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Abstract

High temperature is one of the most important environmental factors that affect the successful
cultivation of apple (Malus x domestica Borkh). The expression of genes related with anthocyanin
synthesis and sugar accumulation by high temperature treatment was investigated in the fruits of
“Fuji” apple at different developmental stages in different temperature conditions through real-
time PCR. In the initial ripening stages in fruits, there was high expression of genes associated
with fruit ripening, flavonoid compound accumulation, and coloration in high temperatures. Ex-
pression of phenylalanine ammonia-lyase, chalcone synthase, flavone 3-hydrogenase, and malate
dehydrogenase genes increased gradually in initial ripening stages, while sharply reduced at 24 hr
after treatment. In addition, there was no significant difference in the expression of all tempera-
ture treatments in late ripening stages. In the further work, investigation of expression levels of
various genes could be conducted in the level of transcriptomes from fruits at the early stages to
get meaningful information of ripening metabolism in apples in high temperatures.
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1. Introduction

The domesticated apple (Malus x domestica Borkh.) is one of the main fruits of temperate regions of the world
[1]. Biotic or abiotic stresses result in significantly reduced productivity through adverse growth effect in plants.
In apple, coloration of skin and total soluble solids are important factors in fruit quality, and are influenced by
temperature conditions in their growing season [2] [3]. Temperature is one of the major factors on anthocyanin
synthesis in skins of a diverse range of fruits such as apple [4], grape [5], and orange [6]. In apple, accumulation
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of cyaniding and UDP-sugars was inhibited by high temperatures, while accumulation of anthocyanin was ra-
pidly inhibited by cold temperatures to cause fluctuations in skin color [7] [8].

Among characters affecting apple fruit quality, the red coloration of the fruit skin is of major importance and
significantly determines the market value of the produce. Although the pigments determining fruit color are
various dependent on fruits, the amount and composition of anthocyanins, a class of flavonoids, are the major
determinants in reddening the skin of apple fruits [9] [10]. Although poor coloration occasionally happened even
in the temperate zones with climate condition favorable for fruits growing and ripening, coloration of skin was
also reported to be inhibited or delayed at high temperature [11]. Several studies reported that accumulation of
pigment in fruit skins resulted from expression level of anthocyanin biosynthetic genes during ripening of apples
[9] [12].

Recently, the rising temperatures due to urbanization and industrialization resulted in lots of problems such as
growth retardation, reduced sugar content, poor coloring fruit shape, and shortening the shelf life of the fruit,
and made a negative effect on the quality apple production and farm income [13]. Continuous high temperature
by climate shift and global warming causes the poor ripening fruits. In this study, therefore, we were to examine
the expression level of genes related in anthocyanin synthesis and sugar accumulation including g-amylase
(BMY), phenylalanine ammonia-lyase (PAL), and flavanone 3-hydroxylase (F3H), and to determine the point to
collect samples appropriate for transcriptome analysis of apple fruits as affected by high temperatures.

2. Materials and Methods
2.1. Plant Materials and Temperature Treatment

Healthy “Fuji” apple was harvested at 3 different stages at the experimental orchard, after which they were
placed in separate growth chambers (llshin Tech., Daejeon, South Korea) equipped with temperature controller
and then maintained in 25°C, 30°C, and 35°C. Fruits were collected at 0, 6, 12, 24, 48 h after temperature treat-
ment. The fruits were frozen immediately in liquid nitrogen and stored at —80°C until use for RNA extraction.

