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Abstract
To assess the effects of both development and environment on apple fruit quality, skin color and flavor/taste characteristics 
were compared between shaded (bagged) and sun-exposed (without bagging) apple fruit. Field experiments were conducted 
during the middle-to-late fruit development, using three cultivars (non-red ‘Golden Delicious’, pale-red ‘Cripps Pink’, and 
deep-red ‘Qinguan’) at 830.9 m altitude, and two cultivars (‘Qinguan’ and ‘Golden Delicious’) at three different altitudes 
(519.8, 830.9, and 1072.5 m). The chromaticity values L*, C*, and h° differed between non-red and both red cultivars over 
time. Sun-exposed fruits contained more chlorophyll and carotenoids than shaded fruits. Trace amounts of anthocyanin 
accumulated in the skin of sun-exposed ‘Golden Delicious’, while shading prevented anthocyanin accumulation in red culti-
vars. The sugar contents of all three tested cultivars increased over time, while the organic acid contents decreased. Shading 
reduced the sugar and organic acid contents but did not affect their variation trends over time. The growing environments 
affected both the h° values and pigment contents of ‘Qinguan’, and the maximum fructose and sucrose proportions and the 
minimum glucose proportion were detected at the lowest altitude. Although red peel color, sugars, and organic acid propor-
tion were determined via genetic cues under natural conditions, the growing environment is centrally important for these 
traits. Both the temperature and light of the planting region influenced each other and impacted the contents of sugars and 
organic acids in the tested apple fruit.
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Introduction

Apples are rich in nutrients such as vitamins, polyphenols, 
and dietary fiber, all of which are beneficial to human health 
(Łata and Tomala 2007; Ma et al. 2015). Both fruit breeders 

and growers continuously focused on the improvement of 
fruit quality while reducing labor costs (An et al. 2015; Igle-
sias et al. 2012; Meng et al. 2015). The quality of apple 
fruit is central for the marketplace, and this quality is mainly 
based on both appearance and taste (Ackermann et al. 1992; 
Hampson 2003; Ma et al. 2015). Skin color is a particularly 
important quality trait. Due to the different ratios of pig-
ments in the skins of various apple cultivars, the apple skin 
can appear red, green, or yellow (Hampson 2003; Iglesias 
et al. 2012). Anthocyanin is the major component of the skin 
of red apples (Liu et al. 2012; Saure 1990). Taste is a further 
centrally important index, which is determined by the ratios 
of sugars and acids in fruit (Hecke et al. 2006; Ma et al. 
2015). Different cultivars have specific colors and tastes. 
The evaluation of color and taste characteristics provides 
essential information about apple cultivars and even about 
their management modes (Iglesias et al. 2012; Milosevic 
et al. 2009).

Environmental factors can alter the characteristics of fruit 
quality, especially both the red coloration and carbohydrate 
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contents (Chagné et al. 2016; Fernandes de Oliveira et al. 
2015; Li 2009). Light exposure is particularly important for 
and affects the resulting skin color. Takos et al. reported 
that light exposure induces the expression of anthocyanin 
biosynthesis-regulating genes in red apples (Takos et al. 
2006). Jiang et al. reported the mechanism that underlies 
anthocyanin accumulation in the eggplant (Solanum melon-
gena L.), which is induced by blue light (Jiang et al. 2016). 
The most commonly applied measure (bagging treatment) 
has been reported to stop both anthocyanin biosynthesis 
and its accumulation in apples and pears, and led to non-red 
fruit skin color (Bai et al. 2017; Jing et al. 2016). However, 
bagged fruit also showed low contents of other pigments in 
the skin, and low contents of organic materials in fruit. The 
development of skin color and fruit taste is a complicated 
process that is assumed to be affected by environmental cues 
(Chagné et al. 2016; Lakso et al. 2006). Therefore, growers 
usually take particular measures (depending on their pro-
duction experience) to improve fruit quality and to avoid 
environmental harm (Henry-Kirk et al. 2018; Jing et al. 
2016). Shading treatment leads to a lighter skin color of 
apples; however, anthocyanin in the red skin is also affected 
in response to this particular treatment (Feng et al. 2014; Liu 
et al. 2012, 2015). Additionally, shading treatment reduced 
the total sugar and total acid levels in both ‘Granny Smith’ 
and ‘Golden Delicious’ apple fruit (Liu et al. 2012). Re-
exposing fruit to light after shading treatment, before the 
fruit is ripe, can improve the visual quality of apples; how-
ever, this measure also reduces the levels of major sugars, 
acids, and flavonols in the fruit (Chen et al. 2012; Feng et al. 
2014; Liu et al. 2012).

