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Abstract
Ethylene is a unique plant hormone and plays an important role throughout the entire life cycle of plants. The biosynthetic pathway of ethylene is relatively

simple. Under the catalysis of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS), S-adenosyl-L-methionine (SAM) is transformed into ACC and 5'-

methylthioribose (MTA), and subsequently, ACC oxidase (ACO) converts ACC into ethylene. Notably, ACS is the rate-limiting enzyme in the biosynthesis of

ethylene. Recent molecular and genetic investigations have revealed that ACS undergoes intricate multi-level regulation, encompassing transcriptional and

post-translational mechanisms, to maintain the balance of ethylene production, thus facilitating normal plant growth and resilience to environmental stress.

This review will discuss the multi-faceted regulatory mechanisms of ACS at the molecular level and explore the pivotal contributions of ACS family members

in plant growth, development, and stress response, based on recent research.
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Introduction

Ethylene, a gaseous plant hormone comprising two carbon atoms
and  four  hydrogen  atoms,  plays  a  pivotal  role  in  plant  growth  and
developmental stages, including seed germination, root elongation,
flowering,  fruit  ripening,  and  the  adaptation  to  both  biotic  and
abiotic stresses[1].  Ethylene serves as a signal molecule that diffuses
rapidly  and  is  perceived  by  plants,  thereby  exerting  positive  or
negative effects on them, depending on the plant species, the stage
of tissue development,  and ethylene concentration.  In low concen-
trations,  ethylene  promotes  plant  growth  and  development.
However,  excessive  exposure  to  high  concentrations  of  ethylene
noticeably  inhibits  plant  growth  and  development[2,3].  Extensive
research on fleshy fruits has revealed that the role of ethylene varies
across different stages of development. When exposed to ethylene,
immature  fruits  exhibit  auto-inhibition  of  ethylene  synthesis  and
inability to ripen, a process referred to as system 1 ethylene synthe-
sis.  Conversely,  applying  ethylene  to  mature  fruits  triggers  auto-
catalytic ethylene synthesis and accelerating ripening, a mechanism
known  as  system  2  ethylene  synthesis[4,5].  At  present,  the  mecha-
nism  by  which  plants  sense  the  exposure  level  of  ethylene  is  still
unknown.  Therefore,  the  precise  regulation  of  ethylene  biosynthe-
sis  is  of  utmost importance.  It  encompasses the transcriptional  and
post-translational  regulation  of  the  enzymes  involved  in  ethylene
synthesis,  as  well  as  the  transport  and  conjugation  of  the  essential
precursor, 1-aminocyclopropane-1-carboxylic acid (ACC).

The  biosynthetic  pathway  of  ethylene  is  simple  (Fig.  1a).  Firstly,
methionine (Met) is converted to S-adenosyl-L-methionine (SAM) by
SAM synthase. SAM then undergoes catalysis by ACC synthase (ACS)
to  produce  ACC  and  5'-methylthioribose  (MTA)[6,7].  ACC  is  a  direct
precursor  and  key  intermediate  in  ethylene  biosynthesis.  ACC  is
then  converted  into  ethylene,  CO2,  and  cyanide  through  ACC
oxidase  (ACO)[8,9].  Among  these,  the  formation  of  ACC  is  the  rate-
limiting step of ethylene biosynthesis. Consequently, the manipula-
tion  of  the  transcription,  translation,  and  protein  stability  of  ACC
synthase  offers  a  means  to  regulate  ethylene  production  in  plants.

This approach allows for enhanced control over plant development
and improved resilience to stress conditions in agricultural  produc-
tion. This review comprehensively summarizes the regulatory mech-
anisms of the rate-limiting enzyme ACS in plant ethylene biosynthe-
sis  and  its  significant  contributions  to  plant  growth,  development,
and stress response. 

The gene family and structure of ACS
 

Multigene family of ACS
ACS  belongs  to  the  pyridoxal-5′-phosphate  (PLP)-dependent

