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Abstract: Herbaceous peony (Paceonia lactiflora Pall.) is a famous ornamental plant, and the study of
its flower color is of great significance for cultivating new flower varieties. To explore the factors
driving the formation and change of herbaceous peony flower color, we selected five herbaceous
peony varieties at four flowering stages to determine the change in flower color, petal area, and
microstructure. We also examined the composition and content of petal pigments, soluble sugar
and soluble protein content, pH value of cell fluid, and water content. Finally, we analyzed the
correlations between each factor. We found that Pn3G5G, Pg3G5G, and Cy3G5G were the main
anthocyanin components in red and purple petals. Qu3G, Qu7G, Is3G, and lutein play important
roles in yellow petal formation. The change in herbaceous peony flower color during the flowering
process is directly caused by changes in the anthocyanin and carotenoid content in petals. In addition,
changes in other physiological indices also influence the change in flower color. This study explored
the physiological and biochemical factors affecting the color of herbaceous peony petals, which has
an important practical significance for studying the physiological mechanism of herbaceous peony

flower color formation and color breeding of new flowers.

Keywords: herbaceous peony; flower color; microstructure; anthocyanin

1. Introduction

Color is an important characteristic of ornamental plants. The main compound groups
of plant anthocyanins include flavonoids, carotenoids, chlorophyll, and alkaloids [1].
Carotenoids give plant organs their yellow or orange colors, chlorophyll their green colors,
and beet pigments their red or yellow colors [2]. Flavonoids are the most extensive and
diversified pigments in angiosperms; they are divided into anthocyanins, flavonoids, and
flavonols, among others [3]. Anthocyanins make the color of plants show changes from red
to blue and purple [4]. Flavanones and flavonols cause the color to appear white or light
yellow to yellow, or through intermolecular interaction with anthocyanins, cause color
changes [5].

During flower opening, there is a continuous expansion of the petal area, and a variety
of physiological changes occur inside the petal. The physicochemical properties of cells
inside the petal, the pH value in the vacuole, the shape of epidermal cells, and other
factors cause changes in flower color [6]. Notably, changes in cellular pH have a significant
influence on the stability of anthocyanins. It is generally believed that anthocyanins
have a stable structure and are conducive to the formation of red flowers under acidic
environments, while under alkaline environments, they have an unstable structure and
are conducive to the formation of blue flowers [7]. In addition, soluble sugar provides

Horticulturae 2023, 9, 502. https:/ /doi.org/10.3390/horticulturae9040502

https:/ /www.mdpi.com/journal /horticulturae


https://doi.org/10.3390/horticulturae9040502
https://doi.org/10.3390/horticulturae9040502
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://doi.org/10.3390/horticulturae9040502
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae9040502?type=check_update&version=1

Horticulturae 2023, 9, 502

20f22

energy and a substrate for anthocyanin synthesis; in the anabolic pathway, different soluble
proteins and soluble sugars result in carbohydrate content changes, resulting in a significant
but indirect role in color presentation [8].

The herbaceous peony (Paeonia lactiflora Pall.) is a perennial herb in the Peony family
and is grown worldwide. It has rich colors, including white, yellow, pink, red, purple,
and mixed colors. Herbaceous peony usually flowers from April to May; they have large
and diverse flower shapes and a high ornamental value. They are widely used as freshly
cut flowers in pots and landscaping, among others. Flower color not only affects the
ornamental value but also the economic value of herbaceous peony. Currently, research
on herbaceous peony flower color mainly focuses on the classification and identification
of anthocyanins, the analysis of the anthocyanin synthesis pathway, and the analysis of
anthocyanin stability [8,9]. There are no reports on the combination of flower color and
petal structure, anthocyanin content, and the intracellular environment of the herbaceous
peony in different flowering periods. In this study, representative varieties of herbaceous
peony with different flower colors were selected. We explored the relationship between
flower color, pigment type and content in petals, pH, moisture content, petal structure,
soluble sugar, and soluble protein content. The changing trend of flower color and related
physiological indexes in different flowering stages were analyzed, revealing the formation
and change mechanisms of flower color in herbaceous peony. Our results provide a
reference for the genetic study on herbaceous peony flower color.

2. Materials and Methods
2.1. Test Materials and Sampling

The sampling period was from 19 April 2019 to 7 May 2019. Samples were collected in
the herbaceous peony resource nursery and horticultural test center of the Horticultural
Test Station at Shandong Agricultural University from 9:00 a.m. to 10:00 a.m. on a sunny
day. The wild herbaceous peony species, ‘Jinzanciyu,” ‘Foguangzhuying,” “Xuanliduocai,’
and ‘Jinguangshanshuo,” were selected as sample varieties.

Fresh petals of herbaceous peony at the bud (S1), opening (S2), blooming (S3), and
decay (54) stages were selected as test materials. For the varieties with obvious differences
between the inner and outer petal shapes (‘Jinzanciyu’, ‘Foguangzhuying’, “Xuanliduocai’,
and ‘Jinguangshanshuo’), the inner and outer petals were sampled, respectively. Parts of
the fresh samples were used for paraffin sectioning and to determine the pH value and
relative water content of the cell fluid, while the remainder of the samples were frozen in
liquid nitrogen and stored at —80 °C for future use.

2.2. Petal Color Measurement

According to the method of Li et al. [10], color comparisons were conducted on the
middle parts of fresh herbaceous peony petals using the 6th edition of the Royal Horticul-
tural Society Colorimetric Card (RHSCC). In order to improve variety representativeness
and reduce the errors caused by differences in the growth environment, three different
individual plants of each variety were selected for sampling. Each individual plant was
measured five times, and the middle part of the petals with uniform coloring was se-
lected for color measurement. According to the method of Zhong [11], the brightness L*,
red/green value a*, and yellow /blue value b* of the petals were measured using a color
chromatic meter (CR-400, Konica Minolta), and the chroma C* and hue angle h° were
calculated according to the formulas C* = (a*? + b*?)1/2 and h° = arctan (b*/a*). The color
difference meter was calibrated with standard whiteness (L* = 97.06, a* = 0.04, b* = 2.01)
before each measurement, and the average value was calculated to represent the color of
the petals after measurement.

2.3. Determination of the pH Value and Moisture Content of Cell Fluid

According to the method of Xue et al. [12], fresh petals were ground into a homogenate
with quartz sand. Next, an acidity meter (PB-10; Sartorius, Goettingen, Germany) was used
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to determine the pH value. Quantitative fresh petals were weighed and dried at 80 °C to
a constant weight in a DHG-9145A thermostatic air-blast drying oven (Shanghai Yiheng
Technology Co., Ltd., Shanghai, China). The moisture content was calculated according
to the formula: moisture content of petals = (W; — Wq4)/W; x 100%, where W represents
fresh weight (g), and Wy represents dry weight (g).

2.4. Observation of the Petal Microstructure

Paraffin-embedded sections were prepared according to the method described by
Cheng [13]. The sections were observed using a Nikon Eclipse E100 ortho-optical micro-
scope, and the images were collected and analyzed using a Nikon DS-U3 imaging system.
The cross-sectional thickness of the petals, the thickness of the superficial parenchyma
tissue, and the length and width of epidermal cells were measured using an eyepiece
micrometer and Image-Pro Plus 6.0 software.

2.5. Determination of Nutrients and Pigments in Petals

The soluble sugar content was determined using the anthrone colorimetric method [14].
Soluble protein content was determined by the Coomassie bright-blue method [15]. Total
proanthocyanidins were determined using the vanillin—hydrochloric acid method [16].
Anthocyanins were determined using the pH differential method, and total flavonoid
content was determined using spectrophotometry [17]. Total carotenoid content was
determined by spectrophotometry [18].

2.6. Determination of Flavonoids and Carotenoids

According to previous studies [11,19,20] and our preliminary test results, eight an-
thocyanins were selected: cyanidin-3-O-glucoside (Cy3G), cyanidin-3,5-O-diglucoside
(Cy3G5G), paeoniflorin-3-O-glucoside (Pn3G), paeoniflorin-3,5-O-diglucoside (Pn3G5G),
geranidin-3-O-glucoside (Pg3G), geranidin-3,5-O-diglucoside (Pg3G5G), delphinin-3-O-
glucoside (Dp3G), and delphinidin-3,5-O-diglucoside (Dp3G5G).

Seven flavonol glycosides were selected: kaempferin-3-O-glucoside (Km3G), kaempferin-
7-O-glucoside (Km7G), isorhamnein-3-O-glucoside (Is3G), isorhamnein-3-O-galactoside
(Is3Gal), quercetin-3-O-glucoside (Qu3G), quercetin-7-O-glucoside (Qu7G), and bayberry
glycoside (My3R).

One flavonoid glycoside was selected: luteolin (Lu7G). Two carotenoids were selected:
[3-carotene and lutein. All contents were analyzed and determined by HPLC. Anthocyanins
were determined using a Shimadzu LC 20-A high-performance liquid chromatography
(Shimadzu Corporation. Shanghai, China) and a Venusl XBP C18 column (4.6 x 100 mm,
5 um). Flavonoids were determined using a Shimadzu LC 20-A high-performance liquid
chromatography (Shimadzu Corporation. Shanghai, China) and an Inertsil ODS-3 column.
Carotenoids were determined using a Shimadzu LC 20-A high-performance liquid chro-
matography (Shimadzu Corporation. Shanghai, China) and a Venusl XBP C18 column
(100 mm x 4.6 mm, 5 um).

