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ABSTRACT: Apple is commercially important worldwide. Favorable genomic contexts and postharvest technologies allow year-
round availability. Although ripening is considered a unidirectional developmental process toward senescence, storage at low
temperatures, alone or in combination with ethylene blockage, is effective in preserving apple properties. Quality traits and
genome wide expression were integrated to investigate the mechanisms underlying postharvest changes. Development and
conservation techniques were responsible for transcriptional reprogramming and distinct programs associated with quality traits.
A large portion of the differentially regulated genes constitutes a program involved in ripening and senescence, whereas a smaller
module consists of genes associated with reestablishment and maintenance of juvenile traits after harvest. Ethylene inhibition was
associated with a reversal of ripening by transcriptional induction of anabolic pathways. Our results demonstrate that the
blockage of ethylene perception and signaling leads to upregulation of genes in anabolic pathways. We also associated complex

phenotypes to subsets of differentially regulated genes.
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B INTRODUCTION

Apple (Malus x domestica Borkh) economic importance is
largely dependent on the ability to extend its window of
availability using several postharvest conservation strategies. As
other climateric fruits, apple has good storability under low
temperatures, especially in combination with the inhibition of
ethylene perception, retaining high consumer acceptance for up
to ten months, depending on the cultivar."”* From the
commercial standpoint, effective postharvest techniques should
result in the conservation of the sensory characteristics of fresh
fruits after months of storage. Moreover, as functional foods, it
is critical that the nutraceutical properties of fruits remain
unaltered during and after conservation. In apple, the quality to
the consumer is largely determined by flesh firmness, contents
of soluble solids, and acidity,” driving extensive efforts to
identify and functionally characterize the genes associated with
the traits.”*°
ripening and senescence pathways during conservation is
considered crucial to maintain the fruit quality attributes after
harvest.”’~”

Plant postembryonic development is highly plastic,'’
although flowering, fruit ripening, organ abscission, and
senescence are frequently considered unidirectional pro-
cesses.' The gaseous hormone ethylene has a major role in
controlling these processes, along with its function in

Currently, the transcriptional repression of
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stimulating or inhibiting vegetative growth depending on
developmental and environmental conditions.'” Quality traits
in fruits undergo extensive modifications during ripening and
afterward, including the conversion of starch to soluble sugars,
synthesis of volatile aroma compounds, and decrease of acidity
and flesh firmness.” Although some of these attributes, such as
flesh firmness and aroma, are clearly dependent on ethylene,
others like acidity and soluble solids content are still under
unknown regulation.'”'* Ethylene mediated transduction
pathways are also involved in the integration of biotic and
abiotic stress signals."> The competitive inhibitor 1-methyl-
cyclopropene (1-MCP) is frequently used after harvest to
extend the shelf life of apples by suppressing the hormone
perception and its autocatalytic biosynthesis and signaling.'® In
the fruit perspective, the application of postharvest conserva-
tion techniques, such as low temperatures and ethylene
perception inhibition, consist of a complex scenario that
requires the integration of endogenous developmental
processes toward senescence, with responses to the extreme
environmental conditions used during storage. Thus, it is not
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Figure 1. Schematic representation of the sampling points and the apple ripening and postharvest conservation timeline (A). Apple quality traits
flesh firmness (F), soluble solids contents (SSC), and titratable acidity (TA) at harvest (H) and after 60 days of cold storage alone (CS) and with 1-
MCP application (MCP) (B). Summary graphic representation of the transcriptional profile of apples at H and after CS and MCP, representing the
relationship of the differentially expressed genes (DEGs) among the treatments (C) and hierarchical clustering analysis (HCA) of the samples

associated with a heatmap representation of the quality traits (D).

surprising that conservation techniques are often associated
with undesirable physiolo()gical conditions, such as mealiness
and phenolic browning.*’

Although genetic and genomic data are largely available on
the initial responses to postharvest technologies, integrative
studies on the later stages of ripening of apples submitted to 1-
MCP treatment under low temperature remain scarce.

The current work aimed to provide the transcriptional
framework underlying the complex phenotypes of ‘Gala’
associated with consumer acceptance at harvest and after
application of conservation techniques, storage at low temper-
atures alone and in combination with ethylene perception
blockage, for 60 days. We hypothesized that the identification
of gene expression networks and their association with quality
traits may provide further insights in the control of complex
sensory characteristics and the effect of external conservation
factors on the endogenous mechanisms regulating postharvest
ripening.

