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Comparative enzymatic browning =l

transcriptome analysis of three apple cultivars
unravels a conserved regulatory network
related to stress responses

F.J. Bielsa'?, J. Grimplet'?, P. Irisarri'?, C. Miranda®*, P. Errea'” and A. Pina'*"

Abstract

Enzymatic browning (EB) endangers the adaptation of apple fruit cultivars to new markets, affecting organoleptic
properties and producing economic losses. Polyphenol oxidases and polyphenol compounds play a key role in EB
development in apple. However, the regulation of apple response to EB remains to be uncovered. In this study,
three apple cultivars with different EB phenotypes ranging from low to high browning in apple pulp were used

to study transcriptomic changes over time after fresh cutting (0, 30 and 60 min). This study allowed the identification
of 1448 differentially expressed genes (DEGs), revealing both shared and genotype-specific responses, particularly

in the affected metabolic pathways associated with EB. At 60 min (T60 vsT0), 77 DEGs were shared by all genotypes,
suggesting a conserved regulatory network. This network included genes encoding for protein families such as cal-
cium-binding proteins, heat-shock proteins, redox-responsive transcription factors, WRKY family transcription factors,
zinc finger family proteins and disease resistance proteins among others. A co-expressed gene cluster, identified
through Weighed Gene Co-Expression Network Analysis (WGCNA), was found to correlate with EB and included 323
genes enriched in several biological terms according to Gene Ontology analysis. Moreover, a more detailed analysis
of identified WGCNA gene cluster regulatory sequences allowed the detection of cis-regulatory elements belonging
to CAMTA, WRKY and WUSCHEL transcription factor families. The identification of these sequences alongside with an
abundant and diverse amount of overexpressed transcription factors from various families (WRKY, ERF, GRAS, GATA,
etc.) point out to a highly regulated stress-response that is strictly connected to innate plant immunity. These findings
provide valuable insights into the molecular mechanism involved in apple fresh-cut browning and offer new poten-
tial targets for EB regulation.
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Background

Malus x domestica Borkh is the second largest fruit
product worldwide with an estimated production of
95,83 million tons (MT) in 2022, and the main temper-
ate fruit tree species with an area of 980 kha and pro-
duction of 18,79 MT at the European level [1]. Besides
their great agricultural and economic importance, apples
present high nutritional values due to their content of
polysaccharides, vitamins, phytosterols and phenolic
compounds [2-4] that confer improvements in cardio-
vascular health, antioxidant activity and even antitu-
moral activity in humans [2—4]. In recent years, products
derived from fresh fruits and vegetables have increased
over the past two decades. During this period, ready-to-
eat products have emerged as a relevant research field
within horticultural science and have opened a new mar-
ket for apple cultivation [5]. However, apples are prone
to browning during fresh-cut, processing, and posthar-
vest storage, which significantly diminishes their appear-
ance, shelf life, taste, flavor, and nutritional value of food
products, representing a major economic problem both
for the food industry and for consumers [6-9].

Enzymatic browning (EB) of fresh-cut fruit and vegeta-
bles is a complex and highly regulated process. During
enzymatic browning, polyphenol oxidase (PPO) cataly-
ses the oxidation of phenolic compounds in fruits and
vegetables, producing quinones. These quinones quickly
polymerize, forming dark-coloured pigments [10]. Previ-
ous studies have been conducted on enzymatic browning
from different species [6, 11, 12] focusing mainly on poly-
phenol oxidase (PPO) acting on phenolic compounds,
and antioxidant activity of superoxide dismutases
(SOD), ascorbate peroxidases (APX) and catalases (CAT
) enzymes [13—-15]. However, neither the activity of the
browning-related enzymes nor the accumulation of poly-
phenol substrates is the rate-limiting step in browning
development and there is still a lack of consensus on how
this process occurs [15]. Zuo et al., [16] has theorized 3
hypotheses that cover previous work on the topic, which
explain EB’s underlying molecular mechanism based on
the regional distribution of phenols and PPO, free radical
injuries and the protective enzyme system. There, EB can
be triggered by many factors and directly compromises
cellular integrity. The other metabolic pathways involved
include enzymes involved in free radicals scavenging
(SOD, CAT, APX), lipid membrane metabolism and phe-
nylpropanoid biosynthesis pathway that has been shown
to have an important role during plant response to differ-
ent stimuli [8, 17].

Enzymatic browning controlling technologies (physi-
cal and chemical) have been explored by many research
groups [16—18] with different focuses. Physical meth-
ods to inhibit PPO activity include thermal treatment,
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prevention of oxygen exposure, use of low temperature,
and irradiation, whereas chemical methods include acidi-
fication or reduction using antioxidants chelating agents,
or natural extracts [19, 20]. Some of the drawbacks of
these anti-browning formulations and processes are that
they can only regulate the degree of flesh browning, they
are banned from commercialization due to safety con-
cerns, or they increase the production costs of fresh-cut
apple slices [10, 19]. The development of non-browning
apple cultivar, or the exploitation of traditional varie-
ties can play a great role, through either the direct use of
some varieties or by their use in breeding programs.

To date, genetic control of flesh browning has
only been partially assessed using the QTL mapping
approach, localizing several genomic regions involved
in flesh browning. Di Guardo et al. (2013) [14] detected
25 QTLs related to several browning parameters (flesh
browning, juice browning, total polyphenols, and poly-
phenol oxidase activity) in apple, and led to the identifi-
cation of several genes involved in polyphenol synthesis
and cell wall metabolism, showing that PPO and PAL
were most closely related to browning. A QTL for PPO
activity was detected on chr5, where PPO genes are
located; and QTLs for total polyphenol content and
juice browning were detected on chrl6, where leucoan-
thocyanidin reductase gene is located [21, 22]. Several
studies have also described the use of RNA silencing and
genome editing to down-regulate PPO genes in order to
reduce enzymatic browning in potato [23], the brown-
ing-resistant Arctic® Apples [24], eggplants [12], and
mushrooms [25]. In eggplants, a CRISPR/Cas9-based
mutagenesis approach was applied to knock-out three
target PPO genes in eggplant (SmelPPO4, SmelPPO5, and
SmelPPO6), which showed high transcript levels in the
fruit after cutting [18].

To advance this knowledge, it is necessary to bring
up-to-date molecular biology techniques closer to enzy-
matic browning research. Among them, transcriptomic
and metabolomic analysis are one of such tools that can
provide valuable insights into the complex biological
networks that underly agronomic traits [26, 27]. Tran-
scriptomics and metabolomic analysis have been suc-
cessfully applied to elucidate the browning mechanism of
fresh-cut potato tubers [28], pear [17, 29], eggplant [12],
inhibition by H,S treatment in fresh-cut apple fruit [30],
or to study the internal browning of apples during post-
harvest storage [6]. However, there are few studies that
explore the core regulatory network to comprehensively
elucidate the browning mechanism of apple fruit. In this
study, we investigated the transcriptomic events involved
in enzymatic browning of apple pulp over time (0, 30 and
60 min after flesh cutting) using RNAseq technology.
A selection of 3 cultivars with different EB severity was
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made from CITA’s apple collection and we assessed [1]
the transcriptomic profiles during the time course after
oxidation, [2] genes differentially expressed among the
tested cultivars, [3] the identification of common cis-reg-
ulatory elements among DEGs, as well as [4] the analy-
sis of a gene clustered associated to EB. Finally, this work
provides a comprehensive overview of changes in various
metabolic pathways, redox homeostasis genes, stress-
related genes and the evaluation of regulatory networks
associated with EB. Gaining insights into these mecha-
nisms would provide a great opportunity for developing
improved future cultivars and increasing the number of
non-browning cultivars would broaden fresh-cut apple
availability.

