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Abstract
Apple (Malus ×domestica  Borkh) fruits are stored for long periods of time at low temperatures (1�°C) leading to the 
occurrence of physiological disorders. �Super�cial scald� of Granny Smith apples, an economically important ethyl-
ene-dependent disorder, was used as a model to study relationships among ethylene action, the regulation of the 
ROP-GAP rheostat, and maintenance of H2O2 homeostasis in fruits during prolonged cold exposure. The ROP-GAP 
rheostat is a key module for adaptation to low oxygen in Arabidopsis  through Respiratory Burst NADPH Oxidase 
Homologs (RBOH)-mediated and ROP GTPase-dependent regulation of reactive oxygen species (ROS) homeosta-
sis. Here, it was shown that the transcriptional expression of several components of the apple ROP-GAP machinery, 
including genes encoding RBOHs, ROPs, and their ancillary proteins ROP-GEFs and ROP-GAPs, is coordinately and 
negatively regulated by ethylene in conjunction with the progressive impairment of apoplastic H2O2 homeostatic lev-
els. RNA sequencing analyses showed that several components of the known ROP- and ROS-associated transcrip-
tional networks are regulated along with the ROP-GAP rheostat in response to ethylene perception. These �ndings 
may extend the role of the ROP-GAP rheostat beyond hypoxic responses and suggest that it may be a functional 
regulatory node involved in the integration of ethylene and ROS signalling pathways in abiotic stress.

Key words:  Abiotic stress, ethylene, fruit senescence, ionotropic glutamate receptors; NADPH oxidase, RBOH, ROP GTPases, 
ROS homeostasis.
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showed the coordinated transcriptional de-repression of 
MdROP4a, MdROP-GEF14a, and MdROP-GAP3 with three 
dehydroascorbate reductase (DHAR)- and three ascorbate 
peroxidase (APX)-encoding genes together with three genes 
encoding thioredoxins (TRXs), involved in the protection of 
thiol groups from H2O2 action (Buchanan and Balmer, 2005). 
Similarly, MdROP6, MdROP-GEF2, MdROP-GEF3, and 
MdPLD�1 grouped in cluster F together with genes encoding 
proteins involved in the detoxi�cation of H2O2: a Cu/Zn SOD, 
a CAT, a TRX, an APX, and a DHAR. Finally, three genes 
encoding ferric-chelate reductases and NADPH oxidase-like 
proteins were found to be co-regulated with three TRX genes 
and MdROP-GEF14b in cluster D, while three TRX genes 
and one DHAR gene were co-regulated with MdRBOHC and 
MdROP-GEF5b in cluster E (Fig.�5). These changes repre-
sent ethylene-dependent transcriptional signatures revealing 
H2O2 sensing and/or regulated metabolism through the spe-
ci�c coordinated regulation of genes encoding enzymes of 
the ascorbate�glutathione cycle (Rahantaniaina et�al., 2013), 
along with those encoding the ROP-GAP rheostat.

The crosstalk between the ROP-GAP rheostat, ROS home-
sostasis, and ethylene signalling is further supported by untar-
geted analyses of RNA-seq data highlighting the prominent 
transcriptional differences that are induced early or repressed 
by ethylene in cold-stressed apple skins. After 1� month of 
cold storage, approximately 200 genes were differentially 

expressed (with a 5-fold induction/repression threshold) 
between 1-MCP-treated and untreated samples and were 
assigned to the �regulatory� category by Mapman (Thimm 
et� al., 2004). Among these, several factors could be linked 
to ROP and ROS signalling (Table� 1A). 1-MCP treatment 
resulted in the signi�cant de-repression of genes encoding a 
Feronia-like and an RBK2-like kinase, core components of 
the ROP signalling network in Arabidopsis (Molendijk et�al., 
2008; Duan et�al., 2010), and of a gene encoding a C2C2(Zn) 
DOF zinc �nger transcription factor (MEE47) related to 
ROP10-mediated signalling in Arabidopsis (Xin et� al., 2005) 
(Table� 1A and Supplementary Table S18, available at JXB 
online). The transcription of several transcription factors of 
the AP2�EREBP family was upregulated, linked to the regu-
lation of redox homeostasis, such as the Redox Responsive 
Transcription Factor 1 (RTTF1, Khandelwal et�al., 2008), or 
to abscisic acid (ABA)-mediated adaptation to cold stress, such 
as some members the DREB subfamily (TINY2-like DREB 
subfamily A-4 and CBF4, DREB1D subfamily A-1) (Knight 
et� al., 2004). A� gene encoding a Heat Shock Factor A2-like 
(HSFA2) protein was also found to be upregulated, described 
by Miller and Mittler (2006) as one of the most highly respon-
sive genes to H2O2 and co-regulated with RTTF1 (Mehterov 
et� al., 2012). Conversely, the transcription of another mem-
ber of the AP2 group, a putative ABA repressor (ABR1), was 
signi�cantly downregulated together with two genes encoding 

