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ABSTRACT 
 

To estimate the effects of high night temperature (HNT) on skin coloration of 

‘Hongro’ apple fruit and to clarify the cause of reduced anthocyanin accumulation 

in the fruit skins under HNT on the gene expression level, expression patterns of 

structural genes and transcription factors in anthocyanin biosynthesis were 

analyzed. The a* and h0 scales of fruit skins under HNT changed more slowly 

than those of control, indicating that HNT inhibited red coloration in the skins. 

Anthocyanin accumulation in fruit skins was reduced by HNT, and the reduced 
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accumulation was not recovered to the level of control at 2 weeks after the 

temperature treatment. Chlorophyll contents in fruit skins were not affected by 

different night temperatures. From quantitative real-time PCR analysis, all five 

structural genes, MdCHS, MdF3H, MdDFR, MdANS, and MdUFGT, were found 

to be up-regulated by low temperature and their expressions were correlated with 

anthocyanin accumulation in fruit skins. Transcription factors of anthocyanin 

biosynthesis, MdMYB1, MdMYBA, and MdbHLH3, were increased rapidly by low 

temperature. HNT decreased the expressions of these five structural genes and 

MdMYB1 and MdMYBA until 7 days after treatment. Among them, MdDFR and 

MdUFGT were significantly correlated with anthocyanin accumulation in fruit 

skins. In conclusion, anthocyanin biosynthesis in ‘Hongro’ apple fruit skins was 

inhibited by HNT, concomitantly with the reduced expressions of anthocyanin 

biosynthetic genes and transcription factors MdMYB1 and MdMYBA. These 

results imply that MdMYB1 and MdMYBA are promising candidate genes for 

enhancing red coloration in apple fruit skins even under elevated night 

temperature. 
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INTRODUCTION 
 

Skin color is an important factor determining market value of apple (Malus 

domestica Borkh.) fruit. Although the coloration of apple fruit skins is determined 

mainly by genetic factors, environmental factors including temperature are also 

indispensable (Saure, 1990; Ubi et al., 2004).  

Low temperature promoted anthocyanin accumulation in apple fruit skins, 

while high temperature produced the contrary results (Peng and Moriguchi, 2013). 

High temperature inhibited anthocyanin biosynthesis because of the shortage in 

cyanidin contents in apple fruit skins after harvest (Ban et al., 2009). Likewise, 

fruit skins of apple grown under high temperature during day and night 

accumulated less anthocyanin than those under normal temperature (Lin-Wang et 

al., 2011). These changes have been reported to be mainly due to the decreased 

expression of anthocyanin biosynthetic genes under high temperature in apple 

fruit skins. The anthocyanin biosynthetic genes, MdCHS, MdF3H, MdDFR, 

MdANS, and MdUFGT, were inhibited by high temperature under UV-B (Ubi et 

al., 2006). Furthermore, the transcription factors (TFs) of anthocyanin 

biosynthesis were affected by temperatures. Expressions of anthocyanin 

biosynthetic genes are regulated by MYB TFs and MYB-basic helix-loop-helix 

(bHLH3)-WD40 (MBW) complex in plants (Li, 2014; Petroni and Tonelli, 2011). 

To date, three MYB TFs responsible for red coloration in apple fruit skins have 

been discovered (Ban et al., 2007; Espley et al., 2007; Takos et al., 2006). Among 



2 

 

them, MdMYBA and MdMYB10 were down-regulated under high temperature in 

apple fruit skins (Bai et al., 2014; Lin-Wang et al., 2011). In MBW complex, 

bHLH3s and WD40 proteins were also reported to be associated with 

temperature-induced regulations in apple fruit skins under UV-B (An et al., 2012; 

Xie et al., 2012).  

Without light, night temperature also affected red coloration of apple fruit 

skins. Apples grown under warm temperature only at night had reduced 

anthocyanin accumulation (Tan, 1980). Similarly, anthocyanin accumulation was 

induced in the apples under low temperature in darkness followed by room 

temperature (Reay et al., 1999). Consequently, high night temperature (HNT) 

inhibited anthocyanin accumulation in apple fruit skins, but the precise 

mechanism remains unclear (Blankenship, 1987).  

This study was designed to clarify the cause of poor coloration of apple fruit 

skins under HNT on the gene expression levels. The expression patterns of 

structural genes and TFs consisting of MBW complex of anthocyanin biosynthesis 

were analyzed in apples grown under different night temperature conditions. 
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LITERATURE REVIEW 
 

Anthocyanin biosynthetic genes and TFs in apples 

The coloration of apple fruit skins is determined by anthocyanin contents 

(Jaakola, 2013). Anthocyanins are groups of flavonoid compounds from the 

phenylpropanoids pathways and major pigments in many fruit and flowers as well 

as apple (Hichri et al., 2011). One or more sugar moieties combine to 

anthocyanidins as uracil-diphosphate (UDP)-sugars and make anthocyanins 

having their own color with more stable chemical structures (He et al., 2010; 

Ovando et al., 2009). In apple, cyanidin 3-glycosides are the main form of 

anthocyanin. For anthocyanins in apple fruit skins, cyanidin 3-galatoside (cya 3-

gal) covers about 80% of the total, followed by cya 3-arabinose (cya 3-ara) and 

cya 3-glucose (cya 3-glu) (Peng and Moriguchi, 2013). 

Anthocyanin biosynthetic pathway in apple is well known, and the structural 

genes in the pathway have been characterized (Honda et al., 2002; Kim et al., 

2003; Fig. 1). The genes in this pathway are grouped into early-biosynthetic genes 

(EBGs) from chalcone synthase (CHS) to flavanone 3-hydroxylase (F3H) and 

late-biosynthetic genes (LBGs) from dihydroflavonol 4-reductase (DFR) to UDP 

glucose-flavonoid 3-O-glucosyltransferase (UFGT). The latter is more critical to 

anthocyanin accumulation in apple fruit skins (Honda et al., 2002; Jaakola, 2013). 

The structural genes in anthocyanin biosynthesis of apple are regulated by 

three types of TFs. To date, MYB, bHLH TFs, and WD40 proteins had been found 
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Fig. 1. Anthocyanin biosynthetic pathway in apple fruit skins. CHS, chalcone synthase; 

CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; FLS, flavonol synthase; 

DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP 

glucose-flavonoid 3-O-glucosyltransferase. 
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to be involved in regulation of anthocyanin biosynthesis by the regulatory 

complex MBW (Hichri et al., 2011; Petroni and Tonelli, 2011). 

Three MdMYB genes, MdMYB1, MdMYBA, and MdMYB10, responsible for 

the red coloration in apple have been discovered (Ban et al., 2007; Espley et al., 

2007; Takos et al., 2006). These three genes have been identified to belong to 

R2R3 MYBs. MdMYB1 is induced by light, and the over-expressed mutant of 

MdMYB1 showed anthocyanin accumulation in whole Arabidopsis seedlings 

(Takos et al., 2006). Dual luciferase assay showed that MdMYB1 protein 

physically interacted with the promoter regions of MdDFR and MdUFGT in grape 

cells (Takos et al., 2006). The second activator MYB of anthocyanin biosynthesis 

in apple is a tissue- and cultivar-specific gene, MdMYBA. This gene interacts with 

the promoter region of MdANS (Ban et al., 2007). The open reading frame of 

MdMYBA is identical to that of MdMYB1, and shares 98% homology with that of 

MdMYB10, which was isolated from red fleshed apple fruit. MdMYB10 regulates 

anthocyanin biosynthesis in fruit flesh and leaves of apple, and low temperature 

and light increased its expression rapidly (Espley et al., 2007). Through transient 

assay, this gene was found to up-regulate MdDFR in tobacco leaves (Espley et al., 

2007). 

In apples, MdbHLH TFs interact closely with MdMYBs in anthocyanin 

biosynthesis regulation (Allan et al., 2007). MdbHLH3 and MdbHLH33 proteins 

contribute anthocyanin accumulation in apple fruit skins, and they form a complex 

with MdMYB1 and MdMYB10 proteins, and with only MdMYB10 protein (Peng 
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and Moriguchi, 2013; Xie et al., 2012). Furthermore, MdbHLH3 protein 

physically interacts with the promoter regions of MdDFR and MdUFGT (Xie et 

al., 2012). 

MdTTG1, WD40 repeat protein and AtTTG1 homolog in apple, is also 

responsible for anthocyanin accumulation in apple fruit skins (Brueggemann et al., 

2010). The ectopic expression of MdTTG1 promoted anthocyanin accumulation in 

transgenic Arabidopsis, but no anthocyanin accumulation occurred without MYBs. 

Using yeast two hybrid assays, MdTTG1 was found to interact with MdbHLH3, 

but not with MdMYBs and any promoter regions of MdDFR and MdUFGT (An et 

al., 2012).  

 

Temperature effects on anthocyanin biosynthesis in apple fruit 

skins 

Several environmental factors as well as genetic factors are indispensable for 

the coloration of apple fruit skins. Temperature has a major effect on anthocyanin 

biosynthesis in apple fruit skins. Under high temperature (27oC), contents of cya 

3-gal, cyanidin, and UDP-sugars, which are the main substrates of UFGT enzyme, 

were reduced in ‘Tsugaru’ apple fruit skins when compared to those under low 

temperature (17oC) (Ban et al., 2009). However, the levels of UDP-sugars were 

not correlated with cya 3-gal accumulation regardless of cultivar (Ban et al., 2009). 

Generally, low temperature increases anthocyanin accumulation and the 

expressions of anthocyanin biosynthetic genes in many higher plants including 
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apple (Ubi et al., 2004). The Arabidopsis seedlings grown at 10oC under light 

condition accumulated significantly higher anthocyanins than those at 23oC 

(Zhang et al., 2011). Likewise, apples treated with 27oC under UV-B after harvest 

had reduced cyanidin and cya 3-gal contents than those with 17oC (Ban et al., 

2009). High temperature not only inhibits the biosynthesis, but also degrades 

existed anthocyanins in grape berries having anthocyanins as major pigments 

(Mori et al., 2007). All anthocyanin derivatives decreased considerably by high 

temperature with the exception of malvidins (Mori et al., 2007). These changes 

were due to the fact that all EBGs and LBGs were up-regulated by low 

temperature in apple fruit skins and the changes became greater in the presence of 

UV-B (Ubi et al., 2006). On the contrary, high temperature inhibited anthocyanin 

accumulation in apple fruit skins due to the down-regulation of anthocyanin 

biosynthetic genes (Lin-Wang et al., 2011).  