B MATERIALS AND METHODS

Plant Material and Postharvest Treatments. Apples (Malus x
domestica Borkh.) from cultivar Gala, clone Baigent, were collected at
the commercial maturity stage from commercial orchards in the State
of Rio Grande do Sul, Brazil, as two biological replicates (harvesting
seasons of 2009 and 2012). Physiological and genome-wide expression
analyses were performed at harvest (H) and after 60 days under cold
storage (CS) at 0 + 0.5 °C (90% + 5% relative humidity) in the
absence or presence of 1l-methylcyclopropene (MCP). Ethylene
inhibitor treatment was carried out immediately after harvest with 1
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ppm (1 ug-L™") of 1-MCP for 24 h in a 370 L chamber containing S0
kg of apples at room temperature (RT = 20 + 0.5 °C, 80% + 5%
relative humidity). After CS and MCP, the fruits were kept for 7 days
at RT to simulate the marketing period before evaluation of flesh
firmness (F), soluble solids content (SSC), and titratable acidity (TA).

Physiological Analyses. Quality traits sweetness, acidity, and
texture were evaluated as soluble solids content (SSC), titratable
acidity (TA), and flesh firmness, respectively, as described in ref 2. The
parameters were determined from three biological replicates,
consisting of five randomly picked fruits per harvesting season (2009
and 2012). Statistical analyses consisting of ANOVA and Tukey test
were conducted using the package Agricolae in R."”

RNA Extraction and Microarray Transcriptional Profiling.
Total RNA was extracted as described'® with minor modifications,
described in refs 2 and 19, from 6 g of frozen flesh obtained from a
pool of five representative fruits at each sampling point from 2009 and
2012 (Figure 1A). Total RNA was quantified spectrophotometrically
using NanoDrop ND-1000 (Thermo Scientifics, Wilmington, DE,
USA), and the integrity was confirmed by agarose gel electrophoresis.

Purified mRNAs were amplified, labeled, and cohybridized
according to ref 20 as follows: aRNAs were produced with Message
AmplIl aRNA amplification kit (Ambion Invitrogen, Waltham, MA,
USA) from 200 ng of total RNA. Then, S ug of each aRNA were
retrotranscribed and labeled with either cyanine-3 (Cy3) or cyanine-$
(CyS) fluorescent dye (Interchim, Montlugon, France). Labeled
samples were combined with 30 pmol of each dye and cohybridized
to NimbleGen microarray AryANE v1.0 containing 126 022 60-mer
oligonucleotide probes.”” Deva software (NimbleGen Roche,
Madison, WI, USA) was used to extract pair-data files from the
scanned images, obtained using the MS200 microarray scanner
(NimbleGen Roche, Madison, WI, USA).
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Figure 2. Schematic representation of the transcriptional profile of the DEGs associated with starch and sucrose metabolism (KEGG map 00500 and
00520) at harvest (H) and after 60 days of cold storage alone (CS) and with 1-MCP application (MCP). Enzyme coding sequences are represented
by abbreviation names and Enzyme Commission number (EC). Relative transcription levels are shown as heatmap, and represent means between
2009 and 2012 samples. HCA was performed based on functional characterization of the DEGs, using Spearman Rank correlation as distance metric,

and complete linkage clustering.

Samples at harvest (H) and from cold storage (CS) and 1-MCP
treatment (MCP) were interrelated in three comparisons (CS X H;
MCP X H; MCP X CS) (Figure 1B). Reference RNA was hybridized
along with RNA from the treatments using the opposite dye. For each
comparison, two independent biological replicates were used with
control and experimental cDNA clones labeled with Cy3 and Cys,
respectively. The dye-swap was included to eliminate possible bias
from fluorescent dyes.

For each comparison, four microarrays were hybridized, as two
independent biological replicates consisting of samples from 2009 and
2012 and two dye-swap technical replicates, totaling 12 arrays.

Differential Gene Expression Analyses. All statistical analyses
were conducted as described®® using R language.”' Briefly,
fluorescence intensity data were normalized using the Lowess method,
and differential expression analyses were carried out using the ImFit
function and the Bayes moderated f test using the limma package.””
The normalized values were corrected for the background to estimate
gene expression levels. Significant differential gene expression was
determined by false discovery rate (FDR) p-values after Benjamini—
Hochberg (BH) correction <0.1. Microarray data is available at Gene
Expression Omnibus (http:/ /www.ncbi.nlm.nih.gov/geo/ ) under the
accession number GSE59728.

Further analyses were performed using the sense probes on the
array. Differentially expressed probe sequences from AryANE 12X 135
K chip®® were validated against apple genome assembly v.1.0p and
v.3.0alcontigs at GDR (Genome Database for Rosaceae - http://www.
rosaceae.org/) and by maximum likelihood phylogenetic analyses with
functionally characterized Arabidopsis proteins. Sequences failing to
retrieve coherent transcripts and deduced proteins or phylogenetically
divergent from their counterparts in model species were eliminated
from the analyses.

