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Anthocyanins and hydroxycinnamic acid derivatives in the crude extracts of peel, flesh, and whole

roots of 10 Chinese purple-fleshed sweetpotato genotypes were simultaneously characterized by

liquid chromatography-photodiode array detector-atmospheric pressure chemical ionization-mass

spectrometry (LC-PDA-APCI-MS), as well as their antioxidant activities were systematically

investigated and compared. Major anthocyanins were identified as peonidin or cyanidin 3-sophoro-

side-5-glucoside and their acylated derivatives, e.g., peonidin 3-sophoroside-5-glucoside, peonidin

3-(600-p-feruloylsophoroside)-5-glucoside, and cyanidin 3-(60 0-p-feruloylsophoroside)-5-glucoside,
and main hydroxycinnamic acid derivatives were identified as mono- and dicaffeoylquinic acids

(e.g., 5-O-caffeoylquinic acid and 3,5-di-O-caffeoylquinic acid) and caffeoyl-hexoside. These main

phenolic compounds identified were important contributors to the total antioxidant capacity of the

tested sweetpotato samples. Additionally, great variations in contents of both total and individual

phenolic compounds as well as antioxidant activities between different genotypes and among

various parts of the roots were observed. This study may provide value information for breeding new

lines of Chinese purple-fleshed sweetpotato and also for quality control of bioactive components

during production and processing.
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INTRODUCTION

Sweetpotato [Ipomoea batatas (L.) Lam.], a dicotyledonous
plant in the family Convolvulaceae, is one of the most important
food crops for many Asian, Latin American, and African
countries in tropical and subtropical regions (1). Traditionally,
it has been used as an important carbohydrate resource for energy
for both human beings and livestocks because of the high content
of starch in the storage roots (2). Purple-fleshed sweetpotatoes are
rich in anthocyanins (3, 4). Anthocyanins, a category of flavo-
noids, possess great potential in free-radical-scavenging activity,
and moderate consumption of anthocyanin-rich foods and bev-
erages is associated with a low risk of cardiovascular disease,
neurological disorders, carcinogenesis, and improvement of vi-
sual functions (5,6). Extracts of purple sweetpotato or its related
foodproductshadgoodradical-scavengingactivities in vitro (7,8).
Purple sweetpotato rich in anthocyanins possessed a wide range
of biological functions in vivo. Anthocyanins from a Japanese
sweetpotato cultivar could suppress the development of athero-
sclerotic lesions against oxidative stress in apolipoprotein E-defi-
cient mice (9). Purple colorants of sweetpotato could repair
D-galactose-induced spatial learning and memory impairment

by regulating the expression of synaptic proteins (10) and
attenuate oxidative stress and inflammatory response induced
by D-galactose in mouse liver (11). Additionally, many studies
reported other phenolic compounds (mainly chlorogenic acid and
its derivatives, also called hydroxycinnamic or hydroxycinna-
moylquinic derivatives) in leaves and roots of common sweet-
potato (mainly white-fleshed sweetpotato) (12-15). Sweetpotato
genotypes/cultivars rich in phenolic acids contributed to the
overall antioxidant capacities against free radicals, and the
corresponding phenolics might protect the human body from
oxidative stress (12, 14). Thus, regularly consuming sweetpotato
or its related food products, rich in anthocyanins and other
phenolics, may be beneficial to human health. However, little is
known about hydroxycinnamic acid derivatives in the roots of
purple-fleshed sweetpotato.

China is the world’s largest producer of sweetpotato and
accounts for over 80% of the world production, with a harvested
areaof 4 761 003 acres in the year 2007 (World SweetpotatoAtlas,
IPC). In some rural regions in China, sweetpotato plays an
important role in local staple foods (1). Because of the great
diversity in biogeography for cultivation of sweetpotato, China is
rich in genetic resources of sweetpotato, including purple-fleshed
sweetpotato. During the past few years, purple-fleshed sweetpo-
tato has been under intensive agricultural development through
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breeding in China (16). A few purple-fleshed genotypes have been
proven to be marketable for use in production.

However, there has been little systematic information on
characteristics and chemical compositions of major phenolic
compounds (anthocyanins andhydroxycinnamic acid derivatives)
in purple-fleshed sweetpotato genotypes from different geo-
graphic regions in China. This seriously hinders further breeding
of advanced new lines of purple-fleshed sweetpotato and also
influences the development of purple-fleshed sweetpotato pro-
ducts as healthy functional foods in China. Furthermore, the peel
(containing high levels of phenolics) of sweetpotato roots is
usually treated as waste in the sweetpotato-processing industry
in China. Thus, looking into the profiles of phenolics in the peel of
sweetpotato rootsmay provide new insight for further use of these
byproducts. Additionally, there have been few reports about
simultaneous determination of both anthocyanins and hydroxy-
cinnamic acid derivatives in the crude extracts of sweetpotato at
the same chromatographic conditions using high-performance
liquid chromatography (HPLC) or liquid chromatography-mass
spectrometry (LC-MS).

Therefore, the aims of this study were to simultaneously
characterize major phenolic compounds (anthocyanins and hy-
droxycinnamic acid derivatives) in the methanolic extracts of
peel, flesh, and whole roots (WR) from 10 representative purple-
fleshed sweetpotato genotypes collected from diverse geographic
origins in China by liquid chromatography-photodiode array
detector-atmospheric pressure chemical ionization-mass spec-
trometry (LC-PDA-APCI-MS); and to compare the contents
of both total and individual phenolic compounds in the tested
genotypes and their antioxidant activities against several model
free radicals in vitro.