Methods

Plant material and determination of enzymatic browning
index of apple cultivars

Representative cultivars were selected to cover the whole
range of enzymatic browning severity observed in the
apple collection from the Centro de Investigacién y Tec-
nologia Agroalimentaria de Aragén (CITA, Zaragoza,
Spain) using phenotyping through digital image analysis
[31]. Three apple cultivars ranging from low to high enzy-
matic browning susceptibility were chosen, ‘Royal Gala’
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represented low-browning cultivars with low phenolic
content but commercial interest, whereas ‘Borau- 01’ rep-
resented medium-browning cultivars showing moderate
phenolic content and are highly overrepresented in our
collection. ‘Manzana amarilla de octubre’ was selected as
a high phenolic content cultivar with high associated EB
but health related interest and therefore highly valuable
for future breeding programs [32] (Fig. 1). Three apple
trees were used for collection of 10 fruits per genotype
at 5-6 maturity index of Lugol’s scale (CTIFL 1-10) and
were stored at 2°C for 3—4 weeks until processing to sim-
ulate standard postharvest storage practices. These ten
fruits were cut into slices of 1 cm thick at room tempera-
ture and were used in the oxidation assay. One gram of a
pool of apple pieces of all slices was frozen at — 80°C at
3 oxidation times (0 min, 30 min and 60 min) from the
outer pulp. Three biological replicates were stored for
each time and genotype until use.

Determination of enzymatic browning susceptibility of
CITA’s apple collection was performed by taking digital
images of apple slices at the three oxidation times- These
images were evaluated with a homemade-R script to
obtain the average colour (in CIELab (1976) L* a* and
b* coordinates) of the entire fruit surface and cluster the
studied samples into different groups based on several

'Manzana amarillla de
‘Borau-01' 0 min
octubre' 0 min

‘Manzana amarilla de

octubre' 30 min

‘Manzana amarilla de
'Borau-01' 60 min
octubre' 60 min

24.80

AEgy AE®

11.30

Fig. 1 Apple phenotype from 3 selected cultivars and slices after fresh cutting (top), 30 (middle) and 60 minutes (bottom) after enzymatic
browning. Left to right (increasing enzymatic browning susceptibility): ‘Royal Gala;Borau- 01'and ‘Manzana amarilla de octubre’ Values are shown
for each cultivar and oxidation time for all studied enzymatic browning indexes: Bl: Browning Index; ABI: Difference in Bl from the time of cutting;
AE*: Normalized CIE colour difference from the time of cutting; AE00: CIEDE2000 colour difference from the time of cutting
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enzymatic browning indexes [31]. The suitability of four
enzymatic browning indexes (BI, ABI, AE;, AE*) previ-
ously calculated for each genotype was evaluated based
on correlation to transcriptome analysis results.

Browning Index (BI), according to the method of Palou
etal. [33]:

BI = [100(x — 0.310)]/0.172 (1)
where
x = (a* + 1.75L*)/(5.645L" + a* — 3.0120%)  (2)
Difference in BI (ABI) from the time of cutting as
ABI = Bly — BI; 3)

Normalized CIE colour difference (AE*) from the time
of cutting as

8B = /(1 — 1) + (e — i)+ (0 — 53)’
(4)
CIEDE2000 [34] colour difference (AE,,) from the time
of cutting defined as
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sample were concatenated using Concatenate Datasets
(Galaxy version 1.0.0). Forward and reverse files of each
sample were coupled, and dataset were processed as a list
of paired-end reads using Galaxy tool'build list ofpairs’
(Galaxy version 1.0.0). Quality control of paired-end
pairs was performed using FastQC (Galaxy version 0.73
+galaxy0). After confirming that quality standards were
met (no 3’ and 5 degradation, normal GC%, no exces-
sive duplicated reads), adapter sequences and low-quality
(Q20) base pair were removed using Trimmomatic (Gal-
axy version 0.38.1) [38]. A total of twenty-seven samples
were then aligned using HISAT 2 (Galaxy version 2.2.1
+galaxy0) [39] to GDDH13 Golden Delicious reference
genome v1.1 [40] with a minimum intron length of 20 bp
and a maximum intron length of 20,000 bp, and select-
ing stranded mRNA data. Samples were then checked
for duplicates using ‘Mark duplicates’ (Galaxy version
2.18.2.4), sample ‘s pairs were synced using ‘Fixmate
Information’ (Galaxy Version 2.18.2.2) and arranged into
groups of replicates with ‘add or replace read groups’ from
Picard Tools (Galaxy version 2.18.2) (http://broadinsti
tute.github.io/picard/). Additionally, sample reads were

AL\ ? AC \? AH' \?2
AEgp = — R
00 (kLSL> +(I<CSC> +<kHSH> * T(

AC'\ [ AH' (5)
kCSC kHSH

and calculated according to expressions described in
Sharma et al. [35], by means of the package ColorNameR
[36].

RNA extraction and sequencing
RNA extraction was performed using 1 g of ground apple
pulp in a mortar in liquid Nitrogen followed by CTAB-
SEVAG protocol adapted by Meisel [37] with some
modifications to optimize RNA concentration and qual-
ity. RNA integrity was checked with a 1% agarose gel
electrophoresis and genomic DNA was removed follow-
ing TURBO DNA-free kit protocol (Invitrogen, Thermo
Fisher scientific). Samples’ RNA concentration was
determined using Qubit BR (Thermo Fisher) and qual-
ity control was performed with a Bioanalyzer 6000 nano
(Agilent Technologies) at Centro Nacional de Anali-
sis Gendémico (CNAG, Barcelona, Spain). All samples
used in the experiment had a RIN quality control value
>7.1 (Table S1) and the transcriptomic experiment was
performed in triplicate. Following library preparation,
sequencing was performed with an Illumina Novaseq
6000 S1 system (Illumina, USA) with >50 M of reads per
sample and a read length of 2x 100 bp stranded mRNA.
Raw data FastQ files were processed using Galaxy plat-
form (Galaxy version 1.0.0), each sample’s files were con-
verted to fastqsanger format and files from each biological

sorted by their corresponding annotated gene name using
Samtools sort (Galaxy version 2.0.4) [41]. Gene anno-
tation file from ‘GDDHI13 Golden Delicious reference
genome v1.1’ was chosen to estimate read counts using
featureCounts (Galaxy version 2.0.1 +galaxy2) on twenty-
seven samples. Finally, ColumnJoin (Galaxy version 0.0.3)
was used to merge the output files, and edgeR (Galaxy
version 3.36.0 +galaxy0) [42] was used to calculate gene
expression changes between times among samples.

Data was further processed using Python scripts in
Spyder IDE (Version 5) to select DEGs, GO term anno-
tation and other data treatment-related processes. DEGs
were defined as genes with a |log,FC| greater than 1 and
a false discovery rate (FDR) less than 0.05. A gene ontol-
ogy analysis was performed using GoEnrichment (Galaxy
Version 2.0.1).

