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SUMMARY
Apple (Malus x domestica Borkh.) is a model species for studying the metabolic changes that occur at the
onset of ripening in fruit crops, and the physiological mechanisms that are governed by the hormone ethylene. In this study, to dissect the climacteric interplay in apple, a multidisciplinary approach was employed.
To this end, a comprehensive analysis of gene expression together with the investigation of several physiological entities (texture, volatilome and content of polyphenolic compounds) was performed throughout
fruit development and ripening. The transcriptomic profiling was conducted with two microarray platforms:
a dedicated custom array (iRIPE) and a whole genome array specifically enriched with ripening-related
genes for apple (WGAA). The transcriptomic and phenotypic changes following the application of 1-methylcyclopropene (1-MCP), an ethylene inhibitor leading to important modifications in overall fruit physiology,
were also highlighted. The integrative comparative network analysis showed both negative and positive
correlations between ripening-related transcripts and the accumulation of specific metabolites or texture
components. The ripening distortion caused by the inhibition of ethylene perception, in addition to affecting
the ethylene pathway, stimulated the de-repression of auxin-related genes, transcription factors and photosynthetic genes. Overall, the comprehensive repertoire of results obtained here advances the elucidation of
the multi-layered climacteric mechanism of fruit ripening, thus suggesting a possible transcriptional circuit
governed by hormones and transcription factors.
Keywords: apple, ethylene, fruit ripening, transcription regulation, correlation analysis network, hormonal
interplay.

INTRODUCTION
Apple (Malus x domestica Borkh.) is one of the most
important fruit crops worldwide. This fruit is generally harvested for fresh consumption, and among the ‘fleshy
fruits’, apple has a year-round availability (El-Ramady
et al., 2015), primarily enabled by the properties of the cell
wall. The cell wall, together with other traits that influence
fruit quality, is differentially regulated throughout fruit
development and the ripening process. It is during this
phase that several physiological pathways related to color,
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flavor, aroma and texture are prominent (Giovannoni,
2001).
Throughout the ripening of climacteric fruits (such as
tomato, banana, peach, kiwifruit and apple), the coordination of these physiological modifications is regulated by
the plant hormone ethylene (Yang and Hoffman, 1984;
Alexander and Grierson, 2002). Ethylene is a small volatile
hormone that, in higher plants, triggers and coordinates
several processes, from seed germination to fruit ripening.
963
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In climacteric fruits, the level of ethylene increases from a
basal auto-inhibitory level to an auto-catalytic accumulation at the onset of ripening (Yang and Hoffman, 1984;
Barry et al., 2000; Bleecker and Kende, 2000). Ethylene is
synthesized by the metabolic pathway known as the Yang
cycle (Adams and Yang, 1979; Yang and Hoffman, 1984),
and is perceived by receptors promoting the expression of
a cascade of downstream responsive genes (Ciardi et al.,
2000 and Ciardi et al., 2001; Klee, 2002). In the signaling
model, receptors act as negative regulators of the ethylene
response (Lanahan et al., 1994; Bleecker and Schaller,
1996; Klee, 2002; Wang et al., 2002; Guo and Ecker, 2004).
A reduction in receptor content therefore increases the
ethylene sensitivity, whereas the kinase cascade is
switched off following ethylene binding (Ciardi et al., 2000
and Ciardi et al., 2001). This interaction has been extensively exploited in post-harvest management to extend the
storage performance of climacteric fruits, especially apple
(Sisler and Serek, 1997). Excessive ripening can in fact lead
to dramatic fruit loss, off-flavor and decay (Matas et al.,
2009). Deviation from the general ripening condition as a
result of interference at the ethylene receptor level was
originally observed in the Solanum lycopersicum (tomato)
mutant Never ripe (Nr; Hackett et al., 2000; Tieman et al.,
2000; Alba et al., 2005). In apple, despite the great diversity
in ripening behavior among several accessions, specific
ripening mutants are still unknown; however, the application of 1-methylcyclopropene (1-MCP) can mimic the ethylene binding deficiency of Nr. This molecule delays the
entire ripening process, and is therefore a valuable alternative to dissect the ethylene regulatory network in apple.
The role of 1-MCP has previously been investigated in
apple (Costa et al., 2010), revealing gene expression
changes similar to what was presented in tomato (Alba
et al., 2005). In both cases, however, the gene expression
survey was performed with a microarray platform (TOM1)
harboring only 25% of the tomato gene inventory.
Although several other works investigating apple fruit
ripening have been presented to the scientific community
(Janssen et al., 2008; Soglio et al., 2009; Zhu et al., 2012),
it is also true that most of these studies relied solely on
gene expression. In this work, an integrative and comparative investigation of transcriptome profiling, together with
texture, volatile organic compound (VOC) and secondary
metabolite analysis, was conducted, and subsequently a
broad systematic picture of the principal mechanisms regulating fruit ripening are described.
RESULTS AND DISCUSSION
Apple fruit development and ripening characterization
The experimental scheme adopted in this work (Figure S1a) was based on a time course, defined by eight
stages, designed to span the fruit development and

