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Auxin, an important plant hormone, induces the biosynthesis of various secondary
metabolites by modulating the expression of auxin-responsive genes. In the ornamental
plant Hedychium coronarium, linalool and methyl benzoate are biosynthesized by
the terpene synthase (TPS) HcTPS5 and the benzoic/salicylic acid methyltransferase
(BSMT) HcBSMT2, respectively. However, the transcriptional regulation of this process
remains unclear. Here, we identified and functionally characterized the R2R3-MYB
transcription factors HcMYB1 and HcMYB2 in regulating the biosynthesis of these
floral aroma compounds. HcMYB1 and HcMYB2 are specifically expressed in
flowers, their expression is correlated with the emission of volatile compounds in
flowers, and is induced by auxin. Moreover, HcMYB1 and HcMYB2 interact with
the HcBSMT2 promoter region. HcMYB2 activates the expression of the linalool
synthase gene HcTPS5. In flowers with HcMYB1 or HcMYB2 silenced, the levels of
floral scent compounds were significantly reduced, and HcBSMT2 and HcTPS5 were
downregulated compared with the wild type. Moreover, HcMYB1 form protein-protein
interaction with key scent-related HcIAA4 protein to regulate floral aroma production.
Taken together, these results indicate that HcMYB1 and HcMYB2 play crucial roles in
regulating the formation of scent compounds in Hedychium coronarium (H. coronarium)
flowers in response to auxin signaling.
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Abbreviations: AbA, aureobasidin A; ABA, abscisic acid; Aux/IAA, auxin/indole-3-acetic acid; BALD, benzaldehyde
dehydrogenase; BiFC, bimolecular fluorescence complementation; BSMT, salicylic acid/benzoic acid methyltransferase;
cDNA, complementary DNA; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl diphosphate; FPPS, FPP synthase; GC-MS,
gas chromatography-mass spectrometer; GFP, green fluorescent protein; IAA, indole-3-acetic acid; NLS, nuclear localization
signal; OD, optical density; PAL, phenylalanine ammonia lyase; SD, synthetically defined medium; TPS, terpene synthase;
Y2H, yeast two-hybrid; Y1H, yeast one-hybrid.

Frontiers in Plant Science | www.frontiersin.org 1 August 2021 | Volume 12 | Article 710826

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.710826
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.710826
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.710826&domain=pdf&date_stamp=2021-08-03
https://www.frontiersin.org/articles/10.3389/fpls.2021.710826/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-710826 August 2, 2021 Time: 14:21 # 2

Ke et al. HcMYB1/2 Activate Volatile Biosynthesis

INTRODUCTION

Floral scent compounds are among the most important
secondary metabolites in plants and comprise three major
groups based on their origins: terpenoids, phenylpropanoids/
benzenoids, and fatty acid derivatives (Dudareva et al., 2013;
Muhlemann et al., 2014; Abbas et al., 2017). These compounds
are attractive not only to humans but also to pollinators that
facilitate fertilization, and thus they play key roles in plant
evolution and the plant lifecycle (Raguso, 2009). The anti-
herbivore or antimicrobial activity of volatiles released from
flowers protects the vulnerable reproductive parts of the plant
against pathogen attack (Dudareva et al., 2006). Floral scent
also is an important trait that increases the aesthetic values of
ornamental plants to humans (Dudareva et al., 2006; Pichersky
and Dudareva, 2007), and scented compounds derived from
flowers are widely used as flavorings, in cosmetics and perfumes,
and as medicinal substances (Gershenzon and Dudareva,
2007; Muhlemann et al., 2014). However, notwithstanding
the importance of floral scents to both plant biology and
industry, little is known about the transcriptional regulation
of this process.

MYB transcription factors are important regulators of
the biosynthesis of plant secondary metabolites, such as
phenylpropanoids (Liu L. et al., 2015; Zhou and Memelink,
2016; Ramya et al., 2017). MYB proteins possess two regions: a
conserved MYB DNA-binding domain at the N-terminus and a
diverse modulator region at the C-terminus that is responsible
for their regulatory activity. MYB transcription factors (TFs)
are classified into four subunits/groups based on the number
of adjacent repeats in the DNA-binding domains: the R2R3-,
1R-, 3R-, and 4R-MYBs (Dubos et al., 2008). Most MYB TFs
involved in regulating secondary metabolite biosynthesis in
flowers belong to the R2R3-MYB family (Ramya et al., 2017).
To date, however, only a few MYB TFs identified from floral
scent model species, i.e., snapdragon (Antirrhinum majus) and
petunia (Petunia spp.) have been shown to regulate the expression
of structural genes related to volatile biosynthetic pathways.
The R2R3-MYB TFs ODORANT1 (ODO1) and EMISSION OF
BENZENOID II (EOBII) regulate volatile biosynthesis genes in
the benzenoid/phenylpropanoid pathway in petunia (Verdonk
et al., 2005; Spitzer-Rimon et al., 2012). In snapdragon, the MYBs
AmMYB305 and AmMYB340 are involved in regulating the
volatile phenylpropanoid/benzenoid metabolic pathway (Uimari
and Strommer, 1997; Shin et al., 2002). In addition, the R2R3-
MYB TF FaEOBII regulates the production of the volatile eugenol
in ripe strawberry (Fragaria× ananassa) receptacles by activating
the expression of CINNAMYL ALCOHOL DEHYDROGENASE
(FaCAD1) and EUGENOL SYNTHASE (FaEGS2) (Medina-
Puche et al., 2015). In the Cymbidium orchid cultivar “Sael
Bit,” CsMYB1 is highly expressed in floral organs and is
involved in regulating the biosynthesis of floral volatiles
such as polyacrylate and 2-methyl butyraldehyde in petals
(Ramya et al., 2019).

Floral and fruit volatiles are also regulated by the essential
plant hormone auxin, which induces the biosynthesis of
numerous secondary metabolites by regulating the expression of

auxin-responsive genes (Zhou and Memelink, 2016). Treatment
with exogenous auxin increases the emission of the volatile
compound linalool in apple (Malus domestica) scions (Kim
et al., 2011) and modifies the quantity of fruit flavor
compounds. In strawberry, auxin treatment enhances the
aggregation of phenolic volatiles such as 2-phenylethanol,
phenylacetaldehyde, and methyl benzoate, and inhibits the
production of benzyl cyanide, 2-isobutylthiazole, 1-hexanol, and
1-nitro-2-phenylethane (Wu et al., 2018). Exogenous auxin
treatment also modifies the expression of several key genes
associated with the biosynthetic pathways of scent volatiles,
including PHENYL ALDEHYDE REDUCTASE 1 (SlPAR1),
SlPAR2, and SlSAMT1, in tomato (Solanum lycopersicum) (Wu
et al., 2018). In grapefruit (Citrus × paradisi), auxin treatment
influences sugar accumulation in various ways, as well as the
accumulation of volatile compounds and the expression of
aroma-related genes (Jia et al., 2017). Many MYB TF genes
respond to auxin signalings, such as the Arabidopsis thaliana
genes AtMYB44, AtMYB77, and AtMYB108 (Shin et al., 2007;
Dubos et al., 2010) and ten R2R3-MYB genes in cassava (Manihot
esculenta) (Liao et al., 2016). Nevertheless, how auxin is involved
in regulating the phenylpropanoid and terpenoid biosynthetic
pathway via MYB TFs was not known.

