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Abstract

Paeonia suffruticosa ‘Shima Nishiki’ is a very precious double-color cultivar because of its distinctive and colorful flow-
ers. However, our understanding of the underlying mechanisms of its double-color formation is limited. The present study
investigated the soluble sugar content, cell sap pH value and anatomical structure, anthocyanin composition and content
and expression patterns of genes related to anthocyanin biosynthesis in the red and pink petals of the ‘Shima Nishiki’ cul-
tivar. Here, we found that soluble sugar content, cell sap pH and the shape of outer epidermal cells were not the key factors
that determine double-color formation. Five different anthocyanins were detected in both the red and pink petals, and the
pelargonidin-3,5-di-O-glucoside (Pg3G5G) and pelargonidin-3-0-glucoside (Pg3G) contents in the red petals were signifi-
cantly higher than those in the pink petals at every developmental stage. In addition, these gene expression patterns suggested
that the significant differential expression of the dihydroflavonol 4-reductase gene (PsDFR) gene might play a key role in
double-color formation. These results will provide a valuable resource for further studies unraveling the underlying genetic

mechanisms of double-color formation in P. suffruticosa ‘Shima Nishiki’.
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Introduction

Tree peony (Paeonia suffruticosa Andr.) is a highly popular
ornamental plant that is valued for its large and attractive
flowers of various colors (Ji et al. 2012; Zhang et al. 2015b).
Among the many flower colors of tree peony, double color
is extremely rare. P. suffruticosa ‘Shima Nishiki’ is a well-
known double-color cultivar that has red and pink petals
on the same flower. Importantly, the double color of this
cultivar is stably inherited through ramets or grafting. There
is no doubt that the showy color phenotype of this flower
has great ornamental and commercial value (Zhao and Tao
2015). Therefore, the cultivar that has this trait is considered
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to be a valuable material for flower color breeding (Lim et al.
2011; Noman et al. 2017).

Several studies on flower color in tree peony have been
performed, many of which have focused on color indices
and qualitative and quantitative analyses of anthocyanins in
monochromatic flowers, such as red, pink, white, yellow and
purple flowers. Among these studies, Wang et al. (2001) con-
ducted a comparative study on Zhongyuan (130, Chinese) and
Daikon Island (37, Japanese) tree peony cultivars to analyze
anthocyanin compositions in the petals in relation to flower
colors. Furthermore, Zhang et al. (2007) investigated the non-
blotched and blotched parts of 35 cultivars of Xibei tree peony
to explore the pigment compositions of these cultivars by high-
performance liquid chromatography (HPLC) analysis. Other
investigations have involved anatomical observations (Yang
et al. 2015), assessment of soluble sugar content (Zhang et al.
2015a) and expression analysis of genes associated with the
anthocyanin biosynthetic pathway. Among these investiga-
tions, in P. suffruticosa ‘Luoyang Hong’, Zhang et al. (2014)
performed temporal expression analysis of anthocyanin bio-
synthetic genes in on-plant and in-vase developing flowers at
different developmental stages. In P. delavayi, Shi et al. (2015)
performed quantitative real-time-polymerase chain reaction
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(qQRT-PCR) analysis of the candidate differentially expressed
genes (DEGs) likely involved in flavonoid biosynthesis in pur-
ple-red and yellow petals. However, studies on flower color in
double-color tree peony cultivars are limited. Furthermore,
some studies on flower color in other ornamental plants, such
as P. lactiflora Pall., Rosa hybrida Hort., Anagallis monelli L.
and Rhododendron simsii Planch., have also been performed
focusing on the determination of cell sap pH (Quintana et al.
2007; Schmitzer et al. 2010; Nakatsuka et al. 2015; Zhao et al.
2016; Kim et al. 2018). All these factors may influence flower
color in P. suffruticosa ‘Shima Nishiki’; hence, a thorough
investigation of these factors may be helpful in understanding
the mechanisms underlying double-color petal coloration.