ripening of two apple cultivars, ‘Golden Delicious’ (GD)
and ‘Granny Smith’ (GS). Five stages represented fruit
development (from F to B), whereas the last three stages
were mainly related to the maturity/full ripening phase
(harvest, H; post-harvest, PH) . To confirm ripening homogeneity, the internal chlorophyll content was assessed with
a DA meter (DA: difference of absorbance) (Figure S1b).
With regards to fruit size, the IAD index was detected, starting from the stage G. The ripening assessment clearly
shows distinct behavior for the two cultivars. The first two
samples (G and MG) did not show any relevant change in
IAD across stages or between cultivars (based on ANOVA,
P ≤ 0.05). In the second group of samples, although GS
showed a slight variation in IAD, a statistically significant
change was observed in GD. From B to H, the IAD index
decreased approximately 50%, but after 1 week of shelf
life, the index dropped by an additional 40%. To interfere
with the normal climacteric ripening, 1 mg L 1 of the ethylene competitor 1-methylcyclopropene (1-MCP) was
applied to a batch of apples collected at stage H. The treatment, according to internal chlorophyll content, effectively
delayed the progression of apple ripening in GD. In fact,
the IAD index value of the PH-treated sample decreased by
only 26% (with regards to stage H), showing a significant
difference between the two post-harvest stages (PHCTRL/
PH1-MCP) of approximately 20%. The efficacy of 1-MCP in
delaying fruit ripening was additionally demonstrated by
the measurement of ethylene over a month of shelf life
(Figure S1c). As expected, although ethylene remained at a
basal level during fruit development, it started to accumulate during stage H, with values of 1120 and 35 nL L 1 for
PHCTRL in GD and GS, respectively. The application of 1MCP efficiently suppressed ethylene accumulation in both
cultivars. In PH1-MCP, ethylene reached a concentration of
approximately 5 nL L-1 for GD and 3 nL L-1 for GS, resulting in a fold change of 224 and 11.6, respectively. Finally,
the assessment of the fruit texture behavior and the production of secondary metabolites (VOCs and polyphenols)
are detailed in Appendix S1.
Transcriptional climacteric signatures unravel the
physiological change in response to the inhibition of
ethylene perception
Apple fruit development and ripening was functionally
investigated by measuring the transcript variation with two
microarray platforms, iRIPE and WGAA. The first array was
employed to profile the transcriptional dynamics over the
entire time course, whereas the second array was implemented to better dissect the role of ethylene in climacteric
post-harvest ripening. The profile generated with iRIPE
was organized into 70 different self-organizing tree algorithm (SOTA) expression patterns, using F as a reference
(Figure S2). The iRIPE transcriptome clearly distinguished
the physiological behavior of the apple samples, as
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depicted by the two-dimensional principal components
analysis (2D-PCA) hyperspace plot (Figure 1). Interestingly,
in both cultivars the samples treated with 1-MCP showed a
transcriptome make-up closer to stage H with respect to
the control counterpart. Considering that the two post-harvest samples (PHCTRL and PH1-MCP; Figure S1a) coincide in
terms of DAH, their distribution previously demonstrated
the physiological modification caused by 1-MCP. The overall transcript regulation was further depicted in two ways.
Initially, the gene expression profiles were presented
according to heat-map/hierarchical clustering, which
assembled the genes on the basis of their expression pattern (Figure 2a). The same transcriptome variation was further illustrated by anchoring the expression of genes to the
genome assembly (Figures 2b, c and S3), thus allowing
the visualization of the transcriptional changes with
regards to genomic regions associated with the variation
in fruit texture presented by Longhi et al. (2012). Although

this is far from a comprehensive genetic genomics study
(Janssen and Nap, 2001; Breitling et al., 2008; Joosen
et al., 2009), this synergic integration was performed as a
first attempt to merge genetic results with gene expression
(Li and Burmeister, 2005). Although the transcripts were
widely spread over the genome, it is interesting to note
that on chromosomes 5, 6, 10 and 15, the gene expression
change co-localized with important QTL regions, suggesting the activity of a cis-regulating QTL. Of particular interest was chromosome 10, where the highest expression
was observed for Md-PG1, a gene playing a pivotal role in
the control of fruit texture in apple (Costa et al., 2010;
Longhi et al., 2012 and Longhi et al., 2013).
Out of the total number of genes investigated with iRIPE,
675 were differentially expressed (P ≤ 0.05, fold
change ≥ 2) in at least one pairwise comparison in GD (Figure S4; Table S1). The highest numbers of differentially
expressed genes (DEGs) were identified in the F/L

Figure 1. Two-dimensional principal components analysis (2D-PCA) plot depicting the distribution of several samples on the base of their transcription pattern
assessed with the iRIPE array. The PCA plot is distinguished by the first two principal components for (a) ‘Golden Delicious’ and (b) ‘Granny Smith’. In each
panel the samples are coded as: F, flower; L, fruitlet; G, green; MG, mature green; B, breaker; H, harvest; PC, post-harvest control; PM, post-harvest treated with
1-methylcyclopropene (1-MCP).

(a)

(b)

(c)

Figure 2. iRIPE overall transcription profile assessment. (a) Dynamics represented according to a hierarchical heat map clustering. Samples are ordered on the
basis of time course (coding is the same as described in Figure 1) and anchored to the flower stage. The other two panels show the expression profile of the
genes aligned on the genome, and are representative snapshots for the green (b) and the post-harvest control (c) stages. For the three representations, green
and red represent low and high gene expression, whereas the expression magnitude is highlighted by the size of the dots in panels (b) and (c).
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comparison, followed by the MG/B and B/H, which is evidence of the physiological shift from the end of fruit development to horticultural maturity. This regulation, as clearly
shown in the MAPMAN visualization (Figure S5a), highlights, for instance, the downregulation of genes involved
in the light reaction process, such as light-harvesting
chlorophyll a/b binding proteins. This physiological variation suggests that the change from MG to B is the transition from the partial photosynthetic source to the
heterotrophic sink (Jones, 1981). This functional shift was
also observed in other climacteric fruits, such as tomato,
where photosynthetic light reaction-related genes were
upregulated in the early developmental phase and downregulated in late fruit ripening stages (Carrara et al., 2001;
Lytovchenko et al., 2011; Rohrmann et al., 2011; Osorio
et al., 2012). It is also worth noting the de-repression of the
photosynthetic light reaction machinery following 1-MCP
treatment. Whereas two genes were re-activated
(MDP0000233260 and MDP0000836781) in GD, almost the
entire set involved in the light reaction machinery was derepressed in GS. This specific positive stimulation generated by the ethylene inhibitor was further magnified in the
WGAA transcriptomic overview (Figure S5b). This finding
is in agreement with results observed in the tomato Nr
mutant, which showed an induction of the expression of
photosynthetic-related genes that are normally downregulated during ripening (Osorio et al., 2011). The shift from
B to H is instead more related to the initiation of the climacteric process, as the genes involved in ethylene