2.7. Data Analysis

All indices were repeated three times. SPSS Statistics V 19.0 software was used for
one-way analysis of variance and correlation analysis. Differences between the mean
values of samples were tested using Duncan’s multiple comparison and the least significant
difference (LSD) tests. Microsoft Excel and Origin 2016 were used for drawing.

3. Results
3.1. Phenotypic Characteristics of Flower Colors

The RHSCC colorimeter and CIE L*a2*b* color system were used to describe the color
changes of herbaceous peony petals during flowering (Figure 1A,B). Based on the de-
scription results of the RHSCC colorimetric card and naked-eye observations, the tested
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materials were divided into six color systems: white, pinkish-white, yellow, purplish-red,
reddish-purple, and crimson.
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Figure 1. Changes of petals colorimetric results (A) and color values (B) in different flowering stages
of herbaceous peony. Notes: The data sets of the same variety and the same petal position at different
flowering stages were analyzed. Different lowercase letters indicate significant differences at p < 0.05 level.

Abbreviations: S1, bud stage; S2, opening stage; S3, blooming stage; 54, decay stage; L*, brightness; a*,
red/green value; b*, yellow /blue value; C* = @2+ b*z)l/ 2, chroma; h° = arctan (b*/a*), hue angle.
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During the flowering process, the L* values of most of the tested materials showed a
generally increasing trend. Among all the tested materials, the L* value of the outer petal
of the white “Jinzanciyu’ was the highest in each period. From S1 to S2, except for the
purplish-red ‘Jinguangshanshuo’ inner petal base, the a* values of all other tested materials
showed an increasing trend. The a* values of the wild herbaceous peony and “Xuanliduocai’
outer petals were high in all periods. The b* value of ‘Jinzanciyu’ inner and outer petals,
‘Xuanliduocai’ inner petal, ‘Jinguangshanshuo’ inner petal, and the wild herbaceous peony
showed an obvious general declining trend. Among all the tested materials, the b* value
of the inner petal of the yellow ‘Jinzanciyu” was the highest during all periods. The
C* value rises first, then falls, and then rises in both the inner and outer petal of the reddish-
purple ‘Foguangzhuying,” decreases first and then rises in the white ‘Jinzanciyu” outer
petal; decreases continuously in the top of the pinkish-white “Xuanliduocai” inner petal;
increases continuously in the base of the purplish-red ‘Jinguangshanshuo’ inner petal.
The C* values of the other six tested materials showed an increasing trend followed by a
decreasing one. The h° values of four test materials: the wild herbaceous peony species
in reddish-purple, the inner petal of ‘Jinzanciyu’ in yellow, the top of the pinkish-white
“Xuanliduocai” inner petal, and the base of the purplish-red ‘Xuanliduocai’ inner petal,
decreased first, then increased, and finally decreased. The h° value of the base of the
purplish-red ‘Jinguangshanshuo’ inner petals increased first and then decreased. The
h° value of the outer petals of the white ‘Jinzanciyu’ increased first, then decreased, and
then increased. The /° values of the other five tested materials initially decreased and
then increased.

3.2. Determination of Pigments

As shown in Table 1, Pn3G5G and Pg3G5G are the main anthocyanin components
in the yellow inner petal of ‘Jinzanciyu’, while Pn3G5G, Cy3G5G, and Pg3G5G are the
main anthocyanin components in the other ten tested materials. Dp3G was detected only
in the “Xuanliduocai’ outer petal at the 54 stage. The variation trend of anthocyanins in
herbaceous peony petals differed significantly. Although the variation trends of yellow
and white materials were similar, there were large differences in the other colors. The varia-
tion trend of the anthocyanin content in materials with similar colors was highly similar.
Proanthocyanidins were detected in six test materials, and the purplish-red ‘Jinguang-
shanshuo’ outer petals had the highest content of proanthocyanidins at 1.33-0.68 mg/g.
In the flowering process, the total amount of proanthocyanins decreased first and then
increased in the inner petal of the reddish-purple ‘Foguangzhuying” and the outer petal
of the purplish-red ‘Jinguangshanshuo.” In the reddish-purple ‘Foguangzhuying’ outer
petal and the purplish-red ‘Jinguangshanshuo” outer petal, there was an initial falling trend,
followed by a rising trend, and finally a falling trend. There was a continuous decline in
the reddish-purple wild herbaceous peony and in the reddish-purple ‘Jinguangshanshuo’
inner petal base. Proanthocyanidins were not detected in any of the other varieties.

As shown in Table 2, seven test materials were mainly composed of Qu3G, Km3G,
and Is3G: the reddish-purple outer petal of ‘Foguangzhuying’, the yellow inner petal of
‘Jinzanciyu’, the top of the inner petal of ‘Jinguangshanshuo’, the purplish-red “Xuanliduo-
cai” outer and inner petal bases, and the ‘Jinguangshanshuo’ outer and inner petal bases.
Two test materials have Qu3G, Km3G, and Is3Gal as the main flavonoids: the white outer
petal of ‘Jinzanciyu’ and the reddish-purple inner petal of ‘Foguangzhuying’. Qu3G, Is3Gal,
and Is3G were the main flavonoids at the top of the reddish-purple wild herbaceous peony
and pinkish-white “Xuanliduocai” inner petals. The change trends were similar in the total
amount of flavonoids in the inner and outer petals of the darker ‘Foguangzhuying’ and the
base of the outer and inner petals of the ‘Jinguangshanshuo’.
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Table 1. Composition and content of anthocyanins in herbaceous peony petals.

Total Content of

Blooming Anthocyanin Content (mg/100 g FW) !
Name Part Stage C Anthocyanins
y3G5G Cy3G Pg3G5G Pg3G Pn3G5G Pn3g Dp3G Dp3G5G (mg/g FW)
S1 2229 £0.59 a - 2262+ 0.61a - 215.02 £ 6.01a - - - 189.31 £ 0.18 a
Wild sample Petal S2 10.16 =£0.29b - 10.27 £ 0.14b - 113.02 +2.96 b - - - 56.48 + 0.018 b
S3 6.36 = 0.15¢ - 6.36 £ 0.06 ¢ - 85.21+1.73 ¢ - - - 62.04 £0.03b
S4 246 £0.11d - 2.96 £ 0.06 d - 33.02+£0.58d - - - 31.69 +0.01 ¢
S1 0.26 £0.01a 0.04 £0.00 b 0.09£0.01a - 122 +:0.03a - - - 8.21+£0.07a
Outer petal 52 0.06 0.00 c - 0.08 +£0.00a - 025+ 0.01b - - - 4.05+£0.05c¢
S3 0.04 £0.00d - 0.05+£0.00b - 0.13£0.00c - - - 0.16 £0.00d
. . 54 0.11+£0.01b 013 +£0.01a 0.08 £0.00 a 0.03 + 0.00 022 £0.01b - - - 780+ 0.16 b
‘Jinzanciyu’
S1 - - 0.16 £ 0.01b - 0.10 +0.00 a - - - 4.56 £0.76 ¢
Inner petal 52 - - - - 0.09 £0.00 b - - - 1572+ 0.32a
S3 - - 020+0.01a - - - - - 10.83 + 0.08 b
54 - - 0.13 £0.00 ¢ - 0.09 £0.00 b - - - 090+0.12¢
S1 10.14 = 0.09b - 1444 +0.29b 246 £0.03 a 132.41 £3.01b - - - 142.76 = 0.06 b
Outer petal 52 15.05+0.29a - 18.14 £ 031 a 1.66 = 0.03b 238.60 +5.79 a - - - 22748 £ 041 a
S3 599 £0.30d - 994 +£032c¢ 1.32 £0.03 ¢ 101.70 £2.94 ¢ - - - 7547 £ 0.04 c
F o S4 6.98 £0.30 c - 512+£0.15d 098 +0.15d 89.81 £2.10¢ - - - 132.74 £ 0.08 b
oguangzhuying
S1 - - - - 39.05+0.89b - - - 100.63 £ 0.16 a
Inner petal S2 484 +£0.12b - 580+0.15a - 61.67 =147 a - - - 7312+ 0.15b
S3 - - 528 +£0.14a - 31.65 + 0.87 c - - - 68.64 £+ 0.29 bc
S4 553 £0.15a - - - 35.79 £0.87b - - - 63.88 +0.09 ¢
S1 19.03 £ 044 c - 917+ 031c 1.03 £ 0.03 a 150.38 = 4.44 c - - - 283.25+0.01a
Outer petal 52 4126 £0.87 a 2007 £029a 19.56 £ 0.28 a 0.57£0.01b 291.09 £578a 31.37 £0.87a - - 157.87 £0.19 ¢
S3 40.73 £ 0.87 a 6.67 £0.14b 18.36 £0.29 a - 27140 £579a 599 £0.12b - - 159.79 £ 0.31 ¢
54 2549 £0.29b - 1398 £ 0.16 b - 22798 £581b 3.03 £0.06 ¢ 0.44 £ 0.01 - 211.88 £ 0.07 b
S1 2.04+0.03a - 1.03 +£0.03a - 2790 £0.58 a - - - 363.26 & 2.60 a
. ; - Top of the 52 1.44 +£0.06 b - 0.68 £0.01b - 2222 +£0.58 b - - - 4712 £0.01b
Xuanliduocai inner petal S3 0.61 4 0.03d - 0.35 4 0.00 ¢ - 8.09 +0.15d - - - 1259 £0.17 ¢
54 1.04 £0.03 ¢ - 0.65+£0.01b - 14.08 & 0.26 c - - - 14.44 +0.16 c
S1 3.60 £ 0.06 b - 1.68 +0.03 c - 4144 +0.87b - - - 58.55 £ 0.01b
Base of the 52 559+0.15a - 336+£0.09a - 65.27 £145a - - - 6229 £0.11a
inner petal S3 1.79+0.09d - 1.57 £ 0.03 c - 2642 +£0.59d - - - 40.41 £0.02d
S4 2.48 +0.06 ¢ - 2184+ 0.03b - 36.66 = 0.87 ¢ - - - 52.22 £0.03 c
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Table 1. Cont.