Moreover, the effects altitude exerts on the components 
that affect the taste of fruit during field production are 
debated. Fischer et al. (2007) reported that high altitude 
reduces the carbohydrate contents of the fruits of the cape 
gooseberry (Physalis peruviana L.) (Fischer 2007). How-
ever, Wang et al. (2014) reported that the concentrations of 
both anthocyanins and flavonols in Vaccinium uliginosum 
berries increased with increasing altitude (Wang et al. 2014). 
Furthermore, different elevations can impact the contents of 
stored reserves in fruits as well as grape maturity (Rokaya 
et al. 2016). Perhaps these results were different because 

these sites at different altitudes also likely had different air 
temperatures, quality, and light intensity, and even differ-
ent soil temperatures, all of which have been reported to 
affect the quality of crops (Aslantaş 2009; Fischer 2007; 
Wang et al. 2014). Due to the complexity of the interactions 
between environment and fruit development, little informa-
tion is available about the effects these factors exert on the 
resulting fruit quality in the field.

This study investigated three apple cultivars with differ-
ent color and taste characteristics under both sun-exposed 
and shaded treatments and characterized the dynamics of 
color and taste in growing regions at different altitudes. This 
study showed that the growing environments affected both 
the h° values and pigment contents of the ‘Qinguan’ cultivar, 
and maximum fructose and sucrose proportions as well as 
minimum glucose proportion were detected at the lowest 
altitude. Although red peel color, sugars, and organic acid 
proportion were determined via genetic cues under natural 
conditions, the growing environment is centrally important 
for these traits. The temperature and light of the planting 
region influenced each other and impacted the sugars and 
organic acid in the tested apple fruit.

Materials and methods

Plant materials and study sites

‘Qinguan’ (deep-red cultivar), ‘Cripps Pink’ (pale-red 
cultivar), and ‘Golden Delicious’ (non-red cultivar) 
apple (Malus × domestica Borkh.) trees were planted 
in north–south-facing rows. The planting density was 
3 m × 1.2 m, the tree ages were 9–11 years in 2013, and 
ten trees per cultivar were used to provide all experimen-
tal materials. The fruit trees were cultivated in commer-
cial orchards located at Yangling District (Y, 519.8 m), 
Luochuan County (L, 1072.5 m), and at the apple experi-
mental station of Northwest A&F University at Baishui 
County (B, 830.9 m). Detailed environmental information 
about the three growing regions is provided in Table 1. 
The same quantities of organic manure and chemical fer-
tilizer were applied in all three regions. The trees were 

Table 1  Geography and climate 
of the three apple-growing 
regions in 2013

Longitude/latitude Height above 
sea level (m)

Annual mean 
temperature 
(°C)

Annual mean 
rainfall (mm)

Annual sun-
light duration 
(h)

Yangling District 108°3′56″ (E)
34°15′42″ (N)

519.8 13.5 667.5 2185.4

Baishui county 109°32′50″ (E)
35°12′25 ″(N)

830.9 11.5 567.9 2349.3

Luochuan county 109°33′57″(E)
35°35′48″(N)

