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Abstract

Novel or improved postharvest technologies have been developed in the last
10-15 years. Some of them (e.g., 1-MCP) are already being used in several storage
facilities and commercial applications, others (e.g., DCA) are just targeted for
specific horticultural crops, some others are still at a preliminary or pilot-scale level
and currently under evaluation. The integration of different treatments and the
optimization of already existing protocols, a trend observed for the storage of several
commodities, need to be assessed and validated through the combination of basic
and applied research with the aim of elucidating metabolic processes and regulatory
mechanisms affected by the imposed postharvest conditions. The development of
“omics” technologies and the increasing number of horticultural crop genomes that
have been sequenced and annotated are facilitating this new approach in postharvest
science. Information and descriptions of storage-related processes at the level of
transcripts, proteins and metabolites are starting to be available concerning the
responses to low temperature storage including the different aptitudes to develop
chilling injuries. Similarly, the biological basis of the effects of hypoxic conditions on
the maintenance of quality and the onset of the related physiological disorders
(superficial scald, browning) are going to be elucidated by means of integrated and
systemic approaches.

INTRODUCTION

In recent years several improvements have been made in storage technologies and
the postharvest manipulations of horticultural produce in order to reduce losses, maintain
taste and nutritional properties, and enhance market value. Besides these main goals,
innovations are also aimed at increasing the sustainability of postharvest technologies.
This can be accomplished through a more rational use of energy and refrigeration, the
recycling of water, the application of non-destructive technologies for quality evaluation,
the reduction of chemicals, as well as by decreasing the amount of standard packaging
and the introduction of environmentally-friendly or recyclable materials. Many chemicals
formally used in postharvest have been (or are going to be) withdrawn and methods are
being developed for hurdle technologies using a combination of physical treatments and
GRAS (generally recognized as safe) compounds. In the area of produce quality, many
packinghouses have facilities and equipments for quality assessment, where samples of
the produce entering the packinghouse as well as those taken from packing lines are
examined for quality. An important innovation is the development of technologies that
can determine various aspects of quality non-destructively. In many packinghouses, fruit
are automatically graded for color and blemishes by online cameras that photograph the
fruit and send them to the proper sorting line. This is combined with sorting for weight
and size by automatic weighing cups. Newer technologies include near-infrared
spectrometers that can examine internal quality, particularly soluble solids or sugars, as
well as acoustic and vibrational instruments that can measure firmness. These are
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installed on some packinghouse lines, and, in addition, hand-held instruments are being
developed for use in orchards to determine optimum picking date. With an increasing
awareness of safety consideration and ecological constraints, a number of different
packaging concepts are being developed for fresh fruit and vegetables.

Although novel or improved technologies/devices are already being used in
storage facilities and commercial applications, others are still at a preliminary or pilot-
scale level and currently under evaluation. In this context, conjugating and integrating
basic and applied research represents the key element for successfully assessing the
efficacy of these new solutions through the elucidation of metabolic processes and
regulatory mechanisms affected by the imposed postharvest conditions that represent a
stress experience for the produce.

The main goal of postharvest biology is precisely that of describing and
understanding the relationship existing between storage conditions and components of
metabolism. Given that most postharvest phenotypes are genetic traits associated with one
or more genes, understanding the genetic determinants that confer quality traits in fruit
and other commodities is crucial for the development of new postharvest technologies.
For years, researchers have studied one gene at a time, in isolation from the wider context
of other genes. A number of investigations have been done on specific structural and
regulatory genes involved in quality-related metabolic pathways in different horticultural
produce. As the molecular mechanisms of phenotypes and the biological basis of quality
are complex, new methods of analyzing genes and their products “en masse” offer a wider
view of biological events and allows study of the network through which genes, proteins
and metabolites are related and communicate. The recent development of high-throughput
techniques and new biotechnological approaches covering a broad field of disciplines
(chemlstry, physics, biology, physiology, computer science, robotics) has opened up the

“omics” era in plant research, including the field of postharvest (Tonutti and Bonghi,
2009), and this is also facilitated thanks to the increasing number of horticultural crop
genomes that have been sequenced and annotated.