aminotransferase family and requires PLP as a co-factor for its activ-
ity[10,11].  The  stability  of  ACC  synthase  is  susceptible  to  various
factors, such as stress and plant hormones. In early studies, ACS was
successfully  isolated  from  wounded  climacteric  mature  fruits[12,13].
Although ACS is encoded by a multigene family, its polypeptides are
similar  in  molecular  size,  varying  between  50  and  62  kDa[14].  The
members of the ACS gene family in various plants have been identi-
fied.  For instance,  12 ACS genes were found in Arabidopsis[14],  14 in
tomato[15],  13  in  pumpkin[16],  and  12  in  wheat[17].  These ACS genes
are expressed in diverse tissues and developmental stages of plants,
and their expression is modulated by various signals, including envi-
ronmental cues and hormonal factors. SlACS1A, SlACS2, SlACS4,  and
SlACS6 are  all  expressed  during  the  ripening  process  of  tomato
fruits,  but  they  exhibit  distinct  expression  patterns  and  varying
responses to ethylene. Specifically, during fruit ripening, the expres-
sion  levels  of SlACS2 and SlACS4 increase  significantly  and  are
responsible  for  system  2  ethylene  synthesis,  exhibiting  a  positive
correlation  with  ethylene  production.  Conversely, SlACS1a and
SlACS6 are  thought  to  participate  in  system  1  ethylene  synthesis,
and their expression is under negative regulation by ethylene[18].  In
Arabidopsis, the expression of AtACS2, AtACS6, AtACS7, and AtACS9 is
distinctly upregulated in hypoxic conditions[19]. AtACS8 is  regulated
by light exposure and the circadian rhythm[20].  Additionally, AtACS2
and AtACS5 respond  to  abscisic  acid  regulation  during  seedling
growth and development[21].
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Early  studies  suggested that  ACS functions predominantly  in  the
cytosol.  However,  recent  research  has  shown  that  in citrus,  CiACS4
interacts with the ethylene-responsive transcription factor CiERF3 in
the  nucleus  and  subsequently  suppresses  the  expression  of GA20-
oxidase genes[22].  The  findings  indicate  that  ACS  proteins  may  co-
localize  in  multiple  subcellular  compartments,  which  requires
further research to determine whether this co-localization is species
conserved or  depends on tissue specificity  or  specific  physiological
conditions. 

The structure and catalytic mechanism of ACS
Sequence  analysis  shows  that  ACS  is  evolutionarily  related  to

aminotransferase (AATase), and they share common essential active
sites,  including  seven  highly  conserved  boxes  and  11  conserved
residues[14,23].  By  analyzing  the  crystal  structure  of  apple  ACS,  key
amino  acid  residues  at  the  active  site  were  identified,  including
Tyr85, Thr121, Asn202, Asp230, Tyr233, Ser270, Lys273, Arg281, and
Arg407[24].  These residues occupy vital positions at the PLP binding
site  and  the  homodimer  interface  and  are  conserved  with  chicken
mitochondrial  AATase[24].  Crystal  structure  analysis  of  tomato  ACS
shows  that  its  monomer  comprises  two  domains,  similar  to  the
structure  of  apple  ACS[24].  Further  research  has  elucidated  a  puta-
tive mechanism for the conversion of SAM to ACC (Fig. 1b)[25].  First,
the  PLP  cofactor  forms  an  internal  aldimine  with  the  amino  acid
residue Lys278 of ACS, and then the substrate SAM forms an exter-
nal  aldimine  intermediate  with  the  PLP-lysine  internal  aldimine.
Next,  Tyr152  catalyzes  the  breakage  of  the  C-γ–S  bond  in  SAM,
resulting  in  the  formation  of  a  covalent  intermediate  that

subsequently  undergoes a  transition into ACC·aldimine.  Ultimately,
the unprotonated Lys278 attacks the C4′ position of PLP, leading to
the  release  of  ACC[25].  This  mechanism  is  similar  to  the  PLP-depen-
dent catalytic enzymes.

Interestingly, in addition to catalyzing SAM into ACC, genuine ACS
proteins in seed plants generally have Cβ-S lyase activity, specifically
converting l-cystine into pyruvate[26].  This implies that ACS proteins
may  have  originated  from  Cβ-S  lyases.  Pyruvic  acid  is  one  of  the
catalytic  products,  which  is  the  final  product  of  glycolysis  and  also
the  energy  substrate  of  the  mitochondrial  tricarboxylic  acid  cycle.
This indicates that ACS not only plays an important role in ethylene
synthesis  but  may  also  participate  in  respiratory  and  energy
metabolic processes.  Therefore,  the significance of ACS in plant life
needs  to  be  further  explored.  By  analyzing  the  critical  sites  of  the
dual enzyme activity of AtACS7, Xu et al. proposed a standard struc-
tural  model  for  genuine  ACS  proteins,  encompassing  nine
conserved  ACS  domains  designated  as  ACS-motif  1-9.  Notably,  the
second  ACS-motif  at  the  N-terminal  must  harbor  a  conserved
glutamine  residue[26].  This  study  marks  a  breakthrough  in  our
comprehension  of  the  functions  of  the  ACS  gene  family  and  the
regulation of ethylene synthesis. 

Regulation of ACS

As a crucial  rate-limiting enzyme in ethylene synthesis,  the regu-
lation  of  ACS  activity  is  the  core  link  in  ethylene  biosynthesis.  ACS
is  primarily  regulated  at  the  transcription  level,  and,  involves
post-translational regulation, such as protein turnover mediated by
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Fig.  1    Ethylene  biosynthesis  pathway.  (a)  Ethylene  biosynthesis  starts  with  methionine  (Met)  as  the  primary  substrate,  followed  by  the  sequential
actions  of  SAM  synthetase,  1-aminocyclopropane-1-carboxylic  acid  (ACC)  synthase  (ACS),  and  ACC  oxidase  (ACO).  (b)  A  putative  mechanism  for  the
conversion of SAM to ACC.
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phosphorylation  and  proteasome-dependent  degradation.  Addi-
tionally,  ACS  activity  is  also  subject  to  exogenous  regulation  by
chemical means. 

