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Abstract

Phenolic compounds in apples 17 cultivars (Malus domestica Borkh.) and 3 wild forms (Malus sp.) were analyzed to study the
impact of genetic background, growth site, and fruit bagging. The impact of altitude was studied in nine cultivars by analyzing
fruits collected from orchards at three altitudes. Procyanidin B2 (71-628 pg/g fresh weight), (—)-epicatechin (35-357 pg/g),
and chlorogenic acid (28-563 pg/g) were always the three most abundant phenolic compounds in the apple samples studied,
except for the cultivar ‘Qinguan’, which had a very low content of (—)-epicatechin (13 pg/g) and procyanidin B2 (8 pg/g).
The wild apples of M. prunifolia (Willd.) Borkh were 5-times richer in epicatechin (278 pg/g) and procyanidin B2 (628 pg/g)
than the commercial cultivars of M. domestica Borkh (86 and 54, respectively). Among the commercial cultivars, ‘Qinguan’
had the highest level of chlorogenic acid but the lowest content of flavan-3-ols, whereas ‘Liuyuehong’ was characterized by
the highest content of quercetin glycosides. Procyanidin B2, and (—)-epicatechin correlated negatively, while other phenolics
positively, with altitude. The response of phenolic compounds to altitude variation depended on latitude variation and genetic
backgrounds. Bagging treatment reduced the contents of most phenolic compounds, with the impact of cultivars and length
of re-exposure before harvest. This is also the first report on phenolic compounds in several important new cultivars, adding
new knowledge on the compositional characteristics of global apple resources.
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Introduction

Apples are among the most widely consumed fruits in the
world. Apples are rich in phenolic compounds, vitamins and
other phytochemicals [1-3]. Consumption of apples may
reduce the risk of chronic diseases such as cancers, diabetes,
cardiovascular diseases, and respiratory system dysfunction,
but most of the health effects of apples have been largely
ascribed to phenolic compounds [2—4]. Phenolic compounds
reported in apples belong to five major classes, namely
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flavan-3-ols (e.g. catechin, epicatechin and the oligomers
procyanidins), phenolic acids (e.g. chlorogenic acid), fla-
vonols (e.g. quercetin glycosides), dihydrochalcones (e.g.
phloridzin), and anthocyanins (e.g. cyanidin-3-0O-galacto-
side) [5]. Among them, procyanidin B2 and (—)-epicatechin
have been reported to be beneficial to the cardiovascular
and neuropsychological health and procyanidin B2 has also
shown anticancer effects [6—8]. Chlorogenic acid modulates
the metabolism of lipids and glucose in subjects with meta-
bolic disorders and chronic diseases such as hepatic steato-
sis, cardiovascular disease, diabetes, and obesity [9]. The
dihydrochalcone, phloridzin, has an effect on the secretion of
gastrointestinal hormone and plays a role in the prevention
of bone loss [10] and inhibition of senescence [11]. Flavo-
noid glycosides have potential in supporting cardiovascular
health and has been used in the treatment of chronic venous
insufficiency in some countries [12]. The phenolic composi-
tion of the apple cultivars and varieties directly affects their
value as a dietary source of bioactive compounds and raw
materials of functional foods.

@ Springer


http://orcid.org/0000-0001-5561-514X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00217-021-03695-0&domain=pdf

European Food Research and Technology

Additionally, phenolic compounds are also key compo-
nents contributing to astringency and bitterness of apples,
and play a role in color, aroma, and flavor of apple prod-
ucts such as apple cider and apple vinegar. For example,
flavonols were reported to have very low thresholds for
astringency [13]. Proanthocyanidins mainly taste bitter and
astringent, and in water solution, the threshold of proantho-
cyanidin dimers for astringency and bitterness were 208 and
120 mg/L, respectively [14]. The degree of polymerization
(DP) plays a role in influencing the perceived bitterness of
proanthocyanidins, oligomers being likely more bitter than
proanthocyanidin polymers with high DP values [15]. Dihy-
drochalcones have been widely used as flavor enhancers and
bitterness blockers in beverage, food, and pharmaceutical
products [16]. Phloridzin and chlorogenic acid are two
major phenolic compounds in apple fruit. Phloridzin is a
commonly known bitter compound contributing to the bit-
terness of both apples and apple ciders, whereas chlorogenic
acid, a non-bitter phenolic acid, is a precursor of a range
of bitter compounds which can be formed as degradation
products of chlorogenic acid during processing [17]. Thus,
the composition and content of phenolic compounds may
also have a key influence on the sensory quality of apples
and apple products.

Phenolic compounds in apples have a very complex com-
position, which varies among different cultivars and is influ-
enced by environmental factors such as light, temperature,
relative humidity, precipitation, and soil conditions [1, 18].
Some studies reported that ancient apple varieties and wild
apple species, which often do not have attractive appear-
ance or flavor, contain higher levels of phenolic compounds
and stronger antioxidative activities than the fruits of the
commercially cultivated apple cultivars [1, 2]. Lin-Wang
et al. [19] reported that high growth temperature reduces
the concentrations of anthocyanins in apple fruits. The
study of Zhao et al. [18] indicated that high relative humid-
ity increased the concentrations of phenolic compounds in
apples. There have been some reports on the influence of
single environment factor such as irradiation [20], temper-
ature [19, 21], and relative humidity [18] on the selected
phenolic compounds in apples. Bakhshi et al. [22] reported
that the effect of UV-B irradiation on the accumulation of
the phenolic compound in ‘Jonathan’ apple was influenced
by bagging, temperature and maturation, indicating that the
effect of a single factor often depends on the interaction
with multiple factors. However, very little research has been
directed to investigation on the effects of altitude and/or lati-
tude of growth sites, which involves multiple environmental
factors, on phenolic compounds in apples. Therefore, more
systematic research in this field is needed.