The expressions of TFs in anthocyanin biosynthesis are also changed under 

different temperature conditions. Heated air treatment decreased expressions of 

structural genes and MdMYB10, but the transcript levels were recovered after the 

exposure to low night temperature (LNT) (Lin-Wang et al., 2011). MdMYBA 

showed similar expression patterns, which are involved in both UV-B and low 

temperature-induced anthocyanin accumulation in apple fruit skins (Bai et al., 

2014). For this regulation, the upstream genes, MdHY5 and MdCOL11, were up-

regulated by low temperature first, and subsequently induced MdMYBA (Bai et al., 

2014; Catala et al., 2011). LONG HYPOCOTYL5 (HY5), one of the important TFs 
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in photomorphogenic regulation, controls anthocyanin biosynthetic genes through 

the light-induced anthocyanin biosynthetic pathway in Aradidopsis (Lee et al., 

2007). MdHY5 protein physically interacted with the promoter region of 

MdMYBA (Peng et al., 2013), showing the control of down-stream gene 

expressions both directly and indirectly.  

The bHLHs and WD40 proteins, MdbHLH3 and MdTTG1 as well as 

MdMYBs, in apple are also induced by low temperature. The low temperature-

induced MdbHLH3 could not accumulate anthocyanin when it was infiltrated to 

tobacco leaves without MdMYBs (Espley et al., 2007). MdTTG1 protein also 

controlled anthocyanin biosynthesis under low temperature (An et al., 2012). 

After debagging, transcript levels of MdTTG1 correlated with anthocyanin in 

apple fruit skins under low temperature (17oC) with UV-B (An et al., 2012). 

However, studies about anthocyanin biosynthesis in apple fruit skins under 

different temperature treatments have mainly been focused on the effects in 

accordance with the presence of light. 

 

Effects of HNT on fruit quality of apples 

Fruit diameter increase was more affected by night temperature than by day 

temperature (Fischer et al., 2007). Without photosynthesis, most plant organs only 

respire at night, therefore night temperature is important for efficiency of 

partitioning of photosynthates import into sink organs (Starck and Ciesla, 1989). 

Ethylene-forming enzyme activity in apple fruits was induced earlier at cool night 
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temperature (11oC) than at warm night temperature (22oC). However, ethylene 

production, firmness, and soluble solids contents of apple fruits were not affected 

by warm and cool night temperatures (Blankenship, 1987).  

Night temperature also controls coloration of fruit skins, and LNT promotes 

red coloration in apple fruit skins (Tan, 1980). The ‘Red Chief’ apples grown 

under cool night (11oC) turned red earlier and had more intense skin color than 

those under warm night (22oC) (Blankenship, 1987). With temperature treatment 

at 4oC in darkness followed by UV-B radiation at 20oC after harvest, the highest 

anthocyanins were accumulated in apple fruit skins (Reay et al., 1999).  

Relationship between HNT and anthocyanin accumulation have been studied 

in grape berry skins (Kliewer and Torres, 1972; Mory et al., 2005a, b). Berry skins 

of ‘Darkridge’ grape grown under high temperature (30oC) during day and night 

had less anthocyanin accumulation than those under high day temperature (30oC) 

followed by LNT (15oC), although flavonols in fruit skins and soluble solids in 

flesh were not different between the treatments (Mory et al., 2005a). Fruit skins 

under HNT exhibited reduced expressions of structural genes in anthocyanin 

biosynthesis and UFGT enzyme activity, suggesting that poor coloration under 

HNT is caused by decreased expressions of anthocyanin biosynthetic genes in 

apple fruit skins (Mory et al., 2005a). Gene expression analysis through 

quantitative real-time PCR (qRT-PCR) between the fruit skins grown under 

different night temperature conditions is needed to estimate the causes of 

inhibition of red coloration in apple fruit skins under HNT. 
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MATERIALS AND METHODS 
 
Plant materials and temperature treatments 

Three-year-old apple trees (Malus domestica Borkh. cv. Hongro) were used 

for this study. From July to August in 2015, the trees were treated with different 

night temperatures in air conditioned rooms of the National Institute of 

Horticultural and Herbal Science (Jeonju, Korea). The trees were grown under the 

30-year average temperature from 1985 in Jeonju and were regarded as controls. 

The trees were also grown under cool night condition (3oC lower than that of 

control) and warm night condition (3oC higher than that of control) at night (Fig. 

2). However, temperature during the day was maintained the same as in control. 

Night was defined by average time in the individual months in Jeonju, from 7 pm 

to 7 am in July and August. After the treatments, temperatures in all air 

conditioned rooms were the same as in the outdoor condition. The fruits were 

harvested at 68, 82, 103, 110, 117, 124, 131, 138, and 145 days after full bloom 

(DAFB) from each treatment. 

 

Fruit skin color determination 

Fruit skin color was measured using a colorimeter (CR-300, Minolta, Osaka, 

Japan). Fruit chromaticity was recorded using the Commission Internationale 

d’Eclairage (CIE) with parameters L*, a*, b*, C*, and h0 color space coordinates 

(McGuire, 1992). The L* scale corresponds to a dark-light value and represent 
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Fig. 2. Temperature changes in air conditioned rooms from 101 to 145 DAFB. LNT, low night temperature; HNT, high night temperature. 
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lightness of colors with a range from 0 to 100 (0, black; 100, white). The a* and 

b* scales ranged 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 (h0) 

represents hue of color using degree of arc tangent (b*/a*), starting at the positive 

a* axis and progressing in a counterclockwise direction. The h0 is expressed in 

degrees from 0 to 360 (0, red; 90, yellow; 180, green; 360, blue). For each apple 

fruit, parameters were measured at two different points of the fruit equator. 

 

Determination of anthocyanin and chlorophylls contents 

For anthocyanin extraction, five fruit skin disks (10 mm in diameter) were 

sampled from individual fruit. The disks were placed in 15 mL of 0.1 N 

HCl:methanol (15:85, v/v) at 4oC for at least 12 h. The absorbance of each extract 

was measured at 530 nm using a spectrophotometer (UV-2501PC, Shimadzu, 

Tokyo, Japan). Anthocyanin contents were expressed as mg·cm-2. 

For chlorophyll extraction, different sets of the disks were placed in 15 mL of 

100% methanol at 4oC for at least 12 h. The absorbances of each extract were 

measured at 664 and 651 nm using the spectrophotometer. The concentrations of 

total chlorophyll, and chlorophyll a and b were calculated according to the 

methods of Hipkins and Baker (1986). 
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RNA extraction and qRT-PCR expression analysis 

Total RNA was extracted from apple fruit skins according to the methods 

described by Jaakola et al. (2001) with some modifications. Apple tissues were 

grounded in liquid nitrogen with a precooled pestle and mortar. The ground 

tissues were suspended with cetyltrimethylammonium bromide buffer and then 

extracted twice with chloroform:isoamyl alcohol (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 100 ng of 

RNA. PCR was performed in a LightCycler® 480 Real-time PCR System (Roche 

Diagnostics, Mannheim, Germany). The reaction mixture was prepared using 

SYBR® Premix (Nippon Gene, Tokyo, Japan) in a final volume of 20 mL. 

Relative expressions were determined with normalization against the expression 

of apple Actin gene (accession number XM_008363623.1). The primers used for 

the qRT-PCR were listed in Table 1. 

 

Statistical analysis 

Statistical differences were analyzed by using the SigmaPlot 8.0 program 

(SPSS Science, Chicago, IL, USA) and SAS enterprise 4.3 program (SAS Co., 

Cary, NC, USA). 
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Table 1. Primers used for qRT-PCR. 

Gene Primer sequence 

MdMYB1 F: AGACCAATGTGATAAGACCTCAG 

R: AACCAAAAACTTGTGAAGAGTTC 

MdMYBA F: CCAATTCTAGACCATATTCAATCAGCAGA 

R: TCTCCCACCAATCATTTCCATTCTT 

MdMYB10 F: TCGCACGAGAGCAATCCCAT 

R: GTCGCCACACTTCCAGCCAG 

MdbHLH3 F: CTCATGCCGGTTGAAGGCAC 

R: CGCCCTCCTGAAATTTTGGC 

MdTTG1 F: CATCGACACCACCTGCACAATTTG 

R: CACTGGCATCGTCGGCGATCGG 

MdCHS F: AAGGAATGGGGACAGCCCAA 

R: ATCATGAGGCGCTTGACGGA 

MdF3H F: TGAGGGAGGGAGAGAAGCCG 

R: CCAGCTTTTTCAGCCTGGCA 

MdDFR F: CTTGTGATTGGGCCATTTCTCATG 

R: GATCGGCGAAAGTCCAGTGAT 

MdANS F: GCAACCAAGGTACTGAAAGTTCTGT 

R: GAGCTCTTCAAGTCCACCAACT 

MdUFGT F: GGAGCCTTCGTGTCGCATTG 

R: ATCCTCCACGGTTACCCCGA 

Actin F: GCCTCCAGAGTATATGCCAGAGAAT 

R: TCTGCTTTTGTTATATGTTGGTTTTGTGG 

F, forward; R, reverse. 
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RESULTS AND DISCUSSION 
 
Fruit skin coloration in response to HNT 

To determine the effects of HNT on coloration of apple fruit skins, ‘Hongro’ 

apple trees were grown in air-conditioned room with controlled night temperature 

for 2 months. During temperature treatments, HNT inhibited red coloration in 

apple fruit skins. At 124 DAFB, when the coloration of apple fruit skins in control 

was started, the fruit skins in HNT were still green (Fig. 3). At the same period of 

time, the fruit skins in LNT turned red obviously. 

The chromatic characteristics of the fruit skins were shown in Figs. 4 and 5, 

from 110 to 145 DAFB. The L*, b*, and h0 scales decreased and a* scale 

increased with increasing DAFB (Figs. 4, 5B). The C* scales decreased at first 

and then increased again after 131 DAFB (Fig. 5A). HNT inhibited an increase of 

a* scales and decreases of b*, C*, and h0 scales (Figs. 4B, C, 5B). At 110 DAFB, 

a* scales of all treatments were about -15, but those of control and HNT 

increased to 12.8 and -5.2 at 131 DAFB, respectively (Fig. 4B). Therefore, red 

coloration in ‘Hongro’ apple fruit skins was suppressed by HNT. This observation 

was similar to the results that ‘Red chief’ apples treated with warm night 

temperature (22oC) had less red fruit skin color than those with cool night (11oC) 

(Blankenship, 1987). 

The h0 values of all treatments were about 1100 at 110 DAFB, and h0 values 

of control and HNT decreased to 64.70 and 97.00, respectively, at 131 DAFB (Fig. 



16 

 

 

Fig. 3. Fruit skin coloration in ‘Hongro’ apples under different night temperatures. A, 

control; B, low night temperature-treated; C, high night temperature-treated. 

