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Original article

Red color development due to anthocyanin accumulation 
in apples is dependent on light, and it is necessary to clarify 
which wavelengths of light have the most significant effect 
on this process (Lancaster, 1992). The UV spectrum increas-
es anthocyanin accumulation and improves apple coloration 
(Arakawa et al., 1985). UV-B is more effective at stimulat-
ing anthocyanin synthesis compared with blue or red light 
alone, and acts synergistically with red light. Moreover, UV-B 
+ white light has a stronger effect on coloration than white 
light alone in all cultivars tested, suggesting the importance 
of the wavelength of light on good fruit coloration (Arakawa, 
1988). These results are consistent, irrespective of the fruit’s 
ripening status.

The response to light quantities of different wavelengths 
varies among apple cultivars. While dark red-colored culti-
vars such as ‘Jonathan’ and ‘Starking Delicious’ develop a red 
color, due to the high production of anthocyanin, under vis-
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 Summary
New apple (Malus domestica Borkh.) cultivars 

that can accumulate anthocyanin under nondirective 
visible light (without UV) and high temperatures will 
produce apples of good color under global warming 
conditions. However, how cultivars respond to visible 
light in terms of anthocyanin production and the 
role visible light plays in red color development have 
yet to be thoroughly studied. Accordingly, this study 
determined the effect of blue light on anthocyanin 
accumulation in two apple cultivars, ‘Jonathan’ and 
‘Fuji’, under different temperatures. The results show 
that blue light of around 450 nm was most effective on 
anthocyanin accumulation in ‘Jonathan’ apples. This 
cultivar produced high amounts of anthocyanin and 
developed a dark red color under light-emitting diode 
(LED) blue light at 450 nm at temperatures between 
15°–25°C. Even under temperatures as high as 30°C, 
blue light stimulated anthocyanin production, while 
its amount was low. These results suggest that this 
cultivar’s trait of responding to blue light at 450 nm 
could play a regulatory role in developing red color 
under nondirective visible light conditions, leading 
to the hypothesis that it may be possible to select 
new cultivars that easily develop red color under 
conditions of global warming.
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Significance of this study
What is already known on this subject?
• The effective visible light region on color development 

in apple fruit had been studied, suggesting that blue 
light in the region of 450–480 nm and red light at 
the wavelength of 650 nm produced red color in 
apples. However, the most effective wavelength in the 
visible light region had not been shown, and the role 
of visible region on red color development remains 
unclear.

What are the new findings?
• The action spectrum showed that the region around 

450 nm was most effective for anthocyanin production 
in fruit of cv. ‘Jonathan’. Under 450 nm this cultivar 
produced high amounts of anthocyanin and developed 
a dark red color at temperatures between 15°–25°C. 
In ‘Fuji’ fruit, the effect of blue light on anthocyanin 
accumulation and red color development was very less 
promotive. Results suggest that blue light (450 nm) 
induces to good apple coloration.

What is the expected impact on horticulture?
• From the present results we propose that response 

to blue light at 450 nm contributes to good coloration 
under conditions of global warming. Our results can 
help breeders and growers select cultivars that easily 
develop a red color under such conditions. The blue 
light identified in this study may be useful for testing 
cultivar traits for fruit color development.

Introduction
Producing apples with good color is crucial for the apple 

industry. Climate change, including rising temperatures, 
will impact many crops (Schultz, 2000). As production 
of the red pigment, anthocyanin is highly sensitive to 
temperature, and modern apple varieties such as ‘Fuji’ have 
an optimal temperature range between 10°C and 20°C, there 
is widespread concern that global warming will impact 
the production of apples with good color (Faragher, 1983; 
Arakawa, 1991; Sugiura and Yokozawa, 2004). The effect of 
temperature on anthocyanin synthesis in apple fruit skin has 
been shown to depend on many factors, including the cultivar, 
fruit ripening and light conditions (Faragher, 1983; Arakawa, 
1991; Ubi et al., 2006). Understanding the mechanism of 
anthocyanin synthesis and developing new cultivars that 
continue to produce anthocyanin under moderate to high 
temperatures are important considerations for the apple 
industry.
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ible wavelength (white light), ‘Fuji’ does not produce much 
anthocyanin under visible light, as, instead, occur under 
UV-B (Arakawa, 1988). The intensity of the UV-B region is 
low and variable, and influenced by factors such as cloud and 
fog absorbance, leaves and the canopy (Richard, 1997). To 
produce good-colored ‘Fuji’ fruit, costly and labor-intensive 
management techniques are often required, such as remov-
ing leaves that cover the fruit and placing reflective mulch 
around the tree. In general, anthocyanin accumulation and 
the development of red color vary under different light con-
ditions for different apple varieties.

