
Contents lists available at ScienceDirect

Postharvest Biology and Technology

journal homepage: www.elsevier.com/locate/postharvbio

Co-expression networks provide insights into molecular mechanisms of
postharvest temperature modulation of apple fruit to reduce superficial
scald

Loren A. Honaasa,⁎, Heidi L. Hargartena, Stephen P. Ficklinb, John A. Hadishb, Eric Wafulac,
Claude W. dePamphilisc, James P. Mattheisa, David R. Rudella

aUSDA, ARS, Tree Fruit Research Laboratory, Wenatchee, WA, 98801, USA
bDepartment of Horticulture, Washington State University, Pullman, WA, 99164, USA
c The Huck Institutes of the Life Science and The Biology Department, Penn State, University Park, PA 16802, USA

A R T I C L E I N F O

Keywords:
Transcriptome
Co-expression network
RNA-Seq
‘Granny Smith’
qPCR

A B S T R A C T

Temperature conditioning is an effective approach for enhancing some aspects of postharvest apple fruit quality,
particularly avoidance of chilling injury. The molecular mechanisms of warming regimes that alter apple fruit
quality are poorly understood, as is how warming contributes to avoiding development of the peel disorder
superficial scald. Here we report transcriptional responses of ‘Granny Smith’ fruit peel during the early phases of
long-term cold storage in response to intermittent warming, an ostensibly organic compliant strategy that ef-
fectively reduced scald incidence. We observed two temporally distinct classes of gene expression, which were
discovered by co-expression network analyses. One profile is largely concordant with recovery from chilling
stress, whereas the other reveals transient shifts marked by hormone signaling and transcription and translation
machinery. Altogether, our analyses point to novel aspects of superficial scald etiology and circumscribes a list of
candidate genes that may be useful to uncover molecular processes that promote, as well as mitigate, the peel
disorder.

1. Introduction

Superficial scald is a disorder of apple (Malus × domestica Borkh.)
fruit epidermal tissues, characterized by darkened necrotic lesions
(Lurie and Watkins, 2012). The relationship between storage conditions
and superficial scald severity typify a chilling-related disorder (Watkins
et al., 1995), though the extended period of time between chilling stress
and appearance of symptoms (on the order of months in extended
storage) reveal temporally distinct events during disorder progression
(Bramlage and Meir, 1990). Previous work has suggested that oxidative
stress (Watkins et al., 1995), provoked by putative oxidation products
of α-farnesene (Gapper et al., 2017; Rowan et al., 2001), leads to apple
fruit peel necrosis.

In ‘Granny Smith’ and other susceptible apple cultivars this disorder
is well controlled with conventional crop protectants like diphenyla-
mine (DPA) and 1-methylcyclopropene (1-MCP) (Gapper et al., 2017).
The former is a potent antioxidant that inhibits α-farnesene oxidation
(Huelin and Coggiola, 1970) the latter a highly effective competitive
inhibitor of ethylene action (Mattheis et al., 2017; Mattheis, 2008;

Sisler et al., 2003). Other methods of disorder mitigation include con-
trolled atmosphere (CA) storage, dynamic CA regulated by chlorophyll
fluorescence, oil wraps, and temperature conditioning – especially in-
termittent warming early in the cold storage period (Lurie and Watkins,
2012). Recent work has been focused on superficial scald control using
DPA and/or 1-MCP (Busatto et al., 2018; Gapper et al., 2017; Zermiani
et al., 2015). However, relatively little is known of the molecular me-
chanisms of control using crop protectant-limited postharvest practices,
like intermittent warming, which can be as effective as conventional
practices. This is especially relevant in an apple fruit marketplace
where the proportion of crop protectant-limited fruit production is in-
creasing (Granatstein et al., 2016).

Insights into the molecular mechanisms of temperature conditioning
in apple fruit is relevant not only to superficial scald in ‘Granny Smith’
apple fruit, but also its use to mitigate disorders of the high-value
‘Honeycrisp’ cultivar (soft scald, soggy breakdown) (Watkins et al.,
2004). Here, we focus on superficial scald in ‘Granny Smith’ apple fruit
because of its relevance to the apple fruit industry, but also because it
can serve as a model postharvest storage disorder. Superficial scald,
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unlike some other disorders, is effectively managed by a host of re-
levant postharvest practices and is straightforward to induce, allowing
reliable contrasts in the annually cropped apple fruit system. The
tractability of this disorder makes it potentially useful for the devel-
opment of novel postharvest technology. This includes tools for diag-
nostics and risk assessment that target the molecular genetic basis of
these complex plant traits.

Here we describe experiments in ‘Granny Smith’ apple fruit that
shed light on molecular mechanisms of superficial scald mitigation by
the proven practice of intermittent warming during cold storage in air.
Importantly, we developed contrasts of symptom development without
the use of potent antioxidant or a highly effective suppressant of
ethylene signaling, offering insights into the physiology of the disorder
that are free of chemical perturbations. To explore the molecular me-
chanisms that underpin the intermittent warming response, we used a
forward genetics approach. We combined a differential gene expression
analysis to identify genes that responded strongly to experimental
treatments with a gene co-expression network analysis that identified
clusters of genes that responded in a coordinated fashion to experi-
mental treatments. We then examined the functional profiles of these
gene collections and developed hypotheses about the molecular me-
chanisms of superficial scald prevention by intermittent warming.

2. Materials and methods

2.1. Experimental design

‘Granny Smith’ apples were obtained the day of harvest, 13
September, 2016, from a commercial orchard near Wenatchee, WA,
USA. The fruit was hand sorted onto pressed fiber trays and trays were
subsequently placed into cardboard boxes. Boxed fruit was then stored
at 1 °C in air. All tissue samples were collected in the mid-afternoon. See
Table 1 and Supplemental Fig. 1 for sample information.

Fruit peel was collected at harvest and after storage from three re-
plicates of six apples each using a vegetable peeler. Evenly spaced peel
sections (n= 3 for each fruit,∼20 cm×2 cm) cut from the stem end to
calyx end, and centered at the equator, were immediately flash frozen
in liquid nitrogen and stored at −80 °C. For each sample, one tray of 18
fruit was used for RNA collection, while three additional trays (n=54
fruit) were stored at 1 °C for visual rating of superficial scald at four,
five, & six months, and then rating and destructive quality measure-
ments at six months plus seven days at 20 °C in a simulated supply chain
period.

2.2. Diphenylamine (DPA) treatment

DPA was prepared fresh for each treatment by dissolving, with so-
nication, 8 g DPA in 24mL of a 1:2 isopropanol:Triton x-100 solution.
An emulsion was prepared at 2 g/L DPA (24mL of the above DPA so-
lution into 4 L water) and was applied to fruit in a bath in which fruit
were submerged for∼1min, then placed on drying trays for at least 1 h
in ∼1–3 °C. Fruit were then replaced onto original trays before being
boxed and returned to cold storage.

2.3. Superficial scald ratings and quality assessment

Superficial scald symptoms were assessed at four, five, and six
months after harvest. Fruit were removed from cold storage briefly to
rate symptom severity. Scald severity was determined based on the
amount of peel surface area affected, rated on a scale from 1 to 5: 1 =
no scald, 2= 1–25 %, 3= 2 6–50 %, 4=51–75 %, 5=76–100 % of
peel with visible scald symptoms. At 6 months after harvest all apples
were removed from cold storage, rated for scald severity, and placed in
a dark room at 20 °C for one week to simulate time in the supply chain.
After one week, fruit were rated again for scald symptoms and one tray
was subject to standard quality measurements as described in Mattheis
et al. (2017).

