% plants

Review

Ethylene Signaling in Regulating Plant Growth, Development,
and Stress Responses

Xiaoyi Wang !, Hongyi Wen 1, Andrey Suprun 2

check for
updates

Academic Editor: Mikihisa Umehara

Received: 28 November 2024
Revised: 18 January 2025
Accepted: 18 January 2025
Published: 21 January 2025

Citation: Wang, X.; Wen, H.; Suprun,
A.; Zhu, H. Ethylene Signaling in
Regulating Plant Growth,
Development, and Stress Responses.
Plants 2025, 14, 309. https:/ /doi.org/
10.3390/ plants14030309

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Hongliang Zhu 1-*

The College of Food Science and Nutritional Engineering, China Agricultural University,

Beijing 100083, China; s20233061281@cau.edu.cn (X.W.); 2021306120117@cau.edu.cn (H.W.)
Federal Scientific Center of the East Asia Terrestrial Biodiversity, Far Eastern Branch of the Russian
Academy of Sciences, 690022 Vladivostok, Russia; suprun@biosoil.ru

*  Correspondence: hlzhu@cau.edu.cn

Abstract: Ethylene is a gaseous plant hormone that plays a crucial role in coordinating
various physiological processes in plants. It acts as a key mediator, integrating both
endogenous developmental cues and external environmental signals to regulate a wide
range of functions, including growth, fruit ripening, leaf abscission, and responses to
stress. The signaling pathway is initiated when ethylene binds to its receptor. After
decades of research, the key components of ethylene signaling have been identified and
characterized. Although the molecular mechanisms of the sensing of ethylene signal and
its transduction have been studied extensively, a new area of research is how respiration
and epigenetic modifications influence ethylene signaling and ethylene response. Here, we
summarize the research progress in recent years and review the function and importance
of ethylene signaling in plant growth and stress responses. In addition, we also describe
the current understanding of how epigenetic modifications regulate ethylene signaling and
the ethylene response. Together, our review sheds light on the new signaling mechanisms
of ethylene.

Keywords: ethylene signaling; plant growth; stress response; epigenetic modifications;
respiration

1. Introduction

Ethylene, an important plant hormone, plays a vital role in plant growth and stress
response [1]. Ethylene is not only involved in the regulation of plant growth and develop-
ment, such as root growth, leaf and flower abscission, and fruit ripening [1,2], but it also
plays a vital role in the response of plants to various biotic and abiotic stresses [3-5]. Since
the first report of ethylene biosynthesis and its regulatory mechanism was published in
1984 [6], many studies have gradually deepened our understanding of its function [7,8].
Previous studies have mainly focused on the ethylene synthesis pathway [9-11], but with
the development of molecular biology technology, we have a more detailed understand-
ing of the ethylene signaling pathway [12-14]. Ethylene is produced by the activity of
1-amino-1-carboxycyclopropane (ACC) synthase and ACC oxidase [15] and ultimately
affects the expression of downstream genes through the EIN2/EIN3/EIL1 signaling path-
way, thereby regulating the physiological response of plants [16,17]. In addition, there are
complex interactions between ethylene and other plant hormones such as auxins, which
are of great significance for plants to adapt to environmental changes [17,18]. Therefore,
to better understand the ethylene signal transduction pathway in plants, we summarized
its metabolism and signaling receptors, as well as its functions in regulating plant growth,
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development, and biotic and abiotic stress responses. It is worth emphasizing that ethylene
signaling mainly pertains to the process in which ethylene molecules are perceived by plant
cells and then undergo signal transmission and transduction through a series of specific
molecular mechanisms. Typically, it does not cover the biosynthesis steps of ethylene, yet it
is closely associated with and mutually influences biosynthesis.

Ethylene is closely related to respiration in plant growth, development, and environ-
mental adaptation [19-22]. Respiration is the core of plant cell energy metabolism, occurs
in mitochondria, and involves electron transport chain reactions. When the fruit matures,
ethylene production increases greatly and the respiration rate increases simultaneously.
The two are closely related and intertwined. Ethylene not only affects respiration rate, but
also affects fruit ripening speed and its quality by regulating its own production and sig-
naling [22,23]. For example, while ACS (1-aminocyclopropane-1-caroboxylic acid synthase)
protein promotes ethylene synthesis, its high expression may provide a substrate for mito-
chondrial aerobic respiration, reflecting the interaction between ethylene and mitochondria
in fruit ripening [24]. The AOX (Alternative Oxidase) pathway is related to ethylene in the
climacteric respiration of tomato fruits, while there are less data on the COX (Cytochrome
Oxidase) pathway [25,26]. When plants respond to hypoxic stress, ethylene, which is also
related to respiration, can trigger signal transduction, regulate electron transport, ROS
(reactive oxygen species) production, and affect metabolic remodeling [27-29]. However,
the precise regulation mechanism of ethylene signaling on respiration and mitochondrial
function still needs to be further studied.

In addition, epigenetic modifications also play an important role in ethylene signal-
ing [30]. Epigenetic mechanisms such as DNA methylation, histone modification, and
non-coding RNAs influence the expression of genes associated with ethylene signaling,
thereby finely regulating its activity. Studies have shown that epigenetic modifications can
respond to environmental changes, dynamically regulate ethylene signaling, and further
enhance plant adaptability to the environment [31]. For example, under low-temperature
stress, the DNA methylation status of ethylene signal transduction-related genes in tomato
fruits changes, affecting gene expression levels and thereby regulating the fruit ripening
process [32]. However, the specific regulatory mechanisms of epigenetic modifications in
ethylene signaling and their interactions with other signaling pathways are still unclear
and require further exploration.

This review aims to systematically describe the role of ethylene in plant growth
and development, stress response, and its regulatory mechanism, summarize current
research results, and point out the directions of future research. Through an in-depth
analysis of the regulatory network in the ethylene signaling pathway, we hope to reveal
how ethylene accurately regulates the response of plants to environmental changes and
provide a theoretical basis and technical support for improving crop adaptability and stress
resistance. In the review, the functions of ethylene in a variety of processes are expounded,
which are primarily founded on the responses detected in mutants or transgenic plants.

