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In the absence of light, temperatures also affect the red 
coloration of apple fruit skins. Harvested apples incubated 
under warm temperatures only in darkness have reduced 
anthocyanin accumulation (Tan, 1980), while red coloration 
in fruit skin is stimulated in apples incubated under low tem-
peratures in darkness followed by room temperatures (Reay, 
1999). Although high temperatures at night are known to 
inhibit fruit skin coloration of apples on trees (Blankenship, 
1987), the precise mechanism has not been elucidated.

Abnormal weather due to global warming has been prev-
alent and the incidence of tropical night high temperatures 
has increased recently (Jacob et al., 2014; Thibeault and Seth, 
2014). According to Representative Concentration Pathways 
4.5, the incidence of tropical night high temperature is about 
2-fold higher than that in South Korea at the end of the 21st 
century (Seo et al., 2014). Night temperature is important 
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 Summary
We analyzed the fruit skin coloration and expres-

sions of anthocyanin biosynthetic genes to determine 
the effects of night temperature on ‘Hongro’ apple 
(Malus domestica Borkh.). Trees were grown under 
low night temperatures (LNT; 3°C lower than the con-
trol) and high night temperatures (HNT; 3°C higher 
than the control) for 2 months from July to August. 
LNT promoted an increase of the a* value and de-
creases of the L*, b*, and h° values in fruit skins, but 
HNT produced the opposite results. Anthocyanins ac-
cumulated in fruit skins with increasing days after full 
bloom. The anthocyanin biosynthesis was promoted 
by LNT, but inhibited by HNT. Quantitative real-time 
polymerase chain reaction analysis revealed that LNT 
increased the expressions of anthocyanin biosynthet-
ic genes, MdCHS, MdF3H, MdDFR, MdANS, and MdUFGT, 
but HNT decreased them. These results suggest that 
temperatures at night affect anthocyanin accumula-
tion in apple fruit skins by regulating expressions of 
the anthocyanin biosynthetic genes.

Keywords
anthocyanidin, CIE color scales, fruit quality, high night 
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Significance of this study
What is already known on this subject?
• Apples grown at high temperature during fruit 

development are poorly colored, while those grown 
at low temperature are well colored. Coloration of 
apple fruit skins is determined by their anthocyanin 
contents. The anthocyanin accumulation in apple fruit 
skins is inhibited by high temperatures under light 
conditions.

What are the new findings?
• Anthocyanin accumulation in apple fruit skins was 

promoted by low temperature at night, but suppressed 
by high temperature. The reduced anthocyanin 
accumulation caused by high temperature at night 
was due to the decreased expressions of anthocyanin 
biosynthetic genes, MdCHS, MdF3H, MdDFR, MdANS, 
and MdUFGT. These results suggest that temperatures 
at night affect anthocyanin accumulation in apple fruit 
skins by regulating expressions of the anthocyanin 
biosynthetic genes.

What is the expected impact on horticulture?
• As a result of global warming, not only high 

temperatures in the daytime but also tropical night 
high temperatures are increasing. Our results provide 
fundamental information for controlling the fruit skin 
coloration of apples under different temperatures at 
night.

Introduction
Skin color is an important factor determining the mar-

ket value of apple (Malus domestica Borkh.) fruit. Although 
the skin color of apple fruit is determined mainly by genetic 
factors, environmental factors including temperature also 
contribute to the fruit skin color (Saure, 1990; Lancaster and 
Dougall, 1992; Ubi, 2004; Arakawa et al., 2016).

Low temperature promotes anthocyanin accumulation in 
apple fruit skins, while high temperature causes the opposite 
response (Peng and Moriguchi, 2013). Fruit skins of apples 
grown under high temperatures accumulate less anthocyan-
in than those of apples grown under normal temperatures 
(Lin-Wang et al., 2011). High temperature inhibits anthocy-
anin biosynthesis because of the shortage of the anthocy-
anidin cyanidin in apple fruit skins (Ban et al., 2009). These 
effects might be mainly due to the decreased expressions of 
anthocyanin biosynthetic genes in response to high tempera-
tures. The anthocyanin biosynthetic genes, MdCHS, MdF3H, 
MdDFR, MdANS, and MdUFGT, are inhibited by high tempera-
tures under UV-B (Ubi et al., 2006).



