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Anthocyanins and volatile phenylpropenes (isoeugenol and eugenol) in petunia (Petunia hybrida) flowers have the precursor
4-coumaryl coenzyme A (CoA) in common. These phenolics are produced at different stages during flower development.
Anthocyanins are synthesized during early stages of flower development and sequestered in vacuoles during the lifespan of
the flowers. The production of isoeugenol and eugenol starts when flowers open and peaks after anthesis. To elucidate
additional biochemical steps toward (iso)eugenol production, we cloned and characterized a caffeoyl-coenzyme A
O-methyltransferase (PhCCoAOMT1) from the petals of the fragrant petunia ‘Mitchell’. Recombinant PhCCoAOMT1 indeed
catalyzed the methylation of caffeoyl-CoA to produce feruloyl CoA. Silencing of PhCCoAOMT1 resulted in a reduction of
eugenol production but not of isoeugenol. Unexpectedly, the transgenic plants had purple-colored leaves and pink flowers,
despite the fact that cv Mitchell lacks the functional R2R3-MYB master regulator ANTHOCYANIN2 and has normally white
flowers. Our results indicate that down-regulation of PhCCoAOMT1 activated the anthocyanin pathway through the R2R3-
MYBs PURPLE HAZE (PHZ) and DEEP PURPLE, with predominantly petunidin accumulating. Feeding cv Mitchell flowers
with caffeic acid induced PHZ expression, suggesting that the metabolic perturbation of the phenylpropanoid pathway underlies
the activation of the anthocyanin pathway. Our results demonstrate a role for PhCCoAOMT1 in phenylpropene production and
reveal a link between PhCCoAOMT1 and anthocyanin production.

Phenylpropanoids represent an important class of
widespread plant secondary metabolites derived from
L-Phe. These essential compounds provide protection
against UV light (flavonoids) and serve as structural

components of cell walls (lignins). They also function in
the defense against herbivores and pathogens, while
floral pigments (anthocyanins) and scent compounds
(volatile phenylpropanoids) mediate plant-pollinator
interactions (Bhuiyan et al., 2009; Vanholme et al.,
2010; Klahre et al., 2011; Falcone Ferreyra et al., 2012;
Sheehan et al., 2012; Dudareva et al., 2013).

Petunia spp. are a model system in which to study
anthocyanin and volatile phenylpropanoid biosyn-
thesis due to the existence of cultivars with a variety
of flower colors and scent bouquets (Tsuda, 2004;
Quattrocchio et al., 2006; Schuurink et al., 2006).
While most colored petunia varieties are scentless
and used for the investigation of anthocyanin bio-
synthesis, the white varieties are fragrant and used to
study the formation of volatile phenylpropanoids.
Across Petunia spp., carbon allocation into scent or
color compounds appears to be tightly regulated and
tailored to attracting specific pollinators. For exam-
ple, nocturnal hawkmoths are attracted to the fra-
grant white flowers of Petunia axillaris, bees to the
slightly fragrant colored Petunia integrifolia, and
hummingbirds to the brightly colored, scentless Petunia
exserta (Ando et al., 2001; Hoballah et al., 2007; Klahre
et al., 2011).
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Petunia (Petunia hybrida ‘Mitchell’) has white flowers
emitting high levels of Phe-derived volatiles: phenyl-
acetaldehyde, phenylethylalcohol, methylbenzoate,
benzylbenzoate, methylsalicylate, benzaldehyde,
benzylalcohol, benzylacetate, phenylethylbenzoate,
isoeugenol, eugenol, and vanillin. Based on the carbon
side chain attached to the benzene ring, these com-
pounds can be divided into three groups: benzenoids
(C6-C1), phenylpropanoid-related compounds (C6-C2),
and phenylpropenes (C6-C3). L-Phe acts as an immedi-
ate precursor for the C6-C2 compounds, whereas it is
subjected to deamination by phenylalanine ammonia
lyase (PAL) to form trans-cinnamic acid (t-CA), a
starting metabolite for the biosynthesis of precursors
for C6-C1 and C6-C3 compounds (Fig. 1). Formation of
the benzenoids (C6-C1) from t-CA requires shortening
of the side chain by a C2 unit, whichwas shown to occur
via the b-oxidative pathway (Van Moerkercke et al.,
2009; Qualley et al., 2012). The volatile C6-C3

(phenylpropenes) compounds have been proposed to
share the initial biosynthetic steps with the lignin bio-
chemical pathway up to the formation of coniferyl
alcohol. In this pathway, t-CA is first hydroxylated
to p-coumaric acid, which is then converted to 4-
coumaryl-CoA (Klempien et al., 2012), the branch point
metabolite between anthocyanin and phenylpropene
synthesis (Fig. 1; Boerjan et al., 2003; Dexter et al., 2007).
While some phenylpropene-forming enzymes have
been isolated and characterized from petunia,
including PhCCR1, PhCFAT, PhEGS, and PhIGS
(Fig. 1; Dexter et al., 2007; Koeduka et al., 2008, 2009;
Muhlemann et al., 2014), there is still no genetic or
biochemical evidence that all monolignol biosynthetic
steps are shared with phenylpropene formation.

In anthocyanin biosynthesis, 4-coumaryl-CoA is
converted by chalcone synthase (CHS) to chalcone,
which undergoes further enzymatic modification to
produce a variety of anthocyanins. The variations in

Figure 1. Metabolic pathways leading to volatile C6-C1, C6-C2, and C6-C3 compounds in petunia petals. The phenylpropene
pathway is shaded gray, and the CCoAOMT reaction is illustrated in boldface letters. 4-Coumaryl-CoA is the precursor for
flavonoid/anthocyanin biosynthesis. Solid arrows indicate established biochemical steps, while broken arrows represent hypo-
thetical steps. Stacked arrows illustrate the involvement of multiple enzymatic reactions. 4CL, 4-Coumarate-CoA ligase; BPBT,
benzoyl-CoA:benzyl alcohol/phenylethanol benzoyltransferase; BSMT, S-adenosyl-L-Met:benzoic acid/salicylic acid methyl-
transferase; C4H, cinnamate-4-hydrolase; CCR, cinnamoyl-CoA reductase; CFAT, coniferylalcohol acetyltransferase; DFR,
dihydroflavonol reductase; EGS, eugenol synthase; IGS, isoeugenol synthase; PAAS, phenylacetaldehyde synthase.
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color and scent between petunia cultivars suggest that
anthocyanin and phenylpropene pathways are closely
regulated (Cna’ani et al., 2015). Previous studies
revealed that two R2R3-MYB transcription factors,
ANTHOCYANIN2 (AN2) and ODORANT1 (ODO1),
drive anthocyanin and volatile phenylpropanoid bio-
synthesis, respectively (Hoballah et al., 2007; Klahre
et al., 2011). Interestingly, only a few studies have fo-
cused on interactions between phenylpropene and an-
thocyanin pathways in petunia (Verdonk et al., 2005;
Ben Zvi et al., 2008; Cna’ani et al., 2015), leaving an
open question about the carbon flux distribution
between these two biosynthetic pathways and their
coregulation.
Caffeoyl-coenzymeAO-methyltransferases (CCoAOMTs)

have been studied in many plant species, includ-
ing poplar (Populus spp.; Zhong et al., 2000),
alfalfa (Medicago sativa; Marita et al., 2003), tobacco
(Nicotiana tabacum; Zhong et al., 1998), and Arabidopsis
(Arabidopsis thaliana; Do et al., 2007), as key enzymes
in lignin biosynthesis. Here, we describe a role for
PhCCoAOMT1 in volatile phenylpropene (C6-C3) for-
mation in petunia ‘Mitchell’ and its link to the regula-
tion of anthocyanin production. We show that, like the
previously characterized CCoAOMTs, recombinant
PhCCoAOMT1 catalyzes the methylation of caffeoyl-
CoA to feruloyl-CoA and is involved in phenyl-
propene biosynthesis, specifically eugenol, with
minor effects on lignin formation. Interestingly,
PhCCoAOMT1 down-regulation leads to the accumu-
lation of anthocyanins in flowers and vegetative tissues,
highlighting the metabolic connection between scent
and color biosynthesis.