Gene module identification and correlation with physiological data
were performed employing the package WGCNA™ in R. Co-regulated
gene modules were identified using a stepwise network construction
mode based on coexpression similarity, calculated from adjacency data
elevated to soft thresholding power () that generates a tree with
approximate scale-free topology (fit index = 94%), considering a
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minimum module size with 30 genes. Modules with highly similar
expression profiles (correlation >75%) were merged by quantifying
the coexpression similarity of entire modules using clustering analyses
of the correlations between the Eigengenes in each module.”

Functional and Relational Analyses of Differentially Ex-
pressed Genes (DEGs). Genes exhibiting significant differential
expression were classified by gene ontology (GO) analyses and
metabolic pathways, according to the Mapman v.3.6.0 RC1 scheme.**

Gene ontology enrichment analyses were performed by a
hypergeometric test with 0.0S significance threshold after BH
corrected FDR p-values using agriGO™ and summarized based on
measures of semantic similarity using REVIGO*® in R. Detailed
metabolite pathways and gene expression profiles were generated
using the KEGGScape plugin®” in Cytoscape 3.4.

Authority and hub scores of the nodes (genes) in each network
were calculated as the principal eigenvector of t(A)*A and A*t(A),
respectively, where A is the adjacency matrix of the graph, using the
package igraph®® in R.

Gene Expression Validation by RT-qPCR. Microarray ex-
pression data were validated by RT-qPCR for 14 genes chosen
based on their expression profile and putative biological function.
Primers were designed based on the coding sequences (CDs) of Malus
x domestica genome using the software Primer3Plus,29 to generate
amplicons ranging from 80 to 150 base pairs (Table S3). Synthesis of
cDNA and qPCR conditions were performed as described."” Results
were normalized employing the reference gene MdUBI and the genes
corresponding to apple genome identifiers MDP0000217860 and
MDP0000271281, which showed stable transcription in the microarray
analyses. Expression profile validation for 14 genes is shown in Figure
S6.

B RESULTS

Fruit Quality Changes after Harvest. To gain insight into
the physiological changes of ‘Gala’ destined to conservation
before marketing, we sampled fruits from commercial orchards
in two harvesting seasons (2009 and 2012) and characterized
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Figure 3. Schematic representation of the transcriptional profile of the DEGs associated with metabolic pathways (KEGG map 01100) at harvest
(H) and after 60 days of cold storage alone (CS) and with 1-MCP application (MCP). Relative transcription levels are shown as heatmap and
represent means between 2009 and 2012 samples. HCA was performed based on functional characterization of the DEGs, using Spearman Rank

correlation as distance metric, and complete linkage clustering.

attributes associated with quality at harvest and after 60 days of
CS in the presence and absence of 1-MCP treatment (Figure
1A). The prevalent quality attributes investigated were
sweetness, evaluated as SSC, acidity, as TA, and texture, as
flesh firmness (F) (Figure 1B,D).

The studied quality traits responded differently to con-
servation techniques, with greater effects observed for F (Figure
1B). After two months, the storage treatments CS and MCP
did not fully prevent the progression of acidity and firmness
loss, and sugar accumulation (Figure 1B). The combined
treatment (MCP) had greater impact on firmness, retaining
approximately 92% of flesh consistency (Figure 1B). Physio-
logical differences due to environmental conditions between
the harvesting seasons influenced harvest maturity and the
amplitude of minimum and maximum value of quality traits
(Figure 1B).

Genome Wide Transcriptional Profile. A total of 6069
genes (9.63% of the total) exhibited significant differential
regulation among the treatments (Figure 1C). Pairwise analyses
of the DEGs demonstrated the prevalence of development on
differential gene regulation (93.5%) in comparison to CS and
MCP, whereas inhibition of ethylene perception and signaling
alone affected the transcription of 6.4% (Figure 1C). Environ-
mental factors affected the transcriptional profile, although
treatment samples still exhibit smaller Euclidian distance within
the harvesting seasons (Figure 1D).

Gene ontology classification demonstrated significant enrich-
ment in anabolic and catabolic processes, associated with
oxidation—reduction maintenance, energy production, carbohy-
drate metabolism, transport, among others (Figure S1, Figure
S2). Functional classification of the DEGs demonstrated
association with carbohydrate metabolism (Figure 2), cellular
redox homeostasis, and energy production (Figure 3). Many
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hydrolase coding sequences (0.84%, 34/4044) were differ-
entially regulated in response to the tested treatments,
including glycosyl hydrolases and pectin methylesterases
(Figure 2, Figure 3). Xylosidase-like (EC 3.2.1.37, XYL)
transcripts exhibit two profiles, with a cluster being induced
after harvest (MDP0000121374) and induced by cold storage
(MDP0000140483) (Figure 2). The regulation of pectin
methylesterase-like (E.C. 3.1.1.11, PME) genes exhibited
three distinct profiles, mainly differing with their transcription
level at H and in response to MCP (Figure 2).