Hedychium coronarium is a perennial herb of the
Zingiberaceae family that is cultivated as a cut flower, garden
plant, and medicinal plant and for aromatic oil production.
At blooming, H. coronarium flowers emit large amounts of
volatile compounds, including the monoterpenes linalool and
(E,Z)-β-ocimene, and benzenoids such as methyl benzoate
(Fan et al., 2003, 2007; Li and Fan, 2011; Lan et al., 2013; Yue
et al., 2015). We previously identified several structural genes
in the H. coronarium volatile biosynthetic pathway, including
genes encoding terpene synthases (TPSs) and benzoic/salicylic
acid methyltransferase (BSMT). A total of 12 HcBSMT and
62 HcTPS genes were found in H. coronarium. HcBSMT2
specifically expressed in flowers, its expression level was
enormously high among all HcBSMT genes and correlated with
flower development (Supplementary Figure 6). Likewise, the
expression values of HcTPS3 and HcTPS5 were tremendously
high among all the HcTPSs and specifically expressed in
H. coronarium flowers (Supplementary Figure 7). Moreover,
their expression pattern positively correlated with flower
development as well as with the emission of monoterpenes,
and their encoded enzymes localize to plastids (Yue et al.,
2015). Our functional characterization indicated that HcTPS3
functions in (E)-β-ocimene production, HcTPS5 functions
in linalool production, and HcBSMT2 functions in methyl
benzoate production (Yue et al., 2015, 2021). Analysis of
previously generated RNA-seq data showed that six HcMYB
family members were clustered in a group involved in regulating
secondary metabolism. The expression levels of these MYB
family members were analyzed in different tissues (flowers,
bracts, leaves, and rhizomes). The RNA-sequence data showed
that among six HcMYBs, HcMYB1, and HcMYB2 were highly
flower-specific and the abundance of their transcripts correspond
with the flower development as well as with the emission of floral
volatile contents. The relative transcript abundance of six HcMYB
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family members has been provided in Supplementary Figure 3.
However, the hormone-responsive transcriptional regulation
of these genes has not been elucidated. Furthermore, we
comprehensively analyzed Aux/IAA genes in H. coronarium
genome. The genome−wide analysis and characterization
of Aux/IAA genes reveal the potential role of HcIAA2
and HcIAA4 in floral aroma production in H. coronarium
(Ke et al., 2019).

In the current study, we functionally characterized two R2R3-
MYB TF genes (HcMYB1 and HcMYB2) that are expressed in an
auxin-responsive manner specifically in flowers. These MYB TFs
regulate phenylpropanoid/benzenoid and terpenoid biosynthesis
specifically in H. coronarium flowers by activating HcBSMT2 and
HcTPS5 expression. Furthermore, the interaction of HcMYB1
with key scent-related auxin protein (HcIAA4) was revealed
via yeast two-hybrid (Y2H) assay and bimolecular fluorescence
complementation (BiFC) assays. These findings shed light on the
mechanism underlying the emission of floral scent compounds in
H. coronarium.

RESULTS

Identification and Characterization of
Scent-Related R2R3-MYB Family
Members
In a previous transcriptomic analysis, we identified a clade of
genes whose expression rose throughout flower development and
with increasing floral scent emissions (Yue et al., 2015). Among
these genes, HcMYB1 and HcMYB2 are specifically expressed in
flowers. The full-length complementary DNA (cDNA) sequences
of HcMYB1 and HcMYB2 contain open reading frames (ORFs)
of 618 and 693 bp, encoding polypeptides of 205 and 230 amino
acid residues with molecular masses of 23.26 and 24.68 kDa,
respectively. Analysis of the predicted protein sequences of

HcMYB1 and HcMYB2 revealed the presence of 2R and 3R
repeat signatures at the N-termini: these features of R2R3
DNA-binding MYB proteins (Figure 1A) are essential for their
interactions with regulatory sequences in the promoters of
their target genes (Kranz et al., 1998; Dubos et al., 2010;
Medina-Puche et al., 2014).

We performed a phylogenetic analysis of HcMYB1 and
HcMYB2 compared to R2R3-MYBs involved in secondary
metabolism in other plant species. HcMYB1 and HcMYB2
clustered into different groups (Figure 1B). HcMYB1 belongs
to Group III and shares high amino acid homology with
AtMYB77 and AtMYB44 (Aharoni et al., 2001; Shin et al., 2007;
Jaradat et al., 2013). In contrast, HcMYB2 belongs to Group I,
whose members include AmMYB305, AmMYB340 (A. majus),
AtMYB24 (A. thaliana), AtMYB21 (A. thaliana), PhEOBII
(Petunia× hybrida), FaEOBII (Fragaria× ananassa) NlMYB305
(Nicotiana langsdorffii), and PsMYB26 (Pisum sativum) (Uimari
and Strommer, 1997; Shin et al., 2002; Li et al., 2006b; Liu
et al., 2009; Spitzer-Rimon et al., 2010; Medina-Puche et al.,
2015). The two proteins clustered into different groups and
may have different functions and/or operate through different
pathways to take part in floral volatile production. Furthermore,
to interrogate the evolutionary relationship of six HcMYB
family members with Arabidopsis MYBs, a phylogenetic tree
was built. The phylogenetic analysis revealed that all MYB
proteins can be clustered into five different groups (G A–G F).
HcMYB1 was clustered into group G B, HcMYB2/6/5 belongs
to group G D, while HcMYB3/4 was grouped into G A
(Supplementary Figure 1).

HcMYB1 and HcMYB2 Are Expressed
During Flower Development and in
Response to Auxin
The accumulation of floral volatiles increases as flower
development proceeds (Yue et al., 2015; Abbas et al., 2019).

FIGURE 1 | Multiple sequence alignment and phylogenetic analysis of R2R3-MYB proteins. (A) Multiple sequence alignment of HcMYB1 and HcMYB2 with other
related MYBs from different plants. The conserved R2 and R3 motifs are underlined. Multiple sequence alignment was performed using Clustal � and edited with
GeneDoc. (B) Phylogenetic analysis of HcMYB1 and HcMYB2 together with selected R2R3-MYB proteins from different plants. Amino acid sequence alignment was
performed using Clustal �, and the tree was constructed using the NJ method in MEGA X. The bootstrap values were set to 1000. The accession numbers for the
protein sequences are listed in Supplementary Table 3. The sequence info of HcMYB1 and HcMYB2 is given in Supplementary Material.
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FIGURE 2 | Changes in gene expression, IAA, and volatiles over the course of flower development (A) Pictorial view of different stages in floral development in
H. coronarium. (B) Total floral volatile contents during flower development (F1–F6). (C) Expression analysis of HcMYB1 and HcMYB2 during different stages of flower
development. (D) Relative expression levels of HcTPS5 and HcBSMT2. (E) Endogenous auxin contents during flower development. Bars represent the means ± SD
(n = 3–5).

To study this process, we divided the flower development process
into six stages (Figure 2A). The emission of floral volatiles was
low during the bud period (F1 and F2), substantially increased
beginning at the initial flowering stage (F3), peaked during the
full-bloom stage (F4 and F5), and declined at the senescence
stage (F6) (Figure 2B).

To examine the relationship between HcMYB1 and HcMYB2
and key volatile biosynthesis genes (HcTPS5 and HcBSMT2)
involved in floral volatile contents, we measured the expression
levels of these genes. HcMYB1 and HcMYB2 transcript levels
were low during early flower development and substantially
increased thereafter. HcMYB1 expression peaked at the

full-bloom stage (F4–F5) and decreased at the senescence
stage (F6), whereas HcMYB2 was most strongly expressed
at F6 (Figure 2C). We detected similar expression patterns
for HcTPS5 and HcBSMT2 during flower development
(Figure 2D). Moreover, the expression levels of HcMYB1
and HcMYB2 were positively correlated with the emissions
of floral volatiles; this correlation was highly significant for
HcMYB1 (Supplementary Figure 2). Moreover, HcMYB1
showed a highly significant correlation with the emission of
linalool contents (Supplementary Figure 3). These results
suggest that these genes play important roles in floral scent
formation in H. coronarium.
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Auxin plays a crucial role throughout flower development
(Krizek, 2011; Ke et al., 2018). We, therefore measured total
auxin levels in H. coronarium during flower development
(F1–F6). The total auxin contents were low during F1 and
F2, peaked at F3–F5, dropped slightly at F4, and declined
further at F6 (Figure 2E). The emission of total floral
volatiles was correlated with indole-3-acetic acid (IAA) contents,
suggesting that auxin might play a crucial role in the
biosynthesis of these compounds. Under IAA treatment, the
contents of the major floral volatiles ocimene, linalool, and
methyl benzoate increased by 16, 17, and 20%, respectively,
compared to those in control flowers not treated with
IAA (CK) (Figure 3A). Moreover, the expression of key
structural volatile biosynthesis genes (HcTPS1, HcTPS3, HcTPS5,
HcTPS8, HcPAL, and HcBSMT2) was upregulated by this
treatment (Figure 3B).