RESULTS

Functional Expression of PhCCoAOMT1

To extend the investigation of the contribution of the
monolignol pathway to the biosynthesis of volatile phe-
nylpropenes (Fig. 1;Muhlemann et al., 2014), we obtained
from our petunia petal EST database one putative
CCoAOMT with similarity to CCoAOMTs. This putative
PhCCoAOMT1 encodes a protein with 85% and 90%
similarity to the biochemically characterized CCoAOMTs
fromVitis vinifera (Busam et al., 1997) and tobacco (Maury
et al., 1999), respectively. Since the R2R3-MYB transcrip-
tion factor ODO1 is one of the master regulators of
phenylpropanoid/benzenoid volatile production in pe-
tunia (Verdonk et al., 2005; Van Moerkercke et al., 2012)
and can up-regulate CCoAOMTs in tomato (Solanum
lycopersicum; Dal Cin et al., 2011), we tested whether
down-regulation of ODO1 affected PhCCoAOMT1 tran-
script levels. Indeed, the PhCCoAOMT1 mRNA levels
were significantly reduced in ODO1-silenced lines com-
pared with the wild type (Supplemental Fig. S1), indi-
cating that PhCCoAOMT1 expression is ODO1 dependent
and, thus, likely involved in scent production. To verify
the enzymatic activity of PhCCoAOMT1, its coding

region was cloned in the Escherichia coli expression vector
pGEX-KG with an N-terminal glutathione S-transferase
(GST) tag, which facilitated purification of the recombi-
nant protein. The purifiedprotein preferentially converted
caffeoyl-CoA to feruloyl CoA, was able to methylate
5-hydroxyferuloyl-CoA, andno activitywasdetectedwith
caffeic acid or 5-hydroxyferulic acid (Supplemental Table
S1), consistentwith the substrate specificities of previously
characterized CCoAOMTs (Inoue et al., 1998; Martz et al.,
1998; Maury et al., 1999). PhCCoAOMT1 is localized to
the cytosol in planta (Supplemental Fig. S2), similar to the
subcellular localization of other CCoAOMTs (Chen et al.,
2000; Wang et al., 2013).

Down-Regulation of PhCCoAOMT1 Expression Reduces
Eugenol Biosynthesis

To investigate the role of PhCCoAOMT1 within the
phenylpropanoid network, its expression was reduced
via an RNA interference (RNAi) strategy. A hairpin
construct of PhCCoAOMT1 was generated, using the 39
untranslated region under the control of a cauliflower
mosaic virus 35S promoter, and used to transform cv
Mitchell. Eighteen independent ir-PhCCoAOMT1 lines
were obtained. After characterization of the transcript
levels of PhCCoAOMT1 in petals from all T0 lines by
quantitative reverse transcription (qRT)-PCR, three inde-
pendent lines were brought to the next generations (line
10 to T1 and lines 4 and 13 to T3). All three lines showed a
statistically significant reduction of approximately 40% in
PhCCoAOMT1 mRNA levels in petunia petals (Fig. 2).

To determine the effect of reduced PhCCoAOMT1
transcript levels on volatile production and emission
in transgenic lines, emitted volatiles and their in-
ternal pools were measured by gas chromatography-
mass spectrometry (GC-MS). We focused on the

Figure 2. Down-regulation of PhCCoAOMT1 in petunia flowers.
PhCCoAOMT1 transcript levels were determined by qRT-PCR. Petal
limbs from three independent ir-PhCCoAOMT1 lines (line 10 in the T1
generation and lines 4 and 13 in the T3 generation) and cv Mitchell as
the wild-type control (WT) were collected from 2-d-old flowers. Ex-
pression values are depicted relative to the wild type, with its average
value set to 1. Mean values6 SE of three biological replicas are shown,
normalized for FLORAL BINDING PROTEIN1 (FBP1) transcript levels.
*, P , 0.05 as determined by Student’s t test of each transgenic line
compared with the wild type.

Plant Physiol. Vol. 170, 2016 719

Metabolic Connection between Color and Scent in Petunia

http://www.plantphysiol.org/cgi/content/full/pp.15.01646/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01646/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01646/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01646/DC1


phenylpropenes (C6-C3), since we hypothesized that
PhCCoAOMT1 is involved in the pathway leading to
their production. Interestingly, internal pools of euge-
nol, but not of isoeugenol, were significantly decreased
in all three transgenic lines compared with the wild
type (Fig. 3A). The emission of eugenol showed a trend
toward reduction, albeit not significantly, while
isoeugenol emission was not affected in these ir-
PhCCoAOMT1 plants (Fig. 3B). Interestingly, the petals
of lines 4 and 13 emitted more phenylacetaldehyde
(C6-C2; Fig. 3B). In addition, line 13 emitted more phe-
nylethylbenzoate (C6-C1/C2) and produced more ben-
zylbenzoate (C6-C1), which was not observed in the
other two lines (Fig. 3B). Emission and internal pools of
all other volatiles remained unaffected; thus, down-
regulation of PhCCoAOMT1 exclusively affects euge-
nol production in all three transgenic lines.

Down-Regulation of PhCCoAOMT1 Expression Leads to
the Coloration of Petunia Tissues

Unexpectedly, most of the 18 independent ir-
PhCCoAOMT1 lines had purple leaves already during

earlier stages of the transformation process (e.g.
during leaf initiation). In those lines, the floral buds
were purple, whereas the petals had a pink blush
upon opening that faded in older flowers. In
addition, stems and leaves appeared purple (Fig. 4,
A and B), and cross sections of stems displayed
purple pigmentation in vascular bundles (Fig. 4D).
This phenotype prompted us to examine whether
PhCCoAOMT1 transcript levels were affected in leaves
of ir-PhCCoAOMT1 lines. Indeed, PhCCoAOMT1 ex-
pression in leaves was highly reduced compared
with the wild type, with the strongest reduction in
line 4 (80%), which was much stronger than in
petals (Fig. 5).