MATERIALS AND METHODS

Chemicals. 2,20-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS),
2,4,6-tripyridyl-s-triazine (TPTZ), 1,1-diphenyl-2-picrylhydrazyl (DPPH),
potassium persulfate, ferric chloride, and authentic standard compounds
of gallic acid and chlorogenic acid (5-O-caffeoylquinic acid) were from
Sigma/Aldrich (St. Louis, MO). Cyanidin 3-O-glucoside was from Extra-
synthese (Genay Cedex, France), and 6-hydroxy-2,5,7,8-tetramethylchro-
mane 2-carboxylic acid (Trolox) was from Fluka Chemie (Buchs,
Switzerland). Folin-Ciocalteu reagent, HPLC- or analytical-grade organic
reagents, and formic acid were from BDH (Dorset, U.K.).

Sweetpotato Genotypes and Sample Preparation. A total of 10
purple-fleshed sweetpotato genotypes (including local landraces, ad-
vanced breeding lines, and cultivars) and 2 representative white-fleshed
cultivars (as the control) were selected for use in this study, which were
originated from different provinces in China, particularly from the Hubei

province (Table 1). They were grown at the Experimental Farm of the
Institute of Crop Science, Hubei Academy of Agricultural Sciences
(Wuhan, China) in early May, 2008. The soil type of the experimental
field was loam. The plot design was randomly in arrangement with three
replications. Each plot was 12.15 m2 (2.7 � 4.5 m) with five rows. The

distance between each replicationwas 1m.A guard row (2m inwidth) was
arranged around the test field.Vine cuttings of each genotype, about 30 cm
long, were transplanted in the corresponding plot. The planting density
was around 50000 plants per hectare. Normal field managements were
practiced. Harvesting was performed ∼160 days after transplanting, and

the roots of five plants from each genotype per plot were randomly
harvested from the three middle rows of the five-row plot. All harvested
roots were packaged in nylon net bags and stored at a special sweetpotato
storage room (12-15 �C and∼85% relative humidity) for about 5months

prior to sampling for analysis.
Fresh sweetpotato roots were washed, cut into small thin pieces in three

categories, i.e., peel, flesh, or whole root, and freeze-dried for around 48 h
using a Heto FD3 freeze-dryer (Heto-Holten A/S, Allerod, Denmark),
after frozen in liquid nitrogen. The dried sweetpotato samples were ground
to fine powder by a KenwoodMulti-Mill (Kenwood,Watford, U.K.) and

passed through a sieve (24mesh).All powder samples were sealed inplastic
bags and stored in a large plastic airtight container (Star Industrial Co.
Ltd., HongKong) with silica gels in a cold room (in darkness at 4 �C) until
use. During sample analysis, the air container with the powder samples
were moved in a laboratory at room temperature (∼23 �C) or the powder
samples were transferred in a desiccator with silica gels and stored at room
temperature.

Preparation of Crude Methanolic Extracts. Different extraction
methods were employed for different analytical purposes. For analysis of
phenolic compounds, the dried powder of sweetpotato samples (0.5 g) was
extracted in 4 mL of 85% methanol with 0.5% formic acid (FA) at room
temperature (∼23 �C) for 2 h and the extract was centrifuged at 14000 rpm
for 5 min. The supernatant was transferred to a 20 mL cylinder glass vial
and dried by a nitrogen gas flow. The dried extract residue was redissolved
in 1 mL of 85% methanol with 0.5% FA. The crude methanolic solution
was filtered using a Millipore filter (nylon membrane, 0.2 μm inner
diameter) and then injected into LC-MS for qualitative and quantitative
analysis of phenolic compounds. For assays of antioxidant activities, the
dried powder of sweetpotato samples (1.0 g) was extracted with 25 mL of
80%methanol at room temperature for 12 h in a shaker. The crude extract
was filtered through a Millipore filter with a 0.45 μm nylon membrane
under vacuum at room temperature and immediately subjected to anti-
oxidant activity assays within 3 h.

LC-PDA-APCI-MS Analysis. A LC-APCI-MS-2010EV sys-
tem (Shimadzu, Kyoto, Japan) consisted of a LC-10ADvp binary pump, a
SIL-10Avp autosampler, a PDA, a central controller, and a single quadru-
pole MS detector, with an APCI interface. The analytical reversed-phase
column was a Zorbax SB-Aq column (4.6 � 250 mm, 5 μm) with a Zorbax
SB-Aq guard column (4.6 � 12.5 mm, 5 μm) (Agilent Technologies, Santa
Clara, CA). For all samples, the flow rate was 0.8 mL/min and injection
volume was 6 μL. The UV/vis detection wavelengths were 325 nm for
hydroxycinnamic acidderivatives and520nm for anthocyanins, respectively.
LC conditions were as follows: solvent A (1.0% formic acid) and solvent B
(MeOH with 0.1% formic acid). A gradient elution (60 min) was used:
0.00-2.00min, 5%B; 2.00-10.00min, 5-30%B;10.00-15.00min, 30%B;
15.00-30.00 min, 30-40% B; 30.00-35.00 min, 40% B; 35.00-50.00 min,
40-55% B; 50.00-53.00 min, 55-100% B; 53.00-56.00 min, 100% B;
56.0-56.01 min, 100-5% B; and 56.01-60.00 min, 5% B.