Photographs were taken at 124 DAFB. 
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Fig. 4. Changes of L* (A), a* (B), and b* (C) scales in ‘Hongro’ apple fruit skins. Vertical 

bars are the standard errors of the means. LNT, low night temperature; HNT, high 

night temperature. 
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Fig. 5. Changes of C* (A) and h0 (B) scales in ‘Hongro’ apple fruit skins. Vertical bars are 

the standard errors of the means. LNT, low night temperature; HNT, high night 

temperature. 
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5B). When the fruit skins of LNT and control turned red, those of HNT remained 

yellow. The L* scales in the fruit skins apples of HNT were not different from 

those of control (Fig. 4A). However, the a*, C*, and h0 scales were recovered to 

the levels of control within 2 weeks after the exposure to low outdoor temperature 

(Figs. 4B, 5). On the contrary, b* scale was not recovered even after 2 weeks (Fig. 

4C).  

HNT suppressed anthocyanin accumulation significantly in the fruit skins 

(Fig. 6). Little anthocyanin accumulated in the fruit skins of HNT during night 

temperature treatments, whereas higher anthocyanin contents were observed in the 

fruit skins of LNT than in those of control from 124 DAFB. Low temperature for 

2 weeks after night temperature treatments promoted anthocyanin accumulation 

rapidly in the fruit skins of all treatments. However, anthocyanin contents in the 

fruit skins of HNT were not recovered to the levels of control at 2 weeks after the 

exposure to low temperature.  

Chlorophyll contents of each treatment were not affected by different night 

temperatures (Fig. 7). Total chlorophyll contents of HNT were slightly higher than 

those of control at 117 DAFB, but reduced by the levels of control until 131 

DAFB (Fig. 7A). Chlorophyll a and b contents also showed similar decrease 

patterns between the treatments (Figs. 7B, C). 

Anthocyanin accumulation in apple fruit skins is regulated by temperature. 

Relatively low temperature promoted anthocyanin biosynthesis, but high 

temperature inhibited in fruit skins after harvest, and this response was more 
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Fig. 6. Changes of anthocyanin contents in ‘Hongro’ apple fruit skins under different 

night temperatures. Vertical bars are the standard errors of the means. LNT, low night 

temperature; HNT, high night temperature. 
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Fig. 7. Changes of chlorophyll (Chl) contents in ‘Hongro’ apple fruit skins under different 

night temperatures. A, total Chl; B, Chl a; C, Chl b. Vertical bars are the standard errors 

of the means. LNT, low night temperature; HNT, high night temperature. 
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sensitive when treated with light (Marais et al., 2001). However, anthocyanin 

accumulation according to different night temperatures has not been reported yet. 

High temperature reduced anthocyanin contents in apple fruit skins regardless of 

day and night (Saure, 1990). Based on the results of the present study (Fig. 6), 

HNT inhibited anthocyanin accumulation in apple fruit skins regardless of the 

presence of light. 

 

Induction of structural genes and TFs in anthocyanin biosynthesis 

by low temperature 

qRT-PCR was performed to analyze the expression patterns of anthocyanin 

biosynthetic genes in apple fruit skins. During night temperature treatments, the 

expressions of anthocyanin biosynthetic genes were positively correlated with 

anthocyanin accumulation in fruit skins (Figs. 8, 9). Similarly to other red apple 

cultivars, ‘Fuji’ and ‘Jonathan’, the expression of anthocyanin biosynthetic genes 

in ‘Hongro’ apple fruit skins corresponded with their anthocyanin contents 

(Honda et al., 2002; Kim et al., 2003). 

Relative expressions of five structural genes in anthocyanin biosynthesis 

increased with increasing DAFB (Figs. 8, 9). The expression levels of these genes 

increased rapidly after night temperature treatments with exposure to low outdoor 

temperature, although the expressions increased slowly until 131 DAFB when the 

temperature was controlled accurately to simulate LNT and HNT conditions (Figs. 

8, 9). These five structural genes in anthocyanin biosynthesis were induced by the 
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Fig. 8. Expressions of anthocyanin biosynthetic genes, MdCHS (A) and MdF3H (B), in 

fruit skins of low temperature-treated ‘Hongro’ apple. The expressions were 

normalized against the expression of the apple Actin gene. Vertical bars are the 

standard errors of the means. 
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Fig. 9. Expressions of anthocyanin biosynthetic genes, MdDFR (A), MdANS (B), and 

MdUFGT (C), in fruit skins of low temperature-treated ‘Hongro’ apple. The 

expressions were normalized against the expression of the apple Actin gene. Vertical 

bars are the standard errors of the means. 
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exposure to low temperature in the apple fruit skins, confirming the results of Ubi 

et al. (2006). Among them, MdCHS, MdF3H, MdDFR, and MdUFGT were 

noticeably up-regulated by the exposure to low temperature lasted for 2 weeks 

(Figs. 8, 9A, C), followed by MdANS, which increased to about 2 folds than those 

at 131 DAFB (Fig. 9B). The other four genes might be more sensitive to 

temperature than MdANS, similarly to the results of Lin-Wang et al. (2011).  

In Arabidopsis, CHS, F3H, and DFR were up-regulated by HY5, which are 

induced by light and low temperature (Catala et al., 2011; Lee et al., 2007; Zhang 

et al., 2011). Since the expressions of MdCHS, MdF3H, and MdDFR were 

enhanced by the exposure to low temperature, there might be a regulation 

controlled by MdHY5 (Figs. 8, 9A). Further studies are needed to clarify the 

precise interactions among these genes.  

To clarify the causes of inhibition of anthocyanin accumulation under HNT, 

transcript levels of TFs in anthocyanin biosynthesis were monitored (Figs. 10, 11). 

Among them, MdMYBA, MdMYB1, and MdbHLH3 were up-regulated by the 

exposure to low temperature after the treatments, concomitantly with increased 

expressions of anthocyanin biosynthetic genes (Figs. 10A, C, 11A). The 

expressions of these three genes increased within 1 week, and then decreased 

rapidly. MdMYB1 and MdMYBA expressions were sensitive to the exposure to low 

temperature and increased by about 10 folds of those at 131 DAFB, followed by 

MdbHLH3. 

MdMYBA was detected in several red skinned apple cultivars (Ban et al., 
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Fig. 10. Expressions of transcription factors of anthocyanin biosynthesis, MdMYB1 (A), 

MdMYB10 (B), and MdMYBA (C), in fruit skins of low temperature-treated ‘Hongro’ 

apple. The expressions were normalized against the expression of the apple Actin gene. 

Vertical bars are the standard errors of the means. 

X Data

68 82 117 124 131 138 145

0

5

10

15

20

25

30

68 82 117 124 131 138 145

R
el

at
iv

e 
ex

pr
es

si
on

0

1

2

3

4

5

DAFB

68 82 117 124 131 138 145

0

2

4

6

8

A

B

C



27 

 

 

Fig. 11. Expressions of transcription factors of anthocyanin biosynthesis, MdbHLH3 (A) 

and MdTTG1 (B), in fruit skins of low temperature-treated ‘Hongro’ apple. The 

expressions were normalized against the expression of the apple Actin gene. Vertical 

bars are the standard errors of the means.  
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2007), and the coloration of ‘Hongro’ apple fruit skins was also regulated by this 

gene (Fig. 10C). Low temperature induced MdMYBA expression in ‘Hongro’ 

apple fruit skins, similarly to the results in ‘Fuji’ apples (Bai et al., 2014).  

Another TF, MdMYB1, is one of the most important factors in anthocyanin 

biosynthesis, and is regulated by light (Meng et al., 2015; Takos et al., 2006). Its 

expression also correlated with anthocyanin accumulation in apple fruit skins and 

more abundant in red skinned apple cultivars. No results have been reported about 

temperature-induced regulation of MdMYB1, but the MdMYB1 was up-regulated 

by the exposure to low temperature (Fig. 10A). This result indicated that 

MdMYB1 is also involved in a temperature-induced anthocyanin biosynthetic 

pathway.  

MdbHLH3, interacting with MdMYB1 and MdMYB10, is also a positive 

regulator of coloration induced by low temperature in apple fruit skins (Xie et al., 

2012). MdbHLH3 expression remained at control level during night temperature 

treatment, but it increased by about 3 folds after the treatments (Fig. 11A).  

However, MdMYB10 and MdTTG1 were not induced by low temperature 

(Figs. 10B, 11B). The expressions of these genes increased with increasing DAFB, 

without apparent tendency. These two genes might not be involved in the 

anthocyanin accumulation of ‘Hongro’ apple fruit skins, although they were 

reported as positive regulators in temperature-induced anthocyanin biosynthesis in 

fruit skins of other apple cultivars (An et al., 2012; Lin-Wang et al., 2010). 
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Anthocyanin biosynthetic gene expressions under HNT 

qRT-PCR data were presented as fold changes between treatments against the 

control values to confirm whether HNT inhibit anthocyanin biosynthetic gene 

expressions in apple fruit skins. During night temperature treatments, structural 

gene expressions in anthocyanin biosynthesis were inhibited by HNT (Figs. 12, 

13). HNT down-regulated the expressions of MdCHS, MdF3H, MdDFR, MdANS, 

and MdUFGT in fruit skins, but LNT up-regulated. In HNT, MdCHS expression 

decreased from 82 DAFB, and remained about 10% of that of control until 131 

DAFB (Fig. 12A). MdF3H, MdDFR, MdANS, and MdUFGT also decreased from 

117 DAFB, and remained about 1 to 20% of that of control until 131 DAFB (Figs. 

12B, 13). Among them, MdANS expression was the most greatly inhibited by 

HNT by under 10% of that in control (Fig. 13B). The transcript levels of these 

genes increased by the level of control at 2 weeks after the end of the temperature 

treatments, although they were not fully recovered until 1 week after the 

treatments.  

LNT induced the anthocyanin biosynthetic genes increased by 1.5 to 3 folds 

of those in control (Figs. 12, 13). In LNT, MdCHS expression was the most 

sensitive to low temperature and increased from 82 DAFB, followed by MdDFR 

and MdANS increased from 117 DAFB (Figs. 12A, 13A, B). MdF3H showed the 

slowest change induced from 124 DAFB, and lasted until 131 DAFB (Fig. 12B). 

MdDFR increased at most by 3 folds than that of control under LNT, but 

MdUFGT had a slight increase in LNT by about 1.5 folds of that in control (Figs. 
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Fig. 12. Fold changes in the expressions of anthocyanin biosynthetic genes, MdCHS (A) 

and MdF3H (B), in fruit skins of temperature-treated ‘Hongro’ apple. The expressions 

were normalized against the expression of the apple Actin gene. Vertical bars are the 

standard errors of the means. LNT, low night temperature; HNT, high night 

temperature. 
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Fig. 13. Fold changes in the expressions of anthocyanin biosynthetic genes, MdDFR (A), 

MdANS (B), and MdUFGT (C), in fruit skins of temperature-treated ‘Hongro’ apple. 