Transcriptional and post-transcriptional regulation of
ACS

Changes  in ACS mRNA  levels  can  significantly  impact  ethylene
biosynthesis,  thus  the  transcriptional  regulation  of ACS is  a  crucial
aspect  in  controlling  ethylene  production.  Currently,  multiple
transcription  factor  families  have  been  identified  that  positively  or
negatively  regulate ACS transcription  and  participate  in  various
developmental  processes  of  plants  (Fig.  2).  The  basic  helix-loop-
helix  (bHLH)  transcription  factors  FLOWERING  BHLHs  (FBHs)  are
involved  in  the  regulation  of  the  circadian  clock  and  internode
maturation in sugarcane by binding to the promoter of ScACS2 and
activating  its  expression[27].  WRKY  transcription  factors  29  directly
interact with the promoters of AtACS5, AtACS6, AtACS8, and AtACS11
to enhance their  expression,  subsequently modulating the produc-
tion of basal ethylene and impacting primary root elongation as well
as lateral root growth in Arabidopsis[28]. Notably, the MADS-box tran-
scription factor RIPENING INHIBITOR (RIN) is the first to be identified
as  regulating  tomato SlACS2 expression  by  binding  to  the  CArG
site  of  the  promoter[29].  Moreover,  it  can  interact  with  FRUITFULL1
(FUL1),  FUL2,  and  TOMATO  AGAMOUS-LIKE1  (TAGL1)  individually,
forming  complexes  that  exhibit  transcriptional  activation
functions[30]. Subsequently, a positive feedback loop regulating ACS
gene  expression  in  tomato  fruits  is  proposed,  involving  ethylene
transcription factors ETHYLENE INSENSITIVE3(EIN3), RIN, and TAGL1.
Similarly,  in  peach  and  banana  fruits,  a  positive  feedback  loop
involving transcription factors  NAC or  a  MADS/NAC combination is
proposed[31].  In  addition,  when  plants  perceive  stress  signals,  ACS
rapidly  responds  under  the  regulation  of  multiple  transcription
factors  to  address  the  stress  process.  For  instance,  in Arabidopsis,
AtWRKY33 binds  to  the  W-box present  in  the  promoters  of AtACS2
and AtACS6, activating their expression downstream of the mitogen-
activated  protein  kinase  3  and  6  (MPK3/MPK6)  cascade,  thereby
conferring  resistance  against  pathogen  attacks[32].  Conversely,  the

expression  of AtACS7 is  directly  inhibited  by  AtMYB30,  thereby
improving  the  flood  tolerance  of Arabidopsis plants[33].  PtrERF9
affects  ethylene  biosynthesis  by  activating  the  expression  of
PtrACS1, contributing to the cold tolerance of trifoliate orange[33].

Furthermore,  extensive  research  in  fruit  development  and  ripen-
ing  has  highlighted  the  pivotal  role  of  epigenetic  modifications  in
regulating  the  accessibility  of ACS transcription,  which  encom-
passes  both  DNA  methylation  and  histone  modifications.  Studies
have  shown  that  DNA  demethylase  2  (SlDML2)  serves  as  a  key
demethylation  factor  during  fruit  ripening,  participating  in  the
demethylation of the SlACS4 promoter to enhance its expression[34].
Since  NAC-NOR  directly  regulates  the  expression  of SlDML2,  it  is
postulated  that  the  elevated  methylation  level  of  the SlACS2
promoter  in slnor mutants  is  associated  with  the  suppression  of
SlDML2 expression[35].  Additionally, Histone H3 lysine 4 methylation
(H3K4me)  is  a  histone  modification  associated  with  transcriptional
activation[36].  The removal of H3K4me3 mediated by SlJMJ7 directly
inhibits  the  expression  of SlACS2, SlACS4,  and SlACS8.  Furthermore,
by demethylating H3K4me3, SlJMJ7 exerts a precise inhibitory effect
on SlDML2 expression,  ultimately leading to the downregulation of
numerous  ripening-related  genes,  including SlACS2 and SlACS4[37].
The trimethylation of lysine 27 on histone H3, known as H3K27me3,
is  an  epigenetic  mechanism  for  gene  silencing[38].  The  polycomb
repressive complex (PRC) plays a crucial role in ensuring the precise
target  specificity  and  effective  chromatin  binding  of  H3K27me3[39].
In tomatoes, a PRC component named SlLHP1b inhibits the expres-
sion  of SlACS2 and SlACS4 by  maintaining  the  H3K27me3  state  on
their  chromatin[40].  Conversely,  SlJMJ6,  an  H3K27me3 demethylase,
promotes  the  expression  of SlACS4 by  removing  H3K27me3,  thus
facilitating tomato fruit ripening[41].

