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A quantitative proteomic investigation of strawberry fruit ripening employing stable isotope
labeling by peptide dimethylation was conducted on ‘Mira’ and ‘Honeoye’ strawberry fruit.
Postharvest physiological quality indices, including volatile production, total phenolics, total
anthocyanins, antioxidant capacity, soluble solids and titratable acidity, were also
characterized in white, pink and red fruit. More than 892 and 848 proteins were identified
and quantified in the ‘Mira’ and ‘Honeoye’ fruit, respectively, using at least two peptides for
eachprotein identification. Using the normalized ratio of protein abundance changes, proteins
that changed two-fold or more were identified as proteins that are up- or down-regulated
during fruit ripening. Among the quantified proteins, 111 proteins were common to both
cultivars and represented five significant clusters based on quantitative changes. Among the
up-regulated proteins were proteins involved in metabolic pathways including flavonoid/
anthocyanin biosynthesis, volatile biosynthesis, antioxidant metabolism, stress responses
and allergen formation. Proteins that decreased during fruit ripening were found to be
responsible for methionine metabolism, antioxidant-redox, energy metabolism and protein
synthesis. Our results show that strawberry ripening is a highly complex system involving
multi-physiological processes made possible through changes in protein expression. This
study provides new insights on the regulation of proteins during strawberry fruit ripening that
lay the foundation for further targeted studies.

Biological significance
Research on the postharvest physiology and biochemistry of strawberry fruit as a model of
non-climacteric fruit ripening has been conducted for many years. However, the
mechanism(s) for the initiation and metabolic regulation of non-climacteric fruit ripening
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☆ Identification and quantitation of proteins reveal a dynamic network of proteins in the regulation of strawberry fruit ripening and
quality.
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remains unknown. Little information on strawberry fruit ripening is available at the
proteome level. This paper is the first report of a quantitative proteomic investigation of
strawberry fruit ripening employing stable isotope labeling by peptide dimethylation.
Postharvest physiological quality indices, including volatile production, total phenolics,
total anthocyanins, antioxidant capacity, soluble solids and titratable acidity, were also
characterized in ripening fruit. Significant biological changes associated with ripening were
revealed and proteins that change significantly under these conditions were identified.
Therefore, our study links the biological events of strawberry fruit ripening with proteomic
information and provides insights into possible mechanisms of regulation. Proteins that
changed during ripening were analyzed through function analysis, which provides new
insights into metabolic changes occurring during ripening. Findings from this paper not
only provide proteome information on fruit ripening, but also pave the way for further
quantitative studies using SMR to investigate certain proteins and pathways involved in
fruit ripening.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Strawberry (Fragaria × ananassa) fruit is one of themost popular
fruit crops consumed worldwide and is recognized for its
nutritional and flavor quality. Molecular biological tools have
also been developed to study general plant metabolism and
have been applied to investigate strawberry fruit ripening
and senescence. Strawberry genes that were differentially
expressed during fruit ripening were identified [1–3]. Later,
DNAmicroarray technologywas applied and identified that the
alcohol acyl transferase (SAAT) gene plays a crucial role in
volatile production of strawberry fruit [4]. Recently, genes
related to ethylene reception [5], firmness [6], allergens [7] and
anthocyanin biosynthesis [8–10] during strawberry fruit ripen-
ing and senescence have been reported. Investigations of
metabolic events in the receptacle and achene tissues of
strawberry fruit during fruit development and ripening revealed
that both metabolic synchrony and speciation exist in straw-
berry fruit [11]. Despite the intensive biochemical and physio-
logical studies using genomic and molecular approaches, very
few data are available at the proteomic level to aid in our
understanding of fruit ripening and senescence.

Research on fruit ripening has made great progress [12,13],
but it has been hampered by the lack of appropriate genomic
and other molecular biological tools. Using short-read tech-
nology without a physical map or reference genome, the
genome of the woodland strawberry (Fragaria vesca) was
sequenced and identified 33,264 protein coding genes [14]. In
addition, a recent public sequence databank that contains in
excess of 10,855 ESTs for strawberry (Fragaria ananassa), allows
the identification of approximately 1004 proteins and offers
new opportunities to identify unknown genes and proteins
(NCBI: http://www.ncbi.nlm.nih.gov/).

Due to protein modifications and alterations that reflect
functional states in the cell, the analysis of mRNA and gene
expression may not correspond with functional proteins and
truly reflect the dynamic state of the cell [15]. Proteomic tech-
niques have emerged as a new platform to investigate biological
systems. Among the proteomic techniques, 2-dimensional
electrophoresis (2-DE) has beenwidely applied inplant proteomic
research. 2-DE based proteomic technology has shown the
potential to identify proteins present in strawberry fruit samples

with reasonable confidence [16–18]. Reports on strawberry,
tomato, pear and grape have shown that the proteomic approach
has potential to identify proteins involved in fruit ripening, the
development of physiological disorders, and allergens [18–24].
These studies have demonstrated that proteomic technology is a
powerful tool to reveal the complicated protein population in
specific samples associated with physiological status, which can
reveal the proteins involved in specific biological processes. To
date, the application of proteomics hasmainly used 2D gel based
approaches, with only a few proteomic studies on the ripening
and senescence of strawberry fruit. These studies investigated
allergens in strawberry fruit [7], and the accumulated proteins in
‘Queen Elisa’ elite genotype during fruit ripening, but did not
relate them to physiological changes [18]. More proteomic inves-
tigations are required to better understand the regulation of fruit
ripening and to link the proteome changes with quality traits.

Quantitative proteomics is a rapidly developing field that
has shown the potential to expand our understanding of
biology and disease. A few quantitative proteomic strategies
that employ specific labeling techniques have been developed
and applied to plant proteomic studies [25–28]. Recently, a new
labeling strategy that involves the methylation of peptide
amino groups via reductive amination with isotopically coded
formaldehydes was reported [29]. This labeling technique was
previously shown to be quantitative using standard peptides
[30]. In addition, a labeling scheme that allowed the simulta-
neous analysis of three samples, while retaining a mass
difference of 4 Da with the inclusion of formaldehyde labeled
with 13C was developed [31]. This stable isotope dimethyl
labeling technique was described to be a straightforward and
cost-effective labeling strategy to detect differences in abun-
dance ratios over two orders of magnitude for both global
proteomic research and protein modifications [32].

In this study, we have conducted quantitative proteomic
analysis employing stable isotope dimethyl labeling to quantita-
tively investigate protein profiles of strawberry fruit tissues har-
vested at different stages of ripeness. The objectives of this study
were to determine the protein profile changes associated with
different fruit ripeness and to establish links between protein
profile changes and ripening physiology to provide a more
in-depth understanding of strawberry fruit ripening at the
proteomic level. The biological significance of protein changes is
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