PhCCoAOMT1 Belongs to a Small Gene Family

CCoAOMTs belong to a small gene family in other
plant species like Arabidopsis and tobacco (Martz et al.,
1998; Raes et al., 2003); thus, we searched the P. axillaris
genome that has become available to the petunia com-
munity (http://flower.ens-lyon.fr/PetuniaPlatform/
PetuniaPlatform.html) for more PhCCoAOMTs. This

Figure 3. Effects of PhCCoAOMT1 silencing on volatile production. A, Internal levels of volatile phenylpropanoid/benzenoid
compounds in petal limbs of cv Mitchell wild-type control (WT) and ir-PhCCoAOMT1 plants (line 10 in the T1 generation and
lines 4 and 13 in the T3 generation). Three flowerswere used for each biological replicate. Volatile levels in the wild type were set
to 100%. Mean values 6 SE of three biological replicates are shown, standardized using tetralin. B, Emission of volatile
phenylpropanoid/benzenoid compounds from petal limbs of cv Mitchell and ir-PhCCoAOMT1 plants. Three flowers were used
for each biological replicate. Volatiles were collected from three detached flowers per biological replicate for 24 h (n = 3) and
were analyzed byGC-MS. Emission of each volatile by the wild-type petals was set to 100%.Mean values6 SE of three biological
replicates are shown, standardized using tetralin. Letters indicate significant differences among lines (ANOVA followed by
Tukey’s posthoc analysis, P , 0.05).
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search revealed two additional putative PhCCoAOMTs,
designated PhCCoAOMT2 and PhCCoAOMT3. At the
same time, we performed proteomics on cv Mitchell
petals and detected several peptides (Supplemental
Table S2) that matched the predicted amino acid se-
quence of either PhCCoAOMT2 or PhCCoAOMT3,
indicating that these two putative CCoAOMTs
are also expressed in petunia petals. Subsequently,
the full-length complementary DNAs (cDNAs) of
PhCCoAOMT2 and PhCCoAOMT3 were obtained
from petal mRNA. The predicted amino acids
sequences of PhCCoAOMT2 and PhCCoAOMT3
share 84.7% and 88.7% identity with PhCCoAOMT1,
respectively. A homology tree with proteins from the

plant O-methyltransferase A1 subfamily (Provenzano
et al., 2014) shows that the three PhCCoAOMTs
are highly related to characterized caffeoyl-CoA
O-methyltransferases (Supplemental Fig. S3). Re-
combinant proteins of both PhCCoAOMT2 and
PhCCoAOMT3 were able to convert caffeoyl-CoA
to feruloyl-CoA and exhibited substrate specificities
similar to PhCCoAOMT1 (Supplemental Table S1).
Analysis of the PhCCoAOMT2 and PhCCoAOMT3
transcript levels in petals of ir-PhCCoAOMT1 lines
revealed that they were not affected (Supplemental Fig.
S4), suggesting that the reduction in PhCCoAOMT1
mRNA is responsible for the observed phenotypes in
these lines.

Figure 4. Phenotypes of ir-
PhCCoAOMT1 plants. A and B,
Buds (A) and open flowers (B). The
cv Mitchell wild-type control (WT)
produces white (open) flowers,
whereas the transgenic lines have
purple-blushed flowers. C, Pigmen-
tation in leaves and stems of wild-
type and ir-PhCCoAOMT1 plants. D,
Unstained histological stem cross
sections (300 mm) of cv Mitchell and
PhCCoAOMT1 line 13. The cross
sections were made from 2-month-
old plants. Bars = 25 mm.
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PhCCoAOMT1 Is Not Expressed Exclusively in the Flowers

PhCCoAOMT1 was highly expressed in petal limbs
and tubes, and low levels of transcripts were also detec-
ted in stems, roots, and leaves (Figs. 5 and 6A). Thus, like
the other known biosynthetic genes responsible for the
formation of phenylpropanoid/benzenoid volatile com-
pounds (Colquhoun et al., 2010), PhCCoAOMT1 is most
highly expressed in flowers. In petals, PhCCoAOMT1
transcript levels were developmentally regulated: ex-
pression was low in closed floral buds, increased con-
sistently throughout the developmental stages until
anthesis (Fig. 6B), and then reached the lowest level upon
senescence. Interestingly, the expression patterns of
PhCCoAOMT2 and PhCCoAOMT3 resemble that of
PhCCoAOMT1 (Supplemental Fig. S5). Another hallmark
of scent-related phenylpropanoid/benzenoid biosyn-
thetic genes in petunia is a diurnal rhythmicity in their
expression (Fenske et al., 2015). PhCCoAOMT1 transcript
levels peaked approximately 3 to 4 h before the onset of
the dark period (Fig. 6C), like most of the scent biosyn-
thetic genes (Colquhoun et al., 2010), thus preceding the
production of (iso)eugenol (Verdonk et al., 2003). The
expression of PhCCoAOMT2 and PhCCoAOMT3 also
exhibiteddiurnal rhythms, similar to that ofPhCCoAOMT1
(Supplemental Fig. S5), with PhCCoAOMT3 peaking later,
just before the dark period.

Anthocyanin Biosynthesis Is Activated in
ir-PhCCoAOMT1 Plants

The ir-PhCCoAOMT1 plants displayed a purple pig-
mentation in their flowers and vegetative tissues, which
could be due to an increase in anthocyanin production.
Liquid chromatography-mass spectrometry analysis of
anthocyanin levels showed that petals, leaves, and
stems of the ir-PhCCoAOMT1 plants indeed accumu-
lated delphinidin, malvidin, peonidin, and petunidin.
In all anthocyanin-accumulating tissues, petunidin was

the major compound, leading to the purple color of
plants, with the highest levels in leaves and stems
(Fig. 7A). These data further support that, in ir-
PhCCoAOMT1 plants, the metabolite pathway flux to-
ward anthocyanin production is increased. To explore
the molecular mechanisms of enhanced anthocyanin
formation in ir-PhCCoAOMT1 transgenic lines, we an-
alyzed the transcript levels of DIHYDROFLAVANOL
4-REDUCTASE (DFR), CHSA and CHSJ, FLAVONOID
3959 HYDROXYLASE (F3959H), GST (AN9), and

Figure 5. Transcript levels of PhCCoAOMT1 in petunia leaves. Leaves
from ir-PhCCoAOMT1 and cv Mitchell wild-type control (WT) plants
were collected from nodes 7 to 10, and transcript levels were deter-
mined by qRT-PCR. Expression values are depicted relative to the wild
type, with its average value set to 1. Mean values6 SE of three biological
replicas are shown, normalized for ELONGATION FACTOR
1a (EF1a). *, P, 0.05 and **, P, 0.01 as determined by Student’s t test
of each transgenic line compared with the wild type.

Figure 6. Expression profiles of PhCCoAOMT1 in cv Mitchell. All
transcript levels were determined by qRT-PCR. Mean values 6 SE of
three biological replicates are shown. A, Tissue-specific expression. The
PhCCoAOMT1 transcript levels were normalized for EF1a and are
shown relative to levels in petal limbs. B, Developmentally regulated
expression in petal limbs. The PhCCoAOMT1 transcript levels were
normalized for FBP1 and are shown relative to levels at anthesis. C,
Rhythmic expression in petal limbs. Petal limbs after anthesis were
collected for every 3-h interval for 30 h. The PhCCoAOMT1 transcript
levels were normalized for FBP1 and are shown relative to levels at 14 h
on day 1.
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ANTHOCYANIDIN SYNTHASE (ANS) in flowers and
leaves. DFR is the first committed enzyme in the an-
thocyanin biosynthetic pathway in petunia flowers
(Huits et al., 1994). Down-regulation of PhCCoAOMT1
indeed resulted in elevated transcript levels of these six
genes in both flowers and leaves (Fig. 7, B and C).