To characterize the expression levels of HcMYB1 and HcMYB2
in response to IAA treatment, we performed qRT-PCR analysis.
HcMYB1 and HcMYB2 transcript levels strongly increased after
IAA treatment, reaching their highest levels at 12 h after

treatment. In contrast, a rapid increase in HcMYB2 and HcTPS5
expression was observed at 2 h after treatment (Figure 3C).
Volatile biosynthesis genes (HcTPS5 and HcBSMT2) were also
upregulated at 12 h after IAA treatment (Figure 3D). The
results suggest that the biosynthesis of floral volatiles is spatially
and temporally regulated by HcMYB1 and HcMYB2, which
are strongly associated with auxin-induced volatile emissions in
H. coronarium.

We also examined the effect of p-chlorophenoxyisobutyric
acid (PCIB) (inhibit auxin action) on the floral volatile
compounds (Figure 4). In contrast to auxin, the emission of
floral volatile compounds decreases. Under PCIB treatment,
the contents of eucalyptol, allo-ocimene, β-ocimene, methyl
benzoate, and linalool were decreased by 57, 81, 89, 100,
and 42%, respectively, compared to those in control flowers
not treated with PCIB (Figure 4A). As expected, similar to
IAA, the volatile contents of caryophyllene do not change
significantly. We perform qRT-PCR analysis to characterize
the expression level of key genes under PCIB treatment.
The expression level of key volatile biosynthesis genes HcTPS1,

FIGURE 3 | Exogenous auxin treatment influences the expression of HcMYB1, HcMYB2, and key volatile biosynthesis genes. (A) The emission of major floral volatile
compounds in H. coronarium after auxin treatment. (B) Relative expression levels of key volatile biosynthesis genes after auxin treatment. (C,D) Expression patterns
of HcMYB1/2 and key structural genes (HcTPS5 and HcBSMT2) in response to auxin treatment. Bars represent the means ± SD (n = 3–5). Different letters on bars
indicate statistically significant differences (P < 0.05).
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FIGURE 4 | Marked decrease in scent emission, decreased expression level of key structural volatile synthesis genes, and total IAA, JA, and ABA contents under
PCIB treatment. (A) Headspace analyses of individual scent compounds under PCIB treatment using GC–MS. (B) Relative expression level of key structural genes
under PCIB treatment. GAPDH was used as an endogenous control. Bars represent the means ± SD (n = 3–5). (C) Total pool contents of IAA, JA, and ABA in
response to auxin and PCIB treatment. Each time point represents the average of three to four independent experiments, with SD indicated by vertical lines. Graphs
represent the average of three independent experiments. Different letters on bars indicate statistically significant differences (P < 0.05).

HcTPS3, HcTPS5, HcTPS8, HcPAL, HcBSMT1, HcBSMT2,
HcMYB1, and HcMYB2 were downregulated by 79, 93, 64,
89, 33, 97, 96, 75, and 72%, respectively, relative to control
(Figure 4B). The data endorse the aforementioned findings
that auxin plays a crucial role in the biosynthesis of floral
volatile compounds.

Furthermore, we quantify the total hormone contents
under IAA and PCIB treatment using ultra-performance
liquid chromatography-tandem mass spectrometer (UPLC-
MS/MS). The data showed that under IAA treatment, the total
IAA and jasmonic acid (JA) contents were increased by 42
and 35% compared to control. Likewise, the total IAA and
JA contents were decreased by 31 and 51%, respectively,
while abscisic acid (ABA) contents were increased by
45% under PCIB treatment (Figure 4C). However, the
ABA contents do not change significantly under IAA
treatment, suggesting that auxin might play a key role in
the biosynthesis of floral volatile compounds via crosstalk with
the abovementioned hormones.

HcMYB1 and HcMYB2 Localize to the
Nucleus and Exhibit Transactivation
Activity
Most MYB TFs specifically localize to the nucleus (Zou et al.,
2008; Zhu et al., 2015; Zhou et al., 2017). However, some MYB
TFs localize to both the nucleus and cytoplasm (Li et al., 2006a).
The nuclear localization prediction server WoLF PSORT1

predicted that HcMYB1 and HcMYB2 localize to the nucleus.
To assess this prediction, we generated HcMYB1-GFP and
HcMYB2-GFP constructs in which these genes were driven
by the CaMV 35S promoter and used them to transform
Arabidopsis protoplasts. In HcMYB1-GFP- and HcMYB2-GFP-
transformed protoplasts, observed green fluorescent protein
(GFP) signals specifically in the nuclei, whereas control (GFP)
protoplasts showed a ubiquitous distribution of GFP throughout
the protoplasts (Figure 5A). We included nuclear localization

1https://wolfpsort.hgc.jp/
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FIGURE 5 | HcMYB1 and HcMYB2 show nuclear localization in Arabidopsis protoplasts. (A) The images were obtained using a confocal laser scanning microscope
and processed in adobe Photoshop. GFP: green fluorescent protein. mCherry: nuclear marker. Merged: combined GFP and mCherry signals. Bright: bright field.
Bars: 10 µm. (B) Diagram of the reporter and effector plasmids. (C) Transcriptional activity of HcMYB1 and HcMYB2 together with DNA via GAL4 BD
(pBD-HcMYB1 and pBD-HcMYB2) transiently co-expressed in N. benthamiana cells. The activity is presented as the ratio of LUC to REN luminescence. The VP16
and pBD represent the positive and negative control, respectively. The ratio of LUC/REN of the empty pBD vector is used as the calibrator (set as 1). Data are
represented as means ± standard deviation of three replicates. Compared with the pBD, significant differences at the level of P < 0.05 analyzed by the student’s
t-test, are indicated by different letters above the bar.

signal (NLS)-mCherry in each transformation as a marker for
nuclear localization. These results demonstrate that HcMYB1 and
HcMYB2 are nucleus-localized proteins, which is in keeping with
their expected roles as transcription factors.

Transcription factors regulate their target genes via
transactivation activity. To investigate the transactivation
activities of HcMYB1 and HcMYB2, we performed transient
expression analysis in Nicotiana benthamiana leaves. We fused
five copies of the GAL4 DNA-binding element (GAL4BD) and
the minimal TATA region (5′-TATAAA-3′) of the 35S promoter
to the firefly luciferase (LUC) reporter; the Renilla luciferase
(REN) reporter gene driven by the 35S promoter as the reporter
vector. The LUC/REN ratio from the reporter vector was used as
an internal control. We constructed effector plasmids harboring
the ORFs of HcMYB1 and HcMYB2 (Figure 5B). Unlike the
GAL4BD negative control (empty vector, pBD), HcMYB1 and
HcMYB2 activated the LUC reporter gene. The LUC/REN ratios
of HcMYB1, HcMYB2, and GAL4BD-VP16 were 3. 1-, 3. 7-, and
11.1-fold higher, respectively, compared to the negative control
(Figure 5C). These results indicate that HcMYB1 and HcMYB2
function as transcriptional activators.