Transcripts of pectic acid hydrolyzing enzymes were also
differentially regulated; CS and MCP repressed the tran-
scription of exopoly-a-galacturonase (EC 3.2.1.667, ADPG)
like sequences (MDP0000220329, MDP0000147902,
MDP0000168416). Transcripts coding for polygalacturonase
(EC 3.2.1.15, PG) like proteins exhibited a bimodal tran-
scription pattern in response to conservation, with a subset
being induced and the other repressed under CS and MCP
(Figure 2). In contrast, the transcription of genes coding for
enzymes associated with the biosynthesis of sucrose from
photosynthesis, sucrose synthase (EC 2.4.1.13, SUS), was
repressed by CS (Figure 2). The transcription of genes showing
similarity to sequences coding for enzymes of starch catabolism,
such as a-amylase (EC 3.2.1.1, AMY) and 4-a-glucanotransfer-
ase (EC 2.4.1.25, DPE1 - DISPROPORTIONATING
ENZYMEL1), was affected during storage, with a repression of
the DPEI (MDP0000243418) and AMY-like genes
(MDP0000210270, MDP0000321679, MDP0000281786) by
CS and MCP (Figure 2).

Gene families coding for deduced proteins with similarity to
enzymes associated with cell wall subunit biosynthesis, such as
UDP-p-glucuronate 4-epimerase (EC S5.1.3.6, GAE) and
polygalacturonate 4-a-galacturonosyltransferase (EC 2.4.1.75,

DOI: 10.1021/acs jafc.7b01425
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Figure 4. Dendrogram representation of clustering of the DEGs, at harvest (H) and after 60 days of cold storage alone (C) and with 1-MCP
application (M) in 2009 and 2012, employing dissimilarity based on topological overlap and the assigned co-regulated modules represented by colors
(A), expression summary and HCA of genes and samples in modules blue (B), brown (C), black (D), red (E), and magenta (F).

GAUT) also exhibited complex regulatory patterns, with two
distinct regulation profiles of GAE- and three of GAUT-like
sequences (Figure 2).

The expression level of ascorbate peroxidases was high for all
investigated conditions (Figure 3). Most of the genes coding
for transcripts with similarity to photosynthesis antenna
proteins were repressed by CS and induced by ethylene
blockage (MCP), whereas the transcription of sequences
coding for other photosynthesis associated proteins, such as
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oxygen evolving complexes, exhibited two principal distinct
profiles in response to CS and MCP (Figure 3).
Coexpressed Gene Module Identification and Their
Correlation to the Quality Traits. Five co-regulated gene
modules, designated by colors blue, brown, black, red, and
magenta, were identified (Figure 4A). The number of genes per
module ranged from 2960 (48.8%, module blue) to 209 (3.4%,
module magenta) (Figure 4, Table S2). The weight of the
association between each gene in the modules is represented as

DOI: 10.1021/acs jafc.7b01425
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heatmap in Figure SS. Transcripts in larger modules blue and
brown exhibited distinct expression patterns at H, clustered
with MCP (2009) or CS (2009 and 2012) in blue and brown,
respectively (Figure 4B,C). Expression summary in module
brown demonstrates the influence of the harvesting season on
the transcriptional profile (Figure 4C). The transcription of
genes in module black is characterized by a marked response to
ethylene blockage in 2009, and a closer similarity in the profile
in response to CS (2009 and 2012) and to MCP in 2012
(Figure 4D). The most important factor controlling gene
expression in module red was harvesting season, with the
transcriptional profiles clustered according to the year, with
generally higher levels of transcription in 2009 for all tested
conditions (Figure 4E). The low temperatures during storage

(CS) had a prevalent effect on the transcription of genes in
module magenta (Figure 4F).

To identify important genes associated with sensory traits,
we have quantified module-trait associations using the
Eigengene profile for each module. Module blue exhibited
high positive correlation to acidity (91%) and firmness (71%),
whereas module magenta exhibited a high negative correlation
to firmness (79%) (Figure SA). Modules brown and black were
positively correlated to soluble solids, 57% and 41%,
respectively, although with higher p-values (Figure SA).
Similarly, the positive correlations between fruit acidity and
modules brown and red, respectively, exhibited high p-values
(Figure SA, Table S1).
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Figure 6. Scatterplot graphs of nonredundant cluster representatives of biological process Gene Ontology (GO) for modules blue (A, B) and brown
(C, D), according to REVIGO.* Axis coordinates on x and y represent semantic similarity in the two-dimensional space. Metabolism classification
according to the Mapman®* scheme for modules black, magenta, and red (E). Heatmap represents transcription ration between MCP and CS.

Correlation plots between gene significance (GS) and
module membership (MM), with their respective p-values, for
the modules with weaker association to firmness, soluble solids
contents, and total acidity are shown in Figure S4 and Table S1.
The relationships between the Eigengene in each module and
the sensorial traits were represented as dendrograms, along
with the correlation analyses of the trait and the Eigengene
summarizing the module (Figure S3).