The effect of the visible light region on color development 
has been well studied in apples. First, the influence of light 
in the 300 to 450 nm region on ‘McIntosh’ apple color was 
demonstrated using cut-off filters with sun light (Pearce and 
Streeter, 1931). Wavelength dependence curves for anthocy-
anin synthesis were determined in ‘Arkansas’ and ‘Jonathan’ 
apple skin disks, showing that the most effective wavelength 
was approximately 650 nm, with subsidiary maxima be-
tween 430 and 480 nm (Siegelman and Hendricks, 1958). 
In ‘McIntosh’ apples tested under fluorescent light, 440 nm 
was the optimal wavelength for anthocyanin synthesis, and 
the effect of red light was additive (Bishop and Klein, 1975). 
Recently, the blue light photoreceptor cryptochrome was 
identified, demonstrating a role in apple anthocyanin pro-
duction (Li et al., 2013). Experimental conditions, light, and 
apple cultivars vary among these reports, so it is not clear 
exactly which wavelength of blue light is most effective for 
color development and anthocyanin accumulation in apples. 
Moreover, anthocyanin accumulation has not been compared 
under UV-B and blue light conditions, and the effect of tem-
perature and fruit ripening on anthocyanin accumulation un-
der blue light has not been examined. The role of blue light 
in the visible region on color development and anthocyanin 
production in apples has not been fully described.

This study used light-emitting diode (LED) for light 
sources to investigate three major objectives: 1) determine 
the effective blue light wavelength on anthocyanin accumu-
lation in apple fruit; 2) examine the effect of co-irradiation 
of blue and red light to estimate the photoreceptor involved 
in the effect of blue light; and 3) examine the effect of tem-
perature on anthocyanin accumulation under blue light with 

different apple cultivars so that results can apply under field 
conditions.

We report that ‘Jonathan’ apples produced high amounts 
of anthocyanin and developed a dark red color under LED 
blue light (450 nm) at temperatures between 15°–25°C. The 
effect of blue light at the wavelength of 450 nm on apple an-
thocyanin accumulation was higher than other wavelengths 
of blue light. This effect was much higher than red light. 
These results suggest that response to blue light at 450 nm 
induces good apple coloration under moderate to high tem-
peratures like global warming conditions.

Materials and methods

Fruit
‘Mishima Fuji’ (Malus domestica Borkh.) fruit was har-

vested as bud sports with good coloration from a tree ap-
proximately 15-year old that had been grafted on ‘Maru-
bakaido’ (Malus prunifolia Borkh.) rootstock grown in the 
experimental orchard [145 days after full blossom (DAFB); 
mature green stage; one month prior to harvest] of Hiro-
saki University, Japan. ‘Jonathan’ fruit was harvested from 
20-year-old trees grafted on fully mature ‘Marubakaido’ (M. 
prunifolia Borkh.) rootstock grown in the Hirosaki Universi-
ty’s experimental orchard (130 DAFB; mature green stage; 
one month prior to harvest). This particular ‘Jonathan’ clone 
has been popular in the area for many years. Because ‘Jona-
than’ is a very old cultivar originating from the USA, it is im-
possible to confirm the name of the clone (It is not Bacteria). 
Fruits with no red coloration were harvested randomly from 
under the tree canopy and kept at room temperature and hu-
midity without artificial control for 24 h before irradiation. 
Fruits used for the experiment determining most effective 
wavelength of blue light were stored at 0°C for 1.5 months 
before the experiment.