Weighed gene co-expression network analysis

To perform analysis of relationships between genes
and their correlation to enzymatic browning, raw
reads were filtered removing genes with no expression.
CountsPerMillion were calculated and transformed
into logCPM values and a filter was applied select-
ing genes with a logCPM value greater than 0.05 for
at least 3 of the biological replicates of an individual
and oxidation time. WGCNA was performed using
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WGCNA R package [43] following software authors’
guidelines. To ensure identification of co-expressed
modules without directionality constraints in gene—
gene correlations, we selected an ‘unsigned” TOM
matrix. Free-scale topology of the matrix was achieved
when selecting power =24. Moreover, minModuleSize
parameter was set at 30, as the minimal number of
genes to constitute a module, and an additional param-
eter maxBlockSize was set at 45,000 to avoid seg-
mentation of data for further algorithm calculations.
Correlation with phenotypic traits was done using
Pearson’s correlation test with p-value <0.05. Gene
Modules correlated with EB were used to find top hubs
among our genes using ‘intramodularConnectivity’
(WGCNA R package), which showed the highest inter-
connectivity values.

Characterization of promoter sequences of enzymatic
browning correlated genes

The detection and the analysis of cis-regulatory elements
in upstream genomic sequences of a gene module asso-
ciated with enzymatic browning were evaluated using
RSAT (Regulatory Sequence Analysis Tools) [44] follow-
ing the methodology of Contreras-Moreira [45], to iden-
tify common Transcription Factor Binding Sites (TFBSs).
Briefly, upstream sequences were retrieved and analysed
using peak motif detection to look for common motifs
in WGCNA gene cluster. Found motifs were further
tested for significance using a pool of random sequences
of similar length and results were analysed as previously
described [46].

Quantitative Real-Time PCR (qRT-PCR) analysis

Gene expression analysis of 8 DEGs was performed in a
StepOnePlusTM Real-Time PCR System (Applied Bio-
systemsTM). A final volumen of 10 pL (10 ng cDNA,
0.3 uM Forward Primer, 0.3 uM Reverse Primer, 5 pL
iTagTM Universal SYBR® GREEN Supermix (Biorad) 2 X
and RT-PCR grade water) was used for the reaction with
the following steps for all primers set (Table S2): A first
denaturation step at 95°C for 4 min; 40 cycles of: dena-
turation at 95°C for 30 s, an hybridization step at 62°C
for 1 min and an elongation step at 72°C 1 min; a final
elongation step at 72°C for 10 min. Melting curve was
performed with a first step of hybridization at 62 °C fol-
lowed by a gradual temperature increment of +0.5 °C/s
until reaching 95°C to check dimer formation of primers.
ARn values were obtained from StepOne Plus results and
analysed using LinRegPCR to determine PCR efficiency
[47]. The relative expression level was calculated using
the comparative 2~ 22t method [48]. Four technical
replications for each of the 3 biological replicates were
performed.
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Statistical analyses

To identify statistically significant differences in the
expression of EB-related genes (e.g., SOD, CAT, APX,
PPO, PAL), logCPM data for these genes were analysed
using a one-way Analysis of Variance (ANOVA). This
approach was employed to evaluate whether gene expres-
sion levels varied significantly across the studied culti-
vars. The effect of cultivar on each gene’s expression was
assessed using an ordinary least squares (OLS) model.
When ANOVA results indicated a significant effect (p
<0.05), a post-hoc Tukey’s Honestly Significant Differ-
ence (HSD) test was conducted to determine which pairs
of cultivars exhibited significant differences in their mean
constitutive expression levels.

Results

Phenotypic characteristics and high throughput
sequencing and assembly

The high (‘Manzana amarilla de octubre’), the medium
‘Borau- 01’ and the low (‘Royal Gala’) browning pheno-
types showed different degrees of browning within the
treatment times (30, 60 min after fresh cutting) (Fig. 1).
To compare the flesh browning variation among the three
cultivars over time, four enzymatic browning indexes
were determined (BI, ABI, AE0O, AE*). The high brown-
ing cultivar ‘Manzana amarilla de Octubre’ had a more
pronounced browning index (Blg,= 78.30) compared
with the intermediate (Blg,= 68.20) and low browning
cultivars slices (Blgy= 49.70). RNA libraries were gener-
ated with these 3 cultivars with different EB severity.

A total of 2.064 million raw sequence reads were gen-
erated using the Illumina Novaseq 6000 S1 sequencing
platform. After adapter removal and alignment to the
apple reference genome [40] using HISAT2 (Galaxy ver-
sion 2.2.1 +galaxy0) an overall alignment rate of 95.45%
was obtained among our samples (Table S1).

From the 52,741 annotated genes in reference genome
‘GDDH13 Golden Delicious reference genome vl.1;
33,661 were expressed in the RNAseq data after filtration
of logCPM data analysis. Analysis of expression levels
between transcripts expressed at T60 vsT0 and T30 vsT0
oxidation times allowed the identification of a total of
1448 genes differentially expressed in our samples among
which 799 were unique (Table S3).

DEGs during enzymatic browning

Transcriptomic analysis of gene expression of apple pulp
during enzymatic browning revealed differences between
the three genotypes with different degrees of enzymatic
browning severity, pointing out a genotype-dependent
response to oxidation. Identification of DEGs at different
oxidation times showed significant differences between
cultivars and at two time points within cultivars (Table 1).
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Table 1 DEGs per time comparison and cultivar

Cultivar Time Up-Regulated Down-regulated
comparison DEGS (FDR DEGS (FDR
<0.05) <0.05)
‘Royal Gala’ 30minvsOmin 198 15
60 minvsOmin 526 74
‘Borau- 01’ 30minvsOmin 1 1
60 minvsOmin 101
‘Manzana 30 minvsOmin 60
amarilla de 60 minvsO min 445 21
octubre’
TOTAL 1331 117

Number of up and down regulated DEGs found in‘Royal Gala’ (low browning
susceptibility), ‘Borau- 01’ (medium browning susceptibility),‘’Manzana amarilla
de octubre’ (high browning susceptibility), with different enzymatic browning
severity at 30 and 60 min of oxidation

‘Royal Gala’ showed a higher number of DEGs to enzy-
matic browning with 526 up-regulated genes and 74
down-regulated genes at 60 min of oxidation compared
to TO (T60 vsT0). In contrast, ‘Borau- 01’ showed no
response at 30 min of oxidation (T30 vsT0) and showed a
lower number of DEGs at 60 min in comparison to ‘Man-
zana amarilla de octubre’ and ‘Royal Gala’ (Table 1). Our
results showed a general increase in the number of genes
affected by a change of expression until 60 min for all cul-
tivars in which up-regulated genes are more abundant
than down-regulated genes (Table 1).

DEGs showed a great heterogeneity of |log,FC| values
(Table S3). Several genes showed changes in expression
greater than |log,FC|> 5 especially in ‘Royal Gala’ (T60
vsT0: 57, T30 vsT0: 10) and ‘Manzana amarilla de octu-
bre’ (T60 vsTO0: 72, T30-T0:11) (Table S3).

Most up-regulated genes with higher |log,FC| values
belong to families involved in signal transduction, pro-
tein ubiquitination, degradation and transcription regu-
lation (Table S3). Some of these top genes are shared by
‘Royal Gala’ and ‘Manzana amarilla de octubre, such as
genes belonging to ERF family (MD10G1094700 and
MD05G1080900), two redox-responsive transcription fac-
tors), protein ubiquitination proteins (MD12G1040900, a
plant-U-box) or other transcription factor protein families
(MD02G1096500, an integrase-type DNA-binding super-
family protein) (Table 2, Table S3). The downregulated
genes observed in ‘Borau- 01’ encoded a ‘Rhamnogalac-
turonate lyase family protein’ (MD01G1043300) and a
‘DNAJ heat shock N-terminal domain-containing protein’
(MD14G1156300).