Intramodular analyses of GS and MM confirmed the validity
of module—trait associations with high correlations and low p-
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value (Figure SB,C,D). Thus, genes in module blue are
associated with the control of fruit soluble solids accumulation
and acidity, those in module brown with firmness and acidity,
the genes in module black with all investigated quality traits,
and those in red with soluble solid contents and firmness
(Figure S).

Functional Analyses of Module Blue. More than 77% of
the DEGs displayed two distinct co-regulation patterns and
were classified to modules blue (48.8%, 2960) and brown
(29.0%, 1766) (Figure 4A). We have used two nonredundant
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represented by marker size.

ontology analysis tools agriGO™ and REVIGO™ (Figure 6,
Table S2). The ontology classification of the genes to Biological
Process showed significant enrichment in metabolic pathways
associated with ripening, small molecule metabolic processes,
lipid, localization and transport, and inositol catabolism (Figure
6A, Table S2). Molecular function also revealed enrichment in
catalytic, hydrolase, and oxidoreductase activity (Figure 6B,
Table S2). Significant cellular localization ontology was also
found for membranes (Table S2).

Functional Analyses of Module Brown. Gene ontology
analyses of module brown reveled enrichment in a smaller
number of terms of biological processes (32), cellular
component (5), and molecular function (17) (Figure 6C,D,
Table S2). The module was significantly enriched in genes
associated with the response to biotic stimulus, carbohydrate
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metabolism, cellular structure, and cell organization and
response to hormone and endogenous stimulus (Figure 6C).
The most frequent cellular component ontology terms in
module brown were plasma membrane and the DNA clamp
acting as a processivity factor for DNA polymerase 6, essential
for replication, the proliferating cell nuclear antigen (PCNA)
complex (Table S2).

Functional Analyses of Modules Black, Red, and
Magenta. The predominant factor on the regulation of
genes in module black was transcriptional induction by 1-MCP,
with a stronger effect of the hormone inhibitor in 2009 (Figure
4D, Figure 6E). Ontology enrichment analyses demonstrated
high frequency of genes associated with photosynthesis,
generation of precursor metabolites, carbohydrate metabolic
processes, and cellulose metabolic processes (Figure 6E, Figure
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7A, Table S2). Further analyses of the connection strength in
the adjacency matrix of module black network revealed the
presence of 52 hub genes, most of them with unknown
function (21.2%, 11) (Figure 7B). The authority gene in the
module corresponded to MDP0000012541, a UDP-glucosyl
transferase 73B3 (Figure 7B).

Module red represents approximately 6.6% of the DEGs and
consists of genes whose transcription is regulated mainly by
environmental differences in harvesting year (Figure 4D, Figure
6E). Significant enrichment in gene ontology terms in module
red were associated with oxidation and reduction and negative
regulation of biological processes (Table S2). The enrichment
in ontology terms associated with negative regulation prompted
the investigation of the expression profile of genes with
predicted functions in hormone response and protein
modification (Figure 7C). Two genes coding for ethylene
responsive element binding proteins (MDP0000249060 and
MDP0000262020) in the module were induced by CS and
repressed by MCP, although not reaching levels as low as those
observed at H (Figure 7C). Similar regulation patterns were
observed for other sequences associated with hormone
responsive transcription factors (Figure 7C). In the module,
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44 (11%) genes exhibited the highest hub scores, with the
majority consisting of sequences with unknown function
(22.7%, 11) (Figure 7D). Authority gene in the module red
corresponded to MDP0000060934, a gene containing a
HXXXD motif, classified to the transferase family (Figure 7D).

Low temperatures during storage was the main factor
controlling the expression of genes in module magenta (Figure
4F, Figure 6E). The module was enriched in biological process
ontology associated with transcriptional regulation as biological
process, and to several terms derived from catalytic activity in
molecular function (Figure 8A, Table S2). The transcription of
most genes in module magenta was induced by CS, except for
MDP0000158708, a transcript with no significant homology to
functionally characterized sequences, which was repressed by
CS, returning to H levels under MCP treatment (Figure 8B).
Forty-one genes in the module had high hub scores (19.6%),
with most of them (24.4%, 10) of unknown function (Figure
8C). The authority gene in the module corresponds to
MDP0000118943, a BTB (Broad-complex, Tramtrack and
Bric-a-brac)/POZ domain (Poxvirus and Zinc finger) domain
containing protein, similar to Arabidopsis ROOT PHOTO-
TROPISM3 (Figure 8C).
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Bl DISCUSSION