The expressions were normalized against the expression of the apple Actin gene. 

Vertical bars are the standard errors of the means. LNT, low night temperature; HNT, 

high night temperature. 
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13A, C). All expressions of the five genes were reduced by the levels of control 

after the night temperature treatments.  

HNT inhibited the gene expressions in anthocyanin biosynthesis in apple fruit 

skins. To synthesize anthocyanins by concomitant gene expressions, both light 

and low temperature conditions are important. Based on these results, sufficient 

low temperature at night affected expressions of anthocyanin biosynthetic genes. 

Until now, most studies about anthocyanin biosynthesis in apple fruit skins 

under temperature treatments have been focused on the effects under light 

condition or in accordance with presence of UV-B. Ubi et al. (2006) mentioned 

that all structural gene expressions of anthocyanin biosynthesis in apple fruit skins 

were inhibited by high temperature with UV-B regardless of cultivars. Lin-Wang 

et al. (2011) also reported that MdCHS and MdANS were decreased by high 

temperature through day and night in ‘Royal Gala’ apple fruit skins. However, the 

results in this study showed that only high temperature without light or UV-B 

inhibited expressions of all EBGs and LBGs in the fruit skins of ‘Hongro’ apple 

fruit skins (Figs. 12, 13). 

 

MdMYB1 and MdMYBA expressions under HNT 

The expressions of five TF genes were analyzed as fold changes between 

treatments to estimate the HNT effect on transcriptional regulations of 

anthocyanin biosynthesis. Night temperature treatments regulated expressions of 

the two MYB genes. The expressions of MdMYBA and MdMYB1 were inhibited by 
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HNT, but promoted by LNT (Figs. 14A, C). The expressions of the two genes 

were down-regulated by HNT by about 10% of those in control level from 117 

DAFB. However, the transcript levels of the two genes increased to about 80% of 

control levels until 124 DAFB. The expressions of MdMYB1 and MdMYBA were 

reduced to 20 and 25% of the control levels at 131 DAFB, respectively. Those 

were recovered by the level of control at 2 weeks after treatments with the 

exposure to low temperature (Figs. 14A, C). In LNT, MdMYB1 and MdMYBA 

expressions increased from 124 DAFB by 2 to 3 folds of control levels, and 

dropped again within 1 week from the end of the treatments. The expressions of 

MdMYB10, MdbHLH3, and MdTTG1 were not affected by HNT (Figs. 14B, 15). 

The MdMYB10 expression was enhanced by LNT at 117 DAFB, and then reduced 

to the level of control within 1 week (Fig. 14B). The MdbHLH3 and MdTTG1 

expressions were not affected by LNT neither (Fig. 15). 

MdMYBA was reported to be up-regulated by low temperature in the fruit 

skins of ‘Tsugaru’ apple only in the presence of UV-B (Ban et al., 2007). However, 

the expression of MdMYBA decreased in the fruit skins of ‘Hongro’ apple under 

HNT (Fig. 14C), suggesting that there is temperature-induced anthocyanin 

biosynthetic regulation independently from light-induced regulation. 

For temperature-induced regulation in anthocyanin accumulation in apple 

fruit skins, one of the putative key regulators is MdHY5. MdHY5 is an upstream 

gene of MdMYBA, and induced by low temperature (17oC) with UV-B (Peng et al., 

2013). It also interacted with the promoter region of MdCOL11, which induced 
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Fig. 14. Fold changes in the expressions of transcription factors, MdMYB1 (A), 

MdMYB10 (B), and MdMYBA (C), of anthocyanin biosynthesis in fruit skins of 

temperature-treated ‘Hongro’ apple. The expressions were normalized against the 

expression of the apple Actin gene. Vertical bars are the standard errors of the means. 

LNT, low night temperature; HNT, high night temperature. 
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Fig. 15. Fold changes in the expressions of transcription factors, MdbHLH3 (A) and 

MdTTG1 (B), of anthocyanin biosynthesis in fruit skins of temperature-treated 

‘Hongro’ apple. The expressions were normalized against the expression of the apple 

Actin gene. Vertical bars are the standard errors of the means. LNT, low night 

temperature; HNT, high night temperature. 
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MdMYBA under low temperature regardless of the presence of UV-B (Bai et al., 

2014). HY5 is one of the important transcription factors in photomorphogenic 

regulation in many higher plant species including apple, and also contribute the 

light-induced regulation of anthocyanin biosynthesis through inducing CHS, F3H, 

and DFR (Lee et al., 2007). Therefore, HY5 might contribute to both light- and 

temperature-induced regulation independently.  

MdMYB1 expression pattern under different night temperatures suggested that 

there is a regulation by temperature in ‘Hongro’ apple fruit skins. Furthermore, 

there is an allelic relationship between MdMYBA and MdMYB1, presumably under 

the control by MdHY5 like MdMYBA (Peng et al., 2013). 

MdMYB10, MdbHLH3, and MdTTG1 were not affected by different night 

temperatures, although all of these genes were reported to be under temperature-

induced regulation in apple fruit skins. Lin-Wang et al. (2011) mentioned that 

apples grown under elevated temperature condition through day and night showed 

less anthocyanin accumulation because of reduced MdMYB10 expression in their 

fruit skins. MdbHLH3 decreased under high temperature (27oC), and MdTTG1 

showed increased expression under low temperature (17oC) with UV-B (An et al., 

2012; Xie et al., 2012). MdMYB10, MdbHLH3, and MdTTG1 might not be 

involved in the temperature-induced regulation in ‘Hongro’ apple fruit skins. 

However, MdbHLH3 was induced by low temperature in ‘Hongro’ apple fruit 

skins, and the members consisting of a complex with MdbHLH3 such as 

MdMYB10 and MdTTG1, might also be required in this regulation. Alternatively, 
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the temperature-induced regulations of these three genes might require additional 

environmental factors. Further studies are needed to clarify whether these three 

genes are involved in the temperature-induced regulation of ‘Hongro’ apple fruit 

skins. 

 

Correlations of anthocyanin accumulation with the expressions of 

anthocyanin biosynthetic genes in fruit skins 

The expressions of all the five anthocyanin biosynthetic genes were positively 

correlated with anthocyanin contents under the different night temperature 

treatments in apple fruit skins (Table 2). Among the anthocyanin biosynthetic 

genes, the correlation coefficients between the expressions of MdDFR and 

MdUFGT and anthocyanin accumulation were most significant, suggesting that 

the two genes are more affected by different night temperatures than the other 

biosynthetic genes.  

Among the TF genes, MdMYBA, MdMYB1, and MdbHLH3 expressions were 

positively correlated with anthocyanin contents in apple fruit skins (Table 2). 

However, MdMYB10 and MdTTG1 expressions were not significantly correlated 

with anthocyanin accumulation in fruit skins, similarly to the results to gene 

expressions under different night temperature treatments in this study (Figs. 14B, 

15B).  

MdMYB1, MdbHLH3, and MdTTG1 proteins form an MBX complex to 

regulate the expressions of anthocyanin biosynthetic genes (An et al., 2012; Peng 
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Table 2. Correlations of anthocyanin accumulation with the expressions of anthocyanin 

biosynthetic genes in ‘Hongro’ apple fruit skins.  

Gene Correlation coefficient (r) with anthocyanin content 

MdCHS 0.63*** 

MdF3H 0.64*** 

MdDFR 0.78*** 

MdANS 0.48** 

MdUFGT 0.73*** 

MdMYBA 0.44** 

MdMYB1 0.43** 

MdMYB10 -0.14ns 

MdbHLH3 0.35* 

MdTTG1 0.16ns 

ns, *, **, *** Nonsignificant or significant at P = 0.05, 0.01, or 0.001, respectively. 
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and Moriguchi, 2013). This complex combines to the promoter regions of MdDFR 

and MdUFGT in apple fruit skins. The MdMYB1 expression was inhibited under 

HNT, which might reduce the amount of MBW complex in the absence of light. 

TFs interaction with MdMYBA protein has not been revealed yet.  

The correlation results of MdMYB10 and MdTTG1 were the same to those of 

gene expressions under different night temperatures (Figs. 14C, 15B, Table 2). 

Based on these results, the reduced anthocyanin contents in apple fruit skins in 

HNT were due to the expression of MdMYBA and MdMYB1 rather than due to 

those of MdMYB10, MdbHLH3, and MdTTG1.  

In conclusion, results in the present study suggest that inhibition of 

anthocyanin biosynthesis in apple fruit skins under HNT are affected by reduced 

expressions of MdMYBA and MdMYB1. They provide fundamental information 

for prediction tropical night damages on apple fruit quality especially on fruit 

coloration, and developing cultural practices to avoid that damage. Furthermore, 

they also provide a clue that MdMYBA and MdMYB1 could be promising 

candidate genes for enhancing anthocyanin biosynthesis in apple fruit skins even 

under elevated night temperature.  
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ABSTRACT IN KOREAN 
 

본 연구는 야간 고온에 의한 ‘홍로’ 사과의 품질 변화를 평가하고, 

예상되는 과피의 착색 불량의 원인을 구명하기 위해 수행되었다. 서로 

다른 야간 온도에 처리한 사과의 과피를 대상으로 안토시아닌 생합성 

유전자와 MYB-bHLH3-WD40(MBW) 복합체를 구성하는 전사 인자에 

대해 유전자 발현을 분석하였다. 야간 고온 처리에 의해 사과 착색이 

불량해지고 지연되었는데 과피 내의 안토시아닌 함량 역시 야간 고온에 

의해 감소하였으나, 야간 온도 처리 종료 2주 후에도 대조구에서의 함

량만큼 회복되지 않았다. 유전자 발현을 분석한 결과, 5개의 안토시아닌 

생합성 유전자가 모두 안토시아닌 함량과 비슷한 양상으로 증가하였으

며, 저온에 의해 유도되는 결과를 보였다. 전사 인자 중에서는 

MdMYB1, MdMYBA 및 MdbHLH3의 발현이 저온에 의해 유도되며 안

토시아닌 생합성을 조절하였다. 야간 고온에 의해서 5개의 안토시아닌 

생합성 유전자의 발현이 모두 감소하였으며, 전사 인자 중에서는 

MdMYB1과 MdMYBA의 발현만 감소하였다. 그 중에서 과피의 안토시

아닌 축적과 가장 큰 상관관계를 나타내는 유전자는 MdDFR과 

MdUFGT이었다. 따라서, 야간 고온에 의한 ‘홍로’ 사과의 착색 불량은 

안토시아닌 생합성 유전자와 그 전사 인자 MdMYB1과 MdMYBA의 발

현이 감소하였기 때문인 것으로 판단되었다.  
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ABSTRACT 
 

To estimate the effects of high night temperature (HNT) on skin coloration of 

‘Hongro’ apple fruit and to clarify the cause of reduced anthocyanin accumulation 

in the fruit skins under HNT on the gene expression level, expression patterns of 

structural genes and transcription factors in anthocyanin biosynthesis were 

analyzed. The a* and h0 scales of fruit skins under HNT changed more slowly 

than those of control, indicating that HNT inhibited red coloration in the skins. 