MS conditions were as follows: two scan ranges (i.e.,m/z 130-450 and
260-1100) were used in both positive- and negative-ion modes for MS
data acquisition of hydroxycinnamic acid derivatives and anthocyanins.
The APCI temperature was 400 �C; the curved desolvation line (CDL)
temperature was 250 �C; and the heat block temperature was 200 �C. The
APCI probe voltage was 4.5 kV. A nebulizing gas of 2.5 L/min and a
drying gas of 2.0 L/min were applied for ionization using nitrogen in both
cases. The acquisition time for MS detection was from 0.01 to 55.00 min.

Quantitative Analysis of Individual and Total Phenolic Com-

pounds. Individual phenolic compounds identified in the extracts of

Table 1. Detailed Information of 10 Chinese Purple-Fleshed Sweetpotato
Genotypes and 2 White-Fleshed Sweetpotato Cultivars

code of genotypes

category of

genotypes

original

provinces

flesh

color

estimated yield

(metric ton/ha)

Ea2 landrace Hubei deep purple 9.75

Ea3-1 landrace Hubei purple 9.20

Ea3-2 breeding line Hubei deep purple 8.80

Ea4 landrace Hubei light purple 8.50

E5306 breeding line Hubei light purple 10.0

E6107a breeding line Hubei deep purple 11.0

E6107b landrace Hubei light purple 11.5

EZX311a cultivar Hubei purple 12

Xu13-4b cultivar Jiangsu purple 26

Yuzi263c cultivar Chongqing light purple 27

Eshu-6 (ck1)a cultivar Hubei white 45

Xu-22 (ck2)b cultivar Jiangsu white 40

a EZX311 (Ezi311) and Eshu-6 (Eshu number 6), bred by Institute of Crop
Science, Hubei Academy of Agricultural Sciences, Wuhan, Hubei, China. b Xu13-4
(Xuzi13-4), bred by Xuzhou Sweetpotato Research Center, Chinese Academy of
Agricultural Sciences, Xuzhou, Jiansu, China. cXu-22 (Xushu 22), bred by South-
west University, Chongqing, China.
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sweetpotato samples were quantified using the same LC-PDA system at
the same chromatographic conditions described above and establishing
external standard curves (compound concentration versus peak area) of
the corresponding known phenolic compounds. Because of the limited
commercial standards, we could not quantify the corresponding phenolic
compounds of all peaks isolated in the sweetpotato samples. However, the
chemical categories of the phenolic compounds could be identified from
their chromatographic behavior and UV/vis spectroscopic characteristics.
The hydroxycinnamic acid derivatives (i.e., peaks 1-5, 9, and 11) isolated
in this study possessed a similar maximum absorption wavelength (λmax=
325-329 nm), whereas anthocyanins (i.e., peaks 6-8, 10, and 12) had
similar λmax data (526-532 nm) (Table 2). Therefore, chlorogenic acid
(5-O-caffeoylquinic acid) was used as an external standard to quantify
individual hydroxycinnamic acid derivatives (compounds 1-5, 9, and 11),
and their contents were expressed asmilligrams of chlorogenic acid per 100 g
of dry weight (DW), whereas cyanidin 3-O-glucoside was used to quantify
individual anthocyanins (compounds 6-8, 10, and 12), and their contents
were expressed as milligrams of cyanidin 3-glucoside per 100 g of DW
(Table 3).

Total phenolic content (TPC) was estimated using the Folin-Ciocalteu
colorimetric method according to Cai et al. (17) and Shan et al. (18), with
minor modifications. Briefly, appropriately diluted sample extracts (0.2 mL)
was reacted with 1.0 mL of Folin-Ciocalteu reagent (0.5 N) for 4 min at
room temperature. The reaction was then neutralized with 1.0 mL of
saturated sodium carbonate (75 g/L) and allowed to stand for 2 h in the
dark at room temperature. The absorbance of the resulted blue color was
measured at 760 nm with a spectrophotometer (U-1800, Hitachi, Japan).
Quantification was performed on the basis of a standard curve with gallic
acid. Results were expressed as milligram of gallic acid equivalents (GAE)
per 100 g of DW.

ABTS Method. The antioxidant capacity against ABTS•þ radicals
was assayed by the improved ABTS method (17). Briefly, The ABTS•þ

solution was prepared by the reaction of ABTS (7 mM) and potassium
persulphate (2.45 mM), after incubation at room temperature for around
16 h in the dark. The ABTS•þ solution was then diluted with 80% ethanol
to obtain an absorbance of 0.700( 0.002 at 734 nm. TheABTS•þ solution
(3.9 mL) was added to the properly diluted sample extracts (0.1 mL) and
mixed thoroughly. The reaction mixture was for 6 min at room tempera-
ture, and the absorbance at 734 nm was recorded with a spectrophot-
ometer. An external standard curve was obtained using Trolox standard
solution at various concentrations (from 0 to 15 μM) in 80% ethanol. The
absorbance of the reaction samples was compared to that of the Trolox
standard, and the results were expressed as millimoles of Trolox equiva-
lents per 100 g of DW of plant material.

DPPH Method. Antioxidant capacity against DPPH• radicals was
assayed according to a previous method (19), with some modifications.