Total Content of

Blooming Anthocyanin Content (mg/100 g FW) !
Name Part Anthocyanins
Stage Cy3G5G Cy3G Pg3G5G Pg3G Pn3G5G Pn3g Dp3G Dp3G5G (mg/g FW)
S1 65.40 = 1.16 a 7.68 1+ 0.18 2484 +1.00 a - 323.73 £ 8.67 a 1.65 4 0.22 - - 88.67 £0.02d
Outer petal S2 36.75+£0.87b - 14.84 +0.64 ¢ - 182.56 +4.33 b - - - 174.45 £ 0.64 b
S3 2542 +0.59 ¢ - 14.36 = 0.31 c - 168.07 £ 1.77 bc - - - 227.77 +£0.26 a
54 21.95£0.58 d - 1761+ 0.29b - 16242 £ 231 ¢ - - - 12740 £0.10 ¢
S1 0.82 +0.03b - 0.36 £ 0.01 b - 745+ 0.17b - - - 2272 £0.14c
“Jinguangshanshuo’ Top of the 52 1.79 £ 0.04 a - 039+0.01a - 14.93 £ 0.36 a - - - 2546 £ 0.06 b
guang inner petal s3 0.84 +0.02b - 0.24 +0.01 ¢ - 692+ 0.14b - - - 29.49 £0.05a
54 0.65+ 0.02 ¢ - 0.26 £0.01c¢ - 448 £0.09c - - - 10.38 £ 0.06 d
S1 394 +£011c - 1.31+0.03a - 31.81+0.87b - - - 76.30 £ 0.18 a
Base of the S2 498 +0.14a - 132+ 0.03a - 36.96 = 0.88 a - - - 67.36 £ 0.04b
inner petal S3 453 +£0.12b - 1.04 £ 0.03b - 3142+ 0.87b - - - 51.39 £ 0.09 c
54 1.17 £ 0.02d - 034 +£0.01c - 8.56 £0.20 c - - - 39.20 +0.02d
Notes: The data sets of the same variety and the same petal position at different flowering stages were analyzed. Different lowercase letters indicate significant differences at
p < 0.05 level. Abbreviations: S1, bud stage; S2, opening stage; S3, blooming stage; S4, decay stage; Cy3G5G, cyanidin-3,5-di-O-glucoside; Cy3G, cyanidin-3-O-glucoside; Pg3G5G,
pelargonidin-3,5-di-O-glucoside; Pg3G, pelargonidin-3-O-glucoside; Pn3G5G, peonidin-3,5-di-O-glucoside; Pn3G, peonidin-3-O-glucoside; Dp3G5G, delphinidin-3,5-di-O-glucoside;
Dp3G, delphinidin-3-O-glucoside.
Table 2. Composition and content of flavonoids in herbaceous peony petals.
Name Part Blooming Flavonoid Content (mg/100 g FW) Tagz?r:ig:);et:nt TOt:‘} izﬁt:iﬁt of
Stage Qu7G Qu3G Km7G Km3G 1s3Gal 1s3G Myricetin Luteolin (mg/g FW) (mg/g FW)
S1 3.58 +0.06 a 153.92 £290 a 1883 £ 031a - 501.51 £1156a  140.73 £2.90a - - 1.02 £0.00 a 1742+ 0.01a
Wild sample Petal 52 1.50 £0.06 b 76.33 £1.50b 8.73 £0.14c - 258.49 £4.34b 75.89 £1.51b - - 0.66 + 0.00 b 15.43 £0.03b
S3 3.97 £0.06 a 50.85 £ 1.16 ¢ 1555+ 0.29b 109.59 =289 a - 55.31 £0.86 c - - 0.41 £0.00 c 10.40 +0.01 ¢
S4 127 £0.03b 2693 +£0.58d 6.78 +0.14d 8425 +1.78b - 2448 +0.60d - - 0.09 +0.00d 8.19+0.00d
S1 0.84 £0.02b 41.83 +0.87b 412+ 0.09b 107.94 £3.05a - 23.85 £ 0.31 - - - 8.62 £0.00 a
Outer petal 52 0.86 £ 0.03b 40.23 £ 0.30b 4.81+0.09a 104.58 +2.60 a 22.69 +0.30b - - - - 6.98 £0.00b
S3 0.48 +0.01 ¢ 22.26 £0.30 ¢ 2.07 +£0.03 ¢ 53.26 £0.87 ¢ 12.58 £0.29 ¢ - - - - 4.39+£0.00 ¢
- ., S4 1.08 £0.03 a 5210 £0.89 a 4.66 & 0.06 a 95.05 +1.45b 29.64 £0.29 a - - - - 6.99 £+ 0.00 b
Jinzanciyu
S1 1.88 £0.03b 50.97 £ 0.58 a 11.76 £ 0.30b 13252 +£3.01¢ - 32.88 £+ 0.65 ab - - - 9.06 £0.00 a
Inner petal 52 2.81 £0.06 a 5313 £1.21a 1437+ 029a 168.31 +3.09 b - 3483 £ 0.64a - - - 6.72 + 0.00 ¢
S3 1.85 4+ 0.03 b 51.57 £0.87a 14.41+£029a 192.77 £ 298 a - 32.08 +0.58 b - B - 5.55 £0.00d
S4 1.76 £0.03b 43.43 +0.87 b 9.29 £0.23 ¢ 129.94 +2.89 ¢ - 3243 £0.59b - - - 7.78 £0.00b
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Table 2. Cont.
. Condensed Total Content of
: Fl d Content (mg/100 g FW
Name Part Blooming avonoid Content (mg 8 ) Tannin Content Flavonoid
Stage Qu7G Qu3G Km7G Km3G Is3Gal 1s3G Myricetin Luteolin (mg/g FW) (mg/g FW)

S1 141 £0.03 a 4847 £0.87 a 1048 £0.29 a 147.68 =299 a - 8334+ 173a - - 0.73 £ 0.00 a 13.43 +0.01b

Outer petal S2 1.01 £ 0.003 ¢ 23.78 £ 0.63d 6.63 +0.08 ¢ 83.11+1.73 ¢ - 4840 +0.87 ¢ - - 0.41 4+ 0.00 ¢ 15.56 + 0.01 a
p S3 0.83 +0.01d 32.38 £0.59b 746 +£0.12b 94.04 +2.30b - 61.35+1.17b - - 0.46 +0.00 b 5.50 +0.02d

X S4 1.14 £ 0.03b 29.98 £ 0.66 ¢ 4.05+0.07d 35.56 + 0.94d - 30.05 +0.58d - - 0.44 + 0.00 bc 1041 £0.01 ¢

‘Foguangzhuying’

S1 1.56 £0.03 a 41.79 £0.87 a 14.74 £0.30 a 180.20 +-2.89 a 80.09 +1.73 a - - - 0.19 +0.00 a 8.99 +0.01 b
Inner petal S2 1.06 £ 0.03 ¢ 26.94 + 0.66 b 942 +0.18 ¢ 87.86 £ 1.16 ¢ 5144 +1.17b - - - 0.19 + 0.00 a 9.46 + 0.00 a
P S3 1.00 +0.03 ¢ 23.30 + 0.59 ¢ 10.85 £ 0.25b 131.59 +2.93b 52.01 £ 1.15b - - - - 5.97 +0.00 ¢
S4 1.35+0.03b 1891 +£0.32d 7.86 +£0.15d 76.73 £0.47d - 42.69 +0.93 - - 0.02 +0.00b 9.88 +0.00 a