Shanxi Province (China) located in the eastern part of
the Loess Plateau has rich apple resources with about 200
cultivars/varieties/forms cultivated sporadically or as genetic
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resources, and the phenolic composition of these valuable
resources has been rarely studied. In this study, we selected
17 cultivars including major conventional and newly devel-
oped ones as research targets. Three common forms of
local wild apples were also studied as a comparison. Our
aim was to systematically investigate the profiles and con-
tents of phenolic compounds in these apple resources with
special reference to the impact of genetic background and
growth location, especially altitude, on phenolic compounds
in apple fruits. The three major apple cultivation areas in
Shanxi Province were selected, which differed considerably
in altitude however with little variation in latitude and longi-
tude. In addition, one apple cultivation area in Yunnan prov-
ince with a high altitude was also included as a comparison.
Fruit bagging is a common practice used in the production of
apples to protect the fruit against damage from insects, birds,
diseases, and mechanical scratches. Thus, in this study, we
also investigated the effects of fruit bagging treatment on
the content and composition of phenolic compounds in the
fruits. The findings of this research form a new addition to
the current knowledge on the composition of global apple
production and provide guidance for apple breeding and cul-
tivation as well as industrial utilization.

Materials and methods
Chemicals

Acetone, petroleum ether, acetonitrile, and formic acid of
HPLC grade or the highest grades available, were purchased
from Fisher Scientific Ltd (Nidderau, Germany). Reference
compounds (+)-catechin (99.5%), (—)-epicatechin (96.7%),
coumalic acid (99.5%), syringic acid (98.5%), phloretin
(98.9%), phloridzin (99.8%), and quercetin-3-0-glucoside
(99.6%) were purchased from Anpel Laboratory Technolo-
gies Ltd (Shanghai, China). P-coumaric acid (99.3%), caf-
feic acid (99.8%), and quercetin-3-O-rhamnoside (98.7%)
were purchased from Aladdin Ltd (Shanghai, China). Feru-
lic acid (99.8%), chlorogenic acid (99.3%), neochlorogenic
acid (99.1%), gallic acid (99.8%), cinnamic acid (99.4%),
sinapic acid (99.7%), p-hydroxybenzoic acid (99.9%),
quercetin-3-0-galactoside (98.7%), quercetin-3-O-arab-
inoside (99.4%), quercetin-3-O-xylopyranoside (98.5%),
quercetin-3-O-rutinoside (98.0%), and quercetin (98.7%)
were purchased from Yuanye Ltd (Shanghai, China). Pro-
cyanidin B2 (98.1%) was purchased from Hongyong Ltd
(Shanghai, China), and protocatechuic acid (99.9%) was
obtained from the National Institute of Food and Drug Con-
trol (NIFDC, Beijing, China).
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Collection and pretreatment of samples

Information of all the apple samples collected and ana-
lyzed is listed in Table 1. Altogether seventeen cultivars
of M. domestica Borkh. (n=160) and three forms of cra-
bapples (n=15), also known as wild apples (Malus sp.),
were harvested during August—October 2018 in Shanxi,
China. Three sampling location at different altitudes were
selected in Shanxi, 5 biological replicates for each cultivar
at each growth site. The fruits of all the cultivars received
bagging treatment during their growth except those of the

Table 1 Information of apple samples collected and analyzed

three wild forms and some early and medium early ripe cul-
tivars (Table 1). For the cultivar ‘Starkrimson’, both bagged
and unbagged samples were collected from two sites with
different altitude, and for the cultivar ‘Qinguan’ from one
site only. The bagged samples of ‘Starkrimson’ at 500-700
altitude were harvested on the fifth day after removal of the
bags, and the rest samples were harvested on the tenth day
after the bag removal. In addition, two cultivars ‘Qinguan’
(n=15) and ‘Xinshiji’ (n=15) were also collected in Yun-
nan Province from a higher altitude of around 2000 m as a
comparison in the investigation of the effect of altitude on

Samples Abbreviations Growth site Fruit bagging
Altitude (m) Latitude Longitude Name
Wild Apples (Malus genus)
M. prunifolia (Willd.) Borkh - 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
M. robusta Rehd - 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
M. domestica ‘Saiwaihong’ - 1000-1200 36°07'N 110°39'E Linfen, Shanxi Without
Cultivated Apples (Malus domestica Borkh.)
Gala GL 500-700 34°43'N 110°41'E Yuncheng, Shanxi With
800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
Starkrimson STA 500-700 35°09'N 110° 47" E Yuncheng, Shanxi With and Without
800-1000 37°41'N 112°43'E Jinzhong, Shanxi With
1000-1200 36°07'N 110°39'E Linfen, Shanxi With and Without
Golden Delicious GOL-D 500-700 34°43'N 110°41'E Yuncheng, Shanxi With
800-1000 37°25'N 112°32'E Jinzhong, Shanxi With
1000-1200 36°42'N 110°57'E Linfen, Shanxi With
Red General Fuji RGF 500-700 34°43'N 110°41'E Yuncheng, Shanxi With
800-1000 38°03'N 112°39'E Jinzhong, Shanxi With
1000-1200 36°07'N 110°39'E Linfen, Shanxi With
Nagafu No. 2 NF-2 500-700 34°43'N 110°41'E Yuncheng, Shanxi With
800-1000 37°25'N 112°32'E Jinzhong, Shanxi With
1000-1200 36°07'N 110°39'E Linfen, Shanxi With
Huimin Fuji HF 500-700 34°43'N 110°41'E Yuncheng, Shanxi With
1000-1200 36°07'N 110°39'E Linfen, Shanxi With
Yantai Fuji No. 3 YF-3 500-700 35°25'N 110°50"E Yuncheng, Shanxi With
1000-1200 36°07'N 110°39'E Linfen, Shanxi With
Qinguan QG 500-700 34°43'N 110°41'E Yuncheng, Shanxi With
1000-1200 36°07'N 110°39'E Linfen, Shanxi With and Without
Around 2000 25°08'N 102° 11'E Yunnan With
Xinshiji XSJ 500-700 35°09'N 110°47"'E Yuncheng, Shanxi With
Around 2000 25°08'N 102° 11'E Yunnan With
Yantai Fuji No. 6 YF-6 500-700 35°25'N 110°50"E Yuncheng, Shanxi With
Xiali XL 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
American No. 8 USA-8 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
Starking Delicious STA-D 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
Lihong LH 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
Liuyuehong LYH 800-1000 37°25'N 112°32'E Jinzhong, Shanxi Without
Qiufu No. 1 QF-1 1000-1200 36°07'N 110°39'E Linfen, Shanxi With
Zhonggiuwang QW 1000-1200 36°07'N 110°39'E Linfen, Shanxi With
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phenolic compounds. The fruits were picked as optimally
ripe as determined by an experienced apple cultivation
expert based on surface color and size. For each cultivar,
five samples were collected randomly from each site and
analyzed separately as biological replicates. Each replicate
consisted of six to eight apples. The apples were immedi-
ately stored at 0 °C after picking and transporting to the
laboratory.