1072.5 9.4 628.4 2539.2
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irrigated through direct pipe irrigation and drip irrigation. 
A preliminary experiment tested both treatments and the 
three cultivars planted at the three altitudes; the results 
of these two treatments (shaded and sun-exposed) for the 
three apple cultivars were consistent at the three altitudes. 
Results are presented for both treatments (shaded and sun-
exposed), three apple cultivars (‘Qinguan’, ‘Cripps Pink’, 
and ‘Golden Delicious’) at intermediate altitude (Baishui 
County, B, 830.9 m), and for two treatments (bagging and 
sun-exposed) in two apple cultivars (‘Qinguan’ (deep-red 
cultivar), ‘Golden Delicious’ (non-red cultivar)) at three 
different altitudes.

Treatments

Young fruits were shielded from the light starting approxi-
mately 45 days after flowering (DAF) using two layers of 
14 cm × 16 cm bags (Jingguo, Baishui, China). The outer 
layer of the bags comprised yellow paper, and the inner 
layer comprised red paper coated with wax. The resulting 
light transmission rate of this two-layer paper bag was 
zero. During the middle and late stages of fruit expan-
sion, shading and sun-exposure treatment samples were 
collected seven times, approximately every 10 days until 
ripening occurred. ‘Golden Delicious’ was collected at 90, 
108, 122, 138, 145, 152, and 160 DAF (about 2 months 
before fruits were normally collected), while both ‘Cripps 
Pink’ and ‘Qinguan’ were collected at 126, 137, 152, 168, 
179, 187, and 196 DAF (about the months before fruits 
normally were collected). The fruits were randomly har-
vested from each tree at 17:00–18:00. Each treatment used 
three replicates consisting of nine fruits, and all treatment 
groups were collected from each tree every time. Both skin 
and flesh were collected, immediately immersed in liquid 
nitrogen, and stored at – 80 °C until further analysis.

Measurement of fruit skin color

CIE parameters L*, a*, and b* were used to record 
skin color. These values were measured using a port-
able colorimeter (CHROMA METER CR-400 Chroma 
Meter, Konica Minolta Sensing, Inc., Osaka, Japan), and 

C∗ =

√

(

a*
)2

+
(

b*
)2 ,  H =

[

tan
−1(b∗∕a∗)∕6.2832

]

× 360 , 
if a* > 0 , b* > 0 , then h◦ = H ; and if a* < 0 , b* > 0 , then 
h◦ = H + 180 , as previously described (Huang et al. 2009; 
McGuire 1992). Each fruit was measured at five points near 
the equator, and average values are reported.

Quantification of pigments in apple skins

Chlorophyll and carotenoid were extracted in 80% chilled 
acetone and measured using an ultraviolet spectrophotom-
eter (UV-2550) (Arnon 1949). Anthocyanin was extracted 
from 0.50  g of apple skin in 5  mL 0.25% (v/v) with 
HCl–methanol for 24 h at 4 °C. The anthocyanin extract 
was analyzed via high-performance liquid chromatogra-
phy (HPLC, Waters-2998 /1424–2707, USA) following the 
protocol by Jing et al. (Jing et al. 2016). A C 18 column 
(5 μ, 250 × 4.6 mm internal diameter, Diamonsil, China) 
was used for detection at 40 °C; and 5 μL of sample was 
tested by a photodiode array detector (PDA, Waters 2998) 
at 530 nm. The overall rate was 1 mL min−1, and the test-
ing time was 16 min. Solvent A (100% methanol) and sol-
vent B (10% (v/v) formic acid) were 17% and 83%, 0 min; 
35% and 65%, 10 min; 37% and 63%; 20 min; 100% and 0, 
25 min. Anthocyanins in apple skin include an abundance 
of cyanidin 3-O-galactoside and trace amounts of cyanidin 
3-O-glucoside. Therefore, Cy3-gal standards were used 
for analysis (Sigma Chemical, St. Louis, MO, USA) (Liu 
et al. 2013).