Irradiation
Light irradiation for LEDs with peaks at 430, 450, 470, 

490 and 660 nm (99430, 99470, 99490, 99660, REVOX Inc. 
Kanagawa, Japan), and 450 nm (SX834BL-450, USHIO OPTO 
Semiconductors, Inc., Tokyo, Japan) were used to provide 
blue and red light irradiation (Figure 1). For co-irradiation 

Figure 1. Emission spectra of blue and red light-emitting diode lamps used to investigate anthocyanin accumulation in apples.
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FIGURE 1. Emission spectra of blue and red light-emitting diode lamps used to investigate anthocyanin 
accumulation in apples. 
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of blue and red light, LED 450 nm 8.0 W m-2 and red fluo-
rescent light (FL20S.R.F., Panasonic Corporation, Osaka, 
Japan) (high: 3.8 W m-2, low: 1.2 W m-2, respectively) were 
combined. To decrease the intensity of fluorescent red light, 
neutral density film was attached to the lamp. Ultraviolet re-
moving film (HWN, Mitsubishi Plastics Agri Dream Co., Ltd, 
Tokyo, Japan) was used to remove the UV region of fluores-
cent lamps. The spectral distribution was measured by a CCD 
sensor (BLACK-Comet, StellarNet Inc., Florida, USA) con-
nected to a computer. For irradiation of different light inten-
sities of LED light, one and two layers of neutral density film 
(Special product from Mitsubishi Plastics Agri Dream Co., 
Ltd, Tokyo, Japan) was attached to each fruit of equatorial 
area; one and two layers film reduce the light intensity to 40 
and 27% respectively. Black film was used to provide a dark 
control treatment (without light). Anthocyanin accumulation 
was calculated by subtracting the amount of anthocyanin of 
the dark area from the amount of anthocyanin under light. 
Irradiation was carried out in an incubator of 20°C for the 
experiment determining the effective wavelength and co-ir-
radiation of red and blue light, and 15, 20, 25, 30°C for the 
experiment of the effect of temperature. Humidity was not 
controlled.

Anthocyanin measurement
After irradiation for 96 h, a skin disk (15 mm in diame-

ter and 1 mm in thickness) was prepared from the irradiated 
equatorial area of each fruit, and anthocyanin was extract-
ed with 10 ml of 0.1% HCl in methanol for 12 h at 2°C. The 
concentration of anthocyanin was calculated by measure-

ment of absorbance at 530 nm, 620 nm, and 650 nm using 
a spectrophotometer (U-2000, Hitachi Ltd., Tokyo, Japan), as 
described previously (Arakawa, 1988).

For statistical analysis, data were subjected to Analysis of 
Variance (ANOVA) using the Excel Statics (Social Survey Re-
search Information Co., Ltd, Tokyo, Japan ) software package. 
When F values were significant (5% level), treatment means 
were separated using Tukey’s test.

Results

Effect of blue light wavelengths on anthocyanin 
accumulation in apples

The amount of anthocyanin increased with increasing 
light intensity at every blue and red light wavelength LED 
(Figure 2). Blue light of 450 nm LED was most effective for an-
thocyanin accumulation. The action spectrum was measured 
by determining the effectiveness of various wavelengths of 
LED light in promoting anthocyanin accumulation. The most 
effective wavelengths for blue light to promote anthocyanin 
accumulation were about 450 nm, while other wavelengths 
were also effective (Figure 3).

Effect of co-irradiation of red light with 450 nm blue 
light

The effect of co-irradiation of red light with 450 nm blue 
light is shown in Figure 4. Under blue light + red light, antho-
cyanin accumulation was higher than under blue light alone, 
but the difference was small when compared with antho- 
cyanin accumulation under blue light alone.

Figure 2. Light intensity-response curves for anthocyanin accumulation in ‘Jonathan’ apples (mean ± SE, n = 4).   
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FIGURE 3. Action spectrum for anthocyanin accumulation in ‘Jonathan’ apples. The action spectrum was 
constructed from the light intensity-response curves of which are shown in Figure 2. Action is expressed by 
reciprocals of light intensity required for one μg cm-2 anthocyanin formation were plotted against wavelength. 
 