Silencing of PhCCoAOMT1 Perturbs Gene Expression as
Well as CoA Ester and Lignin Levels

To get more insight into the underlying metabolic
perturbations in ir-PhCCoAOMT1 plants that led to the
production of anthocyanins, to lower levels of eugenol
and higher production of phenylacetaldehyde, the
levels of several CoA ester pathway intermediates were
measured. Since CCoAOMT catalyzes the conversion
of caffeoyl-CoA to feruloyl-CoA, feruloyl-CoA levels
were expected to be lower in ir-PhCCoAOMT1 than in
wild-type control plants. However, PhCCoAOMT1
down-regulation affected the levels of all four CoA es-
ters measured in petunia petals (Fig. 8A). Unexpect-
edly, feruloyl-CoA levels were higher, albeit not

significantly, in transgenic plants, whereas therewas no
accumulation of caffeoyl-CoA, as its level was unde-
tectable, perhaps being incorporated in the anthocya-
nins (Griesbach et al., 1991; Provenzano et al., 2014).
Upstream of caffeoyl-CoA, benzoyl-CoA levels in-
creased and its precursor cinnamoyl-CoA decreased.
4-Coumaryl-CoA levels were much lower in the ir-
PhCCoAOMT1 plants, because it is the precursor of the
anthocyanins and was likely depleted to sustain an el-
evated production of these compounds.

Overall, this metabolic analysis showed that the ho-
meostasis of the CoA esters was severely perturbed in
ir-PhCCoAOMT1 transgenic lines. We also measured
transcript levels of the genes downstream of
CCoAOMT known to be involved in phenylpropene
biosynthesis, including PhCCR1, which catalyzes the
conversion of feruloyl-CoA to coniferylaldehyde
(Muhlemann et al., 2014), PhCFAT, which is responsible
for the acetylation of coniferyl alcohol (Dexter et al.,
2007), and PhIGS and PhEGS, which are responsible
for isoeugenol and eugenol formation, respectively
(Koeduka et al., 2006, 2008). Interestingly, transcript
levels of PhCCR1 and PhEGSwere significantly lower in

Figure 7. Accumulation of antho-
cyanin and expression of an-
thocyanin biosynthetic genes in
ir-PhCCoAOMT1 petals and vegeta-
tive tissues. A, Anthocyanin levels in
petal limbs, leaves, and stems using
liquid chromatography-mass spec-
trometry. B and C, Transcript levels
of DFR, CHSA, CHSJ, F3959H, GST
(AN9), and ANS in ir-PhCCoAOMT1
petal limbs (B) and leaves (C), nor-
malized with FBP1 and EF1a, re-
spectively. Mean values6 SE of three
biological replicates are shown. *,
P, 0.05, **, P, 0.01, and ***, P,
0.001 as determined by Student’s t
test of each transgenic line com-
pared with the wild type (WT).
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transgenic lines relative to the control (Fig. 8B). In
contrast, PhIGS and PhCFAT mRNA levels were
unchanged, although PhIGS mRNA appeared to be
slightly but not significantly lower in transgenic
lines. The lower PhCCR1 transcript levels may ex-
plain the higher levels of feruloyl-CoA, the substrate
for CCR, and the lower PhEGS transcript levels

correlate with the reduced production of eugenol, the
product of EGS. Consistent with the PhEGS transcript
levels, EGS activity was significantly decreased in
the ir-PhCCoAOMT1 lines relative to the control
(Fig. 8C). IGS activities were only slightly decreased in
transgenic lines, in line with the PhIGS transcript level
(Fig. 8C).

Figure 8. Quantification of CoA es-
ters and transcript levels of phenyl-
propene biosynthesis-related genes
in petunia petal limbs of the wild
type (WT) and ir-PhCCoAOMT1
lines. A, Hydroxycinnamoyl-CoA
esters. Mean values 6 SE of four
biological replicates are shown. FW,
Fresh weight. B, Transcript levels of
PhCCR, PhCFAT, PhIGS, and PhEGS.
Mean values 6 SE of three biological
replicates are shown, normalized for
FBP1 transcript level. Expression
values are depicted relative to the
wild type, with its average value set
to 1. C, EGS and IGS enzymatic ac-
tivities. Significant differences be-
tween transcript levels of the wild
type and each transgenic line were
determined by Student’s t test: *, P,
0.05 and **, P , 0.01.
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We also analyzed the expression of several other
genes involved in benzenoid/phenylpropanoid vola-
tile production. Transcript levels of PhODO1 and
PhBSMT1 were similar in transgenic and wild-type
petals, while PhBPBT1 expression was considerably
higher in line 13, correlating with higher phenyl-
ethylbenzoate and benzylbenzoate levels (Fig. 3;
Supplemental Fig. S6). Transcript levels of PhPAAS
were similar in transgenic and wild-type petals in spite
of the fact that phenylacetaldehyde emission was
higher in the transgenic lines (Supplemental Fig. S6).
Since it has been shown that CCoAOMT is involved in
lignin biosynthesis in plants (Vanholme et al., 2010),
lignin levels weremeasured in petals and leaves aswell.
In spite of the fact that we did not see a phenotype re-
lated to lower lignin formation, the total lignin levels
were indeed reduced significantly in both petals and
leaves of the ir-PhCCoAOMT1 line 13 (Fig. 9). In summary,
silencing of PhCCoAOMT1 perturbs the steady-state
levels of the CoA esters, total lignin, and transcripts of
several phenylpropene biosynthetic genes.

Regulation of Anthocyanin Biosynthesis in
ir-PhCCoAOMT Lines

In colored petunia petal limbs, DFR expression is
controlled by the R2R3-MYB transcription factor AN2
(Quattrocchio et al., 1999). However, cvMitchell flowers
lack pigmentation due to an AN2 mutation. Therefore,
other MYB transcription factors are likely to be involved
in anthocyanin regulation in the ir-PhCCoAOMT1 lines.
It was recently shown that ectopic overexpression in cv
Mitchell of PURPLE HAZE (PHZ) or DEEP PURPLE
(DPL), twoAN2 paralogs (Albert et al., 2011), leads to an
activation of anthocyanin biosynthesis in flowers and
vegetative tissues (Albert et al., 2011). Thus, transcript
levels of PHZ and DPL were analyzed in cv Mitchell
control and ir-PhCCoAOMT1 lines. Up to 8-fold higher
transcript levels of PHZ andDPLwere observed in limbs
of open petals of ir-PhCCoAOMT1 plants relative to the
control (Fig. 10A). Similarly, in leaves, PHZ and DPL
transcript levels were elevated up to 30-fold relative to
the control plants (Fig. 10B).

