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Abstract Apple (Malus domestica Borkh.), an important
horticultural crop, produces human health-promoting
metabolites during fruit ripening. Because that process,
which involves complex biochemical and physiological
changes, is genetically programmed, molecular and genetic
approaches have been taken to understand the associated
cellular mechanisms. The release of 151,687 apple
expressed sequence tags (ESTs) into a public database has
made possible large-scale studies of expression. Analysis of
apple ESTs allows for the identification and characteriza-
tion of genes with potential roles in fruit development,
particularly those related to aroma production and protein
degradation during ripening. Apple cDNA and oligonucle-
otide microarrays have been generated for more compre-
hensive examinations. Such tools are powerful means for
elucidating the molecular events involved in metabolite
biosynthesis and physiological changes and will also enable
researchers to understand how to control that ripening
process.
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Fruit development and maturation is a unique biological
process in the plant kingdom that yields subsequent
generations of viable and competitive progeny. Because
regulation of ripening is commercially important for the
horticultural industry and is tightly linked to human health
and diet, research has been critical for furthering our

understanding of the molecular and cellular mechanisms
within that process [22, 31]. Fruit ripening includes an
enhancement of respiration, carotenoid biosynthesis, con-
version of chloroplast to chromoplast, increased activity of
cell wall-degrading enzymes, production of flavor compo-
nents, conversion of starch to sugar, and autocatalytic
ethylene production [22, 31, 33]. Because these dramatic
changes are genetically programmed, molecular and genetic
approaches have been taken to understand the cellular and
physiological mechanisms associated with fruit ripening,
resulting in identification of several genes expressed then
[4, 13, 14, 32]. In particular, genome-wide analysis of gene
expression using expressed sequence tags (ESTs) and
cDNA microarrays has accelerated the accumulation of
information about fruit ripening-related genes [4, 7, 10].

Apple (Malus domestica Borkh.) is one of the most
valuable horticultural fruit crops in the world, especially in
East Asia. Apple belongs to the family Rosaceae, which
includes economically important fruit and ornamental trees,
such as pear (Pyrus communis), peach (Prunus persica),
cherry (Prunus avium), strawberry (Fragaria spp.), apricot
(Prunus armeniaca), almond (Prunus amygdalus), and rose
(Rosa hybrida). Because ripe fruits in that family contain
numerous secondary metabolites that promote human
health and nutrition, investigations of Rosaceous fruits
have been focused on the ripening process. Apple fruit
especially has a climacteric ripening character that is
accompanied by a peak in respiration and a burst of
ethylene production [33]. For this reason, investigation is
needed into ethylene-regulated mechanisms and the pro-
duction of volatile compounds during that process.

Despite this importance, genome-wide research resources
are limited for the apple. Only recently has it become possible
to establish a genome-wide EST database and perform large-
scale expression studies with microarrays [21, 24, 27]. Those
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results can be used to elucidate the molecular mechanisms
for aroma production, red coloration, and protein degradation
in ripening fruits [8, 16, 27, 30]. Here, we review recent
progress in the genomics approach to understanding apple
fruit development and also discuss future directions in
research with reference to other fruit species such as the
tomato.

Analysis of Expressed Sequence Tags from Apple

ESTs are established by partial sequences, for which
transcripts are isolated randomly from cDNA libraries [1].
ESTs have been used for finding new genes and their
family members, elucidating phylogenetic relationships,
and analyzing large-scale gene expression in various
developmental stages and tissues [9, 25, 26, 29]. Because
of recent advances in DNA sequencing technology, EST
sequences have become exponentially abundant, and nearly
60 million ESTs can be accessed in the NCBI public
database (http://www.ncbi.nlm.nih.gov/dbEST). However,
until recently, only a limited number of apple ESTs have
been available because cDNA synthesis is very difficult due
to extremely small amounts of mRNAs and the large
quantity of phenolic compounds in ripened fruit tissues.