(a)

regulation were strongly activated in the latter stage,
including the well-documented elements involved in ethylene biosynthesis and the signal transduction pathway
(ACS, ACO and ERF2). The impact of ethylene in controlling the climacteric ripening was dissected here with the
use of the ethylene competitor 1-MCP. As expected, the
interference at the receptor level determined an important
repression of genes involved in the ethylene pathway
(ACS, ACO, ETR and ERF). Despite the downregulation of
61.8% of the genes differentially expressed between control and treated samples, it is also worth noting the positive regulation of 38.2% of the gene set, for which most are
represented by transcription factors (MADS, NAC, AUX/IAA
and ERF) and elements involved in the chlorophyll machinery (light harvesting, chlorophyll a/b binding proteins). The
double effect of ethylene during ripening was additionally
investigated in more detail using the WGAA array, which
improved the transcriptome resolution in the last three
stages (H, PHCTRL and PH1-MCP). The different fruit ripening
physiology of these samples was clearly depicted in the 2DPCA plot (Figure 3a), together with the heat-map hierarchical clustering (Figure 3b,c). From the total set of 46 098
genes represented on the whole genome array, 7106 were
differentially expressed in the two pairwise sample comparisons of the GD cultivar. In the PHCTRL/H comparison, 4771
DEGs were identified, of which 58.1% were expressed in the
PH sample and 41.9% were expressed in the H sample
(Table S2a). In the PH1-MCP/PHCTRL comparison, 4335 DEGs
were identified, of which 55% were highly expressed in the

(b)

(c)

Figure 3. Gene expression profile assessed with the WGAA platform in the two apple cultivars. (a) Distribution of the last three samples of the time course (harvest, post-harvest control and treated) over the two-dimensional principal components analysis (2D-PCA) plot. (b, c) Expression dynamics depicted with a hierarchical heat-map clustering for ‘Golden Delicious’ (D) and ‘Granny Smith’ (S), respectively. In both heat maps the samples are depicted as follows: harvest (1),
post-harvest control (2) and post-harvest treated with 1-methylcyclopropene (1-MCP) (3).
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sample treated with 1-MCP, compared with the control
(45%), sharing 2000 common genes (Table S2b).
The gene expression profile of the two microarray platforms was validated by RT-qPCR. The pairwise correlation
(higher than 0.50; P < 0.05) shown in Figure S6 confirmed
the reliability among the different methodologies
employed here.
Ripening regulation in two apple cultivars, ‘Golden
Delicious’ and ‘Granny Smith’
The transcriptome variation assessment allowed the physiological cross-comparison between two apple cultivars,
represented by GD, showing a typical climacteric behavior
(and considered the reference cultivar), and GS, known to
produce a much lower quantity of ethylene with a consequential reduced progression of cell wall dismantling. Initially, the iRIPE genomic platform was employed to
monitor the overall transcriptomic signature between the
two cultivars. Over the time course, however, significant
gene expression differences only arose from the MG stage
onwards, because at stage G the two cultivars were transcriptionally identical (no DEGs were found). At stage MG,
the number of DEGs was 78, with 60 transcripts more
abundant in GD and 18 transcripts more abundant in GS,
among which a high number of transcription factors (TFs)
and secondary metabolite genes were identified (Figure S7; Table S3a). In stage B, an opposite trend was
observed, with a greater number of genes showing
increased expression in GS (Figure S7; Table S3b). At
stage H, the functional state between the two apple cultivars was similar (55 DEGs in GS and 66 DEGs in GD; Figure S7; Table S3c), although a distinct hormonal signature
was detected. In GS, auxin-related genes were predominantly expressed with regards to elements belonging to
the hormone ethylene. In fact, in this apple cultivar, four
AUX/IAA, two IAA amidohydrolase, two ACO and one ERF
were identified. In GD, however, none of the auxin-related
elements were identified, whereas genes involved in the
ethylene biosynthetic and regulation pathway were more
abundant, such as two SAM, two ACS, six ACO, two ETR
and three ERF elements (Table S3c). This scenario was
magnified in the post-harvest comparison (PHCTRL/PH1MCP; Figure S7; Table S3d). The hormonal distinction
between the two cultivars is supported by the higher rate
of ethylene produced by GD at this stage and ethylenemediated genes, in particular those related to cell wall
metabolism. Among these, it is also worth noting the
identification of three endo-xyloglucan-transferase, two
expansins and one polygalacturonase element. The interference of ethylene physiology, as a result of treatment
with 1-MCP, re-shaped the functional regulation between
the two cultivars (Figure S8; Table S3e). The ethylene
inhibitor induced the expression of twice the number of
genes in GS compared with GD (66 and 31 DEGs,

