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ABSTRACT: Malus crabapple has high ornamental and ecological
value. Here, the flavonoids in the petals of three pink Malus
crabapple cultivars, Malus ‘Strawberry Parfait’ (GD), M. ‘Pink
Spire’ (FY), and M. ‘Hongyi’ (HY), at the bud stage (flower buds
are swollen, and the pistils and stamens are about to appear; L),
full bloom stage (the flowers are fully open, and the stigma and s cabapic
anthers have recently appeared; S), and end bloom stage (the
stigma and anthers are dry; M) were identified, and their
abundances were determined. First, Kodak Color Control Patches
were used to describe the colors of petals, and a colorimeter was
used to determine the phenotypic values of flower colors.
Flavonoids were determined using ultraperformance liquid Becedin or Qomercrox

chromatography—tandem mass spectrometry (UPLC—MS/MS).

In all three crabapple cultivars, the red and yellow hues of the petals gradually disappeared, the color of the flowers changed from
bright to dull, and the petals gradually faded. The extent of fading of the red hue of the petals was highest in GD, followed by FY and
HY. A total of 302 metabolites were detected in the three cultivars. The content of total flavonoids in the three cultivars significantly
differed, but there were no significant differences among species. The total flavonoid content of the three crabapple varieties was
highest in HY, followed by FY and GD. The content of the anthocyanins delphinidin-3-O-sophoricoside-5-O-glucoside,
pelargonidin-3-O-(6”-O-malonyl)glucoside, pelargonidin-3-O-glucoside, peonidin-3-O-glucoside, and cyanidin-3-O-arabinoside
decreased significantly, which resulted in the discoloration of GD petals from L to M. The flavonoids and flavonols in FY might
interact with anthocyanins in metabolic pathways. The content of these five anthocyanins decreased slowly, which resulted in the
weaker discoloration of FY and HY compared with GD. The content of the five anthocyanins in HY did not decrease significantly,
but the content of chalcone increased significantly, which might facilitate the production of anthocyanin auxiliary pigments and
result in less pronounced fading of the petals. Cyanidin-3-O-arabinoside and pelargonidin-3-O-glucoside were the key flavonoids of
the three crabapple cultivars. The total content and changes in anthocyanins were the key factors affecting petal color development
and fading. Nonanthocyanin polyphenols, such as flavonoids, flavonols, and chalcone, are auxiliary pigments that affect petal fading.
Overall, the results of this study provide new insights into the mechanism underlying the fading of the color of Malus crabapple
flowers, and these new insights could aid the breeding of cultivars with different flower colors.
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1. INTRODUCTION the heavy pink coloration is most pronounced before flower

Crabapples refer to members of the genus Malus Mill. in the opening, and then the color gradually changes to light pink. The
family Maloideae (Malus Mill.) and Chaenomeles with high
ornamental' and ecological value.”” They are popular landscape
plants because of their graceful form and aesthetically pleasing
colors.” During the flowering period of M. ‘Strawberry Parfait’ studies have shown that this quality trait is mainly determined by
(GD), M. ‘Pink Spire’ (FY), and M. ‘Hongyi’ (HY), the petals
fade from dark pink to light pink, and the magnitude of the
fading varies. The fading of floral colors is a common
phenomenon in ornamental plants, including Malus hupehensis
(Pamp.),” Malus spp.,° Lycoris longituba and Lycorzs radiata
Herb,” and Silene littorea and Silene littorea Brot.® The petals of
lotus (Nelumbo nucifera) appear to fade from red on the first day
of flowering to nearly white on the third day of flowering.” In the
petals of Chrysanthemum morifolium'® and Cleome hassleriana,"’

petal color of Paeonia ‘Coral Sunset’ and ‘Pink Hawaiian Coral’

fades from coral to light pink and then to pale yellow.'* Previous

the metabolite composition of ornamental plants.'®
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Table 1. Dynamic Changes of Flowers Color of GD*

L* a*
35.29 + 0.312e 27.393 + 0.504a

58.993 + 0.494b 13.100 + 1.125d
65.113 + 0.332a 6.013 + 0.202e

bud stage
full bloom stage

end flower stage

b* C* h
10.080 £ 0.217a 29.190 + 0.541a 21.087 £ 0.231a
2.306 + 0.081c 13.303 + 0.627d 10.170 + 0.820c
0.830 + 0.035d 6.070 + 0.182¢ 7.909 + 0.828b

“Note: The chroma C* and the hue angle h are calculated according to the formulas C* = (a*2 + b*2)1/2 and h = arctan(b*/a*), respectively.
The C* value represents the vertical distance to the L* axis, and greater distances indicate greater chroma. Different lowercase letters in the same
column and the same period indicate significant differences between different treatments (P < 0.05). Same below.

Table 2. Dynamic Changes of Flowers Color of FY

I a*
bud stage 41.801 £ 0.212a 23.420 + 0.524a
full bloom stage 50.903 + 0.508d 21.186 + 0.551b

end flower stage 54.653 + 0.602d 13.467 + 0.143c

b* C= h
0.000 + 0.020a 23.560 + 0.524a —0.003 + 0.046a
—3.185 + 0.094d 21.458 + 0.557b —20.36 + 0.086d
—4.682 + 0.009e 13.960 + 0.134c —18.785 £ 0.240

Table 3. Dynamic Changes of Flowers Color of HY
L a*
34.786 + 0.629¢

46.126 + 0.173b
52.343 + 0.514a

22.010 £ 0.538a
19.480 + 0.688b
17.620 + 0.464c

bud stage
full bloom stage

end flower stage

b* C h
2.613 + 0.008a 22.166 + 0.536a 6.810 + 0.170a

—1.883 + 0.029d 20.236 + 0.781a —5.380 + 0.276d
—2.150 + 0.023d 17.750 + 0.464b —7.000 + 0.120e

The color of plants is determined by pigments, and there are
four natural pigments: flavonoids, carotenoids, chlorophylls, and
alkaloids."* Flavonoids comprise six main groups of pigments:
chalcones, anthocyanidins, flavanones, isoflavonoids, flavones,
and flavonols."'® Chalcone affects the color of yellow flowers; it
is also an important substrate for the synthesis of other
flavonoids. Flavonoids and flavonols are generally light yellow or
colorless. Anthocyanins are the main substances responsible for
the red, purple, and blue colors of many petals. Several
researchers have reported that the content and concentrations
of anthocyanins play key roles in flower color formation.'”"®
Previous studies have shown that anthocyanins are ke
pigmentation molecules in Malus crabapple petals,"”*° and
differences in flower color among Malus crabapple species are
caused by differences in their anthocyanins. The fading of the
flower color of most plants stems from the inhibition of
anthocyanin synthesis; the anthocyanin bios?fnthetic pathway is
highly conserved and has been well studied,”’ and some fading is
caused by the degradation of anthocyanins.””** The accumu-
lation of anthocyanins is the main factor that causes the color of
Hydrangea macrophylla cv. “Forever Summer” to change from
yellow-green to bright blue-violet;** anthocyanin accumulation
also enhances the redness of petals in Begonia X hiemalis.”
Decreases in the anthocyanin content cause the flower color of
Phalaenopsis orchids to change from dark purple to pink, which
causes lilac petals to gradually chan%e from red-purple to violet,
and finally fade to nearly white.”**” Malus crabapple is a wild
apple plant resource that is rich in flavonoids; its value as a model
organism in research is much higher compared with that of
cultivated apple plants. Anthocyanins are the main pigments in
flavonoid substances. Consequently, most studies of these plants
have focused on anthocyanins; fewer studies have examined
other components of flavonoids by comparison. The effect of
other components on the color of Malus crabapples is also
important yet understudied.