Among the currently available 256,217 ESTs of apple in
the NCBI EST database (Table 1), 151,687 were collected
by Newcomb et al. [24]. That research group has sequenced
transcripts with an average edited length of 468 bp, which
were taken from 43 different cDNA libraries representing
34 different tissue types, treatments, and cultivars. The
majority of these sequences are from Royal Gala (78.9%)
with others coming from such cultivars as M9 (9.7%),
Pinkie (3.8%), Braeburn (3.7%), Pacific Rose (1.9%),
Aotea (1.1%), and Northern Spy (0.8%). About 54,000
ESTs have been created from developing and ripening
“Royal Gala” fruits, including the flower, whole fruit, fruit
cortex, skin, and seed tissues. Over 76,000 ESTs have also
been collected from buds, shoots, leaves, roots, phloem,
and xylem. That group has also collected 21,595 ESTs from
fruits stored at low temperature and under altered con-
ditions, as well as from leaves exposed to fungal pathogen
and high temperature and from fruit cell lines treated with
various chemicals, e.g., boron.

By clustering the EST sequences with a higher threshold
(95%), Newcomb et al. [24] have reduced this number to
43,938 nonredundant (NR) sequences, comprising 17,460
tentative consensus sequences and 25,478 singletons.
Considering the results of protein-coding gene prediction
and homology to Arabidopsis, this number of NR sequen-
ces likely represents about half the number of expressed
genes found in apple. Although only 50% of those genes
are represented, Newcomb et al. [24] have proven their EST

dataset to be of high quality by showing that this collection
contains many genes involved in important traits in apple,
such as fruit ripening, flavor and aroma production, and the
biosynthesis of color and health-related compounds.

Because these ESTs are now available to the public, it is
possible to identify genes with expression that is altered by
physiological changes, such as fruit development and stress
responses. Park et al. [27] have analyzed over 200,000
apple ESTs released from at least 20 contributors, collected
from more than 70 cDNA libraries, and have sampled from
at least nine cultivars. Using statistical algorithms that
calculate the frequency of each gene in the EST datasets,
they have identified apple genes that are likely to be highly
expressed in fruit, expressed uniquely or preferentially in
fruit, or regulated temporally or spatially during fruit
development. Generally, gene-expression studies based on
EST frequency have various artifacts due to the differential
amplification of cDNAs during library preparation and
contamination of abundant organellar DNA, highly repet-
itive nuclear DNA, and microbial nucleic acids [3].
However, after processing these data with rigorous stan-
dardization and normalization, Park et al. [27] have made a
relatively accurate estimation of development- and tissue-
associated gene expression. In particular, they have used
these results to predict a specific lipoxygenase (LOX)
gene and have suggested its potentially important role in
the biosynthesis of volatile esters during fruit ripening.
Therefore, they have demonstrated that informative ex-
pression data can be produced from EST sequences of
heterogeneous sources if they are plentiful enough for
statistical analysis.

Recently, Han et al. [16] have analyzed the proportion and
frequency of EST genes collected from fully ripened “Fuji”
fruits to elucidate the molecular mechanisms for gene
regulation during the ripening process. They have found that
11.0% ESTs are related to protein synthesis and degradation.
Among them, ten genes related to the ubiquitination pathway
are detected at high frequency in the cDNA library of mature
fruits. Considering the fact that a number of proteins are
degraded during fruit ripening as a feature of senescence [5,
31], these results suggest that the degradation of specific
proteins, such as photosynthetic proteins, cell wall and
membrane component proteins, and signal transduction
pathway proteins, is probably carried out through that
pathway. This theory is supported by the fact that transcript
of MdFBCP1 (F-Box-containing protein 1) is uniquely
expressed at the climacteric stage and that the MdFBCP1
protein physically interacts with MdSkp1 (apple Skp1
protein) [16]. In addition, based on the specific induction
of MdFBCP1 by ethylene, it is possible that the SCF E3
ubiquitin ligase complex, which is composed of MdFBCP1
and MdSkp1, acts downstream of ethylene, as is the case
with SCFEBF1/EBF2 E3 ubiquitin ligases [12, 15, 28]. That
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complex then participates in the selective degradation of
proteins in response to climacteric ethylene.

As described above, EST collections can be used for both
gene identification and transcriptome analysis. However,
expression studies that rely on EST collections are limited
because of their heterogeneous sources. To overcome this,
microarrays are now being used for large-scale profiling.

