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Abstract: Floral colour change is a widespread phenomenon in angiosperms, but poorly understood
from the genetic and chemical point of view. This article investigates this phenomenon in Pleroma
raddianum, a Brazilian endemic species whose flowers change from white to purple. To this
end, flavonoid compounds and their biosynthetic gene expression were profiled. By using
accurate techniques (Ultra Performance Liquid Chromatography-High-Resolution Mass Spectrometry
(UPLC-HRMS)), thirty phenolic compounds were quantified. Five key genes of the flavonoid
biosynthetic pathway were partially cloned, sequenced, and the mRNA levels were analysed
(RT-qPCR) during flower development. Primary metabolism was also investigated by gas
chromatography coupled to mass spectrometry (GC-EIMS), where carbohydrates and organic
acids were identified. Collectively, the obtained results suggest that the flower colour change in
P. raddianum is determined by petunidin and malvidin whose accumulation coincides with the
transcriptional upregulation of early and late biosynthetic genes of the flavonoid pathway, mainly
CHS and ANS, respectively. An alteration in sugars, organic acids and phenolic co-pigments is
observed together with the colour change. Additionally, an increment in the content of Fe3+ ions in
the petals, from the pink to purple stage, seemed to influence the saturation of the colour.

Keywords: Melastomataceae; anthocyanin; flavonol; chalcone synthase; flavonol synthase;
anthocyanidin synthase; carbohydrates

1. Introduction

Pleroma raddianum (Melastomataceae, Myrtales), named as “manacá-da-serra”, is an endemic
species from the Brazilian Atlantic Forest. The scientific name of this species, classically known
as Tibouchina pulchra (Cham.) Cogn, has recently changed [1]. Its use for urban ornamentation is
increasing due to its colourful flowers. In this sense, the ornamental dwarf cultivar of P. raddianum
(“manacá-anão”) blooms with the same temporal pattern of floral colour as the wild parental: buds,
the first stage (S1), open as white flowers (S2) that one day after become pink (S3), finally, from the
third day towards senescence the flowers achieve purple colouration (S4) (Figure 1).
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Figure 1. Stages of the floral colour change of Pleroma raddianum. S1—buds (day 0), S2—white flowers 
(day 1), S3—pink (day 2), S4—purple (day 3). 

Previously, we characterised the phenolic pigments profile in P. raddianum flowers, which are 
mainly flavonoids (flavonols and anthocyanins), but also few phenolic acids. Thirty compounds were 
detected, there being twenty-three flavonoids identified by Ultra Performance Liquid 
Chromatography-High-Resolution Mass Spectrometry (UPLC-HRMS), eight of which were isolated 
and analysed by one- and two-dimensional nuclear magnetic resonance. Kaempferol derivatives 
were the major flavonols while petunidin p-coumaroylhexoside acetylpentoside and malvidin p-
coumaroylhexoside acetylpentoside were the detected anthocyanins [2]. 

In general, the temporal alteration of flower colour is determined by the differential 
accumulation of anthocyanins and regulated by several factors, such as pollination [3], gene 
expression regulation [4–7], pH [8], presence of co-pigments and flavonoid-metal complexation [9]. 

Concerning pollinators, usually the colour change is associated with pollen viability [3]. In P. 
raddianum the pollen viability, stigma receptivity and fruit set were similar in white and pink flowers: 
large bees visited white flowers more frequently but at the end of the flowering season, when white 
flowers are scarce, the bees also visited pink flowers. This data suggest that flower colour change is 
not associated with pollination but visitor diversity enlargement in this species [10,11]. 

Among the species in which the corolla changes colour during flower development, the 
underlying molecular mechanism has only been explored for a few of them. In Viola cornuta L. 
(Violaceae) the flowers change from white to purple, and this change is related to the presence of 
pollen in the stigma, the incidence of light, and the differential expression of anthocyanin biosynthetic 
genes [12,13]. In Nicotiana mutabilis Stehmann and Semir (Solanaceae) flowers, the colour change from 
white to red, passing through different shades of pink, is determined by the upregulation of 
CHALCONE SYNTHASE (CHS) expression and the consequent anthocyanin accumulation [4]. 
Anthocyanin increment with the gain of pink, purple and red shades was described in other model 
plants [5,6]. Furthermore, other metabolites have shown to influence flower colour change, from 
white to pink, in Paeonia ostii T. Hong and J. X. Zhang (Paeoniaceae), such as alterations in 
carbohydrate and fatty acid contents, as well as ethylene signalling [5]. 

The colour change is not only related to pigments biosynthesis and accumulation, but also their 
catabolism, as reported for Brunfelsia calycina Benth. (Solanaceae) and Malus hupehensis (Pamp.) 
Rehder (Rosaceae) [8,14]. In B. calycina, the petals turn from dark purple to completely white within 
three days after anthesis, due to the reduction of anthocyanin concentration and increment of 
phenolic acid content during flower development [8,15]. A basic vacuolar peroxidase was identified 
as the putative responsible for the in planta degradation of anthocyanins [16]. 

The pH affects the final colour of flower petals by determining the conformation and absorption 
spectrum of anthocyanins. The light blue petals of morning glory (Ipomoea tricolour Cav., 
Convolvulaceae) owe their colour to the effect of the alkaline pH on the accumulated anthocyanins. 
The closed buds of these flowers are purplish–red and their cells have a pH of 6.6. However, when 
the flowers open, the petal cell pH increases up to 7.7, and the pigment changes colour to sky blue 
[17]. Recently, studying the genetic determinants of Petunia hybrida Vilm. (Solanaceae) flower 
pigmentation, Verweij et al. [18] have identified a WRKY-type transcriptional factor (PH3) that 
regulates the expression of the proteins responsible for the vacuole acidification. 

Figure 1. Stages of the floral colour change of Pleroma raddianum. S1—buds (day 0), S2—white flowers
(day 1), S3—pink (day 2), S4—purple (day 3).

Previously, we characterised the phenolic pigments profile in P. raddianum flowers, which are
mainly flavonoids (flavonols and anthocyanins), but also few phenolic acids. Thirty compounds
were detected, there being twenty-three flavonoids identified by Ultra Performance Liquid
Chromatography-High-Resolution Mass Spectrometry (UPLC-HRMS), eight of which were isolated
and analysed by one- and two-dimensional nuclear magnetic resonance. Kaempferol derivatives
were the major flavonols while petunidin p-coumaroylhexoside acetylpentoside and malvidin
p-coumaroylhexoside acetylpentoside were the detected anthocyanins [2].

In general, the temporal alteration of flower colour is determined by the differential accumulation of
anthocyanins and regulated by several factors, such as pollination [3], gene expression regulation [4–7],
pH [8], presence of co-pigments and flavonoid-metal complexation [9].

Concerning pollinators, usually the colour change is associated with pollen viability [3]. In P.
raddianum the pollen viability, stigma receptivity and fruit set were similar in white and pink flowers:
large bees visited white flowers more frequently but at the end of the flowering season, when white
flowers are scarce, the bees also visited pink flowers. This data suggest that flower colour change is
not associated with pollination but visitor diversity enlargement in this species [10,11].

Among the species in which the corolla changes colour during flower development, the underlying
molecular mechanism has only been explored for a few of them. In Viola cornuta L. (Violaceae) the
flowers change from white to purple, and this change is related to the presence of pollen in the
stigma, the incidence of light, and the differential expression of anthocyanin biosynthetic genes [12,13].
In Nicotiana mutabilis Stehmann and Semir (Solanaceae) flowers, the colour change from white to red,
passing through different shades of pink, is determined by the upregulation of CHALCONE SYNTHASE
(CHS) expression and the consequent anthocyanin accumulation [4]. Anthocyanin increment with the
gain of pink, purple and red shades was described in other model plants [5,6]. Furthermore, other
metabolites have shown to influence flower colour change, from white to pink, in Paeonia ostii T. Hong
and J. X. Zhang (Paeoniaceae), such as alterations in carbohydrate and fatty acid contents, as well as
ethylene signalling [5].

The colour change is not only related to pigments biosynthesis and accumulation, but also their
catabolism, as reported for Brunfelsia calycina Benth. (Solanaceae) and Malus hupehensis (Pamp.) Rehder
(Rosaceae) [8,14]. In B. calycina, the petals turn from dark purple to completely white within three
days after anthesis, due to the reduction of anthocyanin concentration and increment of phenolic acid
content during flower development [8,15]. A basic vacuolar peroxidase was identified as the putative
responsible for the in planta degradation of anthocyanins [16].

The pH affects the final colour of flower petals by determining the conformation and
absorption spectrum of anthocyanins. The light blue petals of morning glory (Ipomoea tricolour Cav.,
Convolvulaceae) owe their colour to the effect of the alkaline pH on the accumulated anthocyanins.
The closed buds of these flowers are purplish–red and their cells have a pH of 6.6. However, when the
flowers open, the petal cell pH increases up to 7.7, and the pigment changes colour to sky blue [17].
Recently, studying the genetic determinants of Petunia hybrida Vilm. (Solanaceae) flower pigmentation,
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Verweij et al. [18] have identified a WRKY-type transcriptional factor (PH3) that regulates the expression
of the proteins responsible for the vacuole acidification.

Co-pigmentation can be defined as the formation of noncovalent complexes involving a pigment
and a co-pigment, and the subsequent change in the optical properties of the pigment. Hydrolysable
tannins, flavonoids, and phenolic acids are natural co-pigments. Flavonoids are the major class
of co-pigments (flavonols, flavones, flavanols, and even dihydroflavonols) due to the extension
of their π-conjugation over their entire tricyclic core structure (A, B, and C rings), being the most
efficient flavones and flavonols (e.g., quercetin, kaempferol, isoquercitrin, and rutin) among them.
Hydroxycinnamic acids and derivatives such as caffeic, p-coumaric, ferulic, sinapic, chlorogenic, and
caffeic acids are commonly described as relatively efficient co-pigments as well. Some non-phenolic
co-pigments have also been described, including alkaloids, amino acids, organic acids, nucleotides,
and polysaccharides, but their efficiency is usually lower than polyphenols [9].