  

Figure 3. Action spectrum for anthocyanin ac-
cumulation in ‘Jonathan’ apples. The action 
spectrum was constructed from the light inten-
sity-response curves of which are shown in 
Figure 2. Action is expressed by reciprocals of 
light intensity required for one μg cm-2 antho-
cyanin formation were plotted against wave-
length.
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FIGURE 4. Effect of co-irradiation of blue light and red light on anthocyanin accumulation in ‘Jonathan’ apples.  Blue 
light: 450 nm LED (8.0 W m-2). Red light: Red fluorescent light (high: 3.8 W m-2, low: 1.2 W m-2). Bars correspond 
to standard errors and means with the same letter are not significantly different at p <0.05 in Tukey’s test (n=4). 
 
  

Figure 4. Effect of co-irradiation of blue light 
and red light on anthocyanin accumulation in 
‘Jonathan’ apples. Blue light: 450 nm LED (8.0 
W m-2); Red light: Red fluorescent light (high: 
3.8 W m-2, low: 1.2 W m-2). Bars correspond to 
standard errors and means with the same let-
ter are not significantly different at p < 0.05 in 
Tukey’s test (n = 4).
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FIGURE 5. Effect of blue light (450 nm LED, 8.0 W m-2) on anthocyanin accumulation in ‘Jonathan’ and ‘Fuji’ apples 
under different temperatures. Bars correspond to standard errors and means with the same letter are not 
significantly different within cultivar at p <0.05 in Tukey’s test (n=4 for ‘Jonathan’ and n= 3 for ‘Fuji’). 
 
  

Figure 5. Effect of blue light (450 nm LED, 8.0 
W m-2) on anthocyanin accumulation in ‘Jona-
than’ and ‘Fuji’ apples under different tempera-
tures. Bars correspond to standard errors and 
means with the same letter are not significant-
ly different within cultivar at p < 0.05 in Tukey’s 
test (n = 4 for ‘Jonathan’ and n = 3 for ‘Fuji’).
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Effect of temperature on anthocyanin accumulation 
under 450 nm blue light

Under 450 nm blue light, the ‘Jonathan’ fruit developed a 
dark red color and accumulated a large amount of anthocy-
anin at 15°–25°C (Figures 5 and 6). The highest levels were 
produced at 20°C, and then decreased as temperature in-
creased and decreased. At 30°C, blue light was still effective 
on red color development and anthocyanin accumulation, 
while the effect was low.

In ‘Fuji’ fruit, the effect of blue light on anthocyanin ac-
cumulation and red color development was very low. The 
highest anthocyanin accumulation occurred at 15°C, there-
after decreasing as temperature increased. Overall, color 
development was reduced in the ‘Fuji’ fruit compared with 
‘Jonathan’ fruit after irradiation, resulting in a very pale red 
color, particularly in the fruit irradiated under higher tem-
peratures (25°C above).

Discussion

Effect of blue light on color development
The results show that blue LED light of 450 nm stimu-

lated anthocyanin accumulation and red color development 
in apples. The effective visible light region on color develop-
ment in apple fruit had been studied previously, suggesting 
that blue light in the region of 450–480 nm and red light in 
the region of 650 nm produced red color in apples. However, 
the most effective wavelength in the visible light region had 
not been identified, and the role of visible region on red col-
or development remains unclear. The action spectrum mea-
sured by the comparison of blue light region from 430 nm 
to 490 nm showed that the region around 450 nm was most 
effective for anthocyanin production. The effect under blue 
light was found to be greater than under red light.

The results differed among cultivars, with ‘Fuji’ produc-
ing less anthocyanin than ‘Jonathan’ under blue light. Previ-
ous work has showed that ‘Jonathan’ produced high amounts 
of anthocyanin under visible light (white light), especially at 
ripe stages, comparable to UV-B + white light, and ‘Fuji’ pro-

duced only a small amount of anthocyanin under white light 
alone (Arakawa, 1988). The difference in blue light response 
between ‘Jonathan’ and ‘Fuji’ cultivars is consistent with 
their responses under white light, suggesting that blue light 
around 450 nm has the greatest effect on anthocyanin when 
cultivars irradiated with white fluorescent light.