Virus-Induced Gene Silencing of
HcMYB1 and HcMYB2 in Flowers
Modifies the Emission Levels of Volatiles
To investigate the potential involvement of HcMYB1 and
HcMYB2 in floral scent formation, we suppressed their
expression through virus-induced gene silencing (VIGS) in

flowers (Renner et al., 2009; Yuan et al., 2011). We confirmed
that this led to significant decreases in HcMYB1 and HcMYB2
transcript levels compared to those in unsilenced control flowers
(Figures 6A,B). The contents of the volatiles methyl benzoate
and linalool in flowers decreased by approximately 57 and 21%,
respectively, in response to HcMYB1 silencing, whereas the
eucalyptol and ocimene contents did not change significantly
(Figure 6C). In HcMYB2-silenced flowers, the contents of
methyl benzoate, linalool, ocimene, and eucalyptol decreased
by 68, 37, 18, and 17%, respectively, compared to the control
(Figure 6C). We also analyzed the expression levels of key
volatile biosynthesis genes (HcTPS3, HcTPS5, and HcBSMT2)
in H. coronarium. In HcMYB1-silenced flowers, HcTPS5
and HcBSMT2 were significantly downregulated, whereas
HcTPS3 did not exhibit any significant changes in expression,
compared to the control. Furthermore, in HcMYB2-silenced
flowers, HcTPS3, HcTPS5, and HcBSMT2 were all significantly
downregulated compared to the control (Figure 6D). These
results indicate that HcMYB1 and HcMYB2 play important
and overlapping roles in the formation of floral volatiles in
H. coronarium.

HcMYB1 and HcMYB2 Activate
Structural Genes Involved in the Volatile
Biosynthetic Pathway
MYB TFs transcriptionally regulate several genes by binding
to the MEB [(T)(T)TGAC(C/T)] sequences in their promoters
(Rushton et al., 2010). In silico cis-element analysis revealed
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FIGURE 6 | HcMYB1 and HcMYB2 gene silencing alter HcTPS3, HcTPS5, and HcBSMT2 expression and volatile emission in flowers. (A,B) Relative expression
levels are presented as fold change values. (C) Emission levels of floral volatiles. (D) Expression levels of HcTPS3, HcTPS5, and HcBSMT2. Data represent the
mean ± SD (n = 3–5). Different letters indicate significant differences (P < 0.05).

the presence of MYB-binding motifs in HcBSMTs and HcTPSs
sequences. MYB-core binding motifs were present in ten out
of twelve HcBSMTs. The number of MYB-binding motifs
varies from one to thirteen. Interestingly, the number of
MYB-bindings motifs in HcBSMT2 was highest compared to
other HcBSMTs (Supplementary Table 1). Similarly, MYB-core
binding motifs were found in sixty out of sixty-two HcTPSs.
The promoter sequence analysis of HcBSMT2 (1131 bp) and
HcTPS5 (1555 bp) revealed the presence of MYB-core binding
motifs in their sequences. There were 13 and 5 copies of MYB-
binding motifs in the sequences of HcBSMT2 and HcTPS5,
respectively, suggesting that HcMYB1 and HcMYB2 might
target these genes.

To determine whether HcMYB1 and/or HcMYB2 bind to
the promoters of HcBSMT2 and HcTPS5, we performed a yeast
one-hybrid (Y1H) assay. Bait strains co-expressing HcMYB1
and HcMYB2 and harboring proHcBSMT2 grew well in SD-
Leu medium containing the antibiotic aureobasidin A (AbA),
whereas bait strains harboring proHcTPS5 grew well only when
they expressed HcMYB2 (Figures 7A,B). These results indicate
that HcMYB1 and HcMYB2 bind to the HcBSMT2 promoter,
while HcMYB2 binds to the HcTPS5 promoter.

To confirm the binding ability of HcMYB1 and HcMYB2
to the HcBSMT2 and HcTPS5 promoters, we performed an
electrophoretic mobility shift assay (EMSA) using GST-HcMYB1

and GST-HcMYB2 in Escherichia coli. The probes used for
proHcTPS5 and proHcBSMT2 were 49 bp, which start from
(+)1168 to (+)1216 and (+)291 to (+)339, respectively. The
sequences of the probes are listed in Supplementary Table 2.
Purified recombinant GST-HcMYB1 and GST-HcMYB2 fusion
proteins bound to biotin-labeled probes derived from the
HcBSMT2 promoter, leading to a mobility shift, whereas
no mobility shift occurred in the presence of GST alone
(Figure 7C). Next, we performed a competition assay, which
showed that adding a 100-fold amount of unlabeled probe
molecules (as compared to the labeled molecules) to the binding
reaction reduced the intensity of the protein-DNA complex
signal, and adding 500-fold unlabeled probes prevented any
protein-DNA complex from being detected (Figure 7C). We
also observed binding between HcMYB2 and a biotin-labeled
probe from the HcTPS5 promoter (Figure 7D). These results
endorse the aforementioned data that HcMYB1 binds to the
HcBSMT2 promoter and HcMYB2 binds to the HcBSMT2 and
HcTPS5 promoters.

To test the ability of HcMYB1 and HcMYB2 to activate
the HcBSMT2 and HcTPS5 promoters, we performed a dual-
luciferase assay. We individually cloned the promoter regions
of HcBSMT2 and HcTPS5 into reporter plasmids and the ORFs
of HcMYB1 and HcMYB2 into effector plasmids (Figure 7E).
HcMYB1 and HcMYB2 significantly enhanced HcBSMT2
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FIGURE 7 | HcMYB1 and HcMYB2 interact with the HcBSMT2 and HcTPS5 promoters. (A) Interactions of HcMYB1 and HcMYB2 with the HcBSMT2 promoter.
(B) Interactions of HcMYB1 and HcMYB2 with the HcTPS5 promoter. HcMYB3 and empty vector were used as a control. (C) Binding activity of HcMYB1 and
HcMYB2 with the proHcBSMT2 probe. (D) Binding activity of HcMYB2 with the proHcTPS5 probe. (E) Diagram of the reporter and effector plasmids. (F) HcMYB1
and HcMYB2 transactivate the HcBSMT2 promoter. (G) HcMYB2 transactivates the HcTPS5 promoter. The promoter activity is presented as the ratio of LUC to
REN luminescence. Different letters on bars indicate statistically significant differences (P < 0.05).

promoter activity (by 4.8-fold and 2.2-fold, respectively)
compared to the control (Figure 7D). Meanwhile, HcMYB2
significantly enhanced HcTPS5 promoter activity (by 2.4-fold)
compared to the control (Figure 7F). Therefore, HcMYB1 and
HcMYB2 activate the HcBSMT2 promoter and HcMYB2 activates
the HcTPS5 promoter, indicating that these TFs have different
target genes in N. benthamiana leaves. These findings indicate
that both HcMYB1 and HcMYB2 are transcriptional activators
of volatile biosynthesis genes in flowers.