2. Ethylene Biosynthesis and Signaling in Plants

After extensive research, the ethylene biosynthesis pathway has become more apparent
(Figure 1). The precursors for ethylene synthesis in plants include S-adenosyl-l-methionine
(SAM) and 1-amino-1-carboxycyclopropane (ACC) [6]. The ethylene biosynthesis pathway
consists of three enzyme-catalyzed reactions: methionine (Met) is catalyzed by methionine
adenylyl transferase to form SAM; SAM is catalyzed by ACC synthase (ACS) to form ACC,
which simultaneously forms 5'-methylthioadenosine (MTA), and then passes through the
Yang cycle to synthesize new methionine (Met). Finally, ACC is catalyzed by ACC oxidase
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(ACO) to synthesize ethylene [16,33,34]. ACS and ACO are two important rate-limiting
enzymes involved in ethylene synthesis.
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Figure 1. Ethylene synthesis and signal transduction pathways in plants. Without ethylene, its
receptor activates CTR1. CTR1 phosphorylates and inhibits EIN2, a membrane protein on the en-
doplasmic reticulum. EIN2 targets EIN3 and EIL1 to the protease body, blocking transcription.
In ethylene’s presence, receptors bind ethylene-inactivating CTR1. It enhances EIN3/EIL1 ac-
tivity. Ethylene stabilizes EIN3/EIL1 and controls the transcription of ERFs. MET: Methionine;
SAM: S-adenosyl-L-methionine; ACC: 1-amino-1-carboxycyclopropane; ACS: ACC synthase; ACO:
ACC oxidase; EIN: Ethylene insensitive; ETR1/2: EIN2-Targeting protein 1/2; ERS1/2: Ethylene
response sensor 1/2; CTR1: Constitutive triple response 1; EFRS: Ethylene-responsive factors;
EBF1/2: EIN3-Binding F-BOX Protein 1 and 2.

Ethylene is detected by a group of receptors located on the membrane of the endo-
plasmic reticulum (ER). In Arabidopsis, the plant hormone ethylene is detected by a group
of receptors known as ETHYLENE RESPONSE1/2 (ETR1/2), ETHYLENE RESPONSE
SENSOR1/2 (ERS1/2), and ETHYLENE INSENSITIVE4 (EIN4) [35]. These receptors play
a suppressive role in ethylene signaling; they are also associated with two-component
histidine kinase receptors [36]. In the absence of ethylene, the receptor family recruits
Raf-like kinase constitutive triple response 1 (CTR1) to phosphorylate the C-terminal do-
main of EIN2 [14]. Then, the F-box proteins EIN2-Targeting Protein 1 and 2 (ETP1 and
ETP2) degrade the phosphorylated EIN2 to block the downstream transmission of ethylene
signaling with EIN3-Binding F-BOX Protein 1 and 2 (EBF1 and EBF2). EBF1/2 inter-
acts with EIN3/EIL1 and regulates their stability through a 26S proteasome degradation
pathway [37]. EIN3/EIL1 is degraded by ubiquitinated proteasome, hence the ethylene
signaling pathway shuts down [38].

On the other hand, when ethylene is present, it binds to the receptor and inactivates
both the receptor and CTR1, and the phosphorylation of EIN2 is inhibited. Without
phosphorylation, EIN2 cannot be degraded by ETP1/2 but undergoes its own cleavage.
Then, the cleaved EIN2-C-terminus moves to the nucleus, which activates the downstream
EIN3/EIL1 transcription cascade and opens up the ethylene signaling pathway [39]. EIN3
can directly bind to the promoter regions of Ethylene Response Factors (ERFs), making for
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the modulation of downstream gene expression in response to a range of environmental
stresses [40]. ERFs are transcription factors unique to plants. ERFs serve as regulatory
elements within the ethylene signaling pathway, exerting impact over ethylene and stress-
related responses [41,42].

Ethylene biosynthesis is the upstream part of ethylene action, and ethylene signaling
is the downstream part, whose research started late and progressed fast, and the biological
effects of ethylene are believed to be realized through the ethylene signaling pathway.
Currently, a relatively complete signaling pathway has been formed in the model crop
Arabidopsis [14], ethylene — ethylene receptor ETR family — CTR family — EIN2 —
EIN3/EIL — ERFs — ethylene response-related gene expression.

3. Ethylene Signaling Regulates Plant Growth and Development

In addition to the above effects, ethylene signal transduction regulatory receptors
play multiple roles in plant growth and development. Fruit ripening, root development,
and seed germination are just a few of the activities that are greatly impacted by ethylene
signal transduction in plants. These are some typical examples to illustrate the important
role of ethylene signaling in plant growth and development (Figure 2). However, the
actual situation is far more complex than this. Furthermore, we must emphasize that other
aspects of ethylene’s involvement, such as the measurement of ethylene production and
the application of inhibitors, are outside the scope of this review.
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Figure 2. Ethylene signaling regulates plant development. These are some typical examples to
illustrate the important role of ethylene signaling in plant growth and development.

3.1. Seed Germination and Dormancy

Dormancy allows plant seeds to arrange time for germination when environmental
conditions become conducive to the survival and growth of seedlings [43,44]. Ethylene
plays a crucial role in breaking the dormancy of many species and can promote the germi-
nation of dormant seeds [45]. ERF genes are significantly involved in the ethylene response
pathway and the control of seed germination [46,47]. Premature seed germination and
accelerated hook development in dark-grown seedlings are the effects of overexpressing
the SIERF2 gene in transgenic tomato lines, exhibiting heightened ethylene sensitivity [48].
ZmEREB92 inhibits ethylene signaling and maize starch mobilization, which negatively af-
fects seed germination in corn [49]. During the process of seed imbibition and germination,
the ethylene receptors, specifically CyETR2A and CpETR2B, were observed to be activated.
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This observation provides compelling evidence for the pivotal and favorable function that
ethylene signaling plays in promoting the germination of squash seeds [50].

3.2. Root Growth

The root serves as the primary structure through which plants uptake water and
nutrients, with its growth being intricately controlled by ethylene. The sensing of soil
compaction signals by plant roots is mediated by ethylene [51]. ET influences root growth
and development through its signaling pathway, including elongation of primary roots,
formation of lateral roots, creation of a suitable microenvironment for root stem cells,
and stimulation of root hair growth [52]. However, the molecular mechanism is not
fully understood.

In the process of root elongation, the effect of ethylene exhibits dose-dependent char-
acteristics [53]. Low concentrations stimulate elongation, while high concentrations inhibit
it. This effect results from ethylene’s regulation of cell wall relaxation and gene expression
related to cell elongation, such as inducing Expansin Genes like AtEXP7 and AtEXP18 [54].
In lateral and adventitious root formation, ethylene is crucial. It interacts with auxin, which
boosts ethylene synthesis, and ethylene amplifies auxin signaling, together promoting
lateral root development [55]. Auxin and ethylene exert a synergistic effect in governing
the growth of primary roots and root hairs, while they function in an antagonistic manner
during the formation of lateral roots [56]. Ethylene regulates root hair growth too. ROOT
HAIR DEFECTIVE 6-LIKE 4 (RSL4) participates in ethylene-facilitated root hair growth.
The ethylene-activated EIN3 transcription factor physically associates with ROOT HAIR
DEFECTIVE 6 (RHD6), a well-known positive regulator of hair cells. Additionally, these
two factors directly co-activate RSL4 to drive root hair elongation [57]. Rice OsHK1/MHZ1
functions in conjunction with the ethylene receptor, yet exhibits some degree of autonomy
from OsEIN?2 in its ability to suppress root growth [58].