Studies of Malus crabapple within and outside of China have
mainly focused on examining variation in the pigment
components of crabapple.”®*’ Few studies have examined the
discoloration process of Malus crabapple petals. Maintaining the
color of Malus crabapple and prolonging the flowering period

are some of the main focuses of current research on natural
pigments. However, no systematic research has been conducted
to date. Here, eight-year-old crabapple trees were used to study
the fading mechanism of pink crabapple trees; our findings can
be used to enhance the ornamental quality of these trees.
Specifically, we used ultraperformance liquid chromatography—
tandem mass spectrometry (UPLC—MS/MS), the internal
Metware database (MWDB) of Maiwei Metabolism Company,
and public databases with metabolite information to qualita-
tively and quantitatively analyze the flavonoids in the petals of
three Malus crabapple cultivars at different flowering stages. We
also analyzed the chemical basis underlying the petal
discoloration process by characterizing metabolomic differences
in flavonoids. The results of this study provide new insights into
the mechanism underlying the fading of the color of Malus
crabapple flowers, and these new insights could be used to
obtain new germplasm resources of crabapple and aid the
breeding of cultivars with different flower colors.

2. RESULTS

2.1. Color Analysis of Petals. Tables 1, 2, and 3 show the
color difference of GD, FY, and HY petals at different flowering
and developmental stages. The L* value gradually increased in
all three crabapple cultivars from the bud stage to the end
flowering stage, indicating that the brightness increased during
the development of the petals. The a* value gradually decreased,
and the magnitude of the decrease in GD, FY, and HY was
75.13%, 42.49%, and 19.95%, respectively, indicating that the
red hue of the petals gradually decreased during petal
development. The b* value gradually decreased, indicating
that the yellow hue gradually decreased, and the blue color
gradually increased. The C* value gradually decreased,
indicating that the petals gradually changed from bright to
dim. The results indicated that the red and yellow hue of the
petals of GD, FY, and HY gradually decreased, the flower color
changed from bright to dull, the petals gradually faded, and the
degree of fading at the end of flowering was highest in GD,
followed by FY and HY.

https://doi.org/10.1021/acsomega.2c03820
ACS Omega 2022, 7, 37304—-37314
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Figure 1. (a) Metabolites detected in Malus crabapple petals at different times. (b,c) PCA score graph of the mass spectrometry data of each group of
samples and quality control samples. (d) Correlation graph between samples.

2.2. Metabolite Composition and Content. The
metabolites of the samples were identified using the targeted
metabolome technology of the UPLS-MS/MS platform. The
results based on the self-built database and multivariate
statistical analysis are shown in Figure la; a total of 302
metabolites were detected in the samples of the three crabapple
cultivars in the three periods, including 101 flavonols (33.40%),
86 flavonoids (28.50%), 23 chalcones (7.60%), 21 anthocyanins
(7.00%), 17 flavanols (5.60%), 11 dihydroflavonols (3.60%), 11
tannins (3.60%), 10 dihydroflavones (3.30%), nine proantho-
cyanidins (3.00%), seven isoflavones (2.3%), three flavonoid
carbonosides (1.00%), two sinensetins (0.60%), and one
dihydroisoflavone (0.30%). The content of metabolites in the
petals of the three crabapple cultivars was highest in HY,
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followed by FY and GD. The total content of metabolites in L
was greater than that in S and M, and the color was darkest in L,
followed by S and M. Among the significantly different
metabolites, the total content was highest in HY, followed by
FY and GD, and the content of GD was much lower than that of
HY and FY. GD was lightest in color, which stemmed from the
high M content; it also showed the most significant fading.
2.3. Principal Component Analysis (PCA) and Orthog-
onal Partial Least-Squares Discriminant Analysis (OPLS-
DA) in Different Flowering Periods. The two-dimensional
and three-dimensional plots of the PCA scores of the mass
spectrometry data of different crabapple cultivars and QC
samples are shown in Figure 1b and ¢, which reveals variation
among and within GDL, GDS, GDM, FYL, FYS, FYM, HYL,

https://doi.org/10.1021/acsomega.2c03820
ACS Omega 2022, 7, 37304—-37314
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Figure 2. Metabolite volcano maps of petals in three different periods of Malus crabapple. (a—c) Metabolite volcano maps of petals in three different
periods of GD; (d—f) metabolite volcano maps of petals in three different periods of FY; (g—i) metabolite volcano maps of petals in three different
periods of HY. Note: Each point in the volcano plot represents a metabolite, and the abscissa represents the logarithm of the quantitative fold difference
of a metabolite in two samples. The ordinate represents the VIP value. Green dots in the figure represent downregulated differentially expressed
metabolites. Red dots represent upregulated differentially expressed metabolites, and gray dots represent metabolites detected but not significantly

different.

HYS, and HYM. The amount of variance explained by the first,
second, and third principal components was 36.05%, 29.77%,
and 10.76%, respectively. There were clear differences among
varieties, and the distances between the same varieties among
periods were similar. The degree of separation between the three
varieties was greater than that between the same variety in the
three periods. The differences amongL, S, and M for GD and FY
were greater than those between S and M. The differences
among L, S, and M for HY were smaller than the differences
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between S and M, which indicates that the accumulation of
flavonoids in different varieties of Begonia also differed.

FY and HY samples for each period were close to 1, and that of
the GD samples for each period was between 0.65 and 1; the Il
of each sample was close to 1 (Figure 1d). The type and content
of flavonoids of GD varied substantially among periods. The
OPLS-DA model revealed that all pairwise comparisons among
the three cultivars and three periods were significant (P < 0.05),
indicating that the results of the model were robust.

https://doi.org/10.1021/acsomega.2c03820
ACS Omega 2022, 7, 37304—-37314
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Figure 3. Venn diagrams of differential metabolite numbers in the petals of GD, FY, and HY in three different periods. (a) Differential metabolite
numbers of GD. (b) Differential metabolite numbers of FY. (c) Differential metabolite numbers of HY. (d) Differential metabolite numbers of L. (e)
Differential metabolite numbers of S. (f) Differential metabolite numbers of M.

Table 4. Different Cumulative Metabolites among Different Comparison Groups of GD, FY, and HY

GD

FY

compounds
chrysin
§,7-dihydroxy-2'-methoxy-3',4-
methyleneoxy- dihydroisoflav one
quercetinr-3,3’-dimethyl ether
phloretin-4'-O-(6"- galloyl)glucosidetp-
coumaroyl
3,7-di-O-methylquercetin
3-O -acetylpimobanksim
galangin (3,5,7-tnhydroxylav one)
pinocembrin (dilydrochaysm)
selagin
leucocyanidin
delphinidin-3-O-sophoroside-5-O-
glucoside
hovertichoside C
aromadendrin (dihydrokaempferol)
pelargonidin-3-O-(6"-O- malonyl)
glucoside
pelargonidin-3-O-glucoside
peonidin-3-O-glucoside
cyanidin-3-O-arabinoside
trihydroxyflavone-O-glucoside(iso3)
6-methoxyquercetin-3-O-xyloside

pentahydroxymonomethoxyflavone-O-
hexosides (is06)

luteolin-7-O-glucuronide-(2—1)-
glucuronide

sudachitin
okanin 4'-(6"-O-acetylglucoside)