HcMYB1 Interacts With the
Auxin-Responsive Protein HcIAA4 by
Y2H and BiFC Assays
MYB proteins interact with many other proteins involved
in hormone signal transduction, such as the jasmonic acid
(JA)-responsive repressor proteins of the JASMONATE ZIM-
DOMAIN (JAZ) family and the ABA signal receptor protein
PYRABACTIN RESISTANCE LIKE (PYL) (Qi et al., 2014; Zhao
et al., 2014). In a Y2H assay, HcMYB1 interacted with the
auxin-responsive protein HcIAA4, whereas HcMYB2 did not
(Figure 8A). To verify the interaction between HcMYB1 and
HcIAA4, we performed a BiFC assay. Expressing the N-terminal
half of YFP fused to HcMYB1 (HcMYB1-YFPN) and the
C-terminal half of YFP fused to HcIAA4 (HcIAA4-YFPC) in
N. benthamiana leaves resulted in fluorescence. Moreover, the
reciprocal experiment with the C-terminal half of YFP fused
to HcMYB1 (HcMYB1-YFPC) and the N-terminal half of YFP
fused to HcIAA4 (HcIAA4-YFPN) also resulted in fluorescence
and the control combinations of YFPC + HcMYB1-YFPN

and HcIAA4-YFPC + YFPN did not result in fluorescence
(Figure 8B). To elucidate the functional significance of the
interaction between HcMYB1 and HcIAA4, we co-transformed
N. benthamiana leaves with the same amounts of effectors
carrying HcMYB1 and/or HcIAA4 in combination with the
HcBSMT2pro-LUC reporter constructs. The effect of HcMYB1
on HcBSMT2pro expression was repressed in the presence of
HcIAA4 (Figure 8C). These results demonstrate that HcMYB1
directly activates HcBSMT2 expression, which is modulated by
its interacting partner HcIAA4.

DISCUSSION

The transcriptional regulatory network governing floral scent
emission has not been thoroughly elucidated. To date, only
a few TFs that regulate the expression of scent-related genes
have been identified (Katiyar et al., 2012; Abbas et al., 2021b).
R2R3-MYB TFs are key regulators of the phenylpropanoid and
terpenoids biosynthetic pathway in plants (Du et al., 2009;
Zhu et al., 2015; Yang et al., 2020). MYB TFs in the same
subgroup have similar functions (Zhu et al., 2015). Here, we
used previously characterized R2R3-MYB proteins involved in
secondary metabolism to construct a phylogenetic tree with
HcMYB1 and HcMYB2 from H. coronarium (Figure 1B).
HcMYB1 was clustered in Group III with AtMYB77, which
modulates auxin signal transduction (Shin et al., 2007), and
AtMYB44, a stress-responsive protein involved in senescence and
ABA signaling (Jaradat et al., 2013), suggesting that HcMYB1
might play a key role in hormone signaling. Meanwhile, HcMYB2
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FIGURE 8 | HcMYB1 interacts with HcIAA4. (A) Analysis of the interactions of HcIAA4, HcMYB1, and HcMYB2 via yeast two-hybrid assay. Yeast cells were
transformed with DBD–HcARF4 + AD–HcMYB1, DBD–HcARF4 + AD–HcMYB2, DBD + AD–HcMYB1, DBD–HcIAA4 + pGADT7-T, pGBKT7-53 + pGADT7-T,
DBD–HcIAA4 + pGADT7-T or pGBKT7-Lamin + pGADT7-T. The vectors were transformed into yeast strain Y2HGold and then transformants were screened by
plating on SD/-Trp/-His/-Ade + X-α-gal medium. BD-Lam was used as a negative control. ADT7-BD53 was used as a positive control. Three independent replicates
were performed. (B) BiFC assay between HcMYB1 and HcIAA4 in N. benthamiana leaves. Fusion constructs YFPC + HcMYB1-YFPN, HcMYB1-YFPN +
HcIAA4-YFPC, HcMYB1-YFPC + HcIAA4-YFPN, and HcIAA4-YFPC + YFPN were co-infiltrated into N. benthamiana leaves and observed for fluorescence
complementation. Bars, 5 µm. (C) The activation ability of HcMYB1 is modulated by HcIAA4. Different letters on bars indicate statistically significant differences
(P < 0.05).

was classified into Group I along with AmMYB305, AmMYB340,
AtMYB24, AtMYB21, PhEOBII, and FaEOBII (Figure 1). These
R2R3-MYB TFs regulate the metabolic pathway of the volatile
compound phenylpropanoid (Uimari and Strommer, 1997; Shin
et al., 2002; Li et al., 2006b; Liu et al., 2009; Spitzer-Rimon et al.,
2010; Medina-Puche et al., 2015), suggesting that HcMYB2 might
be involved in regulating the floral volatile metabolic pathway in
H. coronarium.

HcMYB1 and HcMYB2 Are Expressed
During Specific Stages of Floral
Development and Are Correlated With
Volatile Production
The production and emission of fragrance compounds by
flowers are strictly regulated during the floral lifespan and
often peak when the flower is in full bloom and pollinators
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are active (Dudareva et al., 2013; Muhlemann et al., 2014;
Abbas et al., 2017). Methyl benzoate and linalool are the main
phenylpropanoids and terpenoid volatiles that contribute to
flower scent in H. coronarium (Fan et al., 2003, 2007; Báez et al.,
2011; Yue et al., 2015; Abbas et al., 2021a). We observed that the
expression of HcMYB1 changed during flower development, with
the highest expression level detected at the full bloom stage (F5)
(Figure 2B. A similar expression pattern was detected in lilac
(Syringa oblata) during different stages of flower development,
as two R2R3-MYB TF genes were upregulated at the full-
bloom stage compared to the bud stage (Zhu et al., 2015).
Similarly, the expression level of FhMYB5 gradually increased
during the flower developmental stages, resembling anthocyanin
biosynthesis pattern and function in the flavonoid pathway in
Freesia hybrida (F. hybrida) (Li et al., 2019). In Rosa hybrida,
mRNA levels of a putative scent-related gene (RhMYB1) were
developmentally regulated peaking at full bloom stage similar
with other rose scent-related genes, such as phenylacetaldehyde
synthase RhPAAS, the sesquiterpene synthase RhGDS, the alcohol
acetyltransferase RhAAT and the orcinol O-methyltransferases
(OOMT) (Lavid et al., 2002; Yan et al., 2011).

Interestingly, the expression patterns of HcMYB1 and
HcMYB2 during development were similar to those of HcBSMT2
and HcTPS5, which are responsible for the formation of the
volatiles methyl benzoate and linalool, respectively (Figure 2D).
Both compounds reach their highest levels in flowers at the
full bloom stage (Yue et al., 2015). Similarly, HcBSMT2 and
HcTPS5 expression levels were highest in flowers during the
periods when the largest amounts of volatiles were released
(Supplementary Figure 5). Thus, the expression of TF genes
(HcMYB1 and HcMYB2) and structural genes (HcBSMT2 and
HcTPS5) was associated with flower development and the
production of high levels of volatiles (Supplementary Figure 1).
In F. hybrida and A. thaliana, FhMYB21L1 and FhMYB21L2,
TF genes were synchronously expressed with FhTPS1 and could
activate its expression significantly (Yang et al., 2020). These
results suggest that HcMYB1 and HcMYB2 regulate volatile
production during flower development, which is similar to
the roles of R2R3-MYBs PhEOBII and FaEOBII in petunia
and strawberry, respectively (Van Moerkercke et al., 2011;
Medina-Puche et al., 2015).

