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Summary

� Nitric oxide (NO) is known to modulate the action of several phytohormones. This includes

the gaseous hormone ethylene, but the molecular mechanisms underlying the effect of NO

on ethylene biosynthesis are unclear.
� Here, we observed a decrease in endogenous NO abundance during apple (Malus domes-

tica) fruit development and exogenous treatment of apple fruit with a NO donor suppressed

ethylene production, suggesting that NO is a ripening suppressor.
� Expression of the transcription factor MdERF5 was activated by NO donor treatment. NO

induced the nucleocytoplasmic shuttling of MdERF5 by modulating its interaction with the

protein phosphatase, MdPP2C57. MdPP2C57-induced dephosphorylation of MdERF5 at

Ser260 is sufficient to promote nuclear export of MdERF5. As a consequence of this export,

MdERF5 proteins in the cytoplasm interacted with and suppressed the activity of MdACO1,

an enzyme that converts 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene. The

NO-activated MdERF5 was observed to increase in abundance in the nucleus and bind to the

promoter of the ACC synthase geneMdACS1 and directly suppress its transcription.
� Together, these results suggest that NO-activated nucleocytoplasmic MdERF5 suppresses

the action of ethylene biosynthetic genes, thereby suppressing ethylene biosynthesis and lim-

iting fruit ripening.

Introduction

Nitric oxide (NO) is a free radical, reactive gaseous molecule with
a broad spectrum of regulatory functions in plant growth and
development (Besson-Bard et al., 2008), including seed germina-
tion (Beligni & Lamattina, 2000), root development (Correa-
Aragunde et al., 2004; Yu et al., 2014), flowering (He et al.,
2004), reproduction (Prado et al., 2004), fruit ripening, senes-
cence (Ya’acov et al., 1998), and responses to biotic and abiotic
stresses (Besson-Bard et al., 2008). The multiple fundamental
roles of NO have been highlighted through the characterization
of mutants of Arabidopsis (Arabidopsis thaliana) that are
impaired in NO production or turnover, and some that show
severe pleiotropic phenotypes (He et al., 2004; Feechan et al.,
2005; Lee et al., 2008). A major research focus has been on NO
involvement in the modulation of the action of plant hormones,
such as auxin (Otvos et al., 2005), cytokinin (Wilhelmova et al.,
2006), abscisic acid (ABA; Bodanapu et al., 2016) and ethylene
(Bowyer et al., 2003; Duan et al., 2007; Kolbert et al., 2019;
Fenn & Giovannoni, 2021). Ethylene is regarded as the key

hormone that regulates the ripening of climacteric fruit (Fenn &
Giovannoni, 2021), but the detailed molecular mechanism by
which NO affects ethylene biosynthesis is still unclear.

Early studies suggested the endogenous production of NO
has a regulatory effect on the maturation of commercial pro-
duce (Ya’Acov & Haramaty, 1996). Subsequently, it was
found that endogenous NO production in some immature
fruits was significantly higher than in mature fruits, whereas
ethylene production shows the opposite pattern (Leshem &
Wills, 1998). For example, endogenous NO production in
immature banana (Musa acuminata) fruit was observed to be
approximately four-fold higher than in the mature fruit
(Leshem & Wills, 1998), whereas ethylene production was
much lower in young banana fruit and gradually increased
during the ripening process (Xiao et al., 2013). Such studies
suggested that NO may act as a natural growth regulator that
can delay fruit ripening, and that its mechanism of action is
associated with the inhibition of ethylene biosynthesis. Other
studies of the ripening of various other fruits have consistently
suggested that the primary mechanism of action of reactive
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nitrogen species involves inhibition of the ethylene biosyn-
thetic pathway (Rudell & Mattheis, 2006).

NO regulates a plethora of transcription factors via different
mechanisms in plant cells. For example, NO induces the degra-
dation of ABA-Insensitive 5 (ABI5) protein to promote seed ger-
mination and seedling growth (Albertos et al., 2015). NO
accumulation promotes zinc finger protein S-nitrosothiol Regu-
lated 1 (SRG1) and SRG3 expression, and triggers the S-
nitrosylation of SRG1 and SRG3 to regulate plant immunity
through different mechanisms (Cui et al., 2018, 2021). More-
over, NO widely distributed in plants has been reported to influ-
ence the distribution of protein. For example, NO activated the
transcription factor NONEXPRESSOR OF PATHOGENESIS-
RELATED GENES1 (NPR1) oligomerization to prevent NPR1
from entering the nucleus (Tada et al., 2008). However, the
crosstalk between the NO and ethylene signaling pathway in
ripening fruit has not been well-characterized.

In the ethylene cascade, SAM (S-adenosyl methionine) is
formed from methionine (MT) by methionine adenosyl
transferase (MAT), then SAM is converted into 1-
aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase
(ACS) and further oxidized into ethylene by ACC oxidase (ACO)
(Yang & Hoffman, 1984). Previous studies have demonstrated
that ACS and ACO are the key rate-limiting enzymes in ethylene
biosynthesis. For example, silencing of ACS or ACO in apple or
tomato (Solanum lycopersicum) fruit reduces or prevents ethylene
production (Dandekar et al., 2004; Schaffer et al., 2007; Gupta
et al., 2013). In this pathway, NO signals have been found to
post-translationally modify MAT activity via S-nitrosylation to
inhibit SAM turnover (Lindermayr et al., 2006). Furthermore,
the formation of a stable ternary ACC–ACO–NO complex
(Rudell & Mattheis, 2006) and the reduction of ACC to 1-
malonyl aminocyclopropane 1-carboxylic acid (MACC) have
been shown to reduce ethylene formation (Zhu et al., 2006). In
addition, NO represses the expression of ACS and ACO, which
results in reduced ethylene biosynthesis. For example, NO was
found to delay the expression of ACO in tomato (Eum et al.,
2008) and banana (Cheng et al., 2009). Moreover, transcript
levels of SIACS2 in tobacco (Nicotiana (N.) benthamiana) were
found to be related to the concentration of applied NO (Ederli et
al., 2006).

During the signal transduction process, ethylene is perceived
by receptors and the signal is transmitted to downstream positive
responders ETHYLENE INSENSITIVE 2 (EIN2) and members
of the EIN3/EIL (EIN3 like) family after a series of cascade reac-
tions. In this pathway, EIN3/EIL is the core, or primary, tran-
scription factor (TF) and it induces the secondary TF,
ETHYLENE RESPONSE FACTOR (ERF), which in turn regu-
lates the expression of downstream ethylene responsive genes (Lin
et al., 2009). However, little is known about whether crosstalk
exists between the NO and ethylene signal transduction net-
works.

To date, studies to characterize the relationship between NO
and ethylene biosynthesis have provided insights into the associ-
ated biochemical events (Corpas et al., 2020), but the underlying
genetic regulatory factors have yet to be resolved. We show here

that in apple fruit NO-activated MdERF5 functions as a nucleo-
cytoplasmic signaling mediator by shuttling between the nucleus
and cytoplasm, thereby suppressing the activity of ethylene
biosynthetic genes and inhibiting ethylene production.

Materials and Methods

Plant materials and treatments

Apple (Malus (M.) domestica cv golden delicious (GD)) fruit
were obtained from mature trees growing at the experimental
farm of the Liaoning Pomology Institute (Xiongyue, China).
Golden delicious fruit were harvested on the day of commer-
cial harvest (145 d after full bloom, DAFB) when the content
of total soluble solids reached 12% and immediately trans-
ferred to the laboratory. For an in vivo nitric oxide (NO)
donor, sodium nitroprusside (SNP) treatment, fruit were
immersed in 50, 100 or 200 lM SNP (BBI Life Sciences,
Shanghai, China) for 2 h. For another in vivo NO donor, S-
nitrosoglutathione (GSNO) (Mur et al., 2013) treatment, fruit
were immersed in 50, 100 or 200 lM GSNO (Sigma-Aldrich)
for 2 h. Fruit were immersed in water for 2 h as a control. The
fruit then were stored at room temperature (24°C) for 20 d,
with sampling every 5 d during the storage period. In addition,
GD fruit were harvested on the 130 DAFB were treated
with NO-scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-
imidazoline-1-oxyl-3-oxide (cPTIO; Sigma-Aldrich). For
cPTIO treatment, the fruit were immersed in 200 lM for 2 h
and as a control, fruit were immersed in water for 2 h. All of
the fruit then were stored at room temperature for 25 d and
sampled every 5 d. At each sampling time, nine fruit were col-
lected at random and divided into three groups (three fruit per
group), giving three biological replicates. Fruit firmness and
ethylene production were measured at each sampling time as
described previously (Li et al., 2014), at least three biological
replicates were analyzed. Statistical significance was determined
using a Student’s t-test (**, P < 0.01).

Apple fruit calli (cv Orin) and Nicotiana benthamiana plants
used for Agrobacterium (A.) tumefaciens infection were grown as
described previously (Li et al., 2016). For GSNO treatment of
calli, 1 mM GSNO was added to the liquid Murashige & Skoog
medium.

