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Abstract

Dynamic changes in flavonoid, total phenol, and antioxidant potential in different Prunus
humilis accessions during fruit development stages were studied in order to provide a refer-
ence for the optimum harvest time for flavonoid extraction. ‘Nongda 4’, ‘Nongda 5’, ‘DS-1’
and ‘02—16’ were selected as plant materials to determine the content of flavonoid, total phe-
nol and antioxidant indices during six fruit development stages. Changes in total flavonoid
content (TFC) and total phenol content (TPC) in different accessions of P. humilis were
slightly different depending on the development stage of P. humilis fruit. TFC and TPC in
‘Nongda 5’ fruit showed a trend of continuous decline. There was a small increase in TFC
and TPC from the young fruit stage to the stone hardening stage, followed by a decreasing
trend, and then to the lowest level at the ripening stage of ‘Nongda 4’, ‘DS-1’, and ‘02-16’
fruits. The trend of antioxidant capacity (ABTS, FRAP, DPPH) with the TFC and TPC of P.
humilis fruit was basically the same, and the correlation analysis results showed that the
TFC of P. humilis fruit was positively correlated with the antioxidant indices (P<0.01). Cate-
chin (CC), rutin (RT), and quercetin-7-O-B-D-glucopyranoside (Q7G) were detected in all
the fruit development stages of the four P. humilis fruits. Among them, catechin was the
most abundant component, accounting for approximately 10%. Myricetin (MC) and querce-
tin (QC) were generally detected only in the early fruit development stage, but not in the later
fruit development stage. Correlation analysis showed that the flavonoid components with
TFC, TPC, and antioxidant indices differed between the different accessions. RT, CC, and
liquiritigenin (LR) had a stronger correlation with TFC and antioxidant indices. Cyanidin-3-
O-glucoside (C3G) was not detected until the coloring stage in two red P. humilis accessions
(‘Nongda 4’ and ‘DS-1’), and so it is better to choose a red P. humilis fruit to extract C3G at
the ripening stage. Selecting an early stage of fruit development, especially the stone hard-
ening stage, was important for extracting flavonoids, total phenols and other components.
We believe that our results will provide basic information and reference for evaluation of fruit
nutrition and health benefits, breeding of functional new varieties, and efficient utilization of
P. humilis fruit.
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Introduction

Prunus humilis Bunge (Cerasus humilis (Bunge) S.Ya.Sokolov) (Rosaceae) is a small deciduous
shrub [1]. It is an ancient tree species in China for approximately 3000 years [2]. The fruits are
rich in vitamins, organic acids, and mineral elements and contain relatively high levels of
anthocyanins, flavonoids, phenols, and other bioactive components [3]. In China the fruits are
named ‘calcium fruit’ because of their high calcium content [4]. This plant has both ecological
and economic benefits. Flavonoids (e.g., flavones, isoflavones, flavanols, and anthocyanins) are
important secondary metabolites in plants [5]. Flavonoids benefit the human body due to their
antioxidant and antiaging properties. Although the total flavonoid content, polyphenol com-
pounds, and radical scavenging activity of P. humilis in Shanxi province [6, 7], Liaoning prov-
ince [8], Beijing city [3] and other places [9] have been evaluated, fruit was evaluated only at
the ripening stage of development. To the best of our knowledge, this is the first study to evalu-
ate the dynamic changes in bioactive components and antioxidant potential of P. humilis
accessions. We selected four P. humilis accessions during six fruit development stages and ana-
lyzed the total flavonoid content, total phenol content, bioactive compounds, and antioxidant
capacities of the fruit in order to understand the dynamic change regulation of flavonoids in P.
humilis fruit, information that could be beneficial for the development of functional products
with different nutritional and health benefits. The results may also provide a guarantee for fur-
ther studies on the mechanism of flavonoid synthesis, accumulation, and distribution in P.
humilis fruit.

Materials and methods
Plant materials

Four P. humilis accessions (‘Nongda 4, ‘Nongda 5’, ‘02-16’, and ‘DS-1’) were selected as exper-
imental materials and acquired from the germplasm nursery of Shanxi Agricultural University,
Jinzhong, China (37°23'N, 112°29’E). Six fruit development stages (young fruit stage, stone
hardening stage, expension stage, turning stage, coloring stage and ripening stage) were
acquired for per accession in 2019 (Table 1). A total of three biological replicated consisting in
3 healthy plants each one was selected. Fifteen pest- and disease-free fruits were sampled from
the top, middle, and bottom of each sampled plants and stored at -40°C before analysis.

Chemicals

Methanol and acetonitrile used in ultrahigh performance liquid chromatography (UHPLC)
were purchased from OmniGene LLC (Morrisville, NC, USA). Analytical flavonoid standards,
i.e., catechin, myricetin, epicatechin, rutin, quercetin, liquiritigenin, cyanidin-3-O-glucoside,
gallic acid, Trolox, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS),

Table 1. Sampling date of Prunus humilis during fruit development stage in 2019.

Young fruit stage (YF)
Stone hardening stage (SH)
Expension stage (ES)
Turning stage (TS)
Coloring stage (CS)
Ripening stage (RS)

https://doi.org/10.1371/journal.pone.0251300.t001

‘Nongda 4’ ‘Nongda 5’ 02-16 ‘DS-1°
May 25 May 25 May 25 May 25
Jun 22 Jun 22 Jun 15 Jun 5
Jul 20 Jul 6 Jun 30 Jun 25
Aug 1 Jul 20 Jul 15 Jul 5
Aug 15 Aug 1 Jul 30 Jul 12
Aug 30 Aug 15 Aug 13 Jul 19
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1,1-diphenyl-2-picrylhydrazyl (DPPH), quercetin-7-O-B-D-glucopyranoside, and 2,4,6-tri-
(2-pyridyl)-1,3,5-triazine (TPTZ) were purchased from Solarbio Technology Co. Ltd. (Beijing,
China).

Total flavonoid and phenol content

The extracts were prepared according to the methods of Fu et al. [7]. All the sampled fruits
were pulverized in liquid nitrogen and extracted with 40% (v/v) acidified methanol. The ratio
of material to solution was 1:10. The suspension was mixed by whirlpool oscillation, extracted
by ultrasound at 40 kHz for 30 min, and centrifuged at 10 000 x g for 15 min at 4°C. The
extraction was repeated thrice, and the filtrates were pooled.