Although differences in the number of genes are evi-
dent among all cultivars at both oxidation times, espe-
cially at 30 min, a conserved response to enzymatic
browning has been found in the three apple cultivars
(Fig. 2A). At 30 min (T30 vsTO0), only one gene was
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shared by all genotypes (MD09G1262900, a calcium-
binding EF-hand family protein) which was up-regulated.
However, ‘Borau- 01’ showed a weaker response due to
an unknown factor, whereas ‘Royal Gala’ and ‘Manzana
amarilla de octubre; low and high browning phenotypes,
shared 51 DEGs at 30 min (Fig. 2A). Furthermore, 77
DEGs were shared by all genotypes (Fig. 2B) at 60 min
(T60 vsTO0), whereas low and high browning pheno-
types shared 211 DEGs. The gene pool associated with
the ‘conserved’ response of apple pulp to enzymatic
browning at 60 min comprises a heterogeneous group
of DEGs coding for protein families such as calcium-
binding proteins, heat-shock proteins, redox-responsive
transcription factors, WRKY family transcription fac-
tors, zinc finger family proteins and disease resistance
proteins among others (Fig. 3). The calcium-binding
EF-hand family protein gene (MD09G1262900) shared
at 30 min (T30 vsT0) was also found in this pool at 60
min (T60 vsTO0), along with the previously mentioned
MD10G1094700 and MDO05G1080900, two redox-
responsive transcription factors also known as ethylene
responsive factors (AP2/ERF), which showed some of the
highest changes in expression among all genes (Table S3).
To validate the RNA-seq results, we performed qRT-PCR
expression analysis on 8 apple genes. There was no sig-
nificant difference between qRT-PCR analysis results
and RNA-seq data and similar trends were observed in
up-regulated genes selected. As shown in Figure S1, cor-
relation analysis of the gene expression ratios showed a
good correlation (R*= 0.846) between qRT-PCR and
RNASeq, indicating the high reliability of the RNA-Seq
data obtained in our study.

Functional categories of differentially expressed genes

To understand what biological processes are implicated
in response to enzymatic browning, we assigned the
DEGs to known Gene Ontology (GO) categories. Among
799 unique genes differentially expressed in the sam-
ples studied, 412 unique (51.56%) DEGs were assigned
to three ontology classes, Molecular Function, Biologi-
cal Process and Cellular Component categories for all
cultivars (Table S4. Fig. 4). Molecular Function enriched
terms contained genes involved in ‘DNA binding’
(GO:0003677), ‘protein phosphorylation’ (GO:0004672,
GO0:0004713), ‘DNA-binding transcription factor activ-
ity’ (GO:0003700), another post-transcriptional regula-
tion processes such as ‘ubiquitination’ (GO:0004842)
and ‘cleavage’ (GO:0140096) (Fig. 4A, Table S4). These
enriched terms were more abundant in ‘Royal Gala’
and ‘Manzana amarilla de octubre’ than ‘Borau- 0l’at
both times, although medium browning phenotype also
showed some enriched terms at 60 min (Fig. 4A).
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Table 2 Top 5 DEGs with the highest |log,FC]| value in each sample. Annotation was obtained from GDDH13 GFF Golden Delicious v1

([40)

Cultivar Oxidation time (min) GenelD |log,FC| FDR Annotation
‘Royal Gala’ 30 vs 0 Minutes MD02G1096500 99 5,93E-05 Integrase-type DNA-binding superfamily protein
MDO05G1080900 7,77 2,89E-10 redox responsive transcription factor 1
MD10G1094700 6,92 1,52E-04 redox responsive transcription factor 1
MD14G1123000 6,47 6,68E- 05 WRKY family transcription factor
MD10G1150400 6,06 3,32E-03 ARF-GAP domain 11
60 vs 0 Minutes MD02G1096500 10,94 4,57E-06 Integrase-type DNA-binding superfamily protein
MD10G1094700 9,35 1,97E-07 redox responsive transcription factor 1
MDO05G1080900 9,12 8,25E-12 redox responsive transcription factor 1
MD10G1150400 8,25 2,99E- 06 ARF-GAP domain 11
MD12G1040900 7,94 3,48E-03 plant U-box 23
‘Borau- 01 30 vs 0 Minutes MD09G1262900 1,48 3,14E-02 Calcium-binding EF-hand family protein
MD14G1156300 -1,16 3,14E-02 DNAJ heat shock N-terminal domain-containing protein
60 vs 0 Minutes MD01G1043300 -7.22 3,67E-02 Rhamnogalacturonate lyase family protein
MDO05G1080900 7,1 3,90E- 09 redox responsive transcription factor 1
MD10G1094700 6,54 3,47E-03 redox responsive transcription factor 1
MD09G1039300 4,59 5,20E- 07 zinc finger (AN1-like) family protein
MD13G1251000 4,44 511E-03 lectin protein kinase family protein
‘Manzanaama- 30 vs 0 Minutes MD15G1221100 8,55 2,18E-05 Integrase-type DNA-binding superfamily protein
rilla de octubre’ MD05G1080900 8,32 4.22E- 09 redox responsive transcription factor 1
MD02G1096500 8 3,27E-02 Integrase-type DNA-binding superfamily protein
MDO01G1196100 7,88 2,44E-02 C-repeat/DRE binding factor 2
MD14G1123000 6,96 1,29E- 03 WRKY family transcription factor
60 vs 0 Minutes MD02G1096500 11,47 4,87E-06 Integrase-type DNA-binding superfamily protein
MDO05G1080900 11,04 2,53E-12 redox responsive transcription factor 1
MD12G1040900 11,01 9,73E- 04 plant U-box 23
MDO01G1196100 10,91 487E-06 C-repeat/DRE binding factor 2
MD12G1133300 106 2,67E-06 exocyst subunit exo70 family protein H4

‘Royal Gala’ and ‘Manzana amarilla de octubre’ also
showed shared enriched terms in the Biological Pro-
cess category at 60 min (Fig. 4B). However, all 3 culti-
vars showed different enriched terms highlighting the
various gene pools involved in each response. Some of
these terms related to stress (G0O:0006950) and heat
response (GO:0009408) displayed a group of genes that
were only present in ‘Manzana amarilla de octubre’ at
60 min including different proteins such as heat shock
transcription factor A2 (MD15G1057700), heat shock
transcription factor A3 (MD14G1015900), heat shock
transcription factor A6B (MD03G1258300) or winged-
helix DNA-binding transcription factor family proteins
(MD09G1233700, MD04G1017400, MDO04G1064700).
Furthermore, ‘Borau- 01’ showed a ‘chorismite meta-
bolic process’ (GO:0046417) term enriched which is
crucial for secondary metabolism and one correspond-
ing gene was also differentially expressed in ‘Royal Gala’
and ‘Manzana amarilla de octubre’ (Chorismate mutase
2, MD15G1040000) (Fig. 4B). At 60 min, ‘Royal Gala’

also showed a significantly enriched term related to
‘nitrate assimilation’ (GO:0042128), which could be cru-
cial for glutathione regeneration through cell nitrogen
uptake and glutamine synthesis (MD15G1357900 and
MD08G1172400).