Gene expression analysis

Total RNA extraction, cDNA synthesis and quantitative real
time (qRT)-PCR were conducted as described previously (Li et
al., 2015). RNA extracted from each pool of flesh (as described
above) was used as one biological replicate, and a total of three
biological replicates were analyzed. qRT-PCR was performed
using an qTOWER3 G PCR System (Analytik Jena, Jena, Ger-
many). Specific primers (Supporting Information Table S1) for
each gene were designed using PRIMER3 (http://frodo.wi.mit.
edu). The MdActin gene was used as internal control. Standard
PCR was performed according to the method of Li et al.
(2017).
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Subcellular localization

The 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase
(MdACO1), ETHYLENE RESPONSE FACTOR (MdERF5)
or protein phosphatase MdPP2C57 coding regions without the
stop codon were cloned into the EcoRI and KpnI sites upstream
of green fluorescent protein (GFP) in the pCAMBIA1300 vector
(BioVector, http://www.biovector.net) under their native pro-
moter to form the ProMdACO1::MdACO1-GFP, Pro
MdERF5::MdERF5-GFP and ProPP2C57::MdPP2C57-GFP
constructs. The constructs were co-infiltrated into N. benthami-
ana leaves with the mCherry-labeled marker NF-YA4-mCherry
or PM-mCherry (Zhang et al., 2019) using A. tumefaciens-
mediated infiltration. The N. benthamiana plants were kept in
the dark for 48 h post-infiltration. GSNO (100 lM) then was
injected into the infiltrated N. benthamiana leaves and imaging
was performed 0, 2 and 12 h after GSNO treatment. GFP fluo-
rescence was observed under a confocal microscope (TCS SP8;
Leica, Wetzlar, Germany). For green fluorescence observation,
the excitation wavelength was 488 nm and the emission wave-
lengths were 520–540 nm; for red fluorescence observation, the
excitation wavelength was 561 nm and the emission wavelengths
were 610–630 nm. The confocal microscope setting was kept
identical when comparing nuclear/cytoplasmic signals.
ProMdACO1::GFP, ProMdERF5::GFP or ProPP2C57::GFP
were used as a control, respectively.

The protoplasts of maize (Zea mays) leaves were prepared as
described previously (Yoo et al., 2007). The phosphorylation-
deficient and phosphomimetic forms of ProMdERF5::MdERF5-
GFP were created by introducing mutations of Ser260 to either
Ala (S260A) or Asp (S260D) using fast mutagenesis system
(Transgen Biotech, Beijing, China; http://www.transgen.com.
cn). All transient expression assays were repeated at least three
times and representative results are shown.

Protein expression and purification

The full length MdACO1 sequence was inserted into the
pEASY-E1 vector (Transgen Biotech) to express His fusion pro-
tein. The full-length MdERF5 sequence was inserted into the
pGEX4T-1 vector (GE Healthcare, Chicago, IL, USA) down-
stream from GST. The resulting plasmids were transformed into
Escherichia coli BL21 (DE3) competent cells. Recombinant
fusion proteins were purified as described in Li et al. (2016).

Phosphatase assay

For the in vitro phosphatase assay, the MdERF5 CDS was cloned
into the BamHI and SacI sites downstream from the 3xFlag
sequence under the control of the CaMV 35S promoter in the
pRI101 vector (TaKaRa Bio, Kyoto, Japan). The recombinant
Pro35S::MdERF5-3xFlag construct was infiltrated into N. ben-
thamiana leaves using A. tumefaciens infiltration as described pre-
viously (Li et al., 2017). Proteins extracted from the infiltrated
N. benthamiana leaves were used for in vitro phosphatase analysis.
A ProteinIso® Protein G Resin (Transgen Biotech) was used to

immunoprecipitate MdERF5-3xFlag using 10 ll of anti-Flag
antibody (1 mg ml–1; TaKaRa Bio). The MdPP2C57 CDS was
inserted into the pGEX4T-1 vector downstream from glu-
tathione S-transferase (GST). The resulting plasmid was trans-
formed into E. coli BL21 (DE3) competent cells. Recombinant
fusion proteins were purified as described above. The in vitro
phosphatase assay was performed based on Umezawa et al.
(2009) with modifications. MdERF5-3xFlag protein was
immunoprecipitated from tobacco and mixed with 5 lg of puri-
fied MdPP2C57-GST in phosphatase reaction buffer containing
20 mM HEPES (pH 7.5; Solarbio, Beijing, China), 20 mM
MgCl2 and 150 mM NaCl. Purified GST protein with a
MdERF5-3xFlag was used as a negative control. The reaction
was stopped after 30 min at 37°C by adding SDS-loading buffer.
The reaction products were analyzed using the phos binding
reagent acrylamide kit (APExBIO Biotech, https://www.apexbt.
com/).

For the in vivo phosphatase assay, the MdPP2C57 CDS was
cloned into the KpnI and EcoRI restriction sites downstream of
the CaMV 35S promoter in the pRI101 vector. The recombinant
Pro35S::MdERF5-3xFlag and Pro35S::MdPP2C57 constructs
were infiltrated into N. benthamiana leaves using A. tumefaciens
infiltration as described previously (Li et al., 2017). MdERF5-
3xFlag was immunoprecipitated from tobacco leaf protein
extracts and mixed with SDS-loading buffer. The reaction prod-
ucts were analyzed as described above.

Pull-down assay

In order to confirm the MdERF5-MdACO1 interaction, 5 lg of
purified recombinant GST-tagged MdERF5 (MdERF5-GST)
was bound to protein lso GST binding resin (Transgen Biotech).
Recombinant poly-histidine-tagged MdACO1 (MdACO1-His)
was added and samples incubated for 1 h at 4°C before
immunoblot analysis as described previously (Li et al., 2017).
GST protein was used as the negative control.

Bimolecular fluorescence complementation (BiFC) assay

The MdPP2C57 and MdACO1 CDS were ligated into the
pSPYNE-35S vector (Walter et al., 2004) using the BamHI and
KpnI sites. The MdERF5 CDS was ligated into the pSPYCE-35S
vector using the BamHI and KpnI sites. The resulting plasmids
were introduced into A. tumefaciens strain EHA105, and then
infiltration of N. benthamiana leaves was performed. All N. ben-
thamiana were kept in the dark for 48 h, then GSNO (100 lM)
was injected into the infiltrated N. benthamiana leaves. The
N. benthamiana leaves were visualized at 4 h after GSNO treat-
ment. Yellow fluorescent protein (YFP) fluorescence was
observed under a confocal laser scanning microscope (TCS SP8;
Leica). For observation of yellow fluorescence, the excitation
wavelength was 488 nm and the emission wavelengths were 520–
540 nm; for red fluorescence observation, the excitation wave-
length was 561 nm and the emission wavelengths were 610–
630 nm. Fragments of MdERF5C and MdACO1 or MdERF5C
and MdPP2C57 were used as negative controls. All transient

New Phytologist (2022) 234: 1714–1734
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

Research

New
Phytologist1716

http://www.biovector.net
http://www.transgen.com.cn
http://www.transgen.com.cn
https://www.apexbt.com/
https://www.apexbt.com/


expression assays were repeated at least three times and the repre-
sentative results were shown.

Yeast one-hybrid (Y1H) assay

Each fragment (MdERF5, MdERF5N, MdERF5D, MdERF5D)
was ligated into the pGADT7 vector (TaKaRa Bio) using the
NdeI and EcoRI restriction sites. The full-length MdACS1 pro-
moter was cloned into the pAbAi vector (TaKaRa Bio) using the
KpnI and XhoI restriction sites (ACS, ACC synthase). All primers
used are listed in Table S1. Transcription factor (TF) binding to
the promoters was assayed using the MatchmakerTM Gold Y1H
Library Screening System kit (cat. no. 630 491; TaKaRa Bio).

Electrophoretic mobility shift assay (EMSA)

For the EMSA, recombinant GST-tagged MdERF5, His-tagged
MdACO1 or GST-tagged MdPP2C57 was expressed in E. coli
BL21 (DE3) cells and purified as described above. The biotin-
labeled MdACS1 promoter regions contained a dehydration-
related element (DRE) motif as shown in Fig. 8(b). Correspond-
ing unlabeled regions were used as competitors. The EMSA anal-
ysis was completed as described previously (Li et al., 2016).

Chromation immunoprecipitation (ChIP)-PCR analysis

The MdERF5 CDS was cloned into the KpnI and EcoRI sites
downstream of the GFP sequence under the control of the
CaMV 35S promoter in the pRI101 vector. The resulting
Pro35S::GFP-MdERF5 construct was transformed into apple
calli, and ChIP assays were performed as described previously (Ji
et al., 2021) with an anti-GFP antibody. The amount of
immunoprecipitated chromatin was determined by qPCR as
described previously (Ji et al., 2021). Each ChIP assay was
repeated three times and the enriched DNA from each assay was
pooled to one biological replicate for qPCR. At least three biolog-
ical replicates were analyzed and a Student’s t-test was employed
to determine the statistical significance. Primers used are listed in
Table S1.

RNA-seq of apple fruit

Control and GSNO-treated apple fruit sampled on Day 10 (s-
tored at room temperature for 10 d post-harvest) were used for
RNA-seq analysis. RNA extracted from control or GSNO-
treated fruits (three biological replicates for each) were used for
library construction and a total of six libraries were constructed.
cDNA synthesis and library construction were performed as
described previously (Huang et al., 2014). RNA-seq was per-
formed using an Illumina HiSeq2500 by Biomarker (http://
www.biomarker.com.cn/). The fragments per kb per million
reads (FPKM) method was used to calculate the rate of differen-
tial expressed genes. The false-discovery rate (FDR) with < 0.01
was used to determine the P-value thresholds via multiple testing.
All genes selected had a fold-change ≥ 2.5 and a P < 0.05. The
Unique gene identifier (Gene ID), log2FC, FDR and

annotations are indicated in Table S2. All of the raw data has
been deposited into the NCBI Sequence Read Archive under
accession no. PRJNA658005. Other experimental methods are
listed in Methods S1–S7.