Quantification of sugars and organic acids

The supernatant of 10.00 g of apple flesh homogenate was 
diluted to 50 mL with redistilled water and subjected to 
ultrasonic treatment at 80 °C for 30 min. Sugar and organic 
acid contents were detected in the extract using HPLC 
(Waters-2998 /1424–2707) as previously described (Jing 
et al. 2016; Liu et al. 2012).

For sugar detection, 20 μL of samples was separated 
by Sugar Pak TM I column (300 mm × 6.5 mm, Waters, 
USA) at 80 °C, and then monitored by refractive index 
(RI) detector. The flow rate of the mobile phase (bi-dis-
tilled water) was 0.6 mL min–1 and the total testing time 
was 25 min.

20 μL of samples was used for the detection of organic 
acids, separated by IC PAK TM ION exclusion column 
(300 mm × 7.8 mm, Waters, USA) at 50 °C, which were 
then monitored by a PDA detector at 210 nm. The flow 
rate of the mobile phase (0.0001 mM sulfuric acid in bi-
distilled water, pH 3–4) was 0.5 mL min–1 and the total 
testing time was 30 min.

Statistical analysis

The data from at least three replicates per treatment were 
analyzed. Means were compared using one-way analysis 
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of variance (ANOVA) in SPSS (Version 17.0, SPSS Inc., 
Chicago, IL, USA). Multiple comparisons between means 
were conducted using Tukey’s test at P < 0.05.

Results

Evolution of chromaticity values (L*, C*, and h°) 
in different apple cultivars at Baishui County

In this study, the parameters L*, C*, and h° were used as 
indicators of the color characteristics of fruit skin (Fig. 1). 
The L*, C*, and h° values of the non-red cultivar ‘Golden 
Delicious’ skin differed from those of the pale-red cultivar 
‘Cripps Pink’ and the red cultivar ‘Qinguan’. In all three 
cultivars, L* was higher in the shading treatment than in 
sun-exposed fruit. Under both treatments, the L* values sig-
nificantly increased over time (P < 0.05) for ‘Golden Deli-
cious’ skin (Fig. 1a). Under shading treatment, the L* values 
of ‘Cripps Pink’ and ‘Qinguan’ remained at similar levels 
until approximately 168 DAF, when a significant reduction 
(P < 0.05) followed. However, in sun-exposed fruit skin, the 

L* values of both cultivars fluctuated until approximately 
168 DAF, followed by a significant decrease (P < 0.05; 
Fig. 1b, c).

Shading treatment decreased the C* values of ‘Golden 
Delicious’ skin, all of which remained at the same level 
over time; however, the values of sun-exposed fruit skin 
decreased slightly over time (Fig. 1d). For both ‘Qinguan’ 
and ‘Cripps Pink’ skins, C* remained constant prior to 
approximately 152 DAF and after approximately 176 DAF, 
respectively. A rapid decrease occurred during approxi-
mately 152–176 DAF over time. Moreover, the values of 
shaded fruit were lower than that of sun-exposed fruit before 
152 DAF, after that, shading treatment decreased these val-
ues (P < 0.05; Fig. 1e, f).

For ‘Golden Delicious’, no apparent changes in h° were 
observed in the skin of both shaded and sun-exposed fruit, 
while they decreased over time (P ≥ 0.05; Fig. 1g). However, 
for the other two cultivars, the values remained at the same 
level over time and decreased sharply in both sun-exposed 
and shaded fruits (P ≥ 0.05) prior to approximately 152 DAF. 
After this time point, h° of sun-exposed fruit decreased dra-
matically (P < 0.05) until ripening (Fig. 1h, i).