limocitrin-3.7-di-O-glucoside

fold change VIP P-value
class L-vs-S S-vs-M L-vs-M L-vs-S S-vs-M L-vs-M L-vs-S S-vs-M  L-vs-M type
flavonoid 5.18 2.88 14.93 1.29 1.36 1.18 0.00 0.21 0.12 up
dihydroisoflavone 14.07 2.60 36.60 123 1.48 1.18 0.02 0.09 0.04 up
flavonols 181.63 2.25 408.80 1.28 1.39 1.22 0.05 0.06 0.03 up
chalcones 3.99 2.47 9.86 1.26 1.62 1.21 0.02 0.00 0.00 up
flavonols 265.80 4.56 1213.08 1.29 1.60 1.22 0.02 0.03 0.02 up
dihydroflavonol 21.82 243 52.94 1.27 1.35 1.20 0.01 0.19 0.08 up
flavonoid 131.01 2.67 350.21 1.29 1.33 1.21 0.02 0.18 0.09 up
flavonoid 21.48 2.37 50.92 1.28 1.3 1.20 0.02 0.17 0.07 up
flavonoid 15.83 2.74 43.34 1.03 1.00 1.03 0.13 0.33 0.19 up
dihydroflavonol 0.43 0.36 0.16 1.26 1.51 1.19 0.00 0.01 0.00 down
anthocyanins 0.27 0.42 0.11 1.26 1.54 1.20 0.01 0.02 0.01 down
sinensetin 0.32 0.45 0.15 1.26 1.57 1.21 0.01 0.02 0.01 down
dihydroflavonol 0.19 0.22 0.04 1.21 1.24 1.03 0.00 0.08 0.00 down
anthocyanins 0.47 0.47 0.22 1.17 1.45 1.19 0.01 0.06 0.00 down
anthocyanins 0.37 0.34 0.13 1.27 1.61 1.21 0.00 0.00 0.00 down
anthocyanins 0.27 0.40 0.11 1.25 1.62 1.21 0.01 0.03 0.01 down
anthocyanins 0.48 0.50 0.24 1.26 1.54 1.20 0.01 0.00 0.00 down
flavonoid 0.38 0.35 0.13 1.26 1.61 121 0.00 0.01 0.00 down
flavonols 5.86 3.02 17.72 1.10 1.56 1.05 0.02 0.01 0.00 up
flavonoid 2.65 2.06 S5.44 1.39 1.48 1.29 0.05 0.01 0.01 up
flavonoid 0.38 0.39 0.15 1.34 1.59 1.26 0.09 0.01 0.05 up
flavonoid 3.97 2.66 8.97 1.35 1.29 1.43 0.07 0.07 0.04 up
chalcones 2.10 0.24 0.50 1.42 1.54 1.37 0.02 0.01 0.10 up
flavonoid 2.28 0.19 0.42 1.39 1.55 1.30 0.02 0.01 0.17 up
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Figure 4. Clustering heat map of significantly different anthocyanins and differential abundance scores of petals of different cultivars of Malus crabapple
in different periods. (a) Clustering heat map. (b—d) Differential abundance scores of GD, FY, and HY. Note: The vertical axis represents the
differential pathway name, and the horizontal axis represents the differential abundance score (DA Score).

2.4. Screening of Differential Metabolites in Petals.
Figure 2a—i shows the volcano plot of the differential
metabolites in the petals of GD, FY, and HY during the three
different periods. The volcano plot revealed differences in the
expression levels and the number of upregulated and down-
regulated metabolites in the samples of each comparison group.
The number of upregulated and downregulated metabolites
from L to M was highest in GD, followed by FY and HY. There
was a decrease in the total content of significantly different
metabolites in GD; the magnitude of the decrease in the content
of metabolites, and thus the degree of fading, was larger in GD.
The decrease in the content of metabolites was more gradual in
FY, and the degree of fading was less pronounced. In HY, the
content of metabolites first decreased and then increased. The
total content of metabolites in M was lower than that in L. The
degree of fading was lowest in M, and the petals in M were still
pink.

A Venn diagram of the differential metabolites is shown in
Figure 3a—f. Analysis of the differential metabolite screening
results for each comparison group revealed three overlapping
differential metabolites. There were 67, 68, and 47 common
differential metabolites in the petals in L, S, and M, respectively.
There were three, three, and 18 common differential metabolites
in different periods in FY, HY, and GD, respectively. There were
no significant changes in other polyphenols.

The petal discoloration process in FY, GD, and HY was
further clarified based on the FC, VIP, and P values (Table 4).
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There were three differential metabolites in FY petals, including
two flavonoids and one flavonol. Both 6-methoxyquercetin-3-O-
xyloside and pentahydroxymonomethoxyflavone-O-hexoside
(is06) were upregulated, and 6-methoxyquercetin-3-O-xyloside
was the most significantly different metabolite among the
comparison groups. The expression of luteolin-7-O-glucuronide
(2 > 1)-glucuronide was downregulated, and the decrease in its
expression was significant in the three control groups.

There were three differential metabolites in the 3 comparison
groups during the discoloration process of HY petals. The
expression of 2 flavonoids, 1 chalcone, and 3 metabolites was
upregulated. The most upregulated metabolite was sudachitin,
and its expression was upregulated 3.97, 2.26, and 8.97-fold in
the HYL vs_HYS, HYS vs_ HYM, and HYL_vs_ HYM
comparison groups, respectively.

There were 18 differential metabolites across all three
comparison groups, including five flavonoids, one dihydroiso-
flavone, three dihydroflavonols, two flavonols, one chalcone, five
anthocyanins, and one sinensetin. Among these, the expression
of four flavonoids, one dihydroisoflavone, one dihydroflavonol,
two flavonols, and one chalcone was upregulated, and the
expression of one flavonoid, two dihydroflavonols, five
anthocyanins, and one sinensetin was downregulated. Among
the five differential flavonoid metabolites, galangin (3,5,7-
tnhydroxylavone) accounted for a large proportion, and the
expression of trhydroxyflavone-O-glucoside(iso3) decreased
significantly. The expression of the dihydroisoflavonoid S,7-
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Table S. Results of Differential Metabolites between Groups

group Ko00941 Ko00942 Ko00943 Ko00944 Ko01100 Ko01110 up down differentially accumulated metabolite

FYL- FYS 2 1 1 1 NU 47 S0
FYS- FYM 1 S 3 8

FYL- FYM S 2 2 S1 58
GDL- GDS 14 S 1 3 6 41 36 77
GDS- GDM 6 3 1 3 3 13 14 27
GDL- GDM 14 6 4 4 7 11 52 49 101
HYL- HYS 2 1 31 8 39
HYS- HYM 9 43 52
HYL- HYM 4 1 3 28 22 S50

dihydroxy-2’-methoxy-3’,4-methyleneoxy-dihydroisoflavone
and the dihydroflavonol 3-O-acetylpinobanksin was significantly
upregulated in the GDL_vs_GDS, GDS_vs_GDM, and
GDL_vs_GDM comparison groups, and the expression of the
two dihydroflavonols leucocyanidin and aromadendrin (dihy-
drokaempferol) was also significantly downregulated. Both
flavonols accounted for a large proportion of the total
metabolites, and the expression of 3,7-di-O-methylquercetin
and quercetin-3,3’-dimethyl ether decreased and then increased.
The expression of the chalcone phloretin-4’-O-(6"-galloyl)-
glucoside-coumaroyl was significantly increased. The expression
of sinensetin hovertichoside C significantly decreased. The
expression of the five anthocyanins significantly decreased. In L,
S, and M, the expression of delphinidin-3-O-sophoroside-5-O-
glucoside was downregulated 0.27, 0.42, and 0.11-fold; the
expression of pelargonidin-3-O-(6”-O-malonyl) glucoside was
downregulated 0.47, 0.47, and 0.22-fold; the expression of
pelargonidin-3-O-glucoside was downregulated 0.37, 0.34, and
0.13-fold; the expression of peonidin-3-O-glucoside was down-
regulated 0.27, 0.4, and 0.11-fold; and the expression of
cyanidin-3-O-arabinoside was downregulated 0.48, 0.50, and
0.24-fold, respectively. The total content of cyanidin-3-O-
arabinoside was the highest.