Results

NO acts a suppressor of ethylene biosynthesis

In order to investigate the effect of NO on ethylene biosynthesis
we chose the GD apple (M. domestica) cultivar, which produces a
classical climacteric fruit with a rapid increase in ethylene produc-
tion at the onset of ripening, as an experimental subject. We first
measured the endogenous NO content of the fruit during devel-
opment. Fruit were harvested every 30 d from 30 to 145 DAFB,
where 145 DAFB is the day of commercial harvest. We observed
that endogenous NO concentrations gradually decreased during
fruit development (Fig. 1a). The changes of endogenous NO
showed opposite trend with ethylene production which is
increased gradually during GD fruit development (Li et al.,
2015), indicating a negative correlation between the production
of nitric oxide and ethylene.

Next, GD apple fruit were harvested at 145 DAFB, treated
with a NO donor, and stored at room temperature for 20 d (a
period within which apple fruit complete ripening), after which
fruit were sampled every 5 d. In 2017, apples harvested at the
commercial harvest stage were treated with different concentra-
tions of NO donor, GSNO (50, 100 and 200 lM) or SNP (50,
100 and 200 lM). All of the treatments significantly inhibited
ethylene production, maintained fruit firmness and caused an
increase in NO production compared with untreated control
fruit during the storage period (Fig. S1a–f). We observed that the
100 lM GSNO treatment had the largest effect on ethylene pro-
duction (Fig. S1a–f) and so this concentration was used in the
subsequent experiments. In 2018 and 2019, fruit harvested at the
commercial harvest stage were treated with 100 lM GSNO and
we observed the same effect on ethylene production, NO produc-
tion and fruit firmness as in 2017 (Figs 1b–e, S2a–d). In addi-
tion, the cPTIO treatment significantly promoted ethylene
production and inhibited NO production compared with
untreated control fruit during the storage period (Fig. 1f–h).
These results further indicated that endogenous NO is a suppres-
sor of ethylene biosynthesis.

NO activates the expression ofMdERF5

We next investigated the expression of MdACS1 and MdACO1,
which are essential for ethylene biosynthesis in apple fruit (Dan-
dekar et al., 2004; Schaffer et al., 2007). We observed that the
expression of both genes was reduced after GSNO treatment
(Figs 2a,b, S2e,f), suggesting that they are transcriptionally regu-
lated by NO.

In order to elucidate the molecular mechanism by which NO
regulates the ethylene biosynthetic genes, we compared the tran-
scriptomes of apple fruit that were stored at room temperature
for 10 d and treated, or not, with GSNO, using RNA sequencing
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(RNA-seq) (Table S2). Recent studies have shown that NO can
affect protein phosphorylation in plants and mammals (Fan et al.,
2014), and we searched the RNA-seq data for genes encoding
proteins with putative phosphorylation sites that showed a ≥ 2.5-
fold difference in expression between with GSNO-treated and
untreated fruit. Only one ERF gene showed upregulated expres-
sion in GSNO-treated fruit compared to the control fruit
(Table S3), and was found to be homologous to AtERF6 which
has been shown to be phosphorylated (Meng et al., 2013). We
cloned this gene from GD apple and named it MdERF5. We
found that GSNO treatment promoted MdERF5 expression dur-
ing storage (Figs 2c, S3a,b) and that the expression of MdERF5
gradually decreased during fruit development (Fig. S3c). In

addition, we observed that the expression of both MdACS1 and
MdACO1 was activated and the expression of MdERF5 was
reduced after cPTIO treatment (Fig. 2d–f),

In order to address the importance of MdERF5 in ethylene
biosynthesis, we silenced its expression in apple fruit calli using
Agrobacterium-mediated transformation. Six transgenic lines were
generated, of which lines #1, #2 and #3 showed substantially
reduced MdERF5 transcript and protein levels in calli compared
with calli transformed with empty pRI101 vector (Fig. 2g). We
then treated the calli with 1 mM GSNO and evaluated MdACS1
and MdACO1 expression, as well as ethylene production. The
latter was significantly higher in MdERF5-silenced calli com-
pared with the control calli (Fig. 2h) and MdACS1 expression

Fig. 1 Nitric oxide (NO) suppresses ethylene biosynthesis in apple fruit. (a) Endogenous NO content during apple fruit development in 2019. (b–e) Fruit
collected on the day of commercial harvest (145 DAFB, d after full bloom) were treated with S-nitrosoglutathione (GSNO) and stored at room temperature
for 20 d. After treatment, ethylene production (c), endogenous NO content (d), and fruit firmness (e) were measured. (f–h) Fruit collected at 130 DAFB
were treated with the NO-scavenger2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (cPTIO) and stored at room temperature for
25 d. After treatment, ethylene production (g) and endogenous NO content (h). Bar, 1 cm. Untreated, fruit not receiving any treatment; GSNO, fruit
treated with GSNO; cPTIO, fruit treated with cPTIO. Numbers under the x-axes of (c–e, g, h) indicate the storage duration (d) at room temperature after
harvest; 0 indicates the day of harvest. Values represent means � SE. Each dot represents a biologically independent sample. Statistical significance was
determined using a Student’s t-test (**, P < 0.01).
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Fig. 2 Nitric oxide (NO) activates the expression ofMdERF5 (ERF, Ethylene Response Factor). (a–c) Quantitative real-time (qRT)-PCR was used to examine
MdACS1 (a),MdACO1 (b) andMdERF5 (c) expression in S-nitrosoglutathione (GSNO)-treated fruit (1-aminocyclopropane-1-carboxylic acid (ACC)
synthase (ACS) and oxidase (ACO)). (d–f) qRT-PCR was used to examineMdACS1 (d),MdACO1 (e) andMdERF5 (f) expression in NO-scavenger 2-(4-
carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (cPTIO)-treated fruit. Untreated, fruit not receiving any treatment; GSNO, fruit treated
with GSNO; cPTIO, fruit treated with cPTIO. Numbers under the x-axes of (a–f) indicate the duration of storage (d) at room temperature after harvest; 0
under the x-axes of (a–c) indicates the day of commercial harvest; 0 under the x-axes of (d–f) indicates the day of harvesting at 130 d after full bloom. For
qRT-PCR analysis, three biological replicates were analyzed as described in the Materials and Methods section. Values represent means � SE. Each dot
represents a biologically independent sample. Statistical significance was determined using a Student’s t-test (**, P < 0.01). (g–i)MdERF5 expression was
silenced using RNAi technology in apple fruit calli (MdERF5-AN) via Agrobacterium tumefaciens-mediated transformation.MdERF5 expression was
investigated by qRT-PCR and immunoblot analysis (g). Anti-plant Actin mouse monoclonal antibody (anti-Actin) was used as a loading control.MdERF5-
suppressed calli were treated with GSNO as described in the Materials and Methods section, and ethylene production was measured. Values represent
means � SE. Each dot represents a biologically independent sample. Statistical significance was determined using a Student’s t-test (**, P < 0.01). (h).
MdACS1 expression was investigated by qRT-PCR inMdERF5-suppressed calli (i). Calli infected with empty vector (pRI101) were used as controls.
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was suppressed, consistent with ethylene production (Fig. 2i),
whereas MdACO1 expression showed no significant difference
between MdERF5-silenced and control calli (Fig. S4). These
results indicated that MdERF5 is essential for NO-suppressed
ethylene biosynthesis in apple fruit, and that it may regulate
MdACS1, but not MdACO1 transcription.

MdERF5 is a nucleocytoplasmic protein

In order to further analyze the function of MdERF5, we investi-
gated its subcellular localization. To avoid any mis-localization
caused by the strong Super promoter that was used, we co-
expressed MdERF5 fused to GFP under its native promoter
(ProMdERF5::MdERF5-GFP), together with an mCherry-labeled
nuclear marker (NF-YA4-mCherry) (Zhang et al., 2019) in wild
tobacco (N. benthamiana) leaves. MdERF5 exclusively localized
to the nucleus in mock-infiltrated leaves (Figs 3a, S5). However,
when tobacco leaves were subjected to GSNO or SNP treatment
for 2 h, most of the green fluorescence was observed in the cyto-
plasm based on the overlapping red fluorescence with an
mCherry-labeled plasma membrane marker protein (PM-
mCherry) (Fig. 3b). The strength of the GFP fluorescent signals
in the cytoplasm increased with time (Figs 3a, S5).

In order to determine whether the distribution of MdERF5 also
was affected by NO in fruit, we first generated a polyclonal anti-
MdERF5 antibody, which we used in an immunoblot analysis of
total fruit proteins and found that MdERF5 levels increased during
storage and GSNO treatment elevated MdERF5 levels (Fig. 3c).
Next, we performed another immunoblot analysis with nuclear and
cytoplasmic protein extracts from fruit. The MdERF5 levels
increased gradually during storage and GSNO treatment also
increased the abundance of MdERF5 in the nucleus (Fig. 3d). The
same is true of the MdERF5 levels in the cytoplasm (Fig. 3e). These
results suggested that MdERF5 levels increase in both the nucleus
and cytoplasm in response to GSNO treatment in fruit.

The subcellular distribution of MdERF5 is related to the
presence of the protein phosphatase MdPP2C57

Previous studies have shown that the subcellular distribution of
nucleocytoplasmic proteins is related to their phosphorylation
status (Ryu et al., 2007; Zhang et al., 2019). We therefore tested
the hypothesis that NO causes changes in MdERF5 phosphoryla-
tion and affects its subcellular distribution. This was done in
planta using a phos-tag reagent to label total protein extracts from
fruit. We observed that the MdERF5 phosphorylation level
increased gradually during fruit storage and that GSNO treat-
ment suppressed MdERF5 phosphorylation (Fig. 3f; the original
figure is Fig. S6), suggesting that NO lowered the phosphoryla-
tion level of MdERF5.