Total flavonoid content (TFC) was determined by NaNO,-Al(NO3); colorimetry [7]. First,
0.8 mL of the extracted solution was transferred to a 10 mL volumetric flask containing 0.3 mL
of 5% (w/v) NaNO,. The mixture was shaken well and kept in the dark for 6 min. Thereafter,
0.3 mL of 10% (w/v) AI(NO3); was added to the mixture, shaken well, and kept in the dark for
another 6 min. Then, 4 mL of 4% (w/v) NaOH was added to the mixture and shaken well. The
volume was adjusted to 10 mL using 40% (v/v) methanol, and the mixture was shaken well and
kept in the dark for 10 min. Finally, the absorbance was read at 510 nm in a spectrophotometer
(UV-5200 Shanghai Yuanxi Instrument Co. Ltd., Shanghai, China) calibrated with a rutin
standard curve ranged from 0 mg/ml to 0.1 mg/ml.

Total phenol content (TPC) was determined by Folin-Ciocalteu colorimetry. First, 0.2 mL
of the extracted solution was added to a 10 mL volumetric flask containing 0.2 mL Folin-Cio-
calteu reagent. The mixture was shaken well and left to stand for 4 min. Then, 1 mL of 10%
(w/v) Na,CO; was added to the mixture, and the volume was adjusted to 8 mL with ddH,O.
The mixture was shaken well and incubated in a water bath at 35°C for 1 h. The absorbance
was read at 760 nm in a spectrophotometer (UV-5200 Shanghai Yuanxi Instrument Co. Ltd.,
Shanghai, China) calibrated using a gallic acid standard curve.

Antioxidant capacity

DPPH assay. Following the method of Fu et al. [7], we added 2.8 mL of 0.1 mM DPPH to
0.2 mL of extracted solution. The mixture was shaken well and kept in the dark for 30 min at
25°C. For the blank, the extracted solution was replaced with 40% (v/v) methanol. The absor-
bance was read at 517 nm in a spectrophotometer (UV-5200 Shanghai Yuanxi Instrument Co.
Ltd., Shanghai, China) calibrated using a trolox standard curve.

Ferric reducing antioxidant power (FRAP) assay. Following the method of Fu etal. [7],
we added 4.9 mL of FRAP solution (0.1 M CH;COONa [pH = 3.6], 10 mM TPTZ, and 20 mM
FeCl; in a 10:1:1 volumetric ratio) to 0.1 mL of extracted solution. The sample mixture was
shaken well and incubated in the dark for 10 min at room temperature. For the blank, the
extracted solution was replaced with 40% (v/v) methanol. The absorbance was read at 593 nm
in a spectrophotometer (UV-5200 Shanghai Yuanxi Instrument Co. Ltd., Shanghai, China)
calibrated using a trolox standard curve.

ABTS assay. Following the method of Fu et al. [7], we added 3.9 mL of ABTS" solution (7
mL ABTS plus 140 mM K,(SO,)) to 0.1 mL of extracted solution. The ABTS" solution was pre-
pared in the dark at 25°C over 12-16 h. The sample mixture was shaken well and incubated in
the dark for 10 min at room temperature. For the blank, the extracted solution was replaced
with 40% (v/v) methanol. The absorbance was read at 734 nm in a spectrophotometer (UV-
5200 Shanghai Yuanxi Instrument Co. Ltd., Shanghai, China) calibrated using a trolox stan-
dard curve.
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Flavonoid components

The content of eight flavonoid components was determined by UHPLC in an Agela Venusil
ABS C18 column (4.6 mm x 250 mm; 5 pm) (Agela Technologies, Wilmington, DE, USA). In
particular, 1 mL of flavonoid extract was passed through a 0.22 um Millipore membrane filter
(EMD Millipore, Burlington, MA, USA) and placed in a liquid sample bottle. The solvent sys-
tem consisted of 0.5% (v/v) formic acid water (solvent A) and acetonitrile (solvent B). The flow
rate was set to 0.8 mL min"', and the run time was 69 min. The sample injection volume was
20 uL. The gradient program was as follows: 90% A at 0 min; 87% A for 0-5 min; 84% A for
5-25 min; 79% A for 25-30 min; 78% A for 30-45 min; 76% A for 45-50 min; 75% A for 50-
65 min; and 90% A for 65-69 min. The detector was set to 280 nm (for detecting catechin, epi-
catechin, and liquiritigenin), 360 nm (rutin, myricetin, quercetin and quercetin-7-O-3-D-glu-
copyranoside), and 520 nm (cyanidin-3-O-glucoside) for the simultaneous monitoring of the
various flavonoid components [7].

Statistical analysis

Data were analyzed in Microsoft Excel v. 2007 (Microsoft Corporation, Redmond, WA, USA).
Correlation analysis, principal component analysis and differences among the mean values
were evaluated using ANOM (analysis of means), and statistical significance was set at P <0.05
using the Statistical Analysis System v. 9.2 (SAS Institute, Cary, NC, USA). Tbtools (http://doi.
0rg/10.1101/289660) and OriginPro9.0 (OriginLab Corporation, Northampton, MA, USA)
were used to draw figures. Total flavonoid content (TFC) = C;x(10/V)xV,xm'", total phenol
content (TPC) = C,x(8/V,)xV,xm™, antioxidant indices (DPPH, FRAP, and ABTS) =
C3xV;xV,xm ' x1000. C; indicates the concentration of rutin, C, of gallic acid, C; of trolox,
V, the volume of reaction solution, V, the volume of extraction solution, and m the fruit
weight.

Results
Dynamic change of total flavonoid content in Prunus humilis fruit

The flavonoid content of P. humilis fruit showed a decrease in the fruit development stage, but
there were differences among the different accessions (Fig 1). The flavonoid content in ‘Non-
gda 5’ fruit decreased continously from the young fruit stage (56.45 mg/g FW, fresh weight) to
the ripening stage (6.49 mg/g FW) (P<0.05). Compared with the other three accessions (‘Non-
gda4’,‘02-16’, and ‘DS-1°), ‘Nongda 5” had a low flavonoid content level at all fruit develop-
ment stages. The flavonoid content of ‘Nongda 4’, ‘02-16’, and ‘DS-1" increased slightly from
the young fruit stage to the stone hardening stage, which had the highest flavonoid value of
any development stage, with differences between accessions (‘02-16 was the highest, with
81.86 mg/g FW). The flavonoid content decreased continuously from the stone hardening
stage to the ripening stage, and at the ripening stage, ‘02-16’ still had a higher value than the
other accessions. Indeed, ‘02-16" showed a high flavonoid content at all fruit development
stages.