Anthocyanins are important substances determining the color
of plants. Dynamic changes in the five significant differentially
expressed anthocyanins in the three flowering periods in
crabapple are shown in Figure 4a. The anthocyanin content in
L was highest in GD, followed by HY and FY. The color of GD
was the darkest. The expression of anthocyanins was down-
regulated, and the magnitude of the downregulation from L to M
was highest in GD, followed by FY and HY, indicating that the
significant declines in these five anthocyanins were the
determinants of the magnitude of fading, as the degree of fading
was consistent with these anthocyanin declines.

2.5. KEGG Enrichment Analysis of Differential Metab-
olites. The differential metabolites were annotated and
displayed using the KEGG database. The differential metabo-
lites might be involved in two or even multiple metabolic
pathways (Table S). A total of 101, 58, and SO differential
metabolites were screened from L to M in GD, FY, and HY. The
number of differential metabolites from L to M (52 upregulated
and 49 downregulated) was highest in GD among the three
crabapple varieties, and this was consistent with the differential
metabolites indicated in the volcano plot. Figure 4b—d show the
degree of enrichment of the differential metabolites and the
overall changes in the differential metabolites involved in
different metabolic pathways. The differential metabolites of FY,
GD, and HY were mainly involved in the flavonoid biosynthesis
pathway (Ko00941), and the highest number of differential
metabolites was observed in GD from L to M, followed by FY
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and HY. Overall, differential metabolites tended to be
upregulated in FY, and these metabolites were enriched in the
metabolic pathway and secondary metabolite synthesis pathway
(Ko01110). There were several differential metabolites in GD
that were significantly enriched in the anthocyanin biosynthetic
pathway (Ko00942), and the expression of the differential
metabolites involved in the anthocyanin biosynthetic pathway
were generally downregulated. Differential metabolites in HY
were significantly enriched in the flavonoid and flavonol
biosynthesis (Ko00944) pathways, and the expression of the
differential metabolites was upregulated. The flavonoid biosyn-
thesis pathway, metabolic pathway, secondary metabolite
synthesis pathway, and dynamic changes in differential
metabolites in the anthocyanin biosynthesis pathway appear to
be the causes of the petal fading of the three crabapple cultivars,
and the degree of fading was most pronounced in GD, followed
by FY and HY.

3. DISCUSSION

The instrument color measurement method quantifies flower
color, which can increase the accuracy of the data; it is widely
used to measure the flower color of horticultural plants, such as
Freesia hybrida®® and Camellia japonica.”" From the bud stage to
the end of the flowering stage, the red and yellow hues of the
petals gradually decreased, the color of the flower changed from
bright to dull, and the petals gradually faded. The degree of
fading of the red hue of the petals was highest in GD, followed by
FY and HY. This indicates that the fading of Begonia petals is
characterized by the weakening of red and yellow hues, and the
degree of weakening is positively correlated with the degree of
fading.

In this study, the total content of flavonoids significantly
differed among varieties; the most pronounced difference
observed was in the total pigment content, and changes in the
pigment content were correlated with color depth. The
flavonoid content of the three crabapple varieties was highest
in HY, followed by FY and GD, and the total flavonoid content
of GD was much lower than that of HY and FY; the color depth
in the S and M periods was highest in HY, followed by FY and
GD. Some researchers have studied three herbaceous peony
cultivars and suggested that the total content of flavonoids is not
the only factor affecting the color of plants.”” In our study, the
chalcone phloretin-4'-O-(6"-cinnamoyl)glucoside was the most
abundant in GD and lowest in HY and FY. However, the color of
the petals was lightest in GD, and the most significant fading was
observed in S to M. Thus, color changes appear to be related to
flavonoid type, and the contribution of different flavonoids to
petal coloration varies. The flavonoid composition of the three
cultivars of crabapple was basically the same, and this is
consistent with a previous study of Paeonia delavayi showing that
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the composition of flavonoids in petals of six different colors was
the same and that changes in colors stemmed from differences in
the content of flavonoids.” The total metabolites of flavonoids
and flavonols made up a relatively large proportion of all
metabolites, and there were no significant differences in the
composition of flavonoids and flavonols among the different
cultivars. There is thought to be no direct relationship between
the coloration and fading of petals. Rosa rugosa petals
accumulated a large number of flavonols without forming any
anthocyanins, but they might interact with anthocyanins and
affect flower color expression, resulting in yellow petals.”*
However, this result is inconsistent with the findings of Saito et
al.*> showing that the composition of flavonols is not correlated
with petal color and hue. Yang et al.’® suggested that the
dramatic decrease in the anthocyanin content during the
flowering process of the peony was the main reason for the
change in flower color from red to yellow. A PCA of petal color
in different periods revealed differences in the accumulation of
flavonoids in different crabapple cultivars. The OPLS-DA model
was used to make pairwise comparisons of the three cultivars and
three periods, and all pairwise comparisons were significant (P <
0.05), indicating that the results of the model were robust. These
findings are consistent with those of Gao et al.”” demonstrating
significant differences in flavonoids in different parts of Kadsura
coccinea.

Zhang et al.”® found that anthocyanins determine changes in
color from red to purple in plants, and Xia et al.” found that
cyanidin glycosides were the main substances underlying
changes in color from red to purple in Rhododendron pulchrum
petals. Zhang et al."” demonstrated that cyanidin-3-O-galacto-
side, pelargonidin-3-O-galactoglucoside, and cyanidin-3-O-
succinic acid-arabinoside affect the redness of Chaenomeles
speciosa. In this study, the total content of cyanidin-3-O-
arabinoside and pelargonidin-3-O-glucoside contributed the
most to the total content of flavonoids, which was lowest in GD,
and the color of GD during flowering was lighter compared with
that of the other two cultivars. The shallow color indicates that
the total content of cyanidin and pelargonidin has a major effect
on the color of petals, which is consistent with the results of
Tanaka et al.*' During the blooming process in the three
crabapple cultivars, the flower color faded from dark pink to pink
or even pinkish-white, and similar changes have been observed
in other plants. Li et al.** showed that the reduction of the
anthocyanin content in Brunfelsia acuminata caused the petals to
change from dark purple to white; Zhang et al.** suggested that
the pink cultivars of crabapple faded uniformly from purple to
red-pink—light pink (or nearly white). In this study, the
expression of delphinidin-3-O-sophoricoside-5-O-glucoside,
geranium-3-0-(6”-O-malonyl)glucoside, geranium-3-O-glu-
cose, paeoniflorin-3-O-glucoside, and cyanidin-3-O-arabinoside
was significantly downregulated from L to M, and the content of
these anthocyanins was higher in L than in S and M. The
significant downregulation of these five anthocyanins might be
the determinant of fading; however, one flavonoid and two
flavonols were significantly upregulated from L to M in GD, and
the interaction of these compounds with anthocyanins might
affect the color of flowers. In FY petals, the expression of 6-
methoxyquercetin-3-O-xyloside and pentahydroxymonome-
thoxyflavone-O-hexoside (iso6) was significantly upregulated,
and the expression of luteolin-7-O-glucuronide-(2—1)-glucur-
onide was significantly downregulated; these findings are
inconsistent with the changes in the pigments during petal
opening documented in Li et al.** The synthesis of noncoloring