V o l u m e  8 2  |  I s s u e  5  |  O c t o b e r  2 0 1 7 233

Suhyun Ryu et al.  |  Anthocyanin accumulation in apple under different night temperatures

for the efficiency of photosynthate partitioning and for fruit 
quality (Starck and Ciesla, 1989; Fisher et al., 2007). Night 
temperature had more influence on the fruit growth of ‘Gol-
den Delicious’ apple than day temperature (Bergh and Cloete, 
1992). Night temperature also controls fruit skin coloration 
of apples (Blankenship, 1987), and the coloration may be in-
creasingly inhibited by elevated night temperature.

In this study, we analyzed the fruit skin coloration and 
the expression patterns of anthocyanin biosynthetic genes 
in ‘Hongro’ apples grown under various night temperatures.

Materials and methods

Plant materials and temperature treatments 
Three-year-old ‘Hongro’ apple (M. domestica) trees were 

grown in air-conditioned rooms of the National Institute of 
Horticultural and Herbal Science, Wanju, Korea. Trees were 
treated for 2 months from 70 (July 1, 2015) to 131 days af-
ter full bloom (DAFB) (August 31, 2015) with various night 
temperatures to simulate tropical night high temperature 
in Korea. Trees grown under 30-year average temperatures 
spanning 1985 to the present in Wanju were regarded as 
controls. The day and night temperatures of control during 
the experiment were set ranging from 23.1 to 29.8°C and 
from 23.1 to 26.4°C, respectively. Trees were also grown un-
der low night temperature (LNT; 3°C lower than the control) 
and high night temperature (HNT; 3°C higher than the con-
trol). Temperatures during the day were the same as for the 
control. Night was defined by the monthly average time, from 
8 pm to 6 am, in July and August. Following fruit thinning 
at 30 DAFB, four trees with ten fruit each were employed in 
each temperature treatment. The fruits were grown without 
bagging to observe the changes of fruit skin color. After the 
treatments, the temperatures in all of the air-conditioned 
rooms were the same as the outdoor temperatures to ob-
serve whether the skin color of apple fruits was recovered 
under normal temperature in September. The fruits were 
harvested at 68, 82, 89, 103, 110, 117, 124, 131, and 138 
DAFB for each treatment.

Determination of fruit quality characteristics
Fruits were sampled at 138 DAFB, the commercial matu-

rity of the cultivar, and firmness of the flesh was measured 
using a texture analyzer (TA-XT2, Surrey, UK). Using the juice 
obtained by squeezing the flesh of the fruit, the soluble solids 
content was measured with a digital refractometer (PR-101, 
Atago, Tokyo, Japan). Titratable acidity was determined by 
titrating 5 mL of juice with 0.1 N NaOH to an endpoint pH of 
8.2, and converted the amount of NaOH consumed until the 
discoloring point to the amount of malic acid.

Determination of fruit skin color
Fruit skin color was measured using a colorimeter (CR-

300, Minolta, Osaka, Japan). Fruit chromaticity was recorded 
using the Commission Internationale d’Eclairage (CIE) pa-
rameters L*, a*, b*, C*, and h° color space coordinates (Mc-
Guire, 1992). The L* scale corresponds to a dark-light value 
and represents lightness of colors with a range from 0 to 100 
(0, black; 100, white). The a* and b* scales range from -60 
to 60. The a* scale is negative for green and positive for red, 
and the b* scale is negative for blue and positive for yellow. 
The C* scale represents chroma of color, which is calculated 
as (a*2 + b*2)1/2. Hue angle (h°) represents the color hue, us-
ing the degree of arc tangent (b*/a*), starting at the positive 
a* axis and progressing in a counterclockwise direction. The 

h° is expressed in degrees from 0 to 360 (0, red; 90, yellow; 
180, green; 270, blue). For each apple fruit, parameters were 
measured at two different points of the fruit equator.