The Cellular Component category also revealed
enriched terms for ‘Manzana amarilla de octubre’ at
30 and 60 min, and ‘Royal Gala’ at 60 min. Both culti-
vars shared a term related to ubiquitin ligase complex
(G0O:0000151), which plays a fundamental role in protein
cleavage through proteosome degradation. Additionally,
‘Manzana amarilla de octubre’ exhibited two specific
terms related to cell wall (GO:0005618) and apoplast
(G0O:0048046), which could highlight a stronger wound-
ing-healing response (Fig. 4C). Overall, differences in
Gene ontology enriched terms have provided some novel
insights regarding the molecular mechanisms associated
with enzymatic browning, useful for a better understand-
ing of the temporal expression of genes in response to
oxidation.
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(B) Venn at 60 min (UP/DOWN)

'Royal Gala' ‘Manzana amarilla de octubre’
211
233 g 149
74 20

ow
—

‘Borau-01'

W 'Borau-01'

Fig. 2 Venn diagram of DEGs at 30 (A) and 60 min (B) of oxidation of ‘Royal Gala; Borau- 01'and ‘Manzana amarilla de octubre’ Up
and down-regulated shared number of genes are represented vertically in each intersection

Enzymatic browning-related genes
Phenylpropanoid biosynthesis pathway enzymes related
genes PPO and PAL and antioxidant enzymes such as
SOD, CAT or APX have been related to phenotype sus-
ceptibility during enzymatic browning. In this study, we
have found several differences in the constitutive expres-
sion of these genes among cultivars and changes in gene
expression through time. Six PAL-annotated genes in
GDDH13 reference genome were expressed in the studied
samples and constitutive expression of these genes was
significantly higher in ‘Manzana amarilla de octubre’ and
‘Borau- 01’ compared to ‘Royal Gala’ (Fig. 5A). Therefore,
the enzymatic browning severity in these three cultivars
appears to be influenced by the phenylpropanoid path-
way key enzyme PAL, which determines phenolic con-
centration. Likewise, differential expression analysis of 18
PPO annotated genes revealed that none of the cultivars
showed expression changes of PPO during apple pulp
enzymatic browning in our samples. However, among
9 expressed PPOs, a significant difference (p < 0.05)
between cultivar PPO constitutive expression was found
for 5 of these genes (MD05G1318900, MD10G1298200,
MD10G1298700, MD10G1299100, MD10G1299300)
among the cultivars. Notably, the medium-browning phe-
notype ‘Borau- 01" displayed higher constitutive expres-
sion of these genes (Fig. 5B).

Regarding the expression of the antioxidant
enzymes, among 3 annotated catalases under the name

‘catalase- 2, two appear to have a significant constitu-
tive difference between cultivars, whose higher value
corresponds to ‘Manzana amarilla de octubre’ (Fig-
ure S2). Likewise, several metal ion binding SOD have
been found to differ in constitutive levels of expres-
sion of these cultivars. ‘Manzana amarilla de octubre’
had lower expression of one ‘Fe superoxide dismutase
gene’ (MD13G1005800) compared to ‘Royal Gala’
and ‘Borau- 01, whereas ‘Royal Gala’ mostly showed a
higher constitutive expression of ‘copper/zinc super-
oxide dismutases, whose expression is quite hetero-
geneous among ‘Manzana amarilla de octubre’ and
‘Borau- 01’ (Figure S2). Finally, ascorbic acid cycle is a
fundamental key in ROS scavenging in stress response
processes and involves several enzymes such as ascor-
bate peroxidase (APX), monodehydroascorbate reduc-
tase (MDHAR) or dehydroascorbate reductase (DHAR).
Analysis of expression levels of these enzyme-encoding
genes revealed an irregular expression pattern in con-
stitutive levels among the cultivars (Figure S2). There-
fore, it cannot be said that any of these varieties has
a higher level of expression of these genes. Moreo-
ver, none of the APX encoding genes showed changes
through time, although a nucleobase-ascorbate trans-
porter (MD03G1135100, nucleobase-ascorbate trans-
porter 12) with a |log,FC|= 1.02 was found at 60 min in
‘Royal Gala’ (Table S3).
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Weighed gene co-expression network analysis reveals
highly conserved domain in gene cluster related

to enzymatic browning

WGCNA allows interpretation of RNA-seq data to find
clusters of genes co-expressed that can also be cor-
related with a trait [43]. After logCPM data filtration,
33,661 expressed genes were analysed for WGCNA.
PCA analysis of gene expression values for each sam-
ple was performed and showed a clear segregation of
groups of samples into genotype clusters in PCA axis
(Figure S3). Stranded mRNA data were analysed in a
TOM matrix and clustered into 13 different gene mod-
ules (Table 3, table S5, Figure S4).

Analysis of gene modules correlation to different
enzymatic browning indexes revealed a significant
relationship between module Magenta and EB. Mod-
ules Magenta, Salmon and Cyan were significantly
correlated (p <0.05) to normalized CIE colour differ-
ence (AE*) and difference in BI (ABI) from the time
of cutting, whereas Magenta was also correlated to
CIEDE2000 colour difference (AEy,) and browning
index (BI) (Fig. 6). Both the number of genes (Table 3)
and gene expression patterns (Figure S4) associated
to each module pointed out that neither Salmon nor
Cyan modules are relevant to enzymatic browning
response, and a strong correlation between phenotype
and expression changes was found in module Magenta.
A Gene Ontology enrichment analysis of Magenta
module genes revealed several enriched terms in all
categories also found in differential expression analy-
sis (Fig. 7). This analysis suggested a common pool of
genes involved in several metabolic processes also
present in ‘high and low browning genotypes’ DEGs
at 60 vs 0 min. Transcription regulation is heavily
represented by several enriched terms such as ‘bind-
ing’ (GO:0005488), ‘DNA-binding transcription factor
activity’ (GO:0003700), ‘transcription factor regulator
activity’ (GO:0140110), etc. Posttranslational modifi-
cation and protein degradation processes can also be
found among terms such as ‘protein serine/threonine
phosphatase activity’ (GO:0004722), ‘protein phospho-
rylation’ (GO:0006468), ‘ubiquitin-protein transferase
activity’ (GO:0004842) and ‘protein modification pro-
cess’ (GO:0036211). Biological Process and Cell Com-
ponent enriched terms also coincide with those found
previously in DEGs analysis revealing involvement of
response to stress genes and different cellular compo-
nents participation in cell defence responses (Fig. 7).
These results suggest an intricate network of molecular
mechanisms involved in response to enzymatic brown-
ing. Identifying a common regulator could lead to new
tools for controlling enzymatic browning and similar
stresses in apples.
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Gene Ontology Enrichment Analysis
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Fig.4 GO Enrichment graphical representation of enriched terms obtained with Benjamin-Hochberg's test from the 412 unique (51.56%) DEGs. GO
enrichment categories from top to bottom: A) Molecular Function, B) Biological Process and €) Cellular Component. Samples are shown in x axis
whereas enriched terms in y axis. Bigger size of dots equals a higher number of genes related with enriched terms. A lighter colour means a more

significant p-value

Calcium binding cis-regulatory elements co-regulate
enzymatic browning

To identify such regulators, we conducted a peak-motif
analysis of the upstream sequences of magenta module
genes. Analysis of cis-regulatory elements was conducted
on Magenta gene module selecting 4 upstream regions
with different lengths. Regions from — 1500 to +200
(TSS), — 500 to +200, — 500 to 0 and from 0 to +200
were evaluated and discovered motifs were scanned
using curated databases to find similar motifs and bind-
ing transcription factors. After evaluation of retrieved
motifs from RSAT (Regulatory Sequence Analysis Tools)
analysis, upstream region 4 (from 0 to +200) was dis-
carded and we obtained a list of 15 binding motifs from
upstream region 1, 2 and 3 (Table 4). Motifs from these
three upstream regions were slightly different from one
to another but some of them matched with identical
transcription factor binding sites. These transcription
factors’ binding sites belonged to several TFs families,
including Calmodulin-Binding Transcription Activators
(CAMTA), WUSCHEL and WRKY.