In order to test whether the dephosphorylation and subse-
quent plasma membrane localization of MdERF5 was medi-
ated by a protein phosphatase (PP), we monitored the NO-
induced plasma membrane localization of MdERF5 in the
presence of okadaic acid (OA) or sanguinarine chloride (SC),
which inhibit Type-1 and Type-2A serine/threonine protein

phosphatases (PP1 and PP2A) and Type-2C serine/threonine
protein phosphatases (PP2C), respectively. MdERF5 was
observed to localize to the nucleus and plasma membrane
when treated with GSNO alone (Fig. 4a); however, it was
localized to the nucleus and not the plasma membrane when
treated with SC followed by GSNO (SC+GSNO) (Fig. 4a).
This suggested that the SC treatment inhibited the transloca-
tion of MdERF5 from the nucleus to the plasma membrane
even in the presence of GSNO, whereas treatment with OA
had no effect on the translocation (Fig. S7). These results sug-
gested that PP2C-type phosphatases mediate the NO-induced
plasma membrane translocation of MdERF5.

In order to further explore the molecular basis by which NO
attenuates MdERF5 phosphorylation, we analyzed the above-
mentioned RNA-seq data (Table S2) and identified an annotated
2C-type protein phosphatase gene,MdPP2C57, whose expression
was activated by GSNO treatment in apple fruit (Fig. 4b;
Table S4) and gradually decreased during fruit development
(Fig. 4c). We then analyzed the subcellular localization of
MdPP2C57 by expressing the MdPP2C57 coding sequence
(CDS) fused to a GFP tag under control of its native promoter
(ProMdPP2C57::MdPP2C57-GFP) in N. benthamiana leaves.
We observed that MdPP2C57 localized to the nucleus, and that
its subcellular distribution was not affected by GSNO treatment
(Fig. 4d).

Next, we investigated whether MdPP2C57 and MdERF5
physically interact using a Yeast two-hybrid (Y2H) assay, and
found that the two proteins did indeed interact in yeast cells
(Fig. 5a). We then divided the predicted MdERF5 coding region
into three fragments (MdERF5N, MdERF5D and MdERF5C),
and observed that MdPP2C57 interacted with MdERF5N and
MdERF5D in Y2H yeast (Fig. S8). We also checked their co-
localization, and found them to be co-localized only in the
nucleus (Fig. S9). A BiFC assay was performed to determine
where MdPP2C57 and MdERF5 interact in planta. Constructs
containing MdPP2C57 cloned into the pSPYNE-35S vector
(MdPP2C57-nYFP) and MdERF5 cloned into the pSPYCE-35S
vector (MdERF5-cYFP) were co-infiltrated into N. benthamiana
leaves, and the infiltrated leaves were treated with GSNO. The
observed fluorescence pattern showed that MdPP2C57 interacted
with MdERF5 in the nucleus (Fig. 5b), and that GSNO treat-
ment did not change the localization of the MdPP2C57–
MdERF5 interaction (Fig. 5b). To confirm this result in vivo, we
conducted a firefly luciferase (Luc) complementation imaging
assay. Constructs containing MdPP2C57 fused with the N-
terminus of Luc (MdPP2C57-nLuc), and the C-terminus of Luc
fused with MdERF5 (cLuc-MdERF5) were co-infiltrated into
N. benthamiana leaves and the infiltrated leaves were treated with
GSNO. A strong luminescence signal was detected in the
MdPP2C57-nLuc/cLuc-MdERF5 co-expressing regions (Fig. 5c,
region 1) but not in the negative controls (Fig. 5c, regions 3–8),
and a stronger luminescence signal was observed in the
MdPP2C57-nLuc/cLuc-MdERF5 co-expressing regions following
GSNO treatment (Fig. 5c, region 2). These results verified that
MdPP2C57 interacts with MdERF5 in vivo and that NO acti-
vates their interaction.
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We then performed an in vitro dephosphorylation assay to
detect if MdPP2C57 dephosphorylates MdERF5. Recombinant
GST-tagged MdPP2C57 (MdPP2C57-GST) was purified and
incubated with MdERF5-3xFlag immunoprecipitated from
N. benthamiana in a phosphatase reaction buffer. GST protein
was used as the negative control. A strong MdERF5 phosphoryla-
tion band was detected in the presence of GST protein, whereas

an unphosphorylated as well as a phosphorylated MdERF5 band
was detected in the presence of MdPP2C57-GST (Fig. 5d). To
obtain further evidence that MdPP2C57 dephosphorylates
MdERF5, we characterized MdERF5 phosphorylation using a
phos-tag reagent with anti-Flag immunoprecipitated proteins
from total protein extracts. TheMdERF5 CDS was ligated down-
stream of a 3xFlag tag under control of the 35S promoter

Fig. 3 Nitric oxide (NO) mediates the nucleocytoplasmic shuttling of MdERF5 (ERF, ETHYLENE RESPONSE FACTOR). (a, b) Confocal and brightfield
images of Nicotiana benthamiana cells expressingMdERF5 treated with S-nitrosoglutathione (GSNO).MdERF5was driven by its native promoter and
green fluorescent protein (GFP) was fused to its C terminus (ProMdERF5::MdERF5-GFP). An mCherry-labeled nuclear marker (NF-YA4-mCherry) was
expressed together with ProMdERF5::MdERF5-GFP. The time since GSNO-treatment is indicated (0, 2 and 12 h) (a). An mCherry-labeled plasma
membrane marker (PM-mCherry, CD3-1007) was expressed together with ProMdERF5::MdERF5-GFP (b). Co-infiltration of ProMdERF5::GFPwith PM-

mCherry represents the control. Untreated, tobacco leaves not receiving any treatment; GSNO, tobacco leaves treated with GSNO. The experiment was
performed three times independently, and representative results are shown. Bar, 50 lM. (c–e) MdERF5 protein levels were analyzed by immunoblot
analysis: (c) total MdERF5; (d) nuclear MdERF5; (e) cytoplasmic MdERF5. Anti-H3 was used as a nuclear protein control; anti-Actin was used as a
cytoplasmic protein control. (f) Phosphorylated MdERF5 protein levels were analyzed by phos-tag gel analysis. P-MdERF5 bands indicate phosphorylated
MdERF5 protein; MdERF5 bands indicate unphosphorylated MdERF5 protein. Anti-Actin was used as a loading control. Untreated, fruit not receiving any
treatment; GSNO, fruit treated with GSNO. Numbers under the line indicate the duration of storage (d) at room temperature after harvest; 0 indicates the
day of commercial harvest.
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(MdERF5-3xFlag) and overexpressed with another construct con-
taining the MdPP2C57 CDS ligated into the pRI101 vector
without any tag (MdPP2C57-pRI101) in N. benthamiana leaves.
A strong MdERF5 phosphorylation band was detected in mock-
infiltrated leaves, whereas an un-phosphorylated as well as a

phosphorylated MdERF5 band was detected in the presence of
MdPP2C57-pRI101 (Fig. 5e). These results suggested that
MdPP2C57 dephosphorylates MdERF5.

Given the above data, we hypothesized that the subcellular dis-
tribution of MdERF5 is related to MdPP2C57. To investigate

Fig. 4 Nitric oxide (NO)-activated protein phosphataseMdPP2C57 transcription. (a) Confocal and brightfield images of Nicotiana benthamiana cells
expressingMdERF5 treated with the Type-2C serine/threonine protein phosphatase (PP2C)–specific inhibitor, sanguinarine chloride (SC) and S-
nitrosoglutathione (GSNO) (ERF, EHTYLENE RESPONSE FACTOR).MdERF5was driven by its native promoter and green fluorescent protein (GFP) was
fused to its C-terminus (ProMdERF5::MdERF5-GFP). An mCherry-labeled nuclear marker (NF-YA4-mCherry) was expressed together with ProMdERF5::