Quality Attributes Are Partially Retained by Post-
harvest Techniques and Affected Distinctly by the Year.
In commercial apple production, cold storage alone or in
combination with atmosphere manipulations and ethylene
blockage is essential to extending the fruit availability window.
Apple flesh firmness is the crucial determinant for consumer
acceptance, followed by a desired balance between sweetness
and acidity.”>®’ However, physicochemical analyses have
demonstrated that the postharvest techniques differentially
affect these attributes (Figure 1B). After 60 days, CS or MCP
treatments did not fully prevent the increase in soluble solids
and decrease in acidity, in agreement with the unidirectional
character of ripening in contrast to other plastic developmental
processes in plants.'®"'* In contrast, inhibition of ethylene
perception by 1-MCP in fruits kept at low temperatures
retained flesh firmness to levels similar to those at harvest
(Figure 1B). In contrast, the blockage of ethylene perception
did not enhance firmness conservation of ‘Galaxy’ apples stored
under dynamic controlled atmosphere monitored by respiratory
quotient.”® Interestingly, the authors also report the lack of
influence of the maturity state at harvest on conservation.*’

In commercial apple production, the optimum harvest
window is determined by variable number of days of acceptable
maturity that is determined by the genomic context of the
cultivar, environmental conditions, and desired period of
storage.”’ Recently, large scale chemical profiling and
physicochemical analyses have demonstrated that the main
factors affecting fruit quality traits, including soluble solids
content and titratable acidity, are the cultivar and the year of
cropping, with no significant effects of the orchard management
system.”” These observations agree with the marked effect of
the year on the contents of soluble solids, acidity, and genome
wide transcriptional profiling at harvest. Moreover, the gene
expression analyses confirm that significant differential gene
activity is retained in the harvest window of acceptable
maturity. The weighted network analyses also demonstrated
that the influence of the growing season on gene expression was
distinct for groups of genes associated with different quality
traits: the differences in gene expression between 2009 and
2012 were less significant than those found in fruits of later
developmental stage (60 days older) for the genes in module
blue and brown, whereas the year differences were significant in
fruits submitted to the same postharvest treatment for the
genes in modules black, red, and magenta. Thus, the influence
of the environmental factors during the year are distinct
depending on the transcriptional programs in apples after
harvest.

Transcriptional Changes Underlying Apple Quality
Traits after Harvest and during Storage. Ripening of fleshy
fruit is one of the last developmental phases of fruit ontogeny
and involves many genetic, biochemical, and physiological
modifications. These changes include the accumulation of
pigments and sugars, the production of aromatic compounds,
and flesh softening."’ Ripening enhances fruit organoleptic
properties, making them adequate for human consumption.
However, fruit quality diminishes as ripening reaches an
advanced stage, mainly due to fruit oversoftening, increased
pathogen susceptibility and the development of undesirable
flavor and skin color, leading to important economic losses
during postharvest fruit management.”**"°
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Complex carbohydrates, such as cellulose, pectic poly-
saccharides and xyloglucan, are the major compounds in
plant cell walls, along with smaller portions of hemicelluloses, as
arabinoxylans or glucomannans.” The development, ripening
and senescence of apples are associated with modifications in
the cell wall polysaccharides, including depolymerization,
dissolution, and spatial rearrangement of pectins, hemicellulose,
and cellulose."”** Previous studies have associated the
inhibition of ethylene-mediated signaling to the transcriptional
repression of genes coding for cell wall hydrolyzing enzymes in
fruits.”>~ Our results also demonstrate the transcriptional
repression of a portion of genes associated with carbohydrate
hydrolysis in response to CS and MCP, such as a subset of
polygalacturonase, pectin methylsterase, xylosidase, and glyco-
syl hydrolases in general. However, a previously unreported
induction in the transcription of genes involved in the sucrose—
sucrose cycle (futile cycle)®® was also observed in response to
ethylene perception blockage. In Royal Gala apples, SUCROSE
SYNTHASE (SUS) expression decreased in ripe fruits where
starch degradation is prevalent.’® The transcription of SUS was
increased by ethylene blockage in our study, indicating that in
the absence of the hormone, the fruit resumes a set of
metabolic activities that were suppressed during ripening in the
presence of ethylene. Indirectly, the accumulation of glucose
and sucrose, associated with the reduced respiration rates
observed under MCP would lead to higher levels of carbon
backbone for the biosynthesis of novel carbohydrates. In fruits
after harvest, the function of SUS is reversed to cleaving sucrose
to form fructose and UDP-glucose (UDPG), in contrast to its
traditional role in synthesizing sucrose from UDPG.”’ Fructose
is then phosphorylated to fructose 6-phosphate, which can be
used in glycolysis, tricarboxylic acid cycle, or combined with
UDPG in sucrose resynthesis via sucrose phosphate synthase.*®
Although the breakdown and resynthesis of sucrose may seem
like a wasteful process, it is associated with a more precise
control of carbohydrate partitioning in maize endosperm, since
the metabolic stability of sucrose facilitates its symplastic
transport to tissues where starch biosynthesis occurs.’
Moreover, the increased activity of sucrose-phosphate synthase
activates starch production, possibly due to an increase in the
sucrose to hexose ratio. High levels of sucrose may also
function as cellular protectants to osmotic and cold stress.”