2.4. RNA extraction, quality control, and transcriptome sequencing

Pooled peel tissue was ground to a fine powder in a mortar and
pestle in the presence of liquid nitrogen. RNA was extracted using a
CTAB/Chloroform protocol modified for use on pome fruit tissue in the
postharvest period (Honaas and Kahn, 2017). Extracted RNA was
analyzed for quantity and purity using the Nanodrop (Thermo Fisher
Scientific, Waltham, MA USA) and for quantity and integrity on the
Agilent Bioanalzyer (Agilent, Santa Clara, CA USA, Agilent-RNA Pico
Kit, cat#: 5067-1513). Only RNA that met the following standards was
used for downstream analysis: A260/A280 ≈ 2.0, RNA Integrity
Number (RIN) ≥ 8.0. Libraries were constructed with 600 ng of total
RNA at The Penn State Genomics Core Facility in University Park, PA
using Illumina’s TruSeq Stranded mRNA Library Prep kit (www.
illumina.com - RS-122-2103, Illumina San Diego, CA USA) according
to the manufacturer's instructions. Libraries were sequenced on a 150
bp single-end protocol to a target volume of ≥20 million reads per
biological replicate on Illumina’s HiSeq 2500 in Rapid Mode. Read data
are publicly available at the Sequencing Read Archive (www.ncbi.nlm.
nih.gov/sra – accession number SRP150622).

2.5. Reference selection, processing of transcriptome data, and read
mapping

The genome of the commercially produced ‘Golden Delicious’ cul-
tivar Mdomestica_1.0 (Velasco et al., 2010) was selected for use as a
reference because: 1) as of the writing of this manuscript the genome of
a double haploid ‘Golden Delicious’ (GDDH13 Version 1.1 (Daccord
et al., 2017)) was not completely annotated and is still being updated to
correct errors (see https://iris.angers.inra.fr/gddh13/), 2) the gene
predictions were not reconciled between the two genomes, therefore
use of GDDH13 Version 1.0 would require extensive re-annotation and
validation – work that is outside the scope of this manuscript, and 3)
our previous analysis Hargarten et al. (2018) showed no improvement
in correlation with quantitative real time polymerase chain reaction
(qPCR) results for select genes using the GDDH13 v1.1 over the Mdo-
mestica_1.0. Therefore, given these considerations, we decided to use
the genome of the commercially produced cultivar, Mdomestica_1.0.
The whole genome sequence plus annotation file (Mdomesti-
ca_196_v1.0.fa with Mdomestica_196_v1.0.gene.gff3) and the mRNA pre-
dictions (Mdomestica_196_v1.0.transcript_primaryTranscriptOnly.fa)

Table 1
Summary of samples for this study.

Sample ID Description

TC-0 At harvest prior to storage at 1 °C
TC-1, TC-2, TC-3, TC-4 1, 2, 4, & 8 weeks at 1 °C respectively (control)
TE-1, TE-2, TE-3, TE-4 1, 2, 4, & 8 weeks at 1 °C respectively, then 5 days at 20 °C for each time point
T1.1-T1.5 1 week at 1 °C, then 24 h intervals at 20 °C for 5 days (T1.5 is equivalent to TE-1)
RP-2, RP-3, RP-4 Fruit at 20 °C as TE-1, then 20 °C was repeated 2,3, or 4 times at 2,4, & 8 weeks
DT-0, DT-1, DT-2, DT-3, DT-4 Fruit treated with DPA at harvest, then at 1,2,4, & 8 weeks
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were retrieved from Phytozome (phytozome.jgi.doe.gov). In pilot read
mapping experiments, gene expression estimates using the mRNAs as a
reference compared to the whole genome showed better agreement
with our qPCR data, therefore the mRNA predictions were selected for
the full analysis.

Single-end 150 bp Illumina was first examined with FASTQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc) to de-
termine the quality of reads and identify embedded and partial TruSeq3
adaptor sequences. Reads were then trimmed to remove adaptor se-
quences and low-quality regions using Trimmomatic (v0.36) (Bolger
et al., 2014) in both simple and palindromic mode. Resulting trimmed
reads shorter than 50 bp were discarded. 99.7 ± 0.06% of reads re-
mained after trimming and filtering for a grand total of 558,575,248
reads. Cleaned reads were mapped to the predicted transcripts of
Mdomestica_1.0 ((Velasco et al., 2010); Mdomestica_196_v1.0.tran-
script_primaryTranscriptOnly.fa) obtained from Phytozome and expres-
sion abundance estimated in a strand-specific mode using the RSEM
(v1.3.0) pipeline (Li and Dewey, 2011) with the inbuilt Bowtie2
(Langmead and Salzberg, 2012) read aligner option.

2.6. Validation of RNA-Seq data

RNA-Seq estimates of gene activity were validated on a subset of
genes via qPCR. These genes of interest for validation (vGOI, n=15,
Supplemental Table 1) were a subset selected from previous work on
superficial scald based on gene activity that was correlated with dis-
order incidence in that study (Gapper et al., 2017). Susequently, qPCR
assays were developed and run for each vGOI as reported in Hargarten
et al. (2018). For each vGOI in samples TC-0, TC-1, TC-2, and TE-1
normalized qPCR expression was regressed with normalized RNA-Seq
counts (reads per kilobase transcript per million reads – RPKMs). Ad-
ditionally, vGOI qPCR expression data in all samples for this study was
used to help inform sample selection for RNA-Seq analysis in this study
(see Supplemental Fig. 1).

2.7. Differential expression (DE) analysis

Estimated gene counts were used for pairwise deferential gene ex-
pression and time-course analyses. Pairwise differential gene expression
analysis between experimental samples TC-2 and TE-1 was performed
with ‘DESeq2′ (Love et al., 2014) after assembling of estimated count
and offset matrices using the R package ‘tximport’ (Soneson et al.,
2015) and filtering out features with only a single count across all
samples. Gene clustering was also performed on relative log-trans-
formed values of the filtered expression matrix to determine the amount
by which each gene deviates in a sample from the gene's average across
all samples. For time-course expression analysis (T1.1-T1.5), the esti-
mated gene count matrices shown in Supplemental File 1 were used to
detect genes that show significant expression changes over time using
the ‘maSigPro’ Bioconductor R package (Conesa and Nueda, 2017) with
a false discovery rate (FDR)< 0.01, R-squared> 0.7 and clustered
using k-means (nine clusters). Expression matrices were normalized
using TMM (weighted trimmed mean of M-values) and differential ex-
pression analysis performed on genes with CPM (count-per-million)>
1 in at least three samples.

2.8. Network construction

The gene co-expression network was constructed using counts from
all sequenced samples (TC-0, TC-1, TC-2, TE-1, and TE1.1-T1.5; See
Table 1). Prior to network construction, RPKM values were log2
transformed and RPKM values of 0 were converted to ‘NA’ indicating a
missing value. Next, an outlier test was executed by comparing each
sample’s expression distribution versus a global distribution of expres-
sion across all 27 samples using the Kolmogorov-Smirnov test from the
ks.test function in the R base statistical package. No outlier samples

were detected. Following outlier detection, log2 transformed expression
values were combined into a Gene Expression Matrix (GEM) where
samples are the columns and rows are genes from the Malus x domestica
genome v1.0 (Velasco et al., 2010) available from the Genome Database
for Rosaceae (Jung et al., 2014). The cells of the matrix constitute the
log2 transformed expression values.

An n x n similarity matrix was constructed using the Knowledge
Independent Network Construction (KINC) package (formerly
RMTGeneNet) (Gibson et al., 2013) where n is the number of genes.
This package has been updated to include identification of sample
clusters at the pairwise level using Gaussian Mixture Models (GMM)
(Ficklin et al., 2017), with the hypothesis that distinct clusters represent
condition-specific gene expression. Therefore, the cells of the similarity
matrix are an array of Spearman’s rho correlation values—one corre-
lation value for each cluster identified between the pair of genes. KINC
uses the MixModLib (Biernacki et al., 2006) package for selection of
GMM clusters. KINC was executed on WSU’s high-performance com-
puting cluster, Kamiak, using the Integrated Completed Likelihood
(ICL) criterion for GMM selection and a limit of 20 observations to
accept a cluster for correlation analysis.