We hypothesized that the induction of PHZ and/or
DPL expression results from the metabolic perturba-
tion of the phenylpropanoid network. For instance,
higher levels of benzoyl-CoA (Fig. 8) or benzoic acid
may induce anthocyanin biosynthesis, since it has
been shown that benzoic acid induces PAL in cultured
cells of Chenopodium rubrum (Ehness et al., 1997). To
test this hypothesis, petunia flowers were fed with the
organic acids that are intermediates in the phenyl-
propanoid pathways. Interestingly, feeding of flowers
with caffeic acid induced PHZ expression but not
DPL, while benzoic acid, ferulic acid, p-coumaric acid,
and cinnamic acid (Fig. 10C; Supplemental Fig. S7)
had no effect on PHZ transcript levels. Taken together,
these results suggest that the purple phenotype ob-
served in ir-PhCCoAOMT1 transgenic lines is due to
an activation of PHZ expression, possibly through
caffeic acid, which, in turn, up-regulates the antho-
cyanin biosynthetic pathways leading to anthocyanin
accumulation.

DISCUSSION

CCoAOMTs are widely distributed across all flow-
ering plant species (Vanholme et al., 2010). They were
mainly studied due to their role in lignin biosynthesis,
as they provide the phenylpropanoid precursor
feruoyl-CoA for monolignols (Barros et al., 2015). The
monolignol pathway was shown to also contrib-
ute to the production of volatile phenylpropenes
(Muhlemann et al., 2014), although the CCoAOMT in-
volvement in their formation has not been shown. We
show here that PhCCoAOMT1 indeed contributes
to the volatile phenylpropene formation and that
down-regulation of its expression leads to an acti-
vation of the biosynthesis of other phenylpropanoids
(i.e. anthocyanins).

Despite the fact that two, also functional (Supplemental
Table S1), PhCCoAOMT1 homologs are expressed
in petunia petals (Supplemental Figs. S4 and S5),
RNAi suppression of PhCCoAOMT1 alone resulted in a
visible phenotype (Fig. 4). Transgenic ir-PhCCoAOMT1
plants had colored flowers accumulating anthocyanins
(Fig. 7A), despite the lack of a functional AN2 tran-
scription factor, the key regulator of anthocyanin bio-
synthesis (Quattrocchio et al., 1999; Hoballah et al.,
2007). An increase in anthocyanin levels was also ob-
served in leaves (even at a higher degree than in petals;
Figs. 4 and7),where the relative reduction inPhCCoAOMT1
transcript levels by an RNAi construct under the
control of the cauliflower mosaic virus 35S promoter
was greater than in petals (Figs. 2 and 5). These results
suggest that the molecular mechanism(s) responsible
for the anthocyanin production is likely very similar in
leaves and petals. Indeed, the expression of two R2R3-
MYB transcription factors, PHZ and DPL, known to
activate anthocyanin biosynthesis (Albert et al.,
2011) was up-regulated in both leaves and petals (Fig.
10, A and B).

Figure 9. Effects of PhCCoAOMT1 silencing on lignin. Total lignin
levels were quantified in petal limbs (A) and leaves (B) of wild-type
control plants (WT) and transgenic lines 4 and 13. Mean values 6 SE of
four biological replicates are shown. *, P , 0.05 as determined by
Student’s t test of each transgenic line comparedwith the wild type. FW,
Fresh weight.
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The mechanisms up-regulating PHZ and DPL ex-
pression in leaves and petals remain undetermined.
In petals, down-regulation of other members of
the monolignol pathway, PhCCR1 or PhCFAT, both
acting downstream of CCoAOMT, or COUMARATE-
COENZYMEALIGASE, acting upstreamof CCoAOMT,
did not affect anthocyanin biosynthesis (Dexter et al.,
2007; Klempien et al., 2012; Muhlemann et al., 2014).
Thus, it is possible that a metabolic imbalance in either
the CoA esters or their acids can lead to the up-
regulation of PHZ and DPL transcription factors.
Comparative analyses of CoA esters in RNAi lines for
which CoA esters have been measured, PhCCR1,
CINNAMATE-COENZYME A LIGASE, CINNAMOYL-
COENZYME A HYDRATASE-DEHYDROGENASE,
and PhCCoAOMT1 (Klempien et al., 2012; Qualley
et al., 2012; Muhlemann et al., 2014), showed that the
only difference between all these lines is the elevated
benzoyl-CoA levels in the ir-PhCCoAOMT1 plants. This
suggests that benzoyl-CoA or, alternatively, benzoic
acid might serve as an inducer of anthocyanin biosyn-
thesis, as the latter has been shown to up-regulate PAL
expression in cultured cells of C. rubrum (Ehness et al.,
1997). However, when tested, benzoic acid did not, but
caffeic acid did, induce PHZ expression (Fig. 10C). One
plausible scenario is that perturbation of caffeic acid or
caffeoyl-CoA levels at some point during flower de-
velopment by PhCCoAOMT1 down-regulation leads
to an elevated PHZ expression and, subsequently,

anthocyanin accumulation. This might occur in the
flower buds when PhCCoAOMT1 is already expressed
at low levels (Fig. 6B).

PHZ and DPL expression in open petals of ir-
PhCCoAOMT1 plants is unusual, since, in general,
anthocyanin biosynthesis in colored petunia flowers
occurs early in development, before flower opening,
and precedes floral volatile biosynthesis. In petunia,
expression of the AN2 transcription factor is turned off
after anthesis, and as a consequence, anthocyanin pro-
duction ceases (Verdonk et al., 2005; Albert et al., 2014).
The cv Mitchell used in this study lacks the functional
MYB transcription factors AN2 and AN4 (Quattrocchio
et al., 1999), which regulate color production. Thus, in
ir-PhCCoAOMT1 flowers, PHZ and DPL are presum-
ably responsible for anthocyanin formation, which
takes place simultaneously with scent production. To
date, there are other examples demonstrating a link
between Phe-derived scent and color compounds. This
connection has been shown in carnation (Dianthus
caryophyllus), where the silencing of FLAVONOID 39,59-
HYDROXYLASE, involved in anthocyanin biosynthesis,
led to the redirection of carbon flux from anthocyanins
to benzoates, resulting in a reciprocal increase in
methylbenzoate production coupled to a decrease in
pelargonidin (Zuker et al., 2002). In addition, the si-
multaneous enhancement of both pathways was ach-
ieved by introducing the Arabidopsis PRODUCTION
OF ANTHOCYANIN PIGMENT1 (AtPAP1) MYB