Fig. 1.  Color properties (L*, 
C*, and h°) in the skins of 
‘Golden Delicious’, ‘Cripps 
Pink’, and ‘Qinguan’ fruit 
at Baishui County (altitude, 
830.9 m) during the middle and 
late stages of fruit development. 
Fruits were collected within the 
2 months before ripening (91–
159 days after flower (DAF) 
for ‘Golden Delicious’ and at 
126–196 DAF for ‘Qinguan’ 
and ‘Cripps Pink’). a, d, and g 
‘Golden Delicious’; b, e, and h 
‘Cripps Pink’; c, f, and i ‘Qin-
guan’. Bars indicate ± standard 
error of nine independent 
replicates. Significant differ-
ences among treatments on each 
sampling date were determined 
by Tukey’s test, P < 0.05.
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Accumulation of pigments in the skin of different 
apple cultivars at Baishui County

The carotenoid and chlorophyll contents in the skins 
of all three cultivars fluctuated over time, but remained 
within specific limits (50.00–93.00 μg g–1 FW in ‘Qin-
guan’, 29.00–53.00 μg g–1 FW in ‘Golden Delicious’, and 
21.00–46.00 μg g–1 FW in ‘Cripps Pink’). In general, con-
tents were higher in sun-exposed fruit than in shaded fruit. 
During fruit development, the chlorophyll contents in both 
sun-exposed and shaded ‘Cripps Pink’ skin were lower than 
that of the other cultivars, whose chlorophyll contents were 
similar (Fig. 2a–f). In the skins of ripe apples, the carotenoid 
and chlorophyll contents were 10.65 and 43.35 μg g–1 FW 
in sun-exposed ‘Cripps Pink’, 14.29 and 52.24 μg g–1 FW 
in sun-exposed ‘Golden Delicious’, and 13.26 and 
63.52 μg g–1 FW in sun-exposed ‘Qinguan’, respectively.

Although ‘Golden Delicious’ is a non-red cultivar, its 
skin contained trace amounts of anthocyanin after approxi-
mately 145 DAF at Baishui County, which had the high-
est light intensity: the highest content was 4.65 μg g–1 FW 
at 152 DAF. ‘Cripps Pink’ and ‘Qinguan’ are red cultivars 

and the anthocyanin biosynthesis was prevented by shading, 
leading to slight anthocyanin accumulation in the skin of 
shaded fruit. As shown in Fig. 2h, i, the skin of sun-exposed 
pale-red ‘Cripps Pink’ and deep-red ‘Qinguan’ fruit con-
tained low anthocyanin concentrations from approximately 
126–152 DAF, with levels of 4.29 μg g–1 FW (‘Cripps Pink’) 
and 3.72 μg g–1 FW (‘Qinguan’) at 152 DAF. These val-
ues increased gradually until approximately 176 DAF, fol-
lowed by a sharp increase (P < 0.05) before fruit maturity. 
The anthocyanin content in mature fruit was much lower in 
‘Cripps Pink’ than in ‘Qinguan’.

Sugar and organic acid accumulation in fruits 
of different apple cultivars at Baishui County

As shown in Fig. 3, the contents of all individual and total 
sugars increased in both shaded and sun-exposed fruits dur-
ing the fruit development of all three cultivars. The con-
centrations of sucrose, fructose, and sorbitol were lower 
in shaded fruit than in sun-exposed fruit (Fig. 3a–c, g–i). 
In contrast, the glucose content in all three cultivars fol-
lowed the opposite trend: the content in response to shading 

Fig. 2  Accumulation of carot-
enoid, chlorophyll, and antho-
cyanin in apple skin extracts. 
The sampling times and treat-
ments are described in Fig. 1. 
Bars indicate ± standard error 
of three biological replicates. 
Significant differences among 
treatments on each sampling 
date are determined by Tukey’s 
test, P < 0.05
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was higher than in response to sun exposure (Fig. 3d–f). 
In mature fruit, the contents of sucrose, fructose, sorbitol, 
and total sugars were higher under sun exposure than under 
shading; the contents of total sugars in sun-exposed fruit 
of ‘Golden Delicious’, ‘Cripps Pink’, and ‘Qinguan’ were 

1.18-, 1.12-, and 1.15-fold of shaded fruit, respectively. The 
glucose contents in sun-exposed fruits were 0.91-, 0.75-, 
and 0.83-fold higher than that of shaded fruits, respectively.