Microarray Analysis of Apple Gene Expression
During Fruit Ripening

Microarray analysis provides a powerful means for high-
throughput gene expression studies in temporal stages or
various tissues under specific physiological and environ-
mental conditions [3]. Because microarrays take advantage
of existing EST collections and genome sequence data,
custom chips on which cDNAs are printed can be easily
made. These have been used for organisms whose genomes
have not yet been sequenced, such as tomato, hot pepper,
strawberry, and pear [2, 3, 11, 17, 20]. However, fabrication
and analysis of cDNA microarrays with apple genes have
not been possible until recently because of a lack of EST
collections.

Lee et al. [21] have generated cDNA microarrays with
6,253 EST clones that were collected from young and
mature “Fuji” fruits. Among these, 3,124 were from the
cDNA libraries of young fruits (5 to 8 mm long and
3 weeks after full bloom), while 3,129 were selected from

the cDNA libraries of mature fruits (80 to 90 mm long and
25 weeks after full bloom). To investigate differential gene
expression in early-fruit development for that cultivar, they
hybridized two labeled cDNA probes synthesized from
mRNAs of leaves, flowers, young fruits, and mature fruits
(Fig. 1). By comparing the hybridization of young fruits
versus other organs, they selected 192 cDNA clones as
young fruit-preferential genes. These are expressed over
twofold higher in young fruits than in all other tissue types
and have been assigned to 138 NR sequences that consist of
88 known-function genes and 50 unknown-function genes.
A large percentage (26.1%) of the former type encodes
photosynthesis-specific protein homologues, while the
latter gene class shows homology to proteins related to
the biosynthesis of protein building blocks, cell division
and enlargement, metabolism, and stress responses. That
research group also has found that transcripts of these
young fruit-preferential genes are detected in leaf and
flower tissues. These results suggest that this gene-
expression profile of young fruit resembles the molecular
portrait of photosynthetic tissue and, consequently, that the
early formation of apple fruit is probably a common process
in developing organs.

Based on “Fuji” fruit cDNA microarrays, Lee et al. [21]
have reported that the transcripts for 14 genes, selected
from 192 young fruit-preferential genes, are not detected in
mature fruit and that the expression levels of 46 young
fruit-preferential genes are eight times lower in mature
fruits. Their results are consistent with those from a more

Table 1 Publicly available resources from crop species

Species Common name Total ESTsa Total unique genes Reference of microarrays

Ananas comosus Pineapple 5,649 n/a
Capsicum annuum Pepper 33,311 4,685 [20]
Citrus spp. Orange 232,098 30,171 http://www.affymetrix.com
Citrullus lanatus Watermelon 7,891 832 [35]
Coffea Arabica Coffee 1,577 n/a
Cucumis melo Melon 22,683 3,068 http://www.icugi.org
Cucumis sativus Cucumber 6,347 713 [23]
Fragaria ananassa Strawberry 5430 1,701b [2]
Solanum lycopersicon Tomato 258,830 13,019 http://ted.bti.cornell.edu
Malus domestica Apple 256,217 13,000 [18]
Persea americana Banana 16,558 265 [36]
Prunus armeniaca Apricot 15,105 n/a
Prunus avium Sweet cherry 21 n/a
Prunus domestica Plum 54 n/a
Prunus dulcis Almond 3,864 n/a
Prunus persica Peach 79,023 4,806 [34]
Pyrus communis Pear 244 1,364b [11]
Vitis spp. Grape 380,674 15,700 http://www.affymetrix.com

n/a not available
a Data from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/dbEST, November 28, 2008)
b EST clone numbers on microarrays
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recent analysis of plastid transcriptome for tomato fruit
development [19]. This comparative plastid transcriptome
analysis of green leaves and developmental series of fruits
(green, turning, light-red, and ripe red tomatoes) using
oligonucleotide microarrays has revealed that most plastid
genes, especially those that are photosynthesis-related, are
strongly down regulated in the tomato fruits.

From experiments with over 15,700 apple ESTs,
Schaffer et al. [30] and Janssen et al. [18] have reported
that their microarrays consist of 45- to 55-mer oligonucleo-
tides representing approximately 15,100 NR genes of cultivar
Royal Gala, described by Newcomb et al. [24]. A comparison
with the Arabidopsis predicted protein set, via BLASTx, has
shown that these uni-genes correspond to about 13,000
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Fig. 1 “Fuji” apple cDNA microarrays. a In all, 6,253 ESTclones were
derived from cDNA libraries of young fruits (stage 1) and mature fruits
(stage 4). Three array images were obtained from hybridization of
common reference transcripts versus flower (left panel), young fruits
(middle panel), and mature fruits (right panel) transcripts. b Enlarged
image of sub-array boxed in a. Arrows indicate spots corresponding to