Anthocyanin accumulation in fruit skins was reduced by HNT, and the reduced 
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accumulation was not recovered to the level of control at 2 weeks after the 

temperature treatment. Chlorophyll contents in fruit skins were not affected by 

different night temperatures. From quantitative real-time PCR analysis, all five 

structural genes, MdCHS, MdF3H, MdDFR, MdANS, and MdUFGT, were found 

to be up-regulated by low temperature and their expressions were correlated with 

anthocyanin accumulation in fruit skins. Transcription factors of anthocyanin 

biosynthesis, MdMYB1, MdMYBA, and MdbHLH3, were increased rapidly by low 

temperature. HNT decreased the expressions of these five structural genes and 

MdMYB1 and MdMYBA until 7 days after treatment. Among them, MdDFR and 

MdUFGT were significantly correlated with anthocyanin accumulation in fruit 

skins. In conclusion, anthocyanin biosynthesis in ‘Hongro’ apple fruit skins was 

inhibited by HNT, concomitantly with the reduced expressions of anthocyanin 

biosynthetic genes and transcription factors MdMYB1 and MdMYBA. These 

results imply that MdMYB1 and MdMYBA are promising candidate genes for 

enhancing red coloration in apple fruit skins even under elevated night 

temperature. 

 

Key words: anthocyanin biosynthesis, CIE color scales, fruit coloration, 

transcription factor 
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INTRODUCTION 
 

Skin color is an important factor determining market value of apple (Malus 

domestica Borkh.) fruit. Although the coloration of apple fruit skins is determined 

mainly by genetic factors, environmental factors including temperature are also 

indispensable (Saure, 1990; Ubi et al., 2004).  

Low temperature promoted anthocyanin accumulation in apple fruit skins, 

while high temperature produced the contrary results (Peng and Moriguchi, 2013). 

High temperature inhibited anthocyanin biosynthesis because of the shortage in 

cyanidin contents in apple fruit skins after harvest (Ban et al., 2009). Likewise, 

fruit skins of apple grown under high temperature during day and night 

accumulated less anthocyanin than those under normal temperature (Lin-Wang et 

al., 2011). These changes have been reported to be mainly due to the decreased 

expression of anthocyanin biosynthetic genes under high temperature in apple 

fruit skins. The anthocyanin biosynthetic genes, MdCHS, MdF3H, MdDFR, 

MdANS, and MdUFGT, were inhibited by high temperature under UV-B (Ubi et 

al., 2006). Furthermore, the transcription factors (TFs) of anthocyanin 

biosynthesis were affected by temperatures. Expressions of anthocyanin 

biosynthetic genes are regulated by MYB TFs and MYB-basic helix-loop-helix 

(bHLH3)-WD40 (MBW) complex in plants (Li, 2014; Petroni and Tonelli, 2011). 

To date, three MYB TFs responsible for red coloration in apple fruit skins have 

been discovered (Ban et al., 2007; Espley et al., 2007; Takos et al., 2006). Among 
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them, MdMYBA and MdMYB10 were down-regulated under high temperature in 

apple fruit skins (Bai et al., 2014; Lin-Wang et al., 2011). In MBW complex, 

bHLH3s and WD40 proteins were also reported to be associated with 

temperature-induced regulations in apple fruit skins under UV-B (An et al., 2012; 

Xie et al., 2012).  

Without light, night temperature also affected red coloration of apple fruit 

skins. Apples grown under warm temperature only at night had reduced 

anthocyanin accumulation (Tan, 1980). Similarly, anthocyanin accumulation was 

induced in the apples under low temperature in darkness followed by room 

temperature (Reay et al., 1999). Consequently, high night temperature (HNT) 

inhibited anthocyanin accumulation in apple fruit skins, but the precise 

mechanism remains unclear (Blankenship, 1987).  

This study was designed to clarify the cause of poor coloration of apple fruit 

skins under HNT on the gene expression levels. The expression patterns of 

structural genes and TFs consisting of MBW complex of anthocyanin biosynthesis 

were analyzed in apples grown under different night temperature conditions. 
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LITERATURE REVIEW 
 

Anthocyanin biosynthetic genes and TFs in apples 

The coloration of apple fruit skins is determined by anthocyanin contents 

(Jaakola, 2013). Anthocyanins are groups of flavonoid compounds from the 

phenylpropanoids pathways and major pigments in many fruit and flowers as well 

as apple (Hichri et al., 2011). One or more sugar moieties combine to 

anthocyanidins as uracil-diphosphate (UDP)-sugars and make anthocyanins 

having their own color with more stable chemical structures (He et al., 2010; 

Ovando et al., 2009). In apple, cyanidin 3-glycosides are the main form of 

anthocyanin. For anthocyanins in apple fruit skins, cyanidin 3-galatoside (cya 3-

gal) covers about 80% of the total, followed by cya 3-arabinose (cya 3-ara) and 

cya 3-glucose (cya 3-glu) (Peng and Moriguchi, 2013). 

Anthocyanin biosynthetic pathway in apple is well known, and the structural 

genes in the pathway have been characterized (Honda et al., 2002; Kim et al., 

2003; Fig. 1). The genes in this pathway are grouped into early-biosynthetic genes 

(EBGs) from chalcone synthase (CHS) to flavanone 3-hydroxylase (F3H) and 

late-biosynthetic genes (LBGs) from dihydroflavonol 4-reductase (DFR) to UDP 

glucose-flavonoid 3-O-glucosyltransferase (UFGT). The latter is more critical to 

anthocyanin accumulation in apple fruit skins (Honda et al., 2002; Jaakola, 2013). 

The structural genes in anthocyanin biosynthesis of apple are regulated by 

three types of TFs. To date, MYB, bHLH TFs, and WD40 proteins had been found 
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Fig. 1. Anthocyanin biosynthetic pathway in apple fruit skins. CHS, chalcone synthase; 

CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; FLS, flavonol synthase; 

DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP 

glucose-flavonoid 3-O-glucosyltransferase. 
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to be involved in regulation of anthocyanin biosynthesis by the regulatory 

complex MBW (Hichri et al., 2011; Petroni and Tonelli, 2011). 

Three MdMYB genes, MdMYB1, MdMYBA, and MdMYB10, responsible for 

the red coloration in apple have been discovered (Ban et al., 2007; Espley et al., 

2007; Takos et al., 2006). These three genes have been identified to belong to 

R2R3 MYBs. MdMYB1 is induced by light, and the over-expressed mutant of 

MdMYB1 showed anthocyanin accumulation in whole Arabidopsis seedlings 

(Takos et al., 2006). Dual luciferase assay showed that MdMYB1 protein 

physically interacted with the promoter regions of MdDFR and MdUFGT in grape 

cells (Takos et al., 2006). The second activator MYB of anthocyanin biosynthesis 

in apple is a tissue- and cultivar-specific gene, MdMYBA. This gene interacts with 

the promoter region of MdANS (Ban et al., 2007). The open reading frame of 

MdMYBA is identical to that of MdMYB1, and shares 98% homology with that of 

MdMYB10, which was isolated from red fleshed apple fruit. MdMYB10 regulates 

anthocyanin biosynthesis in fruit flesh and leaves of apple, and low temperature 

and light increased its expression rapidly (Espley et al., 2007). Through transient 

assay, this gene was found to up-regulate MdDFR in tobacco leaves (Espley et al., 

2007). 

In apples, MdbHLH TFs interact closely with MdMYBs in anthocyanin 

biosynthesis regulation (Allan et al., 2007). MdbHLH3 and MdbHLH33 proteins 

contribute anthocyanin accumulation in apple fruit skins, and they form a complex 

with MdMYB1 and MdMYB10 proteins, and with only MdMYB10 protein (Peng 
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and Moriguchi, 2013; Xie et al., 2012). Furthermore, MdbHLH3 protein 

physically interacts with the promoter regions of MdDFR and MdUFGT (Xie et 

al., 2012). 

MdTTG1, WD40 repeat protein and AtTTG1 homolog in apple, is also 

responsible for anthocyanin accumulation in apple fruit skins (Brueggemann et al., 

2010). The ectopic expression of MdTTG1 promoted anthocyanin accumulation in 

transgenic Arabidopsis, but no anthocyanin accumulation occurred without MYBs. 

Using yeast two hybrid assays, MdTTG1 was found to interact with MdbHLH3, 

but not with MdMYBs and any promoter regions of MdDFR and MdUFGT (An et 

al., 2012).  

 

Temperature effects on anthocyanin biosynthesis in apple fruit 

skins 

Several environmental factors as well as genetic factors are indispensable for 

the coloration of apple fruit skins. Temperature has a major effect on anthocyanin 

biosynthesis in apple fruit skins. Under high temperature (27oC), contents of cya 

3-gal, cyanidin, and UDP-sugars, which are the main substrates of UFGT enzyme, 

were reduced in ‘Tsugaru’ apple fruit skins when compared to those under low 

temperature (17oC) (Ban et al., 2009). However, the levels of UDP-sugars were 

not correlated with cya 3-gal accumulation regardless of cultivar (Ban et al., 2009). 

Generally, low temperature increases anthocyanin accumulation and the 

expressions of anthocyanin biosynthetic genes in many higher plants including 
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apple (Ubi et al., 2004). The Arabidopsis seedlings grown at 10oC under light 

condition accumulated significantly higher anthocyanins than those at 23oC 

(Zhang et al., 2011). Likewise, apples treated with 27oC under UV-B after harvest 

had reduced cyanidin and cya 3-gal contents than those with 17oC (Ban et al., 

2009). High temperature not only inhibits the biosynthesis, but also degrades 

existed anthocyanins in grape berries having anthocyanins as major pigments 

(Mori et al., 2007). All anthocyanin derivatives decreased considerably by high 

temperature with the exception of malvidins (Mori et al., 2007). These changes 

were due to the fact that all EBGs and LBGs were up-regulated by low 

temperature in apple fruit skins and the changes became greater in the presence of 

UV-B (Ubi et al., 2006). On the contrary, high temperature inhibited anthocyanin 

accumulation in apple fruit skins due to the down-regulation of anthocyanin 

biosynthetic genes (Lin-Wang et al., 2011).  