Determination of anthocyanin contents 
The skin tissues from whole fruit were peeled and scraped 

to remove flesh tissues. Samples (0.3 g) from the skin tissues 
were placed in 10 mL of 0.1 N HCl:methanol (15:85, v/v) to 
extract anthocyanins at 4°C for at least 12 h. The absorbance 
of each extract was measured at 530 nm using a spectropho-
tometer (UV-2501PC, Shimadzu, Kyoto, Japan). Anthocyanin 
contents were expressed as mg g-1 fresh weight.

RNA extraction and quantitative real-time polymerase 
chain reaction (qRT-PCR) analysis

Total RNA was extracted from the apple fruit skin tissues 
as described by Jaakola et al. (2001), with some modifica-
tions. Fruit skin tissues were pulverized in liquid nitrogen 
with a precooled pestle and mortar. The pulverized tissues 
were suspended with cetyltrimethylammonium bromide 
buffer and then extracted twice with chloroform:isoamyl al-
cohol (24:1, v/v). RNA was then precipitated with 10 M LiCl 
and washed with 70% ethanol and subsequently with 100% 
ethanol.

cDNA was produced using the PrimeScript first strand 
cDNA Synthesis kit (Takara Bio, Shiga, Japan), according to 
the manufacturer’s recommendations for oligo (dT) primed 
cDNA-synthesis. cDNA synthesis was performed on 1 mg of 
RNA. PCR was performed in a LightCycler® 480 Real-time 
PCR System (Roche Diagnostics, Mannheim, Germany). The 
reaction mixture was prepared using an SYBR® Premix Ex 
Taq (Takara Bio) in a final volume of 20 mL. Relative expres-
sion levels were determined with normalization against 
the expression of the apple Actin gene (accession number 
XM_008363623.2), as a housekeeping gene (Kim et al., 2010). 
The primers used for qRT-PCR (Table 1) were designed using 
the sequences of the previously validated genes (Honda et al., 
2002). The primer specificity was determined by examining 
electrophoresis gels and melting profiles (Ririe et al., 1997), 
while their efficiency was determined from the slope of the 
log-linear portions of the calibration curves which were con-
structed with threshold cycle against cDNA concentrations 
(Bustin et al., 2009).

Statistical analysis
Statistical analysis was performed using the SAS enter-

Table 1.  Primers used for qRT-PCR in this study.

Gene Primer sequence

MdCHS F- 5’-AAGGAATGGGGACAGCCCAA-3’
R- 5’-ATCATGAGGCGCTTGACGGA-3’

MdF3H F- 5’-TGAGGGAGGGAGAGAAGCCG-3’
R- 5’-CCAGCTTTTTCAGCCTGGCA-3’

MdDFR F- 5’-CTTGTGATTGGGCCATTTCTCATG-3’
R- 5’-GATCGGCGAAAGTCCAGTGAT-3’

MdANS F- 5’-GCAACCAAGGTACTGAAAGTTCTGT-3’
R- 5’-GAGCTCTTCAAGTCCACCAACT-3’

MdUFGT F- 5’-GGAGCCTTCGTGTCGCATTG-3’
R- 5’-ATCCTCCACGGTTACCCCGA-3’

Actin F- 5’-GCCTCCAGAGTATATGCCAGAGAAT-3’
R- 5’-TCTGCTTTTGTTATATGTTGGTTTTGTGG-3’

F = forward; R = reverse.
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prise 4.3 (SAS Co., Cary, USA) program. Differences among 
the treatments were assessed by least significant different 
(LSD) test at P < 0.05.

Results and discussion

Fruit quality in response to LNT and HNT
To examine the effects of night temperatures on apple 

fruit quality, ‘Hongro’ apple trees were grown in air-con-
ditioned rooms with controlled night temperatures for 2 
months from July to August. At the commercial maturity of 
the cultivar (138 DAFB), fruit diameter and length/diameter 
(L/D) ratio, and fruit quality characteristics such as firmness, 
soluble solids content, and titratable acidity were not affect-
ed by different night temperatures (data not shown). These 
observations indicated that the temperatures at night em-
ployed in this study did not affect fruit growth and maturity. 
The potential maximum size of apple fruit was determined 
by the temperature from full bloom to 50 DAFB (Stanley et 
al., 2000), but fruit weight and diameter were not significant-
ly affected by temperatures from 40 to 80 DAFB (Warrington 
et al., 1999). Therefore, temperatures from July to August are 
less important for apple fruit growth and maturity than those 
from May to June, similarly to the results of Bergh (1990).