respectively). In particular, in GS a high number of lightharvesting chlorophyll a/b binding protein and several
transcription factor elements (ERF, MADS and NAC) were
upregulated. The comparison between the two cultivars
was further investigated using the WGAA platform, which
allowed for a more detailed investigation of the climacteric phase (Figure 3). At stage H, the number of DEGs
involved in cell wall disassembly was higher in GD (61)
than in GS (34), highlighting a more intense polysaccharide disassembling activity in the first cultivar, consistent
with the observed texture profile (Figure S8a; Table S4a).
Although the numbers of DEGs were almost identical in
terms of ethylene regulation (nine in GD and seven in GS;
Figure S8b; Table S4b), this was not the case for genes
related to the auxin pathway. As previously observed,
auxin-mediated genes were highly expressed in the GS
cultivar (19), compared with GD (15; Figure S8c;
Table S4c). This finding is consistent with the transcriptional overview depicted for transcription factors, which
resulted in more genes transcribed in GS (120) than in GD
(104; Figure S8d; Table S4d). After 1 week of shelf-life
ripening, the transcriptional pattern remained fundamentally unchanged for the cell wall and auxin pathway with
respect to stage H. At this stage, in fact, the number of
cell wall genes with increased expression was 50 in GD
and 31 in GS (Table S4e), whereas the number of upregulated auxin-related transcripts was higher in GS (19) compared with GD (14; Table S4f). The genotype effect
between the cultivars on ethylene regulation was confirmed by the different proportion of genes identified
using the WGAA platform. Among the ethylene-related
DEGs, 12 were highly expressed in GD (Table S4g), but
only five were observed in GS. In contrast, the transcription machinery involved in gene regulation processes was
quite similar between the two cultivars, with the identification of 93 and 96 transcription factors showing
increased expressed in GD and GS, respectively
(Table S4h). The deviation from the normal climacteric
ripening physiology generated by treatment with 1-MCP
was particularly evident in two gene categories: ethylene
and cell wall-related genes. Compared with PHCTRL, in
PH1-MCP a reduction in DEGs was observed in both GD
and GS. GD showed a reduction of 36% of cell wall genes
and 41% of ethylene-related genes, whereas the number
of DEGs detected at stage PH1-MCP was rather similar or
slightly higher than at stage H in GS (Table S4i, l). In contrast, concerning the auxin pathway genes, the number of
DEGs did not substantially change from the comparison
performed between the apple cultivars at the PHCTRL
stage, with GS showing a higher number of DEGs than
GD (Table S4m). The application of the ethylene competitor led to a slight reduction in the number of TFs
expressed in both cultivars, with 88 DEGs expressed in
GS and 78 DEGs expressed in GD (Table S4n).
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Exogenous application of the ethylene competitor 1-MCP
induces a de-repression and activation of the regulatory
machinery complex
The competition exerted by 1-MCP binding to receptors
instead of ethylene activates a transcriptional circuit affecting the entire fruit-ripening physiology. During normal climacteric ripening (H/PHCTRL; Table S5), 181 DEGs were
identified, of which 89 were more highly expressed at the
onset of the ethylene burst. With the application of 1-MCP,
184 elements were instead differentially expressed. In this
comparison, however, the majority of the genes in the
1-MCP-treated sample (111) were positively stimulated by
the inhibition of the ethylene accumulation and signaling.
Among the class of transcription factors (Table S5), several
families were stimulated by 1-MCP, such as NAC domain,
MADSbox and elements involved in the auxin regulatory
process (AUX/IAA). Treatment with 1-MCP stimulated the
expression of approximately 60% of the transcription factors, possibly as a mechanism to restore the normal

physiological ripening condition. This hypothesis is also
supported by the fact that most of the genes induced by 1MCP, besides TFs, are auxin- and ethylene-related genes,
in addition to those involved in the photosynthetic pathway. The molecular interplay between regulatory elements
and the two major plant hormones constitute the core of
fruit-ripening control mechanisms (Tieman et al., 2000;
Giovannoni, 2001). The role of transcription factors has
been previously demonstrated in coordinating the ethylene
burst during ripening (reviewed in Klee and Giovannoni,
2011). In this particular case, it is also worth noting that
amongst the list of TF elements stimulated by the treatment, NAC (one of the most abundant TF families in the
plant genomes sequenced to date) and zinc finger are the
most represented (Figure 4). In tomato, the important role
played by NAC factors in several biological processes,
from plant growth and development to fruit ripening, has
been demonstrated (Giovannoni, 2007; Zhu et al. 2014).
Indeed, SlNAC accumulates in fruit tissues with an

Figure 4. Distribution of the transcription factor
genes identified with the WGAA platform and
differentially expressed in the control (a) and
1-methylcyclopropene (1-MCP)-treated (b) postharvest samples.
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increased expression pattern throughout fruit ripening. In
the work of Ma et al. (2014), an NAC factor, namely
SlNAC1, seemed to function as a negative regulator of fruit
ripening because a transgenic tomato line overexpressing
this gene showed inhibited fruit ripening. In addition, Xie
et al. (2000) reported a relationship between NAC and
auxin. NAC1 expression is in fact induced by auxin, and
auxin-responsive genes were identified and recognized as
downstream targets of NAC1. This functional interaction
shed light on the hypothesis formulated here concerning
the mechanism triggered by the application of 1-MCP, and
was additionally supported by the different ripening behavior of the two apple genotypes. Blocking ethylene sensitivity at the receptor level switched off ethylene production,
stimulating the expression of NAC elements and the subsequent activation of the auxin pathway in an attempt to
re-establish normal ethylene physiology. In this work, the
application of 1-MCP has helped to decipher more accurately the ethylene network, suggesting a possible transcriptional circuit controlled by hormone and TFs in the
regulation of apple fruit ripening. According to BLAST
results, the apple NAC (MDP0000404409) shows 96%
nucleotide and 61% peptide sequence similarity with NAC1
in tomato (Solyc06g060230.2), thus suggesting a putative
orthologous relationship.
Interference of ethylene perception during the last phase
of fruit ripening stimulates a hormonal interplay with
auxin
The ethylene-mediated transcription and relative functional
deviation caused by 1-MCP were depicted in three MAPMAN
classes (Figure S4, 5). The physiological effect of the
exogenous application of the ethylene competitor 1-MCP
was clear in the regulation of ethylene. The DEGs related