Dynamic change of total phenol content in Prunus humilis fruit

The changes in total phenol content in P. humilis fruit were consistent with those of total flavo-
noid content (Fig 2). The phenol content in ‘Nongda 5’ fruit decreased continously from the
young fruit stage (15.88 mg/g FW) to the ripening stage (2.25 mg/g FW) (P<0.05). Compared
with the other three accessions (‘Nongda 4, ‘02-16’, and ‘DS-1’), ‘Nongda 5" had a low phenol
content level from the expension stage to the ripening stage. The phenol content of ‘Nongda
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Fig 1. Dynamic change of total flavonoid content in Prunus humilis fruit. Note: The same color letters indicate
significance at P<0.05. FW, Fresh weight; YF, Young fruit stage; SH, Stone hardening stage; ES, Expension stage; TS,

Turning stage; CS, Coloring stage; RS, Ripening stage.
https://doi.org/10.1371/journal.pone.0251300.9001
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Fig 2. Dynamic change of total phenol content in Prunus humilis fruits. Note: The same color letters indicate
significance at P<0.05. FW, Fresh weight; YF, Young fruit stage; SH, Stone hardening stage; ES, Expension stage; TS,

Turning stage; CS, Coloring stage; RS, Ripening stage.
https://doi.org/10.1371/journal.pone.0251300.g002
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Fig 3. Dynamic change of DPPH scavenging ability in Prunus humilis fruit. Note: The same color letters indicate
significance at P<0.05. FW, Fresh weight; TE, Trolox equivalent; DPPH, 2,2-diphenyl-1-picrylhydrazyl free radical
scavenging capacity; YF, Young fruit stage; SH, Stone hardening stage; ES, Expension stage; TS, Turning stage; CS,
Coloring stage; RS, Ripening stage.

https://doi.org/10.1371/journal.pone.0251300.g003

4,°02-16’, and ‘DS-1’ increased slightly from the young fruit stage to the stone hardening
stage, which had the highest level of any development stage. With the development of fruit, the
total phenol content of ‘DS-1" decreased greatly from the stone hardening stage (23.68 mg/g
FW) to the ripening stage (3.65 mg/g FW), and decreased by 548.77%. ‘02-16" and ‘Nongda 4’
decreased by 282.97% and 238.76% respectively, which was one reason that the total phenol
content in ‘02-16” and ‘Nongda 4’ fruits was higher than in ‘DS-1" at the ripening stage.

Dynamic change of antioxidant capacity in Prunus humilis fruit
The changes in DPPH scavenging ability in ‘Nongda 4’, ‘Nongda 5’, ‘02-16’, and ‘DS-1’ fruits
were consistent with the content of flavonoid and total phenol (Fig 3). The DPPH of ‘Nongda
5’ fruit continued to decrease during all fruit development stages. In ‘Nongda 4’, ‘02-16’, and
‘DS-1’ fruits, DPPH increased slightly from the young fruit stage to the stone hardening stage,
and then decreased gradually to the ripening stage. All four accessions decreased slowly during
the turning stage. The DPPH scavenging ability of the four accessions showed obvious differ-
ences from the stone hardening stage to the expension stage, but differences from the coloring
stage to the ripening stage were relatively small. At all fruit development stages, ‘Nongda 5’
had a low DPPH scavenging ability level, and ‘02-16" had a strong DPPH scavenging ability
level.

The ferric reducing antioxidant power (FRAP) of ‘Nongda 4’, ‘Nongda 5’, ‘02-16" and ‘DS-
1’ fruits were 9.89-54.49 mg TE/g FW, 5.41-52.98 mg TE/g FW, 9.79-49.05 mg TE/g FW and
6.88-35.95 mg TE/g FW, respectively (Fig 4). The FRAP of ‘Nongda 5’ fruit continued to
decrease during all fruit development stages and in ‘Nongda 4’, °02-16’, and ‘DS-1’ fruits,
increased slightly from the young fruit stage to the stone hardening stage, then decreased grad-
ually to the ripening stage with a relatively uniform decline. The FRAP between the four
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Fig 4. Dynamic change of ferric reducing antioxidant power in Prunus humilis fruit. Note: The same color letters
indicate significance at P<0.05. FW, Fresh weight; TE, Trolox equivalent; FRAP, ferric reducing antioxidant power;
YF, Young fruit stage; SH, Stone hardening stage; ES, Expension stage; TS, Turning stage; CS, Coloring stage; RS,
Ripening stage.

https://doi.org/10.1371/journal.pone.0251300.g004

accessions showed obvious differences from the young fruit stage to the coloring stage, and
then showed little difference until the ripening stage.

The ABTS scavenging ability of ‘Nongda 4’, ‘Nongda 5’, ‘02-16’, and ‘DS-1’ fruits were
15.09-141.21 mg TE/g FW, 8.20-122.62 mg TE/g FW, 13.13-149.94 mg TE/g FW, and 9.84-
117.94 mg TE/g FW, respectively (Fig 5). The ABTS of ‘Nongda 5’ fruit continued to decrease
during all fruit development stages, and in ‘Nongda 4’, ‘02-16’, and ‘DS-1’ fruits, increased
slightly from the young fruit stage to the stone hardening stage, then decreased gradually to
the ripening stage. These fruits showed obvious differences from the young fruit stage to the
turning stage, but little difference at the ripening stage.

Taken together, changes in the antioxidant indices (DPPH, FRAP and ABTS) of ‘Nongda
4, ‘Nongda 5’, ‘02-16’, and ‘DS-1’ fruits were consistent with changes in flavonoid and total
phenol content, indicating that the flavonoid and total phenol content of P. humilis fruit had
strong antioxidant capacity. There were also some differences among the three antioxidant
indices, among which ABTS scavenging ability was strongest at all the fruit development
stages, followed by FRAP and DPPH, which may be related to the specific flavonoid compo-
nents in P. humilis fruit.