Before the extraction of phenolic compounds, the apples
were decored and divided into 12 pieces using an apple
slicer. And the apple pieces were immediately frozen by
addition of dry ice and grounded into powders in a Knife
Mill Grindomix GM 300 (Retsch Corp., Haan, Germany).
After grinding, the frozen powders were stirred to evaporate
the dry ice before transferring to storage at — 30 °C.

Extraction of phenolic compounds

About 5 g of frozen apple powder was weighted accurately
and extracted with 25 mL of extracting solvent consisting of
acetone, water and acetic acid (80/19.5/0.5, v/v/v) by soni-
cating for 5 min and thereafter vortexing for 5 min. After
the extraction, the mixture was centrifuged at 11,764g for
15 min to separate the supernatant from the solid residue.
The extraction was repeated once with 20 mL of extract-
ing solvent. The supernatants from the two extractions were
combined, and the total volume was adjusted to 50 mL with
acetone in a volumetric flask. Thereafter an aliquot of 10 mL
of the extract was accurately transferred into a 150 mL evap-
oration flask, and acetone was removed by a rotary evapora-
tor under reduced pressure at 32 °C. The sample was diluted
with MilliQ water to a final volume of 5 mL, and defatted
by extracting with 2 x5 mL petroleum ether. Finally, the
defatted extract was filtered through a 0.22 pm polytetra-
fluoroethylene (PTFE) filter.

Analysis of phenolic compounds using UPLC-PDA

Chromatographic analyses were performed on a Waters
Acquity Ultra Performance LC system (Waters Corp., Mil-
ford, MA) equipped with a PDA detector. The temperature
of the column oven and the autosampler was maintained at
30 °C and 8 °C, respectively. A Waters HSS T3 C-18 col-
umn (2.1 mm X 100 mm, 1.8 pm) was used for separating the
phenolic compounds. The mobile phases consisted of two
solvents: 0.1% aqueous solution of formic acid (A) and ace-
tonitrile containing 0.1% formic acid (B). The linear gradient
was as follows: 3% B from 0 to 2.5 min, 3-14.6% B from 2.5
t0 6.75 min, 14.6—-18% B from 6.75 to 10.25 min, 18% B from
10.25 to 14 min, 18-20% B from 14 to 15 min, 20-60% B
from 15 to 19 min, 60—-80% B from 19 to 21.25 min, 80% B
from 21.25 to 26.25 min, 80-3% B from 26.25 to 32 min, and
3% B from 32 to 38 min. The flow rate of the mobile phase
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was 0.36 mL/min. UV—-Vis spectra were scanned from 200
to 600 nm, and chromatograms were recorded at three wave-
lengths, 280, 320, and 360 nm, to detect flavanols, phenolic
acids, and flavonols, respectively.

The compounds were quantified using external standard
methods using calibration curves constructed with reference
compounds.

UPLC-ESI-MS analysis for identification of phenolic
compounds

The identification of the phenolic compounds in the extracts
was further confirmed using high-performance liquid chroma-
tography-electrospray ionization mass spectrometry performed
with a Waters Acquity Ultra Performance LC system in com-
bination with a Waters Quattro Premier mass spectrometer
(Waters Corp., Milford, MA) equipped with an electrospray
interface. The UPLC column and LC conditions were the same
as described for the UPLC-PDA analysis in the previous sec-
tion. The mass spectrometer was operated in both positive and
negative ion modes. The capillary voltage was set at 3.5 and
3.6 kV, the cone voltage at 15 and 22 V, and the extractor volt-
age at 3 and 4 V for positive and negative ion modes, respec-
tively. The source temperature was set at 120 °C, desolvation
temperature at 300 °C, and the scan range was from m/z 100
to m/z 1000.

Statistical analysis

Statistical analyses were carried out with SPSS 24.0 (SPSS,
Inc., Chicago, IL) and Unscrambler X10.4 (Camo Process
AS, Oslo, Norway). The results were presented as means +SD
(standard deviations). One-way analysis of variance (ANOVA)
was performed for multiple comparisons, followed by Stu-
dent—-Newman—Keuls (SNK) test for a population with equal
variances and Tamhane’s T2 for a population with unequal
variances, Independent-samples z-test was used to investigate
the difference between the samples of the same cultivar col-
lected at two altitudes. Bivariate correlation analysis and par-
tial correlation analysis were performed to study the effects
of altitudes of the growth places on the contents of phenolic
compounds and the correlation between these compounds. A
probability value of p <0.05 was considered statistically sig-
nificant. In addition, principal component analysis (PCA) was
applied to further investigate variations in the compositional
profiles of the apple samples.
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Results and discussion

