMYB77 were
similar to maize P (Grotewold et al., 1994) and AtMYBI11
(Stracke et al., 2007), respectively, suggesting that both of them
might be related to flavonols synthesis. FvMYB41 clustered with
VwvMYB5b, which contributes to the regulation of anthocyanin
and proanthocyanidins biosynthesis in the developing grape
fruits (Deluc et al., 2008). AtMYB123 did not explicitly cluster
with any known genes, but when AtMYBI123 was used as a query
to blast against strawberry genome, FvMYB21 and FvMYB22 was
also among the results, displaying high similarity to AtMYBI123,
suggesting that FvMYB21 and FvMYB22 are potentially related to
proanthocyanidins biosynthesis.

To screen bHLH components of MBW complexes, we used
three Arabidopsis bHLH proteins as queries to perform BLASTP
searches against F. vesca protein database. The three Arabidopsis
bHLH proteins, including AtTT8, AtEGL3, and AtGL3, have
been shown to have partially overlapping expression patterns
and redundant functions in flavonoids biosynthesis. By the
searches, we found that no matter which one of AtTT8, AtEGL3,
and AtGL3 was used for blasting, the matching proteins with
higher similarity were always the products of FvH4_2g23700,
FvH4_7g14230, and FvH4_5g02520 (Supplementary Table 5).
A phylogenetic analysis of these three strawberry bHLH proteins
and those from other 16 plants was performed, and we found that
FvH4_2g23700, FvH4_7g14230, and FvH4_5g02520 clustered
with FabHLH3, FabHLH33 and FaMYCI1 of Fragaria x ananassa,
respectively (Supplementary Figure 2). Consequently, the bHLH
proteins from woodland strawberry were named as FvbHLH3,
FvbHLH33, and FvMYC1, and considered potential components
of MBW complexes for flavonoids biosynthesis.

The Expression Pattern of R2R3-MYB
and bHLH Genes Correlates With
Anthocyanin and Proanthocyanidin

Accumulation in Strawberry Fruits

We studied the transcript levels of MYBs and bHLHs, and
their effects on the accumulation of flavonoids in strawberry
fruits at five stages of fruit development, including green
stage, white stage, pre-turning stage, turning stage and ripe
stage. qRT-PCR results showed that the transcript level of
a bHLH gene (FvMYCI) and nine MYB genes (FvMYB3,
FvMYBY9, FvMYBI11, FvMYB21, FvMYB22, FvMYB45, FvMYB64,
FyMYB77, and FvMYB105) was higher at green stage, but
significantly decreased at the other four stages (Figure 2
and Supplementary Figure 3), matching proanthocyanidins
biosynthesis pattern, which accumulated mainly at the early
stages, especially at the green stage (Figure 3A). Specifically, the
expression of FvMYBII, FvMYB21, FvMYB77, and FvMYBI105
were not detected during turning stage and ripe stage. By
contrast, the expression of FvMYBI0 was extremely low in
green and white stages, but significantly increased during
the late development stages, especially the turning stage,
resembling anthocyanin biosynthesis pattern, which accumulated
in a large amount during turning and maturation stages
(Figure 3B). The expression of FvMYB41 and FvbHLH3

gradually increased accompanying the development of fruit and
peaked at ripe stage (Figure 2 and Supplementary Figure 3),
also aligned with anthocyanins accumulation (Figure 3B).
The expression of FvMYB75 and FvbHLH33, however, was
detected at all five stages, with higher expression level at
early stages from green to pre-turning than turning and
ripe stages (Figure 2 and Supplementary Figure 3). Taken
together, the bHLH gene FvMYCI, and the nine MYB genes
including FvMYB3, FvMYBY9, FvMYBI11, FvMYB21, FvMYB22,
FvMYB45, FvMYB64, FvMYB77, and FvMYBI105, might be
involved in proanthocyanidins biosynthesis at early stages of
fruit development. FvMYBI10, FvMYB41, and FvbHLH3 might
be associated with the accumulation of anthocyanins at later
stages. The proposed functions of woodland strawberry MYB
and bHLH genes are consistent with the phylogenetical analysis
(Supplementary Figure 1).

Interaction Between the Putative
Components of Woodland Strawberry
MBW Complexes in vitro and in vivo

To study whether these potential MYB and bHLH proteins
can form MBW complexes, we first investigated the interaction
among them in vitro using LexA yeast two-hybrid system.
When FvbHLH3 or FYMYC1 were used as a bait (fused with
DNA-binding domain, BD), they both could interact with every
MYB protein tested (fused with Activation domain, AD) except
for FVMYB45 or FvMYB77 (Figure 4). FvbHLH33, however,
displayed strong self-activation when fused to LexA BD as a
bait. This is also true when only the N-terminal fragment of
FvbHLH33 was used (Supplementary Figure 4). Considering
that 3-AT can be used to inhibit self-activation in GAL4
yeast two-hybrid system, the interaction between FvbHLH33
and MYB proteins were studied in GAL4 system instead.
20 mM 3-AT was introduced to inhibit self-activation using
FvbHLH33 as a bait, and we were able to detect interactions
between FvbHLH33 and 10 individual MYB proteins, including
FvMYB3, FvMYB9, FvMYB10, FvMYB11, FvMYB21, FvMYB22,
FvMYB41, FvMYB75, FvMYB77, and FvMYB105, but not
FvMYB45 or FvMYB64 (Supplementary Figure 5).

We also performed BiFC experiments to furtherly investigate
the interactions between bHLH and MYB proteins in vivo. As
shown in Figure 5, when MYBs or FvbHLH3 were expressed
individually, no over-lapping fluorescent signal of YFP was
seen. When FvbHLH3 and any of the 10 MYB proteins,
including FvMYB3, FvMYB9, FvMYB10, FvMYB11, FvMYB21,
FvMYB22, FvMYB41, FvMYB64, FvMYB75, and FvMYBI105,
were co-expressed in tobacco cells, strong fluorescent signal of
YFP was observed. However, when FvbHLH3 and FvMYB45
or FvMYB77 were co-expressed, no YFP signal was detected.
Similarly, FvMYC1 or FvbHLH33 was observed to interact with
the same 10 MYB proteins, but not FvMYB45 or FvMYB77
(Supplementary Figure 6). The interaction between FvMYB64
and FvbHLH33 was not detected in yeast two-hybrid, but
the interaction was detected in BiFC assay, likely due to the
difference between the in vitro and in vivo experimental systems.
Taken together, the results in vitro and in vivo suggested that
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FIGURE 1 | Phylogenetic analysis of R2R3-MYB proteins of Arabidopsis and woodland strawberry. The numbers above the line are the bootstrap values. Black solid
circles indicate those related to flavonoid biosynthesis.

the 10 MYB proteins, except for FvMYB45 and FvMYB77,
could possibly form functional MBW complexes with FvbHLH3,
FvbHLH33, or FvMYCI.

Most MYB Proteins Bind to the

Promoters of Key Enzyme Genes in
Flavonoids Biosynthesis

In a MBW complex, MYB protein is the decisive factor
for the regulation of specific flavonoids synthesis genes. To
confirm whether the identified MYB proteins have a potential
role in regulating genes involved in flavonoids biosynthesis,
we first analyzed whether the promoters of CHS2 and DFR2
contained cis-elements bound by MBW complexes. As shown
in Supplementary Figure 7, the promoter regions of CHS2 and

DFR2 contain binding elements of MYB proteins. Then, we tested
in yeast one-hybrid system to see whether these MYB proteins
are able to bind to the promoters of CHS2 and DFR2 genes,
which encode key enzymes related to the flavonoids synthesis
pathways. As shown in Figure 6, all tested MYB proteins, except
for FvMYB75, displayed binding activity to the promoter of
CHS2 gene. However, only FvMYB11 and FYMYB21 bound to
the DFR2 promoter.

The Heterodimers Formed by MYBs and
bHLHs Activate the Expression From
DFR2 Promoter

We observed that most of the MYB proteins (except for
FvMYBI11 and FvMYB21) in strawberry could not bind to the
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promotor of DFR2 in yeast one-hybrid assay (Figure 6), nor
the three bHLH proteins (FvbHLH3, FvbHLH33, or FvMYC1)
(Supplementary Figure 8). To explore whether bHLH proteins
are in need for those MYBs to bind to the promotor of
DFR2, we test the DNA-binding activity of heterodimers formed
between five FvMYB proteins (FvMYB10, FvMYB22, FvMYB64,
FvMYB75, and FvMYB105) and three FvbHLH proteins

(FvbHLH3, FvbHLH33, or FvMYC1) in yeast one-hybrid assay.
As shown in Figure 7, transformation of yeast cells with either
one of the five MYB proteins fused to AD did not show positive
DFR2 promotor binding activity. However, when either one of
the three bHLH proteins, FvbHLH3, FvbHLH33 or FvMYCl,
was co-expressed with AD-FvMYB22, AD-FYMYB64, or AD-
FvMYBI105, the report gene of LacZ was activated and the yeast

Frontiers in Plant Science | www.frontiersin.org

November 2021 | Volume 12 | Article 774943


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Xu et al.

MBW Complex Related to Flavonoids

14.0

12.0-

N

©

o
1

o
o
1

by
o
1

The content of proanthocyanidins 3,
A640/FW(g)
N [e]
o o
1 1

o
|

G w PT T R

stage; W, white stage; PT, pre-turning stage; T, turning stage; R, ripe stage.

FIGURE 3 | The measurement of anthocyanins and proanthocyanidins in fruits of different development stages. (A) Proanthocyanidins; (B) anthocyanins. G, green

=)

12.0 =
10.0
8.0

e
o
1

W

(A530-A657)/FW(g)

-
o
1

o
o
1

The content of anthocyanins

o
|

G w PT T R

cells displayed blue on media containing X-gal, demonstrating
the binding of MYB proteins to the promotor of DFR2 in the
presence of bHLH proteins. For FvMYB75 and FvMYBI10, the
reporter gene LacZ can only be activated in the presence of
FvMYCI, but not FvbHLH3 and FybHLH33 (Supplementary
Figure 9), suggesting a requirement of specific bHLH protein for
the DNA-binding activity of FvMYB75 or FvMYB10.

To further confirm the requirement of FvbHLH proteins
for the DNA-Binding activity of FvMYB proteins in vivo, we
transiently expressed FvbHLH33 and three FvMYB proteins
(FvMYB22, FvMYB64, and FvMYB105) separately, or as a
combination of FvbHLH33 with one of the three FvMYB proteins
in N. benthamiana leaves, along with a reporter luciferase gene
under the control of DFR2 promoter. As shown in Figures 8A,B,
when FYMYB22, FvMYB64, or FvMYB105 was expressed alone,
the reporter gene was not significantly induced, whereas these
MYB proteins induced the reporter gene in the presence of
FvbHLH33, leading to a strong luminescence signal when the
substrate of luciferin was added. These results, together with
results from yeast one-hybrid suggested that the heterodimers
between FVMYBs and FvbHLHs were necessary for activating
some flavonoids synthesis genes.

Co-expression of FvMYB and FvbHLH
Proteins Promotes the Accumulation of
Proanthocyanidins

To confirm the biofunction of strawberry MBW complexes
in flavonoids synthesis, we co-expressed FvMYB and FvbHLH
proteins in the fruits and measured the flavonoids accumulation.
FvMYB22, FvMYB64, and FvMYBI105 are homologs of MYB
proteins in other plants that regulate proanthocyanidin synthesis
(Supplementary Figure 1) and mainly expressed at green stage
(Figure 2 and Supplementary Figure 3). FvbHLH33 has been
shown to interact with all three FvMYB proteins in yeast
and tobacco cells. We transiently expressed FvbHLH33 and
the three FvMYB proteins individually, or a combination of
FvbHLH33 and one of the three FYMYB proteins in green stage
strawberry fruit. The accumulation of proanthocyanidins was

measured following the expression. As shown in Figures 9A,B
and Supplementary Figure 10, the accumulation of procyanidins
did not significantly increase following the expression of
either FvbHLH33 or any of the three FvMYB proteins alone.
However, the expression levels of flavonoid biosynthesis related
genes CHS2 and DFR2 was significantly enhanced and the
accumulation of proanthocyanidins was significantly increased in
strawberry fruits when FvbHLH33 and one of the three FvMYB
proteins were co-expressed (Figures 9A,B and Supplementary
Figure 10). These results confirmed the function of the identified
MBW components in strawberry flavonoids biosynthesis.

DISCUSSION

In this study, we identified 112 R2R3-MYB genes in woodland
strawberry by using HMM profile of MYB DNA-binding domain
to blast strawberry genome database and further verified the
presence of the MYB DNA-binding domain in Pfam, SMART
and HHMER (Supplementary Table 4). Recently, Liu et al.
(2019) have identified R2R3-MYB genes in six Rosaceae species
including strawberry (F. vesca), but they identified 105 R2R3-
MYB genes which was seven genes fewer than what we found.
The difference was likely because they used the 125 R2R3-MYB
from Arabidopsis to perform repetitive BLASTP search against
the strawberry genome version 1.1.a2, in which there were still
many scaffolds (Darwish et al., 2015). In our study, we used
HMM profile of MYB DNA-binding domain to search against the
strawberry genome version 4.0.a2, which contains 34,007 genes,
511 more genes than the 33,496 genes in version 1.1.a2 (Li et al.,
2019). We speculate that some R2R3-MYB genes might have been
omitted or wrongly identified due to the annotation errors in the
version 1.1.a2. For example, mrna32181, mrnal6655, mrna01311
and mrna28755 were identified as R2R3-MYB genes in version
1.1.a2 by Li et al. (2019). When using these genes to blast
against version 4.0.a2, each of these four genes was annotated as
two or three different genes in version 4.0.a2 (Supplementary
Figure 11), indicating that there were wrong annotations in
version 1.1.2a. Given that genomic information in version 4.0 is at
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FIGURE 4 | The interaction of MYB and bHLH proteins in yeast cells. LexA yeast two-hybrid assays showing interactions between FYMYB proteins and FvbHLH
proteins. Yeast cells were grown on selective medium (SD-Trp, -His, -Ura; SD-THU) with 80 mg/L X-gal. Blue precipitates represent cumulative B-galactosidase
activity resulting from the activation of the LacZ reporter gene by interacting proteins. Two representative colonies were shown for each interaction.

chromosomal level, 112 R2R3-MYB identified in our study have
higher confidence levels.

It was proposed that in a MBW complex, MYB protein is the
decisive factor for the regulation of specific flavonoids synthesis
(Baudry et al., 2004). In our study, through phylogenetic tree
analysis of R2R3-MYB genes from different plants including
Arabidopsis, grape, pear, strawberry, etc., we obtained 12 potential
MYB genes that regulate flavonoids synthesis in strawberry.
Among these 12 MYB genes, FvMYB10 and FvMYB75 clustered
with MdMYBI and MdMYBI10 (Supplementary Figure 1), which
were known to promote anthocyanin accumulation in apple
(Espley et al., 2007; Gonzalez et al., 2008). It has been reported

that over-expression of FvMYBI0 or FaMYBIO (homolog of
FvMYBIO0 in cultivated strawberry Fragaria x ananassa) resulted
in elevated concentrations of anthocyanin in root, leaves, petioles,
stigmas, petals and fruits (Lin-Wang et al., 2014; Medina-Puche
et al., 2014; Wang et al,, 2020). Additionally, Hawkins et al.
(2016) identified an SNP (a specific SNP mutation of G to C,
leading to W12S variant) in FvMYBIO0 resulting in abolished
accumulation of anthocyanins in the fruits of the woodland
strawberry Yellow Wonder (YW). Furthermore, in the yellow
and red-fruited varieties tested, the C (W12S) in FvMYBIO is
100% associated with the yellow color of the fruit, while the
G is 100% associated with the red color (Hawkins et al., 2016;
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Zhang et al., 2017). Interestingly in YW, there is no accumulation
of anthocyanins in fruits, but the accumulation is normal in
petioles (Xu et al., 2014). In addition, two Fragaria pentaphylla

subvarieties displayed red and white skin color, the relatively
low expression level of FpMYBI10 might have contributed to
the white fruit variety. The achenes of both varieties, however,
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FIGURE 6 | Yeast one-hybrid assays showing the binding of MYB proteins to the promoters of CHS2 and DFR2. Yeast cells were grown on selective medium
(SD-Trp, -Ura; SD-TU) with 80 mg/L X-gal. Blue precipitates represent cumulative B-galactosidase activity resulting from the activation of the LacZ reporter gene by
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are red (Bai et al., 2019). These results suggested that other
factors besides FvMYB10 or FpMYB10 might be involved in
the regulation of anthocyanin accumulation. In our study, the
expression of FvMYB41 displayed expression pattern similar to
FvMYBI0 during the five development stages (Figure 2 and
Supplementary Figure 3), resembling anthocyanin biosynthesis
pattern (Figure 3B), suggesting that FvMYB41 might have
a role in promoting anthocyanin accumulation. Through the
phylogenetic tree analysis, we found that FvMYB41 was most
genetically related to VwMYB5b from grape and FAMYB5 from
Freesia, both of which have been proven to promote the
accumulation of anthocyanin and proanthocyanidins (Deluc
et al., 2008; Li et al, 2018). By comparing the sequences of
VwMYB5b, FhMYB5, and FvMYB41, we found that the similarity
of all three was greater than 45% (Supplementary Table 6).
The most conserved sequences were within the DNA-binding
R2R3 domain as well as the C1 and C3 motifs in the C-terminal
regions of the three genes (Supplementary Figure 12). Thus,
it was speculated that FvMYB41 likely serves as a homologous
protein of VWMYB5b and FhMYBS5 in strawberry that promotes

flavonoids biosynthesis. However, this notion needs to be tested
in future study.

It has been known that MBW complexes composed of
MYB-bHLH-WD40 play key roles in regulating flavonoids
biosynthesis in plants. In this study, we confirmed the
interactions between potential components of MBW in
woodland strawberry. We detected the interaction between
twelve MYB proteins (FvMYB3, FvMYB9, FvMYB10, FvMYBI11,
FvMYB21, FvMYB22, FvMYB41, FvMYB45, FvMYB64,
FvMYB75, FvMYB77, and FvMYB105) and three bHLH proteins
(FvbHLH3, FvbHLH33, and FvMYC1). Using the yeast two
hybrid and BiFC assays, we found that except for FvMYB45
and FVMYB77, all the other MYBs can interact with either
one of FvbHLH3, FyvbHLH33, or FvMYCI1 (Figures 4, 5 and
Supplementary Figures 5, 6). In addition, we found that
FvTTGI1, a WD40 protein, interacted with all the three bHLH
proteins (Supplementary Figure 13). All these results indicated
that the strawberry MBW component proteins identified in this
study could form MBW complexes. Interestingly, in octoploid
strawberry, FabHLH3, FabHLH33, and FaMYC1 can interact
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FIGURE 7 | The effect of interactions between MYB and bHLH proteins on the DFR2 promoter fused with LacZ reporter gene. Yeast cells were grown on selective
medium (SD-Trp, -His, -Ura; SD-THU) with 80 mg/L X-gal. Blue precipitates represent cumulative -galactosidase activity resulting from the activation of the LacZ
reporter gene by binding. Two representative colonies were shown for each binding.

SD-THU+X-gal

AD-FVYMYB64
+pLaczi-DFR2

FvbHLH3
+AD-MYB64
+pLaczi-DFR2

FvbHLH33
+AD-MYB64
+pLaczi-DFR2

FvMYCA1
+AD-FVMYB64
+pLaczi-DFR2

AD-FYMYB105
+pLaczi-DFR2

FvbHLH3
+AD-FVYMYB105
+plLaczi-DFR2

FvbHLH33
+AD-FVYMYB105
+plLaczi-DFR2

FvMYC1
+AD-FVYMYB105
+pLaczi-DFR2

with FaTTGI, but only FabHLH3 can interact with FaMYB9,
FaMYBI1 (Schaart et al., 2013). Whereas, we found that both
FvMYB9 and FvMYB11 interacted with FvbHLH33 and FvMYC1
in woodland strawberry (Figure 4 and Supplementary Figure 5).
For these paradoxical results between woodland strawberry and
octoploid strawberry, it is likely because that Schaart et al. (2013)
used the C terminal of FvMYCI and FvbHLH33 but not the
tull length of CDS for yeast two-hybrid assays (Supplementary
Figures 14, 15). Only the full-length protein of FvbHLH33, but
not the C-terminus fragment, interacted with MYB proteins
in our assay (Supplementary Figures 5, 16). Even though
Schaart et al. (2013) had demonstrated the direct interactions
between FabHLH3 and the two FaMYB proteins (FaMYB9 and
FaMYBI11), they only did so in yeast cells, not in plant cells
(Schaart et al., 2013). In our study, we provided evidence to
support the interactions between FVMYB proteins and FvbHLH
proteins in both yeast (Figure 4 and Supplementary Figure 5)
and plant cells (Figure 5 and Supplementary Figure 6).

To further test whether FvMYB proteins or FvbHLH proteins
are involved in the regulation of flavonoids biosynthesis-related

genes, we examined the DNA-binding activity of FvMYB
proteins, as well as the requirement of FvbHLH proteins,
using reporter genes (LacZ and Luciferase) under the control
of the promoters of CHS2 and DFR2, two key enzyme genes
related to the flavonoids biosynthesis pathways. Most of the
FvMYB proteins except for FvMYB75 displayed DNA-binding
activity to CHS2 promoter. However, most of the FVMYB
proteins and three bHLH proteins were not able to bind to
DFR2 promoter except for FvMYBI11 and FvMYB21 (Figure 6
and Supplementary Figure 8). It has been reported that
in Arabidopsis, AtTT2 (AtMYBI123) can’t bind by itself to
the promoter of BAN, a gene involved in proanthocyanidins
production. AtTT8 (AtbHLHO042) must be present for AtTT2
to bind to the BAN promoter in yeast (Baudry et al., 2004).
Considering that MYB proteins often form complexes with
bHLH proteins to regulate flavonoids biosynthesis, we further
examined whether co-expression of FvbHLH proteins could
promote the binding of FvMYB proteins to the promoter of
DFR2. Our results showed that co-expression of either one
of the three FvbHLH proteins (FvbHLH3, FvbHLH33, and
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FvMYC1) with FvMYB22, FvMYB64, or FvMYB105 in yeast cells
significantly increased the expression of the reporter gene LacZ
from DFR2 promotor, suggested that FvbHLHs can promote
the binding activity of FvMYBs to the promoter of DFR2
(Figure 7). The requirement of FvbHLH protein for the gene
induction function of FvMYB proteins was also demonstrated in
tobacco cells. FvMYB22, FvMYB64, or FvMYB105 induced the
expression of luciferase from DFR2 promoter when FvbHLH33
was co-expressed (Figure 8). This was further confirmed by
the accumulation of flavonoids in strawberry fruits. When
FvbHLH33 was co-expressed with either one of FvMYB22,
FvMYB64, or FvMYB105 in green stage strawberry fruits, the
accumulation of proanthocyanidins was significantly increased
(Figure 9A). But for FvMYB75 or FvMYB10, only FvMYCl1
could help increase their DNA-binding activity, leading to
the induction of LacZ expression (Supplementary Figure 9).
These results suggested that some FVMYB proteins only form
complexes with specific FvbHLH proteins. It has been reported

that the maize R2R3-MYB protein C1 co-worked with the
bHLH protein R to activate the expression of anthocyanin
biosynthesis genes (Grotewold et al., 2000). Later studies showed
that the dimerization domain of R behaves as a switch that
permits distinct configurations of the regulatory complex to be
tethered to different promoters of target genes (Feller et al,
2006; Kong et al., 2012). These studies suggested that bHLH
protein may determines the target gene of MBW complexes.
The biofunctions of the three FvbHLH proteins in woodland
strawberry, including FvbHLH3, FvbHLH33, and FvMYCI,
remain to be further investigated.

Since FvMYB22, FvMYB64, and FvMYB105 clustered with
VWYMYBPA1, FaMYB9, and FaMYB11, which were reported to
promote proanthocyanidins biosynthesis. We tested whether
these three MYBs can bind to the promoter of FvLAR, a
key enzyme gene regulating the proanthocyanidins synthesis.
Our results showed that FvMYB22, FvMYB64, and FvMYB105
bound to FvLAR promoters only in the presence of FvMYC1
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FIGURE 9 | The complex of FYMYB and FvbHLH33 can promote the accumulation of proanthocyanidin in strawberry fruits. The Agrobacterium containing the
indicated combinations of constructs were injected into strawberry fruits and the content of proanthocyanidins was detected at 7 days after injection.

(A) Measurement of proanthocyanidin related to the transient expression of FYMYB and FvbHLH proteins. (B) Relative expression levels of FvMYBs, FvbHLH33,
FvCHS2, and FYDFR2 genes from transient expression. Fv26S served as an internal control. Data are presented as the mean + SD (n = 3). The letters a—c indicate
statistically significant differences, as determined by Tukey’s LSD test (P < 0.05).
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(Supplementary Figure 17). Considering the interaction with
other FVMYB proteins in activating CHS2 and DFR2 promoters,
FvMYC1 might be a more universal bHLH partner for FvMYB
proteins and play more extensive roles in flavonoids biosynthesis
than the other two bHLH proteins, FvbHLH3 and FvbHLH33.
In fact, even when the transcripts of FvbHLH33 was significantly
reduced in FvbHLH33 RNAI lines, the pigmentation was not
significantly altered in those lines when compared with WT
(Lin-Wang et al., 2014). This also indicated that other bHLH
proteins, especially FvMYCI1, might compensate for the lack of
FvbHLH33 in this case. Recently, it was found that FvbHLH9
can promote anthocyanin accumulation in strawberry fruits, but
FVMYBI10 could not promote the expression of downstream
target genes when only bHLH9 was present (Li et al., 2020), likely
because the lack of WD40 protein. The results of existing studies
strongly suggest that there are other regulatory MBW proteins
in strawberry that control the synthesis and accumulation
of anthocyanins.

CONCLUSION

In this study, we identified novel MBW components in woodland
strawberry utilizing phylogenetic analysis, and confirmed the
biofunctions of several members in flavonoids accumulation
using molecular and biochemical methods. This work provided
not only the basis for study of flavonoids synthesis in strawberry,
but also potential economic benefit in strawberry cultivation. As
transcriptional regulators, further studies of MBW complexes
and their biological role in other important physiological
processes and regulatory mechanism will contribute to better
understanding of strawberry biology.
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The red coloration of apple (Malus x domestica Borkh.) is due to the accumulation of
anthocyanins in the fruit peel. Light is essential for anthocyanin biosynthesis in apple. In
this study, we performed a transcriptome sequencing (RNA-seq) analysis of apple fruit
exposed to light after unbagging. The identified differentially expressed genes included
MdBBX21, which is homologous to Arabidopsis BBX21, suggesting it may be involved
in light-induced anthocyanin biosynthesis. Additionally, MdBBX21 was localized in the
nucleus and its gene was expressed earlier than MdMYBT in apple peel treated with
light. Overexpressing MdBBX21 in Arabidopsis and apple calli under light increased
anthocyanin accumulation. Dual-luciferase and yeast one-hybrid assays confirmed that
MdBBX21 binds to the MdHY5, MdBBX20, and MdBBX22-1/2 promoters and induces
expression. At the same time, MdHY5 can also activate the expression of MdBBX21.
Furthermore, bimolecular fluorescence complementation and yeast two-hybrid assays
demonstrated that MdBBX21 can interact with MdHY®5. This interaction can significantly
enhance MdMYB1 promoter activity. These findings clarify the molecular mechanism by
which MdBBX21 positively regulates light-induced anthocyanin accumulation in apple.