Overall, ethylene precisely regulates various aspects of root growth through complex
signaling pathways, enabling the root system to adapt to environmental changes and
ensuring the growth and survival of plants.

3.3. Fruit Ripening

During the maturation of succulent fruits, significant alterations in fruit occur, includ-
ing shifts in color due to the breakdown of chlorophyll or the accumulation of pigments,
as well as the release of ethylene [59]. Ethylene plays a crucial role in the maturation of
climacteric fruit. During the transition period of fruit ripening, ethylene synthesis increases
rapidly and respiration increases [60]. The ethylene signal activates at the beginning of fruit
ripening, which induces the expression of MdEIL1 and its protein stability. Subsequently,
MAEIL1 interacts with the promoter region of MdMYB1 and stimulates its transcription,
making for increased anthocyanin levels and improved fruit pigmentation [61]. In rice,
lines of overexpressing OsETR2 exhibit delayed maturation compared to the control and
RNAI lines, and the osein2/mhz7 mutant also matures later [62]. These studies show that
ethylene signaling may affect the flowering of Arabidopsis and rice.

A specific tomato gene known as SIAP2a, belonging to the APETALA2/ERF family,
has been identified as a suppressor of fruit ripening. Inhibition of SIAP2a through RNA
interference leads to increased production of ethylene in fruits, causing accelerated ripening
and influencing the accumulation patterns of carotenoids by perturbing the flux within
the carotenoid biosynthesis pathway [63]. In recent years, many tomato fruit ripening
mutants were found, which provide important biomaterials for clarifying mechanisms of
fruit ripening [64,65]. The NEVER RIPE (nr) mutant exhibited phenotypes of incomplete
and delayed fruit ripening [66]. The nr mutant fails to reach maturity primarily due to its
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insensitivity to the plant hormone ethylene [64,67,68]. The RIPENING INHIBITOR (rin)
mutant assumes a pivotal role in the investigation of tomato fruit ripening [69]. This is
attributed to its complete inhibition of the alterations in physiological traits associated with
ripening. RIN may affect ACS2 enzyme activity by post-transcriptional mechanisms [70].
These inhibited alterations encompass the deposition of red pigments, softening of the
fruit, generation of volatile compounds, and the elevation of ethylene levels during the
respiratory climacteric phase [71]. In the COLORLESS NON-RIPENING (Cnr) mutant,
there is a marked decrease in the expression of genes related to ethylene biosynthesis [72].
This leads to the incapability of the fruit to accumulate ethylene in a normal manner, thereby
impeding the ripening process.

Ethylene is crucial for maintaining the quality of fruits during ripening, and its biosyn-
thesis is regulated by nitric oxide (NO) [73]. Nitric oxide—ethylene crosstalk during fruit
ripening operates through partial inhibition of ethylene biosynthesis. Mature green toma-
toes were treated with the NO synthesis inhibitor. It was found that it reduced the release
of endogenous ethylene and delayed the breaker stage of the fruits. This is because the
activities of ACS and ACO were inhibited and their related genes SIACS2/4 and SIACO1/3
were downregulated. Meanwhile, the expression of calcium-dependent protein kinase and
mitogen-activated protein kinase genes SICDPK (Calcium-Dependent Protein Kinase) 1/2
was also delayed or decreased [74]. It indicates that protein phosphorylation is involved in
the reduction of ethylene biosynthesis induced by the NO synthesis inhibitor, ultimately
leading to the delay of tomato ripening.

During the fruit ripening process, intricate interactions exist among nitric oxide (NO),
a hypoxic environment, and ethylene. Typically, NO functions as an inhibitor, effectively
retarding fruit ripening and senescence by suppressing the ethylene biosynthesis path-
way. However, under specific circumstances, NO may also indirectly promote ethylene
production by activating certain metabolic pathways. The hypoxic environment delays
fruit ripening and senescence indirectly by inhibiting both fruit respiration and ethylene
biosynthesis. Although ethylene controls hyponasty and aerenchyma formation, NO
production apparently regulates hypoxic ethylene biosynthesis [75]. Additionally, the
destabilization of group VII ethylene response factors, which are involved in the direct
O;-sensing mechanism, requires NO [76]. Accumulating research indicates that under
hypoxic conditions, NO treatment can further reduce ethylene production. This effect
is predominantly achieved through downregulating the transcriptional accumulation of
ACS genes.

3.4. Leaf Senescence

The most obvious symptom of leaf senescence is chlorosis caused by chlorophyll
degradation. The breakdown of chlorophyll may be initiated by endogenous signals and
environmental signals, and ethylene is one of the main inducers. The research revealed
that EIN3 positively regulates the transcription of chlorophyll degradation genes by di-
rectly interacting with their promoter regions [77]. The rice F-Box protein OsFBK (Oryza
sativa F-box with Kelch repeat-containing protein) 12 directly interacts with OsSAMS1
(Oryza sativa SPHASE KINASE-ASSOCIATED PROTEIN1-LIKE PROTEIN) to induce its
degradation, resulting in a decrease in SAM and ethylene content, thereby inhibiting seed
germination and delaying leaf senescence. OsFBK12 is involved in the 26S proteasome
pathway by interacting with OsSAMSI. It also focuses on breaking down the substrate
OsSAMSI, leading to alterations in ethylene levels that control leaf aging and grain size [78].
ETHYLENE-INSENSITIVE3 (EIN3) is a key transcription factor in ethylene signaling. EIN3
can directly bind to the promoters of microRNA164 (miR164) to increase progressively dur-
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ing leaf aging [79]. The gene EIN3 is associated with senescence and promotes the process

of age-related leaf senescence in Arabidopsis by inhibiting the transcription of miR164.

4. Plant Biotic and Abiotic Stress Regulation in Ethylene

Signaling Pathway

As a hormone, ethylene is also widely involved in the context of plant reactions

to abiotic and biotic stresses, like drought, high salinity, high or low temperatures, and

nutrient deficiencies [80,81] (Table 1).

Table 1. The effects of ethylene signaling on biotic and abiotic stresses in plants.

Biotic/Abiotic Stress

Action

Plant Species

Reference

Heat stress

The signaling of ethylene in tomato pollen
grains exhibits sensitivity
to heat stress.
Increased levels of EIN2 expression were
observed in rice seedlings subjected
to heat stress.