S1 228 +0.01c¢ 12.60 £ 0.29d 10.92 £ 0.22 ¢ 3395+ 0.58 ¢ - 1531 £0.30 ¢ - - 0.86 = 0.00 a 10.76 = 0.00 b
Outer petal S2 2.31+0.01c 24.86 £0.31c¢ 6.79 £0.15d 39.05 + 0.58 b - 1393 +£0.13 ¢ 0.97 +£0.01b 093 +£0.01b 0.61 +0.06 b 9.20+0.39 ¢
p S3 3.72+0.01b 4720 +0.87b 13.96 + 0.35b 7540 £ 147 a - 33.17 £ 0.58 b 0.72+0.01 ¢ 0.89 + 0.02b 0.87 +0.00 a 9.75 4+ 0.00 ¢

S4 555+ 0.02a 50.90 £+ 0.88 a 20.26 +0.30 a 7921 £ 155a - 40.21 +£0.87 a 173 £0.03a 1.98 £ 0.06 a 0.86 + 0.00 a 12.61 +£0.01a

S1 9.72 +0.09 b 189.20 +2.90 b 20.23 +0.30a 154.19 +2.90 a - 189.50 + 4.38 b 2.05+ 0.03b 2.53 +0.06 a - 1434 +£0.01a

Xuanliduocai’ Top of the S2 4.27 +0.06 ¢ 96.38 £ 1.49 ¢ 737 £0.15d - 121.11 +£291b 101.93 4+ 2.09 a - - - 11.33 £0.00 ¢
inner petal S3 1045 +0.29a 24135 £5.79a 1712 £ 0.32b - 315.66 £7.29 a 24797 £4.33d 1.87 £0.03 ¢ 1.88 + 0.03 b - 944 +£0.01d

S4 453 +0.09 ¢ 105.68 +2.90 ¢ 10.40 £ 0.18 ¢ 108.98 +2.51b - 121.31 +£292¢ 2.65 + 0.06 a 1.73+0.03b - 13.23+0.01 b
S1 569 +0.12a 6451 +1.17a 3043 +£0.59 a 11542 +2.89 a - 66.92 + 146 a - 1.58 £0.03a - 9.17 £ 0.00 a
Base of the S2 3.34 +£0.06 b 47.63 £0.94b 14.02 £ 0.16 b 68.81 = 1.19b - 44.50 £ 0.87 b 0.36 = 0.01 0.75+0.01 b - 6.36 + 0.00 b
inner petal S3 1.36 £0.03 d 19.56 +0.29d 5.73+0.09d 29.34 +£0.59d - 21.05+0.33d - - - 6.22 +0.00 b
S4 1.62 +£0.03 ¢ 22.83 £ 0.58 ¢ 9.05 + 0.09 ¢ 36.68 + 0.62 ¢ - 2519 +0.31c¢ - - - 7.99 4+ 0.00 ¢

S1 5.58 +0.03 a 45.00 + 0.58 a 2324 +0.58 a 129.98 +2.89 a - 26.08 £ 0.58 a 2.00 + 0.04 a 1.68 £ 0.03a 1.3279 + 0.0005 a 8.67 +0.417b

Outer petal S2 3.09 + 0.06 b 16.39 +0.29 ¢ 6.88 +0.09d 19.60 +0.29 d - 9.36 +0.29d 147 £0.03b 0.94 + 0.03b 1.1212 + 0.0000 b 10.817 + 0.007 a

p S3 2.33 £ 0.06 ¢ 19.50 £ 0.29 b 8.70£0.15¢ 40.78 £ 0.87 ¢ - 12.27 £0.30 ¢ 0.84 £0.02d 0.64 £0.02d 0.6285 + 0.0007 ¢ 4.277 £ 0.007 ¢
S4 2.354+0.03 ¢ 19.06 £ 0.32b 10.58 £ 0.29b 64.68 +1.44b - 1453 +£0.29b 0.94 +0.03 ¢ 0.78 £0.01 ¢ 0.6797 + 0.0001 ¢ 8.36 = 0.02b

S1 11.07 £ 0.29 b 96.62 £ 2.05¢ 9.89 £ 0.15a 9.04 £0.16d 7549 + 1.44 7264 +144c - - - 20.31 £ 0.00 a

‘Jinguangshanshuo’ Top of the S2 1648 £ 044 a 131.84 £295a 827 +0.14b 3754 +0.60b - 91.15+ 1.51b - 4.04 £ 0.06 a - 15.96 + 0.00 b
inner petal S3 8.48 +0.12¢ 62.49 +1.44d 417 +£0.09 ¢ 16.60 £+ 0.29 ¢ - 47.03 £1.15d - 2.04 +0.03b - 13.41 £ 0.01 ¢

S4 11.21 £ 0.30 b 109.05 +2.60 b 8.59 +0.18 b 68.04 £1.15a - 104.10 = 2.60 a - - - 11.79 £0.01d
S1 6.02+0.10a 39.04 +0.88 a 1848 £0.29 a 80.37 £1.74a - 30.52 +0.60 a - - 0.1234 + 0.0000 a 952+ 0.01a
Base of the S2 5.61 +0.09b 29.86 + 0.64 b 12.26 £ 0.30b 35.55 + 0.87 b - 1857 £0.29b - - 0.0427 + 0.0001 b 9.74 +0.01 a
inner petal S3 3.20 +£0.09 ¢ 22.72 +0.58 ¢ 9.30+0.15¢ 36.29 + 0.59 b - 1495+ 0.32 ¢ - - - 7.87 +£0.00 b
S4 3.16 +0.09 ¢ 23.38 +0.59 ¢ 9.02+0.16 ¢ 34.98 + 0.66 b - 14.97 £ 0.29 ¢ - - - 7.65+0.01b

Notes: The data sets of the same variety and the same petal position at different flowering stages were analyzed. Different lowercase letters indicate significant differences at p < 0.05 level.
Abbreviations: S1, bud stage; S2, opening stage; S3, blooming stage; S4, decay stage; Qu7G, quercetin-7-O-glucoside; Qu3G, quercetin-3-O-glucoside; Km7G, kaempferol-7-O-glucoside;
Km3G, kaempferol-3-O-glucoside; Is3Gal, isorhamnetin-3-O-galactoside; Is3G, isorhamnetin-3-O-glucoside; My3R, myricetin-3-O-rhamnoside; Lu7G, luteolin-7-O-glucoside.
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As shown in Table 3, the total amount of carotenoids was highest at the top of the
yellow ‘Jinguangshanshuo’ inner petal, at 0.082-0.032 mg/g, and lowest in the reddish-
purple wild herbaceous peony, at 0.003-0.001 mg/g. Lutein was the main carotenoid
component in ten tested varieties, and (3-carotenoid was the main carotenoid component in
the inner petal of yellow ‘Jinzanciyu.” In the flowering process, the contents of lutein and
[-carotene increased initially and then decreased in the base of the yellow ‘Jinzanciyu” inner
petal, the purplish-red “Xuanliduocai” outer petal, and the ‘Jinguangshanshuo’ inner petal.
In addition, 3-carotene initially increased, then decreased, and finally increased in the top
of the yellow ‘Jinguangshanshuo’ inner petal. The main carotenoid components at the top
of the inner petal of yellow ‘Jinguangshanshuo’ were different from those of ‘Jinzanciyu’.

Table 3. Composition and content of carotenoids in herbaceous peony petals.