The levels of all organic and total acids decreased during 
middle and late stages of fruit development. Unlike malic 

Fig. 3  Kinetics of sucrose, 
glucose, fructose, and sorbitol 
accumulation in apple fruit. The 
sampling times and treatments 
are described in Fig. 1. Bars 
indicate ± standard error among 
three biological replicates. Sig-
nificant differences among treat-
ments on each sampling date 
were determined by Tukey’s 
test, P < 0.05
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acid, the contents of both citric acid and succinic acid were 
higher in shaded fruit than in sun-exposed fruit for all three 
cultivars. In mature fruit, the citric acid content was highest 
for ‘Qinguan’ (sun-exposed fruit, 0.02 mg g–1 FW; shaded 
fruit, 0.02 mg g–1 FW) while the malic acid content was 
lowest for this cultivar (sun-exposed fruit, 6.78 mg g–1 FW; 
shaded fruit, 5.95 mg g–1 FW; Fig. 4).

Variation in color and taste characteristics 
of ‘Qinguan’ and ‘Golden Delicious’ with altitude

During the middle and later stages of fruit development, 
variations in L*, C*, and h° values exhibited similar trends 
in sun-exposed ‘Qinguan’ skin in all three apple-growing 
regions (Y, B, and L) with different altitudes (Fig. 5a–c). 

The L* values decreased by less than ~ 7% before approxi-
mately 168 DAF at all three planting regions, followed by a 
sharp decrease (approximately 26% at both B and L; 8% at 
Y). The C* values followed similar trends at all three plant-
ing regions, where this value remained at the maximum at 
L after approximately 176 DAF, and the differences of the 
values at the other two regions were not significant. Further-
more, the h° values decreased at all regions; the strongest 
change (up to one- to threefold) was detected during approx-
imately 168–196 DAF, while changes of less than onefold 
were detected during the other developmental stages. This 
value was maximal at Y when apples were ripe.

The changes in pigment contents followed a similar trend 
in sun-exposed ‘Qinguan’ skin (Fig. 5d–f). Carotenoid and 
chlorophyll contents showed irregular changes, while the 

Fig. 4  Changes in citric acid, 
malic acid, and succinic acid 
accumulation in apple fruit. The 
sampling times and treatments 
are described in Fig. 1. Bars 
indicate ± standard error of three 
biological replicates. Significant 
differences among treatments on 
each sampling date were deter-
mined by Tukey’s test, P < 0.05
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anthocyanin content remained almost constant before ~ 168 
DAF, and increased sharply thereafter. However, the con-
tents of these pigments differed in the three apple-grow-
ing regions. In mature ‘Qinguan’ fruit, the carotenoid 
and chlorophyll contents were lowest at L (chlorophyll, 
54.30 μg g–1 FW; carotenoid, 7.68 μg g–1 FW), while the 
anthocyanin content was lowest at Y (158.83 μg g–1 FW).

The sugar types and proportions were compared 
between shaded and sun-exposed ‘Qinguan’ and ‘Golden 
Delicious’ fruit at different planting regions when the 
fruits were mature. The results are shown in Fig. 6a–l. 
The proportion of fructose in ‘Qinguan’ was 56.54% (sun-
exposed) and 57.13% (shading) at Y, which was the highest 
region among all three investigated regions, and this phe-
nomenon was not impacted by shading treatments. How-
ever, the result was opposite in ‘Golden Delicious’, where 
the fructose proportion at Y was lowest among the three 
regions with 52.03% (sun-exposed) and 48.49% (shading), 

respectively. Furthermore, sun exposure decreased the 
fructose proportion in both cultivars at the three planting 
regions. The sucrose proportion of both cultivars was high-
est at L among the three regions, with values of 19.79% 
and 20.25% (‘Qinguan’, sun-exposed and shaded), as well 
as 22.78% and 18.85% (‘Golden Delicious’, sun-exposed 
and shaded), respectively. With increasing altitude, the 
sucrose proportion of ‘Golden Delicious’ fruit increased. 
Shading decreased the proportion of both cultivars at all 
three planting regions.