Among these factors, various studies have confirmed
that flavonoids, particularly anthocyanins, play a critical
role in the determination of flower color in various orna-
mental plants (Weiss 2000; Nishihara and Nakatsuka 2011;
Davies et al. 2012). In P. suffruticosa, the anthocyanin com-
positions of differently colored petals have been extensively
studied (Hosoki et al. 1991). The differences in petal color
can mainly be attributed to the content of six anthocyanins:
cyanidin-3-0-glucoside (Cy3GQ), cyanidin-3,5-di-O-gluco-
side (Cy3G5G), peonidin-3-O-glucoside (Pn3G), peonidin-
3,5-di-O-glucoside (Pn3G5G), pelargonidin-3-0O-glucoside
(Pg3G) and pelargonidin-3,5-di-O-glucoside (Pg3G5G).
Several studies on flower color in P. suffruticosa ‘Shima
Nishiki’” have been performed (Sakata et al. 1995; Fan et al.
2009); however, only a rough determination of the anthocya-
nin content of the red petals has been carried out. Further-
more, the underlying mechanisms of double-color formation
in this particular cultivar have not yet been fully elucidated.

To more thoroughly explore the determinants of flower
color variation between red and pink petals in P. suffruti-
cosa ‘Shima Nishiki’, we observed the shape of the outer
epidermal cells at the full bloom stage. Furthermore, we
performed a series of measurements of color indices, soluble
sugar content, cell sap pH value and anthocyanin composi-
tion and content at four flowering periods in this cultivar.
Subsequent expression analysis of the anthocyanin biosyn-
thetic genes and correlation analysis of several main factors
that typically influence flower color were also performed.
Our primary aim, based on these findings, was to more pre-
cisely determine the mechanisms underlying double-color
formation in P. suffruticosa ‘Shima Nishiki’.

Materials and methods

Plant materials

Tree peony (P. suffruticosa ‘Shima Nishiki’) was grown in
the experimental nursery of Forestry College, Shandong

Agricultural University, Tai’an City (36°18'N, 117°13'E),
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Shandong Province, China. The ‘Shima Nishiki’ cultivar
with double-color flowers (red and pink petals) was selected
as the experimental material. Red- and pink-petal samples
were collected from the double-color petals of various
plants at the end of April and could be divided into four
developmental stages (Guo et al. 2004), namely, the soft
bud stage (S1), initial bloom stage (S2), full bloom stage
(S3) and senescent stage (S4) (Fig. 1a). Some petal samples
were immediately used for anatomical observations, and the
others were immediately frozen in liquid nitrogen and then
stored at — 80 °C for further analysis after the measurement
of color indices.

Color indices measurement

The color indices in the middle of the upper epidermis of
the red and pink petals were measured using a CM-5 spec-
trophotometer (Konica Minolta Holdings, Inc., Japan). The
petal colors were expressed as three main color parameters
[lightness (L*), the ratio of red/magenta and green (a*) and
hue angle (H%)]. Three points on each petal were measured.
At every developmental stage, the flower color of red/pink-
petal samples was determined for five replicates, and each
replicate was collected from the double-color petals of at
least three plants.

Soluble sugar content measurement

Soluble sugar content was measured using the method of
Zhang et al. (2015a). A total of 0.1 g of petals of each sam-
ple was placed into a test tube and extracted with 5 mL of
distilled water in a water bath at 100 °C for 30 min. After fil-
tering, the supernatant was collected. This step was repeated
twice, and distilled water was then added to a final volume of
10 mL. Subsequently, the soluble sugar content of each sam-
ple was measured using the sulfuric acid anthrone method
at a wavelength of 630 nm. The measurements were made
on five replicates.

Cell sap pH determination

A total of 7 g of petals of each sample was ground with
quartz and centrifuged at 13,000 rpm for 20 min. This cen-
trifugation step was repeated twice, and the supernatant was
immediately transferred to a new, 10 mL centrifuge tube.
The pH of the solution was measured using a PHS-3C pH
meter (Shanghai INESA Scientific Instrument Co. Ltd.,
China). The determinations were made in five replicates.

Anatomical observations

Following the method of Stabentheiner et al. (2010) with
some modifications, 0.25 cm? (0.5 cm X 0.5 cm) of tissues
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Fig. 1 Flowers of P. suffruticosa ‘Shima Nishiki’ (a) and color indices (b), soluble sugar content (c) and cell sap pH value (d) of the red and
pink petals. S1: soft bud stage; S2: initial bloom stage; S3: full bloom stage; S4: senescent stage

of the red and pink petals was first fixed with 3.5% glutar-
aldehyde solution for 24 h at 4 °C and then postfixed with
1% osmic acid solution for 4 h. Next, the fixed tissues were
dehydrated by using sequential ethanol concentrations (30,
50, 70, 80, 90 and 100%) with 20 min of exposure per con-
centration, and the ethanol was then replaced by isoamyl
acetate. After dehydration, the samples were dried with liq-
uid carbon dioxide by a critical-point drying method. Subse-
quently, the dry samples were mounted with tape to a speci-
men stage and sputter coated with gold. Finally, the shape
of the outer epidermal cells of the samples was observed by
a JSM-6610LV scanning electron microscope (JEOL Ltd.,
Japan) at magnifications of 200x, 1000x and 5000x.