Keywords: apple, light, anthocyanin, MdBBX21, MdMYB1

INTRODUCTION

Apples are one of the most widely cultivated fruits worldwide. Red-skinned apples are more popular
with consumers than green-skinned or yellow-skinned apples. The redness of the peel is mainly
determined by anthocyanins, which are natural water-soluble pigments (Kim et al., 2003; Zhang Y.
et al., 2014). Under natural conditions, anthocyanins are stored in plant vacuoles in the form of
glycosides (Passeri et al., 2016). The diversity in the colors of flowers, stems, leaves, fruits, and other
plant organs and tissues is due to the type, content, and distribution of anthocyanins (Lawrence
etal., 1939; Zhang H. et al., 2014).
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Anthocyanins are produced by the flavonoid pathway
in a process that is controlled by a series of structural
genes and regulatory factors (Winkel-Shirley, 2001). The
structural genes (e.g., early and late biosynthetic genes)
encode various enzymes in the plant anthocyanin biosynthetic
pathway. The early biosynthetic genes include those encoding
chalcone synthase (CHS), chalcone isomerase (CHI), and
flavanone 3-hydroxylase (F3H), whereas the late biosynthetic
genes include those encoding dihydroflavonol 4-reductase
(DFR), anthocyanidin synthase (ANS), and flavonoid 3-O-
glycosyltransferase (UFGT) (Martin et al., 1991; Kubasek et al.,
1992). Transcriptional regulators control the expression of
structural genes (Quattrocchio et al., 1993, 1998; de Vetten et al,,
1997). For example, MYB proteins, which are among the most
important transcription factors, can combine with bHLH and
WD40 proteins to form an MBW complex that binds to the
promoter of structural genes to induce expression and regulate
anthocyanin synthesis (Ramsay and Glover, 2005; Li, 2014).
In apple, MAMYB1 and MdMYBA are responsible for apple
skin coloration (Takos A. M. et al., 2006; Ban et al., 2007).
Five direct tandem repeats of the MAMYB10-binding motif in
the MdMYBI0 promoter are associated with the accumulation
of anthocyanins throughout the plant, ultimately resulting in
striking phenotypes (e.g., red fruit flesh and red foliage) (Espley
et al, 2007, 2009). By aligning the MdMYBI sequence with
the GDDH13 and HFTH1 genomes, a long terminal repeat
retrotransposon associated with the red-skinned phenotype was
detected upstream of MdMYBI (Zhang et al, 2019). These
results strongly indicate that the MdMYBI/A/10 alleles are
the core transcriptional regulatory genes of the anthocyanin
biosynthesis pathway.

In addition to being genetically regulated, anthocyanin
production is also affected by various environmental factors,
including drought (An et al, 2020), low temperatures (Xie
et al., 2012), salt stress (Lotkowska et al., 2015), low nitrogen
availability (Sun et al,, 2018), and light (Cominelli et al., 2008).
For the biosynthesis of anthocyanins in the apple peel, light
is the most important environmental factor (Merzlyak and
Chivkunova, 2000). The mechanism underlying light-induced
anthocyanin synthesis has been well characterized as part of
photomorphogenesis in the model plant Arabidopsis (Maier
et al., 2013). Light signals are perceived by plants and then
transmitted by photoreceptor proteins such as phytochrome
(PHY) (Sharrock and Quail, 1989), cryptochrome (CRY) (Lin
et al., 1995), phototropin (PHOT) (Kasahara et al., 2002), and
ultraviolet light receptor (UVR8) (Rizzini et al., 2011). Different
photoreceptor proteins can perceive and transmit light of
different wavelengths. The blue light receptor gene MdCRY2 and
the UV-B photoreceptor gene MdUVRS have been characterized
in apple (Li et al, 2013; Zhao et al., 2016). Downstream of
the photoreceptors, LONG HYPOCOTYL 5 (HY5), ubiquitin
E3 ligase constitutive photobiochemical enzyme 1 (COP1),
and PHYTOCHROME-INTERACTING FACTORS (PIFs) are
involved in the complex signaling network mediating the
regulation of plant photomorphogenesis (Deng et al., 1992; Ang
and Deng, 1994; Ni et al., 1998). In apple, MAHY5 binds directly
to the MAMYBI promoter to induce expression and promote the

accumulation of anthocyanins under light conditions (An et al,,
2017). However, under dark conditions, MACOP1 can interact
with MAMYBI1 to mediate the ubiquitination and degradation of
MdMYBI1 (Lietal., 2012).

The B-box (BBX) protein is a zinc finger protein containing
one or two B-box motifs (Reymond et al, 2001). It is a
transcription factor that regulates plant photomorphogenesis
along with HY5, COP1, and PIFs. Members of the BBX family
have been identified in many species, including Arabidopsis
(Khanna et al., 2009), rice (Huang et al., 2012), tomato (Chu
et al, 2016), apple (Liu et al, 2018), and pear (Bai et al,
2019a). In Arabidopsis, the BBX protein family is divided into
five subfamilies according to the protein structures. Subfamily
IV comprises eight members (BBX18-25), each with two B-box
zinc finger motifs (Khanna et al, 2009). The transcription
factors in this subfamily are closely related to the light signaling
cascade. They can interact with the COP1 and HY5 transcription
factors, and can link the light signal regulatory network with
other regulatory networks (e.g., hormone and temperature)
(Sarmiento, 2013; Song et al., 2020). In apple, BBX22 positively
regulates UV-B-induced anthocyanin synthesis, but its function
depends on the synergistic effect of HY5 (Bai et al,, 2014; An
et al., 2019). Additionally, MdBBX20 can form a complex with
MdHY5 and bind directly to the MdMYBI, MdDFR, and MdAANS
promoters to promote anthocyanin synthesis in apple (Fang et al.,
2019b). Moreover, MdCOL4 interacts with MdHY5 to inhibit
the expression of MdAMYBI, whereas it can bind directly to the
MAUFGT and MdANS promoters to suppress expression (Fang
et al., 2019a). However, whether there are other BBX proteins
involved in the synthesis of anthocyanins in apple and the
relationships among these BBX proteins remain unclear.

Although  the mechanism mediating light-induced
anthocyanin synthesis has been partially characterized, a
thorough analysis is still needed. In this study, on the basis of
transcriptome sequencing data, we revealed that MdBBX21I is
differentially expressed in the peel when unbagged fruit are
exposed to light. Additionally, MdBBX21 responds to light and
reaches peak expression levels earlier than MdBBX20, MdBBX22-
1/2, and MdHY5. The overexpression of MdBBX21 in transgenic
Arabidopsis plants and apple calli can induce anthocyanin
accumulation under light. Further analyses indicated that
MdBBX21 can activate the expression of MdBBX20, MdBBX22-
1/2, and MdHY5, which subsequently promotes anthocyanin
accumulation. Furthermore, MdBBX21 can interact with
MdHY5 and induce the expression of MdAMYBI. These findings
clarify the transcriptional regulation that occurs upstream of
MdMYBI1 during light-induced anthocyanin biosynthesis.

MATERIALS AND METHODS

Plant Materials

Six-year-old “Starkrimson Delicious” apple trees growing at the
Baishui Apple Experimental Farm of Northwest A&F University,
Shaanxi province, China were used as experimental materials.
Fruit were covered with a paper bag (Hongtai, Shanxi, China) at
45 days after blooming and harvested at 135 days after blooming.
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The harvested fruit were placed in an incubator at 23°C under
continuous white light (200 wmol m~2 s™!). The peels were
excised at 0, 3, 6, 9, 12, 24, 48, and 72 h after initiating the light
treatment. Twelve fruit were selected at each time-point, with
four fruit considered as one biological replicate.

Determination of the Anthocyanin

Content

Anthocyanins were extracted from the apple peels as previously
described (Xie et al, 2012). Briefly, 0.5 g peel was treated
with 5 mL 1% (v/v) HCl-methanol and incubated in darkness
at 4°C for 24 h. After centrifuging at 13,000 x g for
10 min, the anthocyanin content in the upper liquid layer
was determined using an HPLC system comprising a Waters
2998 detector (Waters, Milford, MA, United States) and a C18
column (5 pwm internal diameter, 250 mm x 4.6 mm; Waters)
as previously described (Liu et al, 2013). The anthocyanin
content of Arabidopsis was determined as previously described
(Wang et al., 2016).

RNA Extraction, Library Preparation, and
RNA-seq

Total RNA was extracted using the TRIzol RNA Plant Plus
Reagent (Tiangen, Beijing, China). The integrity of the
RNA was checked using the 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, United States) and by agarose
gel electrophoresis. The purity of the RNA was determined
using the NanoPhotometer spectrophotometer (IMPLEN,
Westlake Village, CA, United States). Sequencing libraries were
constructed using the NEBNext® Ultra™ RNA Library Prep Kit
for llumina (NE, United States). After verifying the quality of the
libraries, they were sequenced using the Illumina Novaseq 6000
sequencer (150-bp paired-end sequencing) (Illumina, San Diego,
CA, United States) at Novogene Bioinformatics Technology Co.,
Ltd., Beijing, China.

After eliminating the reads with sequencing adapters and
the low-quality reads from the raw data, the remaining clean
reads were aligned to the Malus Genome GDDHI13 reference
sequence (version 1.1) (Daccord et al.,, 2017) using the HISAT2
software. After the sequence alignment, the raw counts of the
mapped reads for each Malus gene model in GDDH13 (version
1.1) were determined and then normalized to FPKM per million
mapped reads. Using DESeq2, differentially expressed genes
(DEGs) were putatively identified according to the following
criteria: | log (fold-change)| > 1 and adjusted padj < 0.05.

Subcellular Localization

The MdBBX2I coding sequence (CDS) was cloned from the
cDNA derived from “Starkrimson Delicious” fruit peel. The full-
length MdBBX21 open reading frame without the stop codon
was inserted into the pCAMBIA2301-eGFP vector under the
control of the CaMV 35S promoter to obtain the 355:MdBBX21-
eGFP construct. The primer sequences used are listed in
Supplementary Table 4. Tobacco (Nicotiana benthamiana)
leaves were infiltrated with Agrobacterium tumefaciens strain
GV3101 cells carrying 355:MdBBX21-eGFP or the empty vector

control (pPCAMBIA2301-eGFP). After 3 days, the eGFP signal
in the tobacco leaves were detected using the LSM 710 confocal
laser-scanning microscope (Carl Zeiss) at excitation wavelengths
of 488 nm for eGFP.

Analysis of mRNA Expression

First-strand cDNA was synthesized using the HiScript® II Q RT
SuperMix for qPCR (Vazyme, Nanjing, China). A quantitative
real-time polymerase chain reaction (qPCR) analysis was
conducted using the ChamQ Universal SYBR qPCR Master
Mix (Vazyme) and the ABI StepOnePlus™ Real-Time PCR
System (Applied Biosystems, Waltham, MA, United States). The
MdActin gene was used as the internal control. All expression
data were examined according to the delta-delta cycle threshold
method (Livak and Schmittgen, 2001). The primer sequences
used are listed in Supplementary Table 4.

Generation of Transgenic Plant Materials
“Orin” apple calli were transformed according to a slightly
modified version of a previously reported method (Xie et al.,
2012). First, calli were infected with A. tumefaciens strain
LBA4404 cells carrying 355:MdBBX21-eGFP for 20 min. The
calli were then transferred to MS medium supplemented
with 1 mg L™! 6-benzylaminopurine (6-BA), 1 mg L=! 2,4-
dichlorophenoxyacetic acid (2,4-D), 30 g L~! sucrose, and 8 g
L~! agar. After a 3-day incubation in darkness, the calli were
transferred to screening medium (i.e., MS medium supplemented
with 30 g L™! sucrose, I mg L™} 2,4-D, 1 mg L™! 6-BA, 8 g
L~! agar, 250 mg L~ carbenicillin, and 50 mg L~! kanamycin)
to screen for transformants. For the light treatment, wild-type
(WT) and MdBBX21-overexpressing (MdBBX21-OX) transgenic
apple calli cultivated in darkness were transferred to a light
incubator and placed under constant white light (500 pmol
m~2s71) for 3 days.

Agrobacterium tumefaciens strain GV3101 cells carrying
355:MdBBX21-eGFP were used to infect the Arabidopsis bbx21
mutant (SALK_105390) according to the floral-dip method
(Clough and Bent, 1998). Seeds of WT and T3 transgenic
Arabidopsis plants were chilled at 4°C for 48 h and then placed
under white light (500 wmol m~2 s~!) at 24°C under long-day
conditions (16-h light/8-h dark). The anthocyanin contents of
5-day-old Arabidopsis seedlings were determined.

Yeast Two-Hybrid Assay

A yeast two-hybrid assay was performed wusing the
Matchmaker™ Gold Yeast Two-Hybrid System (Clontech).
The full-length MdBBX21 CDS was inserted into the pGADT7
(AD) vector to construct the AD-BBX21 recombinant plasmid.
The MdHY5 CDS was inserted into the pGBKT7 (BD) vector
to obtain the BD-HY5 recombinant plasmid. The primer
sequences used are listed in Supplementary Table 4. Yeast strain
Y2HGold cells were transformed with AD-BBX21 + BD-HYS5,
AD + BD-HY5, AD-BBX21 + BD, pGADT7-T + pGBKT7-53,
or pGADT7-T + pGBKT7-Lam and then cultured on medium
lacking tryptophan and leucine at 30°C. To screen for interacting
proteins, the yeast cells were transferred to medium lacking
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leucine, tryptophan, histidine, and adenine (—L/—T/—H/—A),
but supplemented with X-a-gal.

Yeast One-Hybrid Assay

The MdBBX20, MdBBX22-1/2, MdHY5, and MdMYBI
promoter fragments were inserted into the pHIS2 vector to
construct the MdBBX20pro-HIS2, MdBBX22-1pro-HIS2,
MdBBX22-2pro-HIS2, MdHY5pro-HIS2, and MdMYBIlpro-
HIS2 recombinant plasmids. The primer sequences used are
listed in Supplementary Table 4. To determine the optimal
3-AT concentration, yeast strain Y187 cells containing the
recombinant pHIS2 plasmids were grown on screening medium
lacking histidine and tryptophan (—H/—T), but supplemented
with different 3-AT concentrations. Next, Y187 yeast cells were
co-transformed with MdBBX21-AD and individual recombinant
pHIS2 plasmids. Interactions were detected on selection medium

lacking histidine, tryptophan, and leucine (—H/—T/—L), but
supplemented with the optimal 3-AT concentration.

Transient Dual-Luciferase Assay

Transient dual-luciferase assays were performed using tobacco
(N. benthamiana) leaves. The MdBBX20, MdBBX22-1/2, MdHY5,
and MdMYBI promoter fragments were inserted into the
pGreenlI 0800-LUC vector to construct the MdBBX20pro:LUC,
MdBBX22-1pro:LUC, MdBBX22-2pro:LUC, MdHY5pro:LUC,
and MdMYB1pro:LUC recombinant plasmids. The full-length
MdBBX21 CDS was inserted into the pGreenll 62-SK vector.
The primer sequences used are listed in Supplementary
Table 4. A. tumefaciens strain GV3101 cells carrying the
pSoup vector were transformed with the recombinant plasmids.
Leaves from 5-week-old tobacco (N. benthamiana) plants
were injected according to a previously described method
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(Zhang et al., 2020). In order to maintain the same concentration
of Agrobacterium solution, 50 ul of Agrobacterium solution
MdBBX21 (OD = 0.8) and MdHY5 (OD = 0.8) were
mixed with 50 ul of Agrobacterium solution MAMYB1pro:LUC
for tobacco leaf injection, respectively. Also, equal volumes
and concentrations of Agrobacterium solution MdBBX21 and
MdHY5 were mixed, and then 50 ul of the mixture was mixed
with 50 ul of Agrobacterium solution MdMYBlpro:LUC for
tobacco leaf injection.

Bimolecular Fluorescence

Complementation Assay

The MdBBX21 CDS was inserted into the pSPYNE vector,
whereas the MdHY5 CDS was inserted into the pSPYCE vector.
A. tumefaciens strain GV3101 cells were transformed with
the MdBBX21-NE and MdHY5-CE recombinant plasmids. The
primer sequences used are listed in Supplementary Table 4.
Equal volumes of the A. tumefaciens cells carrying MdBBX21-
NE and MdHY5-CE were mixed. Arabidopsis protoplast cells
were infected with the A. tumefaciens cells for 15 min and
then incubated at 23°C for 16-20 h. The YFP fluorescence was
detected using the LSM 710 confocal laser-scanning microscope
(Carl Zeiss) with an excitation wavelength of 514 nm.

RESULTS

Transcriptome Analysis of Apple Peel
Exposed to Light

To clarify the response of apple to light, we first measured the
anthocyanin content in the peel of unbagged apple fruit exposed
to white light for 0, 3, 6, 9, 12, 24, 48, and 72 h (Figure 1A).
Anthocyanins were basically undetectable before 12 h, but they
started to accumulate significantly in the peel at 24 h (Figure 1B).
The peel samples at the following three time-points underwent
an RNA-seq analysis: 0 h (G0), 6 h (G6), and 24 h (G24).
After the strict data filtering step, the number of clean reads in
each library ranged from 37.69 to 45.95 million, and the Q30
values exceeded 92% (Supplementary Table 1). The mapping rate
of the clean reads to the reference genome was 91.25-92.51%.
Additionally, 88.81-90.27% of the clean reads were uniquely
mapped (Supplementary Table 2). All biological replicates were
strongly correlated (R? > 0.94) (Figure 1C); this correlation was
confirmed by principal component analysis (Figure 1D).

Identification of Differentially Expressed
Genes and Kyoto Encyclopedia of Genes
and Genomes Analysis

To screen for early light-responsive genes, we compared the
GO, G6, and G24 expression levels. In total, 11,941 DEGs
were revealed in the G6 vs. GO, G24 vs. G6, and G24 vs.
GO pairwise comparisons. More DEGs were detected in the
G6 vs. GO comparison than in the G24 vs. G6 comparison
(Figures 2A,B). These results suggest that many genes started
to respond to light signals after 6 h. To further elucidate
the gene expression patterns, the 11,941 DEGs were classified

into eight gene expression profiles (Supplementary Figure 1).
Specifically, 4,082 DEGs were classified into three significant
profiles (P < 0.05), including two up-regulated profiles (profiles
6 and 7) and one down-regulated profile (profile 0) (Figure 2C).
A KEGG enrichment analysis indicated genes related to
flavonoid biosynthesis and phenylpropanoid biosynthesis were
significantly enriched among the DEGs in profiles 0, 6, and 7
(Figure 2D).

Characterization and Expression

Analysis of MdBBX21

Among the DEGs in up-regulated profile 6 (Supplementary
Table 3), MD08G1021000 was revealed to be highly homologous
to Arabidopsis AtBBX21. Thus, we named this gene MdBBX21.
To clarify the relationship between MdBBX21 and MdBBX20,
MdBBX21, and MdBBX22-1/2, we compared their amino acid
sequences. The sequence identities between MdBBX21 and
MdBBX20, MdBBX22-1, and MdBBX22-2 were 37.58, 31.92,
and 31.63%, respectively. In the constructed phylogenetic tree,
MdBBX21, MdBBX20, and MdBBX22-1/2 were clustered with
Arabidopsis subfamily IV members, but they were distributed in
different clades (Figure 3A).

The correct cellular localization of a protein is critical for
ensuring it functions properly. In tobacco leaf cells transiently
transformed with 35S:MdBBX21-eGFP, green fluorescence was
detected only in the nucleus, whereas in the control tobacco
cells transiently transformed with 35S:eGFP, green fluorescence
was observed throughout the cell, including in the cytoplasm
and nucleus. Accordingly, MdBBX21 appears to be a nuclear
protein (Figure 3B).

To determine whether MdBBX21 affects anthocyanin
synthesis, we analyzed MdBBX21 expression in the apple fruit
peel irradiated with white light for 0, 3, 6, 9, 12, 24, 48, and
72 h. The MdBBX21 gene was responsive to light, and its
expression level started to increase at 3 h, peaking at 9 h. The
expression of the regulatory genes (MdMYBI and MdbHLH3)
and structural genes (MdCHS, MdF3H, MdDFR, MdANS, and
MAUFGT) related to anthocyanin synthesis peaked after 24 h.
The MdWD40 expression level was essentially unchanged
(Figure 4). These results imply that MdBBX21 may function
upstream of MAMYBI.

Heterologous Overexpression of
MdBBX21 Promotes Anthocyanin

Accumulation in Arabidopsis

To confirm MdBBX21 contributes to anthocyanin biosynthesis,
MdBBX21 was overexpressed in the bbx21 Arabidopsis
mutant. The 355:MdBBX21/bbx21 line accumulated more
anthocyanins in the cotyledons and hypocotyls than the
untransformed bbx21 Arabidopsis mutant (Figures 5A-C).
The expression levels of anthocyanin-related genes (AtPAPI,
AtCHS, AtF3’H, AtDFR, AtLDOX, and AtUFGT) also increased
in the 355:MdBBX21/bbx21 line, which was consistent with
the changes in the anthocyanin content (Figure 5D). We
also examined the expression of AtHY5 and Arabidopsis BBX
subfamily IV members. The AtHY5 and AtBBX22 expression
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levels were higher in the 355:MdBBX21/bbx21 seedlings than in
the bbx21 Arabidopsis mutant seedlings. In contrast, there were
no differences in the expression levels of the other subfamily IV
BBX genes (Figure 5E and Supplementary Figure 2).

Overexpression of MdBBX21 Promotes

Anthocyanin Accumulation in Apple Calli

To further confirm the MdBBX21 function related to
anthocyanin biosynthesis in apple, we overexpressed MdBBX21
in apple calli (Figures 6A,B). Wild-type and MdBBX21-OX
transgenic apple calli were cultured on medium in darkness

and then transferred to a light incubator for a 3-day exposure
to constant light. The MdBBX21-OX apple calli accumulated
more anthocyanins than the WT calli (Figure 6C). As expected,
the expression levels of the anthocyanin biosynthesis-related
genes (MdMYBI, MdCHS, MdF3H, MdDFR, MdANS, and
MAUFGT) were significantly higher in the MdBBX21-
OX calli than in the WT calli (Figure 6D). These results
suggest that MdBBX21 might positively regulate anthocyanin
accumulation by promoting the transcription of anthocyanin
biosynthesis-related genes. The transcription levels of the
previously characterized genes MdBBX20, MdBBX22-1/2,
MdCOL4 (MdBBX24), and MdHY5 were also analyzed by qPCR
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FIGURE 3 | Characterization of MdBBX21. (A) Phylogenetic relationship of apple and Arabidopsis subfamily IV members. The red and green genes represent
positive and negative regulators related to light signaling, respectively. The phylogenetic tree was constructed using the neighbor-joining method by MEGA 7.0. The
bootstrap values of 1000 replicates were calculated at each node. (B) Subcellular localization of MdBBX21 expressed in tobacco leaf cells.

(Figure 6E and Supplementary Figure 3). The data indicated
that MdHY5, MdBBX20, and MdBBX22-1/2 were significantly
more highly expressed in MdBBX21-OX calli than in WT calli.
The MdBBX24 expression level did not differ between the
MdBBX21-OX and WT calli.

MdBBX21 Binds Directly to the MdHY5,
MdBBX20, and MdBBX22-1/2 Promoters

and Induces Expression

The increased MdHY5, MdBBX20, and MdBBX22-1/2 expression
levels in MdBBX21-OX calli led us to speculate that MdBBX21
may directly promote the expression of these four genes. Thus,

we first searched for the G-box motif, which is a BBX-binding
site (Datta et al, 2008; Xu et al, 2016), in the MdHY5,
MdBBX20, and MdBBX22-1/2 promoters. The G-box motif was
detected in all three promoters (Figure 7A). In yeast one-
hybrid assays, the Y187 yeast strains containing MdBBX21-
AD + MdBBX20pro-HIS2, MdBBX21-AD + MdBBX22-1pro-
HIS2, MdBBX21-AD + MdBBX22-2pro-HIS2, and MdBBX21-
AD + MdHY5pro-HIS2 were able to grow on the —H/—T/—L
selection medium containing 100 mM 3-AT. In contrast,
the Y187 yeast strains containing AD + MdBBX20pro-HIS2,
AD + MdBBX22-1pro-HIS2, AD + MdBBX22-2pro-HIS2, and
AD + MdHY5pro-HIS2 did not grow under the same conditions
(Figure 7B). This observation suggests that MdBBX21 can
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FIGURE 4 | Relative expression levels of anthocyanin biosynthesis-related genes in the apple fruit peel irradiated with white light. The MdActin gene was used as the
internal control.

bind to the MdHY5, MdBBX20, and MdBBX22-1/2 promoters.
The dual-luciferase assay results confirmed that MdBBX21
can promote the transcription of MdHY5, MdBBX20, and
MdBBX22-1/2 (Figure 7C). We also analyzed the MdHY5,
MdBBX20, and MdBBX22-1/2 expression patterns in the peel
exposed to light. Compared with the MdBBX2I expression
pattern (Figure 4), the MdBBX20, and MdBBX22-1/2 expression
levels increased significantly at 6 h, and their peak expression
levels occurred later than that of MdBBX21 (Supplementary
Figure 4). These findings imply that MdBBX21 functions
upstream of MdBBX20, and MdBBX22-1/2 and induces the
expression of MdBBX20, and MdBBX22-1/2. At the same time,
we found that MdHY5 was activated at 3 h. Considering HY5
being a transcription factor, we speculated that MAHY5, a master
regulator of light signaling, might also control the expression

of MdBBX21. Thus, we searched for the G-box motif in the
MdBBX21 promoter. There were two G-box motifs present
in the MdBBX2I promoter (Figure 7A). Yeast one-hybrid
assay results showed that MdHY5 can bind to the MdBBX21
promoter fragment containing these two motifs (Figure 7B). The
dual-luciferase assay results confirmed that MAHY5 can promote
the transcription of MdBBX21 (Figure 7C).

The Interaction Between MdBBX21 and
MdHY5 Can Significantly Enhance

MdMYB1 Promoter Activity

Because MdBBX20 (Fang et al., 2019b), MdBBX22-2 (An et al,,
2019), PpBBX16 (Bai et al., 2019a), and PpBBX18 (Bai et al,
2019b) can interact with HY5, we speculated that MdBBX21
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may also interact with MdHY5. Bimolecular fluorescence MdBBX21 and MdHY5 CDSs were cloned into pSPYNE and
complementation assays were conducted to examine whether pSPYCE vectors, respectively, to generate MdBBX21-NE and
MdBBX21 can interact directly with MdHY5. Full-length MdHY5-CE. Yellow fluorescence was detected in the nucleus of
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Arabidopsis protoplasts co-transformed with MdBBX21-NE and
MdAHY5-CE. However, yellow fluorescence was not observed in
the BBX21-NE + CE and NE + HY5-CE controls (Figure 8A).
These results indicate that MdBBX21 can interact with
MdHY5. This interaction was verified in yeast two-hybrid
assays (Figure 8B).

MdBBX20 can bind directly to the MdMYBI promoter and
induce expression (Fang et al., 2019b). In this study, Y187 yeast
strains containing MdBBX21-AD + MdMYBIpro-HIS2 grew

on —H/—T/—L selection medium containing 100 mM 3-AT,
but the Y187 yeast strains containing AD + MdMYBlpro-
HIS2 did not (Figure 8C). Accordingly, MdBBX21 appears to
be able to interact with the MdMYBI promoter. On the basis
of the dual-luciferase assay results, MdBBX21 can promote
MdAMYBI expression (Figure 8D). Moreover, MdHY5 can
also promote MdMYBI expression, which is consistent with
the results of an earlier study (An et al, 2017). We also
determined that the MdBBX21-MdHY5 heterodimer enhances
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the MdMYBI1 promoter activity more than MdBBX21 or MdHY5
alone (Figure 8D).

DISCUSSION

MdBBX21 Responds to Light and
Induces Anthocyanin Biosynthesis in
Apple

Light is required for anthocyanin biosynthesis in the apple
fruit peel (Saure, 1990). An exposure to light up-regulates
the expression of anthocyanin biosynthesis-related structural
and regulatory genes in the apple peel (Takos M. A. et al,
2006; Feng et al, 2013). However, how light signals affect
the expression of these genes was unclear. There is increasing
evidence that BBX proteins affect plant photomorphogenesis

(Gangappa and Botto, 2014). The RNA-seq analysis in this
study revealed that MdBBX21 expression in the peel of
dark-grown “Starkrimson Delicious” apples is affected by the
subsequent exposure to light. Additionally, MdBBX21 and
Arabidopsis AtBBX21 sequences are highly similar. Earlier
research demonstrated that AtBBX21 is a positive regulator
of anthocyanin biosynthesis (Datta et al, 2007). Hence, we
predicted that MdBBX21 and AtBBX21 might have similar
functions. We analyzed MdBBX21 expression and observed that
it increased in response to light. Moreover, MdBBX21 expression
peaked before the expression of anthocyanin-related structural
and regulatory genes peaked (Figure 4). The overexpression
of MdBBX21 in the bbx21 Arabidopsis mutant resulted in a
significant increase in the anthocyanin contents of hypocotyls
(Figure 5). This is consistent with the fact pear PpBBX18
(homologous to AtBBX21) regulates anthocyanin accumulation
in transgenic Arabidopsis plants. In the present study, the
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MdBBX21-OX apple calli accumulated more anthocyanins than
the WT apple calli under light (Figure 6). These results
indicate that MdBBX21 is responsive to light and induces
anthocyanin biosynthesis.