Solanum lycopersicum

Oryza sativa

[82]

[83]

Drought stress

The increased expression of ERF1 resulted
in a notable improvement in the drought
resistance of genetically modified
rice plants.

JrERF2-2 can enhance plant resistance to
drought stress by interacting with
JrWRKY?7 to regulate the
expression of GSTs.

The OsARD1 upregulates the expression of
genes associated with drought response,
thereby improving rice’s ability to
withstand drought conditions.
Overexpression of OsEIL2 can increase the
sensitivity to drought.

Oryza sativa

Juglans regia

Oryza sativa

Oryza sativa

[84]

[85]

[86]

[87]

Salt stress

The reassembly of microtubules is
regulated by ethylene signaling through
the upregulation of WDL5 expression in

response to salt stress.
The enhanced expression of LchERF
resulted in increased tolerance
to salt stress.

The expression of OsDOF15 was inhibited
under salt stress.
Identification of genes that are activated in
response to salt stress in seedlings of
Medicago truncatula L.

Arabidopsis thaliana

Lycium chinense
Oryza sativa

Medicago truncatula

[88]

[89]

[90]

[91]

Cold stress

VaERF092 controls the activity of the
transcription factor VaWRKY33, enhancing
resistance to cold stress.

CdERF1 in bermudagrass plays a role in
enhancing cold tolerance.

The SIERF.B8 protein induces the
biosynthesis of JA to enhance cold
tolerance in tomato plants.
Ethylene enhances the cold resistance of
apples through the regulatory module
MAERF1B-MdCIbHLH].

Vitis amurensis

Cynodon dactylon

Solanum lycopersicum

Malus domestica

[92]

[93]

[94]

[95]
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Table 1. Cont.

Biotic/Abiotic Stress

Action Plant Species Reference

Nutrition stress

Ethylene participates in the upregulation of
several Fe acquisition genes of Arabidopsis,
such as AtFIT, AtFRO2, and AtIRT1.
AtEIN3 is a nuclear protein gene that
functions immediately after AfERF1 in
ethylene signaling.

EIN3/EIL1 activates PHT1 to enhance the
absorption of phosphorus.
GmETO1 enhances the tolerance of
soybeans to low phosphorus stress.
Ethylene, in turn, downregulates the
expression of NRT2.1 and reduces the
high-affinity absorption of nitrate.

Arabidopsis thaliana [96]

Arabidopsis thaliana [97]

Arabidopsis thaliana [98]

Glycine max [99]

Arabidopsis thaliana [100]

Biotic stress

SIERFs are involved in the response of
tomato yellow leaf curl virus
Increased expression of CRF5 enhances
resistance to pathogens in
Arabidopsis plants.

Solanum lycopersicum [101]

Arabidopsis thaliana [102]

Biotic stress

AP2/ERF transcription factors play a role in
the tomato yellow leaf curl virus response.
ERF96 positively regulates Arabidopsis
resistance to necrotrophic pathogens.
The study focuses on Pepper
ethylene-responsive proteinase inhibitor
Cacl-6468 and its impact on enhancing
resistance against Meloidogyne incognita.
Ein2 enhances resistance to Egyptian
cotton worms.

The ethylene signaling pathway exerts a
negative regulatory effect on the resistance
of rice plants to brown planthoppers.

Solanum lycopersicum [103]

Arabidopsis thaliana [101]

Capsicum annuum [104]

Gossypium hirsutum [105]

Oryza sativa [106]

4.1. High Salt Stress

High salt is a remarkable abiotic stress that destroys plant growth and limits crop
yield [107]. It has been indicated that the control of cortical microtubule reorganization
is essential for the viability of plant cells when exposed to elevated salt levels. Ethy-
lene signaling regulates microtubule reorganization by upregulating the expression of
microtubule-stabilizing protein gene WDL (Microtubule-binding protein WVD2-like) 5 in
reaction to elevated salt stress [88]. Otherwise, the induction of ethylene production is a
metabolic response of plants to high salt [108]. The research revealed that in the presence
of salt stress, the activity of OsDOF (DNA-binding with one finger) 15 was suppressed,
leading to a reduction in cell division within the root meristem. Consequently, this inhi-
bition impeded the growth of primary roots [90]. An ERF gene, designated as LchERF,
was successfully isolated from Lycium chinense for the first time. The transgenic tobacco
lines exhibiting overexpression of LchERF demonstrated enhanced tolerance to salt stress
conditions during both seed germination and vegetative growth stages [89]. To uncover
genes activated in response to salt stress in barrel medic (Medicago truncatula L.) seedlings, a
cDNA library was developed under salt stress conditions. Notably, a putative AP2/EREBP
transcription factor was identified, which is known to be pivotal in signal transduction and
transcriptional regulation. Additionally, aldolase and sucrose synthase were found to be
associated with osmolyte synthesis, showing a marked increase in expression levels, and
suggesting their crucial involvement in the plant’s response to salt stress [91].
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4.2. Cold Stress

Ethylene also works in the response to cold stress. Exogenous ethylene can improve
cold tolerance and reduce cold damage to some economic fruits such as bananas [109],
apples [95], and tomatoes [110,111]. The research has indicated that the low-temperature-
induced ethylene response factor VaERF092 enhances the tolerance of grapes to low-
temperature stress by activating VaWRKY (Vitis amurensis WRKY transcription factor)
33 [92]. The ethylene-responsive factor CAERF1 derived from bermudagrass (Cynodon
dactylon) enhances cold tolerance. CAERF1 is involved in positively modulating the plant’s
response to cold stress through the activation of stress-related genes, such as lipid transfer
protein and lipid transfer protein [93]. A significant finding in the study was the identifica-
tion of an ethylene response factor SIERF.B8, which plays a pivotal role in regulating JA
(Jasmonic Acid) biosynthesis in tomato plants subjected to cold stress conditions. The ex-
pression of SIERF.BS was notably increased in response to both JA treatment and exposure
to cold stress. Furthermore, the suppression of SIERF.B8 resulted in reduced levels of JA
accumulation and compromised cold tolerance in tomato plants [94]. In apple seedlings,
cold stress can quickly activate the production of ethylene and stimulate the activity of
the MdERF1B gene. This gene encodes an activator of ethylene signals, which greatly pro-
motes MdERF1B-mediated cold tolerance through synergistic action with Malus domestica
Cyanidin Synthesis-related basic Helix-Loop-Helix transcription factor 1 (MdCIbHLH1).
This process not only reflects the rapid response ability of plants to cold environment, but
also demonstrates the key role of the complex regulatory network inside plants in adapting
to environmental stress [95].