to this hormone were in fact more highly expressed in
PHCTRL compared with PH1-MCP (Table S5c,d). In addition,
however, the application of 1-MCP also stimulates the activation of genes involved in other fundamental pathways of
fruit ripening. In addition to light regulation, it is also interesting to note the upregulation observed in the auxin pathway. In the H/PHCTRL comparison 30 DEGs were detected
(almost equally present in the two samples, with 14 and 16
expressed at H and PHCTRL, respectively; Table S5e), and
31 DEGs were identified after treatment with 1-MCP
(Table S5f), highlighting an almost un-modified physiological state. Among this set, 1-MCP stimulated a similar number of elements compared with those expressed in the
presence of ethylene. In fact, of the 16 genes potentially
regulated during the climacteric ripening, 15 were more
highly expressed after 1-MCP application, such as IAA
auxin induced protein.
To unravel this transcriptional circuit controlling climacteric ripening in apple, a correlation analysis network
(CAN) was performed. As an initial attempt to highlight
the distortion generated by the ethylene antagonist, a
comparative network was generated between the iRIPE
interactome and the accumulation of ethylene (Figure 5a,
b). Treatment with 1-MCP changed the ethylene interactome by approximately 2.8-fold. Whereas during normal
ripening the ethylene trend was correlated with 69 genes
(34 negative and 35 positive interactions; Table S6a), in
samples treated with 1-MCP a total of 24 interactions were
observed (nine negative and 15 positive; Table S6b).
Among the genes negatively correlated with ethylene in
normal ripening physiology, enrichment in auxin-related
genes was observed, such as AUX/IAA, TIR1 and two ARF
elements. In contrast, within the gene set showing a positive interaction with ethylene, several ethylene-related

Figure 5. Visualization of the transcript–ethylene correlation network. The cluster is the selection of the gene transcription pattern positively and negatively correlated with the hormonal accumulation. Positive correlations are indicated with red edges, whereas negative correlations are displayed in green. Nodes are of
two types: ethylene is indicated with a green circle, whereas transcripts are represented by blue squares. Panels (a) and (b) show the correlation defined under
normal climacteric conditions and with the inhibition of ethylene hormone perception, respectively.
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genes (such as ACO and ERF) and cell wall modifying
genes (PME, PG and endoxyloglucan transferase) were
identified. Among this set, a GH3 involved in the IAA conjugation process was identified. In the correlation network
analysis performed with the ethylene profile in the physiologically distorted scenario (treated with 1-MCP), within
the group of the transcripts positively regulated, several
elements involved in the ethylene signaling and perception machinery (such as ERS and ERF) were identified,
whereas among the genes negatively regulated, three
AUX/IAA elements were instead identified. The network
analysis performed with the iRIPE was also consistent with
the more comprehensive correlation analysis conducted
using the WGAA platform. The transcript dynamics profile
was positively correlated with a series of genes largely
involved in ethylene biosynthesis and the signaling mechanism, such as ACO, ACS, AP2-ethylene responsive factor
and ERF (Table S7a). As previously observed with the
iRIPE platform, it is also interesting to note the identification of elements involved in the auxin pathway, such as
AUX/IAA and GH3; however, the majority of the genes
related to the auxin pathway were negatively correlated
compared with ethylene accumulation, such as ARF, Auxin
transporter, AUX/IAA and PIN auxin efflux transporter. The
presence of these specific classes of auxin-related genes
leads us to hypothesize that a possible link with ethylene
in apple fruit exists. These two hormones have been previously shown to act both synergistically and antagonistically in several physiological processes (Muday et al.,
2012). ARF transcription factors and AUX/IAA are two
classes of regulators triggering the expression of auxinresponsive genes (Lokerse and Weijers, 2009; Leyser,
2010), and because auxin is more involved in early fruit
developmental processes, the time of ripening correlates
with a decrease in its concentration and action (Schaffer
et al., 2013; Shin et al., 2016). As reported in tomato,
although the expression of auxin-responsive genes was
strongly reduced during the ripening process in wild-type
plants, an induction was observed in the Nr mutant deficient in ethylene perception (Osorio et al., 2011). The modulation of the auxin pool, aside from the regulation of
de novo synthesis, is also controlled by a conjugation/
degradation mechanism (Ljung, 2013), contributing to
auxin homeostasis and storage (Chapman and Estelle,
2009). The idea of an ethylene–auxin interplay at a late
ripening stage is moreover validated by the systemic analysis performed with samples treated with 1-MCP. The activation of AUX/IAA and ARF elements is moreover
consistent with the findings that a high auxin level can
stimulate the synthesis of ethylene in the late fruit ripening
phase (Morgan and Hall, 1962; Trainotti et al., 2007). In
this scenario, the auxin–ethylene interplay might play a
role. Because ethylene production by the fruit is inhibited
by impaired perception, the auxin pathway is stimulated