MdBBX21 Up-Regulates MdBBX20,

MdBBX22-1/2, and MdHY5 Expression

The Arabidopsis BBX subfamily IV members AtBBX20,
AtBBX21, AtBBX22, and AtBBX23 positively regulate plant
photomorphogenic processes in response to diverse light signals
(Datta et al.,, 2007; Chang et al.,, 2008; Datta et al., 2008; Fan
etal, 2012; Xu et al., 2016; Zhang et al., 2017). In pear, PpBBX16
and PpBBX18, which are subfamily IV BBX proteins, positively
regulate anthocyanin synthesis by interacting with PpHY5
(Bai et al, 2019a,b). In apple, MdBBX20 and MdBBX22-1/2
reportedly promote anthocyanin accumulation in response
to UV-B irradiation (Bai et al, 2014; An et al, 2019; Fang
et al, 2019b). In addition, Plunkett et al. (2019) found that
BBX subfamily IV member MdBBX51 and BBX subfamily I

member MdBBXI have very high expression levels during
fruit development. Further, they can activate the promoter
of MAMYBI in the presence of some co-factors MYB and
bHLH. However, the relationships among these BBX proteins
are unknown. In this study, MdBBX2I expression increased
significantly after a 3-h light treatment, and subsequently peaked
at 9 h. In contrast, the MdBBX20 and MdBBX22-1/2 expression
levels peaked at 12 and 24 h, respectively. The expression
of structural and regulatory genes related to anthocyanin
synthesis increased rapidly and peaked after 24 h (Figure 4
and Supplementary Figure 2). These findings indicate that
MdBBX21 responds to light signals relatively early and likely
functions upstream of MdBBX20 and MdBBX22-1/2. Dual-
luciferase and yeast one-hybrid assays proved that MdBBX21
induces MdBBX20 and MdBBX22-1/2 expression after binding
to their promoters. The AtBBX22, MdBBX20, and MdBBX22-
1/2 expression levels increased in Arabidopsis and apple calli
overexpressing MdBBX21 (Figures 5-7). Therefore, MdBBX21
can up-regulate the expression of AtBBX22, MdBBX20, and
MdBBX22-1/2. However, MdBBX21 did not activate the
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expression of MdBBX1, MdBBX24, and MdBBX51 in apple calli
(Supplementary Figure 3). In Arabidopsis, AtBBX21 can bind
directly to the AfHY5 promoter and induce expression (Xu
et al., 2016). In the current study, biochemical assays proved
that MdBBX21 can bind directly to the MdHY5 promoter and
induce expression (Figure 7). The overexpression of MdBBX21
in Arabidopsis and apple calli resulted in up-regulated HY5
expression (Figures 5, 6). These results imply that MdBBX21
and AtBBX21 have similar functions and can directly up-
regulate the expression of HY5. At the same time, we found that
MdHYS5 can also activate the expression of MdBBX21, indicating
that a positive feedback regulation mechanism exists between
MdBBX21 and MdHY5.

The MdBBX21-MdHY5 Interaction Can
Significantly Enhance MdMYB1
Promoter Activity Under Light

The bZIP transcription factor AtHY5 is a positive regulator of
plant photomorphogenesis that functions downstream of the
photoreceptors and COP1 (Lau and Deng, 2010). Additionally,
AtHY5 regulates various physiological processes, including
anthocyanin synthesis, lateral root formation, and hypocotyl
elongation (Oyama et al., 1997). Earlier studies regarding in vitro
DNA-protein interactions demonstrated that AtHY5 can bind
directly and specifically to the G-box motif in the promoters
of the anthocyanin-related structural genes AtF3H, AtCHS, and
AtCHI and the regulatory gene AtPAPI (Ang et al, 1998;
Lee et al., 2007; Shin et al,, 2013). In Arabidopsis, AtBBX21
and AtBBX22 can activate transcription. They interact with
AtHYS5 in vivo and induce downstream gene expression in an
AtHY5-dependent and -independent manner to promote plant
photomorphogenesis (Datta et al., 2007, 2008). In apples and
pears, HY5 can bind directly to the MYBI promoter (An et al.,
2017; Tao et al., 2018). Both PpBBX16 and PpBBX18 cannot bind
directly to the MYBI promoter, but they can interact with HY5
and promote MYBI expression (i.e., HY5-dependent manner)
(Bai et al., 2019a,b). However, in apple, MdBBX20 can bind
directly to the MdMYBI promoter and induce expression (i.e.,
HY5-independent manner) (Fang et al., 2019b). In this study,
we proved that MdBBX21 can bind directly to the MdMYBI
promoter and induce expression (Figure 8). Additionally, the
analysis of protein-protein interactions revealed that MdBBX21
interacts with MdHY5 in yeast and plant cells. Furthermore,
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Secondary metabolites (SMs) found in medicinal plants are one of main sources of drugs,
cosmetics, and health products. With the increase in demand for these bioactive
compounds, improving the content and yield of SMs in medicinal plants has become
increasingly important. The content and distribution of SMs in medicinal plants are closely
related to environmental factors, especially light. In recent years, artificial light sources
have been used in controlled environments for the production and conservation of
medicinal germplasm. Therefore, it is essential to elucidate how light affects the
accumulation of SMs in different plant species. Here, we systematically summarize recent
advances in our understanding of the regulatory roles of light quality, light intensity, and
photoperiod in the biosynthesis of three main types of SMs (polyphenols, alkaloids, and
terpenoids), and the underlying mechanisms. This article provides a detailed overview of
the role of light signaling pathways in SM biosynthesis, which will further promote the
application of artificial light sources in medicinal plant production.

Keywords: secondary metabolites, medicinal plants, light quality, light intensity, photoperiod

INTRODUCTION

Medicinal plants play pivotal roles in human development and have been used from the
prehistoric times to present day. According to the World Health Organization, 80% of the
human population in developing countries relies on traditional medicines, mostly plant-based
drugs, for primary healthcare needs. At present, at least 25% of the drugs worldwide are
directly or indirectly derived from medicinal plants, which remain the main source of drugs.
For example, artemisinin, derived from Artemisia annua, is widely used for treating malaria
(Ansari et al., 2013). Ajuga bracteosa is a high-value medicinal plant that has been recommended
as a treatment for gout rheumatism, paralysis, and amenorrhea (Rukh et al., 2019). Secondary
metabolites (SMs) serve as the material basis of the clinically curative effects of medicinal
plants. SMs refer to small molecular organic compounds not directly involved in plant growth
and development, but are essential for the long-term survival of plants (Fraenkel, 1959; Demain
and Fang, 2000). Besides their medicinal uses, SMs are also widely used in cosmetics and
healthcare products (Craker and Gardner, 2006; Mathur and Velpandian, 2009; Schmidt, 2012).
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Biosynthesis and accumulation of SMs in medicinal plants
are affected by environmental factors, such as water, light,
temperature, soil properties, and chemical stress (Verma and
Shukla, 2015; Li et al, 2020). Among these factors, light is
reported to affect the accumulation of almost all types of SMs.
Light quality, light intensity, and photoperiod affect the SM
content of plants. For example, the composition and content
of SMs in the same plant species vary greatly among different
regions because of the variation in light conditions (Huang
and Liu, 2015). Controlled growing systems using artificial
lighting have been widely applied with the increasing demand
for natural products. These systems are initially developed for
the production of out of season crops and vegetables. In recently
years, they are also used to enhance the SMs yields in medicinal
plants (Askari-Khorasgani and Pessarakli, 2019; Moon et al.,
2020; Malik et al., 2021). Artificial lights take important place
in controlled growing systems and light emitting diodes (LEDs)
are supposed to be optimal artificial light sources at present
time (Jung et al., 2021). Compared with other types of lamps,
such as fluorescent, high-pressure sodium (HPS), and metal-
halide, LEDs show equivalent or higher luminous efficacy, lack
of radiant heat, and longer lifespan (Loi et al., 2021). Besides,
LED can also produce the monochromatic light wavelength
and make it more convenient to change the light quality
constitution in the controlled growing systems (Palmitessa et al.,
2021). Understanding how light affects SM biosynthesis is
essential for the cultivation of medicinal plants in a controlled
environment as well as under open field conditions. In this
review, we discuss the roles of light in the accumulation of
different types of SMs, with the aim to identify the gaps in
research and to provide a reference for the further investigation
of the mechanism underlying light-mediated SM biosynthesis
in medicinal plants.

MAIN SECONDARY METABOLITES IN
MEDICINAL PLANTS

Based on their structures and biosynthetic pathways, plant SMs
are mainly divided into polyphenols (phenolics), terpenoids,
and alkaloids (Chiocchio et al., 2021). Polyphenols are a large
and complex family of phytochemicals containing at least one
aromatic ring and a hydroxyl group as functional derivatives.
Over 8,000 polyphenols have been identified in plants to date.
They are present in almost all plant species and have gained
considerable attention because of their nutritional and
pharmaceutical applications (Balasundram et al., 2006). According
to the biosynthetic pathways, basic skeletons, and hydroxyl
groups, polyphenols are categorized into different sub-classes,
including coumarins, lignans, phenolic acids, flavonoids, and
tannins (Huang and Liu, 2015; Chiocchio et al., 2021). Coumarins
(C-C5) are a class of lactones structurally constructed by a
benzene ring fused to a-pyrone ring, such as aesculin, cnidium
lactone, and alpha-Angelica lactone. Lignans [(Ce-Cs),] are
phenolic dimers with a 2,3-dibenzylbutane skeleton, such as
phyllanthin, arctiin, and podophyllotoxin. Phenolic acids present
compounds containing a carboxylic group among the substituents

on the benzene ring, including benzoic acid derivates (C4-C;)
and hydroxycinnamic derivates (C¢-C;). Flavonoids (Cs-C;-Cs)
refer to compounds consisting of two benzene rings linked
by a short three carbon chain, such as chalcones, flavones,
flavonols, dihydroflavones, dihydroflavonols, isoflavones, and
dihydroisoflavones. Tannins are high molecular polyphenols
polymerized by flavonoids units (condensed tannins) or gallic
acid esterified with monosaccharide (hydrolysable tannins; King
and Young, 1999). Figure 1A shows structures of some common
bioactive polyphenols in medicinal plants, including three
phenolic acids (salvianolic acid B, chlorogenic acid, and
rosmarinic acid), two phenylethanol glycosides (verbascoside
and salidroside), and one flavanone derivate (rutin). Polyphenols
are biosynthesized via phenylpropanoid pathway in plants, they
share a common upstream biosynthetic pathway derived from
the shikimic acid pathway, but the downstream biosynthetic
pathways of different polyphenols are distinct (Figure 1B; Dixon
and Paiva, 1995).

Terpenoids are compounds with isoprene as the structural
unit. According to the number of isoprene structural units,
terpenoids are divided into five categories: monoterpenes,
sesquiterpenes, diterpenes, triterpenes, and tetraterpenes
(Bohlmann et al., 1998). Figure 2A shows structures of some
common bioactive terpenoids in medicinal plants, including
one  sesquiterpene  (artemisinin),  three  diterpenes
(cryptotanshinone, tanshinone II,, and paclitaxel), and two
triterpenes (cucurbitacin I and oleanolic acid). Terpenoids are
synthesized via two parallel upstream pathways: the mevalonate
pathway (MVA) and methylerythritol-4-phosphate pathway
(MEP; da Silva et al,, 2017). Acetyl-CoA acts as the precursor
of terpenoids in the MVA pathway, whereas pyruvate and
glyceraldehyde-3-phosphate (G3P) serve as precursors in the
MEP pathway. These precursors are converted to isopentenyl
pyrophosphate (IPP) through a series of enzymatic reactions,
which is then converted to its isomer dimethyl-allyl
pyrophosphate (DMAPP) by isopentenyl diphosphate isomerase
(IDI). Both DMAPP and IPP are converted to geranylgeranyl
diphosphate (GGPP) by geranylgeranyl diphosphate synthase
(GGPPS), and then, GGPP is used to produce diterpenes,
tetraterpenes, and their derivatives (Newman and Chappell,
1999). DMAPP and IPP are also converted to farnesyl diphosphate
(FPP) and geranyl diphosphate (GPP) by farnesyl diphosphate
synthase (FPPS) and geranyl diphosphate synthase (GPPS),
respectively. Both FPP and GPP then act as precursors of
monoterpenes, sesquiterpenes, and triterpenes (Figure 2B;
Chappell, 1995; Bergman et al., 2019).

Alkaloids form a large class of heterocyclic nitrogen organic
compounds, with over 10,000 isolated to date. Given their
antitumor, antibacterial, and anti-inflammatory activities,
alkaloids have been widely used for the production of medications
(Jain et al, 2019; Zhang et al, 2021). Depending on their
biosynthetic pathways and chemical structures, alkaloids are
classified into five groups: terpene indole, benzylisoquinoline,
tropine, purine, and pyrrolizidine alkaloids (Bhambhani et al.,
2021). Figure 3A shows structures of some common bioactive
alkaloids in medicinal plants, including three monoterpenoid
indole alkaloids (MIAs; vindoline, vinblastine, and camptothecin),
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FIGURE 1 | Structures of some bioactive polyphenols in medicinal plants (A) and the effects of light quality on the transcripts of key enzyme genes in the
biosynthetic pathways of polyphenols (B). The upward arrows indicate upregulation and the downward arrows indicate downregulation. The purple arrow, red arrow,
and blue arrow indicate UV-B, red light, and blue light, respectively. ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; CHS, chalcone synthase; CHI,
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one benzylisoquinoline alkaloid (berberine), and two tropine
alkaloids (hyoscyamine and scopolamine). The accumulations
of MIAs and tropane alkaloids have been reported to be affected
by light. Biosynthetic pathways of MIAs and tropane alkaloids
have been characterized. MIAs are synthesized via two parallel
upstream pathways, generating tryptamine and secologanin,

which are converted to strictosidine by strictosidine synthase
(STR), and then to various MIAs, such as camptothecin,
serpentine, and vinblastine (Herrmann, 1995; Radwanski et al.,
1996; Huang et al, 2016). Ornithine and phenylalanine, the
initial precursors of tropine alkaloids, are converted to littorine,
which is then converted to anisodamine and scopolamine via
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diphosphate synthase; HMGR, 3-hydroxy-3-
HMGS, 3-hydroxy-3-methylglutary-1 CoA synthase; /DI, isopentenyl

methylglutaryl CoA reductase;

ase-like; MCT, 2-C-methyl-D-

erythritol-4-phosphate cytidylyltransferase; MDC, mevalonate 5-diphosphate
decarboxylase; MDS, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate
synthase; MK, mevalonate kinase; PMK, phosphomevalonate kinase.

several enzymatic reactions (Figures 3B,C; Nguyen et al., 2015;
Qiu et al., 2020).

LIGHT QUALITY
Light Spectra and Photoreceptors

Depending on the light wavelength, the solar spectrum is
divided into three parts, namely ultraviolet light (200-400 nm;
UV-A, 315-400nm; UV-B, 280-320nm; UV-C, 200-280nm),
visible light or photosynthetically active radiation (PAR; blue
light, 400-500nm; green light, 500-600nm; red light,
600-700nm), and far-red light (700-800nm). Photoreceptors
are indispensable for light sensing and light signal transduction
in plants. To date, at least five kinds of photoreceptors have
been identified in the model plant species Arabidopsis thaliana:
(1) phytochromes (phyA-phyE), which mainly perceive red
light and far-red light (Sharrock and Quail, 1989; Sullivan and
Deng, 2003; Sanchez et al., 2020); (2) cryptochromes (crys),
which mainly perceive blue light and UV-A. (3) phototropins
(phots), which mainly perceive blue light (Gyula et al., 2003);
(4) zeitlupes, which mainly perceive blue light and green light
(450-520nm; Somers et al., 2000); and (5) UV photoreceptor
UVRS8, which mainly perceives UV-B (280-315nm; Rizzini
et al,, 2011; Christie et al., 2012). Among the five phytochromes,
phyA is the main photoreceptor that perceives far-red light,
while phyB mainly perceives red light. Owing to these
photoreceptors, plants can accurately detect changes in light
wavelength, direction, intensity, and duration, and respond timely.

Polyphenols

The production of polyphenols is significantly affected by light
in medicinal plants. UV-B is an important part of the solar
spectrum; however, excessive UV-B can damage plants. To deal
with UV-B-induced stress and to improve their resilience to
adverse conditions, plants synthesize various types of SMs
(Schreiner et al., 2012; Kumari and Prasad, 2013; Takshak and
Agrawal, 2019). Among these SMs, polyphenols, owing to their
high antioxidant potential, play important roles in the acclimation
of plants to UV-B (Takshak and Agrawal, 2019). The biosynthesis
of bioactive polyphenols is affected by UV-B in many medicinal
plants (Table 1; Rai et al., 2011; Pandey and Pandey-Rai, 2014;
Takshak and Agrawal, 2014; Hamid et al., 2019). Takshak and
Agrawal (2015) showed that anthocyanin contents of Coleus
forskohlii plants treated with supplementary UV-B (ambient
+0.042 Wm™) were 1.34-, 1.67-, and 1.96-fold higher than
that in control at 40, 70, and 100 days after transplantation
(DAT), respectively. Zhang et al. (2017) investigated the effects
of UV-B on SM accumulation in Prunella vulgaris and showed
that UV-B radiation significantly increased the contents of total
flavonoids, rosmarinic acid, caffeic acid, and hyperoside. In
Rosmarinus officinalis plants treated with UV-B (0.359 Wm™),
the contents of rosmarinic acid and carnosic acid were 2.34-
and 1.78-fold higher, respectively, than that of the control (Luis
et al., 2007). The total phenolic content of Cymbopogon citratus
increased by 45% after the UV-B treatment (Kumari and
Agrawal, 2010). In addition to UV-B, UV-A also affects the
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TABLE 1 | The effects of light quality on the accumulation of phytochemicals in some medicinal plants.

Species Class Light quality Treatment time Modulation References
Artemisia annua Polyphenol UV-B 1,2,3and 4 h tFlavonoids Pandey and Pandey-Rai,
(2.8Wm) tAnthocyanin 2014
Cymbopogon Polyphenol Uv-B 3 hd" for 80 days tFlavonoids Kumari and Agrawal, 2010
citratus (ambient+0.021
and+0.042 W m—)
Fagopyrum Polyphenol Uv-B 24 h tAnthocyanin Tsurunaga et al., 2013
esculentum (890 W m-2) 1Rutin
Heteropogon Polyphenol Uv-B 3 h,d'for 110 days {Tannins Hamid et al., 2019
contortus (ambient+0.083 W m-2) 1Total phenolics
Perilla frutescens Polyphenol Uv-B 3h tRosmarinic acid Yoshida et al., 2021
(0.06 Wm™)
Prunella vulgaris Polyphenol Uv-B 30 min d-" for 1Total flavonoids Zhang et al., 2017
(0.35 W m) 15 days tRosmarinic acid
1Caffeic acid
Rosmarinus Polyphenol Uv-B 14 days tRosmarinic acid Luis et al., 2007
officinalis (0.063 and 0.359 W m-?) 1Carnosic acid
1Total phenolics
Salvia verticillata Polyphenol Uv-B 1 h, d~"for 5 days 1Chlorogenic acid Rizi et al., 2021
(0.127 Wm™) 1Caffeic acid
tRosmarinic acid
Tropaeolum majus ~ Polyphenol Uv-B 2and 22 h tGlucotropaeolin Schreiner et al., 2009
(7.5e-4 and 1.5e-3 W m?)
Withania somnifera  Polyphenol Uv-B 3hd'for 100 days tAnthocyanins, Takshak and Agrawal,
0111 Wm?) tFlavonoids 2014
Crepis japonica Polyphenol UV-A 11.5hd" for 1 Caffeic acid Constantino et al., 2017
(6-25 W m-2) 60 days 1Chlorogenic acid
Ixeris dentata Polyphenol UV-A 24 h-d~" for 5 days 1Total phenolics Lee et al., 2013
uv-B 4 h-d~" for 3 days 1Total flavonoid
1Total phenolics
Cichorium intybus ~ Polyphenol Blue light followed by white 14 h-d~' for 30 days | Chlorogenic acid Sytar et al., 2019
light ]Eblu;li%ht), 1(4:.'d4 | Caftaric acid
2 o or ays (white
(25 pmol m™* s~ and light Y 1Kaempferol-3-(6"-acetyl)-glucoside
320 pmol m2 s, respectively) "9 ) i
llsorhamnetin-3-(6”-acetyl)-glucoside
tlsorhamnetin-3-glucoside
1Chlorogenic acid
Orange light followed by white 14 h-d~" for 30 days  |Kaempferol-3-(6”-acetyl)-glucoside
light goiak?(gjewl?ht; ; flsorhamnetin-3-(6”-acetyl)-glucoside
9 e -d~" for ays
(40 pmol m** s~" and (white light) Y flsorhamnetin-3-glucoside
320 pmol m=2 s77, respectively) 9
tFeruloyl-malate
1Chlorogenic acid
TQuercetin-3-(6”-acetyl)-glucoside
Red light followed by white 14 h-d~' for 30 days  |Isorhamnetin-3-glucoside
light (red light), 14 h-d~"
(40 pmol m-2s' and f.Or 27 days (white
320 pmol m=2 s, respectively) light)
Dracocephalum Polyphenol Blue light 16 h d-'for 35 days  tChlorogenic acid Weremczuk-Jezyna et al.,
forrestii (40 pmol m2 s-) 1Salvianolic acid B 2021
|Rosmarinic acid
Drosera indica Polyphenol Blue light 16 hd-'for 14 days  tPlumbagin Boonsnongcheep et al.,
(115 pmol m=2s7) 2019
F. esculentum Polyphenol Blue light 16 h d~' for 7 days 1C-glycosylflavones Nam et al., 2018

1Orientin
1Vitexin and its isomers
TRutin

(Continued)
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TABLE 1 | Continued

Species Class Light quality Treatment time Modulation References
Ocimum basilicum  Polyphenol Blue light 24 h d~' for 35 days  {Total phenolics Nazir et al., 2020
(40-50 pmol m=2s7) 1Total flavonoids
Rhodiola imbricata  Polyphenol Blue light 24 h-d~" for 30 days  1Total phenolics Kapoor et al., 2018
(25-27 pmol m=2 s7) 1Total flavonoids
1Salidroside
Red light 24 h-d~' for 30 days  tSalidroside
(35-37 pmol m=2 s77)
Salvia przewalskii Polyphenol Blue light 16 hd' for 12 days  tSalvianolic acid A Li, 2014
(40 pmol m2s77) tSalvianolic acid B
tRosmarinic acid
|Protocatechualdehyde
Red light 16 hd' for 12 days  tSalvianolic acid A
(40 pmol m2s77) 1Salvianolic acid B
tRosmarinic acid
tProtocatechualdehyde
Sarcandra glabra Polyphenol Blue and red light 16 h d=' for 60 days  |lsofraxidin Xie et al., 2021
(80 pmol m2s77) 1Scopoletin
|Rosmarinic acid
Scutellaria Polyphenol Blue and red light 30 days 1Baicalin Stepanova et al., 2020
baicalensis (80 pmol m=2 s7) 1Baicalein
tWogonin
Verbena officinalis ~ Polyphenol Blue light 16 h d-' for 28 days  tVerbascoside Kubica et al., 2020
(40 pmol m2 s71) tlsoverbascoside
Achyranthes Terpenoid Uv-B 2hand3h tOleanalic acid Lietal, 2019
bidentata (0.205 W m2) 1Ecdysterone
A. annua Terpenoid Uv-B 30 min d~-' for tArtemisinin Rai et al., 2011
(0.047 W m-?) 14 days
UVv-C 30 min d-' for tArtemisinin
(0.066 W m-?) 14 days
A. annua Terpenoid Uv-B 1 hd" for 10 days tArtemisinin Pan et al., 2014
(0.017 Wm™)
Salvia miltiorrhiza Terpenoid Uv-B 40 min 1Total tanshinones Wang et al., 2016
(0.4 Wm) 1Cryptotanshinone
tTanshinone i,
tTanshinone |
A. annua Terpenoid Blue and red light 24 h d-' for 2 days tArtemisinin Zhang et al., 2018b
(65045 pmol m=2s7)
Dysphania Terpenoid Blue light 16 h d™' for 40 days  |Z-ascaridole de Carvalho et al., 2020
ambrosioides (60 pmol m=2 s-)
Mentha canadensis  Terpenoid Blue and red light 6 hd" for 14 days tPulegone Ueda et al., 2021
(6.7 and 7.1 pmol m=2s~", tMenthofuran
respectively) TMenthol
Perovskia Terpenoid Blue and red light 16 hd~' for 60 days  |a-Pinene Ghaffari et al., 2019
atriplicifolia (300 pmol m2s") 1Camphene
18-3-Carene
1Camphor
S. przewalskii Terpenoid Blue and red light 16 hd~'for 12 days  tDihydrotanshinone Li, 2014
(40 pmol m2 s71) 1Cryptotanshinone
tTanshinone 5
|Tanshinone |
Aquilaria agallocha  Terpenoid Red light 24 h d-' for 2 days tCucurbitacin | Kuo et al., 2015
(~15 pmol m=2 s7") tCucurbitacin E
Far-red light 24 h d-' for 5 days 1Cucurbitacin |

(~15 pmol m=2 s7")

1Cucurbitacin E

(Continued)
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TABLE 1 | Continued

Species Class Light quality Treatment time Modulation References
Catharanthus Alkaloid Uv-B 1h 1Strictosidine Zhu et al., 2015
roseus (13.45 Wm-?) 1Vindoline
tCatharanthine
tAjmalicine
Clematis terniflora  Alkaloid Uv-B 5h 1(6-Hydroxyl-1H-indol-3-yl) carboxylic ~ Gao et al., 2016
(1 208 W m—2) acid methyl ester
Mahonia bealei Alkaloid uv-B 6 h |Berberine Zhang et al., 2014
(1.208 Wm) |Palmatine
tColumbamine
W. somnifera Alkaloid UV-B 3hd"for 100 days 1Total alkaloids Takshak and Agrawal,
(ambient +0.042 W m-?) IWithanolide A 2014
Camptotheca Alkaloid Blue light 12 hd-'for 45 days tCamptothecin Liuetal., 2015
acuminata (1,200:£50 pmol m=2s-1)
Psychotria Alkaloid Blue, red and far-red light 20d TN, -P->-glucopyranosyl vincosamide Matsuura et al., 2016
leiocarpa (30 pmol m-2s-)
C. roseus Alkaloid Red light 16h d-" for 28days  1Vindoline Ohashi et al., 2013
(150 pmolm=2s7") 1Catharanthine

The upward arrow in the table represents the increased content of the corresponding phytochemical, the downward arrow in the table represents the decreased content of the

corresponding phytochemical.

production of polyphenols in some medicinal plants. For
example, in Crepis japonica, treatment with UV-A (6-25 W m™)
significantly promoted the production of caffeic acid and
chlorogenic acid (Constantino et al., 2017). In another study,
a 3-day UV-A treatment of Ixeris dentata increased the total
phenolic and total flavonoid contents by 60 and 40%, respectively,
compared with the control (Lee et al., 2013).