Once gene pairwise clusters were identified, and correlation was
performed, the ‘KINC.R’ R package (Ficklin and Shealy, 2016), a helper
package for processing KINC output, was used to identify significant
edges for the network. To reduce the size of the input file imported to
‘KINC.R’, a preliminary threshold value of 0.8 was selected and clusters
with a Spearman rho value greater than 0.8 were imported into
‘KINC.R’. Next, linear regression was performed on all clusters to
identify those that were also correlated with warming time. For this,
only samples that experienced 24, 48, 72, 96, and 120 h of warming
were included in the regression analysis. This was to specifically
identify clusters whose expression is a product of warming. Clusters
with a linear regression p-value less than or equal to 1 e-7 were then
kept and formed a new similarity matrix. To create the final network,
Random Matrix Theory (RMT) (Luo et al., 2007) was used to identify a
threshold at which the Nearest Neighbor Spacing Distribution (NNSD)
of the eigenvalues of the similarity matrix cease to appear Poisson. The
threshold identified was± 0.918 and the final network file was output
to a text file suitable for visualization with Cytoscape (Shannon et al.,
2003) and includes the regression p-value for warming and a rate of
change of the conditional mean for each edge.

After network construction, highly connected subgraphs within the
network were identified using the ‘linkcomm’ (Kalinka and Tomancak,
2011) package of R. The ‘linkcomm’ package was chosen among other
module discovery tools because it allows a node (i.e. a gene) to be in
multiple modules. However, the ‘linkcomm’ package expects that there
are no disconnected subgraphs in the network. Therefore, the fin-
dLinkedCommunities function of the ‘KINC.R’ package was used to
execute the linkcomm function for each of the disconnected subgraphs
of the network independently. Inverse correlations were removed from
the network prior to module discovery to prevent modules from span-
ning sections of the network that are differentially expressed.

2.9. Heatmap visualization

Clusters in heatmaps correspond to collections of genes (previously
defined module genes of interest –m.x.GOIs, Supplemental File 2), with
no additional clustering of genes applied. For each condition, mean of
log2 expression data across all three replicates was calculated and used.
Centering of each gene’s expression value was done by subtracting the
mean log2 expression level from the corresponding condition’s log2
expression value. Scaling was then done by dividing this centered ex-
pression value by the standard deviation of the feature’s (row) ex-
pression value (Zhao et al., 2014). These numbers were then mapped to
a color scheme where red represents higher expression and blue re-
presents lower expression.
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2.10. Functional enrichment analysis of gene of interest (GOIs)

GO function enrichment analysis of GOIs was conducted using the R
package ‘topGO’ (https://bioconductor.org). ‘Golden Delicious’ apple
gene annotations with corresponding GO terms and the best matching
Arabidopsis thaliana gene were downloaded from Phytozome
(Mdomestica_196_v1.0.annotation_info.txt). To generate lists of en-
riched GO terms, we supplied the topGOdata object builder function
with a list of the Malus gene names and their corresponding GO terms
via the annFUN.gene2GO function. Using the topGOdata object, GO
enrichment significance was determined using the getSigGroups
function with the “classicCount” enrichment and “weight01Count” al-
gorithm (taking GO hierarchy into account) to execute Fisher’s Exact
tests for significance. Significant enrichment of GO Terms for each GOI
set was calculated for Biological Process (BP) and Molecular Function
(MF) ontologies.

3. Results

3.1. Superficial scald incidence and fruit quality

Scald incidence and severity was reduced by all treatments relative
to control fruit (P≤ 5.7 e-5) (Fig. 1).

Intermittently warmed fruit (TE-1) showed similar scald rates to
fruit treated with DPA at the same time (DT-1, P=0.87) (Fig. 2).

Delay of intermittent warming (samples TE-2 through TE-4) and of
DPA treatment (samples DT-2 through DT-4) resulted in higher rates of

superficial scald and more severe symptoms. DPA treatment just prior
to cold storage was most effective at reducing scald, but not by a large
margin (One-Way ANOVA, Tukey correction P= 0.019) compared to
DPA treatment after 1 week. Interestingly, the window of opportunity
to mitigate superficial scald with intermittent warming was slightly
larger than that for DPA in this experiment (Fig. 1).

Because the storage environment was designed to elicit the disorder,
fruit was below market quality in all experimental groups, indicated by
low firmness values (Supplemental Fig. 2), and low integrated overall
quality (Supplemental Fig. 3). Ethylene concentration was very high
(e.g. average 500–1400 ng μL-1) and varied widely both within and
among experimental groups, with most experimental groups having
significantly higher ethylene concentrations than control fruit
(Supplemental Fig. 4). Generally, fruit that had experienced any time at
20 °C had higher ethylene and lower firmness. A minor storage anomaly
caused the storage temperature to drift slightly up by ∼3 °C over the
course of several days between four (∼T3) and eight (∼T4) weeks of
storage. This is not expected to impact the results as all fruit were stored
in the same room and experienced the same event which did not co-
incide with any warming treatments. This suggests warming regimes
are as robust to this type of anomaly as the use of DPA.

3.2. Selection of samples for transcriptome sequencing

Our sampling strategy was to generate more samples that we in-
tended to sequence, then use the horticulture data combined with tar-
geted gene expression analysis of the (previously selected) vGOIs to

Fig. 1. Control fruit show significantly more scald, and more severe scald, than other experimental treatments. Stacked bar chart showing prevalence and
severity of scald at each rating time point (four, five, six months, and six months plus supply chain simulation – 7 d at 20 °C). Scald rating of 1 = no symptoms,
2=0–25 % symptomatic peel, 3= 25–50 % symptomatic peel, 4= 50–75 % symptomatic peel, 5= 75–100 % symptomatic peel. All experimental treatments
showed significantly less disorder incidence compared to controls (ANOVA, P < 5.7 e-5).
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select the best samples for transcriptome analysis. This approach would
verify the reproduction of previously reported horticulture results
(Watkins et al., 1995) and show us where to focus our global-scale gene
expression analysis. The horticulture data indicated that comparison of
the control fruit during the first two weeks of cold storage (TC-0, TC-1,
and TC-2) with the first intermittently warmed fruit (TE-1) would likely
reveal genes of interest.

To further guide the selection of samples for sequencing, we ex-
amined the qPCR expression data for vGOIs (these data were also later
used for RNA-Seq validation tests). For each vGOI we looked for pat-
terns that identified samples with strong molecular responses to ex-
perimental treatments. This expression analysis pointed to the same key
samples as the horticulture data for a global-scale gene expression
analysis. For most vGOIs we observed dramatic contrasts in gene ac-
tivity from TC-0 through TC-2 and between equivalent time points TE-1
and TC-2; for examples of this pattern see Fig. 3.

One vGOI of particular interest was a MDP0000150382, a UDP-
glucosyltransferase similar to a gene that in several Brassica species is
stress responsive (Rehman et al., 2018); this gene showed a dramatic
induction during the first two weeks of storage that was reversed by 5 d
of 20 °C warming (Fig. 3). Gene expression shifts and contrasts in
samples taken later in the storage period for vGOIs were generally of
lower magnitude indicating the earlier intermittent warming treat-
ments, which were also most effective to reduce superficial scald
(Figs. 1 and 2), likely represent important shifts in molecular responses
related to disorder attenuation. Therefore, for RNA-Seq analysis we
selected TC-0, TC-1, TC-2, and TE-1. We also included a fine time
course at 24 h intervals during the initial warming treatment
(T1.1–T1.5, with T1.5 = TE-1) (see Supplemental Fig. 1 for a sample
summary).