The expressions of TFs in anthocyanin biosynthesis are also changed under 

different temperature conditions. Heated air treatment decreased expressions of 

structural genes and MdMYB10, but the transcript levels were recovered after the 

exposure to low night temperature (LNT) (Lin-Wang et al., 2011). MdMYBA 

showed similar expression patterns, which are involved in both UV-B and low 

temperature-induced anthocyanin accumulation in apple fruit skins (Bai et al., 

2014). For this regulation, the upstream genes, MdHY5 and MdCOL11, were up-

regulated by low temperature first, and subsequently induced MdMYBA (Bai et al., 

2014; Catala et al., 2011). LONG HYPOCOTYL5 (HY5), one of the important TFs 
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in photomorphogenic regulation, controls anthocyanin biosynthetic genes through 

the light-induced anthocyanin biosynthetic pathway in Aradidopsis (Lee et al., 

2007). MdHY5 protein physically interacted with the promoter region of 

MdMYBA (Peng et al., 2013), showing the control of down-stream gene 

expressions both directly and indirectly.  

The bHLHs and WD40 proteins, MdbHLH3 and MdTTG1 as well as 

MdMYBs, in apple are also induced by low temperature. The low temperature-

induced MdbHLH3 could not accumulate anthocyanin when it was infiltrated to 

tobacco leaves without MdMYBs (Espley et al., 2007). MdTTG1 protein also 

controlled anthocyanin biosynthesis under low temperature (An et al., 2012). 

After debagging, transcript levels of MdTTG1 correlated with anthocyanin in 

apple fruit skins under low temperature (17oC) with UV-B (An et al., 2012). 

However, studies about anthocyanin biosynthesis in apple fruit skins under 

different temperature treatments have mainly been focused on the effects in 

accordance with the presence of light. 

 

Effects of HNT on fruit quality of apples 

Fruit diameter increase was more affected by night temperature than by day 

temperature (Fischer et al., 2007). Without photosynthesis, most plant organs only 

respire at night, therefore night temperature is important for efficiency of 

partitioning of photosynthates import into sink organs (Starck and Ciesla, 1989). 

Ethylene-forming enzyme activity in apple fruits was induced earlier at cool night 
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temperature (11oC) than at warm night temperature (22oC). However, ethylene 

production, firmness, and soluble solids contents of apple fruits were not affected 

by warm and cool night temperatures (Blankenship, 1987).  

Night temperature also controls coloration of fruit skins, and LNT promotes 

red coloration in apple fruit skins (Tan, 1980). The ‘Red Chief’ apples grown 

under cool night (11oC) turned red earlier and had more intense skin color than 

those under warm night (22oC) (Blankenship, 1987). With temperature treatment 

at 4oC in darkness followed by UV-B radiation at 20oC after harvest, the highest 

anthocyanins were accumulated in apple fruit skins (Reay et al., 1999).  

Relationship between HNT and anthocyanin accumulation have been studied 

in grape berry skins (Kliewer and Torres, 1972; Mory et al., 2005a, b). Berry skins 

of ‘Darkridge’ grape grown under high temperature (30oC) during day and night 

had less anthocyanin accumulation than those under high day temperature (30oC) 

followed by LNT (15oC), although flavonols in fruit skins and soluble solids in 

flesh were not different between the treatments (Mory et al., 2005a). Fruit skins 

under HNT exhibited reduced expressions of structural genes in anthocyanin 

biosynthesis and UFGT enzyme activity, suggesting that poor coloration under 

HNT is caused by decreased expressions of anthocyanin biosynthetic genes in 

apple fruit skins (Mory et al., 2005a). Gene expression analysis through 

quantitative real-time PCR (qRT-PCR) between the fruit skins grown under 

different night temperature conditions is needed to estimate the causes of 

inhibition of red coloration in apple fruit skins under HNT. 
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MATERIALS AND METHODS 
 
Plant materials and temperature treatments 

Three-year-old apple trees (Malus domestica Borkh. cv. Hongro) were used 

for this study. From July to August in 2015, the trees were treated with different 

night temperatures in air conditioned rooms of the National Institute of 

Horticultural and Herbal Science (Jeonju, Korea). The trees were grown under the 

30-year average temperature from 1985 in Jeonju and were regarded as controls. 

The trees were also grown under cool night condition (3oC lower than that of 

control) and warm night condition (3oC higher than that of control) at night (Fig. 

2). However, temperature during the day was maintained the same as in control. 

Night was defined by average time in the individual months in Jeonju, from 7 pm 

to 7 am in July and August. After the treatments, temperatures in all air 

conditioned rooms were the same as in the outdoor condition. The fruits were 

harvested at 68, 82, 103, 110, 117, 124, 131, 138, and 145 days after full bloom 

(DAFB) from each treatment. 

 

Fruit skin color determination 

Fruit skin color was measured using a colorimeter (CR-300, Minolta, Osaka, 

Japan). Fruit chromaticity was recorded using the Commission Internationale 

d’Eclairage (CIE) with parameters L*, a*, b*, C*, and h0 color space coordinates 

(McGuire, 1992). The L* scale corresponds to a dark-light value and represent 
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Fig. 2. Temperature changes in air conditioned rooms from 101 to 145 DAFB. LNT, low night temperature; HNT, high night temperature. 
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lightness of colors with a range from 0 to 100 (0, black; 100, white). The a* and 

b* scales ranged 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 (h0) 

represents hue of color using degree of arc tangent (b*/a*), starting at the positive 

a* axis and progressing in a counterclockwise direction. The h0 is expressed in 

degrees from 0 to 360 (0, red; 90, yellow; 180, green; 360, blue). For each apple 

fruit, parameters were measured at two different points of the fruit equator. 

 

Determination of anthocyanin and chlorophylls contents 

For anthocyanin extraction, five fruit skin disks (10 mm in diameter) were 

sampled from individual fruit. The disks were placed in 15 mL of 0.1 N 

HCl:methanol (15:85, v/v) at 4oC for at least 12 h. The absorbance of each extract 

was measured at 530 nm using a spectrophotometer (UV-2501PC, Shimadzu, 

Tokyo, Japan). Anthocyanin contents were expressed as mg·cm-2. 

For chlorophyll extraction, different sets of the disks were placed in 15 mL of 

100% methanol at 4oC for at least 12 h. The absorbances of each extract were 

measured at 664 and 651 nm using the spectrophotometer. The concentrations of 

total chlorophyll, and chlorophyll a and b were calculated according to the 

methods of Hipkins and Baker (1986). 
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RNA extraction and qRT-PCR expression analysis 

Total RNA was extracted from apple fruit skins according to the methods 

described by Jaakola et al. (2001) with some modifications. Apple tissues were 

grounded in liquid nitrogen with a precooled pestle and mortar. The ground 

tissues were suspended with cetyltrimethylammonium bromide buffer and then 

extracted twice with chloroform:isoamyl alcohol (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 100 ng of 

RNA. PCR was performed in a LightCycler® 480 Real-time PCR System (Roche 

Diagnostics, Mannheim, Germany). The reaction mixture was prepared using 

SYBR® Premix (Nippon Gene, Tokyo, Japan) in a final volume of 20 mL. 

Relative expressions were determined with normalization against the expression 

of apple Actin gene (accession number XM_008363623.1). The primers used for 

the qRT-PCR were listed in Table 1. 

 

Statistical analysis 

Statistical differences were analyzed by using the SigmaPlot 8.0 program 

(SPSS Science, Chicago, IL, USA) and SAS enterprise 4.3 program (SAS Co., 

Cary, NC, USA). 



14 

 

Table 1. Primers used for qRT-PCR. 

Gene Primer sequence 

MdMYB1 F: AGACCAATGTGATAAGACCTCAG 

R: AACCAAAAACTTGTGAAGAGTTC 

MdMYBA F: CCAATTCTAGACCATATTCAATCAGCAGA 

R: TCTCCCACCAATCATTTCCATTCTT 

MdMYB10 F: TCGCACGAGAGCAATCCCAT 

R: GTCGCCACACTTCCAGCCAG 

MdbHLH3 F: CTCATGCCGGTTGAAGGCAC 

R: CGCCCTCCTGAAATTTTGGC 

MdTTG1 F: CATCGACACCACCTGCACAATTTG 

R: CACTGGCATCGTCGGCGATCGG 

MdCHS F: AAGGAATGGGGACAGCCCAA 

R: ATCATGAGGCGCTTGACGGA 

MdF3H F: TGAGGGAGGGAGAGAAGCCG 

R: CCAGCTTTTTCAGCCTGGCA 

MdDFR F: CTTGTGATTGGGCCATTTCTCATG 

R: GATCGGCGAAAGTCCAGTGAT 

MdANS F: GCAACCAAGGTACTGAAAGTTCTGT 

R: GAGCTCTTCAAGTCCACCAACT 

MdUFGT F: GGAGCCTTCGTGTCGCATTG 

R: ATCCTCCACGGTTACCCCGA 

Actin F: GCCTCCAGAGTATATGCCAGAGAAT 

R: TCTGCTTTTGTTATATGTTGGTTTTGTGG 

F, forward; R, reverse. 
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RESULTS AND DISCUSSION 
 
Fruit skin coloration in response to HNT 

To determine the effects of HNT on coloration of apple fruit skins, ‘Hongro’ 

apple trees were grown in air-conditioned room with controlled night temperature 

for 2 months. During temperature treatments, HNT inhibited red coloration in 

apple fruit skins. At 124 DAFB, when the coloration of apple fruit skins in control 

was started, the fruit skins in HNT were still green (Fig. 3). At the same period of 

time, the fruit skins in LNT turned red obviously. 

The chromatic characteristics of the fruit skins were shown in Figs. 4 and 5, 

from 110 to 145 DAFB. The L*, b*, and h0 scales decreased and a* scale 

increased with increasing DAFB (Figs. 4, 5B). The C* scales decreased at first 

and then increased again after 131 DAFB (Fig. 5A). HNT inhibited an increase of 

a* scales and decreases of b*, C*, and h0 scales (Figs. 4B, C, 5B). At 110 DAFB, 

a* scales of all treatments were about -15, but those of control and HNT 

increased to 12.8 and -5.2 at 131 DAFB, respectively (Fig. 4B). Therefore, red 

coloration in ‘Hongro’ apple fruit skins was suppressed by HNT. This observation 

was similar to the results that ‘Red chief’ apples treated with warm night 

temperature (22oC) had less red fruit skin color than those with cool night (11oC) 

(Blankenship, 1987). 

The h0 values of all treatments were about 1100 at 110 DAFB, and h0 values 

of control and HNT decreased to 64.70 and 97.00, respectively, at 131 DAFB (Fig. 
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Fig. 3. Fruit skin coloration in ‘Hongro’ apples under different night temperatures. A, 

control; B, low night temperature-treated; C, high night temperature-treated. 