The mechanism underlying the regulatory effects of UV-B
on the synthesis of polyphenols is not fully understood. However,
it has been confirmed that UV-B affects the activities of key
polyphenol biosynthetic enzymes and/or transcript levels of
the corresponding genes in many medicinal plants (Figure 1B).
For example, supplemental UV-B radiation significantly improved
the activities of phenylalanine ammonia-lyase (PAL), cinnamyl
alcohol dehydrogenase (CAD), 4-coumaric acid: CoA ligase
(4CL), CHI, and dihydroflavonol 4-reductase (DFR), and
enhanced the contents of flavonoids and phenolicpOs in the
leaves of C. forskohlii and Withania somnifera (Takshak and
Agrawal, 2014, 2015). In Sinopodophyllum hexandrum, treatment
with UV-B (1.07 W-m™) significantly decreased the content
of podophyllotoxin as well as transcript levels of 12 related
genes, including cinnamic acid 3-hydroxylase (C3H), caffeoyl-CoA
O-methyltransferase (CCoAMT), cinnamoyl-CoA reductase (CCR),
CAD, dirigent protein oxidase (DPO), pinoresinol-lariciresinol
reductase (PLR), secoisolariciresinol dehydrogenase (SDH),
cytochrome P450 719A23 (CPY719A23), O-methyltransferase3
(OMT3), cytochrome P450 71CU1 (CYP71CUI), OMT1I, and
2-oxoglutarate/Fe(Il)-dependent dioxygenase (2-ODD; Lv et al.,
2021). In Glycyrrhiza uralensis, Zhang et al. (2018a) showed
that UV-B radiation stimulated the expression of several genes
involved in the flavonoid biosynthetic pathway, such as cinnamic
acid 4-hydroxylase (C4H), PAL, CHS, CHI, and FLS. Wulff
et al. (1999) reported that UV-B stimulated the accumulation

of quercetin-3-glycoside and increased the expression of CHS
in Betula pendula.

Blue and red light wavelengths are two important light
qualities involved in plant growth and development. Both light
qualities are widely recognized as effective elicitors that regulate
the accumulation of bioactive compounds in medicinal plants
(Table 1; Dou et al., 2017). Fazal et al. (2016a) investigated
the effects of monochromatic blue, green, yellow, and red light
wavelengths on the production of polyphenols in P vulgaris
calli, and found that the calli accumulated most total phenolics
(23.9 mg g' DW) and total flavonoids (1.65 mg g~' DW)
under blue light. Similarly, Kapoor et al. (2018) revealed that
the callus cultures of Rhodiola imbricata accumulated the highest
amounts of salidroside, total phenolics, and total flavonoids
under blue light compared with those under red light, green
light, RGB (40% red:40% green:20% blue), and white light.
Kubica et al. (2020) found that both blue light and red light
significantly stimulated the accumulation of verbascoside
compared with fluorescent lamps (control) in Verbena officinalis.
Coumarins is an important class of phenols in medicinal plants.
The biosynthesis and accumulation of coumarins are significantly
affected by blue and red light. For instance, Xie et al. (2021)
treated Sarcandra glabra seedlings with different monochromatic
lights for 60 days and found that the content of fraxetin and
6-methylcoumarin in red light treated group was 45 and 16%
of that in control (under white light), respectively. The content
of these two coumarins in blue light treated group was 51
and 11% of that in control, respectively. Khurshid et al. (2020)
revealed that blue and red light stimulated the accumulation
of coumarins in callus culture of Eclipta alba. The content of
coumarin, wedelolactone, and demethylwedelolactone in the
red light treated group (40-50 pmol m™ s7', 28 d) was 3.07-,
1.59-, and 1.59-fold of that in control (white light), respectively.

Frontiers in Plant Science | www.frontiersin.org

December 2021 | Volume 12 | Article 781236


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al.

Light Regulation of Secondary Metabolites

The content of these compounds in the blue light treated group
was 2.24-, 1.43-, and 1.29-fold of that in control, respectively.
Combined blue and red light are often used to improve the
growth and SM content of medicinal plants simultaneously.
For example, Lobiuc et al. (2017) cultured Ocimum basilicum
seedlings under different light conditions, and found that the
dry mass, rosmarinic acid, and caffeic acid contents of seedlings
were 1.45-, 15-, and 4-fold higher under combined red and
blue light (1R:2B), respectively, than under control (white)
conditions. Zhang et al. (2020) treated Salvia miltiorrhiza
seedlings with monochromatic blue light (B), monochromatic
red light (R), and combined blue and red light, and showed
that seedling growth and phenolic acid production were
stimulated under 7R:3B. Wei et al. (2021) found that combined
red and blue LED light (1.61R:1B) improved the growth and
cannabidiol content of Cannabis sativa seedlings, and increased
the aboveground plant biomass, flower biomass, and flower
cannabidiol content by 15.2, 238, and 36.53%, respectively,
compared with the control (Seedlings growth under high-
pressure sodium light). Silva et al. (2020) compared the effects
of different light qualities on morphogenesis and SM production
in Pfaffia glomerata and found that equal proportion of red
and blue light (1R:1B) was the best light condition for the
accumulation of biomass, anthocyanins, and 20-hydroxyecdisone.

Similar to UV-B, blue and red light wavelengths affect the
production of phenylpropanoids by regulating the transcript
levels of phenylpropanoid biosynthetic genes (Figure 1B; Hao
et al, 2016; Alrifai et al, 2019). For example, Zhang et al.
(2019b) found that the expression levels of PAL and 4CL,
which are required for phlorizin synthesis, are correlated with
phlorizin content under red and blue light in Lithocarpus
polystachyus. Liu et al. (2018a) reported that blue light
dramatically induced flavonoid biosynthesis in Cyclocarya paliurus
leaves, and the flavonoid content was positively correlated with
the transcript levels of PAL, 4CL, and CHS. MYB transcription
factors and microRNAs are also involved in light-induced
polyphenol biosynthesis in some medicinal plants. For example,
in Fagopyrum tataricum, FEIMYB16 directly binds to the promoter
region of the flavanone 3-hydroxylase (F3’H) gene under red
and bule light to induce its expression and enhance the flavonoid
content (Zhang et al., 2019a). In Dimocarpus longan, miR393,
miR394, and miR395 act as positive regulators of epicatechin
production under blue light (Li et al,, 2018b).

Terpenoids

Biosynthesis of terpenoids in medicinal plants is closely related
to light conditions (Figure 2B). Both UV and visible light act
as important elicitors of terpenoid synthesis (Table 1; Zhang
and Bjorn, 2009; Kawoosa et al., 2010; Xie et al., 2021). Among
the different light qualities, UV-B is reported to promote the
accumulation of terpenoids in many plant species (Takshak
and Agrawal, 2019). For instance, in C. citratus, treatment
with supplemental UV-B increased the total essential oil yield
by 25.7% (Kumari and Agrawal, 2010). Artemisinin is a typical
sesquiterpene lactone that has attracted considerable attention
because of its widespread application in malaria treatment

(Ansari et al., 2013). Several studies showed that UV-B treatment
induces the biosynthesis of artemisinin and enhances the
expression levels of key enzyme-encoding genes, such as
3-hydroxy-3-methylglutaryl CoA reductase (HMGR), 1-deoxy-D-
xylulose-5-phosphate  reductoisomerase  (DXR), isopentenyl
pyrophosphate isomerase (IPPi), EPS, amorpha-4, 11-diene synthase
(ADS) gene, cytochrome P450 71AV1 (CYP71AVI), and
dihydroartemisinic aldehyde reductase (REDI; Yin et al., 2008;
Rai et al, 2011; Pan et al, 2014). Similarly, in S. miltiorrhiza
hairy roots, treatment with UV-B (0.4 W m™) increased the
content of total tanshinones and the transcript levels of I-deoxy-
D-xylulose-5-phosphate  synthase  (SmDXS2) and  copalyl
diphosphate synthase (SmCPS) by 1.5-, 6.2-, and 7.3-fold,
respectively, compared with the control (Wang et al., 2016).

Red and blue light are also effective regulators of terpenoid
biosynthesis. Generally, red light enhances the accumulation
of terpenoids, whereas blue light inhibits terpenoid biosynthesis.
Kuo et al. (2015) planted Aquilaria agallocha seedlings under
different light conditions and found that red light significantly
enhanced the contents of cucurbitacin E and I in this species.
Similarly, Wang et al. (2018) revealed that red light enhances
the production of gypenoside and upregulates the expression
of squalene synthase (SS) and squalene epoxidase (SE) genes
in Gynostemma pentaphyllum. Chen et al. (2018) reported that
red and blue light irradiation dramatically changes the
accumulation of tanshinones in S. miltiorrhiza hairy roots; red
light treatment upregulated the expression of SmHMGR, SmDXS2,
SmDXR, SmGGPPS, SmCPS, and CYP76AH]I genes and increased
the content of tanshinone II, by 1.4-fold compared with the
control, whereas blue light remarkedly suppressed tanshinone
II, biosynthesis and downregulated the expression of key
tanshinone II, biosynthesis genes. de Carvalho et al. (2020)
treated nodal segments of Dysphania ambrosioides with different
light qualities and showed that blue light inhibited the
accumulation of Z-ascaridole in this herb. The effects of red
and blue light on terpenoid production are species-specific.
For example, both red light and blue light stimulated the
biosynthesis of artemisinin and artemisinic acid in A. annua
but decreased the production of essential oils in Melissa officinalis
(Chen, 2017; Zhang et al., 2018b).

Alkaloids

UV-B is an effective elicitor of alkaloid production and has
been confirmed to promote the biosynthesis of several kinds of
alkaloids in medicinal plants (Table 1; Peebles et al., 2009; Akula
and Ravishankar, 2011). Takshak and Agrawal (2015) revealed
that supplementary UV-B (ambient +0.042 Wm™) treatment
increased the alkaloid content of leaves and roots of C. forskohlii.
In Clematis terniflora, UV-B irradiation (1.208 W m™), followed
by dark incubation, increased the content of indole alkaloid
(6-hydroxyl-1H-indol-3-yl) carboxylic acid methyl ester by 7-fold
(Gao et al., 2016). Similarly, 6 h of UV-B irradiation (1.208 W m™),
followed by dark incubation, significantly enhanced the contents
of protoberberine alkaloids, including berberine, jateorhizine,
palmatine, and columbamine, in Mahonia bealei leaves (Zhang
et al, 2014). Ramani and Jayabaskaran (2008) showed that
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genes encoding transcription factors and/or key enzymes involved in the biosynthesis of SMs and affects the accumulation of SMs under UV-B. Under blue and red
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transcription factor; phyA and phyB, phytochrome A and phytochrome B; PIF1, phytochrome interacting factor 1; PIF3, phytochrome interacting factor 3; UVRS8, UV

RESISTANCE LOCUS 8.

treatment of the suspension cultures of Catharanthus roseus with
UV-B for 5 min increased the contents of catharanthine and
vindoline by 3- and 12-fold, respectively. Many key enzyme-
encoding genes in the alkaloid biosynthetic pathways are UV-B
inducible (Figures 3B,C; Takshak and Agrawal, 2019). For example,
Zhu et al. (2015) exposed C. roseus to binary stress (enhanced
UV-B followed by dark incubation), and found that most of
structural genes in the alkaloid biosynthetic pathways were
upregulated, among which 10-hydroxygeranioloxidoreductase (10-

HGO), tabersonine 16-hydroxylase (T16H), and strictosidine synthase

(STR) genes were upregulated by approximately 2-, 4-, and 4-fold

respectively, compared with the control. Gao et al. (2016) reported
that UV-B irradiation remarkedly stimulated the expression of
upstream genes in the indole alkaloid biosynthetic pathways in
C. terniflora. The expression of key genes in the tropane alkaloid
biosynthetic pathway is also affected by UV-B. In Anisodus luridus
hairy roots treated with UV-B (90 W m™) for 24 h, transcript
levels of putrescine N-methyltransferase (PMT), tropinone reductase
I (TRI), cytochrome P450 80F1 (CYP80FI), and hyoscyamine
6b-hydroxylase (H6H) genes were increased by 10-, 52-, 16-,
and 9-fold, respectively, compared with the control (Qin

et al.,, 2014).
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Similar to UV-B, blue and red light are also reported to
stimulate the accumulation of alkaloids as well as the transcript
levels of related genes (Figures 3B,C; Takshak and Agrawal,
2019). Li et al. (2021) revealed that blue light irradiation
(100 pmol m™ s7%, 30 d) dramatically increased the production
of galanthamine, lycorine, and lycoramine as well as the
expression of norbelladine synthase (NBS), OMT, and CYP96T
in Lycoris longituba. Liu et al. (2015) treated Camptotheca
acuminata seedlings with different light conditions and showed
that blue light (1,200+£50 pmol m™ s7', 45 d) promoted the
camptothecin content, tryptophan decarboxylase (TDC) and
tryptophan synthase (TSB) activities, and TSB, TDCI, and
TDC2 transcript levels. Matsuura et al. (2016) reported that
blue light is more beneficial for the production of the
monoterpene indole alkaloid N,B-D-glucopyranosyl vincosamide
than other light qualities in Psychotria leiocarp. Red light is
considered as another regulator of alkaloid biosynthesis, and
its function is dependent on phytochromes as well as secondary
messengers (G protein and CaM; Aerts and De Luca, 1992;
Wang et al., 2010). In C. roseus, red light induces vindoline
production by increasing the expression of the transcription
factor gene GATAI and vindoline pathway genes TI6H2,
tabersonine-3-oxygenase (T30), tabersonine-3-reductase (T3R),
desacetoxyvindoline-4-hydroxylase (D4H), and DAT. In the dark,
PIF1 suppresses the expression of the abovementioned genes,
which dramatically decreases the accumulation of vindoline
(Liu et al, 2019). Similarly, red light treatment
(150 pmol m™ s7') significantly enhanced the concentration
and yield of vindoline and catharanthine in C. roseus seedlings
(Ohashi et al., 2013).

LIGHT INTENSITY

Optimal light conditions required for growth and development
differ among different medicinal plant species. According to
their sunlight intensity requirements, medicinal plants are
classified into three types: heliophytes, sciophytes, and
intermediates. Similar to other physiological processes, the
accumulation of SMs in medicinal plants is significantly affected
by light intensity (Chen et al., 2017; Li et al., 2020). Generally,
high light intensity promotes SM production in heliophytes,
such as Ginkgo biloba (Xu et al., 2014), Lonicera japonica
(Fang et al., 2020), Tabernaemontana pachysiphon (Hoft et al.,
1996), and Andrographis paniculata (Saravanan et al., 2008),
while low light intensity promotes SM production in sciophytes,
such as Glechoma longituba (Zhang et al.,, 2015), Changium
smyrnioides (Wang et al., 2017), Polygonum minus (Mohd Yusof
etal., 2021), and Panax ginseng (Jung et al., 2020). Concentration
and yield are two important parameters that should
be considered for SM production in medicinal plants. For
example, Li et al. (2018a) reported that 30 and 50% sunlight
are better light conditions than 10 and 100% sunlight, for
total alkaloid production in Mahonia breviracema, as the former
light intensities result in higher biomass. Similarly, in G.
longituba, the concentration and yield of ursolic acid and
oleanolic acid were stimulated under 33% sunlight and 16%

sunlight, respectively, compared with other light intensities
(Zhang et al., 2015).

Light intensity also affects the chemical composition of
medicinal plants. For instance, Xu et al. (2020) fond that
moderate shade (38.8% of the control) promoted the accumulation
of C4C,- and C¢C;-type phenolics, while severe shading (16.9%
of the control) stimulated the accumulation of C,C,Ce-type
phenolics in Eleutherococcus senticosus. Santos Lazzarini et al.
(2018) treated Lippia gracilis with different light intensities
and showed that the chemical composition of seedlings in the
26 pmol m™ s7' group was more complex, with more
monoterpene hydrocarbons and less aromatic monoterpenes,
than those in other treated groups. In M. breviracema, light
intensity had different effects on the production of alkaloids
and essential oils; alkaloid content was significantly enhanced
in the 30 and 50% sunlight groups, while the accumulation
of essential oils increased linearly with the increase in light
intensity, reaching maximum levels in the full (100%) sunlight
group (Li et al., 2018a).

PHOTOPERIOD

Photoperiod is one of the critical environmental factors that
regulate the growth and development of medicinal plants and
is often closely related to other environmental factors, such
as latitude, slope direction, and seasonal changes (Liebelt et al.,
2019). Depending on the day length or amount of light required
for flowering, medicinal plants are classified into long-day,
short-day, and intermediate-day plants (Huang and Liu, 2015).
Different plant species adapt to changes in the photoperiod
through various physiological modifications, one of which is
by altering the accumulation of SMs (Moyo et al., 2014; Zahir
et al., 2014; Liebelt et al., 2019).

In many medicinal plants, photoperiod promotes the
accumulation of SMs. For example, Fazal et al. (2016b)
optimized the conditions required for P. vulgaris suspension
culture and found that the biomass and SM content were
higher under 18-h light/12-h dark (18L/12D), 16L/14D, and
14L/16D photoperiods compared with the control (16L/8D).
Kumar et al. (2020) found that Basella rubra callus cultures
under the 16:8 h photoperiod produced the highest amount
of phenolics compared with those under continuous light
and continuous dark conditions. Wu et al. (2007) studied
the effects of photoperiod on the growth and caffeic acid
derivative content of the adventitious root cultures of Echinacea
purpurea, and found that the accumulation of caffeic acid
derivatives was optimum in cultures grown under 3-h
light/21-h dark conditions. There are also many studies
which report that continuous light or continuous dark is
more efficiency to stimulate the bioactive compounds
biosynthesis compared with photoperiod in some medicinal
plants. For instance, de Castro et al. (2019) found that 24-h
d™!' light was the best light condition for enhancing the
growth and essential oil content of Lippia alba seedlings
grown in vitro. Anjum et al. (2017) treated the cell cultures
of Linum usitatissimum with different photoperiods, and
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showed that continuous dark conditions led to the greatest
increase in total phenolics (116.85 mg L™") and total flavonoids
(37.05 mg L7'). Photoperiod also affects the chemical
composition of medicinal plants. Tusevski et al. (2013) found
that hairy roots of Hypericum perforatum cultured under
16-h light/8-h dark photoperiod showed de novo biosynthesis
of two phenolic acids, three flavonol glycosides, and five
xanthones compared those cultured under continuous dark.
Fonseca et al. (2006) revealed that dark incubation decreased
the content of parthenolide and increased the content of
total phenolics in Tanacetum parthenium, while photoperiod
showed an opposite effect on the accumulation of
these compounds.

SUMMARY AND PERSPECTIVES

In this review, we summarized the regulatory roles of light
quality, light intensity, and photoperiod in SM accumulation
in medicinal plants and the known mechanisms underlying
these roles (Figure 4). Generally, when plants are exposed
to UV-B radiation, the UVR8 homodimer undergoes
monomerization and interacts with CONSTITUTIVELY
PHOTOMORPHOGENIC1 (COP1), which increases COP1
stability and induces LONG HYPOCOTYL 5 (HY5) expression.
HY5 is a core transcription factor in the light signaling
pathway that regulates expression of genes encoding
transcription factors or key enzymes involved in the
biosynthesis of SMs, to affect the accumulation of SMs under
UV-B (Gangappa and Botto, 2016; Liu et al., 2018b; Yang
et al, 2018). Phytochromes (phyA and phyB) and
cryptochromes (cryl and cry2) regulate the accumulation
of SMs in a different way (Hemm et al., 2004; Chen et al.,
2006; Li et al., 2014; Fu et al.,, 2021a). These photoreceptors
interact with COP1 or SUPPRESSOR OF PHYA-105 (SPA)
in a light-dependent manner and inhibit the E3 ubiquitin
ligase activity of the COPI1-SPA complex. Under dark
conditions, COP1 enters the nucleus and mediates the
degradation of the HY5 protein through the 26S proteasome.
Under blue, red, and far-red light conditions, HY5 functions
its roles normally and promotes the production of SMs. In
A. annua, HY5 binds to the promoters of some transcription
factor genes, such as AaWRKY9, GLANDULAR TRICHOME-
SPECIFIC WRKY 1 (AaGSW1I), and AaORA, to upregulates
their expression. These transcription factors then stimulate
the expression of related biosynthetic genes and enhance
the content of artemisinin (Hao et al., 2019; Fu et al., 2021b).
HY5 can also affect the artemisinin biosynthesis by directly
regulate the expression of biosynthetic genes in A. annua
(Zhou et al., 2015). Phytochrome Interacting Factors (PIFs)
also mediate the biosynthesis of SMs in many plant species.
In C. roseus, under dark conditions, PIF1 binds to the
promoters of deacetylvindoline-4-O-acetyltransferase (DAT)
and GATA-type transcription factor gene GATAI, thus
repressing the expression of target genes and decreasing the
content of vindoline. Under red light, PIF1 is degraded,
which stimulates the accumulation of vindoline (Liu et al,,

2019). PIF3 upregulates the expression of ADS, CYP71AV1,
artemisinic aldehyde A11(13) reductase (DBR2), and aldehyde
dehydrogenase 1 (ALDHI), and dramatically increases the
content of artemisinin under light in A. annua (Zhang et al.,
2019c). AaMYBI15 is reported as a negative regulator of
artemisinin, it binds to the promoter of AaORA and inhibits
the biosynthesis of artemisinin under light in A. annua (Wu
et al.,, 2021).

As an indispensable environmental factor, light affects the
contents and yields of almost all kinds of phytochemicals in
medicinal plants. The responses of plants to light are species-
specific, and the effects of light on SM biosynthesis are distinct
among different species. Moderate UV-B and blue light irradiation
improve the accumulation of phytochemicals in many medicinal
plants. Compared with UV-B and blue light, red light promotes
the growth and development of some medicinal plants and
therefore is more efficient in enhancing the yield of target
compounds. In nature, light intensity and photoperiod often
act together with other environmental factors, -either
synergistically or antagonistically, to regulate SM biosynthesis
in medicinal plants. The regulatory mechanisms underlying
the effects of light intensity and photoperiod on SM biosynthesis
have not yet been fully elucidated.

With the increasing demand for natural bioactive
compounds, many environmentally controlled systems with
artificial light sources have been used for the cultivation
of medicinal plants. Light conditions optimal for SM
production in different plant species have been determined,
and light-responsive genes involved in the corresponding
biosynthetic pathways have been characterized. However,
the intact light signaling pathways in almost all medicinal
plants remain unclear. Besides, the regulatory roles of
light in plants are complex. Understanding how light
systematically regulates the SM content and growth of
medicinal plants, simultaneously affects the content and
yield of target compounds is a challenge that should be tackled
in the future.
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Fenugreek (Trigonella foenum-graecum), a pharmacologically important herb, is widely
known for its antidiabetic, hypolipidemic, and anticancer effects. The medicinal
properties of this herb are accredited to the presence of bioactive steroidal saponins with
one or more sugar moieties linked to the C-3 OH position of disogenin or its C25-epimer
yamogenin. Despite intensive studies regarding pharmacology and phytochemical
profiles of this plant, enzymes and/or genes involved in synthesizing the glycosidic part
of fenugreek steroidal saponins are still missing so far. This study reports the molecular
cloning and functional characterization of a key sterol-specific glucosyltransferase,
designated as TfS3GT2 here, from fenugreek plant. The recombinant TfS3GT2 was
purified via expression in Escherichia coli, and biochemical characterization of the
recombinant enzyme suggested its role in transferring a glucose group onto the C-3
hydroxyl group of diosgenin or yamogenin. The functional role of TFS3GT2 in the steroidal
saponin biosynthesis was also demonstrated by suppressing the gene in the transgenic
fenugreek hairy roots via the RNA interference (RNAI) approach. Down-regulation of
TfS3GT2 in fenugreek generally led to reduced levels of diosgenin or yamogenin-derived
steroidal saponins. Thus, Tf3SGT2 was identified as a steroid-specific UDP-glucose 3-
O-glucosyltransferase that appears to be involved in steroidal saponin biosynthesis in
T. foenum-graecum.

Keywords: saponin, sterol 3-O-glucosyltransferase, Trigonella foenum-graecum, dioscin, diosgenin

INTRODUCTION

Trigonella foenum-graecum (fenugreek) is one of the oldest traditional medicinal plant species
originating from the Iran and Mediterranean regions (Mostafaie et al., 2018). In ancient Egypt,
fenugreek was documented for increasing milk production in lactating women and treating
mummies (Nagulapalli Venkata et al., 2017). In traditional Chinese medicine, this plant has been
prescribed for the treatment of many conditions, such as lung congestion, diabetes, epilepsy,
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T. foenum-graecum Sterol Glucosyltransferase

and paralysis (Nagulapalli Venkata et al, 2017). Currently,
various medicinal properties of fenugreek have been revealed,
such as antidiabetic (Raju et al., 2001), antiobesity (Gao et al.,
2015), anticancer (Shabbeer et al, 2009), and sex-promoting
(Aswar et al., 2010) activities.

Phytochemical studies of fenugreek seeds and other tissues
have revealed the presence of steroidal saponins primarily based
on spirostanol aglycones (e.g., diosgenin or its C25-epimer
yamogenin) (Pang et al, 2012; Kang et al., 2013; Krol-Kogus
et al.,, 2020). The steroidal saponins are formed by successively
attaching more than one sugar moieties onto the C3-hydroxy
groups of the alycones, and the first linked sugar group is
almost completely a D-glucose in B-configuration (Pang et al.,
2012; Kang et al., 2013; Krol-Kogus et al., 2020). Among the
steroidal saponins, dioscin has received increasing attentions,
and since 1960s, in the former soviet, this compound was
used as a main active component of herbal products to treat
coronary heart diseases (Li et al., 2021). Dioscin is the major
active ingredient of the traditional Chinese medicine product,
called “Di’ao Xinxuekang capsule” (Yu et al, 2014), which is
currently utilized for the prevention of cardiovascular diseases.
Despite intensive studies concerning the chemical structures and
medicinal activities of the saponins, the genes and enzymes
involved in biosynthesis of the steroidal saponins in fenugreek
remain largely unknown.

Little is known about the biosynthetic steps leading to dioscin
production in plants. The aglycone part of dioscin is diosgenin,
and early labeling studies (Bennett and Heftmann, 1965; Joly
etal., 1969b; Stohs et al., 1969) indicated that diosgenin is derived
from cholesterol. Very recently, cytochrome P450s capable of
converting cholesterol to diosgenin have been characterized
from T. foenum-graecum and Paris polyphylla (Christ et al.,
2019). Some researchers have proposed that dioscin is directly
biosynthesized from diosgenin, simply by adding one glucose and
two rhamnose groups at its C-3 OH position (see the route 1 of
Figure 1; Ye et al., 2017; Li et al., 2018). However, this hypothesis
is challenged by the natural occurrence of furostanol saponins
(e.g., protodisocin, see its structure in Figure 1) in T. foenum-
graecum (Kang et al., 2013; Krol-Kogus et al., 2020) and dioscorea
genus (Li et al., 2010; Zhang et al., 2014). Unlike dioscin that
bears the rings of E and F (see its structure in Figure 1),
protodioscin lacks the ring F where the side chain is held open
by C26-glucosylation (Figure 1). The widespread presence of
protodioscin in the dioscin-producing species suggests that an
alternative approach (see the route 2 of Figure 1) to biosynthesize
dioscin occurs in nature. Indeed, Joly et al. ever provided
direct evidence supporting a transformation of cholesterol to
protodioscin in Dioscorea floribunda (Joly et al, 1969a). If
the route 2 is followed, the addition of sugar groups must
happen before the formation of diosgenin skeleton during dioscin
biosynthesis. In either case, sterol glycosyltransferases (SGTs)
responsible for the transfer of sugar groups during biosynthesis of
steroidal saponins in T. foenum-graecum remain to be uncovered,
as no relevant work has been made on this species.

In this study, we utilized a transcriptomics approach to
screen putative SGTs involved in biosynthesis of the steroidal
saponins from T. foenum-graecum. Biochemical characterization

showed that one of the encoded enzymes (named TfS3GT2) is
a steroid-specific 3-O-glucosyltransferase. This enzyme catalyzes
the transfer of the first glucose group onto the C3-hydroxy
group of diosgenin or yamogenin. The importance of this gene
for steroidal saponin biosynthesis in T. foenum-graecum was
revealed by silencing this gene using the RNA interference
(RNA) approach. The probable stage (i.e, route 1 or 2
in Figure 1) at which TfS3GT2 catalyzes the glucosylation
reaction is discussed.