Qualitative and quantitative analyses
of anthocyanins

Anthocyanin extraction was performed according to
Zhao et al. (2014). In total, 0.3 g of petals of each sam-
ple was extracted with 5 mL of acidic methanol solution
(CH;0H:HCI:H,0=70:0.1:29.9, v/v/v) at 4 °C in the dark
for 24 h. Qualitative and quantitative analyses of antho-
cyanins were performed using HPLC, and the specific
method of determination was modified from that of Yang
et al. (2015). Cy3G5G, Pg3G5G, Pn3G5G, Cy3G, Pg3G
and Pn3G were used as standards for accurate quantitative
analysis of anthocyanins. By comparing the retention time
and peak area with those of the six anthocyanin standards
at a wavelength of 520 nm, the anthocyanin component and
accumulation of each sample could be precisely determined.
Anthocyanin content was determined in five replicates.

Gene expression analysis

Based on previous studies related to the flower color of tree
peony (Zhang et al. 2014, 2015c), seven structural genes
in the anthocyanin biosynthetic pathway, namely, chalcone
synthase (PsCHS), chalcone isomerase (PsCHI), flavanone
3-hydroxylase (PsF3H), flavonoid 3'-hydroxylase (PsF3'H),
anthocyanin O-methyltransferase (PSAOMT), dihydrofla-
vonol 4-reductase (PsDFR) and anthocyanidin synthase
(PsANS), were selected as candidate genes in this study. The
expression levels of the seven genes were analyzed using
qRT-PCR with a Bio-Rad CFX96™ real-time system (Bio-
Rad, USA). The cDNA was synthesized with 1 pg of total
RNA using 5 X All-In-One RT MasterMix (with an AccuRT
Genomic DNA Removal Kit) (ABM, Canada). The qRT-
PCR experiments were performed using SYBR® Premix
Ex Taq™ (Tli RNaseH Plus) (TaKaRa, Japan) with three
replicates. The Psubiquitin gene was used as an internal con-
trol to normalize the expression data in this study. All gene-
specific primers used in this study are shown in Table 1. The
relative expression levels of genes were calculated using the
2-44C method (Schmittgen and Livak 2008), and the expres-
sion level of each gene in the pink petals at S1 was used as
the control (Zhao et al. 2015).

Statistical analysis

All data are presented as the mean =+ standard error of at least
three biological replicates. Variance and correlation analyses
were performed using SPSS software ver. 17.0 (SPSS Inc.,
USA). P values of <0.05 were considered to be statistically
significant.
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Table 1 Primer sequences of
the genes used for qRT-PCR

Genes’ name

Forward primer (5'-3")

Reverse primer (5'-3’)

PsCHS AGCAGAGAACAACAAAGGGTCACG TCAGCACCGACAATAACCGCAG
PsCHI TCCCACCTGGTTCTTCTA AACTCTGCTTTGCTTCCG
PsF3H CCCAAGGTAGCCTACAACCAA GAAAATCCCCCAGTCTTCACA
PsF3'H AACTTGTTCACGGCAGGGACT GGCTTGGGCTAGGATTTTAGG
PsDFR TTCATCGGTTCATGGCTTGTC AATGGGTATCCGCTTTTGGC
PsANS GCCCTCACTTTCATCCTCCACAAC AAAACTGCCCACGAAATCCTTACCT
PsAOMT CGAGAGTGCAACTGAACCAA GAGCCATTGATGAAGCTGGT
Psubiquitin GACCTATACCAAGCCGAAG CGTTCCAGCACCACAATC
Results Cell sap pH
Color indices The cell sap pH values of the red and pink petals at dif-

The color indices were measured and expressed as L*, a*
and H° values (Fig. 1b). At the four developmental stages
(S1, S2, S3 and S4), the L* values of the pink/red-petal sam-
ples increased from S1 to S2 and from S3 to S4, respectively.
However, they both decreased from S2 to S3. Moreover, the
L* values of the pink-petal samples were consistently higher
than those of the red-petal samples at every developmental
stage. Compared with the L* values, the a*/H° values of
these two samples showed the opposite trend.