Several technologies have emerged and are now available for measuring transcript
abundance in parallel fashion, and for describing expression profiling in a particular
sample (cell or tissue). An analys1s of the transcriptome is a representation of all of the
genes expressed, and this approach is known as transcriptomics. Besides RNA, targets of
functional genomics studies are also proteins (proteomics) and metabolites
(metabolomics). Functional genomics analyses are highly complementary in determining
gene functioning: if transcriptional profiling describes gene expression patterns and gene
regulatory networks, proteomics provides qualitative and quantitative information about
proteins, and metabolomics is aimed at profiling the range of metabolites present in a
sample at a given time, or under certain conditions. This multidisciplinary approach is a
prerequisite for the development of Systems Biology that represents the future challenge
in advanced postharvest science (Hertog et al., 2011). Up to now, most of the “omics”
approaches to study the responses of horticultural produce to storage conditions have
been addressed to describe gene expression profiling and only few papers have been
published on proteomics and even less on metabolomics.

TRENDS IN POSTHARVEST TECHNOLOGY AND NEW RESEARCH
APPROACHES

There is no doubt that the commercial application of 1-MCP on a wide range of
horticultural produce can be considered one of the most important innovations in
postharvest technology of the last 15 years. The impact of 1-MCP on postharvest science
and technology is double: 1) it provides the potential to maintain fruit and vegetable
quality after harvest, and 2) it represents a powerful tool to gain insight into the
fundamental processes that are involved in ripening and senescence (Valero and Serrano,
2010). An excellent review on the relevance of 1-MCP in postharvest horticulture
research has been published by Schotsmans et al. (2010) and some papers have reported
the effects on transcript profiling of treatment with 1-MCP applied in combination or not
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with the traditional storage protocols and in relation to the evolution of quality
parameters/physiological disorders. These studies, based on different technical approach
ranging from differential screening of cDNA libraries to mRNA differential display, from
microarray hybridizations to RNA sequencing and applied on different climacteric fruit
such as banana (Gupta et al., 2006), peach (Ziliotto et al., 2008), apple (Costa et al.,
2010), tomato (Tiwari et al., 2011), pointed out common and divergent molecular
mechanisms at gene expression level possibly responsible for the different responses to
1-MCP treatments. By using a next generation sequencing method (Solexa platform), Zuo
et al. (2012) recently identified specific microRNA (miRNA), an ubiquitous class of short
RNAs, that play vital roles by mediating gene silencing at post-transcriptional level.
Some of the identified miRNA resulted to be differentially expressed in tomato fruit
following 1-MCP treatment. These findings clearly demonstate the need of addressing the
postharvest research efforts towards a holistic approach for the elucidation of the complex
responses of fruit to ethylene and ethylene antagonists.

Advancements in our knowledge of the responses of different crops to postharvest
conditions coupled with the stringent need of setting up more efficient, targeted, and
sustainable strorage protocols are stimulating the development of innovative strategies
that, for some crops, are now applied at commercial scale.