substances might cause the petals to fade, but the actual cause of
the observed changes requires clarification using gene
expression analyses. Yin et al.*’ found that chalcones can
generate dihydroflavones through chalcone isomerase and then
generate various types of flavanones and flavonoids to promote
the accumulation of anthocyanins and flavonoids; they can also
be converted into colorless naringenin to promote the formation
of anthocyanins, flavonoids, and flavonols. The content of
chalcones in HY petals was upregulated during flowering,
suggesting that chalcones play an important role in petal fading
as auxiliary pigments during the flowering of HY. During the
flowering process, the content of anthocyanins decreased
significantly, which caused the color of GD petals to change
from dark pink to pinkish-white or even white, and the
anthocyanin content of FY and HY decreased slowly, which
resulted in less pronounced fading of the color of the petals.
These two cultivars did not fade to white until the end of
flowering. With the exception of the significant differential
metabolites, the expression of other polyphenols such as
proanthocyanidins did not change significantly in each period,
which might stem from the transformation of materials during
the growth and development of petals. KEGG analysis revealed
that the dynamic changes in differential metabolites involved in
multiple metabolic pathways such as the anthocyanin biosyn-
thesis pathway caused the petals of the three crabapple cultivars
to fade. Flavonoids are generated from phenylalanine through
the phenylpropanoid pathway, and phenylalanine is synthesized
via the shikimate pathway.* In this pathway, the amino acid
phenylalanine is used to synthesize 4-coumarin-CoA, which can
combine with malonyl-CoA to generate chalcones; it can then
undergo a series of enzymatic modifications to synthesize
flavanones, followed by dihydroflavonols and anthocyanins.”’
Zhu and Lu*® suggested that almost every intermediate substrate
in the anthocyanin metabolic pathway can be directed to other
flavonoid branches, and variation in any structural gene can alter
the flow direction of the substrate. This can affect various steps
in the anthocyanin synthesis pathway, and the final synthetic
anthocyanin aglycone species are key factors determining the
final coloration of plants. The transformation of red-purple
varieties to pale varieties might be caused by various
mechanisms. Han et al.’ suggested that the fading of M.
hupehensis stemmed from the inhibition of anthocyanin
biosynthesis by corresponding structural genes. Yang et al.*°
found that anthocyanin degradation rates varied during the
flowering process of peony, which causes the flower color to
gradually change from red to orange to yellow, and Xu et al.*”’
suggested that anthocyanins in petals are usually only degraded
and not synthesized after the blooming period. The degree of
fading of the three cultivars of crabapple varied. The total
content of cyanidin-3-O-arabinoside decreased by 76%, 22%,
and 11% in GD, FY, and HY, respectively, and the total content
of pelargonidin-3-O-glucoside decreased by 87%, 15%, and 19%
in L, S, and M, respectively. The most significant fading in GD
might stem from the degradation of anthocyanins in the
anthocyanin biometabolism pathway, and the fading of FY and
HY was less pronounced, which might stem from a reduction in
the degradation of anthocyanins and the effect of regulatory
factors in the flavonoid metabolic pathway. Anthocyanins and
flavonoids might also be competing substrates; however,
additional experiments are needed to confirm this hypothesis.
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4. CONCLUSIONS

The total content of cyanidin-3-O-arabinoside and pelargoni-
din-3-O-glucoside determines the pink color of the petals of the
three crabapple cultivars.

Table 6. Sample Number Information

tissue site sample name

GDL-1
GDL-2
GDL-3
GDS-1
GDS-2
GDS-3
GDM-1
GDM-2
GDM-3
FYL-1
FYL-2
FYL-3
FYS-1
FYS-2
FYS-3
FYM-1
FYM-2
FYM-3
HYL-1
HYL-2
HYL-3
HYS-1
HYS-2
HYS-3
HYM-1
HYM-2
HYM-3

group

Malus ‘Strawberry Parfait’ bud stage GDL

Malus ‘Strawberry Parfait’ full bloom stage GDS

Malus ‘Strawberry Parfait’ end bloom stage GDM

Malus ‘Pink Spire’ bud stage FYL

Malus ‘Pink Spire’ full bloom stage FYS

Malus ‘Pink Spire” end bloom stage FYM

Malus ‘Hongyi’ bud stage HYL

Malus ‘Hongyi’ full bloom stage HYS

Malus ‘Hongyi’ end bloom stage HYM

Changes in the content of five anthocyanins during flowering
had a major effect on petal fading. In the anthocyanin
biometabolism pathway, the degradation of anthocyanins
resulted in the most significant fading of GD, and the slow
decline in anthocyanins resulted in the reduced fading of HY and
FY.

Significant changes in one flavonoid and two flavonols in FY
might interact with anthocyanins to mitigate the fading of petals.
The content of chalcones in the petals of HY was significantly
upregulated during the flowering period. Chalcones might
provide substrates for the synthesis of various flavanones and
flavonoids during the flowering period of HY and act as auxiliary
pigments for anthocyanins, thereby reducing the magnitude of

fading.

5. MATERIALS AND METHODS

5.1. Experimental Materials. Three eight-year-old pink
crabapple varieties similar in size and growth potential, Malus
‘Strawberry Parfait’, M. ‘Pink Spire’, and M. ‘Hongyi’, in Begonia
Garden in Mazhuang Town, were used in experiments. The
central flowers of the outer branches were collected at three
stages: the flowering stage, the full blooming period, and the end
flowering period. Three grams of flower tissue was removed,
wrapped in tin foil, and stored in a —80 °C refrigerator for
identification of flavonoids. Kodak Color Control Patches were
used to describe the color. The sample names and pictures
showing the flowering status are shown in Table 6. Figure Sa
shows GD. Figure 5b shows FY, and Figure Sc shows HY.

5.2. Determination of Petal Color. After the petals were
collected, some petals were used for measurements of flower
color with a CM-S spectrophotometer (NF333 spectropho-
tometer, Nippon Denshokn, light source C/2°) according to the
International Commission on Illumination (CIE) colorimetric
system.50

5.3. Flavonoid Metabolite Preparation and Extraction.
In this study, ultraperformance liquid chromatography—tandem
mass spectrometry (UPLC—MS/MS, UPLC, SHIMADZU
Nexera X2, www.shimadzu.com.cn/; MS, Applied Biosystems
4500 Q TRAP, www.appliedbiosystems.com.cn/) from Maiwei
Metabolism Company (Wuhan Metwell Biotechnology Com-
pany, Wuhan City, Hubei Province, China) was used for the
primary metabolomics analysis. The sample extraction process
and analytical conditions were as follows. (1) Biological samples
were freeze-dried using a vacuum freeze-dryer (Scientz-100F).
(2) The freeze-dried samples were crushed using a mixer mill
(MM 400, Retsch) with a zirconia bead for 1.5 min at 30 Hz. (3)
A total of 100 mg of lyophilized powder was dissolved with 1.2
mL of 70% methanol solution, followed by vortexing for 30 s
every 30 min for a total of six cycles; the samples were then
placed into a refrigerator at 4 °C overnight. (4) Following
centrifugation at 12000 rpm for 10 min, the extracts were
filtrated (SCAA-104, 0.22-um pore size; ANPEL, Shanghai,
China, http://www.anpel.com.cn/) before UPLC—MS/MS
analysis.