Figure 10. Effects of PhCCoAOMT1
silencing on transcript levels of PHZ
and DPL. A and B, Transcript levels
were determined from petal limbs
(A) and leaves (B) by qRT-PCR from
ir-PhCCoAOMT1 lines 4 and 13 and
cv Mitchell as the wild-type control
(WT). Mean values 6 SE of three bi-
ological replicates are shown, nor-
malized for FBP1. *, P, 0.05 and **,
P, 0.01 as determined by Student’s
t test of each transgenic line com-
paredwith thewild type. C, Effects of
caffeic acid on PHZ and DPL ex-
pression in cvMitchell flowers. Two-
day-old open flowers were detached
from plants and fed with Suc with
vitamin C added (control) or addi-
tionally caffeic acid for 24 and 48 h.
Mean values 6 SE of four biological
replicas are shown, normalized for
FBP1 transcript levels. Letters indi-
cate significant differences among
lines (ANOVA followed by Tukey’s
posthoc analysis, P , 0.05).
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transcription factor into petunia (Ben Zvi et al., 2008).
The results obtained in this work are in line with pre-
vious studies and show that some metabolite interme-
diates in the scent pathway may regulate the transcript
levels of transcription factors involved in color forma-
tion. The regulation of gene expression by a metabolite
is not unique to ir-PhCCoAOMT1 petunia plants. An-
other example of this type of regulation by a metabolite
was shown in Arabidopsis, where methylerythritol
cyclodiphosphate accumulation, related to the terpe-
noid precursor pathway, induced stress-related genes
(Xiao et al., 2012).
In contrast to ir-PhCCoAOMT1, no increase in an-

thocyanin but an increase in flavonol glycosides pro-
duction was observed in the ccoaomt1 Arabidopsis
mutant (Vanholme et al., 2012), suggesting that differ-
ent modes of regulation for the phenylpropanoid net-
work exist in Arabidopsis and petunia. Different modes
of regulation were also discovered for GA3, which ac-
tivated anthocyanin biosynthesis in petunia petals
(Weiss et al., 1995) but repressed it in Arabidopsis
(Loreti et al., 2008). Many studies have shown that
Suc can induce anthocyanin biosynthesis in leaves
(Solfanelli et al., 2006; Qualley et al., 2012), although the
underlyingmechanisms are still unknown. Since Suc by
itself cannot induce anthocyanin biosynthesis in petu-
nia petals (Moalem-Beno et al., 1997) or PHZ expression
(Fig. 10C), it is likely that different activation mecha-
nisms are involved in petals and leaves. Conversely,
caffeic acid induces PHZ expression in petals (Fig. 10C)
but not in stems and leaves (data not shown); thus, the
mechanism(s) in leaves remains to be resolved.
Down-regulation of CCoAOMT expression was also

achieved in poplar, tobacco, and Arabidopsis. While no
changes in coloration were observed in Arabidopsis
and tobacco plants, poplar wood exhibited an orange
color (Zhong et al., 2000). Rather than anthocyanins,
as in petunia ir-PhCCoAOMT1 plants, changes in col-
oration in poplar were due to the accumulation
of hydroxycinnamic acids. Similarly, silencing of
CINNAMYL ALCOHOL DEHYDROGENASE, acting
downstream of CCoAOMT1 in the monolignol
pathway, resulted in a reddish xylem in Nicotiana
attenuata plants due to the accumulation of hydrox-
ycinnamaldehydes (Kaur et al., 2012). Interestingly,
more benzoic acid (C6-C1)-related compounds accu-
mulated in poplar (p-hydroxybenzoate attached to lig-
nin) and Arabidopsis (four benzenoic hexose esters)
when CCoAOMT expression was reduced. Both lines 4
and 13 accumulated more benzoyl-CoA, but only line
13 produced more benzoyl-CoA-derived compounds
(Figs. 3 and 8).
Despite the fact that ir-PhCCoAOMT1 line 13 had

reduced total lignin levels in flowers and leaves relative
to control plants (Fig. 9), it did not exhibit a classical
lignin-deficient phenotype: transgenic lines appeared
equally sturdy as control plants. This is similar to the
situation in alfalfa (Chen et al., 2006), poplar (Zhong
et al., 2000), and tobacco (Zhong et al., 1998), where
CCoAOMT knockdown/knockout had little to no effect

on plant stature and development. Apparently, plants
were able to cope successfully with reduced lignin,
depending on which gene of the lignin biosynthesis
pathway is perturbed (Vanholme et al., 2012).

To determine whether the ir-PhCCoAOMT1 plants
had to produce more Phe to accommodate both the
bound anthocyanins and volatile phenylpropanoids/
benzenoids biosynthesis, we made a rough estimation
considering the carbon utilized in both pathways. The
steady-state levels of volatiles were measured at one
time point, and their glycosylated counterparts were
not taken into account as they are not well known in pe-
tunia. For anthocyanin accumulation, petunidin is a domi-
nant compoundproduced at approximately 65mgg21 fresh
weight (Fig. 7A). The total internal pools of volatiles
constituted approximately 30 mg g21 fresh weight
(Supplemental Table S3), while the emission was
approximately 240 mg g21 fresh weight per 24 h
(Supplemental Table S3). Thus, with these very simple
assumptions, the anthocyanins, with flavonol levels
slightly higher in petals (data not shown), require ap-
proximately 25% more Phe production. This is likely
not a limitation for cv Mitchell plants, since the total
amount of volatile production remains unchanged in ir-
PhCCoAOMT1 lines relative to control plants. Similarly,
Phe production was not a limiting factor in a purple
petunia (V26) expressing a feedback-insensitive 3-
deoxy-D-arabino-heptulosonate-7-phosphate synthase.
These transgenic plants produced considerably more
Phe and volatiles but not more flavonoids or anthocy-
anins (Oliva et al., 2015), suggesting that volatile and
color production are still differentially regulated in
these plants. Previously, it was shown that, in petunia
flowers, Phe levels oscillate during a daily light/dark
cyclewith amaximumat night, between 11 PM and 3 AM,
positively correlating with volatile emission (Maeda
et al., 2010). It remains to be determined when during
the day/night cycle anthocyanins accumulate in the
open flowers of the ir-PhCCoAOMT1 lines. Interest-
ingly, overexpression of the R2R3-MYB AtPAP1 tran-
scription factor in a colored and fragrant petunia
variety led not only to an increase in pigmentation but
also to a drastic increase in nocturnal volatile produc-
tion. Feeding of these flowers with Phe increased oth-
erwise negligible diurnal levels of volatiles to their
nocturnal levels (Ben Zvi et al., 2008). These results raise
the possibility that either all Phe produced during the
day is directed to color formation or it is a limiting
factor during the day and anthocyanin biosynthesis
takes place at night.

The involvement of the monolignol pathway in the
biosynthesis of volatile phenylpropenes in petunia has
been proposed, first based on the discovery of PhCFAT
(Dexter et al., 2007), later via the study of PhMYB4
and CINNAMATE-4-HYDROLASE (Colquhoun et al.,
2011), and more recently with an investigation of the
role of PhCCR1 (Muhlemann et al., 2014). It has been
shown that transgenic petunia plants with reduced
PhCCR1 expression had decreased flux toward phe-
nylpropenes, although internal and emitted pools of
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these compounds remained unchanged. In contrast,
our petunia lines with reduced PhCCoAOMT1 expres-
sion produced less eugenol (Fig. 3). Interestingly,
emission of eugenol was not significantly lower in the
ir-PhCCoAOMT1 lines, similar to the results obtained
when EMISSION OF BENZENOIDS I was silenced
(Spitzer-Rimon et al., 2012). This can be explained by an
active emission process that lowers internal pools of
eugenol while sustaining its emission level in petunia
petals (Cna’ani et al., 2015; Widhalm et al., 2015).