4.3. Drought Stress

To adapt to soil water levels, plants regulate their tissue-specific processes, constantly
changing cellular signals within the body, which can lead to premature flowering or stunted
development, thereby causing reduced yields. ET is an important hormone regulating
drought response [81,112]. The increased expression of JERFI in transgenic rice plants re-
sults in a notable improvement in their ability to withstand drought conditions. This overex-
pression leads to the upregulation of stress-responsive genes and heightened production of
the osmolyte proline through the regulation of OsP5CS (Oryza sativa Pyrroline-5-Carboxylate
Synthetase) expression, which encodes the crucial enzyme deltal-pyrroline-5-carboxylate
synthetase involved in proline biosynthesis [84]. ERF transcription factors are essential
components in the plant stress response. In the present investigation, the molecular mecha-
nism of drought stress response in walnuts was elucidated by identifying a specific ERF
transcription factor, [rERF2-2, from J. regia. The study clarified that JrERF2-2 has the capa-
bility to enhance plant drought tolerance by modulating the expression of GSTs through
interaction with [rIWRKY7 [85].

OsARDI1 (Oryza sativa Arginine Deiminase 1) is a metal enzyme that facilitates the
production of ethylene through biosynthesis in rice by producing methionine, thereby
upregulating the activation of drought-related genes and improving rice resilience to
drought conditions [86]. In addition, the studies have found that overexpression of OsEIL2
can induce the expression of the Polygalacturonase gene and reduce pectin content, thereby
increasing the sensitivity to drought [87]. Overexpression of OsEIL2 can increase the
sensitivity to drought. The OsARD1 gene upregulates the transcription of genes associated
with drought response, thereby augmenting rice’s resilience to drought stress.

4.4. Heat Stress

Exposure of plants to elevated temperatures, known as heat stress (HS), has been
shown to have detrimental effects on crop yield and quality. Recent studies have revealed



Plants 2025, 14, 309

10 of 24

that tomato pollen grains possess the ability to produce ethylene, exhibiting distinct ele-
ments of both the ethylene-biosynthesis and -signaling pathways, and are influenced by
high-temperature conditions. Pollen grains express specific components of the ethylene
signaling pathway, along with various ethylene-responsive factors, among which SIETR3
(ethylene receptor, also known as NR or never ripe) and SICTR2 (constitutive triple re-
sponse2) have been identified as responsive to heat stress [82]. Moreover, the signaling
pathway mediated by ethylene enhances tolerance to high temperatures and controls the
transcription levels of heat shock factors in rice seedlings subjected to heat stress. This study
shows that, compared with rice seedlings that only experience heat stress, the expression
level of heat shock factors such as HSFA1a in rice seedlings is increased under the treatment
of heat stress and ethylene precursor. Under these conditions, genes related to ethylene
signal transduction, such as EIN2 and EIL1/2, are also expressed at higher levels [83].

Hot water treatment of postharvest Mei fruit delays ripening and ethylene produc-
tion [113] In addition, the results of RT-PCR analysis show that hot water treatment signifi-
cantly inhibits the expression of ACS, ACO, and ethylene receptor (ETR1 and ERS1) genes
in strawberry fruits during storage, but has no significant effect on the expression of the
EIN1 gene [114]. The above results indicate that the delay of strawberry fruit senescence
by hot water treatment may be related to its inhibition of ethylene synthesis and action.
Moreover, hot water treatment and high-temperature ethylene treatment can synergistically
promote the antioxidant effect of mature green tomatoes [115].

4.5. Nutritional Stress

Ethylene is crucial for plants to respond to nutritional stresses [116]. At the molecular
level, it enhances iron absorption by upregulating genes like AtIRT1 (Arabidopsis thaliana
Iron-Regulated Transporter 1) and AtFRO?2 (Arabidopsis thaliana Ferric Reductase Oxidase 2)
under iron deficiency [96]. Ethylene stabilizes AtFIT (Arabidopsis thaliana Fer-like Iron
Deficiency-Induced Transcription Factor) protein through the AtEIN3/AtEIL1 pathway to
maintain iron homeostasis [97,117].

In response to phosphorus deficiency, ethylene signaling promotes root hair devel-
opment. It upregulates EIN3/EIL1, which increases PHT1 expression, resulting in longer
and denser root hairs for improved phosphorus uptake [57]. Ethylene also regulates gene
expression in leaves to optimize phosphorus use. GmETO] in soybeans, for example,
enhances root hair growth and low-phosphorus stress resistance by modulating ethylene
synthesis and gene expression [99].

Ethylene signaling interacts with nitrogen pathways, such as EIN2 with NRT (Nitrate
Transporter) 1.1, to regulate nitrogen uptake and assimilation. It downregulates NRT2.1
to balance nitrate absorption and may affect other nitrogen metabolism enzymes or trans-
porters [100]. Nitrogen availability regulates ethylene-related gene expression, indicating a
feedback mechanism [118].

Taken together, a schematic review illustrates the complex network of ethylene-
mediated responses to different nutritional stresses, highlighting the key genes and path-
ways involved.

4.6. Biotic Stress

Moreover, ethylene plays a crucial role as a hormone in mediating plant-pathogen
interactions. Studies have found that ethylene has a positive regulatory role in plant
resistance to bacterial pathogens [119]. Various ERFs play a role in controlling the ripening
of fruits and their response to pathogens, in both climacteric and non-climacteric fruits.
These ERFs can act in conjunction with or separately from other transcription factors (TFs).
The research has shown that numerous AP2/ERF transcription factors are implicated in
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the tomato plant’s reaction to the tomato yellow leaf curl virus, with the SIERF protein
demonstrating a specific interaction with the GCC-Box [103]. The Arabidopsis ethylene
response factor ERF96 is involved in upregulating the expression of defense genes, such as
PDF (Plant Defensin) 1.2a, PR (Pathogenesis-Related Protein)-3, and PR-4, through direct
interaction with the GCC-box element in their promoters. This action of ERF96 contributes
to enhancing plant resistance against necrotic pathogens [101]. The cytokinin response factor
5 (CRFb5) is a member of the plant-specific APETALA?2 (AP2) ethylene-responsive element-
binding proteins (EREBPs) family. CRF5 potentially plays a role in disease resistance by
acting as a transcription activator, thereby establishing a functional connection between
plant pathogen response and cytokinin signaling [102]. The gene Cacl-6468 plays a role
in regulating resistance in pepper plants against M. incognita by influencing the ethylene
signaling pathway. Downregulation of Cacl-6468 expression can enhance susceptibility
and reduce resistance in pepper cultivar HDA149 [104].