Carotenoid Content (mg/100 g FW) Total Content of

Name Part Blooming Stage Carotenoids
Lutein B-Carotenoid (mg/g FW)
S1 0.0644 £+ 0.0033 a 0.0198 + 0.0003 a 0.0036 £+ 0.0001 b
Wild sample Petal S2 0.0065 + 0.0001 b - 0.0056 + 0.0001 a
S3 0.0118 4+ 0.0015b 0.0059 + 0.0001 b 0.0019 4 0.0000 c
54 - - 0.0014 £ 0.0001 d
S1 0.1182 + 0.0360 a 0.0795 £ 0.0013 a 0.0158 £ 0.0010 a
Outer petal S2 0.0993 + 0.0291 ab 0.0367 4+ 0.0006 b 0.0060 4+ 0.0001 b
S3 0.0102 4 0.0003 ab - 0.0023 £ 0.0000 c
. . S4 - - 0.0020 + 0.0000 ¢
‘Jinzanciyu’
S1 0.0661 4 0.0012 a 0.0850 + 0.0009 a 0.0152 4 0.0003 a
Inner petal S2 0.0588 £ 0.0009 b 0.0519 + 0.0008 c 0.0090 £ 0.0000 b
S3 0.0106 + 0.0003 d 0.0106 £ 0.0003 d 0.0031 + 0.0001 d
54 0.0433 4 0.0006 ¢ 0.0634 4+ 0.0009 b 0.0041 4 0.0000 c
S1 0.6122 £ 0.1811 a 0.5279 £ 0.1586 a 0.0555 £ 0.0001 a
Outer petal S2 - - 0.0072 =+ 0.0000 b
S3 0.0052 4+ 0.0001 b - 0.0059 4 0.0000 b
. S4 0.0122 £ 0.0003 b 0.0077 &+ 0.0001 b 0.0039 £ 0.0000 c
‘Foguangzhuying’
S1 0.1930 + 0.0026 a 0.1053 £ 0.0029 a 0.0062 + 0.0001 d
Inner petal S2 - - 0.0130 4 0.0000 b
S3 - - 0.0085 £ 0.0000 c
S4 0.0132 + 0.0003 b 0.0197 £+ 0.0003 b 0.0154 £ 0.0001 a
S1 0.2588 + 0.0065 a 0.2112 4+ 0.0032 a 0.0067 4 0.0000 a
Outer petal S2 0.0711 £ 0.0015 b 0.0451 £+ 0.0012 b 0.0065 £ 0.0001 a
S3 0.0143 + 0.0003 ¢ 0.0102 £+ 0.0003 d 0.0019 + 0.0000 ¢
S4 0.0197 4+ 0.0003 ¢ 0.0182 4+ 0.0003 ¢ 0.0029 + 0.0000 b
S1 0.1695 £ 0.0509 a 0.0847 £+ 0.0016 a 0.0314 £ 0.0003 a
“Xuanliduocai’ Top of the S2 - - 0.0037 £ 0.0002 ¢
inner petal S3 0.0178 4+ 0.0001 b 0.0089 + 0.0002 b 0.0102 4 0.0001 b
S4 - - 0.0028 £+ 0.0001 ¢
S1 0.1201 £ 0.0019 a 0.0712 £ 0.0015 a 0.0127 £ 0.0002 a
Base of the S2 0.0241 4 0.0006 b 0.0193 4+ 0.0003 b 0.0070 4 0.0000 b
inner petal S3 - 0.0107 & 0.0003 ¢ 0.0031 £ 0.0000 c
S4 0.0050 + 0.0001 ¢ 0.0177 £+ 0.0003 b 0.0136 + 0.0000 a
S1 0.1315 4+ 0.0031 b 0.0624 + 0.0014 b 0.0156 4+ 0.0001 b
Outer petal S2 0.2638 £ 0.0029 a 0.1991 £ 0.0089 a 0.0258 £ 0.0002 a
S3 0.0177 £ 0.0005 b 0.0107 £ 0.0003 c 0.0035 + 0.0000 ¢
S4 - - 0.0032 4+ 0.0001 ¢
‘Jinguangshanshuo’
S1 0.1642 £+ 0.0028 d 0.0726 £ 0.0014 d 0.0822 £ 0.0002 a
Top of the S2 0.6506 + 0.0115 a 0.3973 £0.0144 a 0.0794 £+ 0.0001 b
inner petal S3 0.2256 4+ 0.0029 ¢ 0.1467 + 0.0029 c 0.0293 4+ 0.0002 ¢
S4 0.4853 £ 0.0060 b 0.2267 + 0.0030 b 0.0317 £ 0.0000 c
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Table 3. Cont.
. Total Content of
Carot d Content 100 g FW,
Name Part Blooming Stage arotenoid Content (mg/100 g FW) Carotenoids
Lutein B-Carotenoid (mg/g FW)

S1 0.3035 =+ 0.0062 a 0.2085 £ 0.0031 a 0.0201 £ 0.0001 b

Base of the S2 0.1052 + 0.0023 b 0.1052 + 0.0029 b 0.0469 + 0.0000 a

inner petal S3 0.0241 £ 0.0003 d 0.0415 = 0.0006 d 0.0153 = 0.0001 ¢

S4 0.0419 =+ 0.0009 ¢ 0.0503 £ 0.0010 ¢ 0.0122 =+ 0.0000 ¢

Notes: The data sets of the same variety and the same petal position at different flowering stages were analyzed.
Different lowercase letters indicate significant differences at p < 0.05 level. Abbreviations: S1, bud stage; S2,
opening stage; S3, blooming stage; 54, decay stage.

3.3. Changes in Soluble Sugar and Soluble Protein Content

As shown in Figure 2, the content of soluble sugar was the highest at the top of the
pinkish-white “Xuanliduocai” inner petal, which was 26.77-101.76 mg/g, and the lowest in
the base of reddish-purple “Xuanliduocai’ inner petal, which was 11.36-38.19 mg/g. From
S1 to 54, the soluble sugar content in four test materials initially increased, then decreased,
and finally increased: the reddish-purple ‘Foguangzhuying’ outer petal, the purplish-
red “Xuanliduocai’ inner petal base, the ‘Jinguangshanshuo’ outer petal, and the yellow
‘Jinguangshanshuo” inner petal top. The soluble sugar content initially fell and then rose in
three test materials: the reddish-purple wild herbaceous peony, the white ‘Jinzanciyu’ outer
petal, and the yellow ‘Jinzanciyu’ inner petal. In two test materials, the reddish-purple
‘Foguangzhuying’ inner petal and the purplish-red “Xuanliduocai” outer petal, the soluble
sugar content rose initially and then fell. There was a continuous rise in soluble sugar
content in the purplish-red “Xuanliduocai’ inner petal base and the ‘Jinguangshanshuo’
inner petal base.

The soluble protein content was the highest at the top of the pinkish-white ‘Xuanliduo-
cai’ inner petal (32.27-32.93 mg/g) and the lowest in the reddish-purple ‘Foguangzhuying’
inner petal (21.45-22.06 mg/g). During flowering, soluble protein content increased con-
tinuously at the top of the yellow ‘Jinguangshanshuo’ inner petal. In the reddish-purple
‘Foguangzhuying’ inner petal, the soluble protein content initially fell and then rose. In
the purplish-red ‘Xuanliduocai’ outer petal, the soluble protein content initially fell, then
rose, and finally fell again. For the other eight test materials, the soluble protein content
increased initially and then decreased.

Moisture content 3 Soluble sugar

= Soluble protein i~ pH value
Wild sample ‘Xuanliduocai’
Petal Quter Petal

110 - 4 70 10 - 470
100 100 b

%0 {65 o0 | 165
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Figure 2. Cont.
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Figure 2. Changes in the related physiological indexes in different flowering stages of the herbaceous

peony. Notes: The data sets of the same variety and the same petal position at different flowering

stages were analyzed. Different lowercase letters indicate significant differences at p < 0.05 level.
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3.4. Changes in pH Value and Moisture Content of Petal Cell Fluid

The pH of petal cell fluid was highest at the top of the yellow ‘Jinguangshanshuo’ inner
petal (5.52-5.73) and lowest in the purplish-red “Xuanliduocai’ outer petal (5.38-5.25). From
stage S1 to 54, the pH value of the petal cell liquid initially increased, then decreased, and
finally increased again in four test materials: the white outer petal of ‘Jinzanciyu,” the yellow
inner petal of ‘Jinzanciyu,” the pinkish-white top of the ‘Xuanliduocai” inner petal, and the
purplish-red ‘Jinguangshanshuo’ inner petal base. In the purplish-red ‘Jinguangshanshuo’
inner petal top, the pH initially decreased and then increased. There was a continuous
decrease in pH in the base of the purplish-red ‘Jinguangshanshuo’ inner petal.

The mean moisture content of petals was the highest in the outer petal of white
‘Jinzanciyu’ at 76-78% and the lowest in the inner petal of reddish-purple ‘Foguangzhuying’
at 61-75%. In the flowering process, the mean moisture content dropped first and then
increased at the base of the purplish-red ‘Xuanliduocai’ inner petal. In the reddish-purple
wild peony species and the outer petal of ‘Foguangzhuying,” the mean moisture content
continuously increased. The mean moisture content in the yellow ‘Jinzanciyu’ inner petal
and the purplish-red ‘Xuanliduocai” outer petal initially increased, then decreased, and
finally increased again. The red-purple ‘Foguangzhuying’ inner petal and the purplish-red
‘Jinguangshanshuo’ inner petal base initially increased and then decreased. In the other
four test materials, the mean moisture content initially increased and then decreased.

3.5. Changes in Petal Area and Internal Microstructure

The microstructure of herbaceous peony petals mainly consisted of two layers of
epidermal cells and parenchyma tissue, but palisade tissue and spongy tissue were not
observed (Table 4). The proportion of parenchymal tissue in wild peony species was
the smallest at 51%. The proportion of parenchyma tissue at the base of the purplish-
red ‘Jinguangshanshuo” inner petal was the largest, accounting for 72% of the total petal
thickness. Based on the observed shape of epidermal cells and the ratio of length (measured
parallel to the petal) to width (measured perpendicular to the petal), they were divided into
four categories: long arch (length /width ratio of 0.579-0.740), round arch (length/width
ratio of 0.778-1.456), mastoid shape (length/width ratio of 0.549-0.713), and flat shape
(length/width ratio of 1.332-3.959).

At the early flowering stage, the epidermal cells of the tested materials were regular
in shape and neatly arranged, and the parenchyma was evenly distributed and tightly
arranged (Figure 3). When the flower opened, the petal area of the tested materials
continued to increase, the petal surface gradually shrank, the tissue cells inside the petals
were damaged to varying degrees, the epidermal cells were gradually deformed and
broken, the parenchyma gradually loosened, and the cell space expanded. The epidermal
cells of the reddish-purple wild herbaceous peony species, the ‘Foguangzhuying’ inner
petal, the base of the purplish-red ‘Xuanliduocai’ inner petal, and the top of the yellow
‘Jlinguangshanshuo” inner petal were all mastoid in blooming or decaying stage.
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Table 4. Physical parameters of herbaceous peony petals.