Integration of Storage Protocols

The exploitation of the synergic effects of different conditions/treatments (in
combination or as sequential application) is not a novelty in postharvest. The most
representative example of such approach is probably the application of controlled
atmosphere (CA) in addition to optimal refrigeration. The combination of both low
temperature and low O, and high CO, concentrations is highly effective in slowing down
general metabolism, reducing ethylene production and respiration rate, thereby delaying
fruit quality degradation and, in general, preventing the appearance of some physiological
disorders. After the introduction of 1-MCP at commercial level, several trials have been
carried out not only to identify the best concentrations in relation to the different species
and cultivars, but, in particular for apples, to set up the most efficient protocols by
integrating the treatment with 1-MCP with the other traditional storage parameters. The
combination and interplay of different factors such as refrigeration, low oxygen/CA, and
1-MCP have been tested on apples and pears for maintaining quality (mainly, although
not exclusively, firmness) and reduce the incidence of the physiological disorder
superficial scald. The identification of new strategies to control the storage scald is of
great importance in European countries (and those that export to EU) considering that
antioxidant chemicals such as diphenylamine (DPA) and ethoxyquin have been banned by
the European Commission (Calvo and Kupferman, 2012). Although results may vary
depending on the cultivar and the ripening stage at harvest, combining ultra-low oxygen
(1 kPa O,, ULO) with 1-MCP is more effective in maintaining firmness than ULO
treatment alone after storage and 7 days of shelf life after storage of ‘Golden Delicious’
apples, and, interestingly, this effect is present also at higher storage temperature (2.5
instead of 1.3°C) (Zanella et al., 2008). The same authors pointed out that ULO+1-MCP
has an effect comparable to that of a DPA treatment in reducing the incidence of
superficial scald in ‘Granny Smith’ apples after 6 month of refrigerated (1.3°C) storage
followed by 7d at 20°C. These findings (together with data published by several other
authors) clearly indicate the existence of complex regulatory mechanisms that are
differentially and/or synergistically affected by the imposed conditions. Studies on
transcriptomic dynamics during apple fruit ripening and postharvest allowed to identify
several sets of genes including transcription factors (TF) whose expression is affected by
1-MCP (Costa et al., 2010). In particular, unigenes belonging to the bZIP group and
WIZZ appear to be down regulated by 1-MCP treatment, while other elements including
MADS-box GDEF1, MYB TMH27 and AP2 genes are stimulated by this treatment,
suggesting negative regulation by ethylene in a subset of putative ripening regulators.
Considering the combination of different treatments (1-MCP, temperature, low oxygen)
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on firmness evolution and the incidence of superficial scald in stored apples, it would be
of great interest to evaluate if and how the identified ethylene-dependent TF are also
affected by the other imposed conditions, in particular comparing apple cultivars showing
different and contrasting storage responses. The increasing amount of information and
data concerning the metabolic changes occurring in apple fruit treated with 1-MCP (Lee
et al., 2012) and in relation to the development of superficial scald (Rudell et al., 2009)
will greatly help to complement the transcriptomic data for a more comprehensive
elucidation of the processes occurring in apples stored under integrated protocols.

Considering another category of integrated storage protocols, it is recognized that
pre-storage treatments with high temperature can be effective for enhancing fruit chilling
tolerance during subsequent cold storage. Heat pretreatments have been shown to be
effective in reducing chilling injury (CI) in several fruit and some molecular events in
response to such integrated treatments have been described. TF such as WRKY and
TFIIB, together with genes encoding proteins involved in secondary metabolism, cell wall
modification, oxidative damage and other stress-responsive proteins seem to be involved
in the molecular mechanisms operating during heat-induced chilling tolerance in citrus
fruit (Sanchez-Ballesta et al., 2003). Chilling-responsive and heat- and conditioning-
induced genes have been identified in grapefruit where it seems that the heat pre-
treatment exerts a priming effect enabling the fruit to activate defence responses after
subsequent exposure to chilling (Sapitnitskaya et al., 2006). The hot water treatment
activates mainly the expression of various stress- related genes (HSP, USP, SOD) whereas
the conditioning treatment activates mainly the expression of 11p1d membrane
modification enzymes such as FAD2 and LTP.

A genome-wide transcriptional profiling analysis of RNA isolated from grapefruit
flavedo using the Affymetrix Citrus GeneChip microarray revealed that exposure to
chilling of grapefruit, led to downregulation of genes involved in general cellular
metabolic activity, including cell wall, pathogen defence, photosynthesis, respiration, and
protein, nucleic acid and secondary metabolism. On the other hand, chilling enhanced
adaptation processes that involve changes in the expression of transcripts related to
membranes, lipid, sterol and carbohydrate metabolism, stress stimuli, hormone
biosynthesis, and modifications in DNA binding and transcription factors (Maul et al.,
2008).