All discovered motifs (Table 4) showed a normal-
ized correlation with matching database motifs between
0.459 and 0.817 and kmers ranging from 78.62 to 87.33.
All found motifs showed a conserved ‘GCGC’ box that
displayed great heterogeneity at both upstream and
downstream sides, pointing out the complex regulation
among co-expressed genes during enzymatic brown-
ing. The degenerate code of motifs discovered showed
that different variations of nucleotides are present in
Magenta gene cluster. We identified 33 transcription fac-
tors (TFs) (Fig. 8, Table S6) in the Magenta gene cluster,
belonging to various families such as heat transcription
factors (MD14G1015900), WRKY (MD06G1104100),
ERF (MD10G1094700), and GRAS (MD11G1229600).
Although these TFs did not exhibit a significant change in
expression in all cases, we identified four whose expres-
sion changed significantly at 30 and 60 min in all culti-
vars, with expression levels notably higher than those
of the other TFs. These four transcripts corresponded
to an integrase-type DNA-binding superfamily protein
(MD15G1221100), a redox-responsive transcription
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Constitutive Expression of PAL and PPO Genes
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Fig. 5 A logCPM expression values of PAL genes at TO in all cultivars. B logCPM expression values of PPO genes at TO in all cultivars. Significant

differences are marked as * according to Tukey test (p < 0.05)

Table 3 Number of genes of gene modules found in WGCNA

(Weighed gene co-expression network analysis)

Module color Number
of genes
Black 487
Blue 5946
Brown 3432
Cyan 3275
Green 222
Greenyellow 55
Magenta 323
Pink 1725
Purple 2033
Red 7025
Salmon 7239
Tan 84
Turquoise 1815

factor 1 (MD05G1080900), and two WRKY family tran-
scription factors (MD06G1104100, MD14G1123000),
which we consider to be of great interest for future
browning related studies.

Discussion

Enzymatic browning has been extensively investigated
from different approaches as a fruit affection leading to
economic and organoleptic properties losses in apple
affecting colour (Fig. 1), flavour and nutritional proper-
ties [13, 49, 50]. However, the regulatory mechanisms
underlying EB and effective control strategies remain
poorly understood. Therefore, this study explores the
molecular mechanisms of EB and its coordination by
comparing low-browning (Royal Gala’), intermedi-
ate-browning (Borau- 01) and high-browning ('Man-
zana amarilla de octubre’) apple genotypes. The results
highlight the interplay of cell wall restructuring, redox
homeostasis, and transcription factor regulation in EB
responses with a total of 1448 DEGs in the three apple
genotypes during fresh cutting (0, 30 and 60 min) (Fig. 2).
Notably, there were more up-regulated DEGs than
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at left side coloured by name. Positive correlation values are shown in red, whereas negative values are represented in blue. Each correlation value

is followed by its p-value

down-regulated DEGs in the browning process (Fig. 2,
Table S3), in accordance with other studies [6, 16, 49].

Transcriptome changes during EB result in the reparation
of physical cell barriers and regulation of energy
metabolism

Several studies have reported notable changes in expression
of genes related to secondary metabolism, lipid metabolism
and cell wall modification in relation to enzymatic browning
after processing [6, 10, 17]. In this study, shared transcrip-
tomic responses in the three genotypes included upregula-
tion of genes involved in cell wall restructuring (e.g., pectin
methylesterase inhibitors, xyloglucan endotransglucosy-
lase) and vesicle trafficking (e.g., exocyst subunits) (Fig. 2B,
Fig. 3; Fig. 9). Among these group of genes, ‘Royal Gala’ and
‘Manzana amarilla de octubre’ shared the highest num-
ber of genes (Fig. 2), which include ‘exocyst subunit exo70’
(MD12G1133300, MD11G1116300) (Table S3, Fig. 3),
known to be involved in vesicle trafficking and responsible of
thickening of cell walls during pathogenesis [51-53], several
‘plant invertase/pectin methylesterase inhibitor superfam-
ily proteins’ (MD03G1290900, MD11G1307600) and ‘xylo-
glucan endotransglucosylase/hydrolases’ (MD09G1152600,
MD13G1268900, MD16G1267200) which are directly
responsible for cell wall reorganization through pectin
transformation and further signalling [54, 55]. Furthermore,

several WAK and MAPK genes, known to be correlated in a
pectin-initiated signal pathway [56], are highly up-regulated
in both cultivars (Fig. 3, Fig. 9) and has also been reported to
be up-regulated in a similar recent study in Malus domes-
tica [57]. In addition, lipid membranes reorganize sig-
nificantly during cellular stress. At 60 min after oxidation,
several lipid metabolism-related DEGs were up-regulated
(Table S2), including ‘alpha/beta hydrolase’ genes, which
were also involved in membrane integrity in previous stud-
ies [6], a ‘phosphoglycerate mutase’ and a ‘3-ketoacyl-coA
synthase 11, a gene proposed to promote wax formation
[58]. Additionally, a ‘diacylglycerol kinase 5" and a ‘fatty acid
desaturase’ were up-regulated, both of which are related to
phospholipid synthesis and the scavenging of toxic inter-
mediates during membrane reorganization [12, 58]. Highly
expressed ‘lipoxygenases’ genes in ‘Royal Gala’ and ‘Man-
zana amarilla de octubre’ might be essential for jasmonic
acid synthesis, regulated by overexpressed ‘CRINKLY 4’
transcription factors (MD08G1217500, MD15G1404800)
(Table S2, Fig. 3), suggesting that this family of transcription
factors plays a key role in the regulation of lipid metabolism
and hormone signalling [59]. This is also supported by the
overexpression of a ‘carboxysterase 20° (MD00G1003500) in
all 3 genotypes (Fig. 3), which has been shown to participate
in these processes [60].
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GO Enrichment - Magenta Block
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On the other hand, protein degradation was significantly
up-regulated in all cultivars at T60, with several gene families
including 7 plant U-box genes in Magenta WGCNA cluster
and several ARM repeat superfamily protein genes (Table 2,
Table S6) [61]. Furthermore, the overexpression of two
‘Ribosome inactivating protein bryodin II' (MD06G1085500)
and ‘DegP protease 9 (MD17G1038400), 3 genes related
to vesicle trafficking (an ‘annexin 5 (MD15G1372900), an
‘ARF-GAP domain 11’ (MD10G1150400), and a ‘SNARE-like
superfamily protein’ (MD05G1005900) suggested proteome
reorganization during EB (Fig. 3, Table S3).

Furthermore, energy metabolism was also impacted dur-
ing enzymatic browning to meet metabolic demands, with
modest ATPase expression increases except for highly
overexpressed calcium ATPase 2 genes (MD15G1296400)
in ‘Royal Gala’ and ‘Manzana amarilla de octubre’ at T60
and a calcium ATPase2 (MDO02G11850) only overex-
pressed in ‘Royal Gala! Finally, secondary metabolism was
also influenced, showing a ‘chorismate mutase 2’ gene
(MD15G1040000), which is involved in phenolic com-
pound biosynthesis, highly overexpressed in all cultivars at
T60, consistent with observations by Mellidou et al. [6].