3.3. RNA-Seq validation

The vGOIs (selected prior to sequencing) were used to validate our
RNA-Seq count data. Generally, the qPCR estimates of gene expression
were highly concordant with RNA-Seq estimates, though there were
examples of disagreement between the technologies (Supplemental

Table 1, Supplemental Fig. 5). We regressed the observations for each
technology (R2= 0.80), as well as the means of observations (R2 =
0.90). The increase in R2 by regressing the means suggests technical
rather than biological sources of variance. Our validation results gen-
erally agree with recent examples of apple transcriptome analysis
(Busatto et al., 2018; Legay et al., 2015; Zermiani et al., 2015); we note
that qPCR validation of RNA-Seq data in apple transcriptome analysis is
not standardized, or even routinely conducted (Gapper et al., 2017).
There is evidence that gene polymorphisms contribute to loss of signal
in gene expression experiments (Lefever et al., 2013), such may be the
case in cross-cultivar RNA-Seq experiments in apple (Hargarten et al.,
2018). This likely contributes to the somewhat variable results of qPCR
validation in the literature for cross-cultivar RNA-Seq experiments in
apple, and what is presented here.

A principle component analysis (PCA) of count data indicated the
main source of variance was experimental treatments and that variance
between biological replicates was low (Supplemental Fig. 6).
Concordant with this analysis was an assessment of the genes with the
greatest variance between the control (TC-2) and the intermittently
warmed experimental samples (TE-1) as these genes showed low var-
iance among observations, but dramatic differences between treatments
(Supplemental Fig. 7). Biological replicates for both TE-1 and TC-2
were highly correlated and a second PCA showed clear separation be-
tween these two samples with biological replicates clustering together
(Supplemental Fig. 8).

3.4. Differential expression analysis of warmed vs. consistently cold fruit

Of primary interest was the set of differentially expressed genes
(DEGs) between heavily symptomatic fruit that had been stored at a
consistent 1 °C (TC-2) and fruit in which superficial scald was effec-
tively reduced with a warming treatment (TE-1). As part of a quality
control check, we examined the genes with the highest variance be-
tween these two sample groups. In addition to verifying that the sample
treatments were the largest source of variance, it also revealed the most
dramatic shifts in gene expression between consistently cold and in-
termittently warmed apple fruit. Of the 25 genes in this analysis,

Fig. 2. Intermittent warming was as effec-
tive as the antioxidant DPA to reduce su-
perficial scald. Representative sample of the
progression of scald incidence across select
treatments after four, five, six months of cold
storage, plus 7 d of simulated supply chain
removal after six months of cold storage.
Intermittent warming was 20 °C for 5 d (TE-1),
DPA was applied to fruit at the same time
warmed fruit was pulled and placed in 20 °C
(DT-1). Both treatments had significantly less
scald incidence after storage compared to
control fruit (p < 0.001).
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downregulated genes were far more common (∼6:1) and showed a
larger average fold change (1,165× vs. 102×) indicating that the
warming event was characterized by a reversal trend for genes acti-
vated by chilling stress, vs. upregulation in response to warming. This
pattern of reversal vs. induction by warming persisted especially for
genes with fold changes> 2 (Supplemental Fig. 9).

The upregulated genes in this list were not functionally diverse,
with three of four annotated as lipoxygenase and the fourth as a cha-
peron for heat tolerance (Supplemental Table 2). The Arabidopsis
homologs (best hits to apple genes –apple v1.0 at phytozome.jgi.-
doe.gov & www.arabidopsis.org) of the 21 downregulated genes often
were annotated as responsive to abiotic stimuli including cold stress,
drought, heavy metal exposure, and oxidative stress. The encoded
proteins include putative dehydrins, late embryogenesis abundant
proteins, and peroxidases (Supplemental Table 2). A prominent feature
in this analysis was a peroxidase and the most differentially expressed
gene in the analysis (MDP0000611163; the Arabidopsis thaliana
homolog AT5G06720 is annotated as responsive to oxidative stress).
This peroxidase gene was upregulated ∼125 fold in the first week of

cold storage, and was downregulated ∼4400 fold (almost to 0) after
one week at 20 °C.

The pairwise differential expression analysis showed us the most
treatment-responsive genes in our dataset, but discovering the top dif-
ferential genes did little to enhance our view of superficial scald
etiology and its prevention by intermittent warming. The top differ-
ential genes largely fell into categories that were concordant with our
current understanding of the disorder physiology; superficial scald is a
chilling and oxidative stress-related disorder (Lurie and Watkins, 2012)
and lipoxygenases are induced by ethylene and active during apple fruit
ripening (Contreras et al., 2016). The complete list of DEGs was massive
at> 13,000 and parsing such a large list in a biologically relevant way
was not feasible. We therefore dug deeper into the RNA-Seq data to find
genes that were co-expressed using a network approach.

3.5. Network construction to discover co-expression modules correlated
with warming

A co-expression network analysis finds genes that have highly

Fig. 3. Select vGOIs (3 of 15) showing re-
presentative large shifts in initial warming
treatments compared to subsequent ones,
highlighting TE-1 vs. TC-2 as a critical
comparison for gene expression changes in
response to intermittent warming. TC sam-
ples are a time course, beginning with harvest
(TC-0) and then consistent chilling at 1 °C with
sampling for RNA at one, two, four, and eight
weeks (respective to TC-1, TC-2, TC-3, and TC-
4). TE samples were chilled the same as TC
samples, except they were intermittently
warmed for 5 d at 20 °C at one, two, four, and
eight weeks (respective to TE-1, TE-2, TE-3,
and TE-4). Plots show relative normalized ex-
pression with SE. * significantly different
(p < 0.05) from control (TC-0).
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correlated activity – a guilt-by-association strategy to identify genes
that operate together in processes of interest. In a forward genetics
approach, we used a network analysis to discover collections of genes,
or modules, that responded to the warming treatment in concert.
Initially, using ‘maSigPro’, we clustered genes by expression for each of
three time series into nine clusters. The coarse granularity of this ap-
proach, resulting in part from the coarse granularity of sampling, failed
to identify lists of genes that were sufficiently large for functional en-
richment analysis, or were too large to parse in a biologically relevant
way.

Our next step was a refined network approach that used empirical
evidence to specify finer cluster granularity and a strict correlation
regression threshold for inclusion into the network. Beginning with all

of the count data, and then refining network construction in part based
on a regression with warming time (fine time course T1.1–1.5), the final
network included 1307 nodes (genes) sorted into a mutually exclusive
set of four modules with 25, 120, 33, and 14 submodules, respectively
for modules 1 through 4 (Fig. 4A & B, see Supplemental File 3 for
network file).

Of the 1307 genes in the network, ∼75% (n= 965) were also
present in the massive list of DEGs (n= 13,317), showing that co-
regulated genes also tended to be differentially expressed in response to
experimental treatments. The top 25 DEGs, except MDP0000611163,
were not present in the network, perhaps due to their high variance
between treatments and thus insufficient R2 given our cutoff of> 0.9.
To integrate our DE analysis with the network analysis we specified

Fig. 4. A. Co-expression network modules 1 and 4 (displayed
with a network topology emphasis). Edges (positive correla-
tions, solid lines) are colored according to submodule identified
using the linked communities approach. Genes connecting sub-
modules are not necessarily mutually exclusive. Node size is
specified by link degrees. Inverse correlations are indicated by
gray zigzag lines and notable network features are indicated by
colored arrows. The color of circles in the legend corresponds to
the arrow colors and indicates the names of genes of interest. The
dashed line indicates approximate module boundaries. B. Co-ex-
pression network modules 2 and 3 (displayed with a network
topology emphasis). Graphics follow Fig. 4A.
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node size by magnitude of log2 fold change, and color by directionality
of change (red for up and increasing and blue for down and decreasing).
We used a similar scheme for edge color but with edge color intensity
reflecting the magnitude of change (Fig. 5A & B).