Fig.�5.  Heatmap showing the expression clustering of genes composing the apple �ROS gene network� and the apple �ROP-GAP rheostat�. RNA-
seq data obtained from peel samples taken after 1 or 6�months of cold storage, untreated (CTR) or treated with 1-MCP, were used. Colour codes 
were assigned on the base of normalized log-scaled RPKM (Reads per kb per million mapped reads) values: Red: down-regulation; Green to blue: 
up-regulation; Yellow: no variation. Clusters of co-expressed genes are boxed. Clusters A, C, and G: genes downregulated in samples treated with 
1-MCP; clusters B, D, E, and F: genes de-repressed by 1-MCP treatment. Only clusters B, D, E, and F are expanded for simplicity to permit reading of 
names of genes co-expressed with the members of the ROP-GAP rheostat (This �gure is available in colour at JXB online).
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Supplementary Fig. S16. Spectrophotometric determina-
tion of H2O2 levels in peels of Granny smith apples during 
cold storage and in response to ethylene inhibition.

Supplementary Fig. S17. Effects of treatments with 
100�µM diphenylene iodonium chloride (DPI) on the expres-
sion of the genes encoding ROP-GAP5, ROP-GAP9, and 
ROP-GEF5b in peels of Granny Smith apples.

Supplementary Fig. S18. Effect of cold storage and of 
1-MCP or DPA treatments on relative transcript levels of 
genes involved in ABA and ROP signalling.

Supplementary Table S1. Primers pairs used in this work 
for RT-qPCR experiments.

Supplementary Table S2. Tissue-speci�c expression of the 
genes encoding the apple ROP-GAP machinery.

Supplementary Table S3. Putative ROP-encoding sequences 
identi�ed in the apple genome.

Supplementary Table S4. Putative ROP-GEF-encoding 
sequences identi�ed in the apple genome.

Supplementary Table S5. Putative ROP-GAP-encoding 
sequences identi�ed in the apple genome.

Supplementary Table S6. Putative ROP-GDI-encoding 
sequences identi�ed in the apple genome.

Supplementary Table S7. Putative RBOH-encoding 
sequences identi�ed in the apple genome.

Supplementary Table S8. Putative PLD�-encoding 
sequences identi�ed in the apple genome.

Supplementary Table S9. Overview of genes encoding the 
ROP-GAP rheostat in different plant species including�apple.

Supplementary Table S10. Percentage of healthy and 
super�cially scalded cv. Granny Smith fruits.

Supplementary Table S11. Excel �le RNA-seq expression 
data for the ROP-GAP components in control, 1-MCP- or 
DPA-treated apple peels during storage.

Supplementary Table S12. Malonydialdehyde (MDA) con-
tent in peels of cold stored apples.

Supplementary Table S13. HPLC analysis of H2O2 content 
in peels of cold stored apples.

Supplementary Table S14. GSH content in peels of cold 
stored apples.

Supplementary Table S15. Cysteinyl-glycine content in 
peels of cold stored apples.

Supplementary Table S16. Cysteamine content in peels of 
cold stored apples.

Supplementary Table S17. Overview of apple �ROS gene 
network�.

Supplementary Table S18. Excel �le showing genes differ-
entially expressed between 1-MCP-treated and control apple 
skins after 1�month of cold storage.

Supplementary Table S19. Excel �le showing GO enrich-
ment analysis of MdRBOHC co-expressed�genes.
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