Briefly, DPPH• solution (60 μM; absorbance = 0.670 ( 0.002) was
prepared in 80% ethanol. The same extract samples diluted with 80%
ethanol during the ABTS assay were also used in the DPPH assay. DPPH•

solution (3.9 mL) was added to the properly diluted extracts (0.1 mL) and
vortex-shaken. The reaction was for 2 h at room temperature in the dark,
and the absorbance was recorded at 515 nm. A Trolox external calibration
curve was established. The results are expressed as millimoles of Trolox
equivalents per 100 g of DW of plant material.

Ferric Reducing Ability of Plasma (FRAP) Method. FRAP was
measured according to Benzie et al. (20), with small modifications. Briefly,
the FRAP reagent was prepared by adding 10 volume of acetate buffer
(300 mM, pH 3.6), including 3.1 g of sodium acetate and 16 mL of glacial
acetic acid, 1 volume of 10 mM TPTZ prepared in 40 mM HCl, and 1
volume of 20 mM ferric chloride. The mixture was diluted to 1/3 with pure
methanol and prewarmed at 37 �C.Working FRAP reagent (3.0 mL) was
mixed with properly diluted sample extracts (0.1 mL) similar to those for
the ABTS methods. The mixture was vortex-shaken and incubated at
37 �C for 8 min, and the absorbance was read at 593 nm. A blank with
0.1 mL of 80%methanol for reaction was used for auto zero. An external
standard curve was made with Trolox, and the results were expressed as
millimoles of Trolox equivalents per 100 g of DW of plant material.

Statistical Analysis. All determinations were conducted in triplicate.
Differences between means of data were compared by least significant
difference (LSD) calculated using the statistical analysis system (SAS
Institute, Cary, NC).

RESULTS AND DISCUSSION

Identification of Major Phenolic Compounds from Chinese Purple-

Fleshed Sweetpotato Genotypes. The results of LC-PDA-APCI-
MS analysis showed that major phenolic compounds in the
methanolic crude extracts of 10 Chinese purple-fleshed sweet-
potato genotypes were identified as 5 anthocyanins (belonging to
flavonoids) and 7 hydroxycinnamic acid derivatives (belonging to
phenolic acid derivatives) (Table 2). Chemical structures ofmajor
phenolics identified are illustrated in Figure 1. Flesh, peel, and
WR of all of the tested genotypes had similar peak profiles of
anthocyanins and hydroxycinnamic acid derivatives (Figure 2

shows typical chromatographs of one genotype Ea2). However,
anthocyanins were nearly not detected in the roots of two white-
fleshed sweetpotato cultivars (control) (except a trace amount of
anthocyanins in the peel).

The peaks isolated in the tested genotypes were identified
according to available authentic standards, by comparison of
retention times and UV/vis spectral and MS data, and with

Table 2. Typical LC-PDA-APCI-MS Data of Major Phenolic Compounds (Anthocyanins and Hydroxycinnamic Acid Derivatives) Identified in the Methanolic
Crude Extracts of Purple-Fleshed Sweetpotato Genotypes Collected in China

mass of observed adduct ions mass of observed fragmented ions

peak numbera
retention

time (min) tentative names of phenolic compounds

UV/vis spectra

λmax (nm)
b

molecular

mass

negative

[M - H]-
positive

[M þ H]þ negative positive

1 14.7 caffeoyl-hexoside 218, 293 sh, 327 342 341 343 323 325, 163

2 16.9 5-O-caffeoylquinic acid 215, 293 sh, 327 354 353 355 191, 161, 707c 337, 163

3 17.5 caffeic acid 227, 292 sh, 329 180 179 161 163

4 21.1 coumaroyl-hexoside? 212, 292 sh, 329 326 325

5 24.3 feruloylquinic acid 210, 293 sh, 325 368 367 369 193 195

6 26.9 cyanidin 3-sophoroside-5-glucoside 281, 328, 526 772 771 773 609, 285 611, 287

7 27.9 cyanidin 3-(60 0-p-caffeoylsophoroside)-
5-glucoside

280, 328, 528 934 933 935 605, 447, 285 773, 449, 287

8 30.0 peonidin 3-sophoroside-5-glucoside 281, 329, 527 786 785 787 623, 461, 299 625, 463, 301

9 31.6 3,4-di-O-caffeoylquinic acid 212, 295 sh, 327 516 515 517 353, 497 355, 499, 163

10 33.2 cyanidin 3-(60 0-p-feruloylsophoroside)-
5-glucoside

295, 329, 531 948 947 949 785, 447, 285 787, 449, 287

11 33.4 3,5-di-O-caffeoylquinic acid 212, 296 sh, 329 516 515 517 353, 497, 191 355, 499, 163

12 37.3 peonidin 3-(60 0-p-feruloylsophoroside)-
5-glucoside

294, 329, 532 962 961 963 799, 661, 299 801, 663, 301

a The numbers of the peaks in this table coincide with the numbers of the peaks in Figure 1 and the numbers of the phenolic compounds in Table 3. b sh = shoulder. cDimeric
adduct ion.
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reference to literature data (4,12,13,15,21). Seven peaks (peaks
1-5, 9, and 11) possessed typical UV/vis spectral characteristics
of hydroxycinnamic acid derivatives with λmax at 325-329 nm,
whereas five peaks (peaks 6-8, 10, and 12) had typical UV/vis
spectral characteristics of anthocyanins with λmax = 526-532
(Table 2). Peaks 2 and 3 were readily identified as 5-O-caffeoyl-
quinic acid and caffeic acid, respectively, by comparison to the
corresponding authentic standards. Peaks 9 and 11 were tenta-
tively identified as two dicaffeoylquinic acid isomers, i.e., 3,4-dic-
affeoylquinic acid and 3,5-dicaffeoylquinic acid, respectively,
according to their retention times and by comparison to reference
data.However, the numbers of the peaks for dicaffeoylquinic acid
isomers identified in the roots of purple-fleshed sweetpotato were
less than those isolated in the leaves of sweetpotato genotypes/
cultivars reported previously (12, 13, 15). Additionally, the
numbers of the peaks for anthocyanins identified in this study
were also less than those isolated in the roots of purple-fleshed
sweetpotatoes from previous studies (22, 23). It was likely due to
the different analytical methods and various purple-fleshed
sweetpotato genotypes or growing conditions between our and
previous studies.