Regarding  genotype-specific =~ mechanisms, 'Royal
Gala' exhibited unique upregulation of genes linked

to microfibril reorganization and stress signalling,
a ‘COBRA-like protein precursor’ (MD17G10642),
involved in microfibril reorganization [62, 63], and a
syntaxin of plants 121 (MD14G10410) (Table S3). High-
browning genotype showed increased expression of
actin cross-linking proteins and expansins, emphasizing
structural reorganization (Table S3), such as ‘actin cross-
linking protein’ (MD16G10808) and an ‘expansin A4’
(MD04G11298). Additionally, ‘Royal Gala’ also overex-
pressed a ‘chalcone-flavanone isomerase family protein’
(MD08G10729) (Table S3). Apart from the phenylpro-
panoid biosynthesis pathway, other minor metabolic
pathways and transport proteins were also up-regulated,
including a ‘nitrate transporter’ in ‘Royal Gala’ at T60,
which could enhance glutathione synthesis. Overall,
enzymatic browning triggers a dynamic response in all
studied cultivars, covering key metabolic processes to
ensure wound healing and homeostasis balance, with
gene expression patterns varying by genotype.

Enzymatic browning response triggers changes in redox
homeostasis-related genes and other metabolic pathways
The browning of fruits and vegetables is closely related
to ROS metabolism in plants [7, 10]. In our study, several
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LogFC heatmap of WGCNA Magenta module associated Transcription Factors
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Fig. 8 Expression changes of 33 annotated transcription factors (TFs) found in WGCNA Magenta gene module. Expression is shown as |log,FC|
values between different oxidation times across all studied cultivars (30 min vs 0 min and 60 min vs 0 min)

ROS-related DEGs were identified (Table S3), indicat-
ing both common and cultivar-specific responses to
EB (Fig. 3, Table S3), with variations in gene expression
potentially contributing to enhanced stress tolerance.
Redox homeostasis genes exhibit genotype-specific
expression, with shared differential expression of detoxi-
fying enzymes across cultivars at 60 min of oxidation, like
Cytochrome P450, previously predicted to be involved in
EB [64] and nudix hydrolases, extensively involved in biotic
and abiotic stress responses in different plant species and
potentially regulating basal immunity through different
pathways (table S3, Fig. 3) [65]. Among well-known antioxi-
dant enzymes catalases (CAT) and superoxide dismutases
(SOD), only catalase genes were differentially expressed in
the three studied cultivars, contrasting with previous studies
on activity changes of these enzymes during EB (Table S3)
[9, 12, 15]. However, this lack of transcriptional regulation

does not rule out changes in enzyme activity or post-trans-
lational modifications, which could be modulated through
other regulatory mechanisms. AsA cycle was also regulated
during EB and, although a clear pattern of expression for
APX, DHAR and MDHAR was not detected in our culti-
vars (Figure S2) as previously done by Mellidou , a ‘nucle-
obase-ascorbate transporter 12" gene (MD03G1135100)
was up-regulated in ‘Royal Gala’ at T60 vsTO, suggesting a
rebalance of this cycle that could make this genotype more
efficient leading with reactive oxygen species. Finally, a
glutamine-dumper 3 (MD13G1263000) and a common
Pyridoxal phosphate (PLP)-dependent transferases super-
family protein (MD00G1005100), which plays an important
role in Vitamin B synthesis and crucial for UV damage pro-
tection [66], were found for the first time in shared DEGs
(Fig. 3), suggesting a diversified response to EB. Therefore,
a conserved response remains as shown by 8 shared DEGs
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Fig. 9 A General schematic view of enzymatic browning (EB) in apple pulp and proposed pectin-related signaling pathway. 1: Cell wall. 2: Cell
membrane. 3: Vacuole 4: Phenolic compounds.5: Chloroplast. 6: Enzymatic browning reaction catalyzed by PPO and resulting in Melanin formation.
7:1on availability. B Main findings on transcriptome changes among studied cultivars. Shared and specific responses are shown with special

emphasis on affected metabolic pathways and regulatory elements

(MD06G1232000, MD14G1238600, MD01G1209100,
MD01G1209200, MD08G1124700, MD15G1104100,
MD11G1039300, MD13G1116400, MD13G1112700) in
Magenta WGCNA cluster that belong to previously men-
tioned gene families (Table S5).

Identification and diversity of overexpressed transcription
factors (TF) in response to enzymatic browning

Several TFs genes (e.g., MYB, WRKY, bHLH, Ex NAC,
ERE, bZIP and HSF) were reported to be differentially
expressed during plant stress responses [67]. However,
to our knowledge, few studies have identified TFs among
the DEGs related to the browning process of freshly cut
apples [16]. In this work, the analysis of cis-regulatory
elements in a co-expressed gene cluster correlated to
enzymatic browning allowed the identification of sev-
eral binding motifs. These motifs, with degenerate code
between genes, can accommodate the binding of differ-
ent TF isoforms from WRKY, WUSCHEL and CAMTA
families (Table 4). Moreover, analysis of intramodular

connectivity of WGCNA Magenta cluster genes allowed
identification of a pool of genes whose interactions in
the network have a theorical higher weight, indicating
either more numerous or stronger interactions (Table 5).
These identified genes belong to ERF (8 genes), WRKY
(12 genes), calcium binding EF-hand families (9 genes)
(Table S5, Fig. 8), as well as other genes whose orthologs
have been linked to pathologies [68—71]. The higher
ERF and WRKY transcription factor expression patterns
observed in the current study was consistent with a pre-
vious study on browning in freshly cut potato and apple
[16, 28]. These findings, along with severe overexpression
of ‘calmodulin-like 38’ genes and ‘ethylene redox respon-
sive transcription factor 1’ genes in all cultivars at T60
(Table S3, Table S5), suggest a complex interplay between
transcription factor families and downstream effectors.
This interaction likely involved both positive and negative
feedback loops, strongly influenced by Ca** signalling, as
a great number of these calcium-dependant genes have
been found in all samples both in common and specific
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Table 5 Top 20 genes with highest intramodular connectivity of Magenta module after WGCNA

Gene ID Function GS.BI p.GS.BI kWithin
MD02G1096500 Integrase-type DNA-binding superfamily protein 0.76 4.87E-06 14.73
MD12G1216300 soybean gene regulated by cold- 2 0.7 4.86E- 05 14.51
MDO03G1087100 zinc finger (C3HC4-type RING finger) family protein 0.76 4.88E-06 14.15
MDO09G1152600 xyloglucan endotransglucosylase/hydrolase 16 0.64 291E-04 13.57
MD14G1123000 WRKY family transcription factor 0.81 3.56E-07 1348
MD05G1005900 SNARE-like superfamily protein 0.66 1.66E- 04 13.06
MD16G1164700 TOXICOS EN LEVADURA 2 0.66 1.68E- 04 12.81
MD13G1028700 Protein of unknown function 0.71 3.22E-05 11.95
MD02G1178100 SKP1/ASK1-interacting protein 2 0.64 2.95E-04 11.85
MD03G1297400 Protein of unknown function 0.69 6.72E- 05 1.71
MD03G1185700 Calcium-binding EF-hand family protein 0.68 9.20E- 05 11.49
MD10G1102000 Protein phosphatase 2 C family protein 0.54 343E-03 11.44
MD09G1039300 zinc finger (AN1-like) family protein 0.79 1.22E- 06 11.35
MD04G1167700 WRKY DNA-binding protein 33 0.71 3.74E- 05 10.95
MD05G1080900 redox responsive transcription factor 1 0.86 6.66E- 09 10.93
MD06G1104100 WRKY family transcription factor 0.75 7.18E- 06 10.8
MD17G1244500 Protein of unknown function 0.6 9.57E-04 10.78
MD11G1229600 GRAS family transcription factor 0.57 1.82E-03 10.61
MD04G1202100 Protein PFFO380w 0.59 1.10E- 03 1042
MDO05G1325400 F-box family protein 0.71 3.75E-05 10.2