Furthermore, ethylene is a significant factor in enhancing plant resistance against pests.
The activation of plant defense mechanisms in response to insect feeding is controlled
through various signaling pathways. Among them, ethylene signaling has been found to
heighten the vulnerability of Arabidopsis plants to the generalist herbivore Egyptian cotton
worm (Spodoptera littoralis). Similarly, the EIN2 mutant, which affects a key element in the
ethylene signaling pathway, has been observed to result in increased resistance to Egyptian
cotton worms, comparable in effectiveness to the hookless1 mutation [105]. Furthermore,
the brown planthopper (BPH) is recognized as a significant pest that specifically impacts
rice cultivation, leading to substantial reductions in rice yield. Research has highlighted the
crucial role of the OsEBF1 gene, associated with the ET signaling pathway, in enhancing
rice’s resistance to BPH. Another key element in this context is OsEBF2, an F-box protein
that positively influences rice’s capacity to withstand BPH, presenting a promising target
gene for breeding initiatives aimed at bolstering BPH resistance in rice. Therefore, these
studies indicate that the ethylene signaling pathway plays a crucial regulatory role in rice’s
ability to resist BPH [106].

5. Epigenetic Modifications in Ethylene Signaling

Epigenetic modification refers to the regulation of gene expression rather than altering
DNA sequence [120]. This modification can affect multiple levels of gene transcription:
splicing, stability, translation, nucleosome assembly, and chromatin structure, thus affecting
the physiological and pathological processes of the cells, as well as the phenotype of the
offspring [121,122]. Here is an illustration regarding the interaction between ethylene and
epigenetic regulation reviewed in this paper (Figure 3).

5.1. DNA Methylation and Ethylene Signal Transduction

As the most common form of epigenetic modification, DNA methylation plays a vital
regulatory role in most stages of plant growth and development [123]. It can regulate the
role of ethylene by inhibiting or activating the expression of genes related to ethylene syn-
thesis and signal transduction. The research has shown that environmental factors, such as
stress conditions, can induce changes in DNA methylation status [124]. Hypermethylation
in the promoter region of a specific gene may lead to a decrease in gene expression, thus
affecting ethylene signal transduction. If the promoter region of a gene related to plant
growth and development is methylated, the transcription factor responsible for initiating
its expression cannot bind effectively, resulting in abnormal gene expression and affect-
ing the plant’s growth and development process. According to relevant research, under
low-temperature stress, different degrees of methylation changes occur in the promoter
regions of multiple ethylene signal transduction-related genes in tomatoes. In the present
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results, the DNA methylation level of the CpG island of SIEIN3, SIERF-A1, and SIERT10
increased, and the DNA methylation level of the CpG island of SICTR1 decreased in tomato
fruit [32]. Meanwhile, the expression levels of SIEIN3, SIERF-A1, and SIERT10 decreased,
while the expression level of SICTR1 increased in tomato fruit stored at the low temperature.
Moreover, it was observed that the ripening process of tomato fruits was significantly
inhibited, indicating that low temperature inhibits ethylene signal transduction and delays
the aging of tomato fruits via changing DNA methylation and gene expression. This further
verifies the mechanism that DNA methylation regulates plant growth and development
by affecting the expression of ethylene signal transduction-related genes. This regula-
tory mechanism provides an effective molecular mechanism for plants to finely regulate
ethylene signal transduction to adapt to environmental changes in a complex environment.
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Figure 3. Overview of crosstalk between ethylene and epigenetic regulation described and discussed
in this review.

Moreover, DNA methylation can interact with other epigenetic mechanisms to jointly
regulate ethylene signal transduction. For example, DNA methylation can affect the expres-
sion of histone modifications, thus synergistically regulating the expression of ethylene-
related genes. In tomatoes, when a H3K4 demethylase SIJMJ7 loses its function, it leads
to an increase in the level of H3K4me3, which directly activates genes related to ethylene
biosynthesis and causes DNA hypomethylation mediated by DML2 in fruits, indirectly
promoting the expression of ripening-related genes, and jointly resulting in accelerated
fruit ripening in the sljmj7 mutant [125]. The results indicate that there is a synergis-
tic effect among epigenetic modifications, which jointly regulate the expression level of
ethylene-related genes.

5.2. Histone Modification and Ethylene Signal Transduction

Similar to DNA methylation, histone modification is also an important epigenetic
modification method. Histones include four types, H2A, H2B, H3, and H4, and their vari-
ants [126]. Histone modification regulates gene expression by changing their state. Histone
modification refers to post-translational modifications (PTMs) that occur on histones, such
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as acetylation, methylation, and phosphorylation, which can change the structure and activ-
ity of chromatin, thereby affecting the transcription of ethylene signal transduction-related
genes [127]. Among them, histone acetylation is usually associated with gene activation,
while the effect of histone methylation varies depending on the methylation site and degree.
When the receptor receives the ethylene signal, EIN2 located on the endoplasmic reticulum
membrane undergoes cleavage. The C-terminal of EIN2 (EIN2-C) is transported into the
nucleus, where it promotes an increase in the levels of histone acetylation H3K14Ac and
H3K23Ac through a series of epigenetic regulatory mechanisms, thereby regulating the
expression of downstream genes. Meanwhile, the regulation of these ethylene-mediated
acetylation levels depends on EIN2. In addition, the ethylene signal can also regulate the
expression of downstream genes through the core transcriptional activator EIN3, and EIN3
is involved in the regulation of histone acetylation mediated by EIN2 [128]. This mechanism
affects the transcription level of ethylene signal transduction-related genes by changing
the structure and activity of chromatin, thus finely regulating ethylene signal transduc-
tion. Histone acetyltransferases and deacetylases can regulate the expression of ethylene
synthesis and signal transduction-related genes, thereby affecting the plant’s response
to ethylene. It was found that the mutant involved with hacl (histone acetyltransferase)
exhibits pleiotropic phenotypes, especially being hypersensitive to ethylene in the dark
and light, and the transcription level of ethylene-responsive genes in the haclhac5 double
mutant is significantly higher than that in wild-type plants [129,130]. This indicates that
histone acetyltransferases play an important role in regulating the expression of ethylene-
related genes and the plant’s response to ethylene. Histone modification can also interact
with transcription factors to jointly regulate ethylene signal transduction. Transcription
factors can bind to specific DNA sequences and then recruit histone-modifying enzymes.
After binding to specific DNA sequences, transcription factors bind to histone-modifying
enzymes through specific domains or interaction modes. Then, these enzymes modify
histones, for example, by adding or removing acetyl, methyl, and other chemical groups
on histones, changing the charge and spatial structure of histones, thereby affecting gene
expression. In line with this, MaHDAG® is a histone deacetylase in banana (Musa acuminata)
that targets the promoter of the ethylene-related gene MaERF11/15, and this gene may be
involved in regulating fruit ripening [131].