Some studies showed that metals can influence the colour by establishing a metalloanthocyanin
complex. In cornflowers (Centaurea sp., Asteraceae), the bright blue colour is the result of a
supramolecular structure with stacking between co-pigments, pigments and metals: six molecules of
apigenin, six molecules of cyanidin and four metal ions (Fe3+, Mg2+, and two Ca2+) [19]. Hortensia
flowers (Hydrangea macrophylla (Thumb.) Ser., Hydrangeaceae) is the best-known example of
flavonoid–metal complexation influencing the corolla colour. Under high aluminium content and
acidity of the soil, the flowers are blue due to a nonstoichiometric complex with Al3+, delphinidin
3-glucosides, and quinic acid derivatives, while upon low aluminium concentrations, the same
metal-pigment-co-pigment complex became light pink, as the result of soil pH change [20–22].

Colour change has been described for at least eight Brazilian native species, but in none of the
cases was the underlying mechanism characterised. The well-determined stages of flower colouring
pattern in P. raddianum raise interesting questions about the genetic and chemical mechanisms involved
in the regulation of this phenomenon. Here, to address this issue, P. raddianum flowers were analysed
by profiling: (1) mRNA levels of key enzyme encoding genes of the flavonoid biosynthetic pathway,
(2) pigments and co-pigments, (3) metals and, (4) primary metabolites during development. The results
showed that colour change in P. raddianum is mainly determined by anthocyanin accumulation and
influenced by the presence of co-pigments. Additionally, alterations in metal content and primary
metabolites bring cues about the colour modulation.

2. Results

2.1. Chemical Profile

Primary metabolism comprises essential reactions for plant survival that involve the production
and usage of a range of molecules including nucleic acids, amino acids, carbohydrates, and fatty acids.
In particular, carbohydrate content directly affects the anthocyanin accumulation once they produce
the building blocks for secondary metabolism [23]. Moreover, carbohydrates can act as signalling
molecules in the regulation of transcription factors and structural genes of the anthocyanin pathway [24].
Sugars showed a three-fold increment from bud (S1) to white flower (S2) stage, maintaining high levels
in pink stages (S3 and S4). Organic acids constantly increased from the S1 to S4 stage. In contrast,
sugar alcohols were much less abundant and showed constant levels from S1 to S3, undergoing a slight
reduction towards senescence (S4) (Figure 2A and Table S1).
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development. The right scale represents soluble sugar content (A) and anthocyanins content (B). For 
each compound class, different letters indicate statistically significant differences (p < 0.05) between 
stages. Bars indicate standard deviation. S1—buds (day 0), S2—white flowers (day 1), S3—pink 
(day 2), S4—purple (day 3), DW—dry weight. 

In our previous work we performed a chemical screening of secondary metabolites in P. 
raddianum flowers identifying a diverse mixture of six phenolic acids, twenty flavonols, and two 
anthocyanins [2]. Here, we further quantified these phenolic constituents by UPLC-MS. Flavonols 
were the most abundant pigments ranging from 20 to 25 mg g−1 dry weight (DW), followed by 
phenolic acids that ranged from 10 to 18 mg g−1 DW, and anthocyanins from 0.028 to 0.076 mg g−1 DW 
(Figure 2B and Table S2). 

Pigment abundance during flower development revealed that the amount of total phenolic acids 
increases during the transition from S1 to S2, maintaining constant levels from S2 onwards. Flavonols 
showed invariable levels and anthocyanins only appear in the pink stage, increasing from S3 to S4 
(Figure 2B). 

Analysing the compounds individually, soluble carbohydrates such as fructose, glucose, and 
galactose increased their levels from opened white flower (S2) onward, while myo-inositol was the 
only sugar that was reduced during flower development (Figure 3 and Table S1). Organic acids, such 
as malic and succinic acid, showed a significant increase from the bud to the pink flower stage. 

Figure 2. (A) Primary metabolites and (B) secondary metabolites during Pleroma raddianum flower
development. The right scale represents soluble sugar content (A) and anthocyanins content (B).
For each compound class, different letters indicate statistically significant differences (p < 0.05) between
stages. Bars indicate standard deviation. S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2),
S4—purple (day 3), DW—dry weight.

In our previous work we performed a chemical screening of secondary metabolites in P. raddianum
flowers identifying a diverse mixture of six phenolic acids, twenty flavonols, and two anthocyanins [2].
Here, we further quantified these phenolic constituents by UPLC-MS. Flavonols were the most
abundant pigments ranging from 20 to 25 mg g−1 dry weight (DW), followed by phenolic acids that
ranged from 10 to 18 mg g−1 DW, and anthocyanins from 0.028 to 0.076 mg g−1 DW (Figure 2B and
Table S2).

Pigment abundance during flower development revealed that the amount of total phenolic acids
increases during the transition from S1 to S2, maintaining constant levels from S2 onwards. Flavonols
showed invariable levels and anthocyanins only appear in the pink stage, increasing from S3 to S4
(Figure 2B).

Analysing the compounds individually, soluble carbohydrates such as fructose, glucose,
and galactose increased their levels from opened white flower (S2) onward, while myo-inositol
was the only sugar that was reduced during flower development (Figure 3 and Table S1). Organic acids,
such as malic and succinic acid, showed a significant increase from the bud to the pink flower stage.
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exhibiting a significant increment in S4 (Figure 3 and Table S2). 

2.2. Gene Cloning and Expression Analysis 

Having demonstrated that there is a differential accumulation of anthocyanins during flower 
development, we further investigated whether this observation could be explained by the differential 
mRNA profile of flavonoid biosynthetic genes. Since no genomic sequences are available for P. 
raddianum, we first cloned partial sequences for some key enzymes encoding genes that have been 
reported to be transcriptional regulated in other species [25,26]: PHENYLALANINE AMMONIUM 
LYASE (PAL), CINNAMATE 4-HYDROXYLASE (C4H), CHS, FLAVONOL SYNTHASE (FLS), and 

Figure 3. Heat map representing metabolic profile during the flower colour change in Pleroma raddianum.
For each compound, asterisks indicate statistically significant differences compared to S1 stage. Data of
sugars and organic acid were obtained by chromatography coupled to mass spectrometry (GC-EIMS)
and flavonoid data by Ultra Performance Liquid Chromatography-High-Resolution Mass Spectrometry
(UPLC-HRMS). S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3).

All flavonols showed a decreasing trend, except the kaempferol p-coumaroylhexoside (30) that
increased in stages S3 and S4. Both identified anthocyanins were only detected in the S3 stage,
exhibiting a significant increment in S4 (Figure 3 and Table S2).

2.2. Gene Cloning and Expression Analysis

Having demonstrated that there is a differential accumulation of anthocyanins during flower
development, we further investigated whether this observation could be explained by the differential
mRNA profile of flavonoid biosynthetic genes. Since no genomic sequences are available for P. raddianum,
we first cloned partial sequences for some key enzymes encoding genes that have been reported to
be transcriptional regulated in other species [25,26]: PHENYLALANINE AMMONIUM LYASE (PAL),
CINNAMATE 4-HYDROXYLASE (C4H), CHS, FLAVONOL SYNTHASE (FLS), and ANTHOCYANIDIN
SYNTHASE (ANS). Additionally, two constitutive genes previously used for expression analyses
in Petunia hybrida [27] were also selected to be used as reference genes in RT-qPCR experiments.
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The cloning strategy was based on the identification of conserved protein domains and the design of
degenerated primers based on the Eucalyptus grandis W. Hill (Myrtaceae) sequences, the P. raddianum
closest species with a completely sequenced genome. Gene fragments with approximately the predicted
size were amplified (Figure S1 and Table S3), cloned, and sequenced.

The identity of the obtained gene fragments was corroborated by a phenetic analysis. The topology
did not strictly follow the species phylogenetic relationship. However, the sequences from species
belonging to the same order grouped together: Brassica rapa L. and Arabidopsis thaliana L. (Brassicales),
Medicago trunculata Godr. and Gren. and Trifolium pratense L. (Fabales), and P. raddianum and E. grandis
(Myrtales) (Figure S2), demonstrating that the strategy was successful to clone partial sequences of the
genes of interest.

To address whether the transcriptional regulation of gene expression is involved in P. raddianum
flower colour change, the mRNA accumulation of the cloned enzyme-encoding genes was profiled in
the four flower stages analysed (Figure 4). As expected, since the gene fragments were cloned from
petal cDNA, the presence of mRNA from all five genes was identified. Except for C4H that maintained
constant levels of mRNA, the other four genes analysed were shown to be transcriptionally regulated
during flower development.
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The expression of the first committed gene in the phenolic compound biosynthetic pathway, 
PAL, peaked in S2, while CHS transcripts reached the highest level at S3. FLS, whose product diverges 
the route towards flavonol synthesis, showed maximum expression level in S1, decreasing at S2 and 
S4. Finally, the ANS enzyme encoding gene, responsible for the synthesis of the anthocyanin 
chromophores, is 30-fold upregulated from S2 to S3 and remains highly expressed until S4. 

2.3. Metal Content 

Due to the eventual impact of metal concentration on pigment colour, the metal content was also 
profiled during flower development. Among the analysed metals, Fe3+ and K+ were the most 

Figure 4. Expression profile of PHENYLALANINE AMMONIUM LYASE (PAL), CINAMMATE
4-HYDROXYLASE (C4H), CHALCONE SYNTHASE (CHS), FLAVONOL SYNTHASE (FLS),
and ANTHOCYANIDIN SYNTHASE (ANS) genes during flower development. Data were normalised
to expression of ELONGATION FACTOR 1α (EF1) and RIBOSOMAL PROTEIN S13 (RPS) and are
expressed related to S1 stage. The right scale characterises ANS expression. Bars indicate standard
deviation. For each gene, different letters indicate statistically different relative expression ratios.
S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3).