Dynamic change of flavonoid components in Prunus humilis fruits

In ‘Nongda 4’ fruit, catechin (CC), epicatechin (EC), liquiritigenin (LR), rutin (RT) and quer-
cetin-7-O-B-D-glucopyranoside (Q7G) were detected during all fruit development stages. The
highest CC content was 415.71 mg/100 g at the stone hardening stage, and the lowest was
52.26 mg/100 g at the ripening stage, which was significantly different from the other four
stages (P<0.05) and showed a trend of first increase then gradual decrease (Table 2). The high-
est EC content was 30.51 mg/100 g at the stone hardening stage which was significantly
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Fig 5. Dynamic change of ABTS scavenging ability in Prunus humilis fruit. Note: The same color letters indicate
significance at P<0.05. FW, Fresh weight; TE, Trolox equivalent; ABTS, 2,2’-azinobis (3-ethylbenzothiazoline-
6-sulfonic acid) free radical scavenging capacity; YF, Young fruit stage; SH, Stone hardening stage; ES, Expension
stage; TS, Turning stage; CS, Coloring stage; RS, Ripening stage.

https://doi.org/10.1371/journal.pone.0251300.g005

different (P<0.05) from the lowest at the ripening stage, 7.46 mg/100 g. The changing trends
of CC and EC were relatively consistent with the total flavonoid content (TFC). The content of
Q7G first increased and then decreased and remained steady; at the coloring and ripening
stages, Q7G was the lowest (2.93 mg/100 g), significantly different (P<0.05) from the highest
content (3.81 mg/100 g) at the expension stage. The highest content of LR (4.03 mg/100 g) and
RT (4.35 mg/100 g) were both at the young fruit stage and decreased to the ripening stage.
Myricetin (MC) and quercetin (QC) were detected only in the young fruit and stone harden-
ing stages. Cyanidin-3-O-glucoside (C3G) accumulated gradually when the fruit turned red
from coloring stage (17.77 mg/100 g) to ripening stage (43.50 mg/100 g).

CC, LR, RT and Q7G were detected at all fruit development stages of ‘DS-1’, while MC and
QC were not detected. CC increased gradually from the young fruit stage to the expension
stage, but with no significant difference among the first three stages, then decreased to the rip-
ening stage (21.43 mg/100 g) (Table 2). The content of LR and RT were 7.11 mg/100 g and 3.96
mg/100 g respectively at the stone hardening stage, and 1.37 mg/100 g and 1.84 mg/100 g
respectively at the ripening stage (P<0.05). The changing trend first increased and then gradu-
ally decreased, consistent with TFC. Q7G content showed little change during all stages, ranging
from 2.39-2.81 mg/100 g. The highest EC content was 27.58 mg/10 Og at stone hardening stage,
the lowest content was 4.49 mg/100 g at the coloring stage (P<0.05), and EC was not detected at
the ripening stage. The regularity of C3G was consistent with that of ‘Nongda 4’, but the content
(18.32 mg/100 g) was lower than ‘Nongda 4’ fruit at the ripening stage. This may be one of the
factors that caused the peel of ‘DS-1’ to be lighter red than that of ‘Nongda 4.

In ‘02-16’ fruits, CC, EC, LR, RT and Q7G were detected during all fruit development
stages, and all five components showed a trend of first increasing and then gradually decreas-
ing. The highest content of RT was 7.64 mg/100 g at the stone hardening stage, and the lowest
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Table 2. Dynamic change of flavonoid components in Prunus humilis fruits.

Accessions | Fruit development CC EC LR RT Q7G MC QC C3G

stage (mg/100 g (mg/100 g (mg/100 g (mg/100 g (mg/100 g (mg/100 g (mg/100 g (mg/100 g

FW) FW) FW) FW) FW) FW) FW) FW)

‘Nongda 4’ | YF 230.42+16.99° | 13.99+0.32%° | 4.03+0.16° 4.35+0.07° 3.33+0.02° 1.32+0.01° 7.98+0.17° -

SH 415.71430.07* | 30.51+10.68% | 3.12+0.37° 3.76+0.16° 3.61+0.10° 1.19+0.01° 6.84+0.19° -

ES 367.98+11.39° | 27.92+3.98* | 2.17+0.08° 3.3240.01° 3.81+0.01° - - -

TS 207.94+10.60° | 14.03+2.72%" | 1.50+0.04¢ 2.52+0.06% 3.45+0.06° - - -

CS 137.87+13.80% | 9.21+4.18" 1.39+0.04¢ 2.05+0.03° 2.93+0.05¢ - - 17.77+0.47°

RS 52.26+2.42° | 7.46+0.78" 1.28+0.03¢ 1.92+0.06 2.93+0.13¢ - - 43.50+2.50°
‘DS-1° YF 245.81+25.35% | 18.53+10.12%° | 6.95+0.37° 3.52+0.40° 2.59+0.17°° |- - -

SH 249.40+20.40° | 27.58+9.85" | 7.11+0.75 3.96+0.70° 2.62+£0.25% | - - -

ES 254.11421.42° | 23.15£9.45* | 6.21+0.47° | 3.74+0.64° 2.74+0.16" - - -

TS 154.55+23.52° | 18.44+3.12°° | 4.14+0.32° 3.14+0.67°° | 2.81+0.14° - - -

CS 70.42+7.52° | 4.49+1.38" 2.34%0.04% 2.52+0.05° 2.53+0.01°° |- - 13.73+0.01°

RS 21.43+0.48¢ |- 1.37+0.08° 1.8440.01° | 2.39+0.06° - - 18.32+0.02*
02-16’ YF 383.75+89.87° | 21.13+1.74° | 7.36+0.15° 5.0420.42° 2.93+0.05° 1.25+0.05° 5.1620.15° -

SH 613.70+56.61° | 35.59+1.66° | 8.73+0.27° 7.6420.87° 3.85+0.10° 1.3740.12° 5.08+0.11° -

ES 680.84+18.42% | 56.00+11.64* | 8.93+0.82° 6.62+0.95° 3.98+0.41° 1.25+0.12° 5.0620.06 -

TS 397.05+8.84° | 18.35+3.93%¢ | 3.34+0.41° 4.31+0.21° 3.76+0.13 1.10+0.01° - -

CS 159.73+9.00° | 10.82+1.69¢ | 1.77+0.03¢ 2.36+0.044 2.85+0.02° - - -

RS 39.64+2.15¢ | 2.96+0.28° 1.25+0.02¢ 1.91+0.03¢ 2.94+0.15° - - -
‘Nongda 5 | YF 233.45+6.56° | 13.2640.66* | 4.04+0.09° | 3.90+0.07° 3.14+0.03° 1.55+0.03 6.38+0.06 -