Profiles of phenolic compounds in cultivars and wild
forms of apples

A total of 24 phenolic compounds were screened based
on the previous reports of these compounds in apples, of
which 15 compounds were detected and identified in the
samples (Supplementary material S1) using UPLC-PDA
(photo-diode array) and UPLC-MS (Supplementary mate-
rial S1). The identification was based on the retention
times, UV- and mass spectra, and reference compounds
(Supplementary material S1 and S2). Ten compounds were
quantified as major compounds present in all the samples,
and the contents of these compounds in the samples are
summarized in Table 2. The most abundant phenolic
compounds in the samples studied fell into four groups:
flavanols (mainly ( —)-epicatechin and procyanidin B2),
hydroxycinnamic acid derivatives (chlorogenic acid), fla-
vonol glycosides (quercetin glycosides), and dihydroch-
alcones (phloridzin). Protocatechuic acid, ( +)-catechin,
free phloretin and quercetin aglycones were present in only
trace amounts in apples and were not quantified. These
findings were consistent with the reports of previous stud-
ies on phenolics in apple cultivars [23, 24].

It was reported that the monomeric forms of flavan-
3-ols, namely (+)-catechin and (—)-epicatechin, and the
oligomeric proanthocyanidins are the main phenolic com-
pounds in apples, which represent 55-85% of the total phe-
nolic compounds [25]. In our present study, (+)-catechin,
(—)-epicatechin and procyanidin B2 were detected in all
the samples, but only ( —)-epicatechin and procyanidin B2
were present at levels sufficient for quantification. Pro-
cyanidin B2 (71-628 pg/g fresh weight), (—)-epicatechin
(35-357 pg/g), and chlorogenic acid (28-563 pg/g) were
always the three most abundant phenolic compounds in the
apple samples studied, except for the cultivar ‘Qinguan’,
which had a very low content of (—)-epicatechin (13 pg/g)
and procyanidin B2 (8 pg/g) (Table 2). Twelve phenolic
acids previously reported in apples were screened, but
only chlorogenic acid (3-O-caffeoylquinic acid), neochlo-
rogenic acid (5-O-caffeoylquinic acid), and some trace
mount of protocatechuic acid were detected in most of the
samples. Chlorogenic acid was quantified in all the sam-
ples with varying levels in the range of 28-563 pg/g FW.
Neochlorogenic acid was quantified only in M. prunifolia
(Willd.) Borkh (5.47 +0.15 pg/g FW), a wild apple vari-
ety. A study of free and bound phenolic acids in the peel
and pulp of apples also indicated that only chlorogenic
acid was present in free form, and all other the phenolic
acids only existed in bound forms [26]. Similar results
were obtained in the study conducted by Zupan [27]. With

the method used in our study, only phenolic acids present
in free form were extracted, therefore, only chlorogenic
acid was quantified.

Dihydrochalcones and flavonols eluted generally in the
latter part of the chromatograms. Phloridzin and six querce-
tin glycosides were quantified. For most of the samples
studied, the content of phloridzin fell within the range of
10-30 pg/g, the cultivar ‘Gala’ (6 pg/g) and the wild apple
species M. robusta Rehd. (83 pg/g) being with the exception
with a very low and high level of this compound, respec-
tively. Quercetin-3-0-galactoside (8-92 pg/g) was the most
abundant quercetin glycoside in all the cultivars and wild
forms studied, while quercetin-3-O-rutinoside (0.3-3 ng/g)
was always the least abundant. The other glycosides were
glucoside, xyloside, arabinoside, and rhamnoside of querce-
tin. The level of each of these compounds was typically
1-10 pg/g FW in the commercial cultivars, whereas the
content in the wild apples varied from 7 to 36 pg/g FW.

Comparison between commercial cultivars
and crabapples (wild apples)

As shown in Table 2, the present study revealed clear differ-
ences in the content and composition of phenolic compounds
between the commercially cultivated apples and the cra-
bapples. For most of the phenolic compounds, the contents
were significantly lower in the commercial cultivars than the
corresponding levels in the crabapples, except chlorogenic
acid, of which the average content in the commercial culti-
vars (113.2 pg/g) was higher than in crabapple M. prunifo-
lia (Willd.) Borkh (87.2 pg/g). The results were consistent
with some previous studies, which reported higher content
of phenolic compounds in wild apple forms than in the com-
mercial cultivars [2, 28, 29]. It must be pointed out that, in
this study, most of the cultivated samples received bagging
treatment, whereas the wild apples did not. This may have
also contributed to the difference between the cultivated and
the wild apples; however, the effect of bagging is likely less
significant than that induced by the difference in genetic
background between different species.

The wild apples are described as having bitter and astrin-
gent tastes as well as small size, while the cultivated apples
have more juicy structure and more pleasant flavor as well
as larger fruit size, as results of selection and breeding [29].
Flavonoids in apple fruits, including flavan-3-ols, flavonols,
and anthocyanins, are frequently associated with a bitter
taste when their contents exceed certain thresholds. High
content of phenolic compounds is important contributors
to the strong bitter taste and astringencies perceived of wild
apples. In contrast, the lower levels of phenolic compounds
in the cultivated apples are likely associated with a more
pleasant taste, which is often the goal of domestication
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involving selection and breeding as well as various cultiva-
tion practices [29].

Clear differences were also found among the three wild
forms in the composition of phenolic compounds. M. pruni-
folia (Willd.) Borkh had the highest content of procyanidin
B2 (628 pg/g FW), which was over threefold of the cor-
responding levels found in the other two forms (192 and
168 ng/g, respectively). In addition, M. prunifolia (Willd.)
Borkh was the only crabapple sample containing neochlo-
rogenic acid at a quantifiable level (5.47 +0.15 pg/g FW).
The samples of M. Robusta Rehd had the highest contents of
(—)-epicatechin (357 pg/g), phlorizin (83 png/g) and chloro-
genic acid (563 pg/g), the levels of the latter two compounds
being threefold to sevenfold higher than those in others. In
addition, the total content of quercetin glycosides as well as
the content of most of the individual quercetin glycosides
was the highest in M. domestica ‘Saiwaihong’.