Soluble sugar content

The soluble sugar content of the red and pink petals at differ-
ent developmental stages was measured (Fig. 1¢). At S3, the
soluble sugar content of the pink-petal samples was higher
than that of the red-petal samples, with a highest value of
25.16 mg/g. However, at S1, S2 and S4, the opposite pat-
tern was observed in these two samples, with the red-petal
samples showing the highest value (26.21 mg/g). Moreover,
the correlation coefficient between soluble sugar content and
a* was only 0.403, and the P value was 0.323 (Table 2).
These results indicate that no significant correlation occurs
between soluble sugar content and flower color.

ferent developmental stages ranged between 4.84 and 5.49
(Fig. 1d). The pH values of the red-petal samples all exhib-
ited a downward trend from S1 to S4. However, the pink-
petal samples had the highest pH value at S2, and the pH
values of the pink-petal samples also exhibited a decreasing
trend during the other three developmental stages. Moreover,
the pH values of the pink-petal samples were consistently
higher than those of the red-petal samples during the other
three developmental stages, except for S1. The correlation
coefficient between cell sap pH value and a* was only 0.017,
and the P value was 0.968 (Table 2). These results indi-
cate that cell sap pH and flower color are not significantly
correlated.

Anatomical structures

The outer epidermal cell shape of the red and pink petals at
the full bloom stage was observed. The shapes of the pink-
petal samples (Fig. 2a) were highly similar to those of the
red-petal samples (Fig. 2b), and both types of petal samples
were densely and unevenly papillated at a magnification of
200x, indicating that their light absorption characteristics
are highly similar.

Table 2 Correlation analysis

‘ Cell sap pH Soluble sugar Pg3G5G Pg3G Pn3G5G Pn3G
of a* and several main factors
influencing flower color (cell a*
sap pH, soluble sugar and Correlation ~ — 0.017 0.403 0.852%+ 0.849%% 067 0.621
four main anthocyanins) in P. coefficient
suffruticosa ‘Shima Nishiki’
P value? 0.968 0.323 0.007° 0.008" 0.069 0.100

“The significance (*P <0.05, **P <0.01) was calculated by two-tailed test

°The bold data indicate the statistical significance of relationships
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Fig.2 The shape of outer epidermal cells of the pink petals (a, from left to right) and the red petals (b, from left to right) of P. suffruticosa

‘Shima Nishiki’ at magnifications of X200, x1000 and x5000

Qualitative and quantitative analyses
of anthocyanins

Based on the retention times and peak areas of these six
anthocyanin standards at 520 nm, the anthocyanin compo-
sition and content of the red and pink petals were measured
at different developmental stages using HPLC, respec-
tively. Figure 3a, b shows that the chromatographic peaks
of the pink- and red-petal samples from S1 to S4 were
essentially similar, but differed in terms of peak area. The
anthocyanin composition and content results are shown
in Table 3. The compositions of the red- and pink-petal
samples at different developmental stages were identical,
and five anthocyanins (Cy3G5G, Pg3G5G, Pn3G5G, Pg3G
and Pn3G) were detected in both types of petal samples.
However, some differences in pigment compositions were
noted between the two petal colors. Pg3G5G, Pn3G5G and
Pg3G were the major anthocyanins in the red-petal sam-
ples, whereas Pg3G5G and Pn3G5G were dominant in the
pink-petal samples. With regard to anthocyanin content,
the total anthocyanins (TA) content in the red-petal sam-
ples was always significantly higher than that in the pink-
petal samples at every developmental stage. Furthermore,
the average Pg3G5G and Pg3G contents in the red-petal

samples were 14.79- and 75.23-fold higher than those in
the pink-petal samples, respectively.

Correlation analysis between a* and anthocyanin con-
tent showed that the correlation coefficients between a*
and Pg3G5G, Pg3G, Pn3G5G and Pn3G were 0.852, 0.849,
0.670 and 0.621, and the P values were 0.007, 0.008, 0.069
and 0.100, respectively (Table 2). These results indicate that
a significant correlation exists between flower color and two
of the anthocyanins (Pg3G5G and Pg3G).

Expression analysis of anthocyanin biosynthetic
genes

To further explore the molecular mechanisms of double-
color formation in P. suffruticosa ‘Shima Nishiki’, the
expression patterns of seven structural genes in the antho-
cyanin biosynthetic pathway were analyzed using qRT-PCR
(Fig. 4).