MdERF5-GFP. Bar, 50 lM. (b, c)MdPP2C57 expression by qRT-PCR in GSNO-treated fruit (b) and during apple fruit development in 2019 (c). Untreated,
fruit not receiving any treatment; GSNO, fruit treated with GSNO. For qRT-PCR analysis, three biological replicates were analyzed as described in the
Materials and Methods section. Values represent means � SE. Each dot represents a biologically independent sample. Statistical significance was
determined using a Student’s t-test (**, P < 0.01). (d) Confocal and brightfield images of N. benthamiana cells expressingMdPP2C57 treated with GSNO.
MdPP2C57 was driven by its native promoter and GFP was fused to its C-terminus (ProMdPP2C57::MdPP2C57-GFP). NF-YA4-mCherry was expressed
together with ProMdPP2C57::MdPP2C57-GFP. Co-infiltration of ProMdPP2C57::GFP and NF-YA4-mCherry represents the control. Untreated, tobacco
leaves not receiving any treatment; GSNO, tobacco leaves treated with GSNO alone; SC, tobacco leaves treated with SC alone; SC+GSNO, tobacco leaves
treated with SC followed by GSNO. The experiment was performed three times independently, and representative results are shown. Bar, 50 lM.
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Fig. 5 Protein phosphatase MdPP2C57 mediates the nucleocytoplasmic shuttling of MdERF5 (EF, ETHYLENE RESPONSE FACTOR). (a) The interaction
between MdPP2C57 and MdERF5 was investigated using a yeast two-hybrid assay. DDO, SD medium lacking Trp and Leu; TDO, SD medium lacking Trp,
Leu and His; TDO/X/A, TDO medium containing X-a-gal and aureobasidin A. SV40 and P53 were used as positive controls, MdPP2C57-BD and AD
vectors as negative controls. Blue indicates protein interaction. (b) MdPP2C57–MdERF5 interaction in a bimolecular fluorescence complementation (BiFC)
assay. Tobacco leaves were co-infiltrated withMdERF5-cYFP andMdPP2C57-nYFP constructs and kept in the dark for 48 h, and then 100 lM S-
nitrosoglutathione (GSNO) was injected into the infiltrated leaves as described in the Materials and Methods section (YFP, yellow fluorescent protein). NF-
YA4-mCherry was used as a nuclear marker.MdERF5C-cYFP co-transformed withMdPP2C57-nYFP was used as negative control. Bar, 50 lM. (c) A firefly
luciferase complementation imaging assay showing that GSNO treatment enhanced MdERF5–MdACO1 interaction in tobacco leaves. Agrobacterium
tumefaciens strain EHA105 harboring different constructs was infiltrated into tobacco leaves. Untreated, tobacco leaves not receiving any treatment;
GSNO, tobacco leaves treated with GSNO. Luciferase activities were recorded in these regions 3 d after infiltration. Bar, 1 cm. (d, e) A phos-tag gel was
used to analyze MdERF5 protein phosphorylation. TheMdPP2C57 coding sequence (CDS) was inserted into the pGEX4T-1 vector downstream from
glutathione S-transferase (GST). Recombinant fusion proteins were purified. MdERF5-3xFlag protein immunoprecipitated (IP) from Nicotiana
benthamiana was incubated with MdPP2C57-GST in phosphatase reaction buffer. Co-incubation of MdERF5-3xFlag with GST represents the control (d).
TheMdERF5 CDS was ligated downstream of 3xFlag peptide tags under the control of the 35S promoter in the pRI101 vector (MdERF5-3xFlag) and
expressed withMdPP2C57-pRI101 in N. benthamiana. Co-expression ofMdERF5-3xFlag with pRI101 represents the control (e). Anti-Actin was used as a
loading control. P-MdERF5 bands indicate phosphorylated MdERF5 protein. MdERF5 bands indicate unphosphorylated MdERF5 protein. (f) MdPP2C57
induced the movement of MdERF5 from the nucleus to the plasma membrane.MdERF5was driven by its native promoter and green fluorescent protein
(GFP) was fused to its C-terminus (ProMdERF5::MdERF5-GFP). An overexpressionMdPP2C57 vector (MdPP2C57-pRI101) was expressed together with
ProMdERF5::MdERF5-GFP. Empty vector pRI101was used as a control. PM-mCherry was used as a plasma membrane marker. Bar, 50 lM.
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this, we co-infiltrated the ProMdERF5::MdERF5-GFP construct
and MdPP2C57-pRI101 into N. benthamiana leaves. We
observed that the presence of the MdPP2C57 induced the move-
ment of MdERF5 from the nucleus to the plasma membrane
(Figs 5f, S10). These results suggested that MdPP2C57 affects
the MdERF5 phosphorylation level, thereby mediating nucleocy-
toplasmic shuttling of MdERF5.

MdERF5 Ser260 is critical for MdPP2C57-induced
nucleocytoplasmic shuttling of MdERF5

Nuclear localization signal (NLS) is important for the distribu-
tion of transcription factor in the cell. The nuclear export of
MdERF5 mediated by NO might be related to its NLS. Amino
acid residues 259–269 were predicted to be a putative NLS of
MdERF5 (Fig. S11). We then deleted the NSL of MdERF5,
resulting in construct ProMdERF5::MdERF5-ΔNLS-GFP under
its native promoter and analyzed its subcellular localization in
N. benthamiana leaves. The results showed that deletion of the
NLS domain caused broad distribution of MdERF5-ΔNLS-GFP
throughout the cell (Fig. 6a, second panel).

We have demonstrated that the nucleocytoplasmic distribu-
tion of MdERF5 is related to its phosphorylation status (Fig. 5).
Then we paid attention to the putative phosphorylation site at
the NSL domain and observed only Ser260 residue (Fig. S11).
To determine whether phosphorylation at Ser260 influences
MdERF5 subcellular localization, we created phosphorylation-
deficient and phosphomimetic forms of MdERF5 by introducing
mutations of Ser260 to either Ala (S260A) or Asp (S260D), and
investigated their subcellular distribution in N. benthamiana
leaves and maize (Zea mays) leaves protoplasts. Green fluores-
cence of ProMdERF5::MdERF5S260A-GFP was observed to be
broadly distributed throughout the cell (Fig. 6a,b, third panel);
whereas green fluorescence of ProMdERF5::MdERF5S260D-GFP
mainly localized in the nucleus (Fig. 6a,b, bottom panel). These
results indicate that dephosphorylation of MdERF5 at Ser260 is
sufficient to promote its nucleocytoplasmic shuttling.

In order to test whether MdPP2C57 acts on MdERF5 Ser260
to regulate the nuclear export of MdERF5, we co-infiltrated the
constructs ProMdERF5::MdERF5S260D-GFP and MdPP2C57-
pRI101 into N. benthamiana leaves. We observed that the pres-
ence of MdPP2C57 no longer induced the movement of
MdERF5 from the nucleus to the cytoplasm (Fig. 6c). Taken
together, we conclude that MdPP2C57 induces the dephospho-
rylation of MdERF5 at Ser260 to result in the nucleocytoplasmic
shuttling of MdERF5.

MdERF5 interacts with MdACO1 and suppresses its activity

In order to further characterize the putative role of MdERF5 in
NO-suppressed ethylene biosynthesis, we screened an apple fruit
cDNA library in a Y2H screening system using MdERF5 as the
bait. A total of 86 positive clones were identified, corresponding
to 19 genes; one of which encoded MdACO1, a key ethylene
biosynthesis enzyme. The potential MdERF5 and MdACO1
interaction was confirmed using a Y2H assay (Fig. 7a) and further

validated using a pull-down assay involving MdERF5-His and
MdACO1-GST peptide tagged fusion proteins (Fig. 7b). A co-IP
assay was employed to confirm this result, in which apple fruit
calli were transformed with a construct harboring a sequence
encoding a GFP tag fused to the MdACO1 CDS (MdACO1-
GFP). MdERF5 was detected in extracts of MdACO1-GFP
transgenic calli, confirming the in vivo interaction between
MdACO1 and MdERF5 (Fig. 7c).

Next, we investigated the subcellular localization of MdACO1.
Constructs containing the MdACO1 CDS fused to a GFP peptide
tag and expressed under the control of its native promoter
(ProMdACO1::MdACO1-GFP) were infiltrated into N. benthami-
ana leaves and fluorescence imaging of the leaves suggested that
MdACO1 is a nucleocytoplasmic protein, and that its subcellular
distribution is not affected by NO (Fig. S12a,b). We also found that
MdERF5 co-localized with MdACO1 only in the nucleus under
normal conditions, whereas after GSNO treatment, MdERF5 and
MdACO1 localized to both the cytoplasm and nucleus (Fig. S13).
In a BiFC assay, MdERF5 interacted with MdACO1 only in the
nucleus, and following GSNO treatment, the fluorescent signal cor-
responding to a MdERF5–MdACO1 interaction was observed in
both the cytoplasm and nucleus (Fig. 7d).

We also performed a Luc complementation imaging assay to
investigate how NO affects the MdERF5–MdACO1 interaction.
Constructs containing MdACO1 fused with the N-terminus of
Luc (MdACO1-nLuc) and the C-terminus of Luc fused with
MdERF5 (cLuc-MdERF5) were co-infiltrated into N. benthami-
ana leaves. A luminescence signal was detected in the MdACO1-
nLuc/cLuc-MdERF5 co-expressing region (Fig. 7e, Region 1) but
not in the negative controls (Fig. 7e, Regions 3, 5 and 7). Follow-
ing GSNO treatment, a stronger luminescence signal was
detected (Fig. 7e, Region 2) but not in the negative controls
(Fig. 7e, Regions 4, 6 and 8). The results of a co-IP assay were
consistent with this result in N. benthamiana leaves, in which
MdERF5-Myc and MdACO1-GFP were overexpressed and
treated with GSNO. MdERF5-Myc was detected in the
MdACO1-GFP immunoprecipitated extract, and GSNO treat-
ment enhanced the signal (Fig. S14), suggesting a MdERF5–
MdACO1 protein interaction. Taken together these results indi-
cated that NO promotes the MdERF5-MdACO1 interaction.

We then divided the predicted MdACO1 CDS into four frag-
ments (MdACO1N, MdACO1M, MdACO1D and
MdACO1C), and performed a Y2H assay with MdERF5N,
MdERF5D and MdERF5C. We observed that MdERF5N inter-
acted with MdACO1N, MdACO1D and MdACO1C (Fig. 7f).
We noted that the MdACO1D fragment contains a putative Fe
(II) binding site (Fig. S15) that is essential for ACO enzyme
activity (Ji et al., 2021). To investigate whether the MdERF5-
MdACO1 interaction affects the enzymatic activity of MdACO1
in the cytoplasm where ACO converts ACC to ethylene, we
first purified recombinant poly-histidine-tagged MdACO1
(MdACO1-His) and recombinant GST-tagged MdERF5
(MdERF5-GST). We next mixed purified MdACO1 with differ-
ent amounts of purified MdERF5 in a reaction buffer and mea-
sured ethylene production. Purified MdACO1 with different
amounts of purified GST protein was used as a control. We
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observed that MdACO1 activity gradually declined with increas-
ing amounts of MdERF5 (Fig. 7g), suggesting suppression of
MdACO1 activity through direct interaction with MdERF5. To
test whether MdERF5 affects MdACO1 activity in vivo, we also
measured ACO enzymatic activity in extracts from apple fruit, in
studies in 2017 (Fig. S16a), 2018 (Fig. S16b) and 2019 (Fig. 7h).
We found that GSNO treatment significantly inhibited ACO
enzyme activity. Taken together these findings suggested that

NO suppresses MdACO1 enzyme activity via enhancement of
the MdERF5–MdACO1 interaction in the cytoplasm.