Photographs were taken at 124 DAFB. 
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Fig. 4. Changes of L* (A), a* (B), and b* (C) scales in ‘Hongro’ apple fruit skins. Vertical 

bars are the standard errors of the means. LNT, low night temperature; HNT, high 

night temperature. 
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Fig. 5. Changes of C* (A) and h0 (B) scales in ‘Hongro’ apple fruit skins. Vertical bars are 

the standard errors of the means. LNT, low night temperature; HNT, high night 

temperature. 
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5B). When the fruit skins of LNT and control turned red, those of HNT remained 

yellow. The L* scales in the fruit skins apples of HNT were not different from 

those of control (Fig. 4A). However, the a*, C*, and h0 scales were recovered to 

the levels of control within 2 weeks after the exposure to low outdoor temperature 

(Figs. 4B, 5). On the contrary, b* scale was not recovered even after 2 weeks (Fig. 

4C).  

HNT suppressed anthocyanin accumulation significantly in the fruit skins 

(Fig. 6). Little anthocyanin accumulated in the fruit skins of HNT during night 

temperature treatments, whereas higher anthocyanin contents were observed in the 

fruit skins of LNT than in those of control from 124 DAFB. Low temperature for 

2 weeks after night temperature treatments promoted anthocyanin accumulation 

rapidly in the fruit skins of all treatments. However, anthocyanin contents in the 

fruit skins of HNT were not recovered to the levels of control at 2 weeks after the 

exposure to low temperature.  

Chlorophyll contents of each treatment were not affected by different night 

temperatures (Fig. 7). Total chlorophyll contents of HNT were slightly higher than 

those of control at 117 DAFB, but reduced by the levels of control until 131 

DAFB (Fig. 7A). Chlorophyll a and b contents also showed similar decrease 

patterns between the treatments (Figs. 7B, C). 

Anthocyanin accumulation in apple fruit skins is regulated by temperature. 

Relatively low temperature promoted anthocyanin biosynthesis, but high 

temperature inhibited in fruit skins after harvest, and this response was more 
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Fig. 6. Changes of anthocyanin contents in ‘Hongro’ apple fruit skins under different 

night temperatures. Vertical bars are the standard errors of the means. LNT, low night 

temperature; HNT, high night temperature. 
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Fig. 7. Changes of chlorophyll (Chl) contents in ‘Hongro’ apple fruit skins under different 

night temperatures. A, total Chl; B, Chl a; C, Chl b. Vertical bars are the standard errors 

of the means. LNT, low night temperature; HNT, high night temperature. 
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sensitive when treated with light (Marais et al., 2001). However, anthocyanin 

accumulation according to different night temperatures has not been reported yet. 

High temperature reduced anthocyanin contents in apple fruit skins regardless of 

day and night (Saure, 1990). Based on the results of the present study (Fig. 6), 

HNT inhibited anthocyanin accumulation in apple fruit skins regardless of the 

presence of light. 

 

Induction of structural genes and TFs in anthocyanin biosynthesis 

by low temperature 

qRT-PCR was performed to analyze the expression patterns of anthocyanin 

biosynthetic genes in apple fruit skins. During night temperature treatments, the 

expressions of anthocyanin biosynthetic genes were positively correlated with 

anthocyanin accumulation in fruit skins (Figs. 8, 9). Similarly to other red apple 

cultivars, ‘Fuji’ and ‘Jonathan’, the expression of anthocyanin biosynthetic genes 

in ‘Hongro’ apple fruit skins corresponded with their anthocyanin contents 

(Honda et al., 2002; Kim et al., 2003). 

Relative expressions of five structural genes in anthocyanin biosynthesis 

increased with increasing DAFB (Figs. 8, 9). The expression levels of these genes 

increased rapidly after night temperature treatments with exposure to low outdoor 

temperature, although the expressions increased slowly until 131 DAFB when the 

temperature was controlled accurately to simulate LNT and HNT conditions (Figs. 

8, 9). These five structural genes in anthocyanin biosynthesis were induced by the 
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Fig. 8. Expressions of anthocyanin biosynthetic genes, MdCHS (A) and MdF3H (B), in 

fruit skins of low temperature-treated ‘Hongro’ apple. The expressions were 

normalized against the expression of the apple Actin gene. Vertical bars are the 

standard errors of the means. 
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Fig. 9. Expressions of anthocyanin biosynthetic genes, MdDFR (A), MdANS (B), and 

MdUFGT (C), in fruit skins of low temperature-treated ‘Hongro’ apple. The 

expressions were normalized against the expression of the apple Actin gene. Vertical 

bars are the standard errors of the means. 
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exposure to low temperature in the apple fruit skins, confirming the results of Ubi 

et al. (2006). Among them, MdCHS, MdF3H, MdDFR, and MdUFGT were 

noticeably up-regulated by the exposure to low temperature lasted for 2 weeks 

(Figs. 8, 9A, C), followed by MdANS, which increased to about 2 folds than those 

at 131 DAFB (Fig. 9B). The other four genes might be more sensitive to 

temperature than MdANS, similarly to the results of Lin-Wang et al. (2011).  

In Arabidopsis, CHS, F3H, and DFR were up-regulated by HY5, which are 

induced by light and low temperature (Catala et al., 2011; Lee et al., 2007; Zhang 

et al., 2011). Since the expressions of MdCHS, MdF3H, and MdDFR were 

enhanced by the exposure to low temperature, there might be a regulation 

controlled by MdHY5 (Figs. 8, 9A). Further studies are needed to clarify the 

precise interactions among these genes.  

To clarify the causes of inhibition of anthocyanin accumulation under HNT, 

transcript levels of TFs in anthocyanin biosynthesis were monitored (Figs. 10, 11). 

Among them, MdMYBA, MdMYB1, and MdbHLH3 were up-regulated by the 

exposure to low temperature after the treatments, concomitantly with increased 

expressions of anthocyanin biosynthetic genes (Figs. 10A, C, 11A). The 

expressions of these three genes increased within 1 week, and then decreased 

rapidly. MdMYB1 and MdMYBA expressions were sensitive to the exposure to low 

temperature and increased by about 10 folds of those at 131 DAFB, followed by 

MdbHLH3. 

MdMYBA was detected in several red skinned apple cultivars (Ban et al., 
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Fig. 10. Expressions of transcription factors of anthocyanin biosynthesis, MdMYB1 (A), 

MdMYB10 (B), and MdMYBA (C), in fruit skins of low temperature-treated ‘Hongro’ 

apple. The expressions were normalized against the expression of the apple Actin gene. 

Vertical bars are the standard errors of the means. 
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Fig. 11. Expressions of transcription factors of anthocyanin biosynthesis, MdbHLH3 (A) 

and MdTTG1 (B), in fruit skins of low temperature-treated ‘Hongro’ apple. The 

expressions were normalized against the expression of the apple Actin gene. Vertical 

bars are the standard errors of the means.  
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2007), and the coloration of ‘Hongro’ apple fruit skins was also regulated by this 

gene (Fig. 10C). Low temperature induced MdMYBA expression in ‘Hongro’ 

apple fruit skins, similarly to the results in ‘Fuji’ apples (Bai et al., 2014).  

Another TF, MdMYB1, is one of the most important factors in anthocyanin 

biosynthesis, and is regulated by light (Meng et al., 2015; Takos et al., 2006). Its 

expression also correlated with anthocyanin accumulation in apple fruit skins and 

more abundant in red skinned apple cultivars. No results have been reported about 

temperature-induced regulation of MdMYB1, but the MdMYB1 was up-regulated 

by the exposure to low temperature (Fig. 10A). This result indicated that 

MdMYB1 is also involved in a temperature-induced anthocyanin biosynthetic 

pathway.  

MdbHLH3, interacting with MdMYB1 and MdMYB10, is also a positive 

regulator of coloration induced by low temperature in apple fruit skins (Xie et al., 

2012). MdbHLH3 expression remained at control level during night temperature 

treatment, but it increased by about 3 folds after the treatments (Fig. 11A).  

However, MdMYB10 and MdTTG1 were not induced by low temperature 

(Figs. 10B, 11B). The expressions of these genes increased with increasing DAFB, 

without apparent tendency. These two genes might not be involved in the 

anthocyanin accumulation of ‘Hongro’ apple fruit skins, although they were 

reported as positive regulators in temperature-induced anthocyanin biosynthesis in 

fruit skins of other apple cultivars (An et al., 2012; Lin-Wang et al., 2010). 
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Anthocyanin biosynthetic gene expressions under HNT 

qRT-PCR data were presented as fold changes between treatments against the 

control values to confirm whether HNT inhibit anthocyanin biosynthetic gene 

expressions in apple fruit skins. During night temperature treatments, structural 

gene expressions in anthocyanin biosynthesis were inhibited by HNT (Figs. 12, 

13). HNT down-regulated the expressions of MdCHS, MdF3H, MdDFR, MdANS, 

and MdUFGT in fruit skins, but LNT up-regulated. In HNT, MdCHS expression 

decreased from 82 DAFB, and remained about 10% of that of control until 131 

DAFB (Fig. 12A). MdF3H, MdDFR, MdANS, and MdUFGT also decreased from 

117 DAFB, and remained about 1 to 20% of that of control until 131 DAFB (Figs. 

12B, 13). Among them, MdANS expression was the most greatly inhibited by 

HNT by under 10% of that in control (Fig. 13B). The transcript levels of these 

genes increased by the level of control at 2 weeks after the end of the temperature 

treatments, although they were not fully recovered until 1 week after the 

treatments.  

LNT induced the anthocyanin biosynthetic genes increased by 1.5 to 3 folds 

of those in control (Figs. 12, 13). In LNT, MdCHS expression was the most 

sensitive to low temperature and increased from 82 DAFB, followed by MdDFR 

and MdANS increased from 117 DAFB (Figs. 12A, 13A, B). MdF3H showed the 

slowest change induced from 124 DAFB, and lasted until 131 DAFB (Fig. 12B). 

MdDFR increased at most by 3 folds than that of control under LNT, but 

MdUFGT had a slight increase in LNT by about 1.5 folds of that in control (Figs. 
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Fig. 12. Fold changes in the expressions of anthocyanin biosynthetic genes, MdCHS (A) 

and MdF3H (B), in fruit skins of temperature-treated ‘Hongro’ apple. The expressions 

were normalized against the expression of the apple Actin gene. Vertical bars are the 

standard errors of the means. LNT, low night temperature; HNT, high night 

temperature. 
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Fig. 13. Fold changes in the expressions of anthocyanin biosynthetic genes, MdDFR (A), 

MdANS (B), and MdUFGT (C), in fruit skins of temperature-treated ‘Hongro’ apple. 