The expression of the first committed gene in the phenolic compound biosynthetic pathway, PAL,
peaked in S2, while CHS transcripts reached the highest level at S3. FLS, whose product diverges the
route towards flavonol synthesis, showed maximum expression level in S1, decreasing at S2 and S4.
Finally, the ANS enzyme encoding gene, responsible for the synthesis of the anthocyanin chromophores,
is 30-fold upregulated from S2 to S3 and remains highly expressed until S4.

2.3. Metal Content

Due to the eventual impact of metal concentration on pigment colour, the metal content was
also profiled during flower development. Among the analysed metals, Fe3+ and K+ were the most
abundant micro and macronutrients, respectively (Table 1). The only metal that showed fluctuation
between flower stages was Fe3+ ion, which showed a 3,5-fold increase from S1 to S4.
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Table 1. Metal quantification during Pleroma raddianum flower development. S1—buds (day 0),
S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3).

Micronutrients S1 (mg g−1 DW) S2 (mg g−1 DW) S3 (mg g−1 DW) S4 (mg g−1 DW)

Cu2+ 0.006 ± 0.001 a 0.007 ± 0.002 a 0.006 ± 0.001 a 0.008 ± 0.002 a

Fe3+ 0.062 ± 0.026 b 0.116 ± 0.040 b 0.114 ± 0.024 b 0.220 ± 0.043 a

Mn2+ 0.012 ± 0.007 a 0.010 ± 0.006 a 0.007 ± 0.002 a 0.010 ± 0.004 a

Zn 0.019 ± 0.003 a 0.025 ± 0.011 a 0.021 ± 0.003 a 0.025 ± 0.004 a

Macronutrients S1 (mg g−1 DW) S2 (mg g−1 DW) S3 (mg g−1 DW) S4 (mg g−1 DW)

K+ 10.207 ± 1.773 a 11.245 ± 2.546 a 9.731 ± 0.432 a 11.029 ± 1.088 a

Ca2+ 2.357 ± 0.402 a 2.251 ± 0.5111 a 2.099 ± 0.265 a 2.051 ± 0.447 a

Mg2+ 1.169 ± 0.276 a 1.181 ± 0.289 a 0.980 ± 0.131 a 0.9028 ± 0.083 a

Na+ 0.969 ± 0.378 a 0.829 ± 0.244 a 1.020 ± 0.208 a 0.956 ± 0.483 a

Data were acquired by Atomic Absorption Spectroscopy. Elements highlighted in bold showed statistically significant
differences between stages. Letters indicate statistically significant different values in each line. DW—dry weight.

2.4. Colour Characterization of Petals

In order to gain further evidence about colour change, the colour parameters (CIELab) of
P. raddianum flowers were evaluated in the opened flower stages. The colour profile was decomposed in
terms of colour contributions: green (−a *)-red (+a *), blue (−b *)-yellow (+b *), lightness (L *), chromatic
tonality (hue angle, hab) and colour saturation (metric chroma, C *) (Table 2). Except for hab that only
differs between the white and pink stage, all other parameters showed that the stages are differently
coloured. The red and blue colour (a * and b *) increased from S2 to S4, the same was observed with C *.
Lightness peaked in S2, and drastically reduces with the colour appearance, and increases in S4.

Table 2. Flower colour parameters in Pleroma raddianum petals. S2—white flowers (day 1), S3—pink
(day 2), S4—purple (day 3).

S2 S3 S4

a * −1.93 ± 0.60 c 21.31 ± 1.31 b 41.59 ± 3.97 a

b * 7.544 ± 0.88 c
−10.69 ± 0.58 b −20.47 ± 1.04 a

L * 93.92 ± 0.28 a 46.36 ± 3.99 c 64.65 ± 2.32 b

hab 104.09 ± 3.31 b 333.35 ± 0.35 a 333.72 ± 1.14 a

C * 7.80 ± 0.98 c 23.85 ± 1.42 b 77.77 ± 0.68 a

Petals’ colour were assessed by using a Konica Minolta CR-400 colorimeter, to measure colour contributions of the
CIELab colour scale. Letters indicates abbreviation of colour contributions: a *: green (−a *)–red (+a *); b *: blue
(−b *)–yellow (+b *); lightness (L *); chromatic tonality (hue angle, hab); and colour saturation (metric chroma, C *).

3. Discussion

In this work, the phenomenon of P. raddianum floral colour change was investigated by a
comprehensive analysis of pigments, gene expression, primary metabolites, and metal profiling during
flower development. The flower colour is commonly related to the anthocyanin content in model plants
such as petunia (P. hybrida) [28]. Moreover, anthocyanins accumulation was shown to be responsible
for the coloured stages in the species whose corolla colour changes [4–6,12–14]. The results obtained
here demonstrate that this is the case in P. raddianum, where petunidin and malvidin appear at the S3
stage together with the pink colour and are increased at the purple stage.

The genes that encode the enzymes involved in flavonoid biosynthetic pathway can be grouped
into two classes: early biosynthetic genes (e.g., PAL, C4H, CHS, and FLS) and late biosynthetic
genes (e.g., DIHYDROFLAVONOL 4-REDUCTASE (DFR) and ANS) [29]. Numerous studies have
demonstrated the transcriptional regulation of flavonoid biosynthesis in plants, several transcription
factors have even been identified. For example, the MBW transcription complex, composed
of factors that belong to the MYELOBLASTOSIS (MYB), BASIC HELIX-LOOP-HELIX (bHLH),
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and BETA-TRANSDUCIN REPEAT (WD40) family of proteins were shown to be a master regulator
of structural gene expression [30–33]. Gene expression analysis in P. raddianum flowers was a
challenging enterprise because not only is the genome not sequenced, but there is no genomic
sequence available for phylogenetically related species, with the most closely related species, E. grandis,
being from a different family, Myrtaceae. Thus, the target genes were carefully chosen based on the
secondary metabolites profile (Figure 2) and foundational publications that identified which genes
are transcriptionally regulated [25,26]. The homology-based cloning approach used was successful
and allowed the transcriptional profiling of four early (PAL, C4H, CHS, and FLS) and one late (ANS)
gene of flavonoid biosynthesis that showed clear correlations with the pigment abundance pattern
(Figure 5). PAL expression increases in the S2 stage, providing precursors for the increment in phenolic
acids at this stage and the further accumulation of anthocyanins at S3 and S4. Interestingly, FLS was
the only enzyme-encoding gene that showed a reduction in the expression profile from S1 onwards by
following the decreasing trend observed for flavonols content, which were the most abundant pigments
identified during the whole flower development. The first committed step towards the production
of pink pigments is catalysed by the product of ANS gene. Its mRNA profile exactly coincided with
that observed for anthocyanins, displaying an increment from S2 to S3 and maintaining high levels at
the S4 stage and thus explaining the switch from white to pink. CHS also peaked at S3 boosting the
production of anthocyanin precursors. The obtained results are in clear agreement with those reported
for V. cornuta, where the expression of CHS and DFR increased during flower development, and the
ANS is strongly upregulated at the final coloured stages [13]. Furthermore, our data are also in line with
that observed in N. mutabilis flowers where CHS expression correlated with malvidin accumulation
and the concomitant colour change from white to red [4]. Finally, an RNA-seq-based transcriptomic
analysis aimed to understand the mechanism underneath the flower colour change from white to pink
in Paeonia ostii demonstrated a positive correlation between the anthocyanin concentrations and the
expression of CHALCONE ISOMERASE (CHI), FLAVANONE 3-HYDROXYLASE (F3H), FLAVONOID
3′-HYDROXYLASE (F3′H), DFR, and ANS biosynthetic genes, which exhibited higher levels of mRNA
in pink than in white flower stages [5].

The regulation of flavonoid biosynthesis, in vegetative tissues, is intimately associated with
environmental changes to enhance plant survival under stressful conditions, such as UV radiation,
visible light, cold, osmotic stress, pollution, and pathogen infection. In particular, the role of the
phytochrome-mediated signal transduction pathway, associated with temperature and light perception,
has been abundantly explored [34–37]. In this sense, various phytochrome signalling components
in A. thaliana, such as the PHYTOCROME INTERACTING FACTORS (PIFs) and PROTEIN LONG
HYPOCOTYL 5 (HY5), have been shown to act as regulators of anthocyanin biosynthesis [38–41].
In other plants, this relationship between light perception and anthocyanin accumulation has also
been addressed [42–44]. In P. raddianum, a preliminary experiment showed that when the plants
were maintained indoor under low light irradiance, the flowers did not homogenously turn from
white to pink, and fell in 24 h (Figure S3), suggesting a regulatory role of light in flower anthocyanin
accumulation in this species. Reinforcing our observation, in cotton flowers (Gossypium sp., Malvaceae),
which turn from white to pink, gene expression analysis has shown that light and shade regulate
anthocyanin biosynthesis, in particular the ANS gene [45]. Likewise, Viola cornuta flowers did not
undergo colour change in darkness [13].
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Figure 5. Comprehensive schematic representation of the obtained results. Flavonoid biosynthetic
pathway showing heatmaps representing metabolites content (orange to green) and mRNA expression
profile (blue to red) relative to the S1 stage. Dotted lines represent more than one enzymatic reaction.
Quantified compounds are highlighted in green. Asterisks indicate statistically significant different
values compare to the S1 stage. Abbreviations: PHENYLALANINE AMMONIUM LYASE (PAL),
CINAMMATE 4-HYDROXYLASE (C4H), CHALCONE SYNTHASE (CHS), FLAVONOL SYNTHASE
(FLS), ANTHOCYANIDIN SYNTHASE (ANS), O-METHYLTRANSFERASE (OMT), FLAVONOID
GLYCOSYL TRANSFERASE (FGT) and ANTHOCYANIDIN ACYL TRANSFERASE (ACT) genes,
S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3).
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Anthocyanin co-pigmentation is a natural phenomenon that enhances the stability of the flavylium
cation from nucleophile attack, preventing anthocyanin degradation. For example, metalloanthocyanin,
which is associated with a blue colour pattern, is a supramolecular and self-assembled metal complex
pigment, composed of anthocyanins, flavones, and metals [19,46]. Interestingly, the only flavonol whose
accumulation profile accompanied that observed for both identified anthocyanins was kaempferol
p-coumaroylhexoside, exhibiting significant increment from S2 to S3, suggesting that this flavonol
may act as a co-pigment in pink flowers, while petunidin and malvidin content drives the colour in
P. raddianum (Figures 3 and 5). Additionally, we have identified an increment in Fe3+ concentration
accompanying the transition from S3 to S4 (Figure 5 and Table 1) flower stages. Even though P.
raddianum has no visible blue colour, colorimetric parameters determining the blue tonality (−b *)
increased from S3 to S4 (Table 2), as well as lightness and saturation of colour. Although co-pigmentation
and metal complexation in this species remain to be further experimentally proven, our data allowed
us to propose the formation of flavonoid–Fe3+ complexing from S3 to S4, stabilising the pigments.
Furthermore, in P. raddianum, both anthocyanins are diacyl and diglycosidic compounds, which seem
to favour chelates [47]. Sigurdson et al. [47] investigated colour expression and the stability of Al3+