MATERIALS AND METHODS

Plant Materials and Chemicals

Trigonella  foenum-graecum seeds from Shanxi Province
of China were wused in this study. The chemical
standards of UDP-glucose, UDP-rhamnose, UDP-xylose,

diosgenin, yamogenin, cholesterol, B-sitosterol, ergosterol,
brassicasterol, campesterol, kaempferol, quercetin, myricetin,
protopanoxadiol, ursolic acid, trillin, prosapogenin A
(a-L-rhamnopyranosyl-(1 ~ —  2)-B-D-glucopyranoside-3-
O-diosgenin),  zingiberoside =~ Al  (a-L-rhamnopyranosyl-
(1 — 2)-p-D-glucopyranoside-3-O-yamogenin), and dioscin
(a-L-rhamnopyranosyl-(1 — 4)-[o-L-rhamnopyranosyl-
(1 — 2)]-B-D-glucopyranoside-3-O-diosgenin) were purchased
from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai,
China). The ruscogenin and stigmasterol standards were
ordered from Chengdu HerbPurify Biotechnology Co., Ltd.
(Chengdu, China). High performance liquid chromatography
(HPLC)-grade acetonitrile or methanol (Thermo Fisher
Scientific, United States) was used for HPLC and liquid
chromatograph-mass spectrometer (LC-MS) analysis.

Isolation and Cloning of the Sterol
C3-Glucosyltransferase Candidate

Genes From T. foenum-graecum

Our previously reported T. foenum-graecum transcriptome
(Zhou et al., 2019) was used for gene isolation. Five sterol
C3-glucosyltransferase (S3GT) candidates (Cluster-2140.105632,
Cluster-2140.95550, Cluster-2140.71031, Cluster-2140.131704,
and Cluster-2140.319) were identified by a BLAST search against
the known Dioscorea zingiberensis S3GTs (namely Dz3GT1
or Dz3GT2) that we previously have reported (Li et al,
2018). Except for the cluster-2140.95550, the other four gene
candidates could be amplified by standard RT-PCR from the
methyl jasmonate (MeJA)-treated T. foenum-graecum seedlings,
which are the same set of plant materials that we previously
used for establishing the T. foenum-graecum transcriptome
(Zhou et al.,, 2019). The successfully amplified four candidates
were designated as TfS3GT1 (cluster-2140.105632), TfS3GT2
(cluster-2140.71031), TfS3GT3 (cluster-2140.319), and TfS3GT4
(cluster-2140.131704), respectively, and they were subsequently
cloned into an Escherichia coli expression vector pGEX-2T via
BamHI/EcoRI sites using a ClonExpress® One Step Cloning Kit
(Vazyme, China). The N-terminus of TfS3GT1-4 was designed to
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FIGURE 1 | Proposed two glycosylation schemes that may be involved in dioscin biosynthesis in T. foenum-graecum plants. In the route 1, the glycosidic parts (one
glucose and two rhamnose moieties) of dioscin are added after the formation of diosgenin skeleton. Diosgenin is biosynthesized from multiple oxidations of
cholesterol catalyzed by cytochrome P450s (Christ et al., 2019). In the route 2, the glycosidic parts of dioscin are presumed to be introduced before the formation of
diosgenin skeleton, and they may be added at the furostanol level. Cholesterol is converted to proto-dioscin in which the ring F is held open by C26-glucosylation,
and from the proto-dioscin intermediate cleavage of the C26-glucose group would evoke closure of the ring F, ultimately producing dioscin.

be fused in a frame with a glutathione-S-transferase (GST) tag
present in the pGEX-2T vector.

Preparation of Recombinant TfS3GTs

and in vitro Enzyme Assays
The above resulting vectors were transformed into E. coli strain
TSsetta DE3. The cells were incubated in a Lysogeny Broth
(LB) medium supplemented with 100 pg/mL ampicillin and
50 pg/mL chloramphenicol at 37°C until Aggp reached 0.6-0.8.
After addition of IPTG (isopropyl-p-D-thiogalactoside) at a final
concentration of 1 mM, the cell were further cultured at 16°C for
16 h, then harvested and re-suspended in a lysis buffer (10 mM
KH2PO4 pH 8.0, 140 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4,
1 mM EDTA, 2 mM dithiothreitol). Following disruption of
the cells by sonication, the soluble solution was loaded onto a
column filled with GST-binding magnetic beads. Recombinant
TfS3GTs were then purified with an elution buffer (0.1 M
potassium phosphate pH 8.0, 10 mM reduced glutathione),
and concentrated into a reaction buffer (50 mM Tris-HCI;
pHB8.0) through a 30 kDa-desalting filter. The purity of the
recombinant TfS3GTs was monitored by SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) analysis, and
protein concentrations were measured by the Bradford assays.
Unless otherwise stated, the in vitro assays (in a total volume
100 L) consisted of 50 mM Tris-HCI buffer (pH 8.0), 100 mM
DTT, 30 mM NADPH, 50 mM sugar donor (UDP-glucose, UDP-
rhamnose, or UDP-xylose), 5 mM substrate, and 7 g purified

TfS3GT. The mixture was incubated overnight at 30°C, and
extracted three times with 800 L of ethyl acetate. The ethyl
acetate extracts were evaporated to dryness, and re-dissolved in
100 pL methanol for HPLC or LC-MS analysis. To measure the
reaction velocities of TfSGT2 or TfS3GT4, assays were carried
out for 20 min, which was proven to be a linear reaction time
by preliminary experiments. For each enzyme, the assays were
performed in triplicate.

Preparation of the TFS3GT2 RNAI
Construct and Generation of the
Transgenic T. foenum-graecum Hairy

Roots

To prepare the TfS3GT2 RNAi construct, specific primers
(see Supplementary Table 1) were designed to amplify a
483 bp-fragment from the TfS3GT2 coding region. The
amplified PCR products were first cloned into an intermediate
vector pDONR201, and then introduced into a binary vector
pK7GWIWG2_II-RedRoot to form a hairpin cassette using the
Gateway LR recombination reaction (Thermo Fisher Scientific,
United States). The vector “pK7GWIWG2_II-RedRoot” harbors
a red fluorescence protein (RFP) as a selection marker. After
confirmation of the construct by sequencing, the binary vector
that contains the RNAi construct for TfS3GT2, as well as
the empty vector, were transformed into the Agrobacterium
rhizogenes ARqual strain (Boisson-Dernier et al., 2001) by
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electroporation, and then were used for infection of T. foenum-
graecum seedlings. The protocol, as previously described by
Garagounis et al. (2020), was used to generate the T. foenum-
graecum hairy roots with a few modifications. In brief, 3 day-
old seedlings after seed germination were subjected to the
infection with the ARqual strain. After cutting off the seedling
radicles, the traumatized radicle surface was soaked in the
Agrobacterium slurry harboring the target constructs for 3-
5 min. The inoculated seedlings were then cultured on vertically
positioned square plates, which contain half-strength MS agar
media, in a growth chamber at 22°C in a 16/8 h light/dark cycle.
About 2 weeks after the infection, calluses started to form
on the infected sites, while hairy roots emerged about 3 weeks
post the inoculation. About 40 days later, positive roots were
confirmed by examining red fluorescence signals, which resulted
from expression of the RFP marker present in the RNAi
construct, using a fluorescence microscope (Nikon SMZ1500,
Japan). The filter sets used for excitation (Ex) and emission (Em)
were as follows: RFP, 561 nm (Ex)/from 579 to 675 nm (Em);
bright field, 633 nm. Signals were captured in multi-channel
mode. The positive hairy roots were frozen in liquid nitrogen,
and stored at —80°C for gene expression analysis and metabolite
measurement later. Each biological replicate contained the hairy
roots that were pooled from 30 infected plants, and data for each
construct was collected from at least three biological repeats.

Metabolite Extraction From the
T. foenum-graecum Hairy Roots

The hairy root samples were ground into a fine powder in
liquid nitrogen, and were dried to constant weight in a 37°C-
oven. To measure diosgenin content in the hairy root samples,
the extraction was carried out as follows: 20 mg of each
dried hairy root sample was extracted with 3 mL methanol,
and the methanol extracts were evaporated to dryness, acid-
hydrolyzed with 1.8 M sulfuric acid at 100°C for 10 h, and
then extracted with 9 mL hexane. The hexane extracts were
washed with water, evaporated to dryness, and then re-dissolved
in 150 wL of methanol for HPLC analysis. For each sample,
60 g of ursolic acid was included as an internal standard to
normalize possible variations introduced by different extractions.
To measure saponin contents in the hairy root samples, 20 mg
of each dried samples was immersed in 1 mL of methanol
overnight, then extracted in ultrasound bath for 1 h with
addition of another 2 mL methanol. The methanol extracts
were filtered through 0.22 pm nylon syringe prior to LC-MS
analysis. The metabolite measurement was carried out in three
biological replicates.

High Performance Liquid

Chromatography and Liquid
Chromatograph-Mass Spectrometer
Analysis

For HPLC analyses, samples were detected on a SIL-20A HPLC
system (Shimadzu, Japan) equipped with an Extend-C18 column
(250 mm x 4.6 mm, 5 pm) at 30°C. The UV detection wave
length was set to 203 nm. For the products from in vitro enzyme

assays with cholesterol, p-sitosterol, ergosterol, stigmasterol,
brassicasterol or campesterol, milli-Q water (solvent A), and
HPLC-grade methanol (solvent B) were used as the mobile
phase, and samples were separated using 98% B at a flow rate
of 1.0 mL/min for 40 min. For the products from the in vitro
assays with diosgenin, yamogenin, ruscogenin, protopanoxadiol
or ursolic acid, milli-Q water (solvent A), and HPLC-grade
acetonitrile (solvent B) were used as the mobile phase, and
samples were separated at a flow rate of 0.8 mL/min using 60-
100% B for 35 min, 100% B for 5 min, 100-60% B for 2 min,
and 60% B for 8 min. For the products from the in vitro enzyme
assays with kaempferol, quercetin, myricetin, the mobile phase
was composed of water with 0.1% formic acid (solvent A) and
HPLC-grade acetonitrile (solvent B), and samples were separated
at a flow rate of 0.8 mL/min using 10-85% B for 10 min, 85% B
for 6 min, 85-10% B for 6 min, and 10% B for 4 min. To measure
diosgenin contents in the transgenic hairy roots, the mobile
phase was composed of 0.1% phosphoric acid (solvent A) and
70% methanol/30% acetonitrile (solvent B), and samples were
separated using 90% B for 45 min at a flow rate of 0.8 mL/min.

To monitor accumulation of the saponins in the hairy
roots, LC-MS analysis was performed using a Q-Exactive
Focus mass spectrometers, coupled with a VanquishTM UPLC
system (Thermo Fisher Scientific, United States) and a HESI
source (Thermo Fisher Scientific, United States). The column
(100 mm x 2.1 mm, 1.8 wm) was used to separate the sample, the
column temperature was 45°C, and the flow rate was 600 L L/min.
The mobile phases contain 0.1% formic acid (solvent A) and
acetonitrile (solvent B), and the solvent gradient is set as follows:
20-22% B for 1 min, 22% B for 3 min, 22-24% B for 11 min,
24-30% B for 0.1 min, 30-40% B for 4.4 min, 40-44% B for
2 min, 44-60% for 7.5 min, 60-100% B for 1 min, 100% B at
2 min. The ESI-Q-Exactive Orbitrap mass spectrometer (Thermo
Fisher Scientific, MA, United States) was operated in a full-scan
and positive mode under the following conditions: resolution of
70,000; scan range of 100.0-1500.0 m/z; polarity is positive; AGC
target at 3 x 10%; maximum inject time is 120 ms. The parameter
setting conditions of HESI source are as follows: sheath gas flow
rate, aux gas flow rate and sweep gas flow rate are 40, 15, and
1, respectively; spray voltage is 3.00 kV; capillary temperature
at 275°C; s-lens RF level at 55.0; aux gas heater temperature
is 310°C. The instrument was controlled by Xcalibur software
(Thermo Fisher Scientific, United States).

Quantitative Real-Time PCR

Total RNA was extracted from the transgenic hairy roots using
an EASYspin Plus Plant RNA Extraction Kit (Aidlab, China).
The first-strand cDNA was synthesized using the TransScript
One-Step gDNA Removal and ¢cDNA Synthesis SuperMix Kit
(TransGen Biotech, China). Quantitative RT-PCR (qRT-PCR)
was performed on a ABI 7500 Fast Real-Time PCR Detection
System with TOROGreen®5G qPCR PreMix Kit (TOROIVD,
China). The PCR conditions were set as follows: 10 min of initial
denaturation at 95°C, followed by 40 cycles of 95°C for 20 s,
and then 60°C for 1 min. All real-time PCR was performed in
three independent repeats. The primers used for the qRT-PCRs
are listed in Supplementary Table 1.
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Statistical Analysis

Every experiment was carried out at least in three biological
replicates, and data were shown as mean & SD. Data analysis
was performed by one-way ANOVA. Difference was considered
statistically significant when p < 0.05 (**), and extreme
significant when p < 0.01 (***).

RESULTS

Phylogenetic Analysis and Functional
Characterization of the TfS3GT

Candidates

Phylogenetic Analysis

A phylogenetic analysis of the TfS3GT candidates and
some previously published 3-O-glucosyltransferases and
rhamnosyltransferases (see their GenBank accession numbers
in Supplementary Table 2) was performed (Figure 2). The
TfS3GT1-4 candidates all clustered into the clade composed
of sterol-3-O-glucosyltransferases, while the flavonoid 3-
O-glucosyltransferases formed a distinct clade in the tree,
suggesting that the TfS3GT candidates are relatively more related
to sterol 3-O-glucosyltransferases.

Functional Characterization of the TfS3GT
Candidates

To characterize the catalytic functions of the TfS3GTs in vitro,
recombinant TfS3GTs were expressed in E. coli cells, and purified
by GST-tag affinity chromatography (Supplementary Figure 1).
The in vitro assays were first performed using diosgenin as the
sugar acceptor and uridine 5'-diphosphate glucose (UDP-Glc)
as the sugar donor. The reaction products were then subjected
to HPLC or LC-MS analysis. The negative control reaction was
performed by omitting the recombinant TfS3GTs in the reaction
mixture. Among the four TfS3GT candidates, only TfS3GT2 and
TfS3GT4 showed an activity of converting diosgenin to a new
product (Figure 3A). This product showed the same retention
time and mass spectrum as authentic trillin (ie., diosgenin-
3-O-glucoside) (Figure 3B), supporting that either TfS3GT2
or TfS3GT4 is a functional sterol-3-O-glucosyltransferase that
catalyzes the formation of trillin from diosgenin. By performing
the assays in a linear reaction time of 20 min, the reaction
velocities of TfS3GT2 and TfS3GT4 with diosgenin were
calculated to be 6.50 & 0.10 and 0.88 &+ 0.29 nM/min/mg,
respectively, suggesting that TfS3GT2 has a greater sterol-3-O-
glucosyltransferase activity than TfS3GT4.

To explore the sugar donor promiscuity of TfS3GT2 or
TfS3GT4, UDP-xylose and UDP-rhamnose were supplied in the
in vitro assays, using diosgenin as an acceptor. The results
demonstrated that both TfS3GT2 and TfS3GT4 could not accept
UDP-xylose or UDP-rhamnose as a sugar donor. Considering
that TfS3GT?2 displays a much higher activity relative to TfS3GT4
(Figure 3A), only TfS3GT?2 was further subjected to the substrate
specificity analysis. The optimum pH for TfS3GT2 activity was
revealed to be 8.0, which was measured by comparing the activity
of TfS3GT2 with diosgenin as an acceptor and UDP-glucose as

a sugar donor within the pH range of 7.0-9.0 (Supplementary
Figure 2). Next, using Tris—-HCI (pH 8.0) as a reaction buffer,
we tested the activity of TfS3GT2 with four types of compounds,
which all share a hydroxyl group at their C3-positions. They
are spirostane sapogenins containing E- and F-rings (ie,
diosgenin, ruscogenin, tigogenin, and yamogenin), A5-sterols
without E- and F-rings (i.e., cholesterol, B-sitosterol, ergosterol,
stigmasterol, brassicasterol, and campesterol), flavonoids (i.e.,
kaempferol, quercetin, and myricetin), and triterpenoids (i.e.,
protopanoxadiol and ursolic acid) (see their structures in
Figure 4A). TfS3GT2 showed activities toward the AS5-sterols
with or without the E- and F-rings, but it did not show
glucosylation activity on triterpenoid and flavonoid substrates
(Figure 4B), demonstrating that TfS3GT?2 is a sterol-specific 3-
O-glucosyltransferase. Generally, TfS3GT2 showed the highest
activity toward spinostanol sterols with 11.5-71.3% of the activity
being found with the selected A5-sterols without the E- and
F-rings (Figure 4B). Interestingly, TfS3GT2 showed no activity
toward ruscogenin and tigogenin. Tigogenin is a spirostanol
sapogenin bearing the E- and F-rings, but it lacks a C5-C6 double
bond (Figure 4A). Ruscogenin differs from diosgenin only by the
presence of a hydroxyl group at C1-position (Figure 4A).

Saponin and Diosgenin Content in the

TfS3GT2_RNAi Transgenic Hairy Roots

In order to understand the in planta function of TfS3GT2,
T. foenum-graecum seedlings were transformed with the
TfS3GT2_RNAi construct to generate the transgenic hairy
roots. Transformed roots were screened by red fluorescence
examination under a microscope for the presence of the
transgenes (Figure 5A). The expression level of TfS3GT2 gene
was analyzed by gqRT-PCR in the TfS3GT2_RNAi and the
vector control transformants. Expression of TfS3GT2 gene was
decreased up to 43.4% due to the silencing in comparison with
the vector control (Figure 5B). To investigate the effects of the
TfS3GT2 silencing on the saponin and diosgenin contents in the
transgenic hairy roots, quantification of six different diosgenin-
or yamogenin-derived saponins (i.e., dioscin, prosapogenin A,
(Figure 3A) deltonin, graecunin E, diosigenin-S19-Xyl, and
diosigenin-S19) (see their structures in Figure 5C) was carried
out using LC-MS analysis. Overall, with respect to the control,
a significant decrease in the contents of all the diosgenin-derived
saponins, with a percentage decrease of 18.7-45.9%, was observed
(Figure 5D). Diosgenin content was slightly decreased, but the
percentage decrease was not significant (Figure 5D).

DISCUSSION

This study pertains to be the first report on cloning and
characterization of a steroid-specific metabolism gene (TfS3GT2)
from T. foenum-graecum. The TfS3GT2 mRNA was amplified
only from the methyl-jasmonate (MeJA)-treated T. foenum-
graecum seedlings, but not from the non-treated ones (data
not shown), indicating that TfS3GT2 mRNA was up-regulated
by MeJA. This is consistent with the gene expression data
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acquired by our previously RNA-sequencing of T. foenum-
graecum seedlings (Zhou et al., 2019), from which it appeared
that TfS3GT2 expression was strongly induced by MeJA. MeJA
is a known signaling compound that can induce oxidative stress
and biosynthesis of secondary metabolites in plant cells (Ho
et al., 2020). Accordingly, at the beginning of this study, we
speculated that TfS3GT2 could be a defense gene leading to
formation of some glycosides in response to oxidative stresses.
In this study, biochemical and genetic functional analysis of
TfS3GT2 demonstrate that TfS3GT2 involves in biosynthesis of
dioscin and other diosgenin-derived glycosides. Interestingly,
dioscin exerts its beneficial properties to human health, indeed
largely via inhibition of oxidative stresses through different
signaling pathways (Hu et al.,, 2018; Yang et al., 2018). TfS3GT2
also shows considerable activity in catalyzing glucosylation of
several major plant-derived sterols (e.g., sitosterol, stimasterol,
and campesterol) (Figure 3), further indicating its physiological
role in adaptions to stressful environments, as glycosylation of
the major plant sterols can provide increased tolerance to both
abiotic and biotic stresses (Saema et al., 2016).

Our in vitro enzyme assays (Figure 4) revealed that TfS3GT2
showed strict substrate specificity with highly specific activity
toward steroid aglycones, whereas non-steroidal substrates,
including flavonoids and triterpenoids, were not active as sugar
acceptors, strongly suggesting that TfS3GT?2 is a sterol-specific
glycosyltransferase. This biochemical finding well matched the
result of the phylogenetic tree analysis, as in the tree TfS3GT2

showed a close relationship with sterol-3-O-glucosyltransferases
but was distinct from others (Figure 2). The presence of a
C5-C6 double bond in the steroid molecule seemed to be
critical in glucosylation, as TfS3GT2 showed no detectable
activity on tigogenin (Figure 4), which only differs from the
best substrate diosgenin by the absence of a C5-C6 bond.
Moreover, the selected triterpenoid substrates, which actually
resemble the backbone structure of steroidal aglycones but lack
a C5-C6 double bond, were also not glycosylated by TfS3GT2
at all (Figure 4). The presence of a C5-C6 double bond in
steroid molecules conferring the substrate specificity was also
demonstrated for a S3GT from Withania somnifera (Madina
et al, 2007). Among the steroid substrates tested, diosgenin
was the best aglycone substrate of TfS3GT2. To the best of our
knowledge, in a pure form or as a crude extract, UGTs capable
of catalyzing 3-O-glucosylation of diosgenin or yamogenin
were only isolated from a few species, including Solanum
melongena L (Pazkowski et al., 2001; Potocka and Zimowski,
2008), W. somnifera (Madina et al., 2007), and D. zingiberensis
(Ye et al., 2017). In comparison with these previously reported
S3GTs, TfS3GT2 was judged to be a novel diosgenin 3-O-
glucosyltransferase based on the following observations: (1) The
previously reported diosgenin 3-O-glucosyltransferases all give
low activity on diosgenin, however, which is the best substrate
here for TfS3GT2; (2) TES3GT2 shares relatively low amino
acid sequence identity (50-67%) with the previously reported
diosgenin 3-O-glucosyltransferases. Interestingly, TfS3GT2 was
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not active with ruscogenin. It should be noted that ruscogenin
has the C5-C6 double bond, and differs from diosgenin
only by the presence of a hydroxyl group at Cl-position
(Figure 4A). The CI1-OH of ruscogenin would increase the
hydrophilicity, probably preventing it to be accommodated by
TfS3GT2, since hydrophobicity is a common feature for the
acceptor binding pocket of a sterol-specific glycosyltransferase
(Chen et al., 2018). Indeed, diosgenin- or yamogenin-derived
glycosides widely occur in T. foenum-graecum, but none of
ruscogenin-derived saponins have been reported from this
plant (Pang et al., 2012; Kang et al, 2013). To determine
the substrate specificity of TfS3GT2 with respect to the sugar
donor, UDP-glucose, UDP-xylose and UDP-rhamnose were

tested, because they represent the dominant sugar moieties of
steroidal saponins of T. foenum-graecum (Pang et al., 2012;
Kang et al,, 2013; Krol-Kogus et al., 2020). Only UDP-glucose
was active as a sugar donor, whereas UDP-xylose or UDP-
rhamnose could not replace UDP-glucose to facilitate the
TfS3GT2 activity. The sugar donor specificity of TfS3GT2 is
consistent with the fact that the first sugar moiety attached
to the steroidal aglycones of T. foenum-graecum is almost
completely the glucose group (Pang et al., 2012; Kang et al., 2013;
Krol-Kogus et al., 2020).

In addition to TfS3GT2, this study has revealed another
enzyme, designated as TfS3GT4, that also catalyzed the
formation of diosgenin-3-O-glucoside (i.e., trillin) from
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enzyme activities of TFIS3GT2 on various alycones were quantified based on
the mole numbers of the aglycones consumed by the enzyme, relative to the
control reactions which do not include TfS3GT2. Values represent the
means + SD from three independent assays.

disogenin (Figure 2). TfS3GT4 was calculated to exhibit only
about 13.3% catalytic activity of TfS3GT2 in glycosylating the
aglycone diosgenin. TfS3GT4 shares low sequence identity
(54.4%) with TfS3GT?2, with its N-terminal domain being shorter
by 130 amino acid residues relative to TfS3GT2 (Supplementary
Figure 3). The extremely low activity of TfS3GT4 toward
diosgenin indicates that TfS3GT4 may have a unique substrate
utilization, and diosgenin may not be its natural substrate in vivo.
Recently, structural basis for the substrate specificity of a sterol
3p-glucosyltransferase, UGT51from Saccharomyces cerevisiae,
has been elucidated (Chen et al, 2018). The yeast UGT51
shows considerable activities against ergosterol, cholesterol,
and sitosterol (Warnecke et al., 1999), all of which can also
be accepted as good substrates by TfS3GT2 (Figure 4). These
observations tempted us to speculate that TfS3GT2 and UGT51
may share a similar structural mechanism for the activity,
although there is only 14% amino acid identity between TfS3GT2
and UGT51 (Supplementary Figure 3). Amino acid sequence
alignment showed that the nucleotide base binding motifs at
the C-terminal domains of TfS3GT2, TfS3GT4, and UGT51
are highly conserved (Supplementary Figure 3), which is in
agreement with the fact that they all display the same sugar
donor specificity for the glucose. When focused on the acceptor-
interacting residues in the cavity of UGT51 (Chen et al.,, 2018),
TfS3GT2 and TfS3GT4 share the same residues at the equivalent
positions with only one variable sequence at the 265 position
(numbering in TfS3GT2) (Supplementary Figure 3). By contrast,
the acceptor-interacting residues in UGT51 are distinct from the
counterparts of TfS3GT2 or TfS3GT4 (Supplementary Figure 3),
indicating that the SGTs from different organisms have evolved
to accommodate diversely sterol acceptors present in their
hosts, through changing only several residues within the active
site of the enzyme.

This study could not provide conclusive information of
which glycosylation scheme (i.e., routes 1 and 2 of Figure 1)
that would be the major route for dioscin biosynthesis in
T. foenum-graecum. Down-regulation of the TfS3GT2 expression
by our RNAI experiments led to a significant reduction in levels
of dioscin and other diosgenin-derived saponins (Figure 5),
strongly demonstrating that TfS3GT2 is involved in biosynthesis
of steroidal saponins in T. foenum-graecum. If the sugar moieties
are added after the formation of diosgenin, following the
route 1 as shown in Figure 1, the reduction of the glycosides
would in turn stimulate biosynthesis of the alycone backbone
(i.e., diosgenin) through a feedback regulation. Through RNAi
silencing of a UDP-glycosyltransferase, this type of the feedback
regulation has also been observed for biosynthesis of withaferin
A-derived saponins in W. somnifera (Saema et al., 2015) and
ginsenosides in Panax ginseng (Lu et al., 2017). However, our
data do not support this premise, as the aglycone diosgenin was
not increased, and even was slightly decreased in the TfS3GT2-
silenced lines (Figure 5). By contrast, if the sugar moieties are
introduced before the formation of diosgenin skeleton following
the route 2, the RNAi silencing of the first 3-O-glucosyltransferase
would result in reduction in levels of both the saponins and
diosgenin. Thus, the route 2 seems to give a plausible explanation
of the data obtained from the RNAi experiments of this study,
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FIGURE 5 | The effects of the RNAi-based silencing of TfS3GT2 on biosyntheses of dioscin, diosgenin, and other targeted steroidal saponins in the transgenic

T. foenum-graecum hairy roots. (A) Red fluorescence signal is shown for the presence of the TFS3GT2-RNAi construct in the hairy roots. Scale bar = 1 cm.

(B) Real-time PCR analysis of the TfS3GT2 transcript in the TIS3GT2-RNAiI compared with the corresponding vector control lines. (C) Chemical structures of the
steroidal saponins for the targeted analysis of the transgenic hairy roots. (D) The LC-MS product ion-intensities of the targeted steroidal saponins and diosgenin
extracted from the transgenic hairy roots. The data are expressed as the mean + SD of three biological replicates. Asterisk indicates a significant difference by
one-way ANOVA analysis, and significant difference is indicated by ** when P < 0.05, and extremely significant difference is shown by ** when P < 0.01. The mass
spectra of the targeted steroidal saponins are shown in Supplementary Figure 4.
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as the RNAi silencing of TfS3GT2 indeed led to reduced levels of
both diosgenin and its derived saponins, although the decrease
in diosgenin was not statistically significant (Figure 5). One
might argue that, in the biochemical assays of this study,
diosgenin was revealed to be the best substrate of TfS3GT2
among the steroid substrates tested, thus favoring the route
1 that may exist in T. foenum-graecum. However, this puzzle
could be explained by the catalytic plasticity of TfS3GT2 for
different sterol substrates, which also seems to be a common
feature of other previously reported sterol-glycosyltransferases
(Pazkowski et al., 2001; Potocka and Zimowski, 2008; Stucky
et al., 2015). Of course, this open scientific question deserves
further investigations, which could be carried out by feeding
radio-labeled glucose to the TfS3GT2-silenced or overexpressing
lines, followed with phytochemical measurement of the radio-
labeled glycosides.