Microstructure Parameters (Mean + SE (mm))

Name Part Blooming Stage Area (cm?) . Parenchyma Tissue Epidermal Cell
Petal Thickness . ;
Thickness Length Width Shape
S1 9.294+1.05d 0.1194 £ 0.0047 b 0.0481 £ 0.0019 b 0.0233 £ 0.0018 ¢ 0.0341 £ 0.0011 b Elongated dome
Wild sample Petal S2 1359 £2.27 ¢ 0.1984 + 0.0043 a 0.1342 £ 0.0080 a 0.0434 £ 0.0027 b 0.0336 £ 0.0018 b Dome
S3 2051 +1.22b 0.2155 £ 0.0050 a 0.1257 £ 0.0039 a 0.0390 £ 0.0036 b 0.0547 £ 0.0050 a Papillate
S4 2476 £2.27 a 0.1000 =+ 0.0033 b 0.0398 £ 0.0033 b 0.0873 £ 0.0077 a 0.0358 £ 0.0026 b Flat
S1 11.92 £ 0.68d 0.0980 £ 0.0019 d 0.0623 + 0.0068 ¢ 0.0257 £ 0.0012 ¢ 0.0310 +£ 0.0009 ¢ Dome
Outer petal S2 21.64 £2.50 ¢ 0.2932 £ 0.0083 a 0.2395 £ 0.0046 a 0.0771 £ 0.0081 a 0.0463 £ 0.0009 a Flat
S3 2483 +1.14b 0.1976 £ 0.0045 ¢ 0.2115 £ 0.0070 b 0.0793 £ 0.0069 a 0.0327 £ 0.0012 b Flat
Tinzancigu’ S4 3221+1.07a 0.2390 £ 0.0045 b 0.2118 £ 0.0096 b 0.0638 £ 0.0023 b 0.0479 £ 0.0017 a Flat
S1 0.54 +0.18 b 0.2134 £ 0.0019 ¢ 0.1067 £ 0.0021 d 0.0546 + 0.0060 b 0.0382 £ 0.0019 a Flat
Tnner petal S2 0.78 +0.08 b 0.2487 £ 0.0042 a 0.1878 £ 0.0073 b 0.0409 + 0.0024 ¢ 0.0385 £ 0.0025 a Dome
S3 173 £0.17a 0.2260 £ 0.0015 b 0.1528 £ 0.0037 ¢ 0.0382 + 0.0020 ¢ 0.0398 £ 0.0021 a Dome
S4 165+020a 0.1449 £ 0.0079 d 0.2038 £ 0.0043 a 0.0703 £ 0.0062 a 0.0368 £ 0.0010 a Flat
S1 12.00 £1.74 ¢ 0.1252 £ 0.0052 ¢ 0.0409 £ 0.0019 b 0.0239 + 0.0019 bc 0.0262 £ 0.0008 d Dome
Outer petal S2 1261 £1.19¢ 0.3067 £ 0.0070 a 0.2029 £ 0.0085 a 0.0213 £ 0.0026 ¢ 0.0306 £ 0.0022 ¢ Elongated dome
S3 21.18 £ 0.61b 0.2796 + 0.0050 b 0.1297 £ 0.0026 a 0.0331 £ 0.0024 a 0.0401 £ 0.0019 a Dome
R ., S4 2848 +£1.58a 0.3001 £ 0.0134 a 0.1497 £ 0.0064 a 0.0270 £ 0.0021 b 0.0347 £ 0.0024 b Dome
oguangzhuying
S1 8.99 +£0.28b 0.1773 £ 0.0031 d 0.1244 £ 0.0014 ¢ 0.0226 £ 0.0015 b 0.0325 £ 0.0013 a Elongated dome
Inner petal S2 9.46 + 0.40 ab 0.2610 £ 0.0072 b 0.1652 £ 0.0059 a 0.0241 £ 0.0012 b 0.0335 £ 0.0018 a Elongated dome
S3 597+032c¢ 0.2364 £ 0.0018 ¢ 0.1356 £ 0.0021 b 0.0506 £ 0.0027 a 0.0247 £ 0.0009 b Flat
S4 9.88 +0.63a 0.2982 + 0.0063 a 0.0529 £ 0.0017 d 0.0176 £ 0.0022 ¢ 0.0313 £ 0.0031 a Papillate
S1 8.17 £ 0.60 ¢ 0.2580 £ 0.0033 a 0.1640 £ 0.0015 a 0.0470 £ 0.0038 a 0.0414 £ 0.0029 a Dome
Outer petal S2 18.86 £4.19b 0.1027 £ 0.0046 d 0.0562 + 0.0035 ¢ 0.0198 £ 0.0012 b 0.0289 £ 0.0018 b Elongated dome
S3 23.94 £+ 3.06 a 0.1418 £ 0.0116 ¢ 0.1250 £ 0.0070 b 0.0231 £ 0.0011 b 0.0188 £ 0.0009 d Dome
S4 18.17 £ 0.82b 0.1591 £ 0.0092 b 0.1195 £ 0.0051 b 0.0217 + 0.0008 b 0.0241 + 0.0006 ¢ Dome
S1 0.17 £ 0.02b 0.1104 £ 0.0023 ¢ 0.0636 £ 0.0021 ¢ 0.0966 + 0.0086 a 0.0244 £ 0.0016 ab Flat
“Xuanliduocai” Top of the inner petal S2 0.37+0.09b 0.1028 £ 0.0051 d 0.0697 £ 0.0052 ¢ 0.0166 £ 0.0014 d 0.0164 £ 0.0010 ¢ Dome
S3 0.58 4 0.06 a 0.1540 £ 0.0035 a 0.1061 £ 0.0021 a 0.0375 £ 0.0025 b 0.0258 + 0.0009 a Dome
S4 0.55+0.04a 0.1293 £ 0.0054 b 0.0775 £ 0.0066 b 0.0318 + 0.0026 ¢ 0.0228 £ 0.0008 b Dome
S1 0.82+0.15¢ 0.1840 £ 0.0081 a 0.1145 £ 0.0028 b 0.0241 £ 0.0011 ¢ 0.0353 £ 0.0023 a Elongated dome
Base of the inner petal S2 139 £0.04a 0.1696 £ 0.0039 a 0.0976 £ 0.0034 ¢ 0.0546 £ 0.0062 b 0.0381 £ 0.0015 a Dome
S3 1.34 £0.18 ab 0.1692 £ 0.0057 a 0.1002 + 0.0029 ¢ 0.0795 £ 0.0103 a 0.0290 £ 0.0026 b Flat
S4 1.15 £ 0.03b 0.1849 £ 0.0025 a 0.1193 £ 0.0014 a 0.0166 £ 0.0013 d 0.0302 £ 0.0018 b Papillate
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Table 4. Cont.

Microstructure Parameters (Mean + SE (mm))

Name Part Blooming Stage Area (cm?) Parenchyma Tissue Epidermal Cell
Petal Thickness . :
Thickness Length Width Shape
S1 10.07 £ 0.76 d 0.2052 £ 0.0040 ¢ 0.1203 £ 0.0012 d 0.0470 £ 0.0023 b 0.0336 & 0.0020 b Dome
Outer petal S2 1533 £4.00 ¢ 0.2825 £ 0.0046 a 0.2032 £ 0.0052 a 0.0218 £ 0.0011 ¢ 0.0376 £ 0.0009 a Elongated dome
S3 2444 +1.82Db 0.2688 + 0.0047 b 0.1927 4 0.0039 b 0.0259 £ 0.0012 ¢ 0.0350 £ 0.0012 ab Elongated dome
S4 40.18 +2.71a 0.1938 £ 0.0036 d 0.1324 £ 0.0038 ¢ 0.0964 £ 0.0055 a 0.0322 £ 0.0030 b Flat
S1 0.14 £0.02b 0.2103 £ 0.0083 b 0.1423 4 0.0068 b 0.0185 £ 0.0008 a 0.0230 £ 0.0012 a Dome
Tinguangshanshuo’  Top of the inner petal S2 0.30 £0.03a 0.2499 £ 0.0058 a 0.1637 £+ 0.0138 a 0.0172 £ 0.0002 a 0.0274 £ 0.0008 b Elongated dome
S3 0.30 £0.03a 0.1660 =+ 0.0062 ¢ 0.1080 =+ 0.0041 ¢ 0.0177 £ 0.0018 a 0.0252 £ 0.0011 bc Elongated dome
S4 0.32£0.07a 0.1462 £ 0.0095 d 0.0854 £ 0.0053 d 0.0177 £ 0.0017 a 0.0319 £ 0.0018 a Papillate
S1 0.36 £0.04 c 0.1658 £ 0.0139 d 0.1223 £ 0.0121 ¢ 0.0306 =+ 0.0027 ¢ 0.0319 £ 0.0023 a Dome
Base of the inner petal S2 112+ 0.07b 0.3120 £ 0.0058 a 0.2120 £ 0.0078 a 0.0671 £ 0.0063 a 0.0345 £ 0.0015 a Flat
S3 1194+ 0.02b 0.2800 £ 0.0032 b 0.2028 £ 0.0016 a 0.0533 £ 0.0063 b 0.0330 £ 0.0025 a Flat
S4 138+ 0.17a 0.2383 £ 0.0051 ¢ 0.1747 4 0.0054 b 0.0498 £ 0.0062 b 0.0214 £ 0.0017 b Flat

Notes: The data sets of the same variety and the same petal position at different flowering stages were analyzed. Different lowercase letters indicate significant differences at p < 0.05

level. Abbreviations: S1, bud stage; S2, opening stage; S3, blooming stage; S4, decay stage.
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Figure 3. Changes in petal microstructure in different flowering stages of the herbaceous peony.
Abbreviations: S1, bud stage; S2, opening stage; S3, blooming stage; 54, decay stage; EC, epidermal
cells; PT, parenchyma.