An Agilent SB-C18 column (1.8 ym, 2.1 mm X 100 mm) was
used. Mobile phase A and mobile phase B were ultrapure water
and acetonitrile, respectively (both phases A and B contained
0.1% acetic acid). The column temperature was 40 °C, the flow
rate was set to 0.35 mL/min, and the injection volume was 4 yL.
The effluent was alternatively connected to an ESI-triple
quadrupole-linear ion trap (QTRAP)-MS.>"

5.4. Metabolomic Data Analysis. The sample extracts
were mixed and used as a quality control (QC) sample for
analyzing the repeatability of our method. One QC sample was
analyzed after every 10 test samples during analysis. Principal
component analysis (PCA), cluster analysis, orthogonal partial

Figure 5. Flowering state diagram. (a) Open state diagram of GD. (b) Open state diagram of FY. (c) Open state diagram of HY.
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least-squares discriminant analysis (OPLS-DA), and other
multivariate statistical analyses were used to reduce the
dimensionality of the multidimensional data to establish a
reliable mathematical model that summarizes the characteristics
of the metabolic spectrum. Differential metabolites among
samples were identified using fold change (FC) from univariate
analysis and variable importance in projection (VIP) from the
OPLS-DA model thresholds: FC > 2 or FC < 0.5 and VIP > 1.
This method considers differences in metabolites during the
classification and discrimination of each group of samples in the
model. The selected differential metabolites were annotated
using the KEGG database.>”

Analyst 1.6.1 software was used to process the MS data and
perform qualitative and quantitative MS analysis on the
metabolites of each sample using the local metabolic database.
The primary and secondary spectral data were qualitatively
analyzed using the internal Metware database (MWDB) of
Maiwei Metabolism Company and a public database containing
metabolite information. Metabolite quantification was per-
formec_l%using triple-quadrupole mass spectrometry in MRM
mode.>

B AUTHOR INFORMATION

Corresponding Author
Xiang Shen — State Key Laboratory of Crop Biology, College of
Horticulture Science and Engineering, Shandong Agricultural
University, Tai’an, Shandong 271018, China; Phone: +86
13705383303; Email: shenx@sdau.edu.cn

Authors

Xueli Cui — State Key Laboratory of Crop Biology, College of
Horticulture Science and Engineering, Shandong Agricultural
University, Tai’an, Shandong 271018, China; © orcid.org/
0000-0003-2698-7707

Xin Qin — State Key Laboratory of Crop Biology, College of
Horticulture Science and Engineering, Shandong Agricultural
University, Tai’an, Shandong 271018, China

Yangbo Liu — State Key Laboratory of Crop Biology, College of
Horticulture Science and Engineering, Shandong Agricultural
University, Tai’an, Shandong 271018, China

Yawen Zhang — State Key Laboratory of Crop Biology, College
of Horticulture Science and Engineering, Shandong
Agricultural University, Tai’an, Shandong 271018, China

Huaixin Bao — Daiyue District Agriculture and Rural Affairs
Bureau, Tai’an, Shandong 271000, China

Yanli Hu — State Key Laboratory of Crop Biology, College of
Horticulture Science and Engineering, Shandong Agricultural
University, Tai’an, Shandong 271018, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c03820

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was funded by the National Natural Science
Foundation of China, award number 32072520; the Fruit
Innovation Team Project of Shandong Province (CN), award
number SDAIT-06-07; and the Natural Science Foundation of
Shandong Province (CN), award number ZR2020MC132.

B REFERENCES

(1) Xu,J.; He, M,; Hy, Y. A,; Wu, Q. F; Lin, H.; Zhao, P. Advances in
the Research on and expectation of Ornamental Crabapple. Acta Agric.
Universitatis Jiangxi 2018, 40 (03), 553—560.

(2) Zhou, T.; Shen, X. C.; Zhou, D. J; Fan, J. J.; Zhao, M. M.; Zhang,
W. X,; Cao, F. L. Advances in the classification of crabapple cultivar.
Acta Hortic. Sin. 2018, 45 (02), 380—396.

(3) Zhang, L. L.;; Mao, Y. F.; Zhang, C. H.; Zhang, D. J.; Shen, X. A
new Ornamental Crabapple cultivar ‘Duojiao’. Acta Hortic. Sin. 2019,
46 (82), 2908—2909.

(4) Cui, L. L.; Xing, M. M.; Xu, L. T.; Wang, J. Y.; Zhang, X. F.; Ma, C.
Y.; Kang, W. Y. Antithrombotic components of Malus halliana koehne
flowers. Food Chem. Toxicol. 2018, 119, 326—333.

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

(6) Zhang,J.; Lin, Y. Y.; By, Y. F.; Zhang, X.; Yao, Y. C. Factor analysis
of MYB gene expression and flavonoid affecting petal color in three
crabapple cultivars. Front. Plant Sci. 2017, 8, 137.

(7) Yue, Y. Z.; Liu, J. W.; Shi, T. T.; Chen, M; Li, Y.; Dy, J. H,; Jiang,
H.Y,; Yang, X. L,; Hu, H. R;; Wang, L. G. Integrating transcriptomic
and GC-MS metabolomic analysis to characterize color and aroma
formation during tepal development in Lycoris longituba. Plants. 2019, 8
(3), 53.

(8) Casimiro-Soriguer, I; Narbona, E.; Buide, M. L.; del Valle, J. C;
Whittall, J. B. Transcriptome and Biochemical Analysis of a Flower
Color Polymorphism in Silene littorea (Caryophyllaceae). Front. Plant
Sci. 2016, 7, 204.

(9) Liu, J.; Wang, Y. X.; Zhang, M. H.; Wang, Y. M.; Deng, X. B.; Sun,
H.,; Yang, D.; Xu, L. M,; Song, H. Y.; Yang, M. Color fading in lotus
(Nelumbo nucifera) petals is manipulated both by anthocyanin
biosynthesis reduction and active degradation. Plant Physiol. Biochem.
2022, 179, 100—107.

(10) Wang, Y. G,; Zhou, L. J.; Wang, Y. X,; Geng, Z. Q; Ding, B. Q;
Jiang, J. F,; Chen, S. M.; Chen, F. D. An R2R3-MYB transcription factor
CmMYB21 represses anthocyanin biosynthesis in color fading petals of
chrysanthemum. Sci. Hortic. 2022, 293, 110674.

(11) Nozzolillo, C.; Amiguet, V. T.; Bily, A. C.; Harris, C. S.; Saleem,
A.; Andersen, @y. M.; Jordheim, M. Novel aspects of the flowers and
floral pigmentation of two Cleome species (Cleomaceae), C. hassleriana
and C. serrulate. Biochem. Syst. Ecol. 2010, 38, 361—369.

(12) Guo, L.; Wang, Y.; da Silva, J. A. T.; Fan, Y.; Yu, X. Transcriptome
and chemical analysis reveal putative genes involved in flower color
change in Paeonia ‘Coral Sunset’. Plant Physiol. Biochem. 2019, 138,
130—-139.

(13) Yang, T.; Li, K. T.; Hao, S. X.; Zhang, J.; Song, T. T.; Tian, J.; Yao,
Y. C. The use of RNA sequencing and correlation network analysis to
study potential regulators of crabapple leaf color transformation. Plant
Cell Physiol. 2018, 59, 1027—1042.

(14) Schmitzer, V.; Veberic, R.; Osterc, G.; Stampar, F. Color and
phenolic content changes during flower development in groundcover
rose. J. Am. Soc. Hortic. Sci. 2010, 135 (3), 195—202.

(18) Ferrer, J. L.; Jez, J. M.; Bowman, M. E.; Dixon, R. A.; Noel, J. P.
Structure of chalcone synthase and the molecular basis of plant
polypeptide biosynthesis. Nat. Struct. Biol. 1999, 6, 775—784.