At 124 DAFB, when apple fruit skin coloration was ini-
tiated in the control (Figure 1A), the fruit skins subjected 
to LNT had turned red (Figure 1B). However, the fruit skins 
subjected to HNT were still green (Figure 1C).

Changes in the chromatic characteristics of the fruit skins 
are shown in Figure 2. From 48 days after the temperature 
treatment (117 DAFB), the L*, b*, and h° values decreased 
(Figure 2A, C, and E) and the a* value increased with increas-
ing DAFB (Figure 2B). The C* values in the control fruits 
decreased at first and then increased after 131 DAFB (Fig-
ure 2D). The C* values increased 1 week earlier and later in 
LNT- and HNT-treated fruits, respectively, than in the control 
fruit. When the apple fruits start coloring in red, the a* val-
ue increases and the L* and h° values decrease (Lancaster 
et al., 1997; Liu et al., 2013). LNT promoted the increase in 
the a* value and the decreases of the L*, b*, and h° values, 
while HNT caused the opposite responses (Figure 2), show-
ing that LNT promoted red coloration of fruit skins, but 
HNT inhibited it. Similarly, ‘Red Chief’ apples grown at HNT 
(22°C) exhibited less red fruit skin color than those grown 
at LNT (11°C) (Blankenship, 1987). From 131 DAFB, when 
the temperature treatments were ended, all chromaticity 
values started to be recovered to the levels of the control and 
thus they were not statistically significantly different among 

the treatments at the commercial maturity of the cultivar 
(138 DAFB) (Figure 2).

Anthocyanins started to accumulate in the fruit skins 
from 124 DAFB with increasing DAFB (Figure 3). Changes 
of anthocyanins were similar to those of a* and h° values, 
like the results of Felicetti and Schrader (2008) and Liu et 
al. (2013). Anthocyanin accumulation promoted by LNT, but 
inhibited by HNT. Minimal amounts of anthocyanins accumu-
lated in the HNT-treated fruit skins until 131 DAFB, and this 
content remained low below the level of the control at com-
mercial maturity (138 DAFB).

Red coloration in apple fruit skins is mainly due to an-
thocyanins composed of mostly cyanidin 3-galactoside (Liu 
et al., 2013). Anthocyanins accumulation in apple fruit skins 
is regulated by temperature. Relatively low temperatures 
promote anthocyanin biosynthesis in fruit skins, but high 
temperatures inhibit it, and this response is more sensitive 
when treated in the presence of light (Marais et al., 2001). 
However, the effect of night temperatures on anthocyanin 
accumulation has not been reported. Based on the results of 
the present study (Figure 3), HNT inhibited anthocyanin ac-
cumulation in apple fruit skins, and LNT promoted it in the 
absence of light. At 138 DAFB, anthocyanin accumulation in 
HNT-treated fruits was lower than that of the control (Fig-
ure 3), but the a* values of apple fruit skins under HNT were 
recovered to the level of the control at the same time (Fig-
ure 2B). Since anthocyanin contents can change more sensi-
tively than chromatic characteristics in some apple cultivars 
(Liu et al., 2013), anthocyanins are not the only factor deter-
mining apple fruit skin coloration.

Expressions of anthocyanin biosynthetic genes under 
LNT and HNT

We examined qRT-PCR data to confirm whether night 
temperatures regulate anthocyanin biosynthetic genes ex-
pressions in apple fruit skins. HNT down-regulated MdCHS, 
MdF3H, MdDFR, MdANS, and MdUFGT expressions in fruit 
skins, but LNT up-regulated their expressions (Figure 4). 
Under HNT, the expressions of these five genes were lower 
than those of the control after 117 DAFB, and remained until 
131 DAFB (Figure 4). When the temperature treatment end-
ed, the expressions of MdCHS, MdF3H, and MdANS started to 
be recovered to the levels of the control (Figure 4A, B, and 
D), but the expressions of MdDFR and MdUFGT were lower 
than those of the control until 138 DAFB (Figure 4C and E). 
LNT increased the expressions of the anthocyanin biosyn-
thetic genes up to 3-fold relative to the control (Figure 4). 
The expression of MdCHS was most sensitive to LNT and 
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FIGURE 1.  Fruit skin coloration in ‘Hongro’ apples under various night temperatures. (A) Control. (B) Low night 
temperature-treated. (C) High night temperature-treated. Photographs were taken at 124 DAFB. 
 