The modules, although distinct, did have inverse relationships,
creating the pairs (2 with 3, and 1 with 4) that persist for our pre-
sentation and subsequent discussion of their characteristic functional
profiles. For modules 2 and 3, the correlation with warming time was
congruent with the directionality of change for DEGs, that is, upregu-
lated genes were positively correlated with warming time, and down
regulated genes were negatively correlated with warming time
(Fig. 5B). We observed the opposite directionality of fold change and

correlation with warming time for modules 1 and 4; differentially up-
regulated genes were negatively correlated with warming time and vice
versa – opposite of modules 2 and 3.

As the network contains> 1000 nodes with complex relationships,
we recommend viewing the network (Supplemental File 3) in
Cytoscape, an open source platform for complex network analysis
(http://www.cytoscape.org/). This allows viewers to search for apple
gene IDs, learn about their functions, and easily interact with the net-
work illustration. Additionally, we have provided gene lists (e.g.
m1.GOI) that are compatible with the “Select Nodes – from ID list file”
function of Cytoscape (See Supplemental File 2) to easily highlight
genes of interest (GOIs).

Fig. 5. A. Co-expression network modules 1 and 4 (displayed
with a gene expression emphasis). Nodes, representing genes,
are colored according to directionality of change between the TC-
2 (control) and TE-1 (experimental) treatments, with blue in-
dicating a negative fold change and red a positive fold change.
Node size reflects the absolute magnitude of fold change. Edges
are colored similarly to nodes and the color intensity of edges
represents rates of change during intermittent warming, with
more intense shades reflecting greater rates of change. Modules
are identified with circled numbers and a dashed line indicates
approximate module boundaries. Inverse correlations are in-
dicated by gray zigzag lines, and notable network features are
indicated by colored arrows. This module pair showed an ex-
pression pattern that was incongruent with the co-expression
network analysis – down regulated genes were trending up during
intermittent warming, and vice-versa. This was due to a rapid
oscillation during the initial 24–48 h of warming. B. Co-expres-
sion network modules 2 and 3 (displayed with a gene ex-
pression emphasis). Graphics follow Fig. 5A. This module pair
showed an expression pattern that was congruent between the
differential expression analysis and co-expression analysis - down
regulated genes were trending down during intermittent warming,
and vice-versa.
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3.6. Circumscription of genes of interest

To select GOIs for functional analysis we cross-referenced genes that
were differentially expressed (FDR corrected p < 0.01, comparing TC-
2 with TE-1, i.e. fruit that were consistently cold vs. fruit that were
warmed during the cold storage period) with genes in the network,
paying special attention to network topology. Because the network
analysis circumscribed genes that were generally also DEGs, we used
the four distinct modules as starting points and then added objective
criteria to create gene lists for enrichment analysis.

For module 1, ∼63% of the nodes belonged to a single submodule
(See submodule SG01M0026 in Supplemental File 3). Because this
submodule dominated module 1 topology (Supplemental Fig. 10), we
selected these genes as list “Module 1 GOI” (m1.GOI, n= 270 genes).
Module 4 was small (n= 47 genes, see SG04 in Supplemental File 3),
with the fewest submodules (n= 14), yet a majority of genes (∼65%)
were DEGs – we chose all members of module 4 as list “Module 4 GOI”
(m4.GOI, see Supplemental Fig. 10). The characteristic gene expression
pattern of this module pair was that during the first 48 h of warming
there was a rapid oscillation, showing a brief reversal of chilling-in-
duced gene expression changes, with a return towards pre-warming
levels (Fig. 6A & B).

Modules 2 and 3 (Supplemental Fig. 11) were larger and more
complex yet seemed to be organized around a prominent feature: the
MDP0000611163 gene (see arrows in Fig. 5B, Fig. 7A, and Supple-
mental Fig. 11).

We combined network topology around this feature (nodes with
≤3° of separation from MDP0000611163) with our list of DEGs to
circumscribe upregulated genes thus defining list “Module 2 GOI”
(m2.GOI. n= 97), and downregulated genes defining list “Module 3
GOI” (m3.GOI, n= 246) (see Supplemental File 2 for GOI lists). The
characteristic gene expression pattern in this module pair was a simple
but strong reversal (and slight overshot) of chilling induced gene ex-
pression changes that occurred during the first week of cold storage.

3.7. Functional enrichment of GOI

We determined the functional profiles of GOIs in co-expression
modules by enrichment analysis of GO (www.geneontology.org)

biological process (BP) and molecular function (MF) terms. Eight to
sixteen BP terms and 12–19MF terms were enriched in each GOI list.
For m1.GOI (showing a brief increase in response to warming) the
functional profile was dominated by amino acid metabolism and tRNA
synthesis terms (Table 2).

Glycolysis and gluconeogenesis terms were also enriched. Together
these signatures suggest an energetic response to intermittent warming
that includes protein biosynthesis. Porphyrin and chlorophyll bio-
synthesis terms were overrepresented among m1.GOIs as well.

For m4.GOI (showing a brief decrease in response to warming) the
functional profile was quite distinct from m1.GOI, including trans-
ferase, signaling, and transport terms (Table 3).

An interesting inverse link was discovered between a prominent but
cryptic feature MDP0000170826 (IPR007650 – domain of unknown
function, pink arrow Figs. 4A & 5 A) and an ABA receptor
(MDP0000284624, blue arrow Figs. 4A & 5 A) via MDP0000265728
(with enriched GO term GO:0005992 “trehalose biosynthetic process”,
red arrow Figs. 4A & 5 A). Trehalose plays a diversity of roles in higher
plants that are not completely understood but is part of cold stress re-
sponses (Lunn et al., 2014). Also enriched was the molecular function
GO:0004402 “histone acetyltransferase activity” suggesting epigenetic
modifications (Wakeel et al., 2018) may play a role in superficial scald.
Another signature (combination of GO:0006887 – exocytosis,
GO:0015969 – GTP metabolic process, and GO:0032312 regulation of
(GO:0008060) ARF GTPase activity) is suggestive of suppression of
auxin mediated exocytosis via downregulation of ARF GTPase activa-
tors (Yorimitsu et al., 2014) in warmed fruit.

The m3.GOIs showed large transcriptional changes that were char-
acterized by a reversal of gene expression induced by chilling. The
enrichment analysis (Table 4) showed that “protein ubiquitination” was
a prominent biological process along with “glycolytic processes,” sug-
gesting an energetic response to cold characterized by protein turnover
via the proteasome.

Also apparent were “thiamine and arginine biosynthetic processes”
– arginine may have an indirect link to abiotic stress response as it is a
precursor to NO production (Gupta et al., 2011), and thiamine has been
shown to play a more direct role in oxidative stress response (Tunc-
Ozdemir et al., 2009). Mitochondrial modifications were suggested by
the enrichment of “mitochondrial fission” (GO:0000266) and “protein

Fig. 6. A. Module 1 and 4 Genes of Interest
(m1.GOI and m4.GOI). GOIs were selected
from the network based on objective criteria
that circumscribed genes that were highly
correlated, differentially expressed and suffi-
ciently numerous for enrichment analysis. The
colored nodes correspond to colored bars in the
associated heatmaps in Fig. 6B. The dashed
indicates approximate module boundaries. B.
Expression patterns of m1.GOI and m4.GOI.
Gene expression patterns of control fruit (TC-0,
TC-1, TC-2), intermittently warmed fruit (TC-
0, TC-1, TE-1) and the 24 h interval time
course (TC-0, TC-1, T1.1, T1.2, T1.3, T1.4,
T1.5/TE-1) during warming. The colored bars
correspond to the modules shown in Fig. 6A.
The characteristic pattern of this module pair is
the rapid oscillation of expression that returns
towards pre-warming (TC-1) levels.
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import into the mitochondrial inner membrane” (GO:0045039) terms.
The latter term was associated with a gene (Arabidopsis thaliana
homolog AT2G29530, https://www.arabidopsis.org/) that may encode
a novel chaperone receptor in the chloroplast (MDP0000204238).