The difference between the commercially cultivated
apples (n=160) and the crabapples (n=15) in the overall
profile of phenolic compounds was further demonstrated
by a PCA model (Fig. 1). The first two validated princi-
pal components (PC1 and PC2) together explained 78% of
the total variance and separated the three wild forms from
each other as well as from the cultivated samples. With high
content of phenolic compounds, all the wild apples were
located on the positive side of PC1, whereas the majority of
the commercial cultivars were on the opposite side of PC1,
characterized by a lower content of phenolic compounds.
PC2 separates the samples based on the abundance of differ-
ent groups of phenolic compounds. M. prunifolia is located
close to procyanidin B2, and M. robusta close to phloritzin
and (—)-epicatechin. M. domestica ‘Saiwaihong’ is located
on the opposite side of PC2 due to the lower content of
procyanidin B2 and (—)-epicatechin as well as the higher
contents of quercetin glycosides.

Comparison among commercial apple cultivars of M.
domestica Borkh.

The contents of phenolic components in 17 cultivars/varie-
ties of M. domestica Borkh. were summarized in Table 2. In
general, the most abundant phenolic compounds in the apple
samples analyzed were chlorogenic acid (28-294 pg/g FW)
and procyanidin B2 (8-128 pg/g FW), followed by epicate-
chin (13-98 pg/g), and phlorizin (6-33 pg/g). The total con-
tent of quercetin glycosides was in the range of 24-129 pg/g.
Some cultivars such as ‘Starkrimson’, ‘Starking Delicious’,
‘Liuyuehong’, and ‘Xiali’ had high levels of procyanidin B2
and (—)-epicatechin, and their chlorogenic acid content was
relatively low compared with the former two compounds.
The content of procyanidin B2 was always higher than the
content of (—)-epicatechin in most of the cultivars, except
for ‘Qinguan’, where the situation was vice versa. Among
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Fig.1 Scores and loadings plots of PCA model with the first and sec-
ond factors for all samples (Malus genus) analyzed classified accord-
ing to the contents of phenolic compounds. (M M. domestica Borkh.
(cultivated); @ M. prunifolia (Willd.) Borkh.; A M. domestica ‘Sai-
waihong’; WM. Robusta Rehd.). Abbreviations of the compounds
refer to Table 2

all cultivars, ‘Starking Delicious’ had the highest levels of
procyanidin B2 (128 pg/g) and (—)-epicatechin (98 pg/g),
whereas ‘Qinguan’ had the lowest content of these com-
pounds (8 pg/g and 13 pg/g, respectively) being about one-
tenth of the levels found in other cultivars. Chlorogenic acid
(294 pg/g) was by far the most abundant phenolic compound
in ‘Qinguan’, the content of being the highest among all
cultivars. For the cultivar ‘American No. 8’ the situation
was just the opposite, chlorogenic acid content being much
lower (28 pg/g) than all other the cultivars (70-294 pg/g). In
terms of phloridzin, the highest content was in ‘Starkrimson’
(30 pg/g) and ‘Starking Delicious’ (33 pg/g), and the lowest
content was in ‘Gala’ (6 ng/g).

Overall the seventeen cultivars showed quite similar
profiles of quercetin glycosides. Among the glycosides of
quercetin detected, quercetin-3-O-galactoside (8-72 pg/g)
represented the most dominating compound in all ana-
lyzed cultivars, followed by quercetin-3-O-arabinoside
(4-21 pgl/g), quercetin-3-O-rhamnoside (5-17 pg/g), and
quercetin-3-0-xyloside (3—12 pg/g). Quercetin-3-0O-gluco-
side (1-8 pg/g) and quercetin-3-O-rutinoside (0.3—4 pg/g)
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were the less abundant components in this group. The total
content of quercetin glycosides was the highest in ‘Liuyue-
hong’ (129 pg/g), followed by ‘Xiali’ (86 pg/g), ‘Qiufu No.
1’ (79 pg/g), and ‘Yantai Fuji No. 3’ (78 pg/g). The lowest
levels of flavonol glycosides were found in ‘Golden Deli-
cious’ (25 pg/g), ‘Starking Delicious’ (26 pg/g) and ‘Yantai
Fuji No. 6’ (24 pg/g).

It is worth noticing that, most of the cultivars in our study
received bagging treatment except the early ripening culti-
vars and some medium ripening cultivars grown in Jinzhong
region, such as ‘Gala’, ‘Xiali’, ‘American No. 8’, ‘Lihong’,
‘Starking Delicious’, and ‘Liuyuehong’. The bagging treat-
ment likely had an impact on the difference detected in the

contents of phenolic compounds among the cultivars/varie-
ties. Detailed discussion on this aspect will be presented in
later part of in this paper.

A PCA model (Fig. 2) was constructed for further explo-
ration of the compositional differences among the 17 com-
mercial cultivars (160 samples altogether). The model dis-
criminated the cultivars with seven principle components
(PCs), and the first two components (PC1 and PC2) con-
tained 73% of the variance in the content of phenolic com-
pounds. In the loading plot, all the glycosides of quercetin
were all located on the right side of the first component. In
addition, (—)-epicatechin and procyanidin B2 were located
on the negative side of the second component, whereas
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chlorogenic acid was on the opposite (positive) side of the
second component. In the score plot, ‘Liuyuehong’ and
‘Xiali’, two early ripening cultivars were located on the right
with strong positive correlation with most of the quercetin
glycosides, whereas ‘Golden Delicious’ and ‘Starking Deli-
cious’ located on the opposite side were characterized by
lower levels of quercetin glycosides. ‘Qinguan’ was located
on the positive side of the second component in the score
plot, characterized by higher levels of chlorogenic acid and
lower levels of (—)-epicatechin and procyanidin B2 com-
pared to those of other cultivars. The cultivars ‘Starkrimson’
and ‘Starking Delicious’ located on the negative side of the
plot are characterized by higher levels of these compounds.
Other cultivars situated around the center of the score plot,
indicating that there were no clear characteristics in the phe-
nolic contents and profiles in these cultivars.