NO-activated MdERF5 suppresses the expression of
MdACS1

We performed a Y1H assay and confirmed that MdERF5 bound
to the MdACS1 promoter (Fig. 8a). To further confirm this, we
purified the full-length MdERF5 protein and performed an elec-
trophoretic mobility shift assay (EMSA) with fragments of
biotin-labeled MdACS1 promoter containing the DRE
(dehydration-related element) motif as the labeled probe.
MdERF5 bound to the MdACS1 promoter (Fig. 8b, lane 2), and
when an unlabeled probe containing five mutated nucleotides
was used as a competitor, the binding of MdERF5 to the
MdACS1 promoter was unaffected (Fig. 8b, lanes 5 and 6).
When the MdACS1 promoter was divided into various frag-
ments, MdERF5 bound to the fragment containing the DRE
motif (Fig. S17a). Likewise, when the MdERF5N, MdERF5D
and MdERF5C fragments were used in a Y1H assay, we found
that the MdERF5D fragment bound to the MdACS1 promoter
(Fig. S17b). These results indicated that the MdERF5 ERF
domain binds to the MdACS1 promoter DRE motif in vitro. In
vivo verification was performed with a ChIP-PCR assay. The
MdERF5 CDS fused to a sequence encoding a GFP peptide tag
was overexpressed in apple fruit calli (Fig. S18). The presence of
MdERF5 substantially enhanced the PCR-based detection of the
MdACS1 promoter (Fig. 8c), indicating that MdERF5 also binds
to the MdACS1 promoter in vivo. Furthermore, when the regula-
tion of the MdACS1 promoter by MdERF5 was examined in
N. benthamiana leaves co-transformed with Pro35S::MdERF5
and ProMdACS1::GUS constructs it was found, using a b-
glucuronidase (GUS) transactivation assay, that MdERF5 sup-
presses MdACS1 promoter activity (Fig. 8d). When GSNO was
applied to the N. benthamiana leaves, the GUS signal was further

Fig. 6 Protein phosphatase MdPP2C57 mediates the nucleocytoplasmic
shuttling of MdERF5 via dephosphorylating Ser260 (ERF, ETHYLENE
RESPONSE FACTOR). (a) Subcellular localization of MdERF5 in Nicotiana

benthamiana leaves. Green fluorescent protein (GFP) was fused to the C-
terminus ofMdERF5,MdERF5-ΔNLS,MdERF5S260A andMdERF5S260D

under the promoter ofMdERF5. An mCherry-labeled nuclear marker (NF-
YA4-mCherry) was co-infiltrated with ProMdERF5::MdERF5-GFP and
ProMdERF5::MdERF5S260D-GFP, and an mCherry-labeled plasma
membrane marker (PM-mCherry, CD3-1007) was expressed together
with ProMdERF5::MdERF5-ΔNLS-GFP and ProMdERF5::MdERF5S260A-

GFP. ΔNLS, deletion of the nuclear localization signal (NLS) domain;
S260A, Ser260 to Ala (phosphodeficient form); S260D, Ser260 to Asp
(phosphomimetic form). Bar, 50 lM. (b) Subcellular localization of
MdERF5 in protoplasts of maize leaves. NF-YA4-mCherry was co-
infiltrated with ProMdERF5-GFP, ProMdERF5::MdERF5-GFP,
ProMdERF5::MdERF5S260A-GFP and ProMdERF5::MdERF5S260D-GFP.
ProMdERF5-GFP was used as a control. Bar, 5 lM. (c) MdPP2C57 does
not mediate the nucleocytoplasmic shuttling of MdERF5S260D.
MdPP2C57-pRI101 was co-expressed together with ProMdERF5::

MdERF5S260D-GFP. Empty vector pRI101was used as a control together
with ProMdERF5::MdERF5S260D-GFP. NF-YA4-mCherry was used as a
nuclear marker. Bar, 50 lM. These experiments were performed
independently three times, and representative results are shown.

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

New Phytologist (2022) 234: 1714–1734
www.newphytologist.com

New
Phytologist Research 1725



reduced (Fig. 8d). Taken together, these results suggested that
MdERF5 directly suppressed MdACS1 transcription and that
NO strengthens this suppression.

Given the interaction between MdERF5 and MdPP2C57 or
MdACO1 in the nucleus (Figs 5b, 7d), we investigated the effect
of this interaction on MdERF5 binding to the MdACS1 pro-
moter. EMSA analysis suggested that the increase in MdACO1
abundance did not affect the MdERF5 binding to the MdACS1

promoter (Fig. S19). However, we did observe that the increase
in MdPP2C57 abundance promoted MdEF5 binding to the
MdACS1 promoter in an EMSA assay (Fig. 8e). Likewise, in a
GUS transactivation assay, the GUS signal was further reduced
when Pro35S::MdERF5 and Pro35S::MdPP2C57 were co-
transformed with ProMdACS1::GUS (Fig. 8f). These results sug-
gested that the MdERF5–MdPP2C57 interaction promotes
MdERF5 binding to theMdACS1 promoter. In addition, we also
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analyzed the regulation of different MdERF5 forms on MdACS1
promoter activity. By co-infiltrating MdERF5, MdERF5S260A or
MdERF5S260D effector vector, respectively, and the reporter vec-
tor containing the MdACS1 promoter into tobacco leaves
(Fig. 8g), we observed the phosphorylated form of MdERF5
enhanced and the unphosphorylated form weakened its
inhibitory activity.

MdERF5 is required for NO-suppressed ethylene
biosynthesis in apple fruit

In order to further confirm the role of MdERF5 in NO-
suppressed ethylene biosynthesis, we transiently silenced
MdERF5 in apple fruit. The full MdERF5 CDS was ligated into
the pRI101 vector in the reverse direction (MdERF5-AN), and
the resulting construct was introduced into A. tumefaciens, cul-
tures of which were infiltrated into fruit that were still attached to
trees. Fruit infiltrated with the empty pRI101 vector were used as
controls. The infiltrated fruit were harvested 14 d after infiltra-
tion (DAI), treated with GSNO, and stored at room temperature
for 15 d (Fig. 9). In the silenced MdERF5 apple fruit, MdERF5
transcript levels were significantly reduced, compared with the
control fruit (Fig. 9b), and they showed significantly higher
ethylene production after GSNO treatment, compared with the
control fruit (Fig. 9c). In addition, MdACS1 expression (Fig. 9d)
and ACO enzyme activity (Fig. 9e) were higher in MdERF5-AN
fruit than in control fruit. We likewise used a transient expression
assay to silence MdERF5 expression in fruit that were harvested
at the commercial harvest stage. MdERF5-AN cultures of
A. tumefaciens were infiltrated into fruit harvested at 145 DAFB,
and the infiltrated fruit were treated with GSNO, then stored at
room temperature for 20 d (Fig. S20a). Compared with the con-
trol fruit, MdERF5 expression was significantly reduced in the
silenced MdERF5 apple fruit (Fig. S20b), and when we measured

ethylene production, MdACS1 expression and ACO enzyme
activity (Fig. S20c–e), the results were consistent with those from
on-the-tree infiltrated fruit. These findings indicated that
MdERF5 action is important for NO-suppressed ethylene pro-
duction in apple fruit.

Discussion

NO suppresses ethylene biosynthesis by transcription factor
MdERF5

The effects of nitric oxide (NO) on plant development and stress-
related processes by the modulating the action of phytohormones
such as cytokinin (Wilhelmova et al., 2006), auxin (Otvos et al.,
2005) and ethylene (Ya’acov et al., 1998) have been reported
widely. However, although many studies have described the
involvement of NO in ethylene biosynthesis in various species,
including strawberry (Fragaria vesca) (Wills et al., 2000), longan
(Dimocarpus longan) (Duan et al., 2007), tomato (Zuccarelli et al.,
2020) and peach (Prunus persica) (Palma et al., 2019), these studies
only investigated changes in ethylene production in response to
exogenous NO treatment and the expression profile of genes
involved in ethylene biosynthesis. The molecular mechanisms by
which endogenous NO affects ethylene biosynthesis in planta have
been unclear.