CONCLUSION

This study reports the isolation and functional characterization
of a novel sterol-specific 3-O-glucosyltransferase (TfS3GT2)
that is associated with the steroidal saponin biosynthesis in
T. foenum-graecum. First, the recombinant TfS3GT2 was purified
via expression in E. coli, and in vitro enzyme assays showed
that TfS3GT2 exhibits considerable activities toward spinostanol
sapongenins (including diosgenin and yamogenin) and other
A5-sterols, whereas it is not active with other substrates, such as
triterpenoids and flavonoids, supporting that TfS3GT?2 is a sterol-
specific glucosyltransferase. Next, we prepared the transgenic
T. foenum-graecum hairy roots that decreased the TfS3GT2
expression by the RNA interference approach. The RNAi
silencing of TfS3GT2 led to a significant reduction in several
steroidal saponins tested, including dioscin, strongly suggesting
that TfS3GT2 is involved in biosynthesis of the steroidal saponins
in T. foenum-graecum. We discussed the glycosylation scheme by
which TfS3GT2 plays its catalytic role during dioscin biosynthesis
in vivo.
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Epidermis-Specific Metabolic
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Performance of Potato Aphid
Macrosiphum euphorbiae

Fumin Wang, Yong-Lak Park and Michael Gutensohn*

Division of Plant and Soil Sciences, Davis College of Agriculture, Natural Resources and Design, West Virginia University,
Morgantown, WV, United States

Tomato produces a number of terpenes in their glandular trichomes that contribute to host
plant resistance against pests. While glandular trichomes of cultivated tomato Solanum
lycopersicum primarily accumulate a blend of monoterpenes, those of the wild tomato species
Solanum habrochaites produce various sesquiterpenes. Recently, we have identified two
groups of sesquiterpenes in S. habrochaites accessions that negatively affect the performance
and choice behavior of the potato aphid (Macrosiphum euphorbiae). Aphids are piercing-
sucking herbivores that use their mouthpart to penetrate and probe plant tissues in order to
ultimately access vascular tissue and ingest phloem sap. Because secondary metabolites
produced in glandular trichomes can affect the initial steps of the aphid feeding behavior,
introducing the formation of defensive terpenes into additional plant tissues via metabolic
engineering has the potential to reduce tissue penetration by aphids and in consequence
virus transmission. Here, we have developed two multicistronic expression constructs based
on the two sesquiterpene traits with activity toward M. euphorbiae previously identified in
S. habrochaites. Both constructs are composed of sequences encoding a prenyl transferase
and a respective S. habrochaites terpene synthase, as well as enhanced green fluorescent
protein as a visible marker. All three coding sequences were linked by short nucleotide
seguences encoding the foot-and-mouth disease virus 2A self-processing oligopeptide which
allows their co-expression under the control of one promoter. Transient expression of both
constructs under the epidermis-specific Arabidopsis CER5-promoter in tomato leaves
demonstrated that formation of the two sets of defensive sesquiterpenes, -caryophyllene/a-
humulene and (—)-endo-a-bergamotene/(+)-a-santalene/(+)-endo-p-bergamotene, can
be introduced into new tissues in tomato. The epidermis-specific transgene expression and
terpene formation were verified by fluorescence microscopy and tissue fractionation with
subsequent analysis of terpene profiles, respectively. In addition, the longevity and fecundity
of M. euphorbiae feeding on these engineered tomato leaves were significantly reduced,
demonstrating the efficacy of this novel aphid control strategy.

Keywords: sesquiterpenes, metabolic engineering, multicistronic expression constructs, prenyl transferases,
terpene synthases, epidermis, Solanum lycopersicum, potato aphid
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INTRODUCTION

In nature, plants are an integral part of a complex system of
antagonistic and mutualistic biotic interactions. Due to their
sessile lifestyle, plants have adapted to the resulting challenges
by evolving specific strategies for the defense against attacking
as well as the attraction of beneficial organisms. Many of these
strategies include the formation of secondary metabolites, such
as volatile organic compounds (VOCs), that belong to three
major categories: phenylpropanoids/benzenoids, fatty acid
derivatives, and terpenes (Dudareva et al., 2013). Volatile mono-
and sesquiterpenes synthesized by plants are known to contribute
to the direct and indirect defense against phytophagous insects.
While terpenes accumulated in plant tissues can be toxic to
biting-chewing and piercing-sucking herbivores, their emission
into the surrounding atmosphere can act repellent to these
herbivores and attractive toward their natural enemies
(Degenhardt et al., 2003; Gershenzon and Dudareva, 2007;
Unsicker et al., 2009). To facilitate their role in the antagonistic
interactions, terpenes are often produced in specific plant tissues
including internal ducts, extracellular cavities, and glandular
trichomes (Gershenzon and Dudareva, 2007; Zulak and
Bohlmann, 2010). Volatile terpenes, like all other terpenoids,
are synthesized from the building blocks isopentenyl diphosphate
(IPP) and its isomer dimethylallyl diphosphate (DMAPP), which
in plants originate from two parallel pathways: the mevalonic
acid (MVA) pathway and the methylerythritol phosphate (MEP)
pathway (Ashour et al, 2010; Hemmerlin et al, 2012). IPP
and DMAPP are subsequently utilized by prenyl transferases
to form larger trans and cis prenyl diphosphate intermediates.
While geranyl diphosphate (GPP) and its cis isomer neryl
diphosphate (NPP) are used for monoterpene synthesis, trans-
and cis-farnesyl diphosphate (E,E- and Z,Z-FPP) serve as
precursors for sesquiterpenes. The formation of terpenes is
then catalyzed by terpene synthases (TPSs) which utilize one
or several of the prenyl diphosphate substrates, and frequently
have the ability to form multiple different terpene products
from one prenyl diphosphate substrate (Degenhardt et al., 2009).

While defensive terpene traits are under positive selection
pressure to ensure survival in wild plants, it appears that they
have been compromised in cultivated crop plants since selective
breeding has favored other agronomic traits (Kollner et al,
2008). Domestication and breeding have also resulted in the
introduction of strong genetic bottlenecks in cultivated tomato
(Solanum lycopersicum) which suffers from a higher susceptibility
to various pests compared to wild tomato species (Bai and
Lindhout, 2007). Although glandular trichomes are present on
vegetative tissues of both cultivated and wild tomato species,
these differ significantly in their profile of volatile terpenes.
In S. Iycopersicum, they primarily produce a blend of
monoterpenes and only small amounts of a few sesquiterpenes
(Schilmiller et al, 2009). In contrast, the systematic
characterization of glandular trichome-derived terpenes in
different accessions of the wild tomato species Solanum
habrochaites (previously Lycopersicon hirsutum), for example,
revealed several chemotypes characterized by the dominant
formation of distinct blends of sesquiterpenes (Gonzales-Vigil

et al,, 2012), of which most are not present in S. lycopersicum.
Numerous studies have shown that glandular trichome-derived
terpenes found in S. lycopersicum as well as the S. habrochaites
accessions have repellent and toxic activity against different
biting-chewing herbivores including Colorado potato beetle
(Leptinotarsa decemlineata), tobacco hornworm (Manduca sexta),
tomato fruitworm (Helicoverpa zea), and beet armyworm
(Spodoptera exigua; Carter et al., 1989a,b; Frelichowski and
Juvik, 2001; Kang et al., 2010a,b; Tian et al., 2012; Gutensohn
et al,, 2014). In contrast, relatively little is known about the
potential effects of glandular trichome-derived terpenes in
cultivated and wild tomato on piercing-sucking herbivores, such
as whiteflies, spider mites, and aphids. The sesquiterpene 7-epi-
zingiberene and some of its derivatives produced in the glandular
trichomes of several S. habrochaites accessions were shown to
have repellent and/or toxic activity against silverleaf whiteflies
(Bemisia tabaci) and two spotted-spider mites (Tetranychus
urticae) (Bleeker et al., 2011a, 2012; Dawood and Snyder, 2020;
Zabel et al, 2021). Utilizing a collection of S. habrochaites
accessions with different glandular trichome-derived terpenes,
we have recently identified two groups of sesquiterpenes that
affect the potato aphid (Macrosiphum euphorbiae) (Wang et al.,
2020). S. habrochaites accessions producing f-caryophyllene
and o-humulene, or (—)-endo-a-bergamotene, (+)-a-santalene,
and (+)-endo-p-bergamotene, respectively, not only reduced the
aphid longevity and fecundity significantly, but also had repellent
activity against M. euphorbiae. Remarkably, by utilizing two
tomato trichome mutants, hairless and odorless-2, that are
differently affected in mono- and sesquiterpene production
(Kang et al., 2010a,b), we demonstrated that the relatively small
amounts of P-caryophyllene and o-humulene in glandular
trichomes of cultivated tomato still have some effect on the
performance of M. euphorbiae (Wang et al., 2021). However,
the same analysis also suggested a role of the highly abundant
TPS20-derived monoterpenes in the attraction of aphids to
cultivated tomato, which was further confirmed using a mixture
of pure monoterpenes (Wang et al., 2021).

Macrosiphum euphorbiae is an important agricultural pest
that causes economic losses to horticultural crop production
including tomato (Tomescu and Negru, 2003). Damage is caused
not only by the direct feeding of M. euphorbiae, but even
more by the transmission of multiple non-persistent and
persistent viruses for which these aphids serve as vectors
(Blackman and Eastop, 2000; van Emden and Harrington,
2007). This results in reduced crop yield and quality, and often
plant death even at low levels of aphid infestation (Lange and
Bronson, 1981). Current aphid control strategies utilizing
synthetic insecticides are increasingly inefficient due to emerging
resistances and avoidance behavior (Silva et al, 2012; Bass
et al., 2014; Fray et al., 2014). Thus, introducing the production
of the two groups of sesquiterpenes that we have identified
in the S. habrochaites accessions and that affected choice behavior
and performance of M. euphorbiae (Wang et al., 2020) into
cultivated tomato represents a promising approach toward
developing a sustainable aphid control strategy. One possible
way for the introduction of these defensive terpene traits is
the classical genetic approach by crossing S. lycopersicum with
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a respective S. habrochaites accession, followed by several
backcrosses into the cultivated tomato background to create
an introgression line carrying the terpene trait from
S. habrochaites. Indeed, we have used a near isogenic line
containing a small S. habrochaites introgression on chromosome
8 (van der Hoeven et al., 2000) that carries the genes encoding
the respective prenyl transferase and terpene synthase, and
was found to produce (—)-endo-a-bergamotene, (+)-a-santalene
and (+)-endo-p-bergamotene (Sallaud et al., 2009). Our assays
performed with this line confirmed that introgression of
(—)-endo-a-bergamotene/(+)-a-santalene/(+)-endo-p-
bergamotene formation into the cultivated tomato background
had successfully transferred this defensive trait affecting
performance and choice behavior of M. euphorbiae (Wang
et al., 2020). However, compared to the parental S. habrochaites
accession the amounts of (—)-endo-a-bergamotene,
(+)-a-santalene, and (+)-endo-P-bergamotene, and in
consequence, the effects on M. euphorbiae were significantly
lower in the near isogenic line (Wang et al., 2020) highlighting
a potential limitation of this classical genetic approach. The
observed difference in sesquiterpene production is likely due
to a higher expression level of MVA and MEP pathway genes
(Besser et al., 2009) and a larger storage capacity in the internal
cavity of the glandular trichomes (Therezan et al., 2021) in
the parental S. habrochaites accession compared to the
introgression line. The described classical genetic approach
limits the introduction of defensive terpene traits into cultivated
tomato to the tissue(s) where the respective biosynthetic genes
are expressed in wild tomato, for example, glandular trichomes.
In contrast, metabolic engineering represents an efficient approach
to introduce a respective biosynthetic pathway into a plant
tissue and/or species naturally devoid of a terpene compound
of interest. Multiple examples for successful metabolic engineering
of terpenes in different plant species have been reported
(summarized in Lange and Ahkami, 2013; Vickers et al., 2014)
with three types of genes being used individually or in
combination: MVA/MEP pathway, prenyl transferase, and TPS
genes. Two of our previous metabolic engineering studies in
tomato (Gutensohn et al, 2013, 2014) demonstrated that
co-expression of prenyl transferases and respective TPSs utilizing
the produced prenyl diphosphates resulted in the formation
of significant amounts of the expected terpenes. To avoid
potential negative effects on plant growth and performance
recent engineering strategies utilized specific promoters to
restrict the expression of terpene biosynthetic genes to particular
plant tissues or organs (Lewinsohn et al,, 2001; Davidovich-
Rikanati et al., 2007, 2008; Morris et al., 2011; Bleeker et al.,
2012; Borghi and Xie, 2016).

Aphids as piercing-sucking herbivores use their stylet, a
specialized mouthpart, to ultimately access vascular tissue and
ingest phloem sap. However, to achieve sustained phloem sap
ingestion, the feeding behavior of aphids progresses through
several stages (Powell et al., 2006): (i) pre-alighting behavior,
(ii) initial plant contact and assessment of surface cues before
stylet insertion, (iii) probing of the plant epidermis, (iv) stylet
pathway activity, (v) sieve element puncture and salivation,
and (vi) phloem acceptance and ingestion. Blocking or hindering

these feeding behaviors could lead to the development of a
novel aphid control strategy. Terpenes produced in glandular
trichomes of tomato are likely only affecting the initial steps
of the aphid feeding behavior. However, introducing the formation
of defensive terpenes into additional plant tissues via metabolic
engineering could have the potential to reduce or even eliminate
plant tissue penetration by aphids and in consequence virus
transmission. In this study, we have developed two multicistronic
expression constructs based on the two sesquiterpene traits
previously identified in S. habrochaites (Wang et al., 2020) that
are composed of the coding sequences for prenyl transferases
and respective S. habrochaites terpene synthases, as well as
enhanced green fluorescent protein as a visible marker. Transient
expression of both constructs under the epidermis-specific
CER5-promoter in tomato leaves demonstrated that formation
of the two sets of defensive sesquiterpenes, p-caryophyllene/a-
humulene and  (—)-endo-a-bergamotene/(+)-a-santalene/
(+)-endo-PB-bergamotene, can be introduced into new tissues
in tomato. The epidermis-specific transgene expression and
terpene formation were verified by fluorescence microscopy
and tissue fractionation with subsequent analysis of terpene
profiles, respectively. In addition, the longevity and fecundity
of M. euphorbiae that fed on these engineered tomato leaves
were significantly reduced, demonstrating the efficacy of this
novel aphid control strategy.

MATERIALS AND METHODS

Plant Material

Seeds of the tomato (S. lycopersicum) trichome mutant odorless-2
(Kang et al., 2010a) were kindly provided by Dr. Gregg Howe
(Michigan State University, MI, United States). Tomato plants
used for Agrobacterium leaf infiltration and all subsequent
analyses were grown from seeds in Sungro® soil mixture (Sun
Gro Horticulture, Agawam, MA, United States) in multi-trays
(288 cells, 5ml per cell), and seedlings were transplanted into
4-inch square pots. Plants were grown under a 16-h photoperiod
in a climate-controlled growth room (23-25°C, 50-60% relative
humidity) without pesticide application.

Cloning and Plasmid Construction

For the cloning of the two multicistronic gene constructs under
the control of a tissue-specific promoter, the binary vector
pMCS:GW was used (obtained from the Arabidopsis Biological
Resource Center, stock # CD3-1933) that contains a multiple
cloning site upstream of the Gateway cassette (Michniewicz
et al., 2015). To obtain the promoter region of the AtCER5
gene (Atlg51500; Pighin et al., 2004), a 2,614 base pair fragment
was amplified by PCR from Arabidopsis thaliana genomic DNA
using Taq polymerase (GenScript, Piscataway, NJ, United States)
and a pair of oligonucleotides each carrying a specific restriction
site (AfCER5-fwd-EcoRI: 5'-CGGAATTCTTTAGTTTGCTTG
AGTTCTCATG-3"; AtCER5-rev-Sall: 5'-GCGTCGACTGTTTT
TGTTTGATCTTGAAAAAGATC-3"). The resulting PCR product
was cloned into the vector pMD20 (Takara Bio, United States)
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and sequenced to verify its correct amplification. The AtCER5
promoter fragment was subsequently excised from the pMD20
vector by EcoRI and Sall digestion, and then ligated between
the EcoRI and Xhol sites of the pMCS:GW vector.

The two multicistronic gene constructs were obtained by
gene synthesis (Twist Bioscience, San Francisco, CA,
United States). These gene constructs were flanked by attL-
sequences and inserted into the Gateway Entry vector pTwist
ENTR (Twist Bioscience, San Francisco, CA, United States).
Both of these multicistronic constructs contained three
consecutive coding regions encoding a prenyltransferase, a
terpene synthase, and enhanced green fluorescent protein,
respectively. Stop codons of the prenyl transferase and terpene
synthase coding sequences were removed and instead 60-bp
wild type F2A sequences (5'- CAGCTGTTGAATTTTGACCTT
CTTAAGCTTGCGGGAGACGTCGAGTCCAACCCTGGG
CCC-3'; Ryan et al.,, 1991; Kenneth et al., 2012) inserted such
that the three coding regions were linked into one ORE In
addition, the 5'-UTR sequence of the A. thaliana Farnesyl
Diposphate Synthase 2 AtFPPS2 gene (At5g47770) was fused
upstream of the start codon of the prenyl transferase coding
sequence in both gene constructs.

Each of the two multicistronic gene constructs was transferred
from the pTwist ENTR vector into the pMCS:GW vector
carrying the AtCER5 promoter fragment by performing a
standard LR recombination reaction. One pl of the destination
vector (150 ng/pl) and 0.5l of the entry vector (30 ng/pl) were
mixed with 6.5 pl TE buffer and 2 pl LR Clonase II Plus enzyme
mix (Invitrogen, Thermo Fisher Scientific), and incubated at
25°C for 1 h. After the addition of 1 pl of proteinase K (Invitrogen,
Thermo Fisher Scientific), reactions were incubated at 37°C
for 10min. Aliquots of each LR reaction were transformed
into competent Escherichia coli DH5x cells (Thermo Fisher
Scientific) and colonies with recombinant plasmids selected
on LB agar plates with kanamycin (100 pg/ml).

Agrobacterium Leaf Infiltration

The resulting binary pMCS:GW vectors carrying the
multicistronic gene constructs under the control of the AtCER5
promoter were introduced into Agrobacterium tumefaciens (strain
GV3101), and those were subsequently used for transient
transformation via infiltration of tomato leaves as described
previously (Norkunas et al, 2018). Selected Agrobacterium
clones were grown in LB medium containing kanamycin (100 pg/
ml), rifampicin (25pg/ml), and gentamycin (50pug/ml) to an
OD4y of 0.8-1.0. Bacterial cultures were harvested by
centrifugation and resuspended in infiltration buffer [10mm
MES-KOH (pH 5.7), 10 mm MgCl, and 200 pm acetosyringone].
Agrobacterium suspensions were adjusted to an ODyy, of 0.6-0.8
and further incubated at room temperature for 2h prior to
leaf infiltration. Agrobacterium-mediated transient transformation
was subsequently conducted on the second and older true
leaves of 4-week-old odorless-2 tomato plants. The Agrobacterium
suspension was injected into leaves from the abaxial side using
a 5ml plastic syringe (without hypodermic needle) thus
infiltrating the intercellular spaces of the entire leaves. After

the infiltration plants were covered by a humidity dome and
continued to grow under a 16-h photoperiod at 23-25°C until
further analysis.

RNA Extraction and RT-PCR Analysis

Six days after the Agrobacterium infiltration total RNA was
isolated from infiltrated tomato leaves as previously described
(Eggermont et al., 1996). For the RT-PCR analyses, total RNA
was pretreated with RNase-free DNase (New England Biolabs,
Ipswich, MA, United States) and cDNA was synthesized using
reverse transcriptase (Superscript II, Invitrogen, Carlsbad, CA,
United States). To evaluate the expression of both multicistronic
gene constructs, the cDNA was subsequently used for PCR
utilizing three primer pairs specific for: AtFPPS2 (AtFPPS-fwd:
5'-CGGATCTGAAATCAACCTTCCTCGAC-3';  AtFPPS-rev:
5'- CAATGCCTTAACTACCAACCAGGAGC-3"), ShzFPPS
(ShzFPPS-fwd: 5' -CAAATTCACCTCTGACAGTGTCTGC-3
ShzFPPS-rev: 5'-GTGTGTCCACCAAAACGTCTATGCC-3'), and
eGFP (eGFP-fwd: 5'- CGACGTAAACGGCCACAAGTT CA-3}
eGFP-rev: 5'- ACTTGTACAGCTCGTCCATGCC-3'). The PCR
conditions were as follows: 94°C for 5min for one cycle,
followed by 35cycles of 95°C for 60s, 57°C for 60s and 72°C
for 605, and a final extension at 72°C for 10 min. The amplification
products were separated by agarose gel electrophoresis, stained
with GelRed® (Biotium, United States), and analyzed using
the ChemiDoc Gel Imaging System and Image Lab 5.1 software
(Bio-Rad, Hercules, CA, United States).

Fluorescence Microscopy

Four to five days after Agrobacterium infiltration tomato leaves
were collected, and cross- and surface sections were prepared.
Leaf cross- and surface sections were analyzed with a Zeiss
Axio Imager M1 compound microscope (Zeiss, Oberkochen,
Germany) equipped with an X-Cite series 120Q fluorescent
illuminator. Fluorescence microscopy was performed using a
485/20 excitation filter in combination with a green filter cube,
and a 545/25 excitation filter in combination with a red filter
cube for the analysis of GFP fluorescence and chlorophyll
autofluorescence, respectively. All images were captured using
a monochrome AxioCam MRm camera mounted on the Imager
M1 microscope and further processed with the AxioVision
software. Composite images from GFP and chlorophyll
fluorescence microscopy were overlaid using the Image] software
(National Institutes of Health).!

Extraction of Terpenes From Whole
Tomato Leaves

Tomato leaves were collected at different time points (0, 3, 6,
9, 12, and 15days) after the Agrobacterium infiltration. Leaves
were photographed, and their surface areas were determined
using the Image] software (National Institutes of Health, see
footnote 1). Leaves were stirred in 50ml of methyl fert-butyl
ether (MTBE) for 20min to extract terpenes as described
previously (Gutensohn et al., 2013). After removing the leaves,

'https://imagej.nih.gov/ij/
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extracts were concentrated under a gentle stream of nitrogen
gas to a volume of 200 pl and centrifuged for further purification.
For the analysis of terpene profiles, extracts were transferred
into GC vials and supplemented with 3.33pg of naphthalene
as an internal standard.

Extraction of Terpenes From Isolated
Trichomes, Epidermis, Vasculature, and
Mesophyll From Tomato Leaves

To further investigate the accumulation of terpenes in
different leaf tissues, glandular trichomes, epidermis,
vasculature, and mesophyll were isolated from tomato leaves
15days after Agrobacterium infiltration. Type VI glandular
trichomes were collected from tomato leaves as described
previously (Schilmiller et al., 2009) using a stretched Pasteur
pipette under a stereomicroscope (SZ-ST, Olympus, Tokyo,
Japan). A total of 200 trichomes from each leaf sample
were accumulated into 10ml of MTBE for the extraction
of terpenes. For the isolation of the other leaf tissues, a
protocol was adapted from previous studies (Endo et al.,
2016; Svozil et al, 2016). Entire tomato leaflets were
sandwiched between two layers of clear scotch tape, and
the abaxial leaf epidermis was peeled by gently pulling off
one tape. The tape with the attached abaxial leaf epidermis
was immediately transferred into 10ml MTBE for terpene
extraction. The other layer of tape with the remainder of
the leaf was transferred into a 50ml tube containing 15ml
of enzyme solution [1.00% (w/v) cellulase R-10, 0.25% (w/v)
macerozyme R-10, 0.4 M mannitol, 8 mm CaCl,, and 5mm
MES-KOH, pH 5.7]. After a 10min incubation, the leaf
vasculature was isolated by using a dissecting needle and
transferred into 10ml MTBE. The remaining leaf tissue
was further digested for an additional 15 min for removing
mesophyll cells into the enzyme solution. Subsequently, the
tape with the attached adaxial leaf epidermis was transferred
into the vial which already contained the tape with the
abaxial leaf epidermis. The mesophyll cells isolated by the
enzyme treatment were further purified using a 30 pm cell
strainer (pluriSelect, Leipzig, Germany), centrifuged at 1,000 g
for 5min, and resuspended into 10ml MTBE. All isolated
leaf tissue fractions were allowed to shake in MTBE at
100 rpm for 30 min for terpene extraction. All extracts were
concentrated under a gentle stream of nitrogen gas to a
volume of 200pl and centrifuged for further purification.
Concentrated and purified extracts were transferred into
GC vials and supplemented with 3.33 pg of naphthalene as
an internal standard.

Gas Chromatography—Mass Spectrometry
Analysis

All extracts from entire tomato leaves and leaf tissue fractions
were analyzed by combined gas chromatography-mass
spectrometry (GC-MS) wusing a TRACE 1310 gas
chromatograph system linked to a TSQ 8000 Triple
Quadrupole mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, United States). Two pl of each sample was

injected under a spitless mode, volatilized at 220°C, and
then separated on a TraceGOLD TG-5MS GC column (30 m
length, 0.25mm I.D., and 0.25pm film; Thermo Fisher
Scientific, Pittsburgh, PA, United States). The initial column
temperature was held at 40°C for 3min and then ramped
at 5°C/min to 120°C, 10°C/min to 180°C, and 20°C/min
to 300°C which was maintained for 2min. The helium
carrier gas flow was 1.3 ml/min. All samples were analyzed
using the total ion chromatogram (TIC) mode. Individual
terpene compounds were identified by comparing their mass
spectra (15-300m/z) with those deposited in the NIST/
EPA/NIH Mass Spectral Library (NIST11; National Institute
of Standards and Technology NIST, Scientific Instrument
Services, Inc., NJ, United States),” as well as those reported
previously (Sallaud et al., 2009). Terpenes identified in the
leaf and leaf tissue extracts were quantified using a previously
determined average response factor for sesquiterpenes (Wang
et al., 2020) in combination with the internal
naphthalene standard.

Aphid Culture

A potato aphid (M. euphorbiae) colony was established from
apterae collected in the WVU Evansdale Greenhouse
(Morgantown, WV, United States). To avoid experience on
tomato plants prior to the non-choice assays on odorless-2
plants, aphids were allowed to reproduce parthenogenetically
on potted potato plants in an insect rearing room under a
16-h photoperiod at 20-22°C. The aphid species was confirmed
through barcode sequencing.

Aphid Non-Choice Assays

The performance (longevity and fecundity) of M. euphorbiae
apterae on agroinfiltrated leaves of odorless-2 tomato plants
was determined in a climate-controlled growth room
(23-25°C, 50-60% relative humidity, and 16-h photoperiod)
as described previously (Eichele-Nelson et al., 2018; Wang
et al., 2020). Before the assay apterae (F,) reared on potato
plants were introduced on the leaf surface of odorless-2
plants. Four days after the introduction three neonate F,
nymphs (considered as 1day old) were carefully transferred
to the surface of a young odorless-2 leaf (second or third
fully expanded leaf) which had been infiltrated with
Agrobacterium 2 days earlier, and subsequently enclosed in
a clip cage (BioQuip Products, Rancho Dominguez, CA,
United States) that was attached to the leaf. Four tomato
plants each with three clip cages attached (in total 12 clip
cages) were used for each of the treatments (two expression
constructs and one control). Over the course of the experiment
F, nymphs and exuviae were removed daily from the clip
cages. The longevity of F, nymphs and their fecundity
represented by the number of F, nymphs in each cage were
recorded. The longevity and fecundity of aphids were analyzed
by one-way ANOVA followed by multiple comparisons using
Tukey’s HSD (a=0.05).