2.2. RNA Isolation and Real-Time PCR

Total RNA was extracted from fruits using a modified version of the method described by [14]. The quality of
the total RNA was examined with the Nano Drop spectrophotometer (ND-1000, Technologies Inc., USA). Total
RNA (500 ng) was used to synthesize cDNA using a GoScriptTM Reverse Transcription System (Promega,
Madison, WI, USA). Reactions were run on the C1000TM Thermal Cycler (BioRad, Hercules, CA, USA) using
SYBR Premix Ex (Takara Bio Inc., Osaka, Japan) as the fluorescent dye. Real-time PCR was performed under
the following conditions: 95°C for 30 s, followed by 40 cycles at 95°C for 5 sand 60°C for 30 s. Transcripts le-
vels of each genes were normalized using standard-curve method and calculated against the apple act in gene
(XM_008362405.1) as an internal control, after which melting curves of the amplified products were recorded.
Untreated apples (at time zero) were tested as the reference sample. For each gene, the reference sample was de-
fined as the 1x expression level, and the results were expressed as the fold increase in mMRNA over the reference
sample. The gene specific primers shown in Table 1 were designed using the Primer 3
(http://frodo.wi.mit.edu/primer3) for real-time PCR.

3. Results and Discussion

To analyze the changes of expression level of genes related to anthocyanin synthesis and sugar accumulation
during the ripening of apples were evaluated following different high temperatures, the expression of genes such
as p-amylase (BMY), polygalacturonase (PG), phenylalanine ammonia-lyase (PAL), chalcone synthesis (CHS),
flavanone 3-hydroxylase (F3H), and malate dehydrogenase (MDH) was investigated with each specific primer
in “Fuji” apple fruits with three different ripening stages using real-time PCR. As apple fruits ripened, expres-
sion of BMY genes was up regulated in both initial and late ripening stages, whereas it was rapidly down regu-
lated at 6 hr after treatment in middle ripening stage (Figure 1).

PG gene expression was inhibited in all tested stages at 35°C, and was higher in the initial ripening stage than
in the late ripening stages of in apple fruits. Expressions of PAL, CHS, F3H, and MDH genes increased gradu-
ally in initial ripening stages, while were sharply reduced at 24 hr after treatment (Figure 2).

In middle ripening stages, F3H and MDH were rapidly inhibited at 6 hr, and then slightly recovered in gene
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Table 1. NCBI gene accession numbers and sequences of gene primers used for quantitative real-time PCR analysis.

Gene Accession No. Primer sequences

Actin XM_008362405.1 5’-TTTAGCATCCCTCAGCACCTTC-3’
5’-TACTCTGCCTTTGCAATCCACA-3’

pB-amylase (BMY) XM_008393061.1 5’-CAGGCTGTGATGTCGTTTCATC-3"
5’-CACAACCCATTTGGGTAAAGGA-3’

Polygalacturonase (PG) NM_001293928.1 5’-CAACACAATCATCGGTGGGATA-3’
5’-CACAAATGCCTGTGTGTCATCA-3’
Phenylalanine ammonia-lyase(PAL) X68126.1 5’-GTTGAGAGTGCAAGGAGTGCAA-3’
5’-TCTCCCCGGTTAGGTACTCTCC-3’

Chalcone synthesis (CHS) AY786996.1 5-AGGACATGGTGGTTGTGGAAGT-3’
5’-AGACCAAGTGGGTGATTTTGGA-3’

Flavanone 3-hydroxylase (F3H) AF117270.1 5-TTGTAGCGGCTTGTGAAGACTG-3’
5’-ATCAACCCCATGGTCAACAATC-3’

Malate dehydrogenase (MDH) XM_008364115.1 5’-CTTGGGTTTCCATGGGTGTTTA-3’
5-ATGTTGGCAAGTGACTGGGAAT-3’
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Figure 1. Expression of beta-amylase (BMY) and polygalacturonase (PG) genes by different temperatures in the fruits of
apple. The error bars represent the standard error of the means of three replicates. Stage 1: initial ripening stage; Stage 2:
middle ripening stage; Stage 3: late ripening stage.

expressions. In addition, all tested genes showed no significant different level in their expression at three differ-
ent temperatures in late ripening stages. The expression level of all genes related with anthocyanin synthesis was
lower especially at 35°C than 25°C - 30°C in the middle ripening stages, which was similar to the results from
sugar accumulation-related gene analysis in apple fruits.