In this current study, we identified a regulatory mechanism
involving the association of the transcription factor (TF)
ethylene response factor 5 (MdERF5) with ethylene signaling
genes during NO-suppressed ethylene biosynthesis in planta in
apple (Malus domestica). We observed that endogenous NO
concentrations gradually decreased during fruit development,
during which time ethylene production gradually increased (Li
et al., 2015) (Fig. 1a), consistent with NO acting as a ripening
suppressor. Through studies of S-nitrosoglutathione (GSNO)-

Fig. 7 Nitric oxide (NO)-activated ETHYLENE RESPONSE FACTOR (MdERF5) interacts with 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase 1
(MdACO1) and inhibits MdACO1 enzyme activity. (a) The interaction between MdERF5 and MdACO1 was investigated using a yeast two-hybrid (Y2H)
assay. DDO, SD medium lacking Trp and Leu; QDO, SD medium lacking Trp, Leu, His and Ade; QDO/X/A, QDOmedium containing X-a-gal and
aureobasidin A. SV40 and P53 were used as positive controls, and AD vectors as negative controls. Blue indicates protein interaction. (b) Recombinant His-
tagged MdACO1 and glutathione S-transferase (GST)-tagged MdERF5 were purified and used in a pull-down analysis. His and GST antibodies were used
for immunoblot analysis. The band detected by the His antibody in the pull-down experiment indicates an interaction between MdACO1 and MdERF5. (c)
MdERF5–MdACO1 interaction in a coimmunoprecipitation (co-IP) assay. MdACO1 fused to a GFP tag (MdACO1-GFP) was overexpressed in apple fruit
calli and a GFP antibody was used for immunoprecipitation analysis. A MdERF5-specific antibody (anti-MdERF5) was used in an immunoblot analysis. The
band detected by anti-MdERF5 in the precipitated protein sample indicates the MdERF5–MdACO1 interaction (right-hand lane). (d) MdERF5–MdACO1
interaction in a bimolecular fluorescence complementation (BiFC) assay. Tobacco leaves were co-infiltrated withMdERF5-cYFP andMdACO1-nYFP

constructs and kept in the dark for 48 h, and then 100 lM S-nitrosoglutathione (GSNO) was injected into the infiltrated leaves as described in the Materials
and Methods section. NF-YA4-mCherry was used as a nuclear marker.MdERF5C-cYFPwithMdACO1-nYFP was used as a negative control. Bar, 50 lM.
(e) A firefly luciferase complementation imaging assay showing that GSNO treatment enhanced MdERF5–MdACO1 interaction in tobacco leaves.
Agrobacterium tumefaciens strain EHA105 harboring different constructs was infiltrated into tobacco leaves. Untreated, tobacco leaves not receiving any
treatment; GSNO, tobacco leaves treated with GSNO. Luciferase activities were recorded in these regions 3 d after infiltration. Bar, 1 cm. (f) The MdERF5
and MdACO1 protein sequences were divided into three and four fragments, respectively, and their interaction was investigated using a Y2H assay. (g)
The consequence of the MdERF5–MdACO1 interaction on MdACO1 activity was examined by adding increased amounts of the MdERF5 protein.
Recombinant GST-tagged MdERF5 and His-tagged MdACO1 were used. GST protein was used as a control. Error bars represent the SE of three
independent measurements. Each dot represents a biologically independent sample. (h) ACC oxidase activity in apple fruit treated with GSNO. Apple fruit
were collected at the commercial harvest stage in 2019, treated with GSNO, and stored at room temperature for 20 d. Untreated, fruit not receiving any
treatment; GSNO, fruit treated with GSNO. Numbers under the x-axes indicate the duration of storage (d) at room temperature after harvest; 0 indicates
the day of commercial harvest. Three biological replicates were analyzed as described in Supporting Information Methods S5 section. Values represent
means � SE. Each dot represents a biologically independent sample. Statistical significance was determined using a Student’s t-test (**, P < 0.01).
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treated apple fruit, we observed that NO-activated MdERF5
interacted with 1-aminocyclopropane-1-carboxylic acid (ACC)
oxidase (MdACO1) in the cytoplasm and suppressed its enzyme
activity (Fig. 7) and that MdERF5 bound to the ACC synthase
(MdACS1) promoter in the nucleus, directly suppressing its
transcription (Fig. 8).

We observed that MdERF5 suppressed MdACO1 activity by
directly interacting with the MdACO1 (Fig. 7a–f). ACO is a
member of the Fe(II)-dependent family of oxidases or oxygenases
(Zhang et al., 1997) and Fe(II) is a known cofactor catalyzing
ethylene biosynthesis (Dong et al., 1992). Previous studies have
shown that ACO amino acid sequences are highly conserved
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Fig. 9 MdERF5 is involved in nitric oxide
(NO)-suppressed ethylene biosynthesis in
apple fruit (ERF, ETHYLENE RESPONSE
FACTOR).MdERF5was silenced in apple
fruit (MdERF5-AN) using Agrobacterium

tumefaciens-mediated transient
transformation. Fruit infiltrated with an
empty pRI101 vector were used as controls
(pRI101). MdERF5-AN and control fruits
were harvested 14 d after infiltration,
immediately treated with S-
nitrosoglutathione (GSNO) and then stored
at room temperature for 15 d (a).MdERF5

expression was examined by quantitative
real-time (qRT)-PCR (b). Ethylene production
(c), 1-aminocyclopropane-1-carboxylic acid
(ACC) synthaseMdACS1 expression (d), and
ACC oxidase (ACO) enzyme activity (e) were
investigated. Untreated, fruit not receiving
any treatment; GSNO, fruit treated with
GSNO; DAH, days after harvest; DAI, days
post-infiltration. For qRT-PCR, three
biological replicates were analyzed as
described in the Materials and Methods
section. Values represent means � SE. Each
dot represents a biologically independent
sample. Statistical significance was
determined using a Student’s t-test (**,
P < 0.01; *, P < 0.05).

Fig. 8 Nitric oxide (NO)-activated MdERF5 suppresses the transcription ofMdACS1 (ACS, 1-aminocyclopropane-1-carboxylic acid (ACC) synthase; ERF,
ETHYLENE RESPONSE FACTOR). (a) Yeast one-hybrid (Y1H) analysis showing that MdERF5 binds to the promoter ofMdACS1 (ProMdACS1). AbA
(aureobasidin A), a yeast cell growth inhibitor, was used as a screening marker with a basal concentration of 200 ngml–1. Rec-P53 and the P53-promoter
were used as positive controls. The empty vector and theMdACS1 promoter were used as negative controls. (b) Electrophoretic mobility shift assay
(EMSA) showing that MdERF5 binds to the dehydration-related element (DRE) motif in theMdACS1 promoter. The hot probe was a biotin-labeled
fragment of theMdACS1 promoter containing the DRE motif. The cold probe was a nonlabeled competitive probe (100-, 300-fold that of the hot probe)
and the mutant probe was the unlabeled hot probe sequence with CCGAC mutated to TTTTT. Glutathione S-transferase (GST)-tagged MdERF5 was
purified. (c) Chromatin immunoprecipitation (ChIP)-PCR showing the in vivo binding of MdERF5 to theMdACS1 promoter. Cross-linked chromatin
samples were extracted from MdERF5- green fluorescent protein (GFP) overexpressing apple fruit calli (MdERF5-GFP) and precipitated with an anti-GFP
antibody. Eluted DNA was used to amplify the sequences neighboring the DRE motif by quantitative (q)-PCR. Three regions (S1, S2 and S3) were
investigated. Fruit calli overexpressing GFP were used as negative controls. Values are the percentage of DNA fragments that were co-immunoprecipitated
with the GFP antibody or a nonspecific antibody (pre-immune rabbit IgG) relative to the input DNA. The ChIP assay was repeated three times and the
enriched DNA fragments in each ChIP were used as one biological replicate for qPCR. Values represent means � SE. Each dot represents a biologically
independent sample. Asterisks indicate significantly different values (**, P< 0.01). (d) b-glucuronidase (GUS) activity analysis showing that MdERF5
suppresses theMdACS1 promoter. The MdERF5 effector vector and the reporter vector containing theMdACS1 promoter were infiltrated into tobacco
leaves to analyze the regulation of GUS activity. Untreated, tobacco leaves not receiving any treatment; GSNO, tobacco leaves treated with S-
nitrosoglutathione (GSNO). Three independent transfection experiments were performed. Values represent means � SE. Each dot represents a biologically
independent sample. Asterisks indicate significantly different values (**, P < 0.01). (e) Electrophoretic mobility shift assay (EMSA) showing that MdERF5
binds to the dehydration-related element (DRE) motif of theMdACS1 promoter (lane 2). Increasing amounts of MdPP2C57 enhanced MdERF5 binding to
theMdACS1 promoter (lanes 4–7). GST-tagged MdERF5 and MdPP2C57 were purified. The DRE motif CCGAC is indicated by a dashed box. (f) GUS
activity analysis showing that MdERF5–MdPP2C57 interaction promotes MdERF5 binding to theMdACS1 promoter. Values represent means � SE. Each
dot represents a biologically independent sample. Asterisks indicate significantly different values (**, P < 0.01). ns, no significant difference. (g) GUS
activity analysis showing that phosphorylated MdERF5 enhances its inhibitory activity. The MdERF5, MdERF5S260A or MdERF5S260D effector vector and the
reporter vector containing theMdACS1 promoter were infiltrated into tobacco leaves to analyze the regulation of GUS activity. S260A, Ser260 to Ala
(phosphodeficient form); S260D, Ser260 to Asp (phosphomimetic form). Values represent means � SE. Each dot represents a biologically independent
sample. Asterisks indicate significantly different values (**, P < 0.01; *, P < 0.05).
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among many fruit crops, including apple (Shaw et al., 1996),
tomato (Zhang et al., 1997), avocado (Persea americanna) (Rock-
lin et al., 1999) and pear (Ji et al., 2021), and substitutions of Fe
(II) binding site residues H177, D179 and H234 by site-directed
mutagenesis result in a complete loss of ACO activity (Fig. S15).
In our study, we observed that MdERF5 interacted with the
MdACO1D fragment, which contains the three Fe(II) binding
sites (Figs 7f, S15). We concluded that NO-enhanced MdERF5–
MdACO1 interaction might block Fe(II) from binding to
MdACO1, thereby suppressing MdACO1 activity and ethylene
biosynthesis.