5.3. Non-Coding RNAs and Ethylene Signal Transduction

Non-coding RNAs play an important and diverse role in gene expression regulation.
Although they do not encode proteins, they play a key role in many aspects, such as
plant growth, development, and environmental adaptation, mainly including micro RNA
(miRNA) and long no-coding RNA (IncRNA) [132]. In tomatoes, studies on genes related
to the ethylene signal pathway have found the synergistic effect of multiple epigenetic
regulatory mechanisms. For example, wild-type and LeERF1 transgenic tomato fruits were
studied, and a regulatory network of small RNAs and genes related to the ethylene signal
pathway was found [133], including the interaction relationship between IncRNAs and
miRNAs, where two IncRNAs are the precursors of three miRNAs, and four IncRNAs
can be preceded by five miRNAs. MiRNAs can bind to the mRNAs of key genes in the
ethylene signaling pathway, inhibit its translation or promote its degradation, thus affecting
the transmission of ethylene signals. For example, In Arabidopsis, some miRNAs can
target ethylene receptor genes or downstream signal transduction components to regulate
ethylene responses [134]. MicroRNA1917 targets CTR4 splice variants to regulate ethylene
responses in tomato [134]. In Sly-miR1917-overexpressing plants, enhanced ethylene sig-
naling is accompanied by upregulation of ethylene biosynthesis and signaling genes, and
increases ethylene emission. LncRNA can participate in the regulation of ethylene signal
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transduction in multiple ways. It can act as a decoy molecule to bind transcription factors
or other regulatory proteins, thus affecting the expression of ethylene-related genes. In
apple, MALNC610 participates in the regulation of high light-induced anthocyanin produc-
tion by functioning as a positive regulator to promote MdACO1 expression and ethylene
biosynthesis at a specific stage of apple fruit development [135]. The team further studied
and identified 397 IncRNAs in overexpressing and suppressing LeERF1 transgenic and
control tomato fruits, among which 12 [ncRNAs are differentially expressed in transgenic
and control fruits, and many target genes of IncRNAs are related to ethylene signals, such as
auxin response factors, F-box proteins, ERFs, and MADS-box proteins [133]. These research
results indicate that IncRNA plays an important role in the ethylene signal transduction
process. These non-coding RNAs together form a complex regulatory network. In-depth
study of them will help us better understand the mechanism of plant life activities.

Taken together, DNA methylation, histone modification, and non-coding RNAs play
significant roles in ethylene signal transduction. Future research should focus on exploring
the comprehensive effects of these epigenetic modifications and their potential applications
in plant biotechnology and agriculture.

6. Correlation Between Ethylene and Respiration

Ethylene is pivotal in regulating plant development and controlling respiration. Respi-
ration is the cornerstone of energy metabolism in plant cells, encompassing the electron
transport chain within mitochondria. The ripening of climacteric fruits is marked by a
substantial rise in ethylene production and a concomitant increase in the intensity of respi-
ration [60]. Moreover, the relationship between ethylene and respiration is depicted and
discussed in Figure 4.
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Figure 4. Correlation between ethylene and respiration described and discussed in this review.

The involvement of ethylene in the process of fruit development and ripening is
closely linked to respiration, which impacts the rate and quality of fruit ripening through
the regulation of ethylene production and signaling pathways [136,137]. Recent research
findings indicate a direct link between ethylene signaling and cellular metabolism. In
the presence of ethylene, the functional pyruvate dehydrogenase complex (PDC) can
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translocate from mitochondria to the nucleus. In the nuclear pool, it converts pyruvate into
acetyl CoA. This acetyl CoA is utilized for the EIN2-directed acetylation of core histones.
Specifically, it supplies acetyl CoA to increase histone acetylation at H3K14 and H3K23,
thereby regulating transcriptional regulation in ethylene responses. Furthermore, since
respiration is the cornerstone of energy metabolism in plant cells, it is speculated that
ethylene may subsequently affect plant respiration. Studies have revealed that, apart from
facilitating the conversion of SAM to ACC, ACS proteins in angiosperms typically exhibit
CpB-S lyase (cysteine-S-conjugate 3-lyase) activity, which mediates the conversion of cystine
or cysteine into pyruvate. Pyruvate serves as the final product of glycolysis and acts as the
energy source for the mitochondrial tricarboxylic acid cycle [24]. Therefore, in addition to
promoting ethylene synthesis, ACS2 and ACS4, which are highly expressed during fruit
ripening, may also provide substrates for mitochondrial aerobic respiration, indicating that
ethylene and mitochondria interact during fruit ripening. In addition, ethylene can regulate
the activity of respiratory enzymes such as cytochrome oxidase and alternative oxidase,
thereby altering the efficiency of respiratory electron transfer and energy production [25,26].

Ethylene can regulate the expression of genes related to mitochondrial biosynthesis
and function, promoting the recovery of mitochondrial activity during reoxygenation [138].
Ethylene signaling and respiration work synergistically during critical stages of plant
growth, such as seed germination and fruit ripening. During seed germination, ethylene
can promote an increase in respiration rate, providing necessary energy for the growth and
development of seedlings [51,139]. Meanwhile, respiration can provide the intermediates
and energy required for ethylene biosynthesis, thereby forming a positive feedback loop.
During fruit ripening, ethylene can induce upregulation of respiratory enzymes and activa-
tion of respiratory electron transport chains, leading to an increase in respiratory rate and
accumulation of energy and metabolites required for fruit ripening [140].

In addition, ethylene signaling significantly controls energy and reactive oxygen
species (ROS) metabolism during hypoxia and reoxygenation processes. Ethylene is quickly
sequestered in submersed plant cells, enhancing hypoxia acclimation [141]. Breathing is
crucial in plants’ response to hypoxia and subsequent reoxygenation. During periods
of hypoxia, plants need to adjust their energy metabolism to cope with limited oxygen
supply. They can suppress respiration to reduce oxygen consumption, and, at the same
time, they can activate alternative pathways such as anaerobic respiration to generate
some energy [93]. When plants are reoxygenated, they need to quickly restore respiration
to meet the increased energy required for recovery and growth. This has a significant
impact on metabolic remodeling in hypoxia and reoxygenation responses by stimulating
and controlling the expression of plant ERFVIII transcription factors genes related to
hypoxia adaptation, autophagy, and reactive oxygen species detoxification [138]. For
example, ethylene triggers the activation of ERFVIII transcription factors SNORKELI and
2 in rice, leading to increased internode elongation, which is a mechanism for escaping
hypoxic conditions by restoring gas exchange [140]. On the contrary, ethylene also induces
ERFVIII subunit 1A (SUB1A). In rice, certain ERFVIII homologs are believed to be isolated
from the PRT6 N-de duplication pathway, leading to their protein levels being directly
regulated by ethylene signaling [142]. This study indicates that ethylene promotes the
removal of ROS during the reoxygenation process in Arabidopsis [99]. EIN3 and its target
transcription factors play a direct regulatory role in the expression of many genes encoding
proteins associated with increased levels of ROS in various plant species. These genes cover
key coding sequences responsible for the biosynthesis of carbonic anhydrase, catalase,
peroxidase, and ascorbic acid, which together constitute important mechanisms for plants
to cope with environmental stress and promote growth and development [143-146].
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In summary, ethylene signaling is integral to respiration and plays a key role in plant
growth, development, and environmental adaptation. The intricate relationship between
ethylene and respiration warrants further investigation.