and Fe3+ chelates in pH 6–7 by spectrophotometry (380–700 nm) and colorimetry (CIELab). Larger
bathochromic shifts (changes in UV-Vis absorption spectra to higher wavelengths) were associated to
these two metals for all cyanidin derivatives tested in pH 6, indicating that a slight acid pH change
enhances metal chelation. Moreover, cyanidin aliphatic acylated derivatives exhibited the smallest
spectral shift when compared to aromatic acylated derivatives, indicating that aromatic acylation and
glycosylation of the anthocyanin are more propitious to metal chelation.

Vacuolar pH measurement is extremely difficult because it is necessary a proton-selective
microelectrode [20,48]; otherwise, the common cell homogenised or isolated protoplast pH analysis
does not precisely reflect vacuolar pH [46]. Although pH was not directly measured, our results
provided evidence about vacuole acidification in P. raddianum. A dramatic increment of succinic
and mainly malic acids from S1 towards S3 (Figures 3 and 5) strongly suggests that pH reduction
might contribute to flower colour in this species. Similarly, in Rhododendron schlippenbachii Maxim.
(Ericaceae) and Nelumbo nucifera Gaertn. (Nelumbonaceae) flowers, by employing a metabolomic
approach, authors concluded that coloured flowers are directly related to the accumulation of organic
acids, such as succinic and malic acid [49,50].

The metabolomic approach allowed the detection of carbohydrates, whose derivatives are the
building blocks and energy source for flavonoid biosynthesis (Figure 5). Usually sugar content in
flowers reduces them from white to coloured stages, reflecting the use of energy and carbon to promote
anthocyanin production and glycosylation [49,50]. Contrarily, in P. raddianum an increment in sugar
content was verified in the S2 stage that remained high until S4. It is important to highlight that no
senescent stages of flower development were investigated in our study and, thus, these carbohydrates
might be still feeding flavonoid biosynthesis.

In this work, by applying a combined approach of detailed biochemical and molecular genetic
techniques, we characterised the pigment profile and investigated the regulation of colour change
in P. raddianum flowers. Phenolic compounds were quantified showing variations in pigment and
co-pigment contents during flower development. The partial cloning of five key genes of the flavonoid
biosynthetic pathway allowed us to profile mRNA levels that explained, at least in part, the pigment
accumulation pattern. Together these data suggest that the flower colour change in P. raddianum
is regulated by the transcriptional control of the structural genes of the flavonoid biosynthetic
pathway, mainly CHS and ANS, that results in the accumulation of petunidin and malvidin, as well
as the co-pigment kaempferol p-coumaroylhexoside. Moreover, the quantification of metal contents
suggested that Fe3+ might influence the saturation of the colour at the purple stage. Finally, organic
acids, in particular malic acid, are probably involved in vacuole acidification, which might promote a
better environment for metal chelation.
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Several analyses could complement these findings about the mechanism of colour change in
P. raddianum. The identification of the transcriptional factors that control flavonol/anthocyanin
accumulation would shed light on the differential expression pattern identified for the analysed
genes. Additionally, genetic analysis of the late reactions, such as methylations, glycosylations and
acylations of flavonoid structures, would bring information about the substituents identified. It is
worth mentioning that the ubiquity of these reactions renders the identification of the specific enzyme
encoding genes (ANTHOCYANIDIN ACYL TRANSFERASE, FLAVONOID GLYCOSYL TRANSFERASE,
O-METHYLTRANSFERASE) extremely difficult. Due to the demonstrated post-transcriptional
regulation of some flavonoid biosynthetic genes [51–56], the study of the enzymatic activity would
increase the knowledge about this phenomenon. Finally, the effect of Fe3+ and vacuolar pH on flower
colour needs to be better understood by means of addressing the subcellular localisation and the
formation of metal–flavonoid complexes.

In conclusion, the generated information contributed to the understanding of the flower colour
change phenomenon in a Brazilian native species and constitute repository data for future studies
with Melastomataceae.

4. Materials and Methods

4.1. Plant Material

Petals at the S1 to S4 stages (Figure 1) were sampled from five Pleroma raddianum (cv.
“manacá-anão”) plants located in Praça Carlos José Gíglio (Latitude: −23.57998, Longitude: −46.73403)
in the most vigorous flowering period (May and June/2016) between 8 and 9 a.m. For each developmental
stage, a pool of petals (~5 g) from each plant was considered a biological replicate (n = 5). Samples were
collected, immediately frozen in liquid nitrogen, ground, and stored at −80 ◦C for mRNA extraction or
freeze dried for chemical analysis. For gene cloning, a pool of all stages collected in May and June/2014
was used. An exsiccate was deposited in the herbarium of Institute of Bioscience (SPF) of the University
of São Paulo (ID: Furlan73).

4.2. Metabolic Profile

4.2.1. Pigment Profile

Phenolic compounds were extracted from 100 mg of petal powder with 1.5 mL of 0.2 % HCl in
methanol (MeOH). The samples were sonicated for 10 min and centrifuged at 10,000 rpm for 10 min.
The supernatant was collected and the pellet extracted twice. The extract was filtered (PTFE 0.45 µm)
and analysed by a Ultra Performance Liquid Chromatography (UPLC) system with a Diode Array
Detector (DAD) (Dionex Ultimate 3000) and an Electrospray Ionisation Quadrupole Time-of-Flight
High-Resolution Mass Spectrometry (ESI-QTOF-HRMS) detector (Bruker Maxis, Bremen, Germany),
MS/MS analysis was performed with a Broadband Collision Induced Dissociation (bbCID) detector
(Bruker, Bremen, Germany). Separation was achieved by using a C18 column (Waters Acquity UPLC
100 × 2.1 mm−1.7 µm) at a flow rate of 0.3 mL min−1, and 4 µL of injection volume, the column
temperature was 45 ◦C, and the solvent system composed of 1% formic acid in water (A) and 1%
formic acid in acetonitrile (B). Gradient elution: 5 to 25% of B (0–40 min), 25 to 100% of B (40–42 min),
100% of B (42–42.5 min), 100 to 5% of B (42.5–43 min), 5% of B (43–46 min). Separated compounds
were first monitored using DAD (200 to 600 nm) and then MS scans were performed in positive
ion mode (MS+), in the range m/z 75–1250 m/z, in the following conditions: capillary voltage set to
4500 V, end plate offset at −500 V, nebuliser at 2 Bar, dry gas 12 L min−1 and dry gas temperature
at 200 ◦C MS was calibrated using sodium formate. All data were processed using Data analysis
software 4.2 (Bruker, Bremen, Germany). To quantify the compounds, the areas of MS+ chromatograms
were normalised and compared with standard curves of p-coumaric acid, kaempferol and cyanidin
(Table S4). To identification details see Rezende et al. [2].
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4.2.2. Primary Metabolism Profile

Petal material (20 mg) was extracted in 500 µL of methanol/chloroform/water (12:5:1, v/v) and
ribitol 0.2 mg mL−1 (50 µL) was added as internal standard (modified from Suguiyama et al. [57]).
The polar phase was derivatised using methoxyamine hydrochloride (28 µL) for 2 h at 37 ◦C and
N-Methyl-N-(trimethylsilyl) trifluoroacetamide (48 µL, MSTFA) for 30 min at 37 ◦C. Samples were
analysed using gas chromatography coupled to mass spectrometry (GC-EIMS Agilent Technologies,
Santa Clara, CA, USA) with a capillary column VF-5MS column (Agilent, Santa Clara, CA, USA, length
30 m × 250 µm × 0.25 µm) and a pre-column (0.25 mm × 10 m). The injection volume was 1 µL using
Helium as mobile phase (1.0 mL min−1). Temperature was programmed as isothermal for 5 min at 70 ◦C,
followed by a 5 ◦C per min ramp to 295 ◦C. The injector, ion source, and quadrupole temperatures were
230 ◦C, 200 ◦C, and 150 ◦C, respectively. The EIMS analysis employed an ionisation voltage of 70 eV
and mass range recorded was of m/z 50 to m/z 600 at 2 scan/s. Substances were identified and compared
with authentic standards using National Institute of Standards and Technology (NIST, v2.0, 2008) and
Global Natural Products Social Molecular Networking (GNPS, 2016) spectral libraries. To identify
the compounds, the Linear Index of Retention was calculated using the alkane standard according to
Viegas and Bassoli [58] and compared with the Golm Metabolome Database (GMD) and PubChem.
To quantify the compounds, the areas of MS chromatograms were compared with internal standard.