HcMYB1 and HcMYB2 Expression Is
Regulated by Auxin Like That of Other
Scent-Related Genes in H. coronarium
The volatile biosynthesis pathway, and particularly the emission
of methyl benzoate and linalool, is induced by IAA, suggesting
that IAA regulates the expression of transcription factors or
key enzymes involved in this pathway at the protein or
transcript level. In the current study, we demonstrated that
auxin induces the expression of both TF genes (HcMYB1 and
HcMYB2) and key biosynthesis genes [phenylalanine ammonia
lyase (PAL), BSMT, and TPS] (Figures 3B,C). IAA treatment
also upregulated HcBSMT2 and HcTPS5 expression, especially
at 12 h (Figure 3D). In A. thaliana, expression of AtTPS21
and AtTPS11 was induced by the phytohormones, and both

inductions require AtMYC2 (Hong et al., 2012). R2R3-MYBs
such as AtMYB77 and AtMYB44 are involved in the response
to auxin signaling in Arabidopsis (Shin et al., 2007; Yamaguchi
et al., 2013). Similarly, FaMYB10 and FaEOBII are regulated
by auxin in strawberry (Perkins-Veazie, 1995; Chai et al., 2011;
Jia et al., 2011). On the other hand, auxin contents decrease
and FaMYB10 and FaEOBII expression increases during fruit
development in strawberry (Medina-Puche et al., 2014, 2015).
During flower development in H. coronarium, auxin contents
increased and HcMYB1 and HcMYB2 expression increased
(Figures 2C,E). The differences in auxin response patterns
between the HcMYB and FaMYB genes may be due to the
evolutionary distance between H. coronarium (Zingiberaceae)
and F. × ananassa (Rosacea). To validate the function of
auxin, the flowers were treated with PCIB which is widely
used to inhibit auxin action (Oono et al., 2003). The data
showed that in contrast to auxin, the emission of main
floral volatiles and expression level of aforementioned key
structural volatile synthesis genes significantly downregulated
(Figures 4A,B). The following data endorse the abovementioned
findings that auxin plays an essential role in floral scents.
Furthermore, relative to the control, total IAA and JA contents
significantly upregulated and downregulated under auxin and
PCIB treatment, respectively (Figure 4C). Several studies showed
that MYB TF respond to various phytohormones. Under JA
treatment, the transcript abundance of Pinus taeda PtMYB14 and
PtMYB13 rapidly increased by 14-fold and 2-fold, respectively,
while Picea glauca PgMYB14 and PgMYB15 transcripts increased
4-fold and 2-fold. Furthermore, the characterization of the
aforementioned TF genes reveals PtMYB14 as a putative
regulator of an isoprenoid and flavonoid-oriented response in
conifers (Bedon et al., 2010). In Apples, MdMYB9 and
MdMYB11 were involved in the regulation of the JA-induced
biosynthesis of anthocyanin and proanthocyanidin (An et al.,
2014). The regulatory patterns of MYBs are dependent on
developmental stage, tissue type, and environmental conditions.
Much remains to be learned about the mechanistic basis of
the responses of MYB TFs to auxin signaling molecules during
volatile formation.

HcMYB1 and HcMYB2 Activate Key
Structural Genes Involved in Volatile
Biosynthesis in H. coronarium Flowers
The structural genes HcBSMT2 and HcTPS5 are essential for
the formation of methyl benzoate and linalool, respectively, in
H. coronarium flowers (Yue et al., 2015). Notably, we detected
MYB-binding elements in the promoters of HcBSMT2 and
HcTPS5 (Supplementary Table 1). This result is supported by
the finding that HcMYB1 transactivates the HcBSMT2 promoter
and that HcMYB2 transactivates the HcBSMT2 and HcTPS5
promoters (Figure 7). In certain plants, floral scent biosynthesis
is dependent on transcriptional regulation, and TFs control
volatile emissions (Colquhoun et al., 2011; Muhlemann et al.,
2012). ODO1 was the first R2R3-type MYB transcription factor
shown to regulate the benzenoid biosynthesis pathway in
petunia, followed by the R2R3-MYB TFs EOBI and EOBII.
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ODO1 strongly influences the floral scent pathway by regulating
the transcript levels of many key genes (PAL, CM, DAHPS,
SAMS, and EPSPS). Meanwhile, ODO1 is directly regulated
by EOBII. Moreover, EOBI directly binds to and activates
the promoters of ODO1, IGS, and PAL to regulate scent
production (Verdonk et al., 2005; Spitzer-Rimon et al., 2010,
2012). In F. hybrida, FhMYB5 and FhbHLH mainly contribute
to the regulation of anthocyanin and proanthocyanidin via
activating the expression of biosynthetic genes (FhCHS, FhCHI,
FhF3H, FhF3′H, FhF3′5′H, and FhDFR) involved in the
flavonoid pathway (Li et al., 2019). In spearmint, MsMYB
negatively regulates monoterpene production and suppresses
the expression of geranyl diphosphate synthase (Reddy et al.,
2017). Likewise, several R2R3-MYB transcription factor have
been identified which are potentially involved in the regulation
of flavonoid biosynthesis via controlling the expression of
structural genes (Cao et al., 2021; Zhang et al., 2021). Similarly,
Lilium hybrid ODO1 (LhODO1) regulates fragrance biosynthesis
via regulating the expression of structural genes involved
in the shikimate and benzenoid/phenylpropanoid pathway
(Yoshida et al., 2018).

In H. coronarium, HcMYB1 and HcMYB2 directly activate the
methyl benzoate biosynthesis gene HcBSMT2, whereas HcMYB2
activates the linalool biosynthesis gene HcTPS5. Therefore,
HcMYB2 activates two different groups of volatile biosynthesis
genes, suggesting it plays a dual role in controlling both
the phenylpropanoid and terpenoid pathways. Several R2R3-
MYB TFs regulate the biosynthesis of one or more units
of phenylpropanoid-derived compounds, such as MdMYB3,
AtMYB4, and AtMYB12 (Aharoni et al., 2001; Deluc et al.,
2006, 2008; Luo et al., 2008; Rommens et al., 2008; Liu J.
et al., 2015). Here, we examined the effects of HcMYB1 and
HcMYB2 on floral scent via gene silencing (Figure 6). Linalool
and methyl benzoate levels significantly decreased in flowers
when HcMYB1 or HcMYB2 was silenced, confirming the direct
connection between the functional activity of these two TFs
and volatile biosynthesis. The silencing of HcMYB1 or HcMYB2
also led to the downregulation of key structural scent-related
genes (HcTPS3, HcTPS5, and HcBSMT2) from the terpenoid
and phenylpropanoid pathways (Figure 6D). Similar results
were obtained in petunia, where the silencing of R2R3-MYB
(ODO1) led to the downregulation of several scent-related genes
(Spitzer-Rimon et al., 2012). In addition, overexpressing PAP1
from Arabidopsis modulated the accumulation of terpenoid
and phenylpropanoid scent compounds in rose flowers (Zvi
et al., 2012). Nevertheless, before this study, little was known
about the transcriptional regulatory mechanism underlying scent
compound biosynthesis in non-model fragrance plants such as
H. coronarium.

HcIAA4 Interacts With and Modulates
the Transcriptional Activity of HcMYB1
MYB TFs form complexes by interacting with other proteins,
such as MYB-helix-loop-helix (bHLH)-WD40 proteins involved
in regulating anthocyanin biosynthesis (Zhou and Memelink,
2016). MYB TFs also interact with other proteins involved

in hormone signaling pathways, such as JAZ and PYL, which
are crucial components of the JA and ABA signal-transduction
pathways, respectively (Qi et al., 2014; Zhao et al., 2014).
However, little is known about the interactions of MYB TFs
with proteins in the auxin-signaling pathway. In Arabidopsis,
the auxin signaling pathway repressor Aux/IAA (AtIAA29)
interacts with the TF WRKY57 to mediate leaf senescence
(Jiang et al., 2014). It was also observed that both HcMYB1
and HcIAA4 showed high protein expression in flowers
(Supplementary Figure 4). In the current study, we uncovered
an interaction between HcMYB1 and the auxin-responsive
protein HcIAA4 via Y2H and BiFC assays (Figures 8A,B).
We also demonstrated that HcIAA4 represses the activity of
HcMYB1 (Figure 7C). Similarly, in Arabidopsis, AtJAZ proteins
interact with MYBs such as MYB75, thereby decreasing their
transcriptional activity (Qi et al., 2014). In A. thaliana and
F. hybrida, MYB21 interacts with MYC2 to form MYB–bHLH
complex to regulate the expression of TPS genes and floral
scent emission in flowers (Yang et al., 2020). In Fagopyrum
tataricum, the repressive activities of FtMYBs are directly
enhanced by their interactions with FtSAD2 or FtJAZ1 (Zhang
et al., 2018). The identification of protein–protein interactions
between MYB TFs and other proteins provides clues about the
regulation of gene expression and secondary metabolism during
volatile biosynthesis.