While ‘Jonathan’ is recognized as easily producing good 
colored fruit, achieving results similar to the ‘Fuji’ cultivar re-
quires careful management in order to improve the light con-
ditions, such as removing leaves and using reflective mulch. 
Color development in ‘Fuji’ depends on levels of UV-B that 
are, in turn, influenced by leaf cover and cloud conditions. 
Given that blue light intensity is relatively high even under 
leaves and tree canopy, the ability for a cultivar to produce 
anthocyanin under blue light offers strong potential to pro-
duce good quality fruit coloration.

Co-irradiation of red plus UV-B light was reported to 
stimulate anthocyanin production in apple fruit synergisti-
cally (Arakawa et al., 1985). In contrast, the effect of co-ir-
radiation of red light with 450 nm blue light was additive. 
These results suggest that specific blue light receptors are 
involved in anthocyanin synthesis in apples. Cryptochrome 
has been identified as a blue light photoreceptor that plays 
a role in anthocyanin production in apples, although the role 
of blue light in color development and anthocyanin accumu-
lation has not been investigated (Li et al., 2013). Phototro-
pin receptors may also be involved in blue light response at 
450 nm. A recent study reports that phototropin 2 is involved 
in blue light-induced anthocyanin accumulation in Fragaria 
× ananassa fruit (Kadomura-Ishikawa et al., 2013). Gene 
expression analysis is needed to investigate the role of pho-
totropin receptors in anthocyanin synthesis in apples.

Effect of temperature on color development under blue 
light conditions

The results show that, under blue light, ‘Jonathan’ apples 
accumulated the most anthocyanin at 20°C. However, even 
under temperatures as high as 30°C, blue light stimulated an-
thocyanin production, while its amount was low. In several 
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FIGURE 6. Effect of blue light (450 nm LED, 8.0 W m-2) on color development of ‘Jonathan’ and ‘Fuji’ apple fruits 
under different temperatures.  
 
 
 

Figure 6. Effect of blue light (450 nm LED, 8.0 W m-2) on color development of ‘Jonathan’ and ‘Fuji’ apple fruits under different 
temperatures. 
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apple cultivars, anthocyanin accumulation is optimal at low 
temperature (15–20°C), while higher temperatures inhibit 
anthocyanin synthesis and red color development. The op-
timal temperature for anthocyanin synthesis was influenced 
by fruit ripening and differed in different cultivars (Faragh-
er, 1983; Arakawa, 1991). ‘Jonathan’ was a typical cultivar 
demonstrating that anthocyanin increases as fruit ripens 
along with temperature increases (25°C and above). For 
these studies, UV-B + white light and white light or natural 
light conditions were used, and the effect of temperature on 
anthocyanin accumulation under specific wavelength of visi-
ble light region such as blue light has not been evaluated. Our 
results show that blue light only was effective in stimulating 
anthocyanin production under high temperature conditions 
(30°C) for the ‘Jonathan’ cultivar, while the effect was low.

Problems associated with high temperature include not 
only inhibition of color development, but also sunburn of 
the apple fruit while on the tree. High fruit surface tempera-
ture due to infrared radiation and UV-B exposure can cause 
sunburn necrosis and browning of the fruit (Felicetti et al., 
2008). While shading the fruit with leaves can help prevent 
sunburn, the leaves absorb UV-B and inhibit color develop-
ment in the fruit. As blue light intensity is relatively high 
under the leaves and tree canopy, cultivars that can produce 
anthocyanin under visible light, particularly blue light, and 
maintain production under high temperatures, are valu-
able producers of good color apples. These results can help 
breeders and growers select cultivars that easily develop a 
red color under global warming conditions. Additionally, the 
blue light identified in this study may be useful for testing 
cultivar traits for fruit color development.
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