At 30°C, the photosynthetic efficiency and growth of shoots and fruits begin to decrease in fruit development
stages (June-August) in UK. Moreover, at 35°C, photosynthetic rate are rapid decreases because of increased
respiratory cost [15]. The content of total soluble solids showed the tendency to increase at lower temperature
(20°C - 25°C) compared to 30°C in “Fuji” apple fruits in growth stage [16]. Among sugars, such as sucrose,
fructose, and glucose, sucrose is predominant for cellular growth in the young fruit of apple. Sorbitol is the ma-
jor substrate for fructose accumulation, and also plays an important role in the metabolism of sugar accumula-
tion during development [17]. PG was encoded by relatively large gene families and involvement in apple fruit
ripening [18]. It was reported that PG may occur in differential temperature-dependent regulation of ethylene-
responsive genes, and regulated by the action of various cell wall enzymes in apple [19]. In this study, expres-
sion of BMY and PG genes related with sugar synthesis was inhibited at 35°C compared to 25°C - 30°C in the
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Figure 2. Expression of phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), flavone
3-hydrogenase (F3H), and malate dehydrogenase (MDH) genes by different temperatures in the
fruits of apple. The error bars represent the standard error of the means of three replicates. Stage
1: initial ripening stage; Stage 2: middle ripening stage; Stage 3: late ripening stage.

fruits at ripening stage. Many studies investigated induction and inhibition in the level of anthocyanin accumula-
tion during fruit development in apple. The anthocyanin accumulation is regulated by environmental factors,
such as temperature, light, nutrition, and genetic factors [10].

The anthocyanin biosynthesis genes were reported to be regulated in ripening grape berries (Vitisvinifera L.)
[20]. It was reported that anthocyanin content and PAL activity were effective to coloration at 15°C - 20°C in
apple fruits [21] [22]. Expression of anthocyanin biosynthetic genes, including MdCHS, MdF3H, dihydroflavo-
nol 4-reductase reductase (pDFR), anthocyanin synthase (MdANS), and UDP galactose: flavonoid glucose
transferase (pUFGIUT), had a positive effect on anthocyanin accumulation for red coloration in apple and ex-
pression levels of genes were basically corresponded to the degree of anthocyanin concentrationin fruits [9].
Reference [23] showed that activity of PAL, chalconeisomerase (CHI), and UDP galactose: flavonoid3-O-ga-
lactosyltrans-ferase (UFGalT) in the fruit of “Splendour” apple was related with anthocyanin accumulation dur-
ing the entire fruit ripening. However, [24] [25] demonstrated that CHS activity was not regulatory enzyme with
anthocyanin biosynthesis in the skin of “Delicious” and “Ralls” apple fruits during the entire fruit development
stage exposed to light. In addition, PAL activity wasn’t correlated with anthocyanin accumulation in the skin of
“Delicious” and flavonoid concentration was remained highly during the entire fruit development stage. In this
study, expression of four genes such as PAL, CHS, F3H, and MDH, which were related with fruit skin colora-
tion, highly increased at the initial ripening stage, and decreased at the middle ripening stage in the three differ-
ent temperatures. Interestingly, four genes were highly expressed at initial ripening stage (color break stage)
compared to late ripening stage.

As temperatures are considered to rise in most parts of the world [26], the effect of climatic changes on yield
and fruit quality attributes is one of the most topical issues in fruit crops [27]. Among various environmental
factors involved in the mechanism of coloration of skin and sugar accumulation, temperature has been mainly
focused for the research on fruit ripening [28] [29]. Because there are lots of factors which influence the ripen-
ing of apples, it is necessary to obtain useful information about the biochemical changes by high temperature by
the use of systematic approaches including the transcriptome analysis from ripening fruits. Collectively, in this
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study we obtained important information which was useful to understand the high temperature response me-
chanism through comparative analysis of genes changed by high temperature stress in ripening stage of apple
fruits in the molecular level. This result provides information about the most effective ripening stage of grape
berry to show the changes in responses to high temperature for the further studies such as transcriptome analysis
in the future.
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