In the ir-PhCCoAOMT1 plants, expression of EGS and
its enzymatic activity were also reduced (Fig. 8, B and
C), making the effect of PhCCoAOMT1 on eugenol
formation very complex. Although IGS transcript levels
and enzymatic activity were only slightly, but not sig-
nificantly, lower in the ir-PhCCoAOMT1 lines, iso-
eugenol levels were not affected (Fig. 3). In cv Mitchell,
isoeugenol levels are always much higher (up to 100-
fold) than that of eugenol, in spite of minor differences
between theKm,Vmax, andKcat of IGS and EGS enzymes,
suggesting some type of channeling of their common
precursor coniferylacetate toward isoeugenol produc-
tion (Koeduka et al., 2008). Taken together, our results
show that PhCCoAOMT1 down-regulation leads to
metabolite perturbations that appear to result in the
transcriptional up-regulation of anthocyanin tran-
scription factors (PHZ and DPL) and down-regulation
of PhEGS expression. While there is an apparent
contribution of PhCCoAOMT1 to phenylpropene bio-
synthesis and the whole phenylpropanoid network, the
role of CCoAOMT2 and CCoAOMT3 remains to be
determined.

MATERIALS AND METHODS

Plant Materials and Growing Conditions

Petunia hybrida ‘Mitchell’ (Petunia axillaris3 P. hybrida ‘Rose of Heaven’) was
used as the genetic background to generate transgenic plants. Wild-type and
transgenic plants were grown in a greenhouse under standard conditions (16-h
photoperiod, 300–400mmolm22 s21 light intensity, 60%–65% relative humidity,
and 22°C/17°C day/night). Prior to tissue collection and volatile analysis,
plants were transferred to a growth chamber (16-h photoperiod, 70% relative
humidity, and 250–350 mmol m22 s21 light intensity at 21°C) at least 3 d prior to
experiments.

Generation of the PhCCoAOMT1 RNAi Construct and
Plant Transformation

To create a PhCCoAOMT hairpin construct, a 150-bp fragment of the 39
untranslated regionwas amplifiedusing forward 59-ACAAGTTTGTACAAAAAA-
GCAGGCTTATCAACTCATTATTT-39 and reverse 59-ACCACTTTGTACAA-
GAAAGCTGGGTAAAGGAAATACAAGAT-39 primers containing attB sites
(underlined) for Gateway cloning. The fragmentwas cloned into pDONR207 vector
(Invitrogen; www.lifetechnologies.com) and, subsequently, recombined with
pK7gWIWG2(1) (Karimi et al., 2002), generating a PhCCoAOMT1 hairpin driven by
the cauliflowermosaic virus 35S promoter. Transgenic petunias were obtainedwith
a leaf disc transformation protocol using Agrobacterium tumefaciens (strain GV3101;
Horsch et al., 1985). The kanamycin-resistant transformants were screened for the
presence of the nptII gene using the following primer pair: 59-GCTTGGGTGGA-
GAGGCTATTC-39 and 59-CATCGCAAGACCGGCAACAG-39. The plants were
self pollinated, and selection for homozygous plants in the next generations was
monitored on 50% Murashige and Skoog medium (pH 5.7) supplemented with
100 mg L21 kanamycin.

RNA Isolation and qRT-PCR

Two-day-oldflowers ofpetuniawere collected 1hbefore theonset of thedark
period, unless specified otherwise. Leaves were harvested from nodes 7 to 10
from each plant. Total RNA was isolated from petal limbs and different organs
usingTri Reagent and treatedwith TURBODNA-freeDNase (Ambion; https://
www.lifetechnologies.com). One microgram of RNA was used to synthesize
cDNA using RevertAid M-MuLV Reverse Transcriptase (Fermentas; https://
www.lifetechnologies.com). qRT-PCR was performed using specific primers
(Supplemental Table S4) and was normalized to transcript levels of FBP1
(Angenent et al., 1992) or EF1a (Mallona et al., 2010). Individual qRT-PCRs
contained cDNA equivalent to 10 ng of RNA, 300 nM primers, and 4 mL of 53
HOTFIREPol EvaGreen qPCR Mix (Solis Biodyne; https://www.sbd.ee) in a
total volume of 20 mL. Two-step qRT-PCR amplification (40 cycles of 95°C for
10 s followed by 60°C for 30 s) was performed using the ABI Prism 7000 real-time
PCR detection system (Applied Biosystems; http://www.appliedbiosystems.
com). A minimum of three biological replicates were used, and all experiments
were performed at least twice.

Analysis of Volatiles

For headspace analysis, 2-d-old flowers from T3 transgenic lines and the cv
Mitchell controlwere placed in desiccators as described byVerdonk et al. (2005).
The volatiles in the headspace of the flowers were collected by trapping the
outgoing air on 150 mg of Tenax TA for 24 h. Trapped volatiles were eluted
using 1.5 mL of pentane:diethylether (4:1), containing 50 pg mL21 tetralin
(Sigma; https://www.sigmaaldrich.com) as an internal standard. To deter-
mine the internal pool of volatiles, approximately 200 mg of petal limbs was
ground in liquid nitrogen to a fine powder. Samples were homogenized in 1mL
of pentane:diethylether (4:1), with 50 pg mL21 tetralin. Water from the extracts
was removed with anhydrous sodium sulfate before GC-MS analysis. Three
replicates of each independent line were used for analysis.

The volatiles were analyzed using an Agilent 7890A gas chromatograph,
coupled to an Agilent 7200 accurate-mass quadrupole time-of-flight mass
spectrometer, operating in electron-impact mode. Splitless injection of a
1-mL sample was carried out at 50°C, with the injector port directly heated
to 275°C at a rate of 240°C min21. The gas chromatograph oven temperature
was kept at 40°C for 3 min and subsequently heated to 250°C at 15°C min21.
Compounds were separated on a capillary HP-5ms column (30 m3 250 mm,
with 0.25-mm film thickness; Agilent) with helium as the carrier gas at a
flow rate of 1 mL min21. The quadrupole time-of-flight mass spectrometer was
operated at 20 spectra s21, acquiring the mass-to-charge ratio 30 to 500 with de-
tector voltage of 1,873 V. The time-of-flight mass spectrometer resolution was
about 8,500 (fwhm) at mass-to-charge ratio 612. Identification of compounds was
carried out by comparison of retention times and the mass spectra of authentic
standards. At least three biological replicates were used per experiment, which
was repeated at last two times. Fresh weight of the flowers was determined for
each experiment.