Base of inner Petal

Inner Petal

3.6. Correlation Analysis

The relationship between the pigment content and flower color of herbaceous peony
during flowering is shown in Table 5. The L* value of petals was highly significant and
negatively correlated with the contents of Cy3G5G, Pg3G5G, and Pn3G5G but significantly
positively correlated with the content of Qu3G. The a* value was highly positively correlated
with the contents of Cy3G5G, Pg3G5G, and Pn3G5G and negatively correlated with the
contents of Qu3G and Km3G. The b* value was highly significantly negatively correlated
with the Pg3G5G and Pn3G5G contents, highly positively correlated with the Qu7G content,
and positively correlated with the lutein content. The C* value was highly positively
correlated with the contents of Cy3G5G, Pg3G5G, and Pn3G5G and inversely correlated
with the Qu3G content.

Correlation analysis of the physiological indices of herbaceous peony petals in four
periods (Table 6) showed that the L* value of tested materials was highly negatively
correlated with the total anthocyanin content (TA), highly positively correlated with soluble
protein content, and positively correlated with water content. The a* value was highly



Horticulturae 2023, 9, 502

17 of 22

positively correlated with TA, highly negatively correlated with the total carotenoid content
(TC), and positively correlated with the petal area. The b* value was highly positively
correlated with TC, negatively correlated with petal area and soluble sugar content, and
positively correlated with the total proanthocyanidin content. The C* value was highly
positively correlated with TA and highly negatively correlated with the soluble protein
content. The total flavonoid content (TF) was highly positively correlated with TC and
total proanthocyanidins in the tested varieties. TC was highly positively correlated with
proanthocyanidin content and negatively correlated with petal area. The thickness of the
petals was highly positively correlated with the thickness of the parenchymal tissue.

Table 5. Correlation analysis of pigment content and L*a*b* values in petals.

Index Cy3G5G Cy3G Pg3G5G Pg3G Pn3G5G Pn3G  Dp3G5G Dp3G Qu7G Qu3G Km7G Km3G Is3Gal Is3G  My3R Lu7G
L* —-03%0*  —-0123 —-0492*  -0.228 —-0501*  —0.085 - —-0.062 0.181 0318 * —0.137  0.101 —-0.086 0212 0.036 0.110
a* 0.475 ** 0.197  0.625** 0.295 0.638 ** 0.204 - 0.146 —0.246 —0.324* —0.010 —-0.363* 0.094 —0.154 0.038 —0.091
b* —0.282 —0.108 —0.380*  —0.179 —0391*  —0.092 - —0.087 0.443** 0.280 0.111 0.251 —0.106 0.142 —0.110 0.203
c* 0.395 ** 0.171  0.546 ** 0.254 0.546 ** 0.196 - 0.136 —0.221 —0.346*  0.022 —0.144 0.014 —-0216 —-0.109 -0.121

Notes: * Correlation was significant at the 0.05 level; ** correlation was significant at the 0.01 level. Abbre-
viations: Cy3G5G, cyanidin-3,5-di-O-glucoside; Cy3G, cyanidin-3-O-glucoside; Pg3G5G, pelargonidin-3,5-di-
O-glucoside; Pg3G, pelargonidin-3-O-glucoside; Pn3G5G, peonidin-3,5-di-O-glucoside; Pn3G, peonidin-3-O-
glucoside; Dp3G5G, delphinidin-3,5-di-O-glucoside; Dp3G, delphinidin-3-O-glucoside; Qu7G, quercetin-7-O-
glucoside; Qu3G, quercetin-3-O-glucoside; Km7G, kaempferol-7-O-glucoside; Km3G, kaempferol-3-O-glucoside;
Is3Gal, isorhamnetin-3-O-galactoside; Is3G, isorhamnetin-3-O-glucoside; My3R, myricetin-3-O-rhamnoside; Lu7G,
luteolin-7-O-glucoside.

Table 6. Correlation analysis of physiological indexes in herbaceous peony petals.

Index L* a* b* c* TA TF TC Area MC pH SS SP Ct PT PtT

L* 1

a* —0.830 ** 1

b* 0.536 ** —0.727 ** 1

c* —0.690 ** 0.792 ** —0.248 1

TA  —0.436** 0.508 ** -0.271 0.406 ** 1

TF —0.133 0.099 0.157 0.105 0.272 1

TC 0.185 —0.360 ** 0.552 ** —0.223 —0.151 0.474 ** 1

Area  —0.047 0.327 * —0.383 * 0.199 0.219 —0.216 —0.364 * 1

MC 0.312* —0.162 0.136 —0.101 —0.069 —0.248 —0.063 0.224 1

pH 0.076 —0.087 —0.003 —0.257 —0.034 0.233 0.192 —0.085 —0.040 1

SS —0.104 0.203 —-0.311* 0.024 0.048 0.003 —0.236 0.199 —0.208 0.148 1

SP 0.389 ** —0.255 —0.023 —0414*  —0.086 —0.059 —0.204 —0.113 —0.047 0220 0.147 1

Ct 0.028 -0.079 0.357 * —0.101 —0.101 0.552 ** 0.651 ** -0.169 0.112 0.126 —0.112 —0.224 1

PT —0.221 0.118 0.085 0.202 0.007 —0.185 0.004 0.107 —0.073 —0.049 0.045 —0.040 0.020 1

PtT —0.254 0.195 0.017 0.230 0.078 —0.147 —0.020 0.142 —0.063 —0.067 0.108 —0.031 0.057 0968 ** 1

Notes: * Correlation was significant at the 0.05 level; ** correlation was significant at the 0.01 level. Abbreviations:
TA, total anthocyanin content; TF, total flavonoid content; TC, total carotenoid content; Ct, condensed tannin
content; MC, moisture content; pH, pondus hydrogenii value; SS, soluble sugar content; SP, soluble protein
content; PT, petal thickness; PtT, parenchyma tissue thickness.

4. Discussion
4.1. Comparison of Flower Color among Different Varieties

The type and concentration of pigments are the main factors that determine flower
color [21]. Anthocyanin content is the main determinant of the white, pink, red, and purple
petals of herbaceous peony [22]. Herbaceous peony petals were white when anthocyanin
content was low, red when anthocyanin content was high, and pink when anthocyanin
content was in between [23]. The types and concentrations of anthocyanins in the petals of
deep purple and red herbaceous peony cultivars were much higher than those in purple
cultivars [9]. The results of this study showed that the different shades of reddish-purple
varied according to the average content of Pn3G5G in the base of the inner and outer
petals of the wild herbaceous peony and ‘Foguangzhuying,” as well as the inner and outer
petals of “Xuanliduocai’ and ‘Jinguangshanshuo.” Due to the accumulation of Pg3G5G and
Cy3G5G in the ‘Jinguangshanshuo’ outer petal, the flower color is crimson.

In some herbaceous peony petals of similar colors, the composition of anthocyanins
and flavonoids differs. Pg3G and Cy3G could be detected in the outer petal of ‘Jinzanciyu’
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(white); however, myricetin and luteolin could not be detected. The detection result was the
opposite at the top of the inner petal of “Xuanliduocai” (pinkish-white). Cy3G5G, luteolin,
and Is3Gal could be detected in the top of the ‘Jinguangshanshuo’ inner petal (yellow), but
not could be detected in the ‘Jinzanciyu’ inner petal (yellow). Pg3G was detected in the
outer petal (reddish-purple) of ‘Foguangzhuying,” but Is3Gal could not be detected. The
detection result was the opposite in the inner petals (reddish-purple).

The color of the top and base of the inner petal of “Xuanliduocai” and ‘Jinguangshan-
shuo’ are different, and the composition of anthocyanins and carotenoids are the same;
only the composition of flavonoids is different. Is3Gal was detected at the top of the
“Xuanliduocai’ inner petal (pinkish-white) but could not be detected at the base of the inner
petal (reddish-purple). Luteolin and Is3Gal were detected at the top of the inner petal of
‘Jinguangshanshuo’ (yellow) but could not be detected at the base of the inner petal (red).
High concentrations of lutein, Qu3G, Qu7G, and Is3G accumulated at the top of the inner
petals of ‘Jinguangshanshuo,” and it was speculated that these pigments acted together to
make the top of the inner petals appear yellow. These results were similar to the results of
a study on flower color change in cinnamon buds [24].