In petunia, a network comprising three R2R3 MYB TFs
(EOBI, EOBII, and ODO1) regulates flower-specific genes in
the phenylpropanoid volatile biosynthesis pathway (Verdonk
et al., 2005; Spitzer-Rimon et al., 2010, 2012; Van Moerkercke
et al., 2011). Similarly, FaMYB10 regulates FaEOBII expression
in strawberry (Medina-Puche et al., 2014, 2015). In A. thaliana,
MYC2 interacts with DELLA protein to regulate the expression
of sesquiterpene synthase genes (TPS21 and TPS11), and
the expression of TPS21 and TPS11 was modulated by
phytohormones (Hong et al., 2012). Likewise, LcMYB1 interacts
with LcbHLH to regulate the expression of key structural
anthocyanin biosynthesis genes in Litchi chinensis (Lai et al.,
2016). The roles of MYB proteins in scented ornamental
plants uncovered in the current study sheds light on the
evolution of this important transcription factor family, providing
new insights into how they regulate the biosynthesis of
secondary metabolic compounds, including terpenoids and
phenylpropanoids, in plants. The key role of MYB TFs in
controlling the biosynthesis of volatile compounds highlights the
potential of engineering these TFs to enhance the economic value
of ornamental plant species.

In conclusion, we demonstrated that the IAA-responsive,
flower-specific R2R3-MYB TFs HcMYB1 and HcMYB2 function
as activators of terpenoid and phenylpropanoid biosynthesis
in H. coronarium. Both HcMYB1 and HcMYB2 interact with
the promoter of HcBSMT2, encoding the key enzyme for
methyl benzoate biosynthesis. Furthermore, HcMYB2 regulates
the expression of HcTPS5, which plays a key role in linalool
biosynthesis. Finally, we showed that auxin takes part in volatile
biosynthesis by regulating the expression of R2R3-HcMYB
transcription factor genes via protein–protein interactions in
H. coronarium. Our findings provide important insights into
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the roles of auxin and MYB TFs in the biosynthesis of floral
scent compounds, laying the foundation for plant metabolic
engineering efforts.

MATERIALS AND METHODS

Plant Material and Hormone Treatment
Hedychium coronarium plants were grown at South China
Agricultural University under natural light conditions. For RNA
extraction, the plant materials were harvested, immediately
frozen in liquid nitrogen, and stored at −80◦C. To analyze
tissue-specific gene expression patterns, three tissues were
used: fully open flowers, mature green leaves, and healthy
rhizomes of 2-year-old H. coronarium plants. The process of
flower development was divided into six stages: tight green
bud stage (F1), white bud stage (F2), initial flowering stage
(F3), half-open stage (F4), full-bloom stage (F5), and flower
senescence (F6).

For IAA treatment, flowers at the F2 stage were cut into
35-cm pieces, placed in sterile water containing 100 µM IAA,
and incubated for 12 h in a growth chamber under a 14/10 h
light/dark cycle at 25◦C. IAA and PCIB stock solution was
prepared as per the manufacturer’s protocol. Briefly, 18.79 mg
IAA powder was dissolved in 1.5 mL methanol and diluted in
100 mL sterilized water. Likewise, 321 mg PCIB powder was
dissolved and diluted as aforementioned conditions. Thereafter,
the detached flowers were placed in a flask containing 100 mL
solution and covered with a silver sheet to protect them from
degradation. The control flowers were kept in with a similar
amount of volume of sterile water without IAA under the
same aforementioned conditions. Volatile content was analyzed
in flowers at the full-bloom stage. After analysis, all samples
were frozen in liquid nitrogen and stored at −80◦C for
further experiments. Three to five independent experiments
was performed with each experimental variant. A. thaliana and
N. benthamiana plants used for subcellular localization and BiFC
assays were grown in a growth chamber at 24◦C under a 12/12
light/dark cycle.

Sequence Alignment and Phylogenic
Analysis
The sequences of HcMYB1 and HcMYB2 were obtained from a
flower RNA-seq database for H. coronarium (SRP049915).
The related protein sequences were retrieved from the
NCBI database2. The protein sequences were aligned, and
a phylogenetic tree based on the R2R3-MYB domain was
constructed using Clustal � (Sievers et al., 2011) and MEGA X
(Kumar et al., 2018) software.

RNA Isolation, cDNA Synthesis, and
qRT-PCR
Total RNA was isolated from flowers at different stages of
development and different organs using a HiPure Plant RNA

2http://www.ncbi.nlm.nih.gov/

Mini Kit (Magen) following the manufacturer’s protocol. Each
1 µg RNA sample was reverse transcribed using a PrimeScript
RT Reagent Kit with Genomic DNA Eraser (Takara) following
the manufacturer’s suggestions. To generate primers for reverse-
transcription PCR (RT-PCR), the specific sequences of genes in
H. coronarium were selected, and primers for the genes were
designed with Primer 5.0 software (Abbas et al., 2020). The
reaction mixtures (20 µl) included 10 µL pink SYBR mix, 7.2 µl
distilled water, 0.4 µl each primer (10 µM), and 2.0 µl template
cDNA. The expression values were calculated using the 2−11Ct

method (Livak and Schmittgen, 2001). A similar procedure was
performed for all treatments using specific primers listed in
Supplementary Table 2.

Subcellular Localization Assay
The full-length fragments excluding the stop codon were fused
with the GFP gene in the p35S-EGFP-1 vector using SmaI at the
5′ end and SpeI at the 3′ end. The isolation and transformation of
Arabidopsis protoplasts were performed as described by Yoo et al.
(2007). The protoplasts were observed and photographed at 18 h
after transformation under a confocal laser-scanning microscope.

Virus-Induced Gene Silencing
Barley stripe mosaic virus (BSMV) was used for VIGS, as this
system has successfully been used in monocots (Renner et al.,
2009; Yuan et al., 2011). The pCaBSγ vector was linearized
with ApaI before inserting the fragments. To specifically silence
HcMYB1 and HcMYB2, a 280-bp fragment of each gene (from
the 3′ end) was amplified by PCR from H. coronarium cDNA
and inserted into pCaBSγ to produce pCaBSγ:HcMYB1 and
pCaBSγ:HcMYB2, respectively. The cultures were harvested by
centrifugation at 5000 rpm for 10 min and resuspended in
infiltration buffer (10 mM MgCl2, 0.1 mM acetosyringone,
10 mM MES, pH 5.6) to a final OD600 of ∼1. For VIGS,
flowers at the F1 stage were collected, dipped in the bacterial
suspension, and vacuum infiltrated at 0.8 MPa. After the vacuum
was released, the flowers were washed in deionized water, placed
into liquid MS medium, and cultured under a 12/12 h light/dark
cycle at 16◦C for 5 days. Total floral volatile compounds
were analyzed at the full-bloom stage via gas chromatography-
mass spectrometer (GC-MS); the experiment was replicated
three to four times.