In addition, we found that MdERF5 binds to the MdACS1
promoter to directly downregulate its expression (Fig. 8). ACS is
the central rate-limiting enzyme in ethylene biosynthesis (Gupta
et al., 2013), and its promoter has the DRE motif to which ERF
TFs bind. Yeast-one-hybrid (Y1H), electrophoretic mobility shift
assay (EMSA) and chromatin immunoprecipitation (ChIP)-PCR
assays all showed that MdERF5 binds to the dehydration-related
element (DRE) motif in the MdACS1 promoter (Figs 8a–c,
S17b). We observed that MdERF5 directly suppressed MdACS1
transcription and that GSNO treatment strengthened this sup-
pression in b-glucuronidase (GUS) transactivation analysis
(Fig. 8d). In addition, we found that MdERF5 protein levels

gradually increased in the cytoplasm during storage (Fig. 3e).
This suggests that the accumulation of cytosolic MdERF5 sup-
presses MdACO1 enzyme activity by interacting with MdACO1.
A notable finding in our study was that the GSNO treatment also
promoted the nuclear accumulation of MdERF5 (Fig. 3d), indi-
cating that the accumulation of nuclear MdERF5 suppresses
MdACS1 expression mediated by NO.

ACO is the other key rate-limiting enzyme in ethylene biosyn-
thesis (Schaffer et al., 2007), and GSNO treatment was found to
suppress MdACO1 expression (Fig. 1g). However, the MdACO1
promoter does not contain a putative DRE motif or GCC-box,
and the MdACO1 expression levels were similar in MdERF5-AN
calli than in control calli (Fig. S4), implying that other TFs
inhibit the expression of MdACO1 during NO-suppressed
ethylene biosynthesis.

Dephosphorylation of MdERF5 enables it to act as a
nucleocytoplasmic shuttling protein

Nucleocytoplasmic protein shuttling is integral to the transmis-
sion of signals between the nucleus and the cytoplasm in plants
and mammals (Ryu et al., 2007; Jordan & Kreutz, 2009; Ju et al.,
2012; Zhang et al., 2019). There is increasing evidence that

Fig. 10 Model showing the regulation by nitric oxide (NO) on apple ethylene biosynthesis. When endogenous NO content is high, ETHYLENE RESPONSE
FACTORMdERF5 expression is enhanced andMdERF5 that has been dephosphorylated by protein phosphataseMdPP2C57moves into the cytoplasm.
MdERF5 in the cytoplasm suppresses ACC oxidase 1 (ACO1) enzyme activity by direct protein interaction.MdERF5 localized in the nucleus suppress the
transcription of the ethylene biosynthetic ACC synthase geneMdACS1 by direct promoter binding, thereby suppressing ethylene biosynthesis.When
endogenous NO content decreases,MdERF5 expression declines andmost of theMdERF5 is retained in the nucleus, which weakens the suppression by
MdERF5 ofMdACO1 enzyme activity andMdACS1 transcription, leading to a burst in ethylene production and fruit ripening.?, promotion;⊥,
suppression;■, ERF-binding site;●, other transcription factor (TF) binding site; SAM, S-adenosyl methionine; ACC, 1-aminocyclopropane-1-carboxylic acid;
C2H4, ethylene.
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nucleocytoplasmic protein shuttling is related to protein phos-
phorylation and dephosphorylation. For example, brassinazole
resistant 1 (BZR1) functions as a nucleocytoplasmic shuttling
protein and glycogen synthase kinase-3 (GSK3)-like kinases
induce the nuclear export of BZR1 by modulating BZR1 interac-
tion with the 14-3-3 proteins (Ryu et al., 2007). The nuclear
accumulation of membrane-tethered myeloblastosis protein
RhPTM mediated by phosphorylation of a plasma membrane
intrinsic protein (PIP)-type aquaporin regulates a trade-off mech-
anism between plant growth and survival under water-deficiency
conditions in rose (Rosa hybrida) (Zhang et al., 2019). However,
we are not aware of any reports to date of ERF proteins shuttling
between the nucleus and cytoplasm.

Here, we identified MdERF5 from apple and found that it
shuttles between the nucleus and the cytoplasm in a process that
is mediated by NO (Figs 3a,b, S5). We observed that MdERF5
protein levels gradually increased in the cytoplasm and that NO
promoted the accumulation of MdERF5 protein in the cyto-
plasm during storage (Fig. 3e). The nucleocytoplasmic shuttling
of MdERF5 represents a newly revealed bridge linking the NO
and ethylene signals, and has important physiological significance
for regulating ethylene biosynthesis in apple.

Previous studies have shown that protein expression, structure,
stability and subcellular localization are regulated by post-
translational modifications (PTMs) such as phosphorylation, acety-
lation, methylation and glycosylation (Ryu et al., 2007; Zhang et al.,
2019). Phosphorylation is the most common PTM and is involved
in essentially all cellular and extracellular processes, such as defense
responses, signal transduction and apoptosis (Benschop et al., 2007;
Nakagami et al., 2010). We found that MdERF5 is highly phospho-
rylated but is rapidly dephosphorylated in response to NO (Fig. 3f).
Given that protein dephosphorylation often is regulated by protein
phosphatase (PP) enzymes (Ryu et al., 2007), we searched for and
identified a PP2C gene, MdPP2C57 and found that MdPP2C57
interacted with MdERF5 to dephosphorylate MdERF5 (Fig. 5a–c).
We observed that overexpression ofMdPP2C57 resulted in translo-
cation of MdERF5 to the plasma membrane (Fig. 5f), which was
consistent with the subcellular distribution of MdERF5 in response
to GSNO treatment (Fig. 3a). Moreover, the phosphomimetic form
MdERF5S260D only localized in the nuclear even under the overex-
pression of MdPP2C57 (Fig. 6c). Accordingly, we propose that
MdERF5 is a nucleocytoplasmic shuttling protein whose localiza-
tion is tightly regulated by its phosphorylation status at Ser260,
which in turn is determined by the PP2C-type phosphatase,
MdPP2C57. In addition, there are some additional potential Ser/
Thr phosphorylation sites in MdERF5, which also might influence
the subcellular distribution of MdERF5.

MdERF5 functions in NO-suppressed ethylene biosynthesis

It is technically and experimentally challenging to generate
transgenic apple fruit as a consequence of the long juvenile
period (Kotoda et al., 2006). Increasingly, researchers use a
transient expression assay involving A. tumefaciens infiltration
to study gene function in fruit (Ji et al., 2021). We used this
to transiently silence MdERF5 expression in apple fruit to

confirm the role of MdERF5 in NO-suppressed ethylene
biosynthesis. MdERF5-suppressed apple fruit showed faster
ripening than control fruit after GSNO treatment (Figs 9a,
S20a), as well as significantly higher ethylene production
(Figs 9c, S20c), MdACS1 expression and MdACO1 enzyme
activity (Figs 9d,e, S20d,e). These results support the conclu-
sion that NO suppresses ethylene biosynthesis in apple fruit
through regulating MdERF5 activity, which in turn regulates
the expression of ethylene biosynthetic genes and ACO
enzyme activity.

Having been first characterized as a specific diffusible molecular
messenger in animals, NO was hypothesized to produce similar sig-
nal transductions in plants. Although the enzymatic NO source L-
arginine-dependent nitric oxide synthase (NOS) has been well-
characterized in mammalian systems, identification of NOS has not
been performed in plants currently. Furthermore, knowledge of
NO generation in higher plants remains limited (Corpas et al.,
2022), including apple. However, previous studies have docu-
mented that NO regulates multiple transcription factors involved in
the regulatory mechanisms of plant growth and development. For
example, NO regulates ABA-Insensitive 5 (ABI5) transcription
through controlling ERF stability (Gibbs et al., 2014) and NO trig-
gers the ABI5 degradation by S-nitrosylation to promote seed germi-
nation and seedling growth (Albertos et al., 2015). NO
accumulation promotes zinc finger protein SRG1 and SRG3 expres-
sion and triggers the S-nitrosylation of SRG1 and SRG3 to regulate
plant immunity (Cui et al., 2018, 2021). In this work, we observed
that MdERF5 expression is activated by NO in apple fruit, but the
underlying mechanism remains unclear. It is possible that the TF(s)
in NO signal transduction, which has(have) not yet been identified,
might regulate theMdERF5 expression. Also, it cannot be excluded
that NO recruits acetyltransferase to indirectly regulate theMdERF5
expression. The mechanistic basis of the upregulated MdERF5 by
NOwill be an interesting research direction in the future.

A model of how NO regulates ethylene biosynthesis in climac-
teric fruit is shown in Fig. 10. When endogenous NO content is
high, MdERF5 expression is enhanced and the MdERF5 protein,
which is dephosphorylated at Ser260 by protein phosphatase
MdPP2C57, moves into the cytoplasm, where it suppresses
MdACO1 enzyme activity in the cytoplasm via a direct protein
interaction. The nucleus-retained MdERF5 suppresses the tran-
scription of the ethylene biosynthetic gene MdACS1 in the
nucleus by direct promoter binding and so ethylene biosynthesis
is limited. When endogenous NO content is low, MdERF5
expression declines and most MdERF5 is retained in the nucleus,
which weakens the MdERF5-mediated suppression of MdACO1
enzyme activity and MdACS1 transcription, leading to a burst in
ethylene production and fruit ripening.

Accession numbers

Sequence data from this article can be found in the Genome
Database for Rosaceae (https://www.rosaceae.org) or GenBank
libraries under accession nos. MdERF5 (XM008365562),
MdACS1 (U89156), MdACO1 (AF030859), MdPP2C57
(XM008378526),MdActin (EB136338).
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