The main flavonoid components of the inner petal of ‘Jinzanciyu’ were the same as
those at the top of the inner petal of ‘Jinguangshanshuo’; however, the content of Km3G
was higher, so its yellow color was slightly different from that of ‘Jinguangshanshuo’.
The outer petal of ‘Jinzanciyu” was white, and the total amounts of anthocyanins and
flavonoids were the lowest among the tested varieties. The top of the “Xuanliduocai” inner
petal contained a small amount of anthocyanins at the beginning of flowering, appearing
pinkish-white, which gradually turned white as the flower developed. The contents of
each flavonoid component (except Km3G) in “Xuanliduocai’ were all higher than those
in ‘Jinzanciyu” outer petal, which may be the reason why the top of “Xuanliduocai” inner
petal showed dimmer brightness and more intense yellowness compared to those of the
‘Jinzanciyu’ outer petal. Km3G showed a subtractive effect on the color of the herbaceous
peony, rendering the color lighter, similar to the results of Zhong [11].

Proanthocyanidins, as auxiliary pigments, can improve the stability of anthocyanins,
thus affecting their color presentation. In this study, although there was no significant
correlation between proanthocyanidin and anthocyanin contents, the color of the tested
varieties with higher proanthocyanidin content was dark red or reddish-purple. This
suggests that the accumulation of condensed tannins in the petals is conducive to the
formation of deeper flower colors of the herbaceous peony, similar to the results of a study
on purple sweet potatoes [25].

The vacuolar pH of plant organs can significantly affect the stability of anthocyanins.
Our study found that the higher pH value of the cell fluid was conducive to the formation of
yellow color, while lower pH values were conducive to the formation of red color. One study
found that anthocyanin was stable at a low pH, while an increase in pH value promoted
anthocyanin degradation [26]. In this study, the pH of the cell fluids of the tested varieties
was slightly acidic. Although the top and base of the inner petals were different in color
in “Xuanliduocai’ and ‘Jinguangshanshuo’, the anthocyanin and carotenoid components
were the same, and the pH at the base of the inner petals was lower than that at the top,
which may explain the red color at the base of inner petals. The top of the inner petal of
‘Jinguangshanshuo’ was yellow, and its pH value and carotenoid content were the highest
among tested varieties, consistent with correlation analysis.

When the epidermal cells of herbaceous peony have a tapered structure, the propor-
tion of incident light entering the cells increases, which is conducive to the development
of pigments [27]. In this study, the epidermal cells of ‘Jinzanciyu’ and ‘Foguangzhuy-
ing” had similar shapes, indicating that their light absorption characteristics were similar.
The shape of epidermal cells of different colors in the inner petal of ‘Xuanliduocai” and
‘Jlinguangshanshuo” showed obvious differences in the middle and late flowering.
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4.2. Changes in Flower Color during Different Flowering Periods

At different flowering stages, the L* and b* values of pinkish-white and yellow varieties
were all higher; the a* and C* values of reddish-purple and purplish-red materials were at
high levels. This was consistent with the colorimetric results obtained using the RHSCC
colorimetric card. With the gradual opening of herbaceous peony flowers, the colors of
the flowers in most of the tested varieties faded. During the flowering process, the main
components of the pigment in the petals of tested varieties did not change significantly,
and the reason for the change in flower color was directly related to the total amount of
anthocyanins and carotenoids. Because of the difference in the synthesis mechanism of
flower pigments, the degree of variation in flower color differed.

At the beginning of flowering, the petals of most tested varieties were not fully un-
folded, and the color was dark. The total amount of anthocyanins in the inner petal of
‘Foguangzhuying’, at the top of “Xuanliduocai’ inner petal, and the base of ‘Jinguangshan-
shuo’ inner petal was the highest in the bud stage. It is speculated that the anthocyanins
needed for the color of these varieties accumulated before the flowers opened. Subse-
quently, anthocyanins gradually degrade due to the influence of the external environment,
such as the enlargement of the petal area and light. The petals of the wild herbaceous
peony, the inner petals of ‘Jinzanciyu’, the outer petals of “Xuanliduocai’, and the top of the
outer and inner petals of ‘Jinguangshanshuo’ can continue to synthesize pigments after
flowering. The precipitous decrease in pigment content at the beginning of flowering may
be due to a rapid increase in the flower diameter. During flowering, the expansion speed of
the petal area is faster than the speed of pigment synthesis, which leads to a decrease in the
pigment content per unit area of petals [14].

In the middle and late flowering periods, the color of tested varieties showed fading
or darkening due to pigment degradation in the petals. Among them, the total amount of
anthocyanins in the outer petals of ‘Jinzanciyu’, the outer petals of “‘Foguangzhuying’, and
the outer petals and the base of the inner petals of “Xuanliduocai’ all rose slightly during
the period of decline. The total flavonoid and carotenoid contents of most tested varieties
showed an upward trend during the period of decline. Studies have shown that flavonoids
and phenols are the main components of antioxidants in peony petals, and their content
changes significantly during petal aging [28]. This study speculated that the increased
content of anthocyanins and flavones in herbaceous peony petals at the end of flowering
might be related to the aging mechanism of flowers. The increase in anthocyanin and
carotenoid content is the main reason for the gradual red or yellow color of herbaceous
peony in the decay stage, which is similar to the results of research on chrysanthemums [29].

During flowering, a decrease in proanthocyanidin content reduces the stability of
anthocyanidin and makes it easier to degrade. In the present study, the proanthocyanidin
content in all tested varieties decreased to varying degrees. The increase of proanthocyani-
din content in the inner petal of ‘Foguangzhuying’ and the outer petal of ‘Jinguangshanshuo’
in the decay stage may be related to its participation in the aging process of flowers as
antioxidant substances.

Soluble sugar and soluble protein are energy sources and precursors for pigment
synthesis, and changes in their content affect the accumulation of pigments in flower
petals [30]. In this study, soluble sugar content in petals of tested varieties gradually
accumulated during flowering. Most varieties showed a decrease in soluble sugar content
at the S2 or S3 stage, which was speculated to be related to the simultaneous increase in
anthocyanin content. The soluble protein content of most tested varieties initially increased
and then decreased, indicating that the soluble protein content was mainly synthesized and
accumulated in the early flowering period. The soluble protein content tended to decrease
after the opening of flowers.

In this study, the pH of the cell fluid had no direct effect on the change in flower
color, which is consistent with the results of Changling et al. [23]. In addition, the pH
of the cell fluid of most tested varieties dropped sharply during the blooming stage and
then rebounded. However, the pH value at the top of the outer and inner petals of
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Jinguangshanshuo initially increased and then decreased, while the pH value at the base of
the inner petals continued to decrease. It is generally believed that the higher the moisture
content of petals, the lighter the color [31]. The water content of petals in the decay stage
of most tested varieties was higher than that in the bud stage; however, the water content
of "Xuanliduocai” outer petals and the top of inner petals and ‘Jinguangshanshuo’ in the
decay stage was lower than that in the bud stage. The thickness of epidermal cells of petals
showed a significant correlation with flower color, which may affect the appearance of
flower color by changing the pigment content in epidermal cells.

5. Conclusions

In this study, the content and composition of pigments in the petals of herbaceous
peony during the flowering process, as well as the tissue structure, cellular environment,
cellular substances, and other indicators, were comprehensively analyzed to explore the
physiological and biochemical factors affecting the color of herbaceous peony petals. The
formation of herbaceous peony flower color is affected by various factors, and differences
in pigment content and composition in petals are the main factor in determining petal
color. Increasing the content of anthocyanins Cy3G5G, Pg3G5G, and Pn3G5G in herbaceous
peony petals can reduce the brightness of the flower color and improve the redness and
chroma. The accumulation of Qu3G and Km3G can lead to a decrease in the redness of
the color, while the accumulation of Qu7G can improve the yellowness of the color. The
increase of the lutein content in petals can reduce the redness of herbaceous peony color
and promote the formation of yellow flowers. Furthermore, the accumulation of condensed
tannins can enhance the yellowness of flower color and promote the formation of dark
herbaceous peony flowers. In addition, the contents of condensed tannins, flavonoids, and
carotenoids were positively correlated. The contents of soluble sugar, soluble protein, pH
value of cell fluid, and water content can regulate anthocyanin synthesis and affect the
stability of anthocyanin by participating in related physiological and metabolic activities or
changing the light absorption characteristics of petals through the shape of epidermal cells,
so as to cause a change in herbaceous peony flower color. The higher the content of soluble
sugar in the petals, the lower the yellow color and the deeper the red and purple colors.
When the soluble protein content is higher, the brightness of the flower color is improved,
while the color is reduced, originating light-pink white and yellow petals. The cell fluid
of herbaceous peony petals is weakly acidic, and the pH value of the cell fluid of yellow
petals is the highest. It is speculated that a low pH value of the cell fluid of peony petals is
conducive to the formation of red color. When the moisture content of petals is higher, the
brightness of flower color increases, which is conducive to the formation of lighter flower
color in herbaceous peony. In future studies, the number of varieties should be expanded.
In addition, key genes related to the anthocyanin metabolism pathway should be further
studied to provide a theoretical reference at the physiological and molecular levels for the
study of herbaceous peony flower color and the breeding of new varieties.
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