as a parallel metabolism mechanism to restore the normal
climacteric physiology (Figure 6).
Correlation analysis network reveals an association
between transcripts and phenomic entities
The class of genes encoding cell wall modifying proteins
(CWMPs) was also strongly affected by treatment with
1-MCP (Figure S5). In the H/PHCTRL comparison, 58 genes
out of 70 were more highly expressed in the presence of
ethylene (Table S5a). After treatment with 1-MCP, the
majority of the genes encoding cell wall enzymes (50 of
77) were, as expected, repressed (Table S5b), such as polygalacturonase, pectinesterase and pectate lyase; however,
treatment with 1-MCP also stimulated a specific set of cell
wall-related genes, with most belonging to the xyloglucan
endo-transglycosylase family. In the CAN analysis
performed with texture parameters, the application of
1-MCP increased the number of interactions with both
mechanical and acoustic parameters (Figure S9a;
Table S6c). The mechanical properties in fact showed 537
interactions in the control sample and 657 interactions in
the sample treated with 1-MCP (Figure S9a; Table S6d).
Similarly, the acoustic parameters showed 140 interactions
in the control sample (Figure S9a; Table S6e) and 622
interactions in the sample treated with the ethylene competitor (Figure S9a; Table S6f). This trend was also confirmed by the WGAA platform, which identified 2045

Figure 6. Visual representation of the biochemical pathway of ethylene
(blue color) and auxin (orange color). Interference arising from treatment
with 1-methylcyclopropene (1-MCP) is also illustrated for the ethylene pathway, and the dashed arrow suggests the point of interaction between the
two hormones.
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positive and 3025 negative interactions (Table S7b).
Although the change in fruit texture in apple has been
widely recognized as an ethylene-dependent process, treatment with 1-MCP substantially modified the genes correlated with the phenomenon, rather than the number of
interactions. The major difference observed in the two correlation analyses is the expression of PG elements in the
control sample. This finding is consistent with the role of
polygalacturonase genes (cleaving the a-1,4-linkage
between galacturonic acid residues) in the fruit softening
process (Sitrit and Bennett, 1998). Although PG was considered important, a PG-silenced transgenic line showed
only a slight reduction in cell wall degradation (Kramer
et al., 1992; Langley et al., 1994; Bennett and Labavitch,
2008). Treatment of melon fruit with 1-MCP has, however,
unraveled the different expression patterns of genes
encoding CWMPs (Rose et al., 1998; Nishiyama et al.,
2007). The use of transgenic lines with suppressed expression of ethylene-related genes in both apple and melon
(Dandekar et al., 2004; Ezura and Owino, 2008; Pech et al.,
2008) have supported the hypothesis concerning the coexistence of both ethylene-dependent and -independent pathways (Nishiyama et al., 2007). Blocking ethylene by 1-MCP
has in fact stimulated the expression of other cell wall
genes, such as expansin, endoxyloglucan-transferase
(EXT), pectinesterase and b-galactosidase. The high number of interactions with endoxyloglucan-transferase found
in samples treated with 1-MCP suggests that this CWMP is
a key regulator of fruit crispness in apple. In the primary
cell wall architecture, xyloglucan is the principal component of the polymeric matrix (Nishitani and Tominaga,
1992; Nishitani, 1995; Han et al., 2015). This hemicellulose
is involved in the maintenance of cell wall rigidity by
strengthening the skeletal network with cellulose microfibrils. In this scenario, EXT catalyzes the molecular grafting
between xyloglucan molecules, interweaving or reconstructing the cell wall matrix. Together with cell wall
strength, the crispness response of a fruit cell also depends
on the level of hydrostatic pressure (or internal cellular turgor). To this end, it is worth noting that 1-MCP also stimulates the expression of several aquaporins encoding water
channels, which regulate the hydrostatic pressure that
maintains turgor pressure (Maurel, 1997; Mut et al., 2008;
Reuscher et al., 2013; Chaumont and Tyerman, 2014).
During the progression of fruit ripening, a blend of aromatic compounds is produced. In this work, the apple volatilome was profiled with proton transfer reaction time-offlight mass spectrometry (PTR-ToF-MS), and because fruit
volatile production is highly correlated with ethylene
(Schaffer et al., 2007), the assessment of VOCs was
focused on three specific stages: H, PHCTRL and PH1-MCP
highlighting in particular the effect of 1-MCP. The PHCTRL
stage of GD was clearly distinguished over the 2D-PCA plot
(Appendix 1), following the orientation of the entire volatile