 
  

Figure 1.  Fruit skin coloration in ‘Hongro’ apples under various night temperatures. (A) Control. (B) Low night temperature-
treated. (C) High night temperature-treated. Photographs were taken at 124 DAFB.
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started to be higher than that of the control from 124 DAFB 
(Figure 4A), followed by the expressions of MdF3H, MdDFR, 
and MdUFGT, which increased after 131 DAFB (Figure 4B, 
C, and E). By LNT, the expression of MdDFR increased most 
compared to the level of the control (Figure 4C), followed by 
that of MdUFGT (Figure 4E).

Therefore, temperatures at night could affect anthocyan-
in accumulation in apple fruit skins by regulating expressions 

of the five anthocyanin biosynthetic genes (Figures 3 and 4). 
For anthocyanin accumulation with concomitant expres-
sions of their biosynthetic genes, the presence of light as well 
as temperature are important (Ubi, 2004; Ubi et al., 2006). To 
date, most studies of anthocyanin biosynthesis in apple fruit 
skins subjected to temperature treatments have focused on 
the effects in the presence of light. Ubi et al. (2006) report-
ed that the expressions of anthocyanin biosynthetic genes 
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FIGURE 3.  Changes in anthocyanin content in ‘Hongro’ apple fruit skins under various night temperatures. Arrow 
indicates the end of the treatment. Vertical bars indicate standard errors of the means (n = 4) and different letters 
within DAFB represent significant differences using LSD test at P < 0.05. LNT, low night temperature; HNT, high 
night temperature. 
 
 
  

Figure 3.  Changes in anthocyanin content in ‘Hongro’ apple 
fruit skins under various night temperatures. Arrow indicates 
the end of the treatment. Vertical bars indicate standard 
errors of the means (n = 4) and different letters within DAFB 
represent significant differences using LSD test at P < 0.05. 
LNT, low night temperature; HNT, high night temperature.
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FIGURE 2.  Changes in L* (A), a* (B), b* (C), C* (D), and h° (E) values in ‘Hongro’ apple fruit skins under various night 
temperatures. Arrows indicate the start and end of the treatment. Vertical bars indicate standard errors of the 
means (n = 4) and different letters within DAFB represent significant differences using LSD test at P < 0.05. LNT, 
low night temperature; HNT, high night temperature. 
 
 
  

Figure 2.  Changes in L* (A), a* (B), b* (C), C* (D), and h° (E) values in ‘Hongro’ apple fruit skins under various night tempera-
tures. Arrows indicate the start and end of the treatment. Vertical bars indicate standard errors of the means (n = 4) and dif-
ferent letters within DAFB represent significant differences using LSD test at P < 0.05. LNT, low night temperature; HNT, high 
night temperature.



236 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

Suhyun Ryu et al.  |  Anthocyanin accumulation in apple under different night temperatures

in apple fruit skins were inhibited by high temperatures in 
combination with UV-B. Lin-Wang et al. (2011) also reported 
that the expressions of MdCHS and MdANS decreased by high 
temperatures during the fruit ripening period in ‘Royal Gala’ 
apple fruit skins. In the present study, however, we analyzed 
anthocyanin accumulation and expressions of anthocyanin 
biosynthetic genes in ‘Hongro’ apple fruit skins under dif-
ferent temperatures at night. Further studies are needed to 
clarify how HNT regulates anthocyanin biosynthetic genes 
expressions in apple fruit skins, and whether the transcrip-
tion factors (TFs) of anthocyanin biosynthesis are involved 
in inhibition of anthocyanin accumulation under HNT, since 
expressions of anthocyanin biosynthetic genes are known to 
be regulated by MYB TFs in higher plants (Petroni and Tonel-
li, 2011; Li, 2014) including apple (Takos et al., 2006; Ban et 
al., 2007; Espley et al., 2007; Lin-Wang et al., 2010).
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