SH 427.95+9.14* | 14.96+0.72* | 4.86+0.74% 5.21+0.15* 3.93+0.09* 1.080.04° - -

ES 207.27+7.28° | 15.81+4.36" | 2.2040.03° 2.83+0.03¢ 3.03+0.02° - - -

TS 125.02+11.30¢ | 7.14+1.24° 1.83+0.06° 2.69+0.09° 3.35+0.09° - - -

CS 41.34+2.49° | 1.93+0.07° 1.12+0.01¢ 1.74+0.02° 2.67+0.03¢ - - -

RS 28.51+1.44F |- - 2.07+0.04¢ 2.59+0.15¢ - - -

Note: The different letters indicate significance at P<0.05 among fruit development stage. Data are means + SD. CC, catechin; EC, epicatechin; LR, liquiritigenin; RT,
rutin; Q7G, quercetin-7-O-B-D-glucopyranoside; MC, myricetin; QC, quercetin; C3G, cyanidin-3-O-glucoside; YF, Young fruit stage; SH, Stone hardening stage; ES,
Expension stage; TS, Turning stage; CS, Coloring stage; RS, Ripening stage.

https://doi.org/10.1371/journal.pone.0251300.t002

was 1.91 mg/100 g at the ripening stage (P<0.05). The content of the other four components
was the highest at the expension stage and lowest at the ripening stage (Table 2). MC was
detected in the first four stages, and the content showed a decreasing trend, but the difference
was not significant. QC content also decreased gradually in the first three stages, but with no
significant difference. C3G was not detected during any developmental stage.

In ‘Nongda 5’ fruit, only three components (CC, RT and Q7G) were detected in every
development stage. CC increased gradually from the young fruit stage to the expension stage
(427.95 mg/100 g), then decreased to the ripening stage (28.51 mg/100 g), and there were sig-
nificant differences among all fruit development stages (P<0.05) (Table 2). EC and LR first
increased and then decreased and were not detected at the ripening stage. MC was detected in
the young fruit and stone hardening stages. QC was detected only at the young fruit stage.
C3G was not detected during the entire development.

Correlation analysis of bioactive components and antioxidant indices in
different Prunus humilis accessions during fruit development stages

The total flavonoid content (TFC) of the four P. humilis fruits was significantly positively cor-
related with the three antioxidant indices (P<0.01), but the correlation coefficients were
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TFC

TPC

TPC DPPH FRAP ABTS TFC TPC DPPH FRAP ABTS TFC TPC DPPH FRAP ABTS TFC TPC DPPH FRAP ABTS
1.00

‘Nongda 4’ ‘DS-1’ ‘02-16 ‘Nongda 5’

Fig 6. Correlations among bioactive components and antioxidant indices in Prunus humilis fruit. Note: Positive number,
positively correlated. The blue numbers indicate a significant correlation at the 0.01 level, the yellow numbers indicate a significant
correlation at the 0.05 level. TFC, total flavonoid content; TPC, total phenol content; DPPH, 2,2-diphenyl-1-picrylhydrazyl free
radical scavenging capacity; FRAP, ferric reducing antioxidant power; ABTS, 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) free radical scavenging capacity; CC, catechin; EC, epicatechin; LR, liquiritigenin; RT, rutin; Q7G, quercetin-7-O-B-D-
glucopyranoside.

https://doi.org/10.1371/journal.pone.0251300.g006

different (Fig 6). The total phenol contents (TPC) of ‘DS-1’, ‘02-16’, and ‘Nongda 5’ fruits
were significantly positively correlated with the three antioxidant indices (P<0.01). The TPC
of ‘Nongda 4’ fruit was significantly positively correlated with FRAP (P<0.01), and positively
correlated with DPPH and ABTS (P<0.05). The TFC and TPC of the four P. humilis fruits
were significantly positively correlated (P<0.01).

Rutin was significantly positively correlated with TFC, FRAP, and ABTS (P<0.01), and pos-
itively correlated with TPC and DPPH (P<0.05); the results show that changes in rutin content
in ‘Nongda 4’ fruit were consistent with the changes in bioactive compound content and anti-
oxidant capacity.

Rutin, CC and LR in the fruits of ‘DS-1" and ‘02-16" accessions were significantly positively
correlated with TFC, TPC, and antioxidant indices (P<0.01), and these three components
showed a consistent trend with bioactive compound content and antioxidant capacity. There
was no significant correlation between Q7G and TFC, TPC, or antioxidant indices.

Rutin, CC and LR were positively correlated with TFC and antioxidant indices (P<0.05),
indicating that these three components showed the same trend as TFC and antioxidant capac-
ity of ‘Nongda 5’ fruit. There was no significant correlation between Q7G and EC with TFC,
TPC, or antioxidant indices.

In conclusion, the phenotype, TFC, and TPC of the four P. humilis fruits were different,
and there were differences in the composition and content of bioactive components. These
components had different effects on different antioxidant indices, so the bioactive compound
content showed different trends with the antioxidant indices in different P. humilis fruits. In
general, catechin and rutin are the most important components of P. humilis fruit, which is
consistent with the observed changes in antioxidant capacity.

Principal component analysis

PCA results identified two components that explained 82.09% of the total variation in bioactive
components and antioxidant potential during the fruit development stage among the four P.
humilis accessions (Fig 7). The first principal component (Prinl) contributed to 72% of the total
variation. The second principal component (Prin2) contributed to 9.45% of the total variation.
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Scatterplots from the PCA showed that three circles were drawn (Fig 7), and the first three
development stages of ‘DS-1" were brought together separately because the second principal
component was lower. The first four stages of ‘02-16’, the first three stages of ‘Nongda 4, and
the first two stages of ‘Nongda 5° were classified into the same circle, owing to the higher com-
ponents of Prin 1 and 2. With the development of fruit, the bioactive components and antioxi-
dant potential decreased gradually, and the last two development stages of the four accessions
were classified into one circle. These data suggest that from the expension stage to the turning
stage, the content of total flavonoids, total phenols, individual compounds, and antioxidant
indices showed a tipping point of decline.