APCI-MSwas successfully employed for identifying phenolic
compounds in our recent study (24) and also in this study. Identifica-
tion of most peaks could be further confirmed by APCI-MS data,
such as the characteristic molecular ions ([M þ H]þ and [M -
H]-) and the observed fragmented ions resulting from the loss of
small moieties (sugar or H2O) from whole molecules (Table 2).

For anthocyanins, the fragmented ions [M þ H]þ m/z 287 and
[M-H]-m/z 285 (peaks 6, 7, and 10) were indicative of cyanidin
(a common anthocyanidin aglycon), whereas the fragmented ions
[M þ H]þ m/z 301 and [M - H]- m/z 299 (peaks 8 and 12) were
indicative of peonidin (another common anthocyanidin aglycon).
Other fragmented ions confirmed the sugar moieties in the
molecules of the anthocyanins from purple-fleshed sweetpotato
by a comparison to literature data (3,4,21). For hydroxycinnamic
acid derivatives, typical protonated and fragmented ions were
observed from peak 2 for 5-O-caffeoylquinic acid (e.g., [MþH]þ

atm/z 355, 337, and 163; [M-H]- atm/z 353, 191, and 161) and
frompeaks 9 and 11 for two dicaffeoylquinic acids (e.g., [MþH]þ

at m/z 517, 499, 355, and 163; [M - H]- at m/z 515 and 353).
However, two hydroxycinnamic acid derivatives (peaks 1 and 4)
were not reported previously in sweetpotato materials. The MS
data of peak 4was less abundantwith onlym/z 325 (negative), and
itwas tentatively identified as coumaroyl-hexoside according to its
UV/vis spectral data and by comparison to reference data (25).
Although peak 1 was readily identified as caffeoyl-hexoside, its
detailed structural elucidation had not been undertaken. Thus,
further identification by nuclear magnetic resonance (NMR) is
required in the future.

Although many studies (3, 4, 12, 13) reported identification of
anthocyanins and other phenolics, including hydroxycinnamic
acid derivatives, in sweetpotato, few researchers (26) usedHPLC/
LC-MS to simultaneously characterize such two different cate-
gories of phenolic compounds in the crude extracts of sweet-
potato genotypes (especially purple-fleshed ones) at the same
chromatographic conditions. Anthocyanins and hydroxycin-
namic acid derivatives are normally required to use different
chromatographic conditions for separating such two different
categories of phenolic compounds because most of them have
similar chemical polarities (27). In the present study, LC-PDA-
APCI-MS was used for the first time to simultaneously and
rapidly determinemajor anthocyanins and hydroxycinnamic acid
derivatives in the crude extracts of purple-fleshed sweetpotatoes.
The result showed that major anthocyanins and hydroxycin-
namic acid derivatives of the methanolic extracts from sweet-
potato roots were well-isolated under the same chromatographic
conditions (Figure 2), indicating that the improved chromato-
graphic conditions could be successfully used to simultaneously
separate such two different kinds of phenolics and to easily
acquire a high quality of MS data. The developed method may
be employed to rapidly compare the differences in anthocyanins
and hydroxycinnamic acid derivatives from hundreds of sweet-
potato samples to screen the genotypes required for breeding.

Quantification ofMajor Phenolic Compounds in Peel, Flesh, and

Whole Root of Chinese Purple-Fleshed Sweetpotato Genotypes.

The quantified results of individual phenolic compounds in the
tested genotypes (Table 3) showed that, for anthocyanins, cyanidin
3-(600-p-feruloylsophoroside)-5-glucoside (compound 10) was the
predominant anthocyanin (mean= 129.6 mg/100 g of DW) in all
of the tested samples of purple-fleshed sweetpotato genotypes,
followed by peonidin 3-(60 0-p-feruloylsophoroside)-5-glucoside
(compound 12) (77.1 mg/100 g of DW), whereas cyanidin 3-(60 0-
p-caffeoylsophoroside)-5-glucoside (compound 7) was the least
abundant anthocyanin (8.1 mg/100 g of DW). For hydroxycin-
namic acid derivatives, 3,5-di-O-caffeoylquinic acid (compound
11) was the main hydroxycinnamic acid (mean = 427.4 mg/100 g
of DW) in all of the tested samples of purple-fleshed sweetpotato
genotypes, followed by 5-O-caffeoylquinic acid (compound 2)
(260.7 mg/100 g of DW), while caffeic acid (compound 3) was
the least abundant hydroxycinnamic acid (15.7 mg/100 g of DW).
Additionally, great genetic diversities in contents of individual
phenolics (anthocyanins and hydroxycinnamic acid derivatives)