4.3. Gene Cloning and Expression Profile

4.3.1. Sequence Analysis for Primers Design

The amino acid sequences encoded by the functionally characterised genes PAL (AT2G37040.1),
C4H (AT2G30490.1), CHS (AT5G13930.1), FLS (AT5G08640.1) and ANS (AT4G22880.1) from Arabidopsis
thaliana [59–62] were used as query to identify, by the tBLASTx program [63], the orthologous sequences
from Vitis vinifera, Eucalyptus grandis, and Solanum lycopersicum, fully sequenced genomes available
in the Phytozome v 9.0 database [64]. The identified amino acid sequences were aligned using the
MUSCLE program following the standard configurations of the MEGA 6 package [65]. After the
identification of conserved domains, the alignments were converted to nucleotides for degenerated
primer design based on the corresponding Eucalyptus grandis sequences, which is the closest related
species to P. raddianum with a completely sequenced genome (Figure S4 and Table S5). The quality of
the designed primers was verified using the software Oligo Analyser 3.1 [66].

By using the same strategy described above, primers were designed for the cloning of two reference
genes for Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-qPCR) normalisation.
The chosen genes were those previously described for gene expression analyses in Petunia hybrida
flowers, ELONGATION FACTOR 1α (EF1) and RIBOSOMAL PROTEIN S13 (RPS) [27].

4.3.2. RNA Extraction and cDNA Synthesis

Total RNA from 3 g of petal samples was extracted with Cetyl trimethylammonium bromide
(CTAB) [67] (Figure S5 and Table S6). DNA was removed with 100 U of amplification-grade DNase
(Invitrogen) following the recommended protocol. cDNA was synthesised from 1 µg of RNA using
oligo dT (for gene cloning) or random primers (for RT-qPCR) and the SuperScript III kit (Invitrogen).
cDNA quality was confirmed by PCR using RPS primers.

4.3.3. Cloning

Gene fragments were amplified by PCR in a total volume of 50 µL containing 0.2 mM each dNTPs,
0.2 µM of each primer (Table S5), 1X reaction buffer, 1.5 mM MgCl2, 50 ng of cDNA, and 2 U of Taq DNA
polymerase (Invitrogen). The amplification conditions were: 94 ◦C for 3 min, 35 cycles of 94 ◦C for 30 s,
50 ◦C for 30 s, and 72 ◦C for 1 min, and then 72 ◦C for 10 min. Amplification products were purified (Kit
GFX Amersham Biosciences, Buckinghamshire, United Kingdom) and cloned into a TOPO-TA vector
(Dual promoter Kit Invitrogen) following the recommended protocols. Transformation was carried by
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using 50 µL of DH10B strain competent cells with 2 µL of the ligation product. The mixture was kept on
ice for 30 min and subjected to a thermal shock of 45 sec at 65 ◦C and 2 min on ice. An amount of 500 µL
of Super Optimal Broth (SOC) medium [68] was added for a shaking incubation (45 min at 37 ◦C).
Samples were centrifuged (3 min, 3000 rpm at room temperature) and cells resuspended and plated
on Luria-Bertani (LB) agar [69] with kanamycin, 5-bromo-4-chloro-3-indoxyl-β-D-galactopyranoside
(X-Gal) and isopropil β-D-1-tiogalactopiranosida (IPTG). Five white colonies for each fragment were
grown in liquid LB and, plastidial DNA was purified and sequenced with vector universal primers.

4.3.4. Sequence Analyses

To verify the identity of the cloned P. raddianum gene fragments, phenetic analyses were performed.
Orthologous sequences from Arabidopsis thaliana (AT) and Bra rapa L. (Brara)—Brassicaceae, Eucalyptus
grandis (Eucgr)—Myrtaceae, Mendicago trunculata (Medtr) and Trifolium pratense L. (Tp)–Fabaceae, and
Solanum lycopersicum (Soly)—Solanaceae, were retrieved from the Phytozome v 12.1 database [70] by
the tBLASTx program [63]. The species were selected according to the following criteria: (i) fully
sequenced genome, (ii) genes belonging to Phytozome gene families whose functional annotation
was associated to phenolic compound biosynthesis (gene family 94476114 for PAL, 94469571 for C4H,
94475332 for CHS, 94475392 for FLS, 94470119 for ANS, 94475526 for RPS and 94476231 for EF1), and
(iii) species placed in Rosids clade in Angiosperm Phylogeny Group (APG) IV classification (AT, Brara,
Eucgr, Medtr and Tp, and Soly as the outgroup). The coding sequences were aligned using the Clustal
program following the standard configurations of the MEGA 6 package [65], with manual verification
of codon alignment according to the amino acid sequence. The phenograms were constructed with the
following parameters: Neighbor-joining, Bootstrap of 1000 replicates and the best model test for each
analysis. Gene sequences were submitted to gene bank under the following numbers: MW000889 for
PAL, MW000890 for C4H, MW000891 for CHS, MW000892 for FLS, MW000893 for ANS, MW000894
for EF1 and MW000895 for RPS.

4.3.5. RT-qPCR

Based on P. raddianum sequences, gene specific primers for expression analysis were designed
to amplify fragments of approximately 160 bp (Table S5). To quantify mRNA levels by RT-qPCR,
the reactions were carried out in a QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems)
using 2X Power SYBR Green Master Mix reagent (Life Technologies) in 14 µL final volume. Absolute
fluorescence data were analysed using the LinRegPCR software package [71] to obtain quantitation
cycle (Cq) values and calculate primer efficiencies (the primer efficiency values ranging from 1.85 to
1.98). Relative expression values were obtained normalising against the geometric mean of the two
reference genes (EF1 and RPS), according to the formula below [72]:

RE =
Pegoi

ˆ (control Ct mean − sample Ct mean)

Peref
ˆ (control Ct mean − sample Ct mean)

(1)

where RE is relative expression, Pe is primer efficiency, goi is gene of interest, Ct is treshold cycle,
control Ct is the Ct mean of the biological control, sample Ct is the Ct mean of biological sample and
ref are the reference genes.

A permutation test lacking sample distribution assumption [73] was applied to detect statistical
differences (p < 0.05) in expression ratios using fgStatistics software package [74].

4.4. Metal Content

To analyse the content of metals, 500 mg of freeze-dried petal powder were digested with
nitro-perchloric and the contents of Mg2+, K+, Na+, Ca2+, Cu2+, Mn2+, Zn2+ and Fe3+ were determined
by atomic absorption spectroscopy in the Laboratory of Vegetal Tissue (Luiz de Queiroz College of
Agriculture, University of Sao Paulo—ESALQ, USP).
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4.5. Flower Colour

Five fresh petals, from stages S2, S3 and S4, were measured three times at adaxial surface. Petal
colour was assessed by using a Konica Minolta CR-400 colorimeter, to measure lightness (L *), and two
chromatic components a * and b * of the CIELab colour scale. The measurements were performed
indoors in a daylight condition. Hue angle (Hab) and metric chroma (C *), were calculated according
to the following equations [75]:

C * = (a *2 + b *2)1/2 (2)

Hab = tang−1(b */a *) (3)

4.6. Data Analyses

Statistical analysis for pigment and metal profiles was performed using Infostat package [74].
When the data set showed normality, ANOVA followed by the Tukey test (p < 0.05) were performed
to compare differences between groups. In the absence of normality, a non-parametric comparison
was performed by applying the Kruskal-Wallis test (p < 0.05). All values represent the mean of five
biological replicates.

Supplementary Materials: The following are available online at, Figure S1. Agarose gel (0.8%) showing the
cloned fragments. The abbreviations indicate: PHENYLALANINE AMMONIUM LYASE (PAL), CINAMMATE
4-HYDROXYLASE (C4H), CHALCONE SYNTHASE (CHS), FLAVONOL SYNTHASE (FLS) and ANTHOCYANIDIN
SYNTHASE (ANS), ELONGATION FACTOR 1-α (EF1) and RIBOSSOMOAL PROTEIN S13 (RPS) genes. Figure S2.
Phenograms for PHENYLALANINE AMMONIUM LYASE (PAL) (A), CINAMMATE 4-HYDROXYLASE (C4H) (B),
CHALCONE SYNTHASE (CHS) (C), FLAVONOL SYNTHASE (FLS) (D), and ANTHOCYANIDIN SYNTHASE
(ANS) (E) amino acid sequences. Only sequences from species with full sequenced genomes were included in the
analyses: Eucalyptus grandis (Eucgr), Arabidopsis thaliana (AT), Brassica rapa (Brara), Medicago trunculata (Medtr),
Trifolium pratense (Tp) and Solanum lycopersicum (Soly). Trees were constructed using the following parameters:
Neighbor-joining, Bootstrap of 1000 replicates and the best model test for each analysis. Grey boxes show the
clusters for Pleroma raddianum (T.pulchra) and E. grandis sequences. Figure S3. Pleroma raddianum flowers need
light to turn from white to purple colour. Plants were maintained indoors under low light irradiance. After 24
h (A to B) white flowers did not homogenously turn to pink (D) and fell down the following day (B to C). (E).
Normal pink flower at the S3 stage. Figure S4. Alignments used for primer design to clone the partial gene
sequences of PHENYLALANINE AMMONIUM LYASE (PAL) (A), CINAMMATE 4-HYDROXYLASE (C4H) (B),
CHALCONE SYNTHASE (CHS) (C), FLAVONOL SYNTHASE (FLS) (D) and ANTHOCYANIDIN SYNTHASE
(ANS) (E). Boxes indicate the primers sequences. Figure S5. RNA integrity. Agarose gel (1%) for analysis of RNA
integrity, approximately 500 µg of each sample was loaded. The numbers indicate the biological replicates (1 to
5) for each stage (S1 to S4). S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3).
Table S1. Sugar, organic acids and phenolic acids analysed by GC-EIMS in each developmental stage of Pleroma
raddianum flowers. S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3). Table S2.
Pigment profile during Pleroma raddianum flower development. S1—buds (day 0), S2—white flowers (day 1),
S3—pink (day 2), S4—dark pink (day 3). Table S3. Identity of obtained cDNA fragments from Pleroma raddianum
with Eucalyptus grandis sequences. Table S4. Standard curves parameters. Table S5. Primers used for gene cloning
and RT-qPCR. Table S6. RNA quantification by nanodrop. The numbers indicate the biological replicates (1 to 5)
for each stage (S1 to S4). S1—buds (day 0), S2—white flowers (day 1), S3—pink (day 2), S4—purple (day 3).