Information concerning the molecular responses of fruit to low temperature is
essential in order to set up new protocols aimed at a more rational use of energy by
modulating temperature during storage and prevent the onset of chilling injury and low
temperature-associated disorders. Mechanisms that maintain citrus fruit quality during
lengthy low temperature storage have been recently studied by means of a comparative
transcriptomics and proteomics analysis based on digital gene expression (DGE) profiling
and two-dimensional gel electrophoresis (2-DE), respectively (Yun et al., 2012). This
integrated approach confirmed that low temperature up-regulates stress-responsive (such
as HSP) genes and and inhibited primary metabolism, secondary metabolism and the
transportation of metabolites. Calcineurin B-like protein (CBL)-CBL-interacting protein
kinase complexes might be involved in the signal transduction of low temperature stress,
and fruit quality is likely to be regulated by sugar-mediated auxin and abscisic acid
(ABA) signalling.

Considering chilling injury and the molecular mechanisms related to the onset and
appearance of CI symptoms, peach is probably one of the best characterized fruit thanks
to several studies carried out based on different “omics” techniques. A cDNA microarray,
named ChillPeach comprising 4261 unigenes, was obtained from harvested, ripened and
stored fruit of two peach progenies contrasting for chilling injury sensitivity (Ogundiwin
et al., 2008) and has been used to start identifying genes putatively involved in the
appearance of the Cl-related disorder named woollines. Based on a macroarray approach,
Gonzales-Aguero et al. (2008), identified specific genes (cobra, endopolygalacturonase,
cinnamoyl-CoAreductase) that, on the basis of the expression pattern, appeared strictly
related with the development of the storage disorder. This study also indicates that
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molecular changes during fruit woolliness involve changes in the expression of genes
associated with cell wall metabolism and endomembrane trafficking. Additional
transcriptomic studies (analysis of EST sequences, Vizoso et al., 2009) pointed out that
woolly fruits lack the increased boost of metabolic processes necessary for ripening,
suggesting that the mitochondria and plastids play a major role in these processes. The
isolation of cold-induced peach genes revealed that the promoter sequence of these genes
contain several cis-regulatory elements such as DRE/CRT, ABRE, MYCR (MYC
recognition site) and MYBR (MYB recognition site) that are related to stress response,
specifically to cold/dehydration (Tittarelli et al., 2009). Besides differences in transcript
accumulation, wolly and juicy fruit resulted to be also different when a proteomics
approach was used. Accumulations of proteins such as endopolygalacturonase, catalase,
NADP-dependent isocitrate dehydrogenase, pectin methylesterase and dehydrins were
found to be different in healthy and CI fruit suggesting that ‘response to stress’, ‘cellular
homeostasis’, ‘metabolism of carbohydrates’ and ‘amino acid metabolism’ are major
biological processes involved in the development of low temperature storage disorders
(Nilo et al., 2010).

Optimization of Postharvest Strategies

If we look at the evolution of the CA technology since its early practical
applications for apple storage, one trend is evident: a steady decrease of oxygen and
increase of CO, concentrations used in the storage rooms. The standard technology, based
on an oxygen concentration of about 2-3 kPa, has, in the last 15 years, markedly changed
and innovations are represented by CA-based methods characterized in particular by a
reduction of O, levels. One example is represented by the ultra-low oxygen (ULO)
technology where O, is maintained near 1 kPa, and ILOS (Initial Low O, Stress) in which
O, levels are maintained as low as 0.25-0.7 kPa for short time periods after harvest. A
further step, thanks to the advances in technology that allow sensing of fruit responses to
stress hypoxic stress conditions, is represented by the dynamic CA (DCA). With this
technology, fruit are kept at much lower O, concentrations than the “safe” — but not
optimal — levels, but this concentration is promptly adjusted in relation to the fruit
metabolic responses. The main parameters used to monitor the metabolic responses are
based on the measurement of ethanol production by the fruit and/or the chlorophyll
fluorescence (Schouten et al., 1997; Prange et al., 2002, 2003). The advantages of DCA
are that this is a chemical-free technology, provide excellent results for long term storage
and can be effective in controlling the superficial scald with no need of using antioxidant
chemicals. One disadvantage is that it requires highly airtight rooms and electronic
atmosphere control.