Figure 1. Chemical structures of major anthocyanins and hydroxycin-
namic acid derivatives identified in the roots of purple-fleshed sweetpotato.
Code numbers in this figure correspond to the numbers of the peaks in
Figure 2 and major phenolic compounds identified in Table 2 and 3.
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between different Chinese purple-fleshed sweetpotato genotypes
are clearly shown inTable 3. For example, the contents of cyanidin
3-(60 0-p-feruloylsophoroside)-5-glucoside (compound 10) in WR
ranged from 42.4 mg/100 g of DW in E5306 to 213.5 mg/100 g of
DW in Ea3-2 and the contents of 3,5-di-O-caffeoylquinic acid
(compound 11) in WR ranged from 195.1 mg/100 g of DW in
Yuzi263 to 626.9mg/100 g ofDW inEZX311. Islam et al. (12) and
Truong et al. (13) reported that wide variations in contents of the
phenolic acids, including caffeoylquinic acids, were also observed
between different common sweetpotato cultivars/genotypes from
the U.S.A. and Japan.

In comparison to white-fleshed sweetpotato cultivars, purple-
fleshed sweetpotato genotypes contained much higher levels of
phenolic compounds (Table 3). Total anthocyanin content (total
AC) in WR of the purple-fleshed sweetpotato genotypes varied
from 108.1 mg/100 g of DW in E6107b to 502.6 mg/100 g of DW
in Ea3-2, whereas anthocyanins were nearly not detected in the
white-fleshed sweetpotato roots, except a trace amount of cyani-
din 3-(60 0-p-feruloylsophoroside)-5-glucoside in light-red-colored
skin. Total hydroxycinnamic acid derivative content (total HAD)
in WR of the purple-fleshed sweetpotato genotypes ranged from
452.4 mg/100 g of DW in Yuzi263 to 1458.7 mg/100 g of DW in
EZX311. The mean value of total HAD for all purple-fleshed
sweetpotato samples analyzed (including peel, flesh, and whole
root) was 854.4 mg/100 g of DW, significantly higher than that
of total HAD for white-fleshed sweetpotato cultivars (mean =
292.8 mg/100 g of DW). This was similar to the previous study of
Padda et al. (14), who reported that the TPC of a purple-fleshed
sweetpotato genotype was much higher than that of white- and
orange-fleshed sweetpotato genotypes.

In addition, we measured and compared the contents of major
phenolic compounds from three different part categories (peel,
flesh, and whole root) of all of the tested purple-fleshed sweet-
potato genotypes. Generally, peel (P) of most genotypes con-
tained higher levels of both total and individual phenolic
compounds (anthocyanins andhydroxycinnamic acidderivatives)
than flesh (F) and whole root (WR) of most genotypes (Table 3).
For example, total AC in P of Ea2 (551.0 mg/100 g of DW)
was much higher than those in F and WR of Ea2 (349.1 and

403.2 mg/100 g of DW, respectively), whereas total HAD in P of
Ea2 (931.1 mg/100 g of DW) was significantly higher than those
in F and WR of Ea2 (530.8 and 596.0 mg/100 g of DW,
respectively). It was also observed that there was a similar trend
for contents of individual anthocyanins and hydroxycinnamic
acid derivatives in P, F, and WR of most genotypes. This was
basically consistent with previous studies on commercial sweet-
potato cultivars from the U.S.A. (13, 28). Our results indicated
that the peel of Chinese purple-fleshed sweetpotato genotypes,
normally discarded as waste after sweetpotato processing, might
be used as raw resources for producing phenolics (particularly
anthocyanin pigments).

Antioxidant Activities of Chinese Purple-Fleshed Sweetpotato

Genotypes and Their Relationships with Total and Individual

Phenolic Contents.Methanolic extracts of Chinese purple-fleshed
sweetpotato genotypes exhibited a wide range of antioxidant
activities (ABTS, FRAP, and DPPH assays) expressed as Trolox
equivalent antioxidant capacity (TEAC) (Table 4). The TEAC
values by the ABTS assay in the WR of the tested purple-fleshed
sweetpotato genotypes ranged from 2.85 to 7.80 mmol/100 g of
DW(i.e., Yuzi263 andXu13-4, respectively); the TEACvalues by
the DPPH assay were from 3.54 to 6.36 mmol/100 g of DW
(i.e., E6107b and Xu13-4, respectively); and the TEAC values
by the FRAP assay were from 1.70 to 6.04 mmol/100 g of DW
(i.e., Yuzi263 and EZX311, respectively). In comparison to the
mean values of TEAC by three assay methods (Table 4), purple-
fleshed sweetpotato genotypes had significantly stronger antiox-
idant activities than white-fleshed sweetpotato cultivars. This
agreed with previous reports on sweetpotato cultivars/genotypes
from theU.S.A. and Philippines (29,30).Moreover, all of the peel
samples of sweetpotato roots generally showed higher TEAC
values than the flesh samples, and the extent of the TEAC
differences was in a genotype-dependent manner.