7. Conclusions and Prospects

Ethylene currently stands as the singular plant gas hormone identified. It serves
a crucial function in several aspects of plant growth and development, holding notable
importance in the realm of agricultural production. Additionally, the role of epigenetic
modifications and the correlation with respiration have been explored.

However, there are still gaps in our understanding. Regarding signaling pathway
interactions, while the core pathway is known, the full extent of its interactions with other
signaling pathways, especially in complex stress situations, remains unclear [13]. We are
unaware of all the potential crosstalk mechanisms and how they might be influenced
by diverse environmental conditions. Understanding these interactions is crucial for
predicting plant responses accurately in real-world scenarios and for developing more
effective strategies to improve plant stress tolerance and growth. In terms of species
comparison, the research has predominantly focused on a few model plants, and there is a
deficiency of comprehensive cross-species comparisons [35]. We are lacking knowledge of
the complete range of variability and universality of ethylene signaling among different
plant species. This knowledge is crucial for applying the results from model plants to a
broader range of agriculturally important species and for comprehending the evolution and
adaptation of ethylene signaling mechanisms. For molecular mechanisms in certain areas,
such as epigenetic modifications and respiration regulation, detailed molecular mechanisms
are not thoroughly understood. For instance, the precise interactions of non-coding RNAs
with other components in the ethylene signaling pathway, along with the cell metabolism
and molecular mechanisms of ethylene’s effect on respiration, require further elucidation.
A more profound understanding of these molecular mechanisms is requisite for targeted
genetic engineering and manipulation of ethylene signaling, which may result in more
effective plant improvement strategies.

In the text, we describe numerous examples about ethylene signal transduction in
plant growth, development, and the processes of responding to various stresses. The main
function of these examples is to intuitively and effectively illustrate the crucial role that
ethylene signal transduction plays in the corresponding physiological processes, rather
than being a comprehensive review of all the phenomena in this field. In fact, throughout
the entire life cycle of plants and their adaptation to the complex ecological environment,
the specific manifestations and action mechanisms of ethylene signal transduction are
extremely diverse and complex. There are still a large number of research achievements
and examples that have not been mentioned and need to be further explored and integrated.

Future research ought to concentrate on multiple directions. Firstly, it should unveil
the complete spectrum of crosstalk between ethylene signaling and other pathways. This
may entail studying plants under diverse stress combinations and employing advanced
molecular techniques to identify novel interaction points and regulatory mechanisms.
Secondly, more extensive cross-species research is requisite to compare ethylene signaling
mechanisms. This might involve studying a wide variety of plant species from different
families and habitats to comprehend the commonalities and differences in the functioning
of ethylene signaling. Finally, in-depth investigations on the molecular mechanisms of
epigenetic modifications and respiration regulation in relation to ethylene signaling are
crucial. This could involve detailed biochemical and genetic analyses to ascertain the exact
roles and interactions of various components, which will assist in formulating more precise
genetic modification strategies for enhancing plant growth and stress tolerance.
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Moreover, the role of ethylene in distinct plant species and different growth stages
may vary, which necessitates more cross-species and cross-stage comparative studies for
elucidation. Simultaneously, with the advancement of science and technology and the
intensification of research, some new pathways independent of the core signal transduction
elements and the new role of the core signal transduction elements in the classical ethylene
signaling pathway have been detected. Whether there are new ethylene signaling pathways
and new regulatory factors, as well as the relationships between these potential pathways
and classical signaling pathways, require further exploration.
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Abbreviations
Abbreviation Definition
ACC 1-Aminocyclopropane-1-caroboxylic acid

ACO 1-Aminocyclopropane-1-caroboxylic acid oxidase

ACS 1-Aminocyclopropane-1-caroboxylic acid synthase

AOX Alternative Oxidase

AtFIT Arabidopsis thaliana Fer-like Iron Deficiency-Induced Transcription Factor

AtFRO2 Arabidopsis thaliana Ferric Reductase Oxidase 2

AtIRT1 Arabidopsis thaliana Iron-Regulated Transporter1

BPH brown planthopper

CDPK Calcium-Dependent Protein Kinase

CNR Colorless Non-Ripening

COX Cytochrome Oxidase

EBF EIN3-Binding F-BOX Protein

ER endoplasmic reticulum

ERF Ethylene Response Factors

ERS RESPONSE SENSOR

ETR EIN2-Targeting Protein

EXP Expansin Genes

GST Glutathione S-Transferase

hac histone acetyltransferase

JA Jasmonic Acid

IncRNA long non-coding RNA

LTP Lipid transfer protein

MdCIbHLH Malus domestica Cyanidin Synthesis-related basic Helix-Loop-Helix
transcription factor

MHZ1/0sHK1 Multi-Hit Zinc-Finger Protein 1/ Oryza sativa High-Affinity Potassium
Transporter 1

miRNA micro RNA

MYB v-myeloblastosis viral oncogene homolog factor

NO nitric oxide

NR Never Ripe

NRT Nitrate Transporter

OsARD1 Oryza sativa Arginine Deiminase 1

OsFBK12 Oryza sativa F-box with Kelch repeat-containing protein 12
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OsP5CS Oryza sativa Pyrroline-5-Carboxylate Synthetase
OsSAMS1 Oryza sativa Sphase Kinase-Associated proteinl-Like protein
PDC pyruvate dehydrogenase complex
PDF Plant Defensin 1.2a
PR Pathogenesis-Related Protein
PTMs post-translational modifications
RHD Root Hair Defective
RIN RIPENING INHIBITOR
ROS reactive oxygen species
RSL Root Hair Defective 6-LIKE
SAM S-adenosyl-l-methionine
slAP2a Solanum lycopersicum APETALA2a
SUB1A subunit 1A
VaWRKY Vitis amurensis WRKY transcription factor
WDL5 Microtubule-binding protein WVD2-like 5
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