A similar reappraisal of metabolic pathways associated with
more juvenile stages of fruit development in response to 1-
MCP was observed for genes encoding proteins associated with
photosynthesis. During ripening, photosynthetically active
chloroplasts undergo a physiological transition to chromoplasts,
colored plastids containing lipid-soluble pigments.”” A marked
transcriptional and translational repression of genes related to
photosynthesis accompanies the ripening transition to
chromog)lasts, possibly via a plastid-specific repression mech-
anism.”” The role of ethylene on photosynthesis in vegetative
structures appears to be the reverse, since increased ethylene
production in response to salt and heavy metal stresses induced
photosynthesis.*"**

The inhibition of ethylene signaling also alleviated the
repression of the transcription of a subset of genes associated
with maintenance of the cellular redox status, such as the
conserved redox proteins glutathione/glutaredoxin (GRX) and
thioredoxin (TRX) systems.

The regulation of thiol—disulfide redox status has a prevalent
role in plant defense mechanisms by preserving cellular redox
homeostasis and structural and regulatory functions for many
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proteins.”> In vegetative Arabidopsis organs, genetic studies
have demonstrated that ethylene mediated signaling induces
the transcription of redox proteins in response to different
abiotic stresses.*”* Thus, taken together our results demon-
strate that in apple, where ethylene has a prevalent role in
controlling ripening, its suppression by application of the
competitive inhibition allows derepression of the transcription
of photosynthesis genes and of a subset of redox proteins.

Differentially Expressed Genes Exhibit Five Distinct
Regulatory Patterns. The expression patterns of the
significant DEGs were classified in five distinct transcriptional
programs, or co-regulated gene modules, using weighted gene
correlation network analysis (WGCNA).”® The characterization
of the functional independence of biological parts and devices
or their modularity is essential to the design and modeling steps
of plant synthetic biology.® Conserved modules are often
recombined and rearranged in nature to create novel functions,
depending on their context dependency.”>*® The identification
of transcriptionally co-regulated modules helped the character-
ization of genes associated with fruit acidity and anthocyanin
production in diverse genomic contexts in apple and the
identification of genes and metabolites associated with
senescence and biotic stress resistance in other species.””**

The identified co-regulated modules correspond to distinct
transcriptional programs responding differently to the tested
conditions (H, CS, and MCP) but also revealing the effects of
the environmental conditions during the two investigated
growing seasons. The differential weight of the associations
between the transcriptional programs and the quality traits also
provided further insight on their regulation in response to
postharvest techniques. The largest transcriptional program
corresponds to genes preferentially controlled by development
and is positively associated with acidity and accumulation of
soluble solids. The second largest program is negatively
associated with firmness and positively with fruit acidity and
consists of genes exhibiting differential response to the
harvesting seasons. Thus, distinct transcriptional programs
with differential responses to development, conservation
techniques, and growing season differences control quality
traits in apples after harvest.

Transcriptional Programs Affecting Flesh Firmness.
Firmness is considered one of the most important traits for
consumer acceptance in apples.' ™ It is a complex phenotype
and is thought to be controlled by several genome regions and
their interactions with the environment.”"® In our uniform
genomic context (‘Gala’), three distinct transcriptional modules
were demonstrated to exert opposite effects on flesh firmness,
genes in modules red and brown negatively and those in black
positively associated with the trait.

Previous studies have associated the maintenance of fruit
firmness to impaired transcription or activity of cell wall
carbohydrate hydrolyzing enzymes or to defective ethylene
synthesis or signaling.””>” The results of our weighted
correlation analyses of gene expression demonstrate that a
two-time mechanism controls firmness in apples after harvest:
the first component consists of transcriptional programs
preferentially regulated by development that negatively affect
trait, whereas the second component consists of a transcrip-
tional program regulated by postharvest techniques CS and
MCP. Interestingly, the program exhibiting a marked response
to the blockage of ethylene perception resumes the tran-
scription of several genes associated with anabolic pathways,
suppressed in the later stages of fruit development. These
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observations agree with recent reports that the inhibition of
ethylene perception by 1-MCP derepressed the transcription of
genes related to auxin signaling and metabolism, transcription
factors, and photosynthesis in apples after harvest.® Our results
further demonstrate that the transcriptional reappraisal of
vegetative and anabolic pathways in response to blockage of
ethylene perception remains enforced even after 60 days of
storage and is associated with firmness control.