In addition, the determining results of TPC showed that the
TPC values also had a great variation among all of the tested
sweetpotato samples (Table 4). For example, the TPC values
in the WR of purple-fleshed sweetpotato genotypes ranged
from 503 to 1419mg ofGAE/100 g (i.e., Yuzi263 and EZX311,
respectively). In comparison to the average TPC values,

Figure 2. Representative chromatographs of major anthocyanins (520 nm) and hydroxycinnamic acid derivatives (325 nm) from WR, peel, and flesh of a
selected purple-fleshed sweetpotato genotype (Ea2). Peak numbers in this figure correspond to the numbers of the phenolic compounds identified in Table 2
and 3 and Figure 1.
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purple-fleshed sweetpotato genotypes contained much higher
levels of total phenolics (mean = 989 mg of GAE/100 g of
DW) than white-fleshed sweetpotato cultivars (270 mg/100 g
of DW).

Previous studies suggested that TPC of crude extracts from
dietary plants and medicinal herbs could significantly contribute
to their total antioxidant capacities (17, 18, 24). In the present
study, Pearson correlation analysis showed that the TPC values
positively correlated significantly (p<0.001) with the TEACvalues
of all of the tested sweetpotato samples assayed by three methods

(r= 0.9785 for FRAP; r= 0.9734 for ABTS; and r= 0.8640 for
DPPH), indicating that the phenolic compounds in methanolic
extracts of sweetpotato samples were significantly responsible for
their antioxidant activities.

Tounderstandwhich individual phenolic constituents specially
contribute to the antioxidant capacity of purple-fleshed sweet-
potato samples, Pearson correlation analysis was conducted
between antioxidant capacity parameters and contents of indivi-
dual anthocyanins and hydroxycinnamic acid derivatives
(Table 5). The results showed that both total AC and total

Table 4. Antioxidant Capacities and Total Phenolics Contents in the Methanolic Extracts of Purple-Fleshed Sweetpotato Genotypes Collected in Chinaa

TEACb (mmol/100 g of DW)

genotypes ABTS DPPH FRAP TPCc (mg of GAE/100 g of DW)

Ea2 WR 6.34( 0.01 5.67( 0.01 4.01( 0.01 939( 3

P 7.95( 0.03 5.63( 0.01 5.01( 0.01 1293( 10

F 5.90( 0.01 5.16( 0.02 3.76( 0.01 888( 2

Ea3-1 WR 7.25( 0.01 5.50( 0.01 4.81 ( 0.01 1243( 2

P 9.97( 0.03 6.88( 0.01 6.18( 0.01 1566( 1

F 7.06( 0.02 5.31( 0.01 3.81( 0.01 1221( 3

Ea3-2 WR 6.78( 0.01 5.89( 0.01 4.16( 0.01 999( 1

P 8.67 ( 0.01 6.47( 0.01 5.20( 0.02 1392( 4

F 6.69( 0.00 5.15( 0.01 4.00( 0.01 899( 1

Ea4 WR 4.21( 0.01 3.84( 0.01 2.82( 0.01 722( 4

P 7.28( 0.01 4.80( 0.01 5.03( 0.02 1272( 6

F 4.04 ( 0.01 3.12( 0.01 2.86( 0.01 662( 5

E5306 WR 4.21( 0.01 3.65( 0.01 2.24( 0.01 668 ( 1

P 4.89( 0.00 4.40( 0.01 2.30( 0.01 816( 1

F 4.14( 0.01 2.97( 0.01 2.36( 0.01 652( 2

E6107a WR 6.29( 0.01 5.87( 0.01 4.08( 0.01 941( 4

P 6.25( 0.01 8.35 ( 0.01 4.20( 0.01 1046( 1

F 6.18( 0.01 5.81( 0.01 3.68( 0.01 878( 1

E6107b WR 3.23( 0.01 3.54( 0.01 2.16( 0.01 513( 1

P 3.89( 0.01 3.87 ( 0.01 2.33( 0.01 774( 1

F 2.06( 0.01 3.25( 0.00 1.23( 0.00 322( 3

EZX311 WR 7.32( 0.01 5.44( 0.01 6.04( 0.02 1419( 6

P 8.97( 0.01 6.07 ( 0.01 6.81( 0.02 1775( 2

F 7.06( 0.00 5.32( 0.01 5.32( 0.01 1385( 7

Xu13-4 WR 7.80( 0.02 6.36( 0.01 5.27( 0.01 1290( 1

P 9.06( 0.01 6.69 ( 0.01 6.02( 0.01 1521( 5

F 6.97( 0.01 5.31( 0.01 4.30( 0.01 1075( 4

Yuzi263 WR 2.85( 0.01 3.55( 0.01 1.70( 0.01 503( 1

P 3.20( 0.01 3.56 ( 0.01 1.75( 0.01 590( 1

F 2.43( 0.00 3.29( 0.01 1.54( 0.01 407( 1

Eshu-6d (control 1) WR 0.69 ( 0.01 0.76( 0.00 0.24( 0.00 189( 4

P 2.10( 0.01 1.82( 0.01 0.80( 0.01 418( 2

F 0.56( 0.01 0.76( 0.01 0.18( 0.01 182( 3

Xu-22d (control 2) WR 0.93( 0.01 1.00( 0.01 0.59( 0.01 231( 3

P 2.32( 0.02 1.94 ( 0.01 1.03( 0.01 418( 5

F 0.84( 0.01 0.76( 0.00 0.18( 0.00 183( 2

LSD0.05
e 0.21 0.21 0.16 0.36

mean purple 5.96 5.02 3.83 989

white 1.24 1.17 0.50 270

aDifferent parts of sweetpotato genotypes were tested: WR, whole root; P, peel; and F, flesh. b TEAC = Trolox equivalent antioxidant capacity. c TPC = total phenolics content.
dControl = white-fleshed sweetpotato cultivars. e LSD0.05 = least significant difference (p < 0.05), used for the difference comparison amongmeans of various cultivars/genotypes.