Yeast One-Hybrid Assay
The yeast-one-hybrid assay was performed using the Gold
Yeast One Hybrid System (Clontech, Takara). To generate bait-
specific reporter strains, a 1131-bp fragment (−1 to −1131 bp
upstream of ATG) of the HcBSMT2 promoter and a 1555-bp
fragment (−1 to −1555 bp upstream of ATG) of the HcTPS5
promoter were inserted into pAbAi to generate HcBSMT2-pAbAi
and HcTPS5-pAbAi, respectively. The plasmids were integrated
into the genome of yeast strain Y1H Gold (Clontech, Takara)
via homologous recombination, and transformed colonies
were selected on uracil-deficient synthetic dropout (SD/-Ura)
medium. Different concentrations of the antibiotic AbA were
used to select the bait strains. To generate the prey constructs,
full-length HcMYB1 and HcMYB2 were cloned into pGAL4.
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The prey constructs were transformed into yeast cells harboring
the bait constructs. The in vivo DNA-binding activity was
determined based on the growth status of the transformed yeast
cells on leucine-deficient synthetic dropout (SD/-Leu) medium
supplemented with the selected concentration of AbA after
3–5 days of cultivation at 30◦C.

Yeast Two-Hybrid Assay
The full-length HcIAA2 and HcIAA4 sequences were ligated into
prey vector pGADT7 (AD). The coding sequences of HcIAA4,
HcMYB1, and HcMYB2 were cloned into bait vector pGBKT7
(BD). The prey construct and specific bait construct were
co-transformed into yeast strain Y2HGold, which harbors four
reporter genes (Ade, MEL1, His, and AUR1) under the control
of a GAL4-responsive promoter. The empty pGADT7 vector was
used as a blank control. The positive transformants that grew on
SD/-Trp medium were inoculated onto SD plates (SD/-Leu-Trp-
His-Ade) and incubated for 3–5 days at 30◦C; transactivation
activity was confirmed by growth on these plates. Yeast colonies
expressing the α-galactosidase MEL1 turned blue upon the
addition of X-α-Gal substrate (Clontech, TaKaRa). Primers used
to amplify the genes are listed in Supplementary Table 2.

Dual-Luciferase Transient Expression
Assay
To assay the transcriptional activities of HcMYB1 and HcMYB2,
the full-length coding regions were independently fused to
the GAL4 DNA-binding domain ligated to the pBD vector
and used as the effectors. The reporter vector was modified
from the pGreenII 0800-LUC vector, which includes the
firefly luciferase gene (LUC) driven by the CaMV 35S
minimal promoter with five repeats of upstream activating
sequence, as well as the 35S-promoter-driven Renilla reniformis
luciferase gene (REN) as an internal control. To examine
the binding of HcMYB1 and HcMYB2 to the promoters of
HcBSMT2 and HcTPS5, the promoters were cloned into the
pGreenII 0800-LUC double-reporter vector (Hellens et al.,
2005), whereas HcMYB1 and HcMYB2 were cloned into
the pGreenII 62-SK vector as effectors. The effector and
reporter plasmids were electroporated into Agrobacterium
tumefaciens strain EHA105 and injected into N. benthamiana
leaves with a needleless syringe. After 3–5 days, leaves were
collected and LUC and REN activities examined via a dual-
luciferase assay (Promega, United States) using a Luminoskan
Ascent Microplate Luminometer (Thermo Fisher, United States)
following the manufacturer’s protocol. The transactivation ability
and the binding activity of HcMYB1 and HcMYB2 are indicated
by the ratio of LUC to REN. Four or five measurements
were carried out for each combination and three independent
experiments were performed.

Electrophoretic Mobility Shift Assay
For EMSA, pGEX-4T-1 (GE Healthcare) was used to generate the
GST-HcMYB1 and GST-HcMYB2 expression vectors, which were
transformed into E. coli strain BM Rosetta (DE3). The expression
of the recombinant fusion proteins was induced by adding

0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Following
incubation at 28◦C for 8 h, the fusion proteins were purified
using Glutathione Superflow Resin (Clontech) according to the
manufacturer’s instructions. The fragments (∼50 bp) containing
putative MBE-binding sequences in the HcTPS5 and HcBSMT2
promoters were labeled with biotin. EMSA was carried out using
a Light Shift Chemiluminescent EMSA Kit (Thermo Scientific)
as previously described (Tan et al., 2019). The purified fusion
protein was incubated with biotin-labeled DNA fragments and
a 100-fold molar excess of unlabeled DNA fragments with the
same sequences that were used as competitors; GST protein
with labeled DNA was used as a negative control. The protein-
DNA complexes were separated by 5% native polyacrylamide
gel electrophoresis, detected based on chemiluminescence on a
ChemiDoc MP Imaging System (Bio-Rad), and transferred onto
a nylon membrane.

BiFC Assays
The full-length HcMYB1 and HcIAA4 sequences were separately
inserted into PUC-SPYNE and PUC-SPYCE to form HcMYB1-
YFPN and HcIAA4-YFPC, respectively. The empty vector
(control) and recombinant plasmids were transformed into
EHA105 competent cells, and different combinations of
Agrobacterium cultures were co-infiltrated into N. benthamiana
leaves. The plants were cultivated in an incubator under a
16 h/8 h light/dark cycle for 3 days, and the infiltrated leaves
were visualized under a Leica DM RXA2 upright fluorescence
microscope as described previously (Ke et al., 2019).

Measuring IAA Contents in H. corium
Flowers
The flower samples were ground to a fine powder in liquid
nitrogen (N2) and transferred to 15 mL tubes containing
5 mL extraction solvent (2:1:0.002 [v/v/v] 2-propanol:H2O:HCl).
The samples were sonicated for 15 min and incubated at
4◦C for 30 min with shaking (100 rpm). After adding 5 mL
dichloromethane, the samples were incubated under the same
conditions and centrifuged at 10,000 rpm for 10 min at 4◦C. The
samples were concentrated in the dark via aeration of the solvent
mixture using nitrogen gas, followed by the addition of 1.0 mL
methanol and purification through a Sep-PakTM C18 reverse-
phase extraction cartridge. The samples were dried completely,
dissolved in 200 µL methanol, and filtered through a 0.22-mm
PTFE filter. The IAA standards were prepared by dissolving IAA
standards in methanol (Sigma, United States). Chromatographic
and mass spectrometric conditions were as described previously
(Niu et al., 2014). The experiment was performed in three
biological and three technical replicates.

Ultraperformance Liquid
Chromatography-Tandem Mass
Spectrometry (UPLC-MS/MS)
For the quantification of targeted hormones, flower samples
were finely ground with liquid nitrogen following the
protocol as described in Pan et al. (2010). Briefly, finely
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grounded flower samples and an adequate amount of internal
standard (IS) were placed in 15 mL centrifuge tubes and
2-propanol/H2O/concentrated HCl (2:1:0.002, vol/vol/vol) were
added to each tube followed by shaking at a speed of 5000 rpm
for 10 min at 4◦C. Thereafter, supernatants were transferred
into a new tube and subjected under a gentle stream of highly
purified nitrogen gas to a final volume of 3 mL and pH was
adjusted to 8.0. Add twice the volume of petroleum ether to
the solvent phase and shake at a speed of 5000 rpm for 10 min
at 4◦C and repeat this step. The sample solution was injected
into the reverse-phase C18 Gemini HPLC column for UPLC-
MS/MS analysis. The parameters of mass spectrometry for the
measurement of hormones in the H. coronarium flowers are given
in Supplementary Table 4. The experiment was performed in
three biological and three technical replicates.

GC-MS Analysis
To analyze volatile compounds, a flower was placed in a 250-mL
glass bottle and covered with an aluminum sheet; ethyl caprate
was used as an internal standard. After 30 min of incubation, a
PDMS fiber was inserted into the bottle, incubated for 30 min
to adsorb volatiles, and injected into a gas chromatography-mass
spectrometry system (Agilent) for volatile analysis as described
previously (Yue et al., 2015). The experiment was performed in
five to seven biological replicates.

Statistical Analysis
All data were analyzed using LSD with Origin software.
P-values < 0.05 were considered to be significant.
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