The expressions were normalized against the expression of the apple Actin gene. 

Vertical bars are the standard errors of the means. LNT, low night temperature; HNT, 

high night temperature. 
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13A, C). All expressions of the five genes were reduced by the levels of control 

after the night temperature treatments.  

HNT inhibited the gene expressions in anthocyanin biosynthesis in apple fruit 

skins. To synthesize anthocyanins by concomitant gene expressions, both light 

and low temperature conditions are important. Based on these results, sufficient 

low temperature at night affected expressions of anthocyanin biosynthetic genes. 

Until now, most studies about anthocyanin biosynthesis in apple fruit skins 

under temperature treatments have been focused on the effects under light 

condition or in accordance with presence of UV-B. Ubi et al. (2006) mentioned 

that all structural gene expressions of anthocyanin biosynthesis in apple fruit skins 

were inhibited by high temperature with UV-B regardless of cultivars. Lin-Wang 

et al. (2011) also reported that MdCHS and MdANS were decreased by high 

temperature through day and night in ‘Royal Gala’ apple fruit skins. However, the 

results in this study showed that only high temperature without light or UV-B 

inhibited expressions of all EBGs and LBGs in the fruit skins of ‘Hongro’ apple 

fruit skins (Figs. 12, 13). 

 

MdMYB1 and MdMYBA expressions under HNT 

The expressions of five TF genes were analyzed as fold changes between 

treatments to estimate the HNT effect on transcriptional regulations of 

anthocyanin biosynthesis. Night temperature treatments regulated expressions of 

the two MYB genes. The expressions of MdMYBA and MdMYB1 were inhibited by 
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HNT, but promoted by LNT (Figs. 14A, C). The expressions of the two genes 

were down-regulated by HNT by about 10% of those in control level from 117 

DAFB. However, the transcript levels of the two genes increased to about 80% of 

control levels until 124 DAFB. The expressions of MdMYB1 and MdMYBA were 

reduced to 20 and 25% of the control levels at 131 DAFB, respectively. Those 

were recovered by the level of control at 2 weeks after treatments with the 

exposure to low temperature (Figs. 14A, C). In LNT, MdMYB1 and MdMYBA 

expressions increased from 124 DAFB by 2 to 3 folds of control levels, and 

dropped again within 1 week from the end of the treatments. The expressions of 

MdMYB10, MdbHLH3, and MdTTG1 were not affected by HNT (Figs. 14B, 15). 

The MdMYB10 expression was enhanced by LNT at 117 DAFB, and then reduced 

to the level of control within 1 week (Fig. 14B). The MdbHLH3 and MdTTG1 

expressions were not affected by LNT neither (Fig. 15). 

MdMYBA was reported to be up-regulated by low temperature in the fruit 

skins of ‘Tsugaru’ apple only in the presence of UV-B (Ban et al., 2007). However, 

the expression of MdMYBA decreased in the fruit skins of ‘Hongro’ apple under 

HNT (Fig. 14C), suggesting that there is temperature-induced anthocyanin 

biosynthetic regulation independently from light-induced regulation. 

For temperature-induced regulation in anthocyanin accumulation in apple 

fruit skins, one of the putative key regulators is MdHY5. MdHY5 is an upstream 

gene of MdMYBA, and induced by low temperature (17oC) with UV-B (Peng et al., 

2013). It also interacted with the promoter region of MdCOL11, which induced 
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Fig. 14. Fold changes in the expressions of transcription factors, MdMYB1 (A), 

MdMYB10 (B), and MdMYBA (C), of anthocyanin biosynthesis in fruit skins of 

temperature-treated ‘Hongro’ apple. The expressions were normalized against the 

expression of the apple Actin gene. Vertical bars are the standard errors of the means. 

LNT, low night temperature; HNT, high night temperature. 
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Fig. 15. Fold changes in the expressions of transcription factors, MdbHLH3 (A) and 

MdTTG1 (B), of anthocyanin biosynthesis in fruit skins of temperature-treated 

‘Hongro’ apple. The expressions were normalized against the expression of the apple 

Actin gene. Vertical bars are the standard errors of the means. LNT, low night 

temperature; HNT, high night temperature. 
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MdMYBA under low temperature regardless of the presence of UV-B (Bai et al., 

2014). HY5 is one of the important transcription factors in photomorphogenic 

regulation in many higher plant species including apple, and also contribute the 

light-induced regulation of anthocyanin biosynthesis through inducing CHS, F3H, 

and DFR (Lee et al., 2007). Therefore, HY5 might contribute to both light- and 

temperature-induced regulation independently.  

MdMYB1 expression pattern under different night temperatures suggested that 

there is a regulation by temperature in ‘Hongro’ apple fruit skins. Furthermore, 

there is an allelic relationship between MdMYBA and MdMYB1, presumably under 

the control by MdHY5 like MdMYBA (Peng et al., 2013). 

MdMYB10, MdbHLH3, and MdTTG1 were not affected by different night 

temperatures, although all of these genes were reported to be under temperature-

induced regulation in apple fruit skins. Lin-Wang et al. (2011) mentioned that 

apples grown under elevated temperature condition through day and night showed 

less anthocyanin accumulation because of reduced MdMYB10 expression in their 

fruit skins. MdbHLH3 decreased under high temperature (27oC), and MdTTG1 

showed increased expression under low temperature (17oC) with UV-B (An et al., 

2012; Xie et al., 2012). MdMYB10, MdbHLH3, and MdTTG1 might not be 

involved in the temperature-induced regulation in ‘Hongro’ apple fruit skins. 

However, MdbHLH3 was induced by low temperature in ‘Hongro’ apple fruit 

skins, and the members consisting of a complex with MdbHLH3 such as 

MdMYB10 and MdTTG1, might also be required in this regulation. Alternatively, 
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the temperature-induced regulations of these three genes might require additional 

environmental factors. Further studies are needed to clarify whether these three 

genes are involved in the temperature-induced regulation of ‘Hongro’ apple fruit 

skins. 

 

Correlations of anthocyanin accumulation with the expressions of 

anthocyanin biosynthetic genes in fruit skins 

The expressions of all the five anthocyanin biosynthetic genes were positively 

correlated with anthocyanin contents under the different night temperature 

treatments in apple fruit skins (Table 2). Among the anthocyanin biosynthetic 

genes, the correlation coefficients between the expressions of MdDFR and 

MdUFGT and anthocyanin accumulation were most significant, suggesting that 

the two genes are more affected by different night temperatures than the other 

biosynthetic genes.  

Among the TF genes, MdMYBA, MdMYB1, and MdbHLH3 expressions were 

positively correlated with anthocyanin contents in apple fruit skins (Table 2). 

However, MdMYB10 and MdTTG1 expressions were not significantly correlated 

with anthocyanin accumulation in fruit skins, similarly to the results to gene 

expressions under different night temperature treatments in this study (Figs. 14B, 

15B).  

MdMYB1, MdbHLH3, and MdTTG1 proteins form an MBX complex to 

regulate the expressions of anthocyanin biosynthetic genes (An et al., 2012; Peng 
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Table 2. Correlations of anthocyanin accumulation with the expressions of anthocyanin 

biosynthetic genes in ‘Hongro’ apple fruit skins.  

Gene Correlation coefficient (r) with anthocyanin content 

MdCHS 0.63*** 

MdF3H 0.64*** 

MdDFR 0.78*** 

MdANS 0.48** 

MdUFGT 0.73*** 

MdMYBA 0.44** 

MdMYB1 0.43** 

MdMYB10 -0.14ns 

MdbHLH3 0.35* 

MdTTG1 0.16ns 

ns, *, **, *** Nonsignificant or significant at P = 0.05, 0.01, or 0.001, respectively. 
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and Moriguchi, 2013). This complex combines to the promoter regions of MdDFR 

and MdUFGT in apple fruit skins. The MdMYB1 expression was inhibited under 

HNT, which might reduce the amount of MBW complex in the absence of light. 

TFs interaction with MdMYBA protein has not been revealed yet.  

The correlation results of MdMYB10 and MdTTG1 were the same to those of 

gene expressions under different night temperatures (Figs. 14C, 15B, Table 2). 

Based on these results, the reduced anthocyanin contents in apple fruit skins in 

HNT were due to the expression of MdMYBA and MdMYB1 rather than due to 

those of MdMYB10, MdbHLH3, and MdTTG1.  

In conclusion, results in the present study suggest that inhibition of 

anthocyanin biosynthesis in apple fruit skins under HNT are affected by reduced 

expressions of MdMYBA and MdMYB1. They provide fundamental information 

for prediction tropical night damages on apple fruit quality especially on fruit 

coloration, and developing cultural practices to avoid that damage. Furthermore, 

they also provide a clue that MdMYBA and MdMYB1 could be promising 

candidate genes for enhancing anthocyanin biosynthesis in apple fruit skins even 

under elevated night temperature.  
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ABSTRACT IN KOREAN 
 

본 연구는 야간 고온에 의한 ‘홍로’ 사과의 품질 변화를 평가하고, 

예상되는 과피의 착색 불량의 원인을 구명하기 위해 수행되었다. 서로 

다른 야간 온도에 처리한 사과의 과피를 대상으로 안토시아닌 생합성 

유전자와 MYB-bHLH3-WD40(MBW) 복합체를 구성하는 전사 인자에 

대해 유전자 발현을 분석하였다. 야간 고온 처리에 의해 사과 착색이 

불량해지고 지연되었는데 과피 내의 안토시아닌 함량 역시 야간 고온에 

의해 감소하였으나, 야간 온도 처리 종료 2주 후에도 대조구에서의 함

량만큼 회복되지 않았다. 유전자 발현을 분석한 결과, 5개의 안토시아닌 

생합성 유전자가 모두 안토시아닌 함량과 비슷한 양상으로 증가하였으

며, 저온에 의해 유도되는 결과를 보였다. 전사 인자 중에서는 

MdMYB1, MdMYBA 및 MdbHLH3의 발현이 저온에 의해 유도되며 안

토시아닌 생합성을 조절하였다. 야간 고온에 의해서 5개의 안토시아닌 

생합성 유전자의 발현이 모두 감소하였으며, 전사 인자 중에서는 

MdMYB1과 MdMYBA의 발현만 감소하였다. 그 중에서 과피의 안토시

아닌 축적과 가장 큰 상관관계를 나타내는 유전자는 MdDFR과 

MdUFGT이었다. 따라서, 야간 고온에 의한 ‘홍로’ 사과의 착색 불량은 

안토시아닌 생합성 유전자와 그 전사 인자 MdMYB1과 MdMYBA의 발

현이 감소하였기 때문인 것으로 판단되었다.  
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