The proportions of glucose in both sun-exposed and 
shaded ‘Qinguan’ at B were highest, while the highest pro-
portion in ‘Golden Delicious’ was found at Y. Moreover, 
shading increased the glucose proportion of both cultivars at 
the three planting regions. The planting regions exerted little 
effect on the sorbitol proportion of both cultivars, but shad-
ing decreased the proportion of both ‘Qinguan’ and ‘Golden 
Delicious’ at all three regions.

Fig. 5  Changes in surface color 
pigments in skin of apple fruit. 
The fruit samples were col-
lected at Y (Yangling District, 
519.8 m altitude), B (Baishui 
County, 830.9 m altitude), and 
L (Luochuan County, 1072.5 m 
altitude). The sampling times 
and treatments are as described 
in Fig. 1. Bars indicate ± stand-
ard error of three biological 
replicates. Significant differ-
ences among treatment at each 
sampling date were determined 
by Tukey’s test, P < 0.05
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Figure  7 shows that malic acid accounted for about 
97–98% of the total organic acid in ‘Qinguan’ and ‘Golden 
Delicious’, and the highest proportion was found in ‘Qin-
guan’ fruit at Y under sun-exposure treatment, accounting 
for 98.13%, while the highest proportion of ‘Golden Deli-
cious’ was found at site B with sun-exposure treatment. The 
proportion of malic acid in ‘Qinguan’ fruit was more sensi-
tive to shading than that in ‘Golden Delicious’ to shading, 
and decreased ~ 2% percent in shaded ‘Qinguan’, and by 1% 
in ‘Golden Delicious’. Citric acid in ‘Qinguan’ and ‘Golden 
Delicious’ was less impacted by planting regions. However, 
shading increased citric acid and succinic acid proportions 
of both cultivars, and the highest proportion of succinic acid 
was found in shaded ‘Golden Delicious’ at L (Fig. 7).

Discussion

Fruit colors as a result of genetic cues are one of the key 
characteristics of apple varieties (Iglesias et al. 2008; Palapol 
et al. 2009; Usenik et al. 2009). The current study showed 
that this color development in the skin of ‘Golden Delicious’ 
(a non-red cultivar) differed from that of ‘Cripps Pink’ (a 
pale-red cultivar) and ‘Qinguan’ (a deep-red cultivar) in 
response to exposure to sunlight. Differences were appar-
ent in the L*, C*, and h° values between red and non-red 
fruits (Fig. 1). Apple skin color has been shown to be mainly 
the result of carotenoid, chlorophyll (non-red cultivars), 

and anthocyanin (red cultivars) contents (Feng et al. 2014; 
Liu et al. 2013). Examination of the pigment contents in 
fruit skin indicated that all skin of shaded fruits had similar 
results compared with the non-red cultivar, the skin of which 
did not contain anthocyanins (Fig. 2).

The development of fruit color has been reported to 
change with environmental factors (Fernandes de Oliveira 
et al. 2015; Nguyen et al. 2014; Takos et al. 2006). High-
altitude regions can be subjected to small temperature differ-
ences (Supplementary Table 1) and more intense ultraviolet 
radiation compared to lower altitude regions (Wang et al. 
2014; Zheng et al. 2011). This study compared the color 
variation in the skin of ‘Qinguan’ and ‘Golden Delicious’ 
apples in three regions with different altitudes (519.8, 830.9, 
and 1072.5 m). The red cultivar ‘Qinguan’ showed similar 
trends in color changes (L*, C*, and h°) and pigments dur-
ing fruit development at all three altitudes. Specifically, the 
variations in anthocyanin contents in apple skins were simi-
lar, but different contents were detected at 168 DAF. At Y 
(the region with the lowest altitude); despite the promotion 
of reddening in apple skin by exposure to ultraviolet light, 
the anthocyanin content was lower in this region than in the 
other tested regions. The anthocyanin content in apple skin 
at L (the region with the highest altitude) was also not the 
highest, but the highest content was detected at B. These 
results indicate that the anthocyanin contents of apple skins 
are not necessarily highest in regions with high altitude. 
Therefore, high altitude likely does not provide the most 