Previously published studies on the phenolic composi-
tion of apples have mostly focused on four cultivar series
‘Golden Delicious’, ‘Fuji’, ‘Gala’ and ‘Red Delicious’. And
there was no research published on content and composi-
tion of individual phenolic compounds in the fruits (decored
edible parts) of the majority of the cultivars investigated in
this study, although some reports focused on the contents of
phenolic compounds in the juice of apples of ‘Qin Guan’ and
‘Xinshiji’ [30, 31]. In Supplementary material S3, we com-
piled the phenolic contents of selected cultivars belong to
above four series included in this study in comparison with
some published data on related cultivars reported in the lit-
erature [23, 24, 32-38]. Considerable variations in phenolic
content and profile of apple cultivars were observed when
comparing the results of the present study with the data
reported of some related cultivars grown in other countries.
The largest variation was found in the content of procyanidin
B2. Overall, the content of procyanidin B2 in the cultivars
of this study was similar as the levels reported in the same
series cultivated in Ziirich (Switzerland) [36], being much
higher than the levels in the related cultivars grown in Por-
tugal [34, 35]. Genetic background, environmental factors
as well as cultivation methods and horticultural practice in
various regions might all have contributed to differences
observed in the content and profile of phenolics.

It is important to point out that most of the previous stud-
ies did not clearly differentiate or define the variations within
the series ‘Fuji’. In the present study, we specifically studied
five variations within ‘Fuji’ series including ‘Nagafu’, “Yan-
tai Fuji’, ‘QiuFw’, ‘Huimin Fuji’, and the ‘Red General Fuji’.
Differences were recognized among the cultivars within the
‘Fuji’ series. “Yantai Fuji’ No. 3 and No. 6 and Qiufu No.
1 had clearly higher levels of procyanindin B2 (102, 106
and 96 pg/g, respectively) and (—)-epicatechin (59 pg/g)
than ‘Red General Fuji’ (71 and 43 pg/g, respectively) and
‘Huimin Fuji’ (77 and 40 pg/g, respectively). Qiufu No.1
had a much higher level of chlorogenic acid (144 pg/g) than

other Fuji variations (98—-120 pg/g). In the present study,
the local main variations of ‘Gala’ were ‘Royal Gala’, “Yan
Gala’, and ‘Red Gala’. We were not able to define the exact
variations of ‘Gala’ apples investigated in our study since
different variations of ‘Gala’ apples were often mix-planted
in the same orchards. Different variations within each cul-
tivar series may have been investigated in different studies,
which likely have also contributed to the differences in the
results reported in various studies.

Effect of altitudes on phenolic compounds

The influence of altitude on the content of phenolic com-
pounds was studied in nine main apple cultivars, and the
information of individual cultivars collected from different
altitudes are summarized in Table 1. In this study, cultivation
sites of three altitude levels were selected in Shanxi Prov-
ince, namely high altitude (1000-1200 m), medium altitude
(800-1000 m), and low altitude (500-800 m). The latitudes
of the growth sites ranged between 35° 15’ N and 37° 87’ N.
Moreover, two cultivars ‘Qinguan’ and ‘Xinshiji’ were also
sampled from a very high altitude around 2000 m in Yunnan
province (latitude, 21° 8’ N) to further explore the effect of
altitude on the phenolic composition of these apple cultivars.

As shown in Table 3, the levels of procyanidin B2 and
(—)-epicatechin were always the highest in the apple sam-
ples collected from medium altitude (§00-1000 m). There
were no clear differences in the levels of these compounds
between the samples collected from the high altitude and
low altitude, except for the cultivar ‘Starkrimson’, in which
the contents of procyanidin B2 and (—)-epicatechin were
higher at the high altitude. The contents of these compounds
were much lower in the samples of the cultivar ‘Xinshiji’
collected from the very high altitude (around 2000 m, 27
and 20 pg/kg, respectively) than the levels in those from the
low altitude (500-700 m, 103 and 49 pg/kg, respectively).
However, it must be pointed out that the sampling location
of very high altitude also has much lower latitude compared
to the other sampling sites, which might have influenced
the contents of these compounds due to the light condi-
tions associated with low latitudes. For example, a previous
research has shown a positive correlation between the con-
tent of proanthocyanidin dimers and latitude, and a negative
correlation between the level of proanthocyanidin dimers
and the altitudes of growth locations in the berries of sea
buckthorn (Hippophaé rhamnodes L.) [14]. It is possible
that both altitude and latitude contributed to the composi-
tional difference within each of the cultivars ‘Xinshiji’ and
‘Qinguan’ between the samples collected at different growth
sites.