(16) Sharma, B. An analyses of flavonoids present in the inflorescence
of sunflower. Braz. J. Bot. 2019, 42 (3), 421—429.

(17) Francini, A.; Sebastiani, L. Phenolic Compounds in Apple
(Malus x domestica Borkh.): Compounds Characterization and
Stability during Postharvest and after Processing. Antioxid. 2013, 2
(3), 181—193.

(18) Qin, X. X;; Ly, Y. F,; Peng, Z.; Fan, S. X.; Yao, Y. C. Systematic
Chemical Analysis Approach Reveals Superior Antioxidant Capacity via
the Synergistic Effect of Flavonoid Compounds in Red Vegetative
Tissues. Front. Chem. 2018, 6, 9.

https://doi.org/10.1021/acsomega.2c03820
ACS Omega 2022, 7, 37304—-37314


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:shenx@sdau.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueli+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2698-7707
https://orcid.org/0000-0003-2698-7707
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangbo+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yawen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaixin+Bao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanli+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03820?ref=pdf
https://doi.org/10.1016/j.fct.2018.02.049
https://doi.org/10.1016/j.fct.2018.02.049
https://doi.org/10.1007/s40415-020-00590-y
https://doi.org/10.1007/s40415-020-00590-y
https://doi.org/10.1007/s40415-020-00590-y
https://doi.org/10.3390/plants8030053
https://doi.org/10.3390/plants8030053
https://doi.org/10.3390/plants8030053
https://doi.org/10.3389/fpls.2016.00204
https://doi.org/10.3389/fpls.2016.00204
https://doi.org/10.1016/j.plaphy.2022.03.021
https://doi.org/10.1016/j.plaphy.2022.03.021
https://doi.org/10.1016/j.plaphy.2022.03.021
https://doi.org/10.1016/j.scienta.2021.110674
https://doi.org/10.1016/j.scienta.2021.110674
https://doi.org/10.1016/j.scienta.2021.110674
https://doi.org/10.1016/j.bse.2010.03.005
https://doi.org/10.1016/j.bse.2010.03.005
https://doi.org/10.1016/j.bse.2010.03.005
https://doi.org/10.1016/j.plaphy.2019.02.025
https://doi.org/10.1016/j.plaphy.2019.02.025
https://doi.org/10.1016/j.plaphy.2019.02.025
https://doi.org/10.1093/pcp/pcy044
https://doi.org/10.1093/pcp/pcy044
https://doi.org/10.21273/JASHS.135.3.195
https://doi.org/10.21273/JASHS.135.3.195
https://doi.org/10.21273/JASHS.135.3.195
https://doi.org/10.1038/11553
https://doi.org/10.1038/11553
https://doi.org/10.1007/s40415-019-00552-z
https://doi.org/10.1007/s40415-019-00552-z
https://doi.org/10.3390/antiox2030181
https://doi.org/10.3390/antiox2030181
https://doi.org/10.3390/antiox2030181
https://doi.org/10.3389/fchem.2018.00009
https://doi.org/10.3389/fchem.2018.00009
https://doi.org/10.3389/fchem.2018.00009
https://doi.org/10.3389/fchem.2018.00009
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(19) Jiang, R; Tian, J; Song, T.; Zhang, J; Yao, Y. The Malus
crabapple transcription factor McMYB10 regulates anthocyanin
biosynthesis during petal coloration. Sci. Hortic. 2014, 166, 42—49.

(20) Rehman, R.N.U,; You, Y. H; Yang, C. Q;; Khan, A. R;; Li, P. M,;
Ma, F. W. Characterization of phenolic compounds and active
anthocyanin degradation in crabapple (Malus orientalis) flowers. Hortic.
Environ. Biotechnol. 2017, 58, 324—333.

(21) Liu, Y.; Tikunov, Y.; Schouten, R. E.; Marcelis, L. F. M; Visser, R.
G.F.; Bovy, A. Anthocyanin Biosynthesis and Degradation Mechanisms
in Solanaceous Vegetables: A Review. Front Chem. 2018, 6, 52.

(22) Geng, J. The metabolic pathways of anthocyanins and its
metabolites in Malus crabapple. Bachelor’s Thesis, Southwest
University, Chongqing, China, 2011.

(23) Oren-Shamir, M. Does anthocyanin degradation play a
significant role in determining pigment concentration in plants? Plant
Sci. 2009, 177 (4), 310-316.

(24) Peng, J.; Dong, X,; Xue, C.; Liu, Z.; Cao, F. Exploring the
Molecular Mechanism of Blue Flower Color Formation in Hydrangea
macrophylla cv. ‘Forever Summer’. Front. Plant Sci. 2021, 12, 585665.

(25) Wu, Y. M,; Wy, Y. P,; Jin, X. H.; Meng, H. Effects of anthocyanin
composition and distribution of on flower color of Rieger Begonia. Acta
Bot. Boreali-Occident. Sin. 2020, 40 (01), 58—68.

(26) Hsy, C. C; Su, C. J; Jeng, M. F.; Chen, W. H.; Chen, H. H. A
HORT1 Retrotransposon Insertion in the PeMYB11 Promoter Causes
Harlequin/Black Flowers in Phalaenopsis Orchids. Plant Physiol. 2019,
180 (3), 1535—48.

(27) Ma, B; Wy, J; Shi, T. L.; Yang, Y. Y.; Wang, W. B.; Zheng, Y.; Su,
S. C;; Yao, Y. C; Xue, W. B,; Porth, L.; El-Kassaby, Y. A.; Leng, P. S.;
Hu, Z. H.; Mao, J. F. Lilac (Syringa oblata) genome provides insights
into its evolution and molecular mechanism of petal color change.
Commun. Biol. 2022, 5, 686.

(28) Shen, T.; Han, M. L,; Liu, Q. R;; Yang, C.; Meng, J. X;; Li, H. H.
Pigment profile and gene analysis revealed the reasons of petal color
difference of crabapples. Braz. J. Bot. 2021, 44 (2), 287.

(29) Li,N.; Zhang, W. X ; Jiang, H.; Zhang, Q. Q.; Zhao, P. P. Changes
of Leaf Color and Dynamics of Pigment Components in Ornamental
Crabapple. North. Hortic. 2021, 04, 57—63.

(30) Ding, S. Q;; Sun, Y.; Li, X.; Tang, D. Q.; Shi, Y. M. Study on the
Numerical Classification of Flower Color Phenotype in Freesia hybrida.
N Hortic. 2019, 4, 85—91.

(31) Li, X. L.; Yin, H. F.; Fan, Z. Q;; L, J. Y. The Relationship Between
Anthocyanins and Flower Colors of Bud Mutation in Camellia japonica.
Sci. Agric. Sin. 2019, 52 (11), 1961—1969.

(32) Wang, Y. J; Zhang, T. Y,; Yu, X. N. Analysis of flower color
phenotype and flavonoid content of three Herbaceous peony cultivars.
Conference Papers. Adv. Ornamental Hortic. China. 2018, 205—210.

(33) Han, H. M,; Yuan, X. L,; Yang, W,; Chen, J.; Hu, Y. L,; Tan, R;;
Yang, Y. M.; Wang, J. Analysis of anthocyanins and flavonoids in six
different colors of petals of Paeonia delavayi by High Performance
Liquid Chromatography. J. West China For. Sci. 2017, 46 (06), 40—4S.