*https://chemdata.nist.gov/mass-spc/ms-search/
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RESULTS

Design of Two Multicistronic Expression
Constructs for Epidermis-Specific
Engineering of Sesquiterpene Formation

To engineer formation of the two groups of sesquiterpenes
with activity against M. euphorbiae that we have identified in
S. habrochaites (Wang et al, 2020) into the epidermis of S.
lycopersicum, we have designed two multicistronic expression
constructs (Figure 1) in the binary vector pMCS:GW
(Michniewicz et al., 2015). Both constructs were put under
the control of the promoter of the AtCER5 gene (Atlg51500;
Figure 1), encoding a plasma membrane localized ABC
transporter involved in the export of cuticular wax, that was
shown to direct epidermis-specific expression (Pighin et al.,
2004). To achieve high levels of terpene formation, we opted
to co-express each of the selected S. habrochaites terpene
synthases together with a respective prenyl transferase which
assures sufficient availability of the required prenyl diphosphate
substrate in the correct subcellular compartment. Despite the
significant difference in B-caryophyllene/a-humulene formation
between cultivated and wild tomato accessions (Wang et al,
2020), in both tomato species these sesquiterpenes are produced
by Terpene Synthase 12 (TPS12) utilizing E,E-FPP as substrate
(Schilmiller et al., 2010; Bleeker et al., 2011b). Thus, for the
design of the respective expression construct (Figure 1), the
coding sequence for the S. habrochaites Terpene Synthase 12
(ShTPS12, GenBank accession JN402389; Bleeker et al., 2011b)
was paired with that for the A. thaliana Farnesyl Diphosphate

Synthase 2 (AtFPPS2, At4g17190; Keim et al., 2012). The terpene
synthase responsible for the formation of (—)-endo-a-
bergamotene/(+)-a-santalene/(+)-endo-p-bergamotene in some
S. habrochaites accessions, Santalene and Bergamotene Synthase
(ShSBS), accepts Z,Z-FPP as substrate which is synthesized by
cis-Farnesyl Diphosphate Synthase (ShzFPPS; Sallaud et al,
2009). In contrast to AtFPPS2 and ShTPS12, which are localized
in the cytosol, ShzFPPS and ShSBS both carry N-terminal
transit peptides that target them toward plastids. Thus, for the
design of the second expression construct (Figure 1), the coding
sequences of ShSBS (GenBank accession FJ194970) and ShzFPPS
(GenBank accession FJ194969) (Sallaud et al., 2009) were paired.
To obtain coordinated and stable expression of the multiple
transgenes under the control of the AtCER5 promoter, the
open reading frames encoding the terpene synthase and prenyl
transferase in both expression constructs (Figure 1) were linked
by a short 60bp nucleotide sequence encoding the foot-and-
mouth disease virus 2A oligopeptide (F2A; Ryan et al., 1991;
Kenneth et al., 2012). This F2A sequence represents a self-
processing peptide that via a ribosome skipping mechanism
during the translation process leads to the separation between
the upstream polypeptide ending with the C-terminal 2A
sequence and the next translation product downstream (Ryan
and Flint, 1997; Donnelly et al, 2001). As third part, the
coding region of enhanced green fluorescent protein (eGFP)
was added to both multicistronic expression constructs (Figure 1)
and was likewise linked by an F2A sequence to the 3' end
of the terpene synthases, Sh'TPS12 and ShSBS, respectively. In
summary, both constructs (Figure 1), the pC5-FTG construct
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FIGURE 1 | Schematic representation of multicistronic expression constructs for epidermis-specific engineering of sesquiterpene formation. Two expression
constructs were designed within the T-DNA, indicated by the left (LB) and right (RB) borders, of the binary pMCS vector. Both synthetic expression constructs are put
under the control of an AtCER5 promoter sequence and inserted between the gateway attachments sites (attB1 and attB2). Each of the multicistronic expression
constructs contains the coding sequences for three proteins: a prenyl transferase (AtFPPS or ShzFPPS), a terpene synthase (ShTPS12 or ShSBS), and enhanced
green fluorescent protein (eGFP). The three individual coding sequences within both multicistronic expression constructs are linked by a short nucleotide sequence
encoding the self-processing foot-and-mouth disease virus 2A oligopeptide (F2A). Other elements located within the T-DNA are the octopine synthase terminator
(OCS-t), mannopine synthase promoter (MAS-p), and terminator (MAS-t) and phosphinothricin acetyltransferase (BIpR). The bars above the pC5-FTG and pC5-zFSG
constructs indicate their size (in base pairs) and the location of the three primer pairs used for RT-PCR analysis of AtFPPS, ShzFPPS, and eGFP expression.
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(AtCERS5P-AtFPPS-ShTPS12-eGFP) and the pC5-zFSG construct
(AtCER5P-ShzFPPS-ShSBS-eGFP), will result in the formation
of three separate proteins upon expression in planta: a prenyl
transferase and terpene synthase pair catalyzing the synthesis
of the desired sesquiterpenes, as well as eGFP that will serve
as a visual marker of the epidermis-specific expression.

Transient Expression of the Multicistronic
Constructs in Tomato Leaves

We tested the function of the newly designed multicistronic
expression constructs by infiltrating leaves of cultivated tomato
with Agrobacterium carrying the pMCS binary vector with the
inserted pC5-FTG and pC5-zFSG constructs (Figure 1),
respectively, as well as the empty pMCS vector as a negative
control. For these transient transformation assays, we used the
tomato trichome mutant odorless-2 (Kang et al., 2010a) since
it is deficient in the formation of TPS20-derived monoterpenes
and TPS12-derived sesquiterpenes that are naturally found in
S. lycopersicum trichomes and thus could interfere with the
analysis of the engineered sesquiterpenes. To determine the
expression of both multicistronic constructs upon transient
transformation of the tomato leaves reverse transcription-PCR
(RT-PCR) analyses were performed using primer pairs (Figure 1)
specific for the first coding region (AtFPPS and ShzFPPS) and
the third coding region (eGFP) in the pC5-FT'G and pC5-zFSG
constructs, respectively. An AtFPPS specific 788 base pair cDNA
fragment could be amplified from leaves infiltrated with
Agrobacterium carrying the pC5-FTG construct (Figure 2A).

0d2 EV FTG zFSG
A
1.0 —
N——
0.5 =
B
1.0
—
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FIGURE 2 | Transient expression of the multicistronic constructs in tomato
leaves. Leaves of the tomato odorless-2 mutant were infiltrated with
Agrobacterium carrying the pC5-FTG construct, the pC5-zFSG construct, or
the empty pMCS vector (EV). Transcript levels in Agrobacterium infiltrated
leaves and odorless-2 control (Od2) leaves were analyzed by RT-PCR utilizing
AtFPPS (A), ShzFPPS (B), and eGFP (C) specific primer pairs (see Figure 1
for location). The amplification products indicating AtFPPS (788 bp), ShzFPPS
(794 bp), and eGFP (656 bp) expression were separated by agarose gel
electrophoresis (size marker in kb indicated with each panel).

However, this AtFPPS fragment was not detected with
untransformed odorless-2 control leaves or leaves infiltrated
with Agrobacterium carrying the empty pMCS vector and the
pC5-zFSG construct, respectively. In contrast, a ShzFPPS-specific
794 base pair cDNA fragment was only amplified from leaves
infiltrated with Agrobacterium carrying the pC5-zFSG construct
(Figure 2B) but was absent from the odorless-2 and empty
vector controls as well as leaves infiltrated with Agrobacterium
carrying the pC5-FTG construct. The eGFP-specific 656 base
pair cDNA fragment could be amplified from leaves infiltrated
with Agrobacterium carrying either the pC5-FTG or pC5-zFSG
construct (Figure 2C) but was not found with the odorless-2
and empty vector controls. The fact that transcripts of the
prenyl transferases and eGFP representing the first and last
coding region in both constructs were detected by RT-PCR
upon the transient transformation of tomato leaves (Figure 2)
suggests that the entire multicistronic constructs were expressed
under the control of the AfCER5 promoter.

Epidermis-Specific Expression of the
Multicistronic Constructs

While the RT-PCR analysis (Figure 2) in general demonstrated
expression of the multicistronic constructs in tomato leaves
upon transient transformation, the tissue specificity of their
expression under the control of the AtCER5 promoter remained
to be shown. Toward this goal, we performed confocal
fluorescence microscopy of tomato leaves that had been infiltrated
with Agrobacterium carrying the empty pMCS vector, pC5-FTG
construct, and pC5-zFSG construct, respectively, to determine
the tissue-specific accumulation of eGFP which is encoded in
both multicistronic constructs. When cross-sections of tomato
leaves were analyzed, GFP fluorescence was exclusively detected
in both epidermal layers of leaves transiently transformed with
the pC5-FTG and pC5-zFSG constructs (Figure 3A), while
no respective fluorescence was observed with the empty vector
control. Moreover, the GFP fluorescence did not overlap with
the chlorophyll fluorescence detected in the chloroplast containing
parenchyma cells of the leaf cross-sections (Figure 3A). In
addition, we analyzed surface sections of the transiently
transformed tomato leaves by fluorescence microscopy to further
verify the expression of eGFP in epidermis cells. Upon the
transient expression of the pC5-FTG and pC5-zFSG constructs
in tomato leaves, GFP fluorescence could be observed in the
cytosolic rim of the epidermal pavement cells (Figure 3B).
The results of these fluorescence microscopy analyses not only
provide further evidence that the entire pC5-FT'G and pC5-zFSG
constructs including eGFP are expressed, but also indicate that
their expression under the AtCER5 promoter is indeed restricted
to the epidermis of transformed tomato leaves.

Sesquiterpene Formation in the Epidermis
of Tomato Leaves Transiently Expressing
the pC5-FTG and pC5-zFSG Constructs

To determine if the transient expression of the multicistronic
constructs, both encoding pairs of prenyl transferases and
terpene synthases, in the leaf epidermis, resulted in the formation
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FIGURE 3 | Tissue-specific expression of the multicistronic constructs. Cross-sections (A) and surface sections (B) of tomato leaves infiltrated with Agrobacterium
carrying the pC5-FTG construct, the pC5-zFSG construct, or the empty pMCS vector (EV) were analyzed by light and confocal laser scanning microscopy. Panels
show fluorescence of green fluorescent protein (GFP) and chlorophyll autofluorescence (Chl). Scale bars represent 100 um.
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of the expected sesquiterpenes, tomato leaves were extracted
with methyl tert-butyl ether (MTBE) 15 days after Agrobacterium
infiltration. The subsequent analysis of the leaf extracts by
combined gas chromatography-mass spectrometry (GC-MS)
demonstrated that leaves of the odorless-2 tomato mutant
expressing the pC5-FTG construct had accumulated the expected
ShTPS12 products B-caryophyllene and a-humulene (Figure 4A;
Supplementary Figure 1). A similar analysis of leaves infiltrated
with Agrobacterium carrying the empty pMCS vector found
no f-caryophyllene and a-humulene accumulation (Figure 4C)
which is in line with the previous characterization of the
odorless-2 tomato mutant (Kang et al., 2010a; Wang et al,
2021) showing the absence of these two sesquiterpenes in this
trichome mutant. In contrast, the analysis of tomato leaves
expressing the pC5-zFSG construct revealed a different profile
of accumulated terpenes (Figure 4B; Supplementary Figure 2)
including (—)-endo-a-bergamotene, (+)-a-santalene, (—)-exo-a-
bergamotene, (—)-epi-B-santalene, and (+)-endo-f-bergamotene.
These five sesquiterpenes have been observed previously in in
vitro enzyme assays as well as in a transgenic tobacco line as
products of ShSBS when Z,Z-FPP was provided as substrate
by ShzFPPS (Sallaud et al., 2009).

The quantitative analysis of the terpene accumulation
in tomato leaves expressing the pC5-FTG and pC5-zFSG
constructs showed that the ShTPS12- and ShSBS-derived

sesquiterpene products, respectively, could be detected for
the first time 6days after the Agrobacterium infiltration
(Figures 4D,E; Supplementary Table 1). Subsequently, the
amounts of the sesquiterpene products in the tomato leaves
continued to increase until 12 days after the Agrobacterium
infiltration and appeared to remain constant afterward
(Figures 4D,E; Supplementary Table 1). Remarkably, the
total amount of sesquiterpenes produced after 15days in
leaves expressing the plastid localized ShzFPPS and ShSBS
were 3.1-fold higher than in leaves expressing the cytosolic
AtFPPS and ShTPS12 (Figures 4D,E;
Supplementary Table 1).

To further verify the tissue specificity of the novel
metabolic engineering approach described here, we studied
the accumulation of sesquiterpenes in different tissues of
tomato leaves transiently expressing the pC5-FTG and
pC5-zFSG constructs. Fifteen days after Agrobacterium
infiltration tomato leaves were separated into epidermis,
mesophyll and vasculature fractions which were subsequently
extracted with MTBE and analyzed for their terpene content
by GC-MS. The ShTPSI12-derived sesquiterpenes
fB-caryophyllene and a-humulene were found in the epidermis
and mesophyll fractions of tomato leaves expressing the
pC5-FTG construct (Table 1), while they were absent in
the vasculature. Likewise, three of the ShSBS-derived
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FIGURE 4 | Accumulation of ShTPS12- and ShSBS-derived sesquiterpenes in tomato leaves expressing the multicistronic constructs. Terpenes were extracted
from tomato leaves infiltrated with Agrobacterium carrying the pC5-FTG construct (A), the pC5-zFSG construct (B), or the empty pMCS vector (EV) (C) and were
analyzed by GC-MS (total ion chromatograms are shown). ShTPS12-derived sesquiterpenes: 1, -caryophyllene; 2, a-humulene. ShSBS-derived sesquiterpenes: 3,
(—)-endo-a-bergamotene; 4, (+)-a-santalene; 5, (-)-exo-a-bergamotene; 6, (—)-epi-p-santalene; and 7, (+)-endo-B-bergamotene. The total amounts (pmol/cm? leaf
area) of ShTPS12-derived (D) and ShSBS-derived (E) sesquiterpenes were determined in tomato leaves at different time points after the Agrobacterium infiltration.
Data are means + SEM (n=3).

sesquiterpenes, (—)-endo-a-bergamotene, (+)-a-santalene,
and (+)-endo-p-bergamotene, were found in the epidermis
fraction of leaves expressing the pC5-zFSG construct
(Table 1), while only (+)-a-santalene and (+)-endo-f-
bergamotene were detected in the mesophyll fraction and
no ShSBS-derived sesquiterpenes were present in the
vasculature of these leaves. In addition to the epidermis,
mesophyll, and vasculature fractions, we also analyzed the
terpene content of glandular trichomes collected from tomato
leaves expressing the pC5-FTG and pC5-zFSG constructs,

however, did not observe any accumulation of ShTPS12-
and ShSBS-derived sesquiterpenes, respectively (Table 1).
In summary, these analyses revealed that the vast majority
of the ShTPS12- and ShSBS-derived sesquiterpenes, 92.99
and 92.24%, respectively, accumulate in the epidermis
(Table 1) of the transiently transformed tomato leaves, thus
indicating that expression of the pC5-FTG and pC5-zFSG
constructs under the control of the AtCER5 promoter indeed
results in the epidermis-specific production of the
engineered sesquiterpenes.
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TABLE 1 | Accumulation of sesquiterpenes in different tissues of tomato leaves transiently transformed with the pC5-FTG and pC5-zFSG expression constructs.

pC5-FTG pC5-zFSG

Terpenes

Trichomes* Epidermis* Vasculature* Mesophyli* Trichomes* Epidermis* Vasculature* Mesophyli*
B-caryophyllene nd 7.68 (£1.46) nd 0.81 (x0.22) nd nd nd nd
a-humulene nd 2.9 (+0.73) nd nd nd nd nd nd
(—)-endo-a- nd nd nd nd nd 6.67 (+1.22) nd nd
bergamotene
(+)-a-santalene nd nd nd nd nd 13.95 (+1.29) nd 1.46 (£0.11)
(+)-endo-B- nd nd nd nd nd 10.06 (+0.87) nd 1.12 (+0.08)
bergamotene

*Terpenes were extracted from 200 glandular trichomes collected from tomato leaves.

‘Epidermis, vasculature, and mesophyll fractions were prepared from the same leaves, and the amounts of terpenes (+SEM, n=_3) extracted from these fractions were normalized by

the leaf surface area (pmol/cm?).
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FIGURE 5 | Longevity and fecundity of potato aphids on tomato leaves
expressing the multicistronic constructs. Longevity (A) and fecundity (B) of
Macrosiphum euphorbiae on leaves of the odorless-2 tomato mutant (Od2),
and leaves infiltrated with Agrobacterium carrying the empty pMCS vector
(EV), the pC5-FTG construct, or the pC5-zFSG construct. Newly emerged
aphid nymphs were arrested onto tomato leaves 2 days after Agrobacterium
infiltration. Values for longevity (n=36) and fecundity (n=12) are presented as
means + SEM. Values of different leaf samples were compared by ANOVA
and Tukey’s HSD test, and different letters indicate significant differences
(p<0.05).

Engineered Sesquiterpene Formation in
the Epidermis Affects the Longevity and
Fecundity of Aphids

As a first approach to characterize the potential of the
sesquiterpene formation engineered into the leaf epidermis to
affect the potato aphid (M. euphorbiae), we performed non-choice
assays utilizing tomato leaves that transiently express the
pC5-FTG and pC5-zFSG constructs. Newly emerged
M. euphorbiae nymphs were reared in clip cages on the surface
of tomato leaves that previously have been infiltrated with
Agrobacterium carrying the pC5-FTG and pC5-zFSG constructs
or the empty pMCS vector control, and their longevity and
fecundity (represented by the number of offspring) were
determined. Compared to the non-infiltrated odorless-2 control,

infiltration of leaves with Agrobacterium carrying the empty
pMCS vector did not significantly affect longevity (t=0.201,
p=0.997) or fecundity (t=0.368, p=0.983) of M. euphorbiae.
In contrast, the longevity of M. euphorbiae on tomato leaves
expressing the pC5-FIG construct (20.39+0.55days),
characterized by p-caryophyllene and a-humulene production
in their epidermis (Figure 4; Table 1), was significantly decreased
(t=5.420, p=0.001) compared to that on leaves infiltrated with
Agrobacterium carrying the empty pMCS vector (22.78 +£0.53 days;
Figure 5A). The longevity of M. euphorbiae (Figure 5A) on
tomato  leaves expressing the pC5-zFSG  construct
(18.33+£0.65days), which accumulated the ShSBS-derived
sesquiterpenes in their epidermis (Figure 4; Table 1), was
also significantly decreased (¢=2.678, p=0.048) compared to
that on leaves infiltrated with the empty pMCS vector control,
and even further decreased compared to that on leaves expressing
the pC5-FTG construct (¢=2.742, p=0.035). Similar effects as
observed for the longevity were also found for the fecundity
of M. euphorbiae (Figure 5B) on tomato leaves expressing the
pC5-FTG and pC5-zFSG constructs, while their fecundity on
leaves infiltrated with Agrobacterium carrying the empty pMCS
vector was not significantly affected (t=0.368, p=0.983). The
number of M. euphorbiae offspring was significantly reduced
(t=3.160, p=0.015) on leaves expressing the pC5-zFSG construct
(17.83+£2.01 nymphs) compared to leaves infiltrated with
Agrobacterium carrying the empty pMCS vector (25.33+1.94
nymphs; Figure 5B). A similar trend toward a reduced number
of offspring (20.83+1.86 nymphs) was observed with M.
euphorbiae on leaves expressing the pC5-FTG construct
(Figure 5B), although their fecundity was not significantly
different to that of aphids on leaves infiltrated with Agrobacterium
carrying the empty pMCS vector (t=1.679, p=0.347) or the
pC5-zFSG construct (t=1.481, p=0.457).

DISCUSSION

It is well known that wild tomato species, such as S. habrochaites,
have glandular trichome-derived resistance traits against
numerous pests (Simmons and Gurr, 2005). In particular, some
terpenes produced in the glandular trichomes of wild tomato
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accessions have been shown to act repellent and/or toxic against
pests (Carter et al., 1989a,b; Frelichowski and Juvik, 2001;
Bleeker et al., 2009, 2011a). In our previous study (Wang et al.,
2020), we have identified two groups of S. habrochaites accessions
producing  f-caryophyllene/a-humulene and (—)-endo-a-
bergamotene/(+)-a-santalene/(+)-endo-p-bergamotene,
respectively, that significantly reduced the longevity and fecundity
of M. euphorbiae, and also had repellent activity against the
aphids. Thus, introducing these defensive sesquiterpene traits
identified in S. habrochaites into cultivated tomato represents
a logical step toward developing a novel aphid control strategy.
One avenue toward achieving this goal is the classical genetic
approach by crossing S. lycopersicum and respective S. habrochaites
accessions, followed by backcrosses into the cultivated tomato
background to obtain an introgression line carrying the
S. habrochaites sesquiterpene trait. A near isogenic tomato line
with a small S. habrochaites introgression carrying the ShzFPPS
and ShSBS genes was previously isolated (van der Hoeven
et al., 2000) and found to produce (—)-endo-a-bergamotene,
(+)-a-santalene, and (+)-endo-p-bergamotene (Sallaud et al.,
2009). While our assays demonstrated that introgression of
the (—)-endo-a-bergamotene/(+)-a-santalene/(+)-endo-f-
bergamotene formation into the cultivated tomato background
indeed affected the performance and choice behavior of
M. euphorbiae, it became obvious that the sesquiterpene levels
and the resulting effects on M. euphorbiae were significantly
lower in the introgression line (Wang et al., 2020). In contrast
to the limitations of the genetic approach, metabolic engineering
has been shown to offer an efficient approach to introduce
the biosynthesis of terpene compounds of interest into plants
(Lange and Ahkami, 2013; Vickers et al., 2014) that in addition
can be steered toward specific tissues through the choice of
respective promoters. To engineer high levels of terpene formation
in many cases multiple biosynthetic genes have to be introduced
into the host plant including MVA/MEP pathway, prenyl
transferase, and terpene synthase genes. However, the
introduction of multiple individual transgenes and their
combination in one plant line through subsequent crosses is
a time-consuming process. In addition, the stacking of several
transgenes that are all expressed under the identical type of
promoter bears the risk of gene silencing. In contrast, the
utilization of the viral self-processing 2A sequences circumvents
these problems and allows the co-expression of multiple genes
under the control of a single promoter (de Felipe et al., 2006).
Here, we designed two multicistronic expression constructs,
each composed of the coding sequences for a prenyl transferase,
a respective S. habrochaites terpene synthase, and enhanced
green fluorescent protein linked by short nucleotide sequences
encoding the foot-and-mouth disease virus 2A self-processing
oligopeptide (Figure 1). Both constructs are under the control
of the AtCER5 promoter that directs epidermis-specific gene
expression (Pighin et al, 2004). Infiltration of tomato leaves
with Agrobacterium carrying the pC5-FTG and pC5-zFSG
constructs resulted in the transient expression of all three genes
included in each expression construct. The RT-PCR analyses
(Figure 2) demonstrated the expression of the first coding
region, AtFPPS and ShzFPPS, respectively, and the third coding

region, eGFP, from each of the two multicistronic constructs.
Moreover, the expression of eGFP was further verified through
fluorescence microscopy that detected GFP fluorescence in the
epidermis (Figure 3). The formation of the expected
sesquiterpenes, p-caryophyllene and a-humulene (Figure 4A),
and (—)-endo-a-bergamotene, (+)-a-santalene, (—)-exo-o-
bergamotene, (—)-epi-B-santalene, and (+)-endo-f-bergamotene
(Figure 4B), upon leaf infiltration with Agrobacterium carrying
the pC5-FTG and pC5-zFSG construct, respectively, provided
further evidence for the expression of the prenyl transferases
and terpene synthases included in these constructs. Our
observation that the total sesquiterpene amounts produced in
leaves expressing the plastid localized ShzFPPS and ShSBS were
higher than in leaves expressing the cytosolic AtFPPS and
ShTPS12 (Supplementary Table 1) is in line with earlier studies
showing that the plastidic MEP pathway is often metabolically
more active than the cytosolic MVA pathway (Ashour et al,
2010; Hemmerlin et al., 2012). A similar co-expression system
based on viral 2A sequences has previously been used to
engineer the formation of a precursor of artemisinin, a plant
derived sesquiterpene lactone highly effective in the treatment
of malaria, into tobacco leaves (van Herpen et al., 2010).
Transient expression of a multicistronic construct, containing
the reading frames for amorpha-4,11-diene synthase, 3-hydroxy-
3-methylglutaryl-CoA reductase, and farnesyl diphosphate
synthase linked by 2A sequences, in Nicotiana benthamiana
leaves resulted in the formation of the artemisinin precursor
amorpha-4,11-diene. Moreover, a viral 2A sequence system has
been used for the co-expression of the carotenoid biosynthetic
genes encoding phytoene synthase and carotene desaturase in
rice endosperm to obtain an improved version of the B-carotene
producing Golden Rice (Ha et al., 2010; Jeong et al, 2017).
Another study (Meldrup et al, 2012) utilized the viral 2A
sequence co-expression system to engineer the six-step
benzylglucosinolate pathway from A. thaliana into Nicotiana
tabacum, thus converting the resulting tobacco lines into a
trap crop for the pest diamondback moth (Plutella xylostella).

In vegetative parts of plants, the formation of terpenes is
often restricted to specific tissues, such as glandular trichomes
on the leaf surface (Gershenzon and Dudareva, 2007; Zulak
and Bohlmann, 2010). Therefore, the goal of this study was
to test if the formation of terpenes with activity against aphids
could be engineered into new vegetative tissues, specifically
the epidermis, where terpenes are naturally not found. The
fluorescence microscopy analyses (Figure 3) of tomato leaves
infiltrated with Agrobacterium carrying the pC5-FTG and
pC5-zFSG constructs detected GFP fluorescence exclusively in
both epidermal layers, thus confirming the tissue specificity
of the expression under the control of the AtCER5 promoter.
Moreover, the analysis of the terpene content (Table 1) in
different tissue fractions of the tomato leaves transiently
expressing the multicistronic constructs revealed that the vast
majority of the ShTPS12- and ShSBS-derived sesquiterpenes
is indeed produced in the epidermis. These results suggest
that sufficient pools of IPP and DMAPP are available in the
cytosol and plastids of these epidermis cells that can serve as
substrates for the cytosolic AtFPPS2 and ShTPS12, and the
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plastid localized ShzFPPS and ShSBS, respectively. Although
the minor amounts of sesquiterpenes (Table 1) found in the
mesophyll fractions of leaves expressing the pC5-FTG and
pC5-zFSG constructs are likely the consequence of contamination
by epidermis cells, we cannot exclude that there might be a
symplastic transport of some sesquiterpenes produced in the
epidermis cells toward neighboring mesophyll cells. While to
the best of our knowledge this is the first report on the
metabolic engineering of terpene formation in the epidermis
of leaves, there are examples of natural terpene formation in
epidermis cells. The flowers of Clarkia breweri are strongly
scented and one of the major volatile compounds emitted is
the monoterpene S-linalool. In situ localization studies of the
S-linalool synthase transcripts demonstrated that this terpene
synthase is mainly expressed in the epidermal cell layers of
the C. breweri flower petals (Dudareva et al., 1996). Likewise,
both epidermal layers of the petals in rose (Rosa x hybrida)
flowers were found to produce, accumulate, and emit a number
of monoterpenes including geraniol, citronellol, and nerol
(Bergougnoux et al., 2007).