Among the seven genes, the expression levels of PsCHS,
PsF3H, PSAOMT, PsDFR and PsANS in the red- and pink-
petal samples displayed similar trends with flower develop-
ment, peaking at S2 and then decreasing from S2 to S4.
Slight differences in the expression level of PsCHI were
detected in comparison to the five genes mentioned above,
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Fig.3 HPLC chromatograms of the anthocyanins of the pink petals
(a) and red petals (b) of P. suffruticosa ‘Shima Nishiki’ (detected at
520 nm) from S1 to S4. St indicates the HPLC chromatograms for a
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combination of the six anthocyanin standards. a;, a2 and a3 indicate
Pg3G5G, Pn3G5G and Pg3G, respectively

Table 3 Anthocyanin composition and content of red and pink petals of P. suffruticosa ‘Shima Nishiki’ during flower development

Sample Anthocyanin content (ug/g)
Cy3G5G Pg3G5G Pn3G5G Cy3G Pg3G Pn3G TA
Red?
S1 1.75+0.01 1748.42+16.00 107.12+£2.08 - 275.43+3.00 3.30+0.19 2136.02+12.62
S2 2.86+0.05 2189.49 +32.06 128.78 +1.81 - 514.67+30.13 6.78 +£0.41 2842.58+53.33
S3 3.34+0.13 2854.14+13.86 115.61 +6.69 - 855.59+6.09 8.95+0.22 3837.64 +24.15
S4 1.15+0.10 3761.17+67.70 104.25+1.86 - 647.28 +21.85 18.06 +1.41 4531.91+82.12
Pink®
S1 0.63+0.01 137.44+2.56 87.69+1.05 - 5.37+0.24 1.22+0.05 232.35+3.42
S2 0.97+0.07 259.53+2091 107.34+9.52 - 16.20+0.69 1.63+0.08 385.68+10.71
S3 0.73+0.06 227.16+3.72 94.51+1.46 - 7.15+0.18 1.90+0.03 331.45+3.21
S4 0.45+0.06 89.31+1.22 49.58+1.71 - 1.76 £0.22 0.57+0.04 141.66 +2.38
*Red: red petals of Paeonia suffruticosa ‘Shima Nishiki’
"Pink: pink petals of Paeonia suffruticosa ‘Shima Nishiki’
and both types of petal samples reached the maximum levels Discussion

at S3. Moreover, the expression level of PsF3'H in the red-
and pink-petal samples exhibited a general downward trend
from S1 to S4.

In terms of petal color, PsCHS, PsCHI, PsF3H, PsF3'H
PsAOMT,and PsANS generally showed higher expression
levels in the red-petal samples than in the pink-petal sam-
ples at three developmental stages. Moreover, only PsDFR
showed significantly higher expression levels in the red-petal
samples at every developmental stage. The expression level
of PsDFR in the red-petal samples was 197.73-, 72.52-,
101.20- and 1276.12-fold higher than that in the pink-petal
samples from S1 to S4, respectively.
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To explore the causes of double-color formation in P. suf-
fruticosa ‘Shima Nishiki’, a quantitative evaluation of
flower color was performed as the first step in this study.
Many studies on flower color have been performed using
chroma meter due to its relative accuracy and scientific-
ity. In P. suffruticosa, Yang et al. (2015) found that the
L* values of ‘Xiaguang’ gradually increased, whereas the
corresponding a* and H° values decreased with flower
development. Moreover, in Rhododendron mucronula-
tum, petal color indices (L*, a* and HP values) fluctuated
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Fig.4 Expression analysis of anthocyanin biosynthetic structural genes in P. suffruticosa ‘Shima Nishiki’ at the four developmental stages.

Asterisks indicate significant differences (*P <0.05, **P <0.01)

during flower development (Li et al. 2008). In our study,
L*, a* and H° values were also used to assess flower color
changes, and the results were basically consistent with
the above-mentioned results. In terms of the differences
between the two petal colors, our results showed that the
red-petal samples all had significantly higher a*/H° values
and lower L* values than the pink-petal samples from S1
to S4.