Table 5. Pearson Correlation Coefficients (r) between Antioxidant Capacity Parameters and Contents of Individual Anthocyanins and Hydroxycinnamic Acid
Derivatives from Purple-Fleshed Sweetpotato Genotypes Collected in China

TEAC 1 2 3 4 5 6 7 8 9 10 11 12 total HCQDa total ACb

ABTS 0.456c 0.409c 0.181 0.590d 0.184 0.730d -0.121 0.757d -0.116 0.751d 0.810d 0.811d 0.738d 0.790d

FRAP 0.316 0.557e 0.008 0.448c 0.206 0.641d -0.020 0.644d -0.075 0.645d 0.811d 0.742d 0.790d 0.694d

DPPH 0.467e 0.218 0.235 0.623d -0.011 0.688d -0.160 0.803d -0.279 0.853d 0.655d 0.865d 0.544e 0.858d

mean 0.413 0.395 0.141 0.554 0.126 0.686 -0.100 0.735 -0.157 0.750 0.759 0.806 0.691 0.781

a Total HAD, the sum of the contents of the compounds 1-5, 9, and 11 (HAD = hydroxycinnamic acid derivatives). b Total AC, the sum of the contents of the compounds
6-8, 10, and 12 (AC = anthocyanins). The numbers of the phenolic compounds in this table coincide with the numbers of the peaks in Tables 2 and 3 and Figure 1. c p < 0.05.
d p < 0.001. e p < 0.01.
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HAD showed high and positive correlationswith different TEAC
values (ABTS, FRAP, and DPPH). For example, the correlative
coefficient between total AC and ABTS was 0.790, and the
correlative coefficient between total HCQD and ABTS was
0.738. This indicated that both anthocyanins and hydroxycin-
namic acid derivatives considerably contributed to the overall
antioxidant activity of purple-fleshed sweetpotato samples.
Furthermore, some but not all individual phenolic compounds
showed good correlation with antioxidant capacity parameters
(ABTS, FRAP, and DPPH values) (Table 5). Taking the ABTS
values for example, major phenolic compounds in purple-fleshed
sweetpotato, e.g., compound 11 (3,5-di-O-caffeoylquinic acid)
and compound 12 (peonidin 3-(600-p-feruloylsophoroside)-5-
glucoside), showed higher positive correlations (r = 0.810 and
0.811, respectively) with theABTS values, followed by compound
8 (peonidin 3-sophoroside-5-glucoside) (r=0.757) and compound
10 (cyanidin 3-(600-p-feruloylsophoroside)-5-glucoside) (r =
0.751). However, minor phenolic compounds had no correla-
tion or lower correlation with the ABTS values, e.g., compound
3 (caffeic acid), compound 7 (cyanidin 3-(60 0-p-caffeoylsopho-
roside)-5-glucoside), and compound 9 (3,4-di-O-caffeoylquinic
acid). This also indicated that major phenolic compounds in
sweetpotato samples considerably contributed to their overall
antioxidant capacity.

In conclusion, major phenolic constitutes and antioxidant
capacities of purple-fleshed sweetpotato roots from a collection
of representative genotypes/cultivars in China were systemati-
cally investigated in the present study for the first time. Chinese
purple-fleshed sweetpotato genotypes contained a wide range of
phenolic compounds, mainly including anthocyanins (cyanidin
or peonidin 3-sophoroside-5-glucoside and their acylated deri-
vatives) and hydroxycinnamic acid derivatives (3,5-di-O-caf-
feoylquinic acid, 5-O-caffeoylquinic acid, and caffeoyl-hexoside).
Great genetic diversities in compositions and contents of phenolic
compounds in the tested genotypes were revealed by LC-PDA-
APCI-MS, with rapid simultaneous detections of both antho-
cyanins and hydroxycinnamic acid derivatives at the same chro-
matographic conditions. The developed method may be served
for quality control of purple-fleshed sweetpotato or its related
products during production and processing and also can be used
to screen the suitable lines or varieties with desired quality for
production.

Purple-fleshed sweetpotato genotypes contained much more
abundant anthocyanins and hydroxycinnamic acid derivatives
and showed stronger antioxidant capacity than white-fleshed
sweetpotato genotypes, which may be used as a source of
functional ingredients for healthy food processing. The peel of
the purple-fleshed sweetpotato roots generally contained higher
levels of both anthocyanins and hydroxycinnamic acid deriva-
tives and also possessed stronger antioxidant activity than the
flesh. This suggests that the peel of the purple-fleshed sweet-
potato, traditionally discarded as waste during processing, may
be used for production of concentrated phenolics. Pearson corre-
lation analysis indicated that both anthocyanins and hydroxy-
cinnamic acid derivatives in the tested genotypes significantly
contributed to their overall antioxidant activity. Several major
phenolics, such as 3,5-di-O-caffeoylquinic acid, peonidin 3-(600-p-
feruloylsophoroside)-5-glucoside, peonidin 3-sophoroside-5-glu-
coside, and cyanidin 3-(60 0-p-feruloylsophoroside)-5-glucoside,
were the major contributors to total antioxidant activity. This
study may provide useful information and scientific basis for
breeding new lines of Chinese purple-fleshed sweetpotato with
high levels of specific phenolic constitutes and strong antioxidant
activity in a future program.
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