From left to right: GenelD; Function; GS:BI: Correlation between gene and Browning index; p.GS.BI: p-value of GS.BI; kWithin: Intramodular connectivity value

responses (Table S2, Table S4). However, the activation
mechanisms and sequence of action of these transcrip-
tion factors remain poorly understood. Furthermore, the
enzymatic browning response of Malus domestica also
triggers overexpression of many disease-resistance, heat
response and stress-related genes, which are also part
of enriched terms in the GO Ontology analysis (Fig. 7,
Table 6). One of such genes, MD01G1148800, was over-
expressed in response to fire blight in Malus domes-
tica roots [72], whereas other overexpressed genes in
our assay such as lipoxygenases, cupredoxins, WRKY,
ERF and CAMTA genes have also been related to other
pathologies [70, 71, 73-75]. Therefore, as plants lack
an adaptative immune system, the tissue breakdown
induced by mechanical damages due to abiotic factors
might be similar to that caused by insect herbivory or
microbial infection. Hence, it is not surprising that the
DEGs associated with browning were mainly related to
the interaction between plants and pathogenic microor-
ganisms. Furthermore, these interactions are influenced
by ion binding specificity and rely on ion concentrations
such as Ca®* or Zn**. This study establishes a founda-
tion for further function studies of several transcription
factor families (WRKY, ERF, GRAS, GATA, WUSCHEL,
CAMTA) as probable candidates for fresh cut browning
responses.

Conclusions

Transcriptomic changes have been observed in three apple
cultivars with different enzymatic browning phenotypes
over time after fresh cutting (0, 30 and 60 min). The most
significant transcriptomic events were detected in all cul-
tivars 60 min after cutting, providing a transcriptome
database and candidates genes for future molecular stud-
ies of enzymatic browning. Detailed comparison of DEGs
between cultivars, as well as the identification of genes
clustered in relation to EB, revealed a common response to
EB shared by all genotypes. This response involves critical
cellular processes including vesicle trafficking, cytoskeleton
reorganization, lipid metabolism (crucial for energetic pro-
duction and structural integrity), secondary metabolism,
protein degradation and transcription regulation. The gene
pool associated with the'conserved’response of apple pulp to
EB at 60 min includes a diverse set of DEGs encoding cal-
cium-binding proteins, heat shock proteins, redox-respon-
sive transcription factors, WRKY transcription factors,
zinc finger proteins, and disease resistance proteins, among
other. Furthermore, specific genotype responses in nitrate
and glutamine transport, redox homeostasis, cell restructur-
ing and lipid metabolism among others were found between
low and high browning genotypes, highlighting significant
variations in constitutive expression of key enzymes such as
PPO and PAL, confirming the complexity of this affection.
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These findings provide valuable insights into the molecular
mechanism involved in apple fresh-cut browning and offer
new potential targets for EB regulation. However, more
research is needed to validate the key DEGs and TFs iden-
tified in this study (eg. Knock out, RNA silencing or over-
expression studies). The development of new technologies
to disable candidate genes involved in EB offers the most
promising strategy to avoid undesired browning in plant-
derived products. This approach could enable the selection
of apple genotypes enriched in beneficial phenolic com-
pounds, while reducing the need for physical and chemical
treatments in the food industry, therefore improving stor-
ability and reducing waste.

Abbreviations

Bl Browning Index

MBI Difference in Bl from the time of cutting

AE* Normalized CIE colour difference from the time of cutting
AEOO CIEDE2000 colour difference from the time of cutting.
PPO Polyphenol oxidase

PAL Phenylalanine ammonia lyase

SOD Superoxide dismutase

CAT Catalase

APX Ascorbate peroxidase

MDHAR  Monodehydroascorbate reductase

DHAR Dehydroascrobate reductase
AsA Abscisic acid

WGCNA  Weighed Gene Co-Expression Network Analysis
DEGs Differentially expressed genes

GO Gene Ontology

CAMTA  Calmodulin binding transcription activator

ERF Ethylene response factor

MAPK Mitogen associated protein kinase

ARM Armadillo

WAK Wall Associated Kinase

TFBS Transcription factor binding sites
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Additional file 1: Table S1. Summary of lllumina sequencing data and
mapped sequence reads for the assayed apple samples

Additional file 2: Table S2. Primer sequences of selected genes for gPCR
validation of RNAseq data. GenelD, annotated name (based on GDDH13
Golden Delicious reference genome v1.1), given name, forward and
reverse sequences, and amplicon length are provided for 8 DEGs and one
housekeeping gene (WD- 40)

Additional file 3: Table S3. Differentially expressed genes in 3 cultivars with
different enzymatic browning susceptibility at 30 and 60 min of oxidation

Additional file 4: Table S4. GO Enrichment enriched terms summary

Additional file 5: Table S5. Gene expression in selected cultivars of WGCNA
magenta module genes

Additional file 6: Table S6. Complete list of annotated transcription factors
found at 30 and 60 min of oxidation between all apple cultivars. TFs and
their corresponding expression level are shown for each cultivar and time
comparison

Supplementary Material 7. Figure S1. A) Comparison of Log2 FC expres-
sion values of 8 selected genes between RNAseq data and qRT-PCR at 60
min after cutting. Striped data correspond to RNAseq data whereas filled
bars belong to gRT-PCR data. B) Linear expression values obtained by

performing regression analysis between gRT-PCR and RNAseq data
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Figure S2. Constitutive expression patterns of annoted genes belonging to
genes of interest in studied cultivars at 0 min. Catalase- 2 genes are shown
in blues. SOD genes (Fe superoxide dismutase 3, copper/zinc superoxide
dismutase 1, copper/zinc superoxide dismutase 2, copper/zinc superoxide
dismutase 3, manganese superoxide dismutase 1) are shown in reds. AsA
cycle genes (ascorbate peroxidase 1, ascorbate peroxidase 3, ascorbate
peroxidase 2, ascorbate peroxidase 4, ascorbate peroxidase 6, thylakoidal
ascorbate peroxidase, monodehydroascorbate reductase 1, monodehy-
droascorbate reductase 4, monodehydroascorbate reductase 6, dehy-
droascorbate reductase, dehydroascorbate reductase 1, dehydroascorbate
reductase 2) are shown in greens

Figure S3. PCA of logCPM gene expression values of sample replicates.
Each sample’s replicates colour is specified in the figure legend. 3 axis are
represented. Each axis represents a component. The first three compo-
nents explains 80% of observed variance among samples (PC1: 42%, PC2
35%, PC3: 3%)

Figure S4. Expression patterns of clustered genes in WGCNA modules.
Each module’s gene pool expression data was represented as logCPM
values for all samples
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