Author Contributions: Conceptualisation, methodology, F.M.R., M.R. and C.M.F.; formal analysis, investigation,
F.M.R. data curation, writing—original draft preparation, F.M.R. writing—review and editing, M.H.C., M.R. and
C.M.F.; supervision, M.R. and C.M.F.; project administration, C.M.F., funding acquisition, M.H.C., M.R. and C.M.F.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FAPESP (2013-10413-0, Brazil) and CAPES (Finance Code 001, Brazil). M.R.
and C.M.F. were funded by a fellowship from CNPq. M.H.C. was supported by the Carlsberg Foundation (grant
no. CF14-0564) and the Danish Agency for Science, Technology and Innovation (Danish-Brazilian Network for
Plant Glycoscience, grant no. 5132-00012B).

Acknowledgments: We thank Thomas Ostenfeld Larsen for providing the UPLC-PAD-ESI-QTOF-HRMS. We also
thank the technician Andreas H. R. Heidemann and Christopher Phippen from the Department of Biotechnology
and Biomedicine, DTU, Denmark; Philip Charlie Johansen and Kasper Enemark-Rasmussen from the Department
of Chemistry, DTU, Denmark and; Silvia Regina Blanco, Leandro S. Santos, Mourisa M. de Souza Ferreira and
Aline Bertinatto Cruz from the Department of Botany, Institute of Biosciences, USP, Brazil, for assistance in the
management of equipment. We also thank Bruno Silvestre Lira for technical assistance during gene cloning and
expression profiling.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2020, 25, 4664 15 of 18

References

1. Guimarães, P.J.F.; Michelangeli, F.A.; Sosa, K.; Gómez, J.R.S. Systematics of Tibouchina and allies
(Melastomataceae: Melastomateae): A new taxonomic classification. Taxon 2019, 68, 937–1002. [CrossRef]

2. Rezende, F.M.; Ferreira, M.J.P.; Clausen, M.H.; Rossi, M.; Furlan, C.M. Acylated Flavonoid Glycosides are
the Main Pigments that Determine the Flower Color of the Brazilian Native Tree Tibouchina pulchra (Cham.)
Cogn. Molecules 2019, 24, 718. [CrossRef] [PubMed]

3. Ruxton, G.D.; Schaefer, H.M. Floral colour change as a potential signal to pollinators. Curr. Opin. Plant Biol.
2016, 32, 96–100. [CrossRef] [PubMed]

4. Macnish, A.J.; Jiang, C.Z.; Zakharov-Negre, F.; Reid, M. Physiological and molecular changes during opening
and senescence of Nicotiana mutabilis flowers. Plant Sci. 2010, 179, 267–272. [CrossRef]

5. Gao, L.; Yang, H.; Liu, H.; Yang, J.; Hu, Y. Extensive Transcriptome Changes Underlying the Flower Color
Intensity Variation in Paeonia ostia. Front. Plant Sci. 2016, 6, 1–16. [CrossRef]

6. Teppabut, Y.; Oyama, K.; Kondo, T.; Yoshida, K. Change of Petals Color and Chemical components in
Oenothera Flowers during Senescence. Molecules 2018, 23, 1698. [CrossRef]

7. Guo, L.; Wang, Y.; da Silva, J.A.T.; Fan, Y.; Yu, X. Transcriptome and chemical analysis reveal putative
genes involved in fower color change in Paeonia ‘Coral Sunset’. Plant Physiol. Biochem. 2019, 128, 130–139.
[CrossRef]

8. Vaknin, H.; Bar-Akiva, A.; Ovadia, R.; Nissim-Levi, A.; Forer, I.; Weiss, D.; Oren-Shamir, M. Active
anthocyanin degradation in Brunfelsia calycina (yesterday-today-tomorrow) flowers. Planta 2005, 222, 19–26.
[CrossRef]

9. Trouillas, P.; Sancho-garc, J.C.; Freitas, V.D.; Gierschner, J.; Otyepka, M.; Dangles, O. Stabilizing and
Modulating Color by Copigmentation: Insights from Theory and Experiment. Chem. Rev. 2016, 116, 4937–4982.
[CrossRef]

10. Brito, L.G.; Sazima, M. Tibouchina pulchra (Melastomataceae): Reproductive biology of a tree species at two
sites of an elevational gradient in the Atlantic rainforest in Brazil. Plant Syst. Evol. 2012, 7, 1271–1279.
[CrossRef]

11. Brito, V.L.; Weynans, K.; Sazima, M.; Lunau, K. Trees as huge flowers and flowers as oversized floral guides:
The role of floral color change and retention of old flowers in Tibouchina pulchra. Front. Plant Sci. 2015, 6, 1–6.
[CrossRef] [PubMed]

12. Farzad, M.; Griesbach, R.; Weiss, M.R. Floral color change in Viola cornuta L. (Violaceae): A model system to
study regulation of anthocyanin production. Plant Sci. 2002, 162, 225–231. [CrossRef]

13. Farzad, M.; Griesbach, R.; Hammond, J.; Weiss, M.R.; Elmendorf, H.G. Differential expression of three key
anthocyanin biosynthetic genes in a color-changing flower, Viola cornuta cv. Yesterday, Today and Tomorrow.
Plant Sci. 2003, 165, 1333–1342. [CrossRef]

14. Han, M.; Yang, C.; Zhou, J.; Zhu, J.; Meng, J.; Shen, T.; Xin, Z.; Li, H. Analysis of flavonoids and anthocyanin
biosynthesis-related genes expression reveals the mechanism of petal color fading of Malus hupehensis
(Rosaceae). Braz. J. Bot. 2020, 43, 81–89. [CrossRef]

15. Bar-Akiva, A.; Ovadia, R.; Rogachev, I.; Bar-Or, C.; Bar, E.; Freiman, Z.; Nissim-Levi, A.; Gollop, N.;
Lewinsohn, E.; Aharoni, A.; et al. Metabolic networking in Brunfelsia calycina petals after flower opening.
J. Exp. Bot. 2010, 61, 1393–1403. [CrossRef] [PubMed]

16. Zipor, G.; Shahar, L.; Ovadia, R.; Teper-bamnolker, P.; Levin, Y.; Doron-faigenboim, A.; Oren-shamir, M. In
planta anthocyanin degradation by a vacuolar class III peroxidase in Brunfelsia calycina flowers. New Phytol.
2014, 205, 653–665. [CrossRef] [PubMed]

17. Yoshida, K.; Miki, N.; Momonoi, K.; Kawachi, M.; Katou, K.; Okazaki, Y.; Uozumi, N.; Meshima, M.; Kondo, T.
Synchrony between flower opening and petal-color change from red to blue in morning glory Ipomoea tricolor
cv. heavenly blue. Proc. Jpn. Acad. Ser. B. 2009, 85, 187–197. [CrossRef] [PubMed]

18. Verweij, W.; Spelt, C.E.; Bliek, M.; de Vries, M.; Wit, N.; Faraco, M.; Koes, R.; Quattrocchio, F.M. Functionally
similar WRKY proteins regulate vacuolar acidification in Petunia and hair development in Arabidopsis.
Plant Cell 2016, 28, 786–803. [CrossRef]

19. Shiono, M.; Matsugaki, N.; Takeda, K. Phytochemistry: Structure of the blue cornflower pigment. Nature
2005, 436, 791. [CrossRef]

http://dx.doi.org/10.1002/tax.12151
http://dx.doi.org/10.3390/molecules24040718
http://www.ncbi.nlm.nih.gov/pubmed/30781526
http://dx.doi.org/10.1016/j.pbi.2016.06.021
http://www.ncbi.nlm.nih.gov/pubmed/27428780
http://dx.doi.org/10.1016/j.plantsci.2010.05.011
http://dx.doi.org/10.3389/fpls.2015.01205
http://dx.doi.org/10.3390/molecules23071698
http://dx.doi.org/10.1016/j.plaphy.2019.02.025
http://dx.doi.org/10.1007/s00425-005-1509-5
http://dx.doi.org/10.1021/acs.chemrev.5b00507
http://dx.doi.org/10.1007/s00606-012-0633-5
http://dx.doi.org/10.3389/fpls.2015.00362
http://www.ncbi.nlm.nih.gov/pubmed/26052335
http://dx.doi.org/10.1016/S0168-9452(01)00557-X
http://dx.doi.org/10.1016/j.plantsci.2003.08.001
http://dx.doi.org/10.1007/s40415-020-00590-y
http://dx.doi.org/10.1093/jxb/erq008
http://www.ncbi.nlm.nih.gov/pubmed/20202996
http://dx.doi.org/10.1111/nph.13038
http://www.ncbi.nlm.nih.gov/pubmed/25256351
http://dx.doi.org/10.2183/pjab.85.187
http://www.ncbi.nlm.nih.gov/pubmed/19521056
http://dx.doi.org/10.1105/tpc.15.00608
http://dx.doi.org/10.1038/436791a


Molecules 2020, 25, 4664 16 of 18

20. Yoshida, K.; Toyama-Kato, Y.; Kameda, K.; Kondo, T. Sepal color variation of Hydrangea macrophylla and
vacuolar pH measured with a proton-selective microelectrode. Plant Cell Physiol. 2003, 44, 262–268. [CrossRef]

21. Kondo, T.; Toyama-Kato, Y.; Yoshida, K. Essential structure of co-pigment for blue sepal-color development
of hydrangea. Tetrahedron Lett. 2005, 46, 6645–6649. [CrossRef]