Phlorizin and chlorogenic acid were also the highest in
the samples collected from the middle altitudes in most
of cultivars (6-26 g/kg and 67-124 g/kg, respectively).
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For early and medium ripening cultivars, the contents of
chlorogenic acid were similar between the samples from
high (1000-1200 m) and low (500-700 m) altitudes, while
for all the late-ripening cultivars, namely the ‘Qinguan’
and ‘Fuji’ series including ‘Nagafu 2°, ‘Yantai Fuji 3°, and
‘Huimin Fuji’, the content of chlorogenic acid was clearly
higher at high altitudes than at low altitudes. The late-
ripening cultivars usually matured in October—November
in Shanxi province, and the decrease in temperature during
fruit development and ripening likely have contributed to
the impact of altitude on the accumulation of these two
compounds in apple fruits. The average content of chlo-
rogenic acid in the ‘Qinguan’ samples collected from the
very high altitude (2000 m, 185 g/kg fresh weight) was sig-
nificantly lower than those from the high (1000-1200 m,
271 pg/kg) and low altitude (500-700 m, 246 pg/kg).
Previous research has shown an association between the
content of phenolic acids and latitude of growth sites in
berries. For example, the study by Yang et al. [39] reported
that the contents of hydroxycinnamic acid conjugates in
currant (Ribes sp.) cultivars decreased with the decreasing
latitude. The lower content of phenolic acid in the cultivar
‘Qinguan’ could be explained by the low latitude at the
growth site at the very high altitude in Yunan province
(25° 08" N compared to 36° 07’ N at high altitude and 34°
43" N at low altitude).

The contents of quercetin glycosides in most cultivars
showed a positive association with altitude. Especially in
‘Xinshiji’, the total content of flavonol glycosides in the
samples from the very high altitude was over two folds of
the level found in the samples from the low altitude. Ma
et al. [40] reported that most of the flavonol glycosides in
Chinese sea buckthorn (Hippophaé rhamnoides ssp. sinen-
sis) berries increased as the altitude increased and as the
latitude decreased, which was consistent with the results of
our findings on apples. However, in the apples of ‘Golden
Delicious’ and ‘Qinguan’, negative correlations were found
between altitude and the content of most quercetin glyco-
sides as well as the total content of quercetin glycosides,
suggesting the importance of complex interaction between
genetic background and environmental factors.

PCA models were constructed for individual cultivars
(Fig. 3). For most cultivars, procyanidin B2, (—)-epicat-
echin, phlorizin and chlorogenic acid were always the high-
est in the samples from middle altitude, while the contents
of most of the individual quercetin glycosides and the total
contents of quercetin glycosides all showed the positive cor-
relations with altitude. However, for the cultivars ‘Golden
Delicious’ and ‘Qinguan’, the contents of total quercetin
glycosides and most individual quercetin glycosides were
higher at lower altitudes, again indicating that the responses
of phenolic compounds to altitudes variation were influ-
enced by the genetic backgrounds.

Bivariate correlation analysis was also applied to investi-
gate the association of altitude with phenolic compounds in
the cultivated apple samples, and partial correlation analysis
was further used to investigate the effects of the altitude on
the phenolic composition of the apples to exclude the influ-
ence from the genotypic difference (Table 3). The partial
correlation analysis indicated that the contents of procyani-
din B2 and (—)-epicatechin had a negative correlation with
altitude (p <0.01). In contrast, the contents of other phe-
nolic compounds were all correlated positively with altitude,
of which the correlation between altitude and the contents
of quercetin-3-O-rutinoside, quercetin-3-0-galactoside,
quercetin-3-O-rhamnoside, total quercetin glycosides and
chlorogenic acid was statistically significant in both analy-
ses (p<0.01).

Despite the large number of research published on phe-
nolic compounds of apples, little information exists on the
impact of altitudes or latitudes on the accumulation of these
compounds in apple fruits. Phenolic compounds were stud-
ied in “Delicious” group of apples (‘Golden Delicious’,
‘Red Delicious’, and ‘Royal Delicious’) cultivated at five
different locations with varying altitudes (1771-2780 m) in
Western Himalaya. The highest contents of total phenolic
compounds, total flavonoids and total flavonols were found
in the fruits from locations at the highest altitude (Mukhawa,
2780 m) than those from locations at lower altitudes [41]. A
recently published research showed that variation in altitude-
induced changes in multiple biochemical pathways in apple
peels of the cultivar ‘Fujiku’ during the fruit ripening [42].
Phenolic compounds of all the groups were increased at high
altitude (750 m) compared to low altitude (20 m) accompa-
nied by elevated expression of some key enzymes involved
in the biosynthesis of these compounds. In addition, a clear
increase was observed in the accumulation of a number of
carbohydrate compounds.

The elevation of altitude will induce complex environ-
mental changes, such as enhanced light radiation, decreased
air relative humidity and temperature sum, but increased
temperature variation. Some reports indicated that flavonols
could absorb shorter wavelengths of light to prevent exces-
sive UV-B radiation, therefore, when UV radiation increases,
plants adapt to this change by increasing the accumulation
of these compounds [39, 43]. The research of Hagen et al.
[44] also indicated that the accumulation of anthocyanins,
quercetin glycosides, and chlorogenic acid in apple increased
upon postharvest irradiation. Some studies have shown that
low temperature induces the synthesis and accumulation of
anthocyanins, hydroxycinnamic acid, flavonoid glycosides
and total phenolic contents in apples and/or some other fruits
and vegetables [19, 21, 39, 45], while the accumulation of
proanthocyanidins in grapes is reduced at low temperatures
as reported by Cohen et al. [46]. The study of Zhang et al.
[18] focused on the effects of environmental humidity on the
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Table 2

high altitude; and VHA, very high altitude) were classified according
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to phenolic compound contents (n=10 or 15). Abbreviations of the
cultivars refer to Table 1 and abbreviations of the compounds refer to



European Food Research and Technology

phenolic composition of apples suggesting that high humid-
ity during fruit development and ripening is beneficial to
the accumulation of phenolic compounds in the fruits of
‘Fuji’ apple. Research of Yang et al. [39] indicated that low
temperature, low humidity, as well as low radiation are ben-
eficial to the synthesis of hydroxycinnamic acid in currants
(Ribes sp.), but their experimental fields located quite far
north with the latitude of 60°-70° N, with extreme light
conditions. It could be concluded that the decline in chlo-
rogenic acid contents in the samples from the high altitude
and the very high altitude in our study may have been due
to the combined effects of different environmental factors at
the growth sites. The influences of various environmental
factors on the phenolic composition are complex, and the
results of the interaction of multiple factors may be different
from the changes caused by the action of a single-factor. For
example, the study conducted by Bakhshi et al. [22] showed
that the effect of UV-B irradiation on phenolic compound
accumulation in *Jonathan’ apple was influenced by bagging,
temperature and maturation. And Arakawa [47] proposed
that the optimal temperatures for anthocyanin accumulation
were different for bagged fruits compared with those for
non-bagged fruits of some apple cultivars including ‘Jona-
than’, ‘Fuji’, and’Jonagold’, due to the impact of bagging
treatment on light radiation and temperature on the surface
of the fruits.