Fig. 6  Differences of sugar type and proportion in apple fruit. The 
sampling times and treatments are as described in Fig. 5. Every sam-
ple was replicated three times. Y, Yangling District, was at 519.8 m 

altitude. B, Baishui County, was at 830.9  m altitude. L, Luochuan 
County, was at 1072.5 m altitude
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suitable conditions for anthocyanin biosynthesis. Among 
the variable environmental conditions, sun radiation is the 
most critical direct factor (Fernandes de Oliveira et al. 2015; 
Irani and Grotewold 2005); therefore, it seems likely that the 
sun radiation at the high-altitude region was too strong for 
optimal anthocyanin production, while it was too weak at 
the lowest region. Anthocyanin biosynthesis was, therefore, 
limited both at lower and higher altitudes (Fig. 5).

The major sugars in apple fruit include fructose, sucrose, 
glucose, and sorbitol, and the major organic acids include 
malic acid and low levels of citric acid and succinic acid; 
fructose and malic acid are the main forms of these com-
pounds and are also essential taste components of apples 
(Liu et al. 2012; Ma et al. 2015). In the current study, shad-
ing treatment decreased the total photosynthesis in the leaf 
since the total sugar and organic acid contents were lower 
in shaded apple fruits, as well as the contents of sucrose, 
fructose, sorbitol, and the major acid malic acid. Similar 
results were reported for ‘Jonagold’ and ‘Granny Smith’ 
(Feng et al. 2014; Liu et al. 2012). Moreover, the changing 
patterns in sugar and organic acid contents were consist-
ent in both shaded and sun-exposed fruits of each cultivar, 
which consequently, tasted typically. During middle and late 
stages of development, the contents of every sugar in fruits 
increased and the contents of every acid decreased (Fig. 5). 
Previous studies have shown that at the mature stage, total 
sugar contents typically increase and total acid contents 
decrease in apple fruit until fruit ripening (Liu et al. 2012; 
Moing et al. 2000). This trend was also detected in all three 
tested cultivars.

The effects of the different apple-growing regions on 
the proportions of major sugars and organic acids were 
similar between sun-exposed and shaded treatments, while 
differences were found between ‘Qinguan’ and ‘Golden 
Delicious’. This suggests that the genetic difference of 
both cultivars as the main reason for this difference. Shad-
ing treatment was the only changed light condition, and 
the responses of sugars and organic acids in apple fruit to 
light were consistent. However, the largest environmental 
differences among Y, B, and L also include differences in 
temperature, light intensity, and light quality (Crespo et al. 
2010; Fischer 2007; Wang et al. 2014). These cues mutu-
ally influenced each other as well as sugar and organic acid 
formation in apple fruit. Therefore, the responses of sug-
ars and organic acids may be different for different apple 
cultivars in response to differences in temperature, light 
intensity, and light quality (Figs. 6 and 7).

Headings

Skin color and taste characteristics were compared in 
apple fruit of three cultivars.

Light was found to be the key environmental cue for 
anthocyanin biosynthesis, followed by the developmental 
regulation stage.

Sugar and organic acid contents were affected by shad-
ing and developmental regulation stage.

Fig. 7  Differences of organic acid type and proportion in shaded and 
sun-exposed apple fruit. The sampling treatments are as described in 
Fig. 5. Every sample was replicated three times. Y, Yangling District, 

was at 519.8 m altitude. B, Baishui County, was at 830.9 m altitude. 
L, Luochuan County, was at 1072.5 m altitude
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