Purification of Recombinant CCoAOMT Proteins
and Proteomics

Full-length open reading frames of PhCCoAOMTs were amplified using
gene-specific primers with restriction enzyme sites introduced (Supplemental
Table S5). The PCR fragments were cloned into pGEX-KG expression vector
with an N-terminal GST tag and confirmed by sequencing. PhCCoAOMT ex-
pression vectors were transformed into Escherichia coli (BL21 C41) to produce
recombinant protein. A single colony was inoculated in 23 YT medium con-
taining 50 mg mL21 ampicillin. The next day, the culture was diluted 1:20 in
100 mL of 23 YTmedium and grown at 37°C until the optical density at 600 nm
reached approximately 0.6. Isopropyl b-D-thiogalactoside was added to 1 mM,
and the culture was incubated at 18°C for 5 h. Cells were harvested by cen-
trifugation at 5,000g for 15 min, frozen in liquid nitrogen, and stored at280°C.
The harvested cells were resuspended in extraction buffer (100 mM potassium
phosphate buffer, pH 6.6, 0.5% Triton X-100, and 2mMEDTA) containing 10mM

Complete Protease Inhibitor Cocktail (Roche Amersham; http://lifescience.
roche.com). Cells were lysed by sonicating three times for 60 s, and crude
protein extracts were centrifuged at 4,000g for 30 min. The supernatants
were mixed with Glutathione-Sepharose 4G beads (GE Healthcare; www.
gehealthcare.com/) and applied on a Bio-Spin chromatography column (Bio-
Rad; http://www.bio-rad.com). GST::PhCCoAOMT proteins were elutedwith
100 mM Tris-Cl, pH 7.6, 0.2 mM NaOH, and 20 mM reduced glutathione and
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stored in 10% (v/v) glycerol at280°C. Protein concentrations were determined
using the Bradford method with bovine serum albumin as a standard.
Enzyme activity was analyzed as described previously by Zhong et al.
(1998) with minor modifications in the following buffer: 100 mM Tris-Cl, pH
7.5, 0.2 mM MgCl2, 2 mM dithiothreitol, half-strength Murashige and Skoog
medium, and 0.1 mM phenylmethylsulfonyl fluoride. CCoAOMT assays
were performed for 30 min at 30°C with 111 mM caffeoyl-CoA. The reaction
was stopped with 5 mL of 50% TCA and analyzed by HPLC as described
(Klempien et al., 2012).

For proteomic analysis, 10 g of petals was harvested at 5 PM and frozen in
liquid N2. Proteins were isolated according to Jones et al. (2009), concentrated,
and sent to the Michigan State University Proteomics Facility for analysis as
described (Verdonk et al., 2012). The obtained peptides were searched against
petunia ESTs obtained from the SOL Genomics Network (http://sgn.cornell.
edu/; Mueller et al., 2005).

Substrate Synthesis and Activity Assays with
Recombinant CCoAOMTs

5-Hydroxyferulic acidwas synthesized from 5-hydroxyvanillin according to
Neish (1959). Caffeoyl-CoA and 5-hydroxyferuloyl-CoA were synthesized
through acyl N-hydroxysuccinimide ester intermediates as described (Stöckigt
and Zenk, 1975). The 45-mL reaction mixtures contained 2.5 mg of recombinant
protein, 100 mM Tris-HCl, pH 7.5, 2 mM dithiothreitol, 0.2 mM MgCl2, 10%
glycerol, 66 mM S-adenosyl-L-Met, and 45 mM substrate. Assays were allowed to
proceed for 30 min at 30°C and subsequently quenched with TCA (5% final
concentration). Assay products were determined by HPLC as described pre-
viously (Klempien et al., 2012).

Coupled IGS/EGS Assays

IGS and EGS activities were measured as described (Dexter et al., 2007) with
slight modifications. Assay mixtures contained 1 mM coniferyl alcohol, 0.6 mM

acetyl-CoA, 1 mM NADPH, 2 mg of purified recombinant PhCFAT, and 5 mg of
desalted crude protein extract in a final volume of 150 mL (100 mM MES-KOH
buffer, pH 6.5). Following a 5-h incubation at room temperature, hexane ex-
tracts of the reaction mixtures were concentrated under nitrogen and analyzed
by GC-MS. Assays containing boiled protein or omitting purified PhCFAT did
not show any production of (iso)eugenol. Results represent averages of three
independent experiments.

Feeding Experiments with Organic Acids

Feeding experiments were performed for 8, 24, and 48 h in growth
chambers under the conditions described above. Two-day-old flowers of cv
Mitchell were detached from plants and kept in Erlenmeyer flasks supplied
with 0.5 mM organic acids (Sigma) with or without 5% Suc. For caffeic acid,
1 mM vitamin C (Duchefa; https://www.duchefa-biochemie.com) was added.
A minimum of three biological replicates were used, and the experiment was
performed twice.

Extraction of Anthocyanin

For anthocyanin analysis, frozen petal limbs, leaves, and stems from
wild-type and transgenic plants were used. Tissues were ground into a fine
powder in liquid nitrogen. Fifty milligrams of powder in 500 mL of ex-
traction buffer (1% formic acid in methanol) was used for each biological
replicate. Lidocaine (Sigma) was added as an internal standard in extrac-
tion buffer. The samples were sonicated three times for 5 min and incu-
bated overnight at 4°C. The samples were centrifuged at 20,000g for
15 min, and the supernatant was collected containing free and bound an-
thocyanins. To hydrolyze bound anthocyanins, 450 mL of hydrolysis buffer
(5% hydrochloric acid in methanol) was added to 50 mL of the supernatant.
Samples were boiled for 30 min followed by centrifugation at 20,000g for
15 min. The original and hydrolyzed supernatants were freeze dried
overnight prior to anthocyanin analysis. Samples were analyzed by a 1260
Infinity HPLC device (Agilent) coupled to a QTRAP 5500 mass spec-
trometry system (AB Sciex; http://sciex.com) as described by Gerlach
et al. (2014). Identification and quantification of peaks were performed by
comparison with standards (cyanidin, delphinidin, malvidin, peonidin,
and petunidin).

Stem Cross Sections

Stems from wild-type and transgenic lines were obtained from 2-month-old
plants. Fresh stem cross sections (300 mm thickness) were obtained using a
vibratome (Leica VT1000s) and put in 13 phosphate-buffered saline, pH 7.4.
The cross sections were imaged using an upright microscope associated with a
digital camera (Nikon E600FN).

Lignin and Hydroxycinnamoyl-CoA Ester Quantification

Total lignin was quantified using a thioglycolic acid method as described
(Campbell and Ellis, 1992). Hydroxycinnamoyl-CoA esters were determined as
described by Qualley et al. (2012).

PhCCoAOMT1, PhCCoAOMT2, and PhCCoAOMT3 have been deposited
in GenBank with the accession numbers KT223506, KT223507, and KT223508,
respectively.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Transcript levels of PhCCoAOMT1 in ODO1
silenced plants.

Supplemental Figure S2. In planta localization of PhCCoAOMT1.

Supplemental Figure S3. Phylogram of A1-type plantO-methyltransferases.

Supplemental Figure S4. Transcript levels of PhCCoAOMT2/3 in ir-
PhCCoAOMT1 petals.

Supplemental Figure S5. Expression profiles of PhCCoAOMT2/3.

Supplemental Figure S6. Transcript levels of phenylpropanoid/benzenoid
genes.

Supplemental Figure S7. Effect of organic acids on PURPLE HAZE expres-
sion.

Supplemental Table S1. Enzymatic activity of recombinant PhCCoAOMTs.

Supplemental Table S2. Proteomics data.

Supplemental Table S3. Quantified volatile compounds production.

Supplemental Table S4. List of qRT-PCR primers.

Supplemental Table S5. Primers for recombinant proteins.
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