The functional enrichment analysis of m2.GOI, a module that
showed a reversal of gene suppression in response to chilling, revealed
several GO terms associated with metabolism, and two related to re-
sponse to heat (Table 5).

GO biological process term (GO:0055114) “oxidation-reduction
process” was strongly enriched and represented by diverse processes
including antioxidant biosynthesis (MDP0000806502), carotenoid
biosynthesis (MDP0000221455, MDP0000278241, MDP0000225539,
MDP0000235597) and chloroplast-localized lipoxygenase activity
(MDP0000281525).

3.8. Prominent network features

Broad patterns in the network were useful to identify groups of
GOIs, but individual GOIs were easily highlighted based on network
context. Criteria include prominent network positions and connections
to genes that were differentially expressed or had interesting biological
functions. For the module 2–3 pair, network topology revealed inverse
correlations between highly correlated nodes in the module pair. These
include the prominent peroxidase discussed above (MDP0000611163;
Fig. 4B and 5 B pink arrow) that had first degree connections in both
modules. Potassium channels MDP0000248694 (red arrow Fig. 4B and
5B) and MDP0000263295 (green arrow Fig. 4B and 5 B) both are an-
notated as a Shaker-type family outward-rectifying K+ channels (Phy-
tozome best Arabidopsis hit AT3G02850) that are potentially modulated
by ABA (www.arabidopsis.org).

Another prominent network feature was a highly connected node in
module 2 (Fig. 4B and 5 B, orange arrow, MDP0000270640). This is a
14-3-3 protein with a first-degree connection to MDP0000611163. 14-
3-3 proteins have complex roles in plant signal transduction that are
incompletely understood (Camoni et al., 2018). Our analyses suggest an
important role for this gene as it is differentially expressed in a key
comparison, and an organizing feature of a major co-expression module
with an inverse relationship to an organizing feature of another major
module. The closest Arabidopsis homolog for this 14-3-3 gene
(AT1G34760) has been shown to stabilize 1-aminocyclopropane-1-
carboxylate synthase (ACS), the enzyme catalyzing the rate limiting
step in ethylene biosynthesis (Yoon and Kieber, 2013). The upregula-
tion of this gene is consistent with enhanced ripening via warming and
the elevated levels of ethylene we detected in warmed fruit.

Finally in module 2, a cationic amino acid transporter
(MDP0000157113, CAT1; Fig. 4B and 5 B, blue arrow) is inversely
correlated with 27 genes in module 3, the most prominent example of
an inverse relationship in the network. Overexpression of the Arabi-
dopsis homolog (AT4G21120) confers enhanced resistance to Pseudo-
monas (Yang et al., 2014), but its role in response to abiotic stress is
unclear, though growing evidence suggests crosstalk between biotic and
abiotic stress signaling pathways, especially in earlier response phases
(Gassmann et al., 2016).

In the other module pair, 1 and 4, the inverse relationship was less
dramatic, but did seem to organize around a small number of features.
A PYL9/RCAR gene (ABA receptor family gene in module 4,
MDP0000284624, Fig. 4A and 5 A, blue arrow) was inversely corre-
lated with five differentially expressed genes in module 1 (Fig. 4A and 5
A, small green arrows). These included MDP0000120543, a glucosyl-
transferase (Arabidopsis homolog Quasimodo1), that regulates calcium

Fig. 7. A. Module 2 and 3 Genes of Interest (m1.GOI and
m4.GOI). Graphics follow Fig. 6A. The colored nodes correspond
to colored bars in the associated heatmaps in Fig. 7B. MDP611163
indicated by the orange arrow. B. Expression patterns of
m2.GOI and m3.GOI. Graphics follow Fig. 6B. The characteristic
pattern of this module pair is the recovery of gene expression
through the time-series T1.1-T1.5/TE-1 towards, and then slightly
past, at-harvest levels in sample TC-0. This module pair is distinct
form the other pair in that the transition from TC-1 to TE-1 is a
simple reversal back to at-harvest (TC-0 vs. T1.2 and T1.3) levels,
then a slight overshot.
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signaling during drought and salt stress in Arabidopsis, evidenced in part
by lack of stomatal closure in response to ABA in the mutant (Zheng
et al., 2016). Also included were two genes with high degrees of con-
nectivity in the network (> 40 link degrees): MDP0000149241 and

MDP0000242384, a threonyl tRNA synthase and thymidylate synthase,
respectively. The former is most notably a mobile transcript that is
targeted to both the mitochondrion and chloroplast (Thieme et al.,
2015) and the latter is differentially expressed via cell cycle regulation

Table 2
Module 1 Gene of Interest functional enrichment analysis results. List of sig-
nificantly enriched GO Terms; Ontology categories- BP: Biological Process, MF:
Molecular Function.

Term Fisher’s p-
value

Ontology Description

GO:0006418 1.98E-07 BP tRNA aminoacylation for protein
translation

GO:0009089 7.88E-05 BP lysine biosynthetic process via
diaminopimelate

GO:0006526 0.0002 BP arginine biosynthetic process
GO:0015995 0.0002 BP chlorophyll biosynthetic process
GO:0006431 0.0009 BP methionyl-tRNA aminoacylation
GO:0006094 0.0011 BP gluconeogenesis
GO:0043039 0.0020 BP tRNA aminoacylation
GO:0006434 0.0028 BP seryl-tRNA aminoacylation
GO:0015746 0.0039 BP citrate transport
GO:0006096 0.0044 BP glycolysis
GO:0006568 0.0044 BP tryptophan metabolic process
GO:0008652 0.0055 BP cellular amino acid biosynthetic

process
GO:0006435 0.0064 BP threonyl-tRNA aminoacylation
GO:0009408 0.0064 BP response to heat
GO:0006438 0.0079 BP valyl-tRNA aminoacylation
GO:0006779 0.0095 BP porphyrin biosynthetic process
GO:0004812 1.99E-07 MF aminoacyl-tRNA ligase activity
GO:0004347 8.13E-05 MF glucose-6-phosphate isomerase activity
GO:0000166 8.63E-05 MF nucleotide binding
GO:0008836 0.0003 MF diaminopimelate decarboxylase

activity
GO:0004825 0.0009 MF methionine-tRNA ligase activity
GO:0004055 0.0012 MF argininosuccinate synthase activity
GO:0016876 0.0014 MF ligase activity, forming aminoacyl-

tRNA and related compounds
GO:0004746 0.0016 MF riboflavin synthase activity
GO:0004828 0.0028 MF serine-tRNA ligase activity
GO:0015137 0.0039 MF citrate transmembrane transporter

activity
GO:0004829 0.0064 MF threonine-tRNA ligase activity
GO:0004832 0.0079 MF valine-tRNA ligase activity

Table 3
Module 4 Gene of Interest functional enrichment analysis results. List of significantly enriched GO Terms; Ontology categories- BP: Biological Process, MF: Molecular
Function.