set. This sample, when compared with the others, was
characterized as having the highest levels of ethylene production. The volatilome analysis also highlighted a qualitative distinction between the two cultivars. From the VOC
variability distribution, the three samples of GS are in fact
positioned in the upper part of the PC2 positive quadrants,
whereas those belonging to GD are more oriented towards
the negative section, because of the dominant accumulation of esters and alcohols in this cultivar. The impaired
production of ethylene resulted in a strong repression in
the emission of VOCs, as described by Farneti et al. (2014),
and is consistent with the ethylene-dependent relationship
reported for melon (Pech et al., 2008). Among the several
VOC categories, alcohols and esters were affected most by
the treatment, decreasing by 57 and 52%, respectively. The
other volatiles, such as carbonyl compounds, general fragments and other unknown compounds, showed a much
lower reduction (approximately 20%). This observation
indicates that only specific steps of the VOC pathway are
controlled by ethylene, a finding that is consistent with
previous studies (Defilippi et al., 2005; Schaffer et al.,
2007), and demonstrates that in ethylene-suppressed
apple, only esters and alcohols are effectively reduced. As
revealed through the systemic analysis performed with the
iRIPE platform, treatment with 1-MCP reduced the general
interactome (Figure S9b) from 352 interactions (observed
in the normal physiology for the five VOC categories;
Table S6 g) to 227 interactions (Table S6 h). Although 1MCP negatively modified the number of transcript–compound interactions, alcohol and esters were affected the
most. Interactions were reduced by 57 and 52%, respectively, for alcohol and esters in the PH1-MCP sample, which
was further confirmed by WGAA (Table S7c).
Although a considerable number of studies have
attempted to understand the genomic effects of fruit development in different species, knowledge of the physiological shift in important secondary metabolites during fruit
maturity and ripening is still limited, despite their significant impact on human health and diet (Dillard and German, 2000; Kaur and Kapoor, 2001;Liu, 2004; Hyson, 2011).
In this study, seven groups of polyphenolic compounds
were investigated and were shown to be highest in accumulation at the G stage. The trend observed here and
shared by the two apple cultivars is also consistent with
the polyphenolic pattern previously described for other
species. In fact, fruits of Olea europaea (olive; Alagna et al.,
2012) and Eriobotrya japonica (loquat; Ding et al., 2001)
showed the highest concentrations of polyphenolic compounds in young fruit. Interestingly, in loquat fruit, hydroxycinnamic acid (especially chlorogenic acid, the major
polyphenolic compound in ripe fruits) slightly accumulates
in the final ripening phase, similar to what has been elucidated here. Although polyphenolic compounds decrease
steadily during fruit development and maturation, it is
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intriguing to note their relationship with ethylene. In both
apple cultivars, the entire set of polyphenolic compounds
increased after harvest, concomitantly with the initiation of
the ethylene burst. Moreover, this pattern is similar to the
previous indication reported for apple (Hoang et al., 2011)
and tomato (Tohge et al., 2014). The positive regulation
with ethylene was also partially verified by treatment with
1-MCP, although we must consider the limited effects in
controlling each compound, which were characterized,
moreover, by their behavior. Within the group of secondary metabolites considered here, including hydroxycinnamic acid, dihydrochalcones, flavonols, flavan-3-ol and
stilbenes, all except stilbenes showed a higher ratio of
genes positively regulated by ethylene progression,
whereas stilbenes showed a higher number of interactions
negatively correlated with hormone accumulation
(Table S7d).
In this work we shed light on the climacteric ripening
control in apple by applying the ethylene competitor
1-MCP. The entire life cycle of a plant is governed by hormonal interplay, and whereas auxin is needed for fruit
growth, ethylene controls and coordinates the onset of the
fruit-ripening phase. In apple, the reduction of auxin and
its homeostasis can activate the expression of ethylene
biosynthetic-related genes (Shin et al., 2016). Fruit with
impaired and deficient ethylene production de-repress a
series of developmentally regulated genes. In parallel with
the repression of ethylene-related genes, an increased
expression of auxin and transcription factor (especially
NAC) elements was observed in an effort to stimulate the
ethylene pathway. To this end, only when the proper quantity of ethylene has accumulated, and been perceived, can
VOC-related and ethylene-dependent CWMP-encoding
genes be transcribed, contributing to the completion of the
fruit ripening process.

2013), a portable vis-spectrometer device designed to assess
ripening in a non-destructive manner. For each sampling, 10
apples were used for the non-destructive volatile monitoring, followed by destructive texture analysis. The other five apples were
instead used for transcriptome and metabolite profiling, for which
flesh cortex was processed in the presence of liquid nitrogen,
ground and stored at 80°C.

EXPERIMENTAL PROCEDURES

Polyphenols were extracted with a water/methanol-chloroform
solution, as described in Vrhovsek et al. (2012). A volume of 10 ml
was filtered with a 0.2-lm PTFE filter prior to ultra-performance
liquid chromatography with a Waters Acquity UPLC system
(Waters, http://www.waters.com) coupled to a Waters Xevo TQMS
in electrospray ionization (ESI) mode. The separation of the phenolic compounds was achieved on a Waters Acquity HSS T3 column (1.8 lm, 100 mm 9 2.1 mm) kept at 40°C. In the end, 2 ll
was injected into the instrument by an autosampler at a temperature of 6°C. Data were processed with Waters MASSLYNX 4.1 and
TARGETLYNX. The phenolic compounds detected were grouped
into six main categories: hydroxycinnamic acids, dihydrochalcones, flavan-3-ols, stilbenes, flavonols and aldehyde.

Plant material
Fruit from GD and GS apple cultivars were collected over a time
course organized to characterize fruit development and ripening.
Prior to harvest, fruit samples were collected at five specific
pomological stages (Figure S1a): i_Flower (F; 0 days after full
bloom, DAFB), ii_Fruitlet (L; 20 DAFB), iii_Green (G; 45 DAFB),
iv_Mature Green (MG; 75 DAFB) and v_Breaker (B; 105 DAFB).
After this, fruit collection progressed following different harvesting dates. Fruit from GD and GS were harvested (H) at 143 and
171 DAFB, respectively. At this time point, two batches of fruit/variety were collected: one was treated overnight with 1 mg L-1 of
1-MCP, whereas the second was maintained untreated as a control
(CTRL). After treatment, samples were further taken after 1 week
of post-harvest (PH) shelf-life ripening (at room temperature,
20°C) at 150 and 178 DAFB for GD and GS, respectively. The collected fruit were further used for transcriptome analysis as well as
physical and metabolite screening. For each point, 15 apples were
collected from 10 selected trees/cultivar. The homogeneity of each
apple/sampling was verified with a DA meter (Nyasordzi et al.,