Effect of bagging on phenolic compounds
composition

The impact of bagging treatment was studied in ‘Starkrim-
son’ at the low and high altitude and ‘Qinguan’ at a high alti-
tude. As shown in Fig. 4, bagging treatment decreased the
levels of most phenolic compounds, especially in ‘Starkrim-
son’. However, there were some exceptions: the content of
chlorogenic acid in the bagged samples with a 5-day re-
exposure before harvest was similar to that of the unbagged
fruits, and the content of quercetin-3-O-rutinoside in bagged
apples with 10 days of re-exposure was higher than the level
in the corresponding unbagged fruits. In previous studies, no
significant difference was found in the contents of chloro-
genic acid in the peel or flesh between the unbagged and the
bagged fruits of ‘Red Delicious’ [48, 49]. Quercetin glyco-
sides are more concentrated in the peel than in the flesh, thus
are more sensitive to the bagging treatment [50]. A previous
study also indicated that the content of quercetin-3-O-rutino-
side in the fruit peel of ‘Red Delicious’ was greatly reduced
by fruit bagging, but re-exposure for 9 days after the bag
removal could increase its content to a level similar to that in
the unbagged fruits [49]. Unlike the situation for ‘Starkrim-
son’, the bagging treatment significantly lowered the con-
tents of only chlorogenic acid and quercetin-3-O-rhamnoside
of ‘Qinguan’ apples, while the levels of procyanidin B2 and

phloridzin in the bagged apples exceeded significantly those
in the unbagged fruits. No statistically significant difference
was found in the contents of the other six phenolic com-
pounds between the fruits of ‘Qinguan’ with and without
bagging treatment. The syntheses of most of the phenolic
compounds are notably inhibited in the bagged apple fruits.
However, longer-term bagging may result in a higher sen-
sitivity of fruits to sunlight irradiation, and the synthesis
may be induced dramatically by re-exposure to light after
removal of the bags [49]. Therefore the contents of phenolic
compounds in the fruits will likely increase after removal of
the bags as the period of re-exposure is extended. In some
cases, the levels of some phenolic compounds in the fruits
treated with bagging followed by a long period of re-expo-
sure may even exceed those in unbagged fruits. To sum-
marize, the phenolic compounds in the apple fruits showed
cultivar-specific responses to fruit bagging treatment, and
the content of phenolic compounds was also affected by the
number of days of re-exposure to the sunlight before harvest.
Previous research has suggested that organic farming may
increase the content of phenolic compounds in apple fruits
[51]. The findings of the current study and previous research
highlight the importance of cultivation practices, together
with that of genetic background and environment, as factors
influencing the composition and quality of apple fruits.

Conclusion

The composition and content of phenolic compounds affects
the sensory quality, nutritional value, and health-promoting
properties of apples and apple products. Currently, there is
a lack of knowledge on the impact of altitude of orchards
on the accumulation of phenolic compounds in apple fruits.
Even less is known about the difference among cultivars
in their response to the growth environment. In this study,
we investigated the phenolic compounds in seventeen com-
mercial apple cultivars as well as three forms of wild apples
grown at different altitudes in Shanxi Province (China) as a
globally major apple production region. Our study revealed
the impact of genetic background, the altitude of the growth
sites, and bagging treatment on the content and profile of
phenolic compounds in apple fruits. Among the seventeen
commercial cultivars, ‘Qinguan’ and ‘Liuyuehong’ were
clearly separated from other cultivars such as cultivar series
of ‘Fuji’, ‘Gala’ and ‘Red Delicious’ by the special composi-
tion of phenolic compounds. The cultivar ‘Qinguan’ had the
highest level of chlorogenic acid but the lowest content of
flavan-3-ols, while ‘Liuyuehong’ had the highest content of
flavonoids. The three forms of wild apples in this study were
characterized with high phenolic contents and could be used
for breeding of specific new varieties suitable for process-
ing. The contents of procyanidin B2 and ( —)-epicatechin
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«Fig. 4 Response of phenolic compounds concentrations in ‘Starkrim-
son’ (STA) and ‘Qinguan’ (QG) apples to fruit bagging treatment.
Each bar is mean +standard deviation (n=35). the Symbol (*) indi-
cates a significant difference between unbagged and bagged fruits at
p<0.05, and Symbol (**) indicates a significant difference between
unbagged and bagged fruits at p<0.01. Number in the brackets
after culitivar abbreviation means the days of re-exposure after bag
removal of bagged samples. Bagged and Unbagged samples of STA
(5) were collected from Yuncheng, those of STA (10) and QG (10)
from Linfen

showed a negative correlation with altitude, while other phe-
nolic compounds were all correlated positively with altitude.
Bagging treatment reduced the contents of most phenolic
compounds in apples, but the impact was strongly depend-
ent on the genetic background of the cultivars and the length
of the re-exposure time after bagging treatment. Our study
adds important knowledge on the composition and quality
of apple produce and apple resources. This research is the
first systematic study on phenolic compounds of many major
cultivars cultivated in China, a globally major country of
apple production. This is also the first report on the impact
of altitude of growth locations on the accumulation of phe-
nolic compounds in nine major commercial apple cultivars.
Our findings provide important guidance for cultivation and
plant breeding as well as commercial processing and high
value-added utilization of apples.
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