We then further explored and analyzed the causes of
color variations in double-color flowers based on four main

aspects that influence flower color. In terms of the shape
of the outer epidermal cells, it is generally believed that a
conical shape increases the proportion of incident light that
enters the epidermal cells, enhancing the intensity of their
color (Noda et al. 1994). In our study, there were no detect-
able differences in shape between the red- and pink-petal
samples. The results showed that the shape of the outer epi-
dermal cells does not play a key role in double-color forma-
tion. In terms of vacuolar pH, Stewart et al. (1975) found
that the pH value of the petals of most plants ranges from
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2.5 to 7.5. In the present study, the cell sap pH value of the
pink- and red-petal samples ranged from 4.95 to 5.40 and
4.84-5.49, respectively, which corroborates the findings
of Stewart et al. (1975). Additionally, correlation analysis
between cell sap pH and flower color indicated that cell sap
pH is not a key factor determining the double-color pheno-
type. Soluble sugar can be used to produce anthocyanins
(Zheng et al. 2009; Zhang et al. 2015a); thus, its content may
influence petal color. However, correlation analysis between
soluble sugar content and flower color showed that soluble
sugar content also is not a key factor influencing the double-
color phenotype.

In many ornamental plants, the composition or content
differences in anthocyanins are factors dictating flower color
variation. In Lycoris longituba, He et al. (2011) found that
four anthocyanins (Cy3So, Cy3XyGlc, Cy3Sa and Pg3X-
yGlc) occurred at various amounts in the petals of 44 culti-
vars with different petal colors. Moreover, Shi et al. (2014)
found that cyanidin-3-0-glucoside is the main anthocyanin
in Magnolia sprengeri, with a 26-fold higher content in
the red petals than in the white petals. Furthermore, it was
found that Pn3G5G and Cy3G5G were the main anthocya-
nins influencing flower color in P. ostii with white, light-
pink and deep-pink flowers (Gao et al. 2016). In the present
study, the red- and pink-petal samples generally had the
same anthocyanin composition, whereas significant differ-
ences in anthocyanin content (especially in Pg3G5G and
Pg3G) were observed. Moreover, correlation analysis of
anthocyanin content and flower color indicated that Pg3G
and Pg3G5G, which had the highest correlation coefficients
and the lowest P values, should strongly influence double-
color formation.

Anthocyanin biosynthesis is regulated by a series of
structural genes and regulatory genes, among which the
significant differential expression of specific structural
genes is directly associated with flower color variations
(Nakatsuka et al. 2005; Grotewold 2006). For example,
in Prunus persica f. versicolor, CHS and F3H exhibited
significantly higher expression levels in the red petals
than in the white petals and were confirmed to play key
roles in the flower color variations of variegated flowers
(Chen et al. 2014). In P. suffruticosa ‘Jinrong’, PsCHS,
PsF3H, PsDFR, and PsANS were expressed at a signifi-
cantly higher level in the purple-spotted area than in the
white nonspotted area (Zhang et al. 2015c¢). In our study,
only PsDFR showed significantly higher expression levels
in the red-petal samples than in the pink-petal samples at
the four developmental stages. However, this pattern of
differential expression was not observed for the eight other
genes. In the red- and pink-petal samples, the expression
level of PsF3'H was very low, whereas that of PsDFR was
high, causing a large portion of the dihydrokaempferol
(DHK) to move downstream toward the Pg branch and
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Fig.5 The biochemical link between the activity of PsDFR and
anthocyanin content in P. suffruticosa ‘Shima Nishiki’. Red lines
indicate the expression level of PsDFR in the red or white petals, and
the blue line indicates that of PsF3'H. “Red/Pink=1.4" indicates the
average content ratio of three glycosides of cyanidin and peonidin in
the red- and pink-petal samples at the four development stages, and
“Red/Pink =17.3” indicates that of two glycosides of pelargonidin

a smaller portion to move toward the Cy and Pn branch.
Furthermore, the higher expression of PsDFR in the red-
petal samples than in the pink-petal samples would cata-
lyze a much larger portion of the DHK to move toward the
Pg branch in the former than in the latter. These findings
indicate that PsDFR plays an extremely critical role in
mediating double-color formation (Fig. 5).

In conclusion, from a physiological perspective, the
markedly higher accumulation of Pg3G5G and Pg3G in
the red petals is responsible for the flower color differ-
ences in P. suffruticosa ‘Shima Nishiki’. Moreover, at the
molecular level, the significant differential expression of
PsDFR directly determines the differences in anthocyanin
content between the red and pink petals, thereby mediating
double-color formation. The results of this study provide
valuable resources for further studies aimed at unraveling
the underlying genetic mechanisms of double-color forma-
tion in P. suffruticosa ‘Shima Nishiki’.
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