Fruit texture assessment
The change of fruit texture, considered as the simultaneous combination of both mechanical and acoustic signature, over the fruit
development and ripening, was assessed with a TAXTplus texture
analyzer (Stable MicroSystem Ltd, http://www.stablemicrosystems.com) equipped with an Acoustic Envelope Device (AED). For
each sample, 20 measurements were performed, represented by
four biological replicates (different apples collected from the same
cultivar) and five technical replicates (flesh discs obtained by the
same fruit), according to the protocol described in Costa et al.
(2011 and) Costa et al. (2012). The combined profile was further
used to digitally identify 12 parameters (Table S8).

Volatile organic compound (VOC) monitoring
During fruit developmental stages (from G to B), as well as full
ripening (H and PH), VOCs were measured with a commercial
PTR-ToF-MS 8000 instrument (Ionicon Analytikal GmbH, http://
www.ionicon.com). For the analysis, each sample was placed in a
glass jar (1000 ml) provided with two Teflon silica septa on the
opposite site. Samples were incubated in a water bath for 30 min
at 30°C and measured by a direct injection of the headspace mixture into the PTR-ToF-MS drift tube via a heated peak inlet (110°C)
for 30 s, acquiring 30 averaged spectra. The sampling time per
channel in the ToF analyzer was 0.1 ns, amounting to 350 000
channels for mass spectrum, with an m/z ranging from 10 to 400,
and operated with the following conditions in the drift tube:
drift voltage 600 V, 110°C and a pressure of 2.25 mbar. Each single spectrum is the sum of 28 600 acquisitions lasting for 35 ls
each. Among the several compounds detected by PTR-ToF-MS, m/
z 28.03 corresponded to ethylene, as reported in Costa et al.
(2014).

Secondary metabolite investigation

Transcriptome analysis
For both microarray platforms (iRIPE and WGAA), total RNA was
isolated from fruit cortex tissue of three biological replicates with
the Spectrum Total RNA kit (Sigma-Aldrich, https://www.sigmaaldrich.com). RNA quantity and quality was controlled with a
Nanodrop ND-8000 (ThermoFisher Scientific, http://www.thermofisher.com) and an Agilent 2100 Bioanalyzer (Agilent, http://
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www.agilent.com). For the transcriptome analysis carried out with
iRIPE, 2 lg of RNA was further amplified and labeled using the
RNA ampULSE kit (GEA-022, Kreatech; Leica Biosystems, http://
www.leicabiosystems.com). Purified aRNA (4 lg) was subsequently hybridized on the array, following the manufacturer’s
instructions. After hybridization, microarray slides were scanned
using an AxoGenePix 4400A (Molecular Devices, http://www.moleculardevices.com). Densitometric analyses were performed
in GENEPIXPRO 7 (provided with the instrument). Probe signals
were considered when higher than negative control, based on
Bacillus anthracis strain 2002013094 (CP009902.1), Haemophilus
ducreyl strain CLU5 (CP011227.1) and Alteromonas phage strain
PM2 (AF155037.1) sequences, plus twice the standard deviation.
All values were log-transformed (base 2) and quantile-normalized using LIMMA R (Ritchie et al., 2015). Mean values were calculated for replicates, whereas the median was computed instead
for probe copies. To perform the transcriptome investigation
with the WGAA platform (Roche NimbleGen, http://www.roche.
com), first- and second-strand cDNA synthesis, cDNA labeling,
hybridization and washing steps were instead carried out
according to the NimbleGen Arrays User’s Guide – Gene
Expression Arrays (version 5.1). Microarray slides were scanned
at 532 nm (Cy3 absorption peak) using the Axon GenePix 4400A
(Molecular Devices) and GENEPIX PRO 7 (Molecular Devices),
according to the manufacturer’s instructions. Feature extraction
and robust multiarray average (RMA) normalization were performed using the specific software NIMBLESCAN 2.5, with default
parameters (Roche). For both iRIPE and WGAA platforms, DEGs
were identified with linear model microarray analysis (LIMMA),
assuming a false-discovery rate (FDR) < 0.05 and a |log 2(fold
change)| 1. The microarray design is extensively described in
Appendix S2.
Eleven genes were further validated by real-time qPCR analysis, and 2 lg of total RNA from each sample was treated with
2 units of Ambion rDNAse I (DNA free kit; Life Technologies,
now ThermoFisher Scientific), and then converted into cDNA
using the ‘Super-Script VILO cDNA Synthesis Kit’ (Life Technologies). The assessment of the gene expression profiles was carried out using the FAST SYBR GREEN MASTER MIX (Life
Technologies) and the ViiA7TM instrument (Life Technologies).
The Ct (threshold cycle) results were calculated by averaging
three independent normalized expression values for each sample.
Relative gene expression was plotted as the mean of the normalized expression values using Q-GENE (Muller et al., 2002). The
housekeeping gene employed for this investigation was Md8283
(Botton et al., 2011). PRIMER 3 by SimGene was used to design
primers for real-time PCR. The primer sequences for each target
gene were reported in Table S9.
Data analysis is documented in Appendix S3.

Accession number
The data discussed in this publication have been deposited in the
National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (Edgar et al., 2002), and are accessible
through GEO series accession number GSE78746 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78746).
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