Term Fisher’s p-value Ontology Description

GO:0009435 1.92E-06 BP NAD biosynthetic process
GO:0015969 0.0013 BP guanosine tetraphosphate metabolic process
GO:0006887 0.0014 BP exocytosis
GO:0006221 0.0027 BP pyrimidine nucleotide biosynthetic process
GO:0006857 0.0061 BP oligopeptide transport
GO:0006855 0.0063 BP drug transmembrane transport
GO:0005992 0.0066 BP trehalose biosynthetic process
GO:0032312 0.0077 BP regulation of ARF GTPase activity
GO:0008987 1.60E-07 MF quinolinate synthetase A activity
GO:0033926 0.0014 MF glycopeptide alpha-N-acetylgalactosaminidase activity
GO:0003883 0.0017 MF CTP synthase activity
GO:0016857 0.0019 MF racemase and epimerase activity, acting on carbohydrates and derivatives
GO:0004402 0.0022 MF histone acetyltransferase activity
GO:0003712 0.0038 MF transcription cofactor activity
GO:0005198 0.0039 MF structural molecule activity
GO:0004842 0.0042 MF ubiquitin-protein ligase activity
GO:0015238 0.0063 MF drug transmembrane transporter activity
GO:0015297 0.0063 MF antiporter activity
GO:0016706 0.0072 MF oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, 2-oxoglutarate as one donor,

and incorporation of one atom each of oxygen into both donors
GO:0008060 0.0077 MF ARF GTPase activator activity
GO:0016758 0.0089 MF transferase activity, transferring hexosyl groups

Table 4
Module 3 Gene of Interest functional enrichment analysis results. List of sig-
nificantly enriched GO Terms; Ontology categories- BP: Biological Process, MF:
Molecular Function.

Term Fisher’s p-
value

Ontology Description

GO:0006096 0.000038 BP glycolytic process
GO:0016567 0.0015 BP protein ubiquitination
GO:0006368 0.0048 BP transcription elongation from RNA

polymerase II promoter
GO:0042450 0.0099 BP arginine biosynthetic process via

ornithine
GO:0000266 0.0148 BP mitochondrial fission
GO:0045039 0.0196 BP protein import into mitochondrial inner

membrane
GO:0016570 0.024 BP histone modification
GO:0009228 0.0484 BP thiamine biosynthetic process
GO:0004719 0.000064 MF protein-L-isoaspartate (D-aspartate) O-

methyltransferase activity
GO:0019905 0.000064 MF syntaxin binding
GO:0004743 0.0012 MF pyruvate kinase activity
GO:0030955 0.0012 MF potassium ion binding
GO:0030170 0.0036 MF pyridoxal phosphate binding
GO:0008440 0.0093 MF inositol-1,4,5-trisphosphate 3-kinase

activity
GO:0045131 0.0093 MF pre-mRNA branch point binding
GO:0004056 0.0093 MF argininosuccinate lyase activity
GO:0016706 0.0139 MF Oxidoreductase activity, acting on

paired donors, with incorporation or
reduction of molecular oxygen

GO:0008253 0.0185 MF 5'-nucleotidase activity
GO:0051536 0.023 MF iron-sulfur cluster binding
GO:0000287 0.0321 MF magnesium ion binding
GO:0009916 0.0322 MF alternative oxidase activity
GO:0008883 0.0322 MF glutamyl-tRNA reductase activity
GO:0005216 0.0385 MF ion channel activity
GO:0004618 0.0457 MF phosphoglycerate kinase activity
GO:0000049 0.0457 MF tRNA binding
GO:0008725 0.0457 MF DNA-3-methyladenine glycosylase

activity
GO:0051082 0.0468 MF unfolded protein binding
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and is primarily expressed in meristems (Maniga et al., 2017). Another
is a putative cytochrome b5 reductase (MDP0000164574) that has been
shown in Arabidopsis to increase fatty acid levels (Oh et al., 2016); these
compounds are known to stabilize membranes during chilling stress and
have been reported to change in apple fruit responding to chilling stress
(Busatto et al., 2018; Gapper et al., 2017). The fifth is a putative cha-
peronin (MDP0000534977), and although previous work has not sup-
ported a response to ABA signaling (Zhang et al., 2013) our analysis
shows a clear and strong inverse correlation with the aforementioned
ABA receptor gene.

Two other prominent features were present in the module 1, 4 pair,
but had little or no functional annotation, including one gene annotated
only with an InterPro Domain of unknown function (DUF581 –
MDP0000170826- pink arrow Fig. 4A and 5 A), another only with
nucleic acid and zinc binding domains (MDP0000164538 – orange
arrow Fig. 4A and 5 A). MDP0000170826, as previously discussed, is
inversely linked via MDP0000265728 to the ABA receptor
(MDP000284624), suggesting a role as a signaling intermediate in ABA
hormone signaling during intermittent warming of apple fruit that may
involve this protein of unknown function. The Arabidopsis homolog of
MDP0000170826 is annotated as senescence-associated and has been
implicated in abiotic stress responses (Luhua et al., 2013).

4. Discussion

4.1. Intermittent warming during cold storage influences apple fruit quality

Intermittent warming of cold-stored fruit to influence fruit quality
in the postharvest period is ostensibly compliant with crop protectant-
limited production systems. Here we have shown, consistent with a
previous report (Watkins et al., 1995), that the intermittent warming of
‘Granny Smith’ apple fruit reduced superficial incidence and scald se-
verity. In this study it was as effective as DPA applied at the same time
as the warming treatment, however DPA treatment at harvest was

marginally more effective at reducing scald compared to DPA treatment
after 1 week cold storage. Overall fruit quality was low in this experi-
ment because of prolonged air-storage designed to allow scald devel-
opment, though fruit quality did vary as expected with warmed fruit,
indicated by ripening, lower firmness, and higher ethylene content re-
lative to un-warmed fruit. As previously discussed, there are several
ways to control superficial scald, and many factors in the postharvest
storage environment can be manipulated to influence outcomes – ex-
actly how these factors interact with intermittent warming regimes is
largely unknown, as are the molecular signatures produced by these
possible interactions.

4.2. Co-expression analysis reveals distinct responses classes of apple fruit
to warming

Our GOIs encode functionally distinct transcriptional responses of
‘Granny Smith’ apple fruit to intermittent warming. Substantial fold
changes in gene expression during the first week of cold storage were a
shared characteristic of all GOIs, but how gene expression changed in
response to warming was highly distinct – one class showed a complete
and sharp reversal of patterns emerging from harvest through one week
of cold storage. The other showed a rapid oscillation, with gene ex-
pression increasing or decreasing and then returning to near pre-
warming levels by the end of the warming treatment. Of interest was a
striking inverse correlation between pairs of GOI groups, suggesting
regulatory mechanisms with coordinated signaling cross-talk, that re-
sulted in divergent patterns of expression for each group of GOIs.

The GOIs that showed a simple reversal trend (m2.GOI and m3.GOI)
returned to and then slightly overshot at-harvest levels of expression.
This may suggest recovery from mild chilling occurring at night around
the time of harvest. This contrasts with the genes (m1.GOI and m4.GOI)
that showed an oscillation with a return to prewarming levels, not at-
harvest levels. This suggests the module 1–4 pair represents a response
specifically to the warming treatment.

4.3. Warming causes a reversal of stress responsive gene expression in
chilled fruit

A dominant signature of intermittently warmed apple fruit was a
reversal of abiotic stress induced genes, which correlates with a sig-
nificant reduction in the chilling-related apple fruit disorder superficial
scald. The most prominent among these signatures was the> 100 fold
induction of a peroxidase gene during one week of cold storage that was
reduced>4000 fold to nearly 0 after five days of warming. In a similar
previous study the induction of this gene was prevented by blocking
ethylene action with 1-MCP, but was unaffected by DPA, although both
treatments effectively controlled scald (Gapper et al., 2017) supporting
distinct mechanisms of scald prevention for each compound. This per-
oxidase was also an organizing feature of a co-expression network that
revealed ubiquitin mediated protein turnover, mitochondrial mod-
ification, and thiamine biosynthesis as a part of the mechanism to
prevent scald. Interestingly arginine biosynthesis was also reversed by
warming, perhaps reducing flux into the nitric oxide (NO) pathway.
Apple fruit in storage does produce NO, and levels vary during storage
(unpublished) though the role of arginine biosynthesis, and specifically
as it relates to NO production, is unclear in superficial scald etiology.