Transcriptional Programs Affecting the Contents of
Soluble Solids. Genetic studies employing segregating
populations demonstrated the involvement of several genomic
regions in the control of the contents of soluble solids in
apples.*”*° Soluble sugars in apples (peel and flesh) consist
mainly of fructose, sucrose, arabinose, galactose, and galactur-
onic acid as the main component monosaccharides. Two
genomic regions in Linkage Group 01, separated by 145 kb in
the apple reference genome, were associated with fructose and
sucrose contents in ‘Jonathan’ and ‘Golden Delicious’,
respectively.”” Thus, the contents of chemically distinct soluble
sugars are likely to depend on different genomic regions in
apple. In ‘Gala’, gene modules blue and red were positively
correlated to the contents of soluble solids. The expression
summary of these programs demonstrates a significant effect of
developmental time and the growing season in gene regulation,
in agreement with observations that the year exerts a
predominant influence on sugar contents in a})ple, hierarchi-
cally superior to orchard management systems.*” Moreover, the
ineffectiveness of postharvest techniques in fully preventing the
increase in the contents of soluble sugars also agrees with the
negative correlation observed for the trait and the gene module
preferentially regulated by development and enriched in
catabolic pathway ontologies (blue).

Further functional analyses of the co-regulated modules
positively associated with the contents of soluble sugars
revealed that the genes with higher number of connections in
programs red and black are associated with transcriptional
regulation, protein—protein interaction and modification, and
chromatin remodeling. The authority genes in the modules
correspond to transferases: a UDP-glucosyltransferase (UGT)
and a HXXXD-motif transferase. In higher plants, UGTs
belong to a superfamily consisting of 56 protein families,
functionally involved in the biosynthesis of specialized
metabolites, such as flavonoids, phenylpropanoids, terpenoids,
and steroids, and the regulation of plant hormones.”'
Acyltransferases containing the HXXXD motif, also called
BAHD family of acyltransferases, were named based on the four
biochemically characterized enzymes of the family (BEAT,
AHCT, HCBT, and DAT), and are also associated with the
biosynthesis of specialized metabolites, such as cuticle lipids,
volatile esters, modified anthocyanins, defense compounds, and
phytoalexins.”" In Arabidopsis, UGTs were demonstrated to
control abscisic acid (ABA) homeostasis and ABA-mediated
seed germination.”’ Among the co-regulated transcripts, a
significant portion is predicted to function in transcriptional
regulation, protein—protein interactions, and protein modifica-
tions, along with a smaller number similar to 9-cis-
epoxycarotenoid dioxygenase (NCED), the key enzyme in
ABA biosynthesis, and proteins induced by biotic stress,
suggesting a role for other hormone-mediated signaling
components in the developmental responses of mature,
detached fruits in apple, as observed in peach.”” In fruits of
Myrica pensylvanica, bayberry, a HXXXD-containing acyltrans-
ferase was demonstrated to control a novel biosynthetic

DOI: 10.1021/acs jafc.7b01425
J. Agric. Food Chem. 2017, 65, 7813—7826


http://dx.doi.org/10.1021/acs.jafc.7b01425

Journal of Agricultural and Food Chemistry

pathway of cutin triacylglycerols.”® The authority role of a
similar acyltransferase may indicate a similar function in stored
apples.

Transcriptional Programs Affecting Fruit Acidity.
Several genomic regions control fruit acidity in apple and are
differentially associated with the chemicals responsible for the
trait.*” Moreover, the trait depends on a wide range of cellular
processes, such as organic acid biosynthesis, vacuole sequestra-
tion, and degradation.””** The complexity of the regulatory
levels responsible for acidity in fleshy fruits agrees with the
observation that distinct transcriptional modules correlate with
the trait. Module blue was simultaneously associated with
soluble solid contents and acidity, although with opposite
effects, whereas black had the same effect on the traits. The
chemical characterization of soluble solids and acid components
in cultivated and wild apple genotypes also suggests a complex
association between acidity and sugar composition.”* The
demonstration that distinct transcriptional modules are
associated with the contents of soluble solids and fruit acidity
in apple suggests that, at least partially, the interaction occurs at
the transcriptional level. Moreover, the positive association of
transcriptional programs mainly controlled by developmental
time (blue and brown) to acidity is in agreement with the
observation that postharvest technologies do not fully prevent
the loss of organic acids in the later stages of apple ripening.

Our results demonstrate that conservation techniques do not
tully prevent ripening processes in apple, although inhibition of
ethylene perception effectively reduces firmness loss. Contrast-
ing transcriptional programs, identified by weighted network
analyses, underlie postharvest development and are correlated
to quality traits. The inhibition of ethylene perception and
signaling leads to a sustained upregulation of genes in anabolic
and vegetative development pathways in the fruits for up to 60
days after harvest. Complex phenotype traits, critical for
consumer appreciation, were associated with subsets of
differentially regulated genes.
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