Remarkably, the formation of the ShTPS12- and ShSBS-
derived sesquiterpenes in the epidermis of tomato leaves
expressing the pC5-FTG and pC5-zFSG constructs significantly
affected the longevity and fecundity of M. euphorbiae (Figure 5).
Recently, we observed similar effects on the longevity and
fecundity of M. euphorbiae when the aphid performance was
tested on the leaf surface of S. habrochaites accessions producing
p-caryophyllene/a-humulene and (—)-endo-a-bergamotene/
(+)-a-santalene/(+)-endo-PB-bergamotene in their glandular
trichomes (Wang et al, 2020). The fact that the effect on the
performance of M. euphorbiae was less severe on the engineered
leaves with the epidermis-specific sesquiterpene formation
(Figure 5) compared to that of the glandular trichome-derived
sesquiterpenes in S. habrochaites accessions (Wang et al., 2020)
could be due to a difference in the amounts of sesquiterpenes
produced. On the other hand, the reduced longevity and
fecundity of M. euphorbiae observed in this study are clearly
due to the sesquiterpene formation engineered into the leaf
epidermis, since we have used the odorless-2 mutant that is
deficient in the formation of the glandular trichome-derived
terpenes normally found in tomato leaves (Kang et al., 2010a;
Wang et al., 2021). This result of our study is in line with
previous studies which have revealed that the host plant selection
by aphids is not only affected by glandular trichomes, but
also by factors located in the epidermis including epicuticular
lipids, cell wall barriers, and the presence or absence of certain
metabolites that serve as gustatory cues upon probing (Alvarez
et al., 2006; Schwarzkopf et al., 2013).

CONCLUSION

In this study, we have taken a novel approach toward developing
a sustainable aphid control strategy that specifically considers
the feeding behavior of these piercing-sucking pests. By
utilizing the viral 2A sequence system, we co-expressed two
pairs of prenyl transferases and S. habrochaites terpene

synthases under the control of the epidermis-specific AtCER5
promoter. This metabolic engineering approach resulted not
only in the exclusive accumulation of the desired sesquiterpenes
in the epidermis of tomato leaves, but also significantly
affected the aphid performance. Thus, the metabolic engineering
of sesquiterpenes into the leaf epidermis introduced an
additional layer of defense against aphids, besides the glandular
trichome-derived terpenes naturally present in cultivated and
wild tomato species that in particular affect the aphid choice
behavior. Future metabolic engineering approaches could now
also test the effects of sesquiterpene formation in other tissues
relevant to aphid feeding, such as the mesophyll and phloem,
by expressing the newly designed multicistronic constructs
under the control of respective tissue-specific promoters.
While the outcome of our transient engineering study and
the aphid bioassays highlighted the potential and efficacy of
the tissue-specific metabolic engineering approach described
here, further detailed characterization of respective stable
transgenic tomato lines and aphids feeding on them, including
electrical penetration graph analysis, will be required to verify
which specific stages of the aphid feeding behavior are affected
by the sesquiterpene formation in the epidermis and
other tissues.
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The R2R3-MYB gene family participates in several plant physiological processes,
especially the regulation of the biosynthesis of secondary metabolites. However, little
is known about the functions of R2R3-MYB genes in Gynostemma pentaphyllum
(G. pentaphyllum), a traditional Chinese medicinal herb that is an excellent source of
gypenosides (a class of triterpenoid saponins) and flavonoids. In this study, a systematic
genome-wide analysis of the R2R3-MYB gene family was performed using the recently
sequenced G. pentaphyllum genome. In total, 87 R2R3-GpMYB genes were identified
and subsequently divided into 32 subgroups based on phylogenetic analysis. The
analysis was based on conserved exon-intron structures and motif compositions within
the same subgroup. Collinearity analysis demonstrated that segmental duplication
events were majorly responsible for the expansion of the R2R3-GpMYB gene family,
and Ka/Ks analysis indicated that the majority of the duplicated R2R3-GpMYB genes
underwent purifying selection. A combination of transcriptome analysis and quantitative
reverse transcriptase-PCR (gRT-PCR) confirmed that Gynostemma pentaphyllum
myeloblastosis 81 (GpMYBS81) along with genes encoding gypenoside and flavonol
biosynthetic enzymes exhibited similar expression patterns in different tissues and
responses to methyl jasmonate (MeJA). Moreover, GpMYB81 could bind to the
promoters of Gynostemma pentaphyllum farnesyl pyrophosphate synthase 1 (GpFPST)
and Gynostemma pentaphyllum chalcone synthase (GpCHS), the key structural genes
of gypenoside and flavonol biosynthesis, respectively, and activate their expression.
Altogether, this study highlights a novel transcriptional regulatory mechanism that
suggests that GpMYB81 acts as a “dual-function” regulator of gypenoside and flavonol
biosynthesis in G. pentaphyilum.

Keywords: R2R3-MYB gene family, Gynostemma pentaphyllum, gypenoside, flavonol, transcription factor
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INTRODUCTION

The myeloblastosis (MYB) transcriptional regulators comprise
one of the largest and important families in the plant kingdom
(Riechmann et al., 2000). A classical characteristic of MYB
proteins is that they contain conserved MYB DNA-binding
domain repeats in the N-terminus. The conserved MYB domain
is composed of one to four continuous and non-redundant
imperfect sequence repeats, designated as R1, R2, and R3
according to their similarity to the c¢-MYB protein. Each
conserved MYB DNA-binding domain repeat is approximately
50 amino acids in length and encodes three a-helices (Dubos
et al,, 2010). Depending on the number of MYB repeats in the
MYB domain, MYB transcription factors (TFs) can be subdivided
into R2R3-MYB (2R-MYB), RIR2R3-MYB (3R-MYB), 4R-MYB
(containing four R1/R2 repeats), and the MYB-related subfamily
(containing a single or a partial MYB repeat) (Stracke et al,
2001). In the R2R3-MYB family, the last two a-helices of each
MYB repeat form a helix-turn-helix (HTH) structure and the
third a-helix of R2 and R3 repeats are essential for DNA binding,
allowing direct contact and insertion into the DNA major groove
(Gabrielsen et al., 1991; Jia et al., 2004).

The R2R3-MYB TFs constitute the largest MYB subfamily in
plants and the majority of them can specifically recognize the
MYB-core sequence [(C/T)NGTT(G/T)] and AC-rich element
[A/CCC(T/A)A(C/A)C/G] (Zhu et al., 2015; Millard et al., 2019).
As important regulatory proteins involved in several crucial
biological processes, the number of identified and characterized
R2R3-MYB TFs in plants is continuously increasing. R2R3-MYB
TFs play vital roles in plant growth and development, respond
to various biotic and abiotic stresses, and regulate secondary
metabolism, especially those affecting nutrition and medicinal
components or appearance and quality traits (Huang D. et al,,
2019; Wang et al., 2019; He et al., 2020). For example, Rubyl and
Ruby2 encode R2R3-MYB TFs and form a gene cluster that shows
a regulatory subfunctionalization in anthocyanin biosynthesis in
citrus (Huang et al., 2018). Similarly, kiwifruit R2ZR3-MYB TF
MYB?7 acts as a positive regulator to activate the promoter of
the key gene lycopene beta-cyclase (AdLCY-b) in the carotenoid
biosynthetic pathway (Ampomah-Dwamena et al, 2019). The
genes AtMYBI11, AtMYBI12, and AtMYBI111 from subgroup 7 of
the Arabidopsis thaliana (A. thaliana) R2R3-MYB gene family
control flavonol accumulation in different parts of the A. thaliana
seedling (Stracke et al., 2007).

Extensive study on the R2R3-MYB gene family members in
horticultural and crop plants has increased our understanding
of their functions and transcriptional regulatory mechanism.
However, characteristics of this gene family in Gynostemma
pentaphyllum (G. pentaphyllum), a traditional Chinese medicinal
herb named jiaogulan, have not yet been declassified. As an
economically valuable medicinal and edible plant, jiaogulan tea
has been commercialized globally. Gypenosides are a major
class of triterpenoids with a dammarane-type carbon skeleton
in G. pentaphyllum, which exert beneficial effects on human
health (Park et al., 2014; Shen et al., 2020; Wang et al., 2020).
In addition, flavonoids can be divided into flavonols, flavones,
flavonones, and anthocyanidins that play important roles in
medicine and hygiene due to their high antioxidant activity

(Chen and Chen, 2013; Wang et al., 2018). Gypenosides are the
primary active components of G. pentaphyllum. In contrast,
flavonols extracted from G. pentaphyllum contain mainly
kaempferol and quercetin derivatives, which were considered
major contributors to the beneficial properties of G. pentaphyllum
(Xie et al, 2011). In a recent study, gypenoside biosynthetic
genes, including farnesyl pyrophosphate synthase (FPS), squalene
synthase (SS), squalene epoxidase (SE), 2,3-oxidosqualene cyclase
(OSC), and cytochrome P450 (CYP450), have been well elucidated
(Huang et al., 2021). In addition, structural genes of the flavonoid
metabolic pathway are best understood at present (Nabavi et al.,
2020). However, it remains poorly understood whether the R2R3-
MYB gene family members are involved in the regulation of both
gypenoside and flavonol biosynthesis in G. pentaphyllum.

The recently published G. pentaphyllum genome sequence
provides a convenient tool to identify and characterize the R2R3-
GpMYB gene family (Huang et al, 2021). In this study, we
performed a genome-wide identification of R2R3-MYB genes in
G. pentaphyllum and screened 87 R2R3-GpMYB genes. Next,
a comprehensive analysis including phylogenetic relationship,
gene structure, conserved domains and motifs, chromosomal
location, gene duplication, and collinearity was performed. Based
on the weighted gene co-expression network analysis (WGCNA)
and expression pattern response to methyl jasmonate (MeJA)
treatment, GpMYB81 was suggested as a “dual-function” TF
that can regulate both gypenoside and flavonol biosynthesis. In
addition, GpMYB81 could bind to the promoters of GpFPSI and
GpCHS genes and activate their transcription, thus opening up
the possibility for improving the yield of both gypenosides and
flavonols in G. pentaphyllum through metabolic engineering.

MATERIALS AND METHODS

Plant Materials and Methyl Jasmonate

Treatment

Plant materials were cultivated in a fully controlled climate
room of Guangxi University of Chinese Medicine (Nanning,
China), with a 16-h light/8-h dark cycle at 24°C temperature.
G. pentaphyllum seedlings were culture in Hoagland’s nutrient
solutions. For MeJA treatment, 6-week-old G. pentaphyllum
seedlings were cultured in Hoagland’s nutrient solutions
with 100 wm MeJA. For quantification of gene expression
using quantitative reverse transcriptase-PCR (qRT-PCR),
G. pentaphyllum seedlings were collected at 0, 6, 12, and 24 h
after MeJA treatment; the leaves of three seedlings were randomly
selected to form three biological replicates. All the plant samples
were frozen with liquid nitrogen and stored at —80°C.

Identification of Gynostemma
pentaphyllum R2R3-MYB Family Genes

The Hidden Markov Model (HMM) file of MYB DNA-binding
domain (PF00249), obtained from the Pfam database,' was used
as the query for HMM search using HMMER 3.0 (Finn et al,,
2011) to identify MYB genes from G. pentaphyllum genome

Uhttp://pfam.xfam.org
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with default parameters. To ensure the presence of two MYB
DNA-binding domain repeats, candidate MYB protein sequences
were further examined using the Simple Modular Architecture
Research Tool (SMART) database.? Finally, a manual inspection
was performed to confirm the reliability of our results.

Sequence Analysis and Phylogenetic

Analysis of R2R3-MYB Genes

The exon/intron structure of all the R2R3-GpMYB genes was
displayed using the TBtools software (Chen et al., 2020) based on
gene annotation data in general feature format 3 (GFF3) format.
The conserved motif of R2ZR3-GpMYB protein sequences was
predicted using a motif-based sequence analysis tool Multiple
Expectation maximizations for Motif Elicitation (MEME) version
5.1.1 program (Bailey et al., 2009). The parameters were as
follows: maximum motif number of 25; other options were set
to default.

Multiple sequence alignments of G. pentaphyllum and
A. thaliana R2R3-MYB protein sequences were performed using
molecular evolutionary genetics analysis (MEGA) version 10.1.7.
Subsequently, a maximum likelihood (ML) phylogenetic tree
was constructed using the FastTree version 2.1.1 (Price et al.,
2009). The ML phylogenetic tree was visualized by the Interactive
Tree of Life (iTOL) (Letunic and Bork, 2021). Additionally, an
ML phylogenetic tree including full length of 87 R2R3-GpMYB
protein sequences was constructed using the same methods.
Finally, a combination of the phylogenetic tree, conserved
domains, gene structures, and conserved motifs of R2ZR3-GpMYB
protein sequences was visualized using the Tbtools software
(Chen et al., 2020).

Genomic Localization and Gene

Duplication of R2R3-GpMYB Genes

The physical positions of the identified R2R3-GpMYB genes were
mapped to 11 chromosomes of the G. pentaphyllum genome
using the Tbtools software (Chen et al., 2020). The orthologous
MYB genes between G. pentaphyllum and A. thaliana as well as
those between G. pentaphyllum and C. sativus were identified
using OrthoVenn2 (Xu et al,, 2019). Multiple Collinearity Scan
toolkit (MCScanX) was used to analyze the gene duplication
events with default parameters (Wang et al, 2012). Non-
synonymous (ka) and synonymous (ks) substitutions of each
duplicated R2R3-MYB gene were calculated using the Tbtools
software (Chen et al., 2020).

Ribonucleic Acid Isolation and

Quantitative Reverse Transcriptase-PCR
Analysis

Total RNA isolation and qRT-PCR analysis were performed
using the methods described by Xu et al. (2020). gRT-
PCR was performed using the LightCycler 96 System (Roche,
United States). The GpActin gene was used for quantitative
gene expression normalization (Xu et al, 2020; Huang et al.,
2021). The 2~ 2AC analysis method was adopted to calculate

Zhttp://smart.embl-heidelberg.de/

the relative gene expression. Primer information is given in
Supplementary Table 1.

Yeast One-Hybrid Assays

Yeast one-hybrid (Y1H) assays were performed as described
previously (Huang et al., 2018). To construct the prey vector, the
open reading frame (ORF) of the GpMYB81 gene was cloned
into the pGADT?7 plasmid. To construct the bait vectors, the
fragments of GpFPS1 and GpCHS promoters (about 1.5 Kb) were
cloned into the pAbAi plasmid. Yeast cells were grown for 3 days
at 30°C on synthetic dropout (SD)/-Ura/-Leu medium added
with or without aureobasidin A (AbA). Primer information is
given in Supplementary Table 1.

Dual-Luciferase Assays

A dual-luciferase (LUC) reporter assay was conducted in
Nicotiana benthamiana leaves according to the method described
previously (Huang et al., 2018). To construct the effector vector,
the ORF of the GpMYB81 gene was cloned into the pK2GW7
plasmid. An empty vector of pK2GW7 was used as a negative
control. To construct the reporter vectors, the fragments of
GpFPS1 and GpCHS promoters (about 1.5 Kb) were cloned
into the pGreenlI 0800-LUC plasmid. Fluorescence was detected
using an in vivo imaging system (NightShade LB 985, Germany).
Primer information is given in Supplementary Table 1.

RESULTS

Identification and Characterization of
Gynostemma pentaphyllum R2R3-MYB
Family Genes

In total, 248 candidate genes were originally obtained from the
G. pentaphyllum genome as encoding proteins that contained
MYB domains. After removing the redundant transcripts, all
the candidates were further verified via Pfam, HMMscan, and
SMART. As a result, 87 R2R3-GpMYB genes were identified in
G. pentaphyllum. Among these, 86 R2R3-GpMYB genes were
mapped to 11 chromosomes and renamed from GpMYBI to
GpMYB86 according to their location on the chromosomes.
However, one exception was observed, an R2R3-GpMYB gene
renamed GpMYB87 was not located on any chromosome.

The amino acid number of R2R3-GpMYB proteins ranged
from 126 to 556, with theoretical isoelectric point and molecular
weight values ranging from 4.97 (GpMYBI14) to 9.87 (GpMYB5)
and 14.68 (GpMYB5) to 61.53 (GpMYB68) kDa, respectively. To
provide possible clues for functional studies, we predicted their
subcellular locations. The results indicated that all the R2R3-
GpMYB proteins were located in the nucleus. These results are
shown in Supplementary Table 2.

Phylogenetic Analysis and Classification

of R2R3-MYB Genes in Gynostemma
pentaphyllum

To elucidate the evolutionary relationship and gene function of
the R2R3-GpMYB gene family, a ML tree containing 87 R2R3-
GpMYB genes and 124 R2R3-AtMYB genes was constructed
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using the FastTree software (Figure 1). These 87 R2R3-GpMYB
genes were divided into 32 subgroups (A1-A32), among
which 20 subgroups (containing 61 R2R3-GpMYB genes) were
consistent with the previously constructed phylogenetic tree
of A. thaliana R2R3-MYB proteins. There were 10 specific
subgroups in G. pentaphyllum, which were not clustered with
A. thaliana. Moreover, no R2R3-GpMYB gene belonged to the
A. thaliana S6, S12, or S25 subgroup, indicating that these
R2R3-GpMYB genes may have evolved or lost in a given
subgroup after divergence. The R2R3-AtMYB proteins of the
same subgroup may have similar functions. For example, R2R3-
AtMYB genes in the S6 and S12 subgroups are known to
regulate anthocyanin and glucosinolate biosynthesis, respectively
(Lin-Wanget al,, 2010; Yu et al, 2021). Thus, these results
suggested that G. pentaphyllum may have lost the ability to

activate the accumulation of anthocyanin and glucosinolate
or contained other special regulated pathways to produce
these metabolites.

Gene Structure, Conserved Domains,
and Motif Composition of Gynostemma

pentaphyllum R2R3-MYB Gene Family

The typical R2R3-MYB-encoded proteins were characterized by
R2 and R3 repeats (Dubos et al., 2010). As shown in Figures 2A,B,
the 87 identified R2R3-GpMYB proteins from 32 subgroups
contained two conserved MYB repeats and were separated by
approximately 108 basic residues. The exon-intron structure
analysis indicated that the number of exons in R2R3-GpMYB
genes varied from 0 to 11, the majority of which contained two
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FIGURE 1 | Phylogenetic tree comparison of R2R3-MYB proteins between Gynostemma pentaphyllum (G. pentaphyilum) and Arabidopsis thaliana (A. thaliana).

A maximum likelihood (ML) phylogenetic tree, including full length of 87 R2R3-GpMYB and 124 R2R3-AtMYB protein sequences, was generated using the
Jones-Taylor-Thornton (JTT) algorithm via the FastTree software. The genes of the R2R3-GpMYB family were divided into 32 subgroups (designated as A1-A32). In
addition, the classification method of A. thaliana (Stracke et al., 2001) was adopted.
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FIGURE 2 | Analysis of conserved MYB DNA-binding domains, gene structure, and conserved motifs depending on the phylogenetic relationships in R2R3-GpMYB
genes. (A) A phylogenetic tree was built using 87 R2R3-GpMYB proteins with the ML method. The phylogenetic tree contains 32 subgroups represented by different
colors. (B) The conserved MYB DNA-binding domains were examined using Pfam and the Simple Modular Architecture Research Tool (SMART). Green boxes
indicate conserved MYB DNA-binding domains. (C) Exon/intron structure analysis of R2R3-GpMYB genes. Gray lines, yellow boxes, and green boxes indicate
introns, exons, and untranslated regions (UTRs), respectively. (D) Conserved motifs of R2R3-GpMYB genes elucidated by Multiple Expectation maximizations for
Motif Elicitation (MEME). The conserved motifs are represented by the different colored boxes. The scale bar of each R2R3-GpMYB gene is shown at the bottom.
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introns, accounting for about 65.5%. Generally, similar structures
of exon/intron were observed among the genes in the same
subgroup, especially the number of introns. For example, the
R2R3-GpMYB genes in the A4 subgroup contained no intron,
whereas the A17 subgroup harbored two introns (Figures 2A,C).

The conserved motifs of all the R2R3-GpMYB proteins
were studied using a motif-based sequence analysis tool

(Supplementary Table 3). As shown in Figure 2D, motif 1, motif
2, motif 3, motif 4, motif 6, and motif 7 in the N-terminus
encoded the conserved MYB DNA-binding domain, whereas
motifs in the C-terminus were highly variable. The majority of
R2R3-GpMYB genes belonging to the same subgroup with similar
functions exhibited similar motif compositions outside the MYB
domain (Figures 2A,D). For example, the A2 subgroup contained
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motif 17 and motif 18, which played important roles in the
development of axillary meristem (Lee et al., 2009), whereas motif
9 and motif 13 in the A4 subgroup participated in providing
resistance to biotic and abiotic stresses (Jung et al., 2008). These
results indicated that these motifs were conserved in specific
subgroups, and proteins sharing these motifs within a group in
the phylogenetic tree likely had similar functions.

Chromosomal Distribution and Synteny
Analyses of Gynostemma pentaphyllum
R2R3-MYB Family

The G. pentaphyllum genomic database and genome
chromosomal location results revealed that 86 out of 87 R2R3-
GpMYB genes were unevenly distributed on 11 chromosomes
(Figure 3). In detail, chromosome 11 had 16 R2R3-GpMYB
genes, accounting for the largest number of R2R3-GpMYB genes,
followed by chromosome 7 (11 R2R3-GpMYB genes), whereas
chromosome 8 contained only two genes and had the minimum
number of R2R3-GpMYB genes. The majority of R2R3-GpMYB
genes were located on both ends of the chromosome. In addition,
no correlation was found between the chromosome length and
the distribution of R2R3-GpMYB gene family members on the
chromosome. According to a previous study, if two or more genes
are present within 200 kb, the elements are considered a tandem
repeat event (Holub, 2001). In total, six R2R3-GpMYB genes
underwent five tandem repeat events (Supplementary Table 4).
We employed basic local alignment search tool for proteins
(BLASTP) and MCScanX to construct the collinearity of
the R2R3-MYB gene family in G. pentaphyllum and identify
the possible relationship and potential duplication events
between them. Intrachromosomal duplications of the R2R3-
MYB gene family were observed in the G. pentaphyllum genome
(Supplementary Table 4). In detail, 34 pairs of R2R3-GpMYB
genes duplicated tandemly on all the 11 chromosomes (Figure 4).
To further illustrate the potential evolutionary patterns of
the R2R3-GpMYB gene family, a comparative orthologous
analysis was performed between G. pentaphyllum and other two
representative species, namely, A. thaliana and Cucumis sativus

(C. sativus), which belong to the Brassicaceae and Cucurbitaceae
families, respectively (Figure 5). The orthologous gene pairs
between G. pentaphyllum and A. thaliana and G. pentaphyllum
and C. sativus were 44 and 70, respectively (Supplementary
Tables 5, 6). These results revealed that the identified orthologous
events of GpMYB-CsMYB were considerably more than those
of GpMYB-AtMYB based on the close evolutionary relationship
between G. pentaphyllum and C. sativus. An extensive level
of synteny conservation and increased number of orthologous
events of GpMYB-CsMYB indicated that R2R3-GpMYB genes in
G. pentaphyllum shared a similar structure and function with
R2R3-CsMYB genes in C. sativus.

To further investigate the driving force behind the duplication
of R2R3-MYB gene pairs in G. pentaphyllum, Ka/Ks (non-
synonymous/synonymous substitution ratio) calculation of the
duplicated R2R3-MYB gene pairs was performed to determine
whether a selective pressure acted on the R2R3-GpMYB genes
(Supplementary Tables 5, 6). Interestingly, all the Ka/Ks
values of orthologous R2R3-GpMYB gene pairs were less than
1, indicating that these genes were subjected to purifying
selection with limited functional divergence during evolution
after duplication events.

Identification of R2R3-MYB Was Related
to Both Gypenoside and Flavonol
Biosynthesis in Gynostemma
pentaphyllum

Transcriptional activators usually present similar expression
patterns to the downstream structural genes of the metabolic
pathway, narrowing the scope of screening candidate regulators
and providing functional prediction. In a previous study,
the early biosynthesis genes (EBGs) and late biosynthesis
genes (LBGs) corresponding to gypenoside biosynthesis were
elucidated (Huang et al., 2021). Furthermore, based on the
gene expression profiles of different tissues (tendril, young
leaf, mature leaf, root, stem, flower, and fruit), a WGCNA
was performed to identify the potential upstream regulators
of gypenoside biosynthetic pathway genes (Huang et al., 2021).
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FIGURE 3 | Chromosomal locations of G. pentaphyllum R2R3-MYB genes. Chr 1-11 represent chromosomes 1-11 and chrUn indicates an unanchored linkage
group. Chromosomal locations of R2R3-GpMYB genes were mapped based on the G. pentaphyllum genome. The names of genes highlighted in red on
chromosomes indicate tandem duplications.
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FIGURE 4 | Synteny analysis of G. pentaphyllum R2R3-MYB genes. Chr 1-11 represent chromosome-scale scaffolds and ChrUn indicates an unanchored linkage
group. All the synteny gene pairs and duplicated MYB gene pairs were presented by gray lines and red lines, respectively.
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In the constructed gypenoside biosynthesis regulatory network,
five GpMYB genes were identified, three of which were R2R3-
MYB genes, including GpMYB60, GpMYB80, and GpMYBSI.
Among these, GpMYB60 was related to AtMYBIO5 and
AtMYBI117, suggesting that the function of GpMYB60 was
related to the development of floral organs and the initiation
of ovule outgrowth (Lee et al., 2009). GpMYB80 was the
closest homolog of AtMYB97 and AtMYBI20, acting as a
transcriptional activator to control the differentiation of the
pollen tube required for sperm release (Liang et al., 2013), and
GpMYBS81 was highly close to other positive regulators of flavonol

biosynthesis, such as AtMYBI11, AtMYBI2, and AtMYBII11
(Tan et al,, 2019). In addition, flavonol biosynthetic pathway
genes, including Gynostemma pentaphyllum 4-coumarate-CoA
ligase (Gp4CL), GpCHS, Gynostemma pentaphyllum chalcone
isomerase (GpCHI), Gynostemma pentaphyllum flavanone 3-
hydroxylase (GpF3H), and Gynostemma pentaphyllum flavonol
synthase (GpFLS), were identified in the gypenoside-related
module (Supplementary Table 7). As confirmed by qRT-PCR,
GpMYBS81, along with genes encoding gypenoside and flavonol
biosynthetic enzymes, showed similar expression patterns, i.e., a
high expression in young leaf tissue (Figure 6A).
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As an effective elicitor, MeJA can intensify the accumulation of
several secondary metabolites in various medicinal plants (Zhan
etal., 2018; Deng et al., 2020). Candidate genes including TFs and
biosynthetic pathway genes showed similar expression patterns
in response to MeJA, further narrowing down the number
of candidate genes. The gRT-PCR results showed that the
expression of gypenoside biosynthetic pathway genes comprising
GpFPS1, Gynostemma pentaphyllum squalene synthase 1
(GpSS1), Gynostemma pentaphyllum squalene epoxidase 2
(GpSE2), and Gynostemma pentaphyllum 2,3-oxidosqualene
cyclases 1 (GpOSC1), and flavonol biosynthetic pathway genes,
including Gp4CL, GpCHS, GpCHI, GpF3H, and GpFLS, was
significantly increased after the MeJA treatment. Moreover,
among the three candidate R2R3-GpMYB genes, the expression
of GpMYBSI increased gradually with the increase in the MeJA
treatment time (Figure 6B). According to functional predictions
and co-expression patterns, we speculated that GpMYB81 most
likely functions as a “dual-function” activator of both gypenoside
and flavonol biosynthesis.

Gypenoside and Flavonol Biosynthetic
Pathway Genes Were Transcriptionally
Activated by GpMYB81

To investigate the mechanism underlying similar expression
patterns among gypenoside, flavonol biosynthetic pathway genes,
and their potential regulator GpMYB81, the transcriptional cis-
elements of GpFPSI and GpCHS were analyzed (Figure 7A).
The results revealed that the promoters of GpFPSI1 and GpCHS
contained conserved MYB-recognition elements (MREs) or AC-
rich elements, suggesting that GpMYB81 might bind to the
promoters of GpFPS1 and GpCHS. To prove this hypothesis,
Y1H assays were performed. As shown in Figure 7B, GpMYB81
could bind to the promoters of GpFPSI and GpCHS in vivo.
Moreover, the transient expression of the promoter activity assays
revealed that GpMYBS8I could activate the expression of GpFPSI
and GpCHS (Figure 7C). These results confirmed that GpMYB81
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