The genes induced by warming in module 2 were tightly correlated
with abiotic stress gene activity that was reversed by warming. These
are largely consistent with enhanced ripening of climacteric fruit via
warming, including lipoxygenases and heat shock proteins. A 14-3-3
protein, the Arabidopsis homolog known to stabilize ACS in the ethy-
lene biosynthesis pathway (Yoon and Kieber, 2013), was a notable
network feature. In addition to a putative role in promoting ethylene
biosynthesis for this particular 14-3-3 protein, there is evidence that 14-
3-3 proteins act generally as signaling adapters that can integrate en-
vironmental cues with cell signaling (Comparot et al., 2003; Denison

Table 5
Module 2 Gene of Interest functional enrichment analysis results. List of sig-
nificantly enriched GO Terms; Ontology categories- BP: Biological Process, MF:
Molecular Function.

Term Fishers p-val Ontology Description

GO:0055114 0.0001 BP oxidation-reduction process
GO:0009408 0.0023 BP response to heat
GO:0006559 0.0069 BP L-phenylalanine catabolic process
GO:0009958 0.0093 BP positive gravitropism
GO:0006570 0.0161 BP tyrosine metabolic process
GO:0005975 0.0207 BP carbohydrate metabolic process
GO:0030259 0.0275 BP lipid glycosylation
GO:0009072 0.0285 BP aromatic amino acid family metabolic

process
GO:0006633 0.0361 BP fatty acid biosynthetic process
GO:0010309 0.000025 MF acireductone dioxygenase [iron(II)-

requiring] activity
GO:0005506 0.0001 MF iron ion binding
GO:0003995 0.00063 MF acyl-CoA dehydrogenase activity
GO:0016705 0.00298 MF oxidoreductase activity, acting on

paired donors, with incorporation or
reduction of molecular oxygen

GO:0008233 0.00405 MF peptidase activity
GO:0004411 0.00618 MF homogentisate 1,2-dioxygenase activity
GO:0020037 0.00692 MF heme binding
GO:0045145 0.00823 MF single-stranded DNA 5'-3'

exodeoxyribonuclease activity
GO:0016787 0.00826 MF hydrolase activity
GO:0003868 0.01232 MF 4-hydroxyphenylpyruvate dioxygenase

activity
GO:0004106 0.01232 MF chorismate mutase activity
GO:0000062 0.01842 MF fatty-acyl-CoA binding
GO:0031072 0.02449 MF heat shock protein binding
GO:0004177 0.04642 MF aminopeptidase activity
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et al., 2011; Jaspert et al., 2011). This highlights this gene of interest –
perhaps as a genetic link between the fruit storage environment and
control of ripening.

Two Shaker type potassium channels induced by chilling stress were
also downregulated by warming. Potassium channels in this family are
involved in ABA mediated stomatal closure, but also in potassium efflux
out of stelar root cells into the xylem (Johansson et al., 2006). Po-
tassium level in both fruit and leaves is positively correlated with scald
susceptibility (Emongor et al., 1994), though the specific role for po-
tassium in superficial scald is unclear. The expression of these K+

channels does correspond to another feature in our co-expression net-
work - an ABA receptor protein PYL9 - which is interesting because
shaker-type potassium channels are known to be ABA responsive genes.

4.4. Network topology and fine sampling point to ABA signaling during
warming

A surprising outcome of the co-expression analysis was the dis-
covery of differentially expressed genes that showed a rapid oscillation,
returning to near pre-warming levels after approximately five days, the
same amount of warming time required to mitigate scald in ‘Granny
Smith’ apple fruit. These changes were characterized by an induction of
translation machinery, and a brief down regulation of an ABA receptor,
epigenetic modification machinery, and genes involved in auxin
mediated exocytosis. The inverse correlations show fatty acid metabo-
lism, calcium signaling, and cell cycle regulation are all upregulated by
warming and linked to downregulation of an ABA receptor. How these
correlated processes interact in the context of a necrotic peel disorder is
unclear, though the particular ABA receptor identified in our analysis,
PYL9, when activated by ABA can promote programmed cell death (i.e.
senescence) (Zhao et al., 2016). The response to ABA via PYL9 is de-
pendent on tissue context, resulting in strong dormancy of young leaves
and meristems, while promoting senescence in older tissues, a pheno-
type the authors point out is easily confused with drought sensitivity
(Zhao et al., 2016). This observation may provide a clue to superficial
scald etiology as fruit maturity is a crucial factor in susceptibility to this
disorder (Lurie and Watkins, 2012).

Apple fruit metabolism leading to scald symptom development has
not been definitively described. One hypothesis is that plastids are
destabilized by chilling stress, leading to oxidative stress that is quen-
ched by phenolic antioxidants resulting in tissue browning (Busatto
et al., 2018). Another is that superficial scald lesions result from pro-
grammed cell death in the epidermis; the long period between injury
and symptom development, plus shifts in the metabolome and tran-
scriptome suggest an active process rather than passive browning of
oxidized, dead tissue (Gapper et al., 2017). Consistent with both hy-
potheses, our results show recovery from oxidative stress that includes
fatty acid metabolism, organellar modifications, and antioxidant bio-
synthesis. However, our results also suggest recovery from the injury
that leads to scald is an energetically active process involving protea-
some mediated protein turnover and new protein synthesis. Plus,
warming of fruit induced highly dynamic transcriptional responses that
include downregulation of PYL9, an ABA receptor that has been shown
to promote programmed cell death during abiotic stress (Zhao et al.,
2016). This receptor was inversely correlated with expression of a cell-
cycle regulated gene (programmed cell death is the final phase of the
cell cycle) and a senescence-associated gene. These results support the
hypothesis that superficial scald etiology includes activation of pro-
grammed cell death.

4.5. Genes involved in recovery from a chilling stress that causes scald

We have circumscribed candidate genes with activity in response to
warming that makes them good candidates for exploring the molecular
mechanisms of scald prevention by intermittent warming. This is be-
cause their activity is tightly correlated (both positively and negatively)

with warming time sufficient to prevent scald. The fine scale network
analysis revealed ostensibly warming-specific transcriptional responses
to warming that within five days returned to near pre-warming levels.
That five days of warming is sufficient for superficial scald reduction in
‘Granny Smith’ apples (in our experiment, and previously reported
(Watkins et al., 1995)) presents an intriguing possibility – among these
genes are those interposed between abiotic stress and physiological
changes in apple peel that lead to scald. Discernment of molecular
mechanisms of scald will require additional years of data with ‘Granny
Smith’ apples as well as experiments with other cultivars like Fuji that
have a similar warming requirement, but a different window of
warming efficacy (Lu et al., 2011).

5. Conclusion

Our transcriptome analysis of intermittently warmed ‘Granny Smith’
apple fruit has revealed molecular responses of apple fruit to changes in
temperature in the postharvest period. A strength of this work is the
examination of molecular responses produced by temperature alone,
without crop protectants or modified atmosphere, providing a baseline
to explore the interaction of postharvest treatments with storage tem-
peratures. The fine-grained co-expression analysis revealed highly dy-
namic responses of ‘Granny Smith’ apple fruit on the order of hours that
influenced fruit quality months later in cold storage, offering a glimpse
into signaling events that mediate these processes. The deployment of
new postharvest technologies and new apple cultivars with desirable
postharvest traits depends on detailed knowledge of the molecular
mechanisms of this disorder. The key result from this study is the
identification of candidate genes for future work aimed at unraveling
the genetic basis of complex traits that influence superficial scald.
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