(34) Li, Z. J; Zhao, M. Y,; Jin, J. F,; Zhao, L. Y; Xu, Z. D.
Anthocyanins and their biosynthetic genes in three novel-colored Rosa
rugosa cultivars and their parents. Plant Physiol. Biochem. 2018, 129,
421—-428.

(35) Saito, N.; Abe, K,; Honda, T.; Timberlake, C. F.; Bridle, P.
Acylated delphinidin glucosides and flavonols from Clitoria terna-tea.
Phytochemistry 1985, 24, 1583—1586.

(36) Yang, Q; Yuan, T.; Sun, X. B. Preliminary studies on the changes
of flower color during the flowering period in two tree peony cultivars.
Acta Hortic. Sin. 2015, 42 (5), 930—938.

(37) Gao, J. F.,; Zhou, W.; Liu, N.; Yang, Y. Analysis of flavonoidsin
different tissues of Kadsura coccinea plant by widely-targeted
metabolomics. Kuang-hsi Chih Wu Guihaia. 2022, 45, 1134.

(38) Zhang, Q.; Wang, L. L.; Liu, Z. G.; Zhao, Z. H.; Zhao, J.; Wang, Z.
T.; Zhou, G. F; Liu, P,; Liu, M. J. Transcriptome and metabolome
profiling unveil the mechanisms of Ziziphus jujuba Mill. peel coloration.
Food Chem. 2020, 312, 125903.

37314

(39) Xia, X;; Gong, R;; Zhang, C. Y. Anthocyanin composition and
coloration mechanism in petals of Rhododendron pulchrum flowers with
different colors. Jiangsu J. Agric. Sci. 2022, 38 (01), 207—213.

(40) Zhang, J.; Wang, L. S.; Gao, J. M,; Xu, Y. J.; Li, C. H,; Yang, R. Z.
Identification of Anthocyanins Involving in Petal Coloration in
Chaenomeles speciosa Cultivars. Acta Hortic. Sin. 2011, 38 (03), 527—
534.

(41) Tanaka, Y.,; Sasaki, N.; Ohmiya, A. Biosynthesis of plant
pigments: anthocyanins, betalains and carotenoids. Plant J. 2008, 54,
733—49.

(42) Li, M,; Sun, Y. T.; Lu, X. C.; Debnath, B.; Mitra, S.; Qiu, D. L.
Proteomics reveal the profiles of color change in Brunfelsia acuminata
flowers. Int. J. Mol. Sci. 2019, 20 (8), 2000.

(43) Zhang, W. X; Jiang, Z. H.; Qiu, L.; Wei, H. L.; Cao, F. L. Study on
sequence dynamic distribution pattern of flower color parameters of
ornamental crabapple. Acta Hortic. Sin. 2013, 40 (03), S05—514.

(44) Li, C. H;; Wang, L. S,; Shu, Q. Y.; Xu, Y. J.; Zhang, ]. Pigments
composition of petals and floral color change during the blooming
period in Rhododendron mucronulatum. Acta Hortic. Sin. 2008, 35 (7),
1023—-1030.

(45) Yin, Y. C.; Zhang, X. D.; Gao, Z. Q.; Hu, T.; Liu, Y. The Research
Progress of Chalcone Isomerase (CHI) in Plants. Mol. Biotechnol. 2019,
61 (1), 32—52.

(46) Liu, W. X.; Feng, Y.; Yu, S. H; Fan, Z. Q.; Li, X. L.; Li, J. Y.; Yin,
H. F. The Flavonoid Biosynthesis Network in Plants. Int. J. Mol. Sci.
2021, 22 (23), 12824.

(47) Ververidis, F.; Trantas, E.; Douglas, C.; Vollmer, G;
Kretzschmar, G.; Panopoulos, N. Biotechnology of flavonoids and
other phenylpropanoid-derived natural products. Part I: Chemical
diversity, impacts on plant biology and human health. Biotechnol. J.
2007, 2 (10), 1214—1234.

(48) Zhu, Z. X;; Lu, Y. Q. Plant Color Mutants and the Anthocyanin
Pathway. Chin. Bull. Bot. 2016, 51 (01), 107—119.

(49) Xu, H.; Zheng, Y. J; Gao, F. P.; Li, Y. K.; Sun, W. Advances in the
biosynthesis and influencing factors of anthocyanins. Jiangsu J. Agric. Sci.
2019, 35 (0S), 1246—1253.

(50) Yu, J. J.; Tang, D. Q; Li, X. Anthocyanin compositions in petals
of Freesia hybrida. Kuang-hsi Chih Wu Guihaia. 2020, 40 (0S), 687—
69S.

(51) Chen, W.; Gong, L.; Guo, Z.; Wang, W.; Zhang, H.; Liu, X,; Yu,
S.; Xiong, L,; Luo, J. A Novel Integrated Method for Large-Scale
Detection, Identification, and Quantification of Widely Targeted
Metabolites: Application in the Study of Rice Metabolomics. Mol. Plant.
2013, 6 (6), 1769—1780.

(52) Kanehisa, M.; Bono, H.; Fujibuchi, W.; Sato, K;; Goto, S.; Ogata,
H. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids
Res. 2000, 28, 27—30.

(53) Fraga, C. G.; Clowers, B.; Moore, R. J,; Zink, E. M. Signature-
discovery approach for sample matching of a nerve-agent precursor
using liquid chromatography-mass spectrometry, XCMS, and chemo-
metrics. Anal. Chem. 2010, 82 (10), 4165—73.

https://doi.org/10.1021/acsomega.2c03820
ACS Omega 2022, 7, 37304—-37314


https://doi.org/10.1016/j.scienta.2013.12.002
https://doi.org/10.1016/j.scienta.2013.12.002
https://doi.org/10.1016/j.scienta.2013.12.002
https://doi.org/10.1007/s13580-017-0328-5
https://doi.org/10.1007/s13580-017-0328-5
https://doi.org/10.3389/fchem.2018.00052
https://doi.org/10.3389/fchem.2018.00052
https://doi.org/10.1016/j.plantsci.2009.06.015
https://doi.org/10.1016/j.plantsci.2009.06.015
https://doi.org/10.3389/fpls.2021.585665
https://doi.org/10.3389/fpls.2021.585665
https://doi.org/10.3389/fpls.2021.585665
https://doi.org/10.1104/pp.19.00205
https://doi.org/10.1104/pp.19.00205
https://doi.org/10.1104/pp.19.00205
https://doi.org/10.1038/s42003-022-03646-9
https://doi.org/10.1038/s42003-022-03646-9
https://doi.org/10.1007/s40415-020-00682-9
https://doi.org/10.1007/s40415-020-00682-9
https://doi.org/10.3864/j.issn.0578-1752.2019.11.010
https://doi.org/10.3864/j.issn.0578-1752.2019.11.010
https://doi.org/10.1016/j.plaphy.2018.06.028
https://doi.org/10.1016/j.plaphy.2018.06.028
https://doi.org/10.1016/j.foodchem.2019.125903
https://doi.org/10.1016/j.foodchem.2019.125903
https://doi.org/10.1111/j.1365-313X.2008.03447.x
https://doi.org/10.1111/j.1365-313X.2008.03447.x
https://doi.org/10.3390/ijms20082000
https://doi.org/10.3390/ijms20082000
https://doi.org/10.1007/s12033-018-0130-3
https://doi.org/10.1007/s12033-018-0130-3
https://doi.org/10.3390/ijms222312824
https://doi.org/10.1002/biot.200700084
https://doi.org/10.1002/biot.200700084
https://doi.org/10.1002/biot.200700084
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1021/ac1003568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac1003568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac1003568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac1003568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