22. Oyama, K.I.; Yamada, T.; Ito, D.; Kondo, T.; Yoshida, K. Metal Complex Pigment Involved in the Blue Sepal
Color Development of Hydrangea. J. Agric. Food Chem. 2015, 63, 7630–7635. [CrossRef] [PubMed]

23. Zhao, D.; Tao, J. Recent advances on the development and regulation of flower color in ornamental plants.
Front. Plant Sci. 2015, 6, 1–13. [CrossRef] [PubMed]

24. Neta, I.; Shoseyov, O.; Weiss, D. Sugars enhance the expression of gibberellin-induced genes in developing
petunia flowers. Physiol. Plant. 2000, 109, 196–202. [CrossRef]

25. Butelli, E.; Titta, L.; Giorgio, M.; Mock, H.-P.; Matros, A.; Peterek, S.; Schijlen, E.G.W.M.; Hall, R.D.; Bovy, A.G.;
Luo, J.; et al. Enrichment of tomato fruit with health-promoting anthocyanins by expression of select
transcription factors. Nat. Biotech. 2008, 26, 1301–1308. [CrossRef]

26. Zheng, G.; Fan, C.; Di, S.; Wang, X.; Gao, L.; Dzyubenko, N.; Chapurin, V.; Pang, Y. Ectopic expression of tea
MYB genes alter spatial flavonoid accumulation in alfafa (Medicago sativa). PLoS ONE 2019, 14, e0218336.
[CrossRef]

27. Mallona, I.; Lischewski, S.; Weiss, J.; Hause, B.; Egea-Cortines, M. Validation of reference genes for
quantitative real-time PCR during leaf and flower development in Petunia hybrida. BMC Plant Biol. 2010,
10, 1–11. [CrossRef]

28. Saito, R.; Fukuta, N.; Ohmiya, A.; Itoh, Y.; Ozeki, Y.; Kuchitsu, K.; Nakayama, M. Regulation of anthocyanin
biosynthesis involved in the formation of marginal picotee petals in Petunia. Plant Sci. 2006, 170, 828–834.
[CrossRef]

29. Grotewold, E. The genetics and biochemistry of floral pigments. Annu. Rev. Plant Biol. 2006, 57, 761–780.
[CrossRef]

30. Tornielli, G.; Koes, R.; Quattrocchio, F. The genetics of flower color. In Petunia: Evolutionary, Developmental
and Physiological Genetics; Gerats, T., Strommer, J., Eds.; Springer: New York, NY, USA, 2009; pp. 269–299.
ISBN 978-0-387-84796-2.

31. Hichri, I.; Barrieu, F.; Bogs, J.; Kappel, C.; Delrot, S.; Lauvergeat, V. Recent advances in the transcriptional
regulation of the flavonoid biosynthetic pathway. J. Exp. Bot. 2011, 62, 2465–2483. [CrossRef]

32. Xu, W.; Dubos, C.; Lepiniec, L. Transcriptional control of flavonoid biosynthesis by MYB–bHLH–WDR
complexes. Trends Plant Sci. 2015, 20, 176–185. [CrossRef] [PubMed]

33. Xu, W.; Grain, D.; Bobet, S.; Le Gourrierec, J.; Thévenin, J.; Kelemen, Z.; Dubos, C. Complexity and robustness
of the flavonoid transcriptional regulatory network revealed by comprehensive analyses of MYB-bHLH-WDR
complexes and their targets in Arabidopsis seed. New Phytol. 2014, 202, 132–144. [CrossRef] [PubMed]

34. Chalker-Scott, L. Environmental Significance of Anthocyanins in Plant Stress Responses. Photochem. Photobiol.
1999, 70, 1–9. [CrossRef]

35. Maier, A.; Schrader, A.; Kokkelink, L.; Falke, C.; Welter, B.; Iniesto, E.; Rubio, V.; Uhrig, J.F.; Hülskamp;
Hoecker, U. Light and the E3 ubiquitin ligase COP1/SPA control the protein stability of the MYB transcription
factors PAP1 and PAP2 involved in anthocyanin accumulation in Arabidopsis. Plant J. 2013, 74, 638–651.
[CrossRef] [PubMed]

36. Maier, A.; Hoecker, U. COP1/SPA ubiquitin ligase complexes repress anthocyanin accumulation under low
light and high light conditions. Plant Signal. Behav. 2015, 10, e970440. [CrossRef] [PubMed]

37. Li, S.; Gao, J.; Yin, K.; Wang, R.; Wang, C.; Petersen, M.; Mundy, J.; Qiu, J.L. MYB75 Phosphorylation by MPK4
Is Required for Light-Induced Anthocyanin Accumulation in Arabidopsis. Plant Cell 2016, 18, 2866–2883.
[CrossRef] [PubMed]

38. Kim, S.; Hwang, G.; Lee, S.; Zhu, J.Y.; Paik, I.; Nguyen, T.T.; Oh, E. High ambient temperature represses
anthocyanin biosynthesis through degradation of HY5. Front. Plant Sci. 2017, 8, 1787. [CrossRef]

39. Shin, D.H.; Choi, M.G.; Kang, C.S.; Park, C.S.; Choi, S.B.; Park, Y.I. Overexpressing the wheat dihydroflavonol
4-reductase gene TaDFR increases anthocyanin accumulation in an Arabidopsis dfr mutant. J. Genet. Genom.
2016, 38, 333–340. [CrossRef]

40. Liu, Z.; Zhang, Y.; Wang, J.; Li, P.; Zhao, C.; Chen, Y.; Bi, Y. Phytochrome-interacting factors PIF4 and PIF5
negatively regulate anthocyanin biosynthesis under red light in Arabidopsis seedlings. Plant Sci. 2015,
238, 64–72. [CrossRef]

http://dx.doi.org/10.1093/pcp/pcg033
http://dx.doi.org/10.1016/j.tetlet.2005.07.146
http://dx.doi.org/10.1021/acs.jafc.5b02368
http://www.ncbi.nlm.nih.gov/pubmed/26006163
http://dx.doi.org/10.3389/fpls.2015.00261
http://www.ncbi.nlm.nih.gov/pubmed/25964787
http://dx.doi.org/10.1034/j.1399-3054.2000.100212.x
http://dx.doi.org/10.1038/nbt.1506
http://dx.doi.org/10.1371/journal.pone.0218336
http://dx.doi.org/10.1186/1471-2229-10-4
http://dx.doi.org/10.1016/j.plantsci.2005.12.003
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105248
http://dx.doi.org/10.1093/jxb/erq442
http://dx.doi.org/10.1016/j.tplants.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25577424
http://dx.doi.org/10.1111/nph.12620
http://www.ncbi.nlm.nih.gov/pubmed/24299194
http://dx.doi.org/10.1111/j.1751-1097.1999.tb01944.x
http://dx.doi.org/10.1111/tpj.12153
http://www.ncbi.nlm.nih.gov/pubmed/23425305
http://dx.doi.org/10.4161/15592316.2014.970440
http://www.ncbi.nlm.nih.gov/pubmed/25482806
http://dx.doi.org/10.1105/tpc.16.00130
http://www.ncbi.nlm.nih.gov/pubmed/27811015
http://dx.doi.org/10.3389/fpls.2017.01787
http://dx.doi.org/10.1007/s13258-015-0373-3
http://dx.doi.org/10.1016/j.plantsci.2015.06.001


Molecules 2020, 25, 4664 17 of 18

41. Pham, V.N.; Kathare, P.K.; Hug, E. Phytochromes and Phytochrome Interacting Factors. Plant Physiol. 2018,
176, 1025–1038. [CrossRef]

42. Czemmel, S.; Heppel, S.C.; Bogs, J. R2R3 MYB transcription factors: Key regulators of the flavonoid
biosynthetic pathway in grapevine. Protoplasma 2012, 249, 109–118. [CrossRef] [PubMed]

43. Zhang, H.N.; Li, W.C.; Wang, H.C.; Shi, S.Y.; Shu, B.; Liu, L.Q. Transcriptome profiling of light-regulated
anthocyanin biosynthesis in the pericarp of Litchi. Front. Plant Sci. 2016, 7, 963. [CrossRef] [PubMed]

44. Zong, Y.; Xi, X.; Li, S.; Chen, W.; Zhang, B.; Liu, D.; Zhang, H. Allelic Variation and Transcriptional Isoforms
of Wheat TaMYC1 Gene Regulating Anthocyanin Synthesis in Pericarp. Front. Plant Sci. 2017, 8, 1645.
[CrossRef] [PubMed]

45. Tan, J.; Wang, M.; Tu, L.; Nie, Y.; Lin, Y.; Zhang, X. The Flavonoid Pathway Regulates the Petal Colors of
Cotton Flower. PLoS ONE 2013, 8, e72364. [CrossRef] [PubMed]

46. Yoshida, K.; Mori, M.; Kondo, T. Blue flower color development by anthocyanins:from chemical structure to
cell physiology. Nat. Prod. Rep. 2009, 26, 857–964. [CrossRef] [PubMed]

47. Sigurdson, G.T.; Robbins, R.J.; Collins, T.M.; Giusti, M.M. Spectral and colorimetric characteristics of metal
chelates of acylated cyanidin derivatives. Food Chem. 2017, 221, 1088–1095. [CrossRef] [PubMed]

48. Yoshida, K.; Kitahara, S.; Ito, D.; Kondo, T. Ferric ions involved in the flower color development of the
Himalayan blue poppy, Meconopsis grandis. Phytochemistry 2006, 67, 992–998. [CrossRef]

49. Park, C.H.; Yeo, H.J.; Kim, N.S.; Park, Y.E.; Park, S.; Kim, J.K.; Park, S.U. Metabolomic profiling of the white,
violet and red flowers of Rhododendron schlippenbachii Maxim. Molecules 2018, 23, 827. [CrossRef]