Discussion

Flavonoids are widely found in plants and perform various physiological functions. They are
natural antioxidants with free-radical scavenging activities. In this study, during the develop-
ment of P. humilis fruit, the flavonoid and total phenol contents in different accessions showed
different trends: TFC and TPC in ‘Nongda 5’ gradually decreased, whereas TFC and TPC in
‘Nongda 4’, ‘02-16’, and ‘DS-1" increased slightly from the young fruit stage to the stone hard-
ening stage, and then decreased. The antioxidant indices (ABTS, FRAP, and DPPH) of P.
humilis fruit showed the same trend as those of TFC and TPC. Correlation analysis results
showed that the antioxidant indices were significantly positively correlated with TFC (P<0.01)

0.2
o'Nongda 4’
@ ‘Nongda 4’
O‘Nongda 5’
‘Nongda 4’ ‘02-16
o ° . ,
@ ‘Nongda 5 {00-16°
‘Nongda 5"02 16’. ‘Nongda 5 :
® @ Nongdad ‘02-168
~ 0.0 F\PS-I'®Nongdas>  ‘Nongda 4™\ \@Nongda 4’ *02-16’
s O o
A ‘DS-I'e o o
<t ‘02-16" ‘Nongda 5’
[©)
Nt @ ‘DS-1’
(@\
-
&
O YF
@ SH
02 F o°DS-1’ o ES
O‘DS_l? . TS
.‘DS_l? . CS
® RS
| | | |
-4 -2 0 2 4 6

Prin 1 (72.64%)

Fig 7. Scatterplot of principal component analysis based on bioactive components and antioxidant potential during fruit
development of Prunus humilis. Note: YF, Young fruit stage; SH, Stone hardening stage; ES, Expension stage; TS, Turning stage;
CS, Coloring stage; RS, Ripening stage. The three circles indicate the development stages belonging to the top two principal
components.

https://doi.org/10.1371/journal.pone.0251300.9007
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and TPC (P<0.05), indicating that flavonoid was the main antioxidant component in P. humi-
lis fruit, and that, it plays an important role in antioxidant potential. In our early research, the
metabonomics of ‘Nongda 4’ and ‘Nongda 5° were determined, and 171 components of flavo-
noids were detected at the ripening stage. After absolute quantitative analysis by UHPLC, CC
was detected at all fruit development stages in the four P. humilis accessions, the CC content
was ten or even one hundred times higher than that of other components, and the highest pro-
portion of flavonoids was about 10%. It was speculated that CC may be an important flavonoid
component in P. humilis fruit.

During the fruit development of the three pear cultivars, the content of total phenol, flavo-
noid, and DPPH free radical scavenging ability gradually decreased, and the total flavonoid
and phenol contents were significantly positively correlated with antioxidant activity [10]. A
study on the dynamic changes in flavonoid and antioxidant activity of three Kiwifruit cultivars
showed that the flavonoid content decreased gradually during fruit development, and the total
flavonoid content was positively correlated with the antioxidant index [11]. In a study on Cit-
rus grandis (L.) Osbeck var. tomentosa Hort, the flavonoid content decreased sharply from 20
to 41 d, decreased slowly after 48 d, and reached the lowest value at 83 d. All development
stages showed gradual flavonoid decrease [12]. Results from a different study showed that fla-
vonoid content decreased gradually during fruit development of six Chinese jujube cultivars
[13]. Flavonoid content was positively correlated with DPPH free radical scavenging ability in
the study of different cultivars of Chinese jujube [13] and apricot [14]. The results of this study
are consistent with those of previous studies, indicating that flavonoids accumulate in the early
stage of fruit development, and that flavonoid content in the young fruit stage is abundant, but
decreases during the ripening stage, which may explain why flavonoid content decreases dur-
ing fruit development.

It was found that the flavonoid content in leaves and pulp had a negative correlation with
fruit development in peach [15]. When a large number of flavonoids were synthesized in fruit,
the precursors of flavonoids were transported into fruit in large quantity, and the flavonoid
content in leaves was low; when the demand of fruit for precursors decreased, the synthesis of
total flavonoids in leaves was increased. In a study of Cerasus humilis [16], the flavonoid con-
tent in fruit decreased gradually, while that in leaves increased gradually. The flavonoid con-
tent in ‘Nongda 4’ leaf was 25mg/g DW at the young fruit stage, and increased to 101.71 mg/g
DW at the ripening stage, with an increase of 306.84%. In the present study, the flavonoid con-
tent in ‘Nongda 4’ fruit was 58.57 mg/g FW at the young fruit stage, and decreased to 11.65
mg/g FW at the ripening stage, a decrease of 402.75%, and there was a significant negative cor-
relation between levels in leaf and fruit (P<0.05). Flavonoids were translocated in fruits and
leaves at nutrient distribution centers, different researchers believe that there may be a transfer
mechanism of flavonoid content in fruits and leaves [17, 18], which may be another reason
that why flavonoid content decreases during fruit development.

There were differences in flavonoid content during the fruit development stages among the
four accessions determined in this study, CC, rutin, and Q7G were detected in all fruit devel-
opment stages of the four P. humilis fruits. Myricetin and Quercetin were detected in the early
developmental stages of ‘Nongda 4’, ‘Nongda 5’, and ‘02-16’, but were not detected in the late
developmental stage. C3G was detected in the late developmental stages of ‘Nongda 4" and
‘DS-1’, but not detected in any of the developmental stages of ‘Nongda 5" and ‘02-16’. Correla-
tion analysis showed that there were some differences in the correlation between flavonoid
components and total flavonoid content with antioxidant indices among different accessions.
Rutin, CC and LR were correlated with flavonoid content and antioxidant indices. Q7G and
EC were not significantly correlated with flavonoid content or antioxidant indices. CC, EC,
and RT were the main flavonoid components in the fruits of six Chinese jujube cultivars, and
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they were positively correlated with flavonoid content and DPPH free radical scavenging activ-
ity; these three components are the most important antioxidants in Chinese jujube fruit [13].
During fruit development, the flavonoid content in the peel and pulp of Nanfeng tangerine
decreased gradually; among the 11 flavonoid components, eight were detected in the peel and
four in the pulp, which was not consistent with the observed changes in flavonoid content
[19]. There are differences in flavonoid components among different species, but there is obvi-
ous correlation between flavonoid content and antioxidant indices.