The reduction of oxygen levels at concentrations as low as 0.4 kPa for periods
longer than few days represents a high-level stress condition and has a profound impact
on the fruit metabolism. The optimization of this technique (also for the possible storage
of other crops than apples and pears) must be based on the elucidation of the hypoxia-
induced/affected processes, thus reducing the risks of the appearance of low-oxygen-
associated storage disorders and the decrease of quality parameters (off-flavours, tissue
browning, etc.). As observed in model plant species, lack of oxygen causes a reduction in
respiratory efficiency and, as a consequence, in energy production (Gupta et al., 2009).
Therefore, under hypox1a/anox1a ATP synthesis is mostly provided by glycolysis coupled
with NAD regenerative pathways, including ethanolic fermentation and alanine
production (Ricoult et al., 2006; Ismond et al., 2003). These processes occur also in fruit
under altered atmosphere composition and it can be hypothesized that metabolic
imbalance may lead to the development of low-oxygen induced physiological disorders.
Preliminary metabolomics and proteomics studies have been performed on pears stored
under low oxygen conditions and in relation to the development of the core breakdown
disorder. Indeed, the metabolic profiling of brown and sound tissue using GC-EI-TOF-
MS, showed that brown tissue was clearly characterized by a decrease of malic acid and
an increase in fumaric acid and gamma aminobutyric acid (GABA), which indicated a
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reduced metabolic activity at the level of the Krebs cycle and a putative block of the
GABA shunt pathway (Pedreschi et al., 2009a). Interestingly, GABA and gluconic acid
have been shown to be metabolic markers for core breakdown. When stored under anoxia,
pear fruit show, by means of a differential gel electrophoresis (DIGE) approach, marked
changes in proteins involved in respiration, protein synthesis, and defense mechanisms,
including some PR proteins (Pedreschi et al., 2009b). It will be interesting to assess
whether and how these metabolic and proteomic profiles change according to different
oxygen concentrations such as those used in DCA. Surprisingly, and differently from
model species such as Arabidopsis and rice that have been studied in relation to
hypoxia/anoxia occurring during flooding, no data concerning transcript profiling in
stored fruit under low oxygen are so far available. In a preliminary experiment, ‘Granny
Smith’ apples stored for 22 days at 0.4 and 0.8 kPa oxygen concentrations have been
analyzed in terms of transcript profiling by means of RNAseq (Tonutti, Ruperti, Velasco,
unpublished). When compared with fruit at harvest, almost 14,000 genes resulted to be
transcribed in total: most of them resulted affected under both conditions, but about 1,400
were selectively regulated in 0.4 kPa sample and other 1,400 in the 0.8 kPa sample. This
would indicate that this apparently slight difference in terms of oxygen concentration has
a marked effect in regulating gene expression. This is true when analyzing specific genes
such as alcohol dehydrogenases (ADH), that show significant difference between samples
in terms of transcript accumulation (marked increase in 0.4 kPa, less pronounced increase
in 0.8 kPa). The different expression of specific Ethylene Responsive Factors (ERF), in
particular those belonging to the group VII, that have been shown to be involved in low-
oxygen signalling in plants through the N-end rule pathway (Gibbs et al., 2011; Licausi et
al., 2011, 2010), would indicate a possible role of these TF in the oxygen sensing
mechanisms present also in fruit tissues. This would open interesting perspectives in
terms of comparative analyses of different apple cultivars (but also other horticultural
species) showing different sensitivity and metabolic reactivity (e.g., variable level of
ethanol) to low oxygen conditions during storage.
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