50. Zhu, H.; Yang, J.; Xiao, C.; Mao, T.; Zhang, J.; Zhang, H. Differences in flavonoid pathway metabolites and
transcripts affect yellow petal coloration in the aquatic plant Nelumbo nucifera. BMC Plant Biol. 2019, 19, 277.
[CrossRef]

51. Rajagopalan, R.; Vaucheret, H.; Trejo, J.; Bartel, D.P. A diverse and evolutionarily fluid set of microRNAs in
Arabidopsis thaliana. Genes Dev. 2006, 20, 3407–3425. [CrossRef]

52. Hsieh, L.C.; Lin, S.I.; Shih, A.C.C.; Chen, J.W.; Lin, W.Y.; Tseng, C.Y.; Li, W.H.; Chiou, T.J. Uncovering small
RNA-mediated responses to phosphate deficiency in Arabidopsis by deep sequencing. Plant physiol. 2009,
151, 2120–2132. [CrossRef] [PubMed]

53. Gou, J.-Y.; Felippes, F.F.; Liu, C.-J.; Weigel, D.; Wang, J.-W. Negative Regulation of Anthocyanin Biosynthesis
in Arabidopsis by a miR156-Targeted SPL Transcription Factor. Plant Cell 2011, 23, 1512–1522. [CrossRef]

54. Koseki, M.; Goto, K.; Masuta, C.; Kanazawa, A. The star-type color pattern in Petunia hybrida “Red Star”
flowers is induced by sequence-specific degradation of chalcone synthase RNA. Plant Cell Physiol. 2005,
46, 1879–1883. [CrossRef] [PubMed]

55. Pairoba, C.F.; Walbot, V. Post-transcriptional regulation of expression of the Bronze2 gene of Zea mays L.
Plant Mol. Biol. 2003, 53, 75. [CrossRef] [PubMed]

56. Zhang, X.; Gou, M.; Liu, C.-J. Arabidopsis Kelch Repeat F-Box Proteins Regulate Phenylpropanoid Biosynthesis
via Controlling the Turnover of Phenylalanine Ammonia-Lyase. Plant Cell 2013, 25, 4994–5010. [CrossRef]

57. Suguiyama, V.F.; Silva, E.A.; Meirelles, S.T.; Centeno, D.C.; Braga, M.R. Leaf metabolite profile of the Brazilian
resurrection plant Barbacenia purpurea Hook. (Velloziaceae) shows two time-dependent responses during
desiccation and recovering. Front. Plant Sci. 2014, 5, 1–14. [CrossRef]

58. Viegas, M.C.; Bassoli, D.G. Utilização do índice de retenção linear para caracterização de compostos voláteis
em café solúvel utilizando GC-MS e coluna HP-Innowax. Quím. Nova 2007, 30, 2031–2034. [CrossRef]

59. Wanner, L.A.; Li, G.; Ware, D.; Somssich, I.E.; Davis, K.R. The phenylalanine ammonia-lyase gene family in
Arabidopsis thaliana. Plant Mol. Biol. 1995, 27, 327–338. [CrossRef]

60. Bell-Lelong, D.A.; Cusumano, J.C.; Meyer, K.; Chapple, C. Cinnamate-4-hydroxylase expression in Arabidopsis
(regulation in response to development and the environment). Plant Physiol. 1997, 113, 729–738. [CrossRef]

61. Pelletier, M.K.; Murrell, J.R.; Shirley, B.W. Characterization of flavonol synthase and leucoanthocyanidin
dioxygenase genes in Arabidopsis (Further evidence for differential regulation of “early” and “late” genes).
Plant physiol. 1997, 113, 1437–1445. [CrossRef]

62. Feinbaum, R.L.; Ausubel, F.M. Transcriptional Regulation of the Arabidopsis thaliana Chalcone Synthase Gene.
Mol. Cell Biol. 1988, 8, 1985–1992. [CrossRef] [PubMed]

63. Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D. Gapped BLAST and
PSLBLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389–3402.
[CrossRef] [PubMed]

http://dx.doi.org/10.1104/pp.17.01384
http://dx.doi.org/10.1007/s00709-012-0380-z
http://www.ncbi.nlm.nih.gov/pubmed/22307206
http://dx.doi.org/10.3389/fpls.2016.00963
http://www.ncbi.nlm.nih.gov/pubmed/27446187
http://dx.doi.org/10.3389/fpls.2017.01645
http://www.ncbi.nlm.nih.gov/pubmed/28983311
http://dx.doi.org/10.1371/journal.pone.0072364
http://www.ncbi.nlm.nih.gov/pubmed/23951318
http://dx.doi.org/10.1039/b800165k
http://www.ncbi.nlm.nih.gov/pubmed/19554240
http://dx.doi.org/10.1016/j.foodchem.2016.11.052
http://www.ncbi.nlm.nih.gov/pubmed/27979063
http://dx.doi.org/10.1016/j.phytochem.2006.03.013
http://dx.doi.org/10.3390/molecules23040827
http://dx.doi.org/10.1186/s12870-019-1886-8
http://dx.doi.org/10.1101/gad.1476406
http://dx.doi.org/10.1104/pp.109.147280
http://www.ncbi.nlm.nih.gov/pubmed/19854858
http://dx.doi.org/10.1105/tpc.111.084525
http://dx.doi.org/10.1093/pcp/pci192
http://www.ncbi.nlm.nih.gov/pubmed/16143597
http://dx.doi.org/10.1023/B:PLAN.0000009267.76482.ce
http://www.ncbi.nlm.nih.gov/pubmed/14756308
http://dx.doi.org/10.1105/tpc.113.119644
http://dx.doi.org/10.3389/fpls.2014.00096
http://dx.doi.org/10.1590/S0100-40422007000800040
http://dx.doi.org/10.1007/BF00020187
http://dx.doi.org/10.1104/pp.113.3.729
http://dx.doi.org/10.1104/pp.113.4.1437
http://dx.doi.org/10.1128/MCB.8.5.1985
http://www.ncbi.nlm.nih.gov/pubmed/3386631
http://dx.doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694


Molecules 2020, 25, 4664 18 of 18

64. Plant Comparative Genomics Portal of the Department of Energy’s Joint Genome Institute. Phytozome v9.0.
Available online: http://www.phytozome.net/ (accessed on 2 October 2014).

65. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol. 2011, 28, 2731–2739. [CrossRef] [PubMed]

66. Oligo Analyzer Tool. Available online: https://www.idtdna.com/pages/tools/oligoanalyzer (accessed on
4 October 2014).

67. Chang, S.; Puryear, J.; Cairney, J. A simple and Efficient Method for Isolating RNA from Pine Trees. Plant. Mol.
Biol. Rep. 1993, 11, 113–116. [CrossRef]

68. Hanahan, D. Studies on transformation of Escherichia coli with plasmids. J. Mol. Biol 1983, 166, 557–580.
[CrossRef]

69. Bertani, G. Studies on lysogenesis: The Mode of Phage Liberation by Lysogenic Escherichia coli. J. Bacteriol.
1951, 62, 293. [CrossRef]

70. Plant Comparative Genomics portal of the Department of Energy’s Joint Genome Institute. Phytozome v12.1.
Available online: http://www.phytozome.net/ (accessed on 24 November 2017).

71. Ruijter, J.M.; Ramakers, C.; Hoogaars, W.M.; Karlen, Y.; Bakker, O.; Van Den Hoff, M.J.; Moorman, A.F.
Amplification efficiency: Linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res.
2009, 37, e45. [CrossRef]

72. Quadrana, L.; Almeida, J.; Otaiza, S.N.; Duffy, T.; Corrêa da Silva, J.V.; de Godoy, F.; Asís, R.; Bermúdez, L.;
Fernie, A.R.; Carrari, F.; et al. Transcriptional regulation of tocopherol biosynthesis in tomato. Plant Mol. Biol.
2013, 81, 309–325. [CrossRef]

73. Pfaffl, M.W.; Horgan, G.W.; Dempfle, L. Relative expression software tool (REST©) for group-wise comparison
and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002, 30, e36.
[CrossRef]

74. Di Rienzo, J.A.; Casanoves, F.; Balzarini, M.G.; Gonzalez, L.; Tablada, M.; Robledo, Y.C. InfoStat Versión 2011.
Grupo InfoStat, FCA, Universidad Nacional de Córdoba, Argentina. 2011, Volume 8, pp. 195–199. Available
online: http://www.infostat.com.ar (accessed on 13 November 2014).

75. Gonnet, J.F. Color effects of co-pigmentation of anthocyanins revisited-1. A colorimetric definition using the
CIELab scale. Food Chem. 1998, 63, 409–415. [CrossRef]

Sample Availability: Samples of S1 to S4 (~20 mg each n = 4) and freeze-dried pink petals (~1 g of mixed S3, and
S4) are available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.phytozome.net/
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
https://www.idtdna.com/pages/tools/oligoanalyzer
http://dx.doi.org/10.1007/BF02670468
http://dx.doi.org/10.1016/S0022-2836(83)80284-8
http://dx.doi.org/10.1128/JB.62.3.293-300.1951
http://www.phytozome.net/
http://dx.doi.org/10.1093/nar/gkp045
http://dx.doi.org/10.1007/s11103-012-0001-4
http://dx.doi.org/10.1093/nar/30.9.e36
http://www. infostat.com.ar
http://dx.doi.org/10.1016/S0308-8146(98)00053-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Chemical Profile 
	Gene Cloning and Expression Analysis 
	Metal Content 
	Colour Characterization of Petals 

	Discussion 
	Materials and Methods 
	Plant Material 
	Metabolic Profile 
	Pigment Profile 
	Primary Metabolism Profile 

	Gene Cloning and Expression Profile 
	Sequence Analysis for Primers Design 
	RNA Extraction and cDNA Synthesis 
	Cloning 
	Sequence Analyses 
	RT-qPCR 

	Metal Content 
	Flower Colour 
	Data Analyses 

	References