Anthocyanins are a class of pigments found widely in plants, belong to the flavonoid class
of compounds [20], and give plants a variety of colors. Cyanidin-3-O-glucoside is an impor-
tant component of anthocyanin, and is also an important component of red color accumula-
tion. In the present study, P. humilis fruit was always green in the early stage, and C3G was not
detected in the first four development stages of the four accessions. At coloring stage C3G was
detected in the two red accessions (‘Nongda 4’ and ‘DS-1"), suggesting that there might be a
relationship between C3G and the red color formation of P. humilis fruit. From 200 to 243
days after flowering, the pulp of blood orange does not appear red, and anthocyanin cannot be
detected. The pulp of blood orange becomes more red and the anthocyanin content increases
continuously from 261 to 324 days after flowering [21]. In mulberry, anthocyanin was the
main reason for red color [22, 23], cyanidin content is the main component of mulberry
anthocyanin [24]. The higher the anthocyanin content in different cultivars of Camellia japon-
ica, the deeper the red color of the petal. C3G was the main anthocyanin that determined the
color of C. japonica. Accumulation of C3G increases the degree of petal redness [25, 26]. The
relative content of C3G in red sweet potato was higher than in non-red sweet potato [27]. C3G
accounts for more than 63% of the total anthocyanin content in P. humilis fruit [7]. In conclu-
sion, there was a close relationship between C3G and the accumulation of red color.

Conclusions

The flavonoid content, total phenol content, and antioxidant capacity of P. humilis decreased
gradually with fruit development. Changes in catechin, epicatechin, liquiritigenin and rutin
were consistent with those of flavonoids overall. Quercetin-7-O-B-D-glucopyranoside
remained stable during fruit development. Myricetin and quercetin accumulated at the early
stage of fruit development, and cyanidin-3-O-glucoside began to accumulate at the coloring
stage in the red accessions. In conclusion, it is better to choose a red P. humilis fruit for extract-
ing cyanidin-3-O-glucoside at the ripening stage, and it is better to extract flavonoids and
other components at the stone hardening stage.

Supporting information

S1 File.
(XLS)

Acknowledgments

We would like to thank Editage (www.editage.com) for English language editing. We are very
grateful to the editors and reviewers for their helpful comments regarding this manuscript.

Author Contributions
Data curation: Hongbo Fu, Yujia Qiao.

Formal analysis: Hongbo Fu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251300 May 19, 2021 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251300.s001
http://www.editage.com/
https://doi.org/10.1371/journal.pone.0251300

PLOS ONE

Dynamic changes in Prunus humilis Bunge fruit

Funding acquisition: Junjie Du.

Investigation: Hongbo Fu, Pengfei Wang.

Methodology: Xiaopeng Mu, Baochun Fu.

Resources: Pengfei Wang, Junjie Du.

Writing - original draft: Hongbo Fu.

Writing - review & editing: Jiancheng Zhang, Junjie Du.

References

1.

10.

11.

12

13.

14.

15.

16.

Shuang C. Free Radical Scavenging Activities of Polyphenols from Prunus humilis Bge Fruit. Food Sci-
ence, 2007;(09): 57-61.

Ye LQ, Yang CX, Li WD, Hao JB, Sun M, Zhang JR, et al. Evaluation of volatile compounds from Chi-
nese dwarf cherry (Cerasus humilis (Bge.) Sok.) germplasms by headspace solid-phase microextrac-
tion and gas chromatography—mass spectrometry. Food Chemistry, 2017; 217: 389-397. https://doi.
org/10.1016/j.foodchem.2016.08.122 PMID: 27664650.

Li WD, Li O, Zhang A, Li L, Hao JH, Jin SJ, et al. Genotypic diversity of phenolic compounds and antioxi-
dant capacity of Chinese dwarf cherry (Cerasus humilis (Bge.) Sok.) in. China. Scientia Horticulturae.
2014; 175: 208-213. https://doi.org/10.1016/j.scienta.2014.06.015

Mu XP, Aryal N, Du JM, Du JJ. Oil content and fatty acid composition of the kernels of 31 different culti-
vars of Chinese dwarf cherry [Cerasus humilis (Bge.)Sok]. J Hortic Sci Biotechnol. 2015; 90: 525-529.
https://doi.org/10.1080/14620316.2015.11668709

De VA, Venter P, Pasch H. Recent advances and trends in the liquid-chromatography-mass spectrome-
try analysis of flavonoids. Journal of Chromatography A. 2016; 1430: 16—18. https://doi.org/10.1016/j.
chroma.2015.11.077 PMID: 26718188

Wang PF, Mu XP, Du JJ, Gao YG, Bai DH, Jia LT, et al. Flavonoid content and radical scavenging activ-
ity in fruits of Chinese dwarf cherry (Cerasus humilis) genotypes. J For Res. 2018; 29: 55-63. https://
doi.org/10.1007/s11676-017-0418-3.

Fu HB, Mu XP, Wang PF, Zhang JC, Fu BC, Du JJ. Fruit quality and antioxidant potential of Prunus
humilis Bunge accessions. PLoS One. 2020; 15. https://doi.org/10.1371/journal.pone.0244445 PMID:
33378359

Wu Q, Yuan RY, Feng CY, Li SS, Wang LS. Analysis of Polyphenols Composition and Antioxidant
Activity Assessment of Chinese Dwarf Cherry (Cerasus humilis (Bge.) Sok.). Natural product communi-
cations, 2019; 14(6): 1-10. https://doi.org/10.1177/1934578X19856509

Liu SW, Li XY, Guo ZY, Zhang X, Chang XD Polyphenol Content, Physicochemical Properties, Enzy-
matic Activity, Anthocyanin Profiles, and Antioxidant Capacity of Cerasus humilis (Bge.) Sok. Geno-
types. Journal of Food Quality, 2018; 2018: 1—13. https://doi.org/10.1155/2018/5479565

Jiang X, Tang ZH, Wu CY, Wang X, Pu YF, Guo L. Analysis of phenolic substances and antioxidant
capacity of three pear fruits during development. Food Science, http://kns.cnki.net/kcms/detail/11.
2206.7S.20210108.1523.010.html.