apple polyphenol oxidase. Orange (left panel), red (middle panel), and
green (right panel) color spots imply slightly higher, strongly higher,
and lower transcript amounts, respectively, than reference transcript. c
RNA gel blot analysis of expression by apple polyphenol oxidase gene
in leaf, flower, young fruit, and mature fruit. Microarray expression data
of polyphenol oxidase corresponded to this northern analysis result
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different genes [18]. These oligonucleotide microarrays have
been used by Schaffer et al. [30] to identify genes that likely
play important roles in aroma production during ripening.
Because ethylene directly controls the synthesis of volatile
compounds, especially esters and α-farnesene in apple
cultivar Greensleeves [6], Schaffer et al. [30] used transgenic
“Royal Gala” apple, containing an antisense ACC oxidase
gene, to find ethylene-regulated transcriptional control points
of aroma production. One advantage of using transgenic
apple, which has lost its ability to synthesize ethylene, is that
the effects of internal ethylene are excluded, and the sampling
stage of ripening is synchronized by the simultaneous
application of ethylene to fruits. In that investigation, 537
oligonucleotides were selected because they displayed signif-
icantly altered expression in response to ethylene treatment in
skin tissue. After those genes were compared with 186
potential candidates, 17 were finally identified as aroma-
related genes that are differentially expressed in response to
such ethylene application. This result indicates that the genes
involved in the biosynthesis of aromatic compounds are not
coordinately regulated by ethylene, and only one or a couple
of genes from multigene families that catalyze the same
enzymatic step in fact respond to ethylene. However, the most
significant feature of that report has been that all the final steps
and some of the initial steps in the pathways for aroma
biosynthesis are catalyzed by enzymes whose expressions are
regulated by ethylene. Therefore, this biosynthesis occurs at
ethylene-regulated transcriptional control points during apple
fruit ripening.

The analysis by Janssen et al. [18] of apple oligonucle-
otide microarrays was conducted to understand the regula-
tion of molecular events required for producing apple fruit.
For this purpose, eight time points based on physiological
and morphological conditions of apple fruit development
were selected (0, 14, 25, 35, 60, 87, 132, and 146 days after
anthesis). These were then compared with genomic DNA as
a common reference on the apple microarray. In all, 1955
genes were identified as having significant alterations in
expression during apple fruit development. They were
subsequently classified into four groups according to their
pattern of coordinated gene expression (full-bloom, early-
fruit development, mid-development, and ripening cluster).
When their functional classifications were compared,
Janssen et al. [18] found some interesting changes in the
assignment of genes within each category. For example, the
proportion of metabolism and energy categories increases in
ripening fruit, reflecting a high demand for expression related
to secondary metabolites for producing volatile compounds
during fruit ripening. In contrast, a high proportion of the
function of cellular transport and organization in the early-
fruit and mid-development stages correspond to the physio-
logical condition of the fruit cells, which take up nutrients and
water most rapidly and undergo dramatic structural modifica-

tions. Finally, the proportion of genes involved in cell cycle
and DNA processing is higher in the early-fruit development
cluster than at the ripening stages.

Perspective

A wealth of information concerning the expression of
plentiful genes and their functions in apple fruit develop-
ment has been recently reported. From these large-scale
investigations, a number of molecular events associated
with biochemical and physiological changes in apple fruit
development have been identified [16, 18, 21, 27, 30].
However, researchers are just beginning to understand
apple fruit ripening and how to control that process at the
genomics level. Using these resources, efforts for elucidat-
ing the regulatory mechanisms of biochemical pathways in
fruit development will continue. Transgenic apple plants, in
which the expression of genes selected via these genomics
approaches is altered, will not only promise fruits with
higher economic value but also allow us to identify the in
vivo functioning of particular genes. As the genomics
resources related to fruit development expand, a compara-
tive analysis of microarrays associated with various treat-
ments, transgenic plants, and even different species will
provide more comprehensive knowledge about climacteric
fruit ripening in apple. Additionally, bridging the genomics
approach to proteomic and metabolomic analyses will lead
to an entire picture of apple fruit ripening, including gene
networks, regulatory proteins, and metabolic processes.
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