Huang CH, Liao GL, Xue M, Tao JJ, Qu XY, Chen L, et al. Dynamic changes in total phenols, flavonoids
and antioxidant capacity during fruit development of different kiwifruit cultivars. Journal of Fruit Science,
2019; 36(02): 174—184.

Li L, Huang LZ, Ou JF, Chen K. Observation on dynamic changes of flavonoids contents of Citrus

grandis (L.) Osbeck var. tomentosa Hort. Journal of Guangzhou University of Traditional Chinese Medi-
cine, 2006;(03): 256—261.

Liu JC, Zhang CL, Chen DL, Jiao ZG. Changes in Phenolics, Vitamin C and Antioxidant Capacity during
Development of Different Cultivars of Jujube Fruits. Food Science, 2015; 36(17):94-98.

Xia LH, Chen YL, Feng YB, Jiao ZG, Liu H, Wang QH. Changes in flavonoids, total phenolics, triterpe-
noidic acids and antioxidant capacity during fruit development of different cultivars of apricot. Journal of
Fruit Science, 2016; 33(04): 425-435.

Yang HZ. Research on the difference of the total flavonoid-content in peach fruit and leaves. Northwest
A&F University, 2014.

Qiao YJ. Study on the contents of flavonoid and phenol and annual dynamic changes in Chinese dwarf
cherry germplasm. Shanxi Agricultural University, 2019.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251300 May 19, 2021 14/15


https://doi.org/10.1016/j.foodchem.2016.08.122
https://doi.org/10.1016/j.foodchem.2016.08.122
http://www.ncbi.nlm.nih.gov/pubmed/27664650
https://doi.org/10.1016/j.scienta.2014.06.015
https://doi.org/10.1080/14620316.2015.11668709
https://doi.org/10.1016/j.chroma.2015.11.077
https://doi.org/10.1016/j.chroma.2015.11.077
http://www.ncbi.nlm.nih.gov/pubmed/26718188
https://doi.org/10.1007/s11676-017-0418-3.
https://doi.org/10.1007/s11676-017-0418-3.
https://doi.org/10.1371/journal.pone.0244445
http://www.ncbi.nlm.nih.gov/pubmed/33378359
https://doi.org/10.1177/1934578X19856509
https://doi.org/10.1155/2018/5479565
http://kns.cnki.net/kcms/detail/11.2206.TS.20210108.1523.010.html
http://kns.cnki.net/kcms/detail/11.2206.TS.20210108.1523.010.html
https://doi.org/10.1371/journal.pone.0251300

PLOS ONE

Dynamic changes in Prunus humilis Bunge fruit

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Gan B, Yang HY. Metabolic approach of flavonoids and its regulation in Arabidopsis thaliana. Journal of
Anhui Agricultural Sciences, 2008; 36(13): 5290-5292.

Cheng SY, Wang Y, Li JK, Gu MR, Shu HR. Studies on the change of flavone contents and its distribu-
tion in Ginkgo biloba leaves. Acta Horticulturae Sinica, 2001;(04): 353—-355.

Ma Q. Study on the change of nutrition and functional components in Nanfeng tangerine during ripening.
Jiangxi Science & Technology Normal University, 2019.

Duan BB, Song CZ, Zhao YM, Jiang Y, Shi PB, Meng JF, et al. Dynamic changes in anthocyanin bio-
synthesis regulation of Cabernet Sauvignon (Vitis vinifera L.) grown during the rainy season under rain-
shelter cultivation. Food Chemistry, 2019; 283(JUN.15): 404—413. https://doi.org/10.1016/j.foodchem.
2018.12.131 PMID: 30722891

Yu ZX, Wang RK, He YM, Hong M, Yuan XS, Wang J, et al. Correlation between anthocyanin accumu-
lation and sugar and acid contents in ‘Tarocco’ Blood Oranges during ripening. Food Science, 2020; 41
(15): 105-114.

Saracoglu O. Phytochemical accumulation of anthocyanin rich mulberry (Morus laevigata)during ripen-
ing. Journal of Food Measurement and Characterization, 2018; 12(3): 2158-2163. https://doi.org/10.
1007/s11694-018-9831-3

Wen P, Hu TG, Linhardt RJ, Liao ST, Wu H, Zou YX, et al. Mulberry: A review of bioactive compounds
and advanced processing technology. Trends in food science & technology, 2018; 83: 138—158. https://
doi.org/10.1016/.tifs.2018.11.017

Qiao J, Ma ZL, Wei CB, Li TZ, Li GP. Quality comparison of different Mulberry varieties in Zhanjiang
region. Science and Technology of Food Industry, 2020; 41(12): 264—268+290.

Li XL, Yin HF, Fan ZQ, Li JY. The relationship between anthocyanins and flower colors of bud mutation
in Camellia japonica. Scientia Agricultura Sinica, 2019; 52(11): 1961-1969.

Li XL, Wang JT, Sun ZY, Yin HF, Fan ZQ, Li JY. Anthocyanin components and their relationship with
flower colors in petals of Camellia japonica ‘Chidan’ and its bud mutation cultivars. Scientia Silvae Sini-
cae, 2019; 55(10): 19-26.

Wang AM, Li RS, Ren L, Gao XL, Zhang GY, Ma ZM, et al. A comparative metabolomics study of flavo-
noids in sweet potato with different flesh colors (Ipomoea batatas (L.) Lam). Food Chemistry, 2018; 260
(SEP.15): 124—134. https://doi.org/10.1016/j.foodchem.2018.03.125 PMID: 29699652

PLOS ONE | https://doi.org/10.1371/journal.pone.0251300 May 19, 2021 15/15


https://doi.org/10.1016/j.foodchem.2018.12.131
https://doi.org/10.1016/j.foodchem.2018.12.131
http://www.ncbi.nlm.nih.gov/pubmed/30722891
https://doi.org/10.1007/s11694-018-9831-3
https://doi.org/10.1007/s11694-018-9831-3
https://doi.org/10.1016/j.tifs.2018.11.017
https://doi.org/10.1016/j.tifs.2018.11.017
https://doi.org/10.1016/j.foodchem.2018.03.125
http://www.ncbi.nlm.nih.gov/pubmed/29699652
https://doi.org/10.1371/journal.pone.0251300