Plant  hormones  play  a  crucial  role  in  regulating  ethylene  bio-
synthesis,  including  auxin,  jasmonic  acid,  brassinosteroids,  abscisic
acid,  and  gibberellins.  Auxin  activates  the  auxin  response  factor
MdARF5,  which  binds  to  the  promoters  of MdERF2, MdACS3a,  and
MdACS1,  thereby  initiating  their  expression  and  affecting  ethylene
biosynthesis[42].  Jasmonic  acid  promotes  ethylene  synthesis  by

 

 
Fig.  2    Transcriptional  and  post-translational  regulation  of  ACS.  RIN  interacts  with  FUL  and  TAGL1  separately  to  bind  to  the  CArG  box  in  the ACS
promoter,  activating  the  transcription  of ACS.  Other  transcription  factor  families,  including  bHLH,  ERF,  MYB,  NAC,  and  WRKY,  can  also  regulate
transcription  by  binding  to  the ACS promoter.  The  promoter  of ACS is  also  subjected  to  epigenetic  regulation  through  methylation  and  histone
modification, thereby affecting transcriptional accessibility. ACS has different specific motifs and is subject to different post translation regulation. Type I
ACS is phosphorylated by CDPK and MPK, leading to an increased protein stability, while PP2A-mediated dephosphorylation negatively regulates protein
stability. CK1.8 enhances the binding of ETO1/EOL by phosphorylating Type II ACS, thereby promoting protein degradation. 14-3-3 proteins protect Type
II ACS from degradation by interacting with ACS and promoting the turnover of ETO1/EOL. XBAT32 and ABI1 interact with type III ACS and promote their
degradation, respectively.
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enhancing  the  expression  of MdMYC2,  which  can  directly  regulate
the  transcriptional  accumulation  of MdACS1 transcripts[43].  Remark-
ably,  the  application  of  brassinolide  to  tomato  fruits  significantly
increases  the  accumulation  of SlACS2 and SlACS4 transcripts,  sub-
sequently  accelerating  fruit  ripening[44].  Although  it  has  been  well
proved  that  various  plant  hormones  can  affect  ethylene  biosyn-
thesis,  it  is  necessary  to  further  explore  the  transcription  factors
involved in  hormone response pathways  that  directly  regulate ACS
gene  expression.  This  can  help  us  better  understand  the  crosstalk
among  hormones  and  provide  new  strategies  for  regulating  plant
development and stress responses.

Recently,  several  reports  have  revealed  the  participation  of  non-
coding RNAs in the post-transcriptional regulation of ACS. The over-
expression of Sly-miR1917 results in a significant upregulation of the
transcription levels of AtACS2 and AtACS4,  thereby promoting elon-
gation  of  the  hypocotyl,  accelerating  pedicel  abscission[45].  Con-
sidering  that  miRNAs  participate  in  regulating  various  processes,
such as plant growth, development, and stress responses, and they
display evolutionary conservation among different species, predict-
ing the targeting interactions between miRNAs and TaACS in wheat
can  provide  further  insights  into  the  potential  functions  of
TaACS[17,46].  Notably, TaACS10 is  concurrently  targeted  by tae-
miR44b, tae-miR404a,  and tae-miR9655-3p,  suggesting  its  potential
involvement  in  wheat  root  development[17].  Additionally, TaACS8,
TaACS11,  and TaACS12 are  recognized by tae-miR2275-3p,  implying
that  they  may  play  crucial  roles  during  early  meiosis  in  wheat[17].
In  addition,  some  lncRNAs  have  been  reported  to  be  involved  in
the  regulation  of ACS,  among  which lncRNA1840 and lncRNA2155
indirectly regulate SlACS2 and SlACS4 during tomato fruit ripening. 

Posttranslational regulation of ACS
Early studies found that the stability of ACS protein may undergo

differential  regulation  in  response  to  wounding[47].  Besides,  the
upregulation  of  ACS  activity  is  insensitive  to  RNA  transcription
inhibitors[48,49],  implying  the  existence  of  post-transcriptional  me-
chanisms  that  mediate  the  regulation  of  ACS  activity.  Li  &  Mattoo
demonstrated a significant variation in enzymatic activity when the
C-terminus of the SlACS2 protein was truncated at varying lengths,
suggesting  that  the  non-conservative  C-terminal  region  plays  an
important role in enzyme function[50].

Based  on  the  specific  motifs  at  the  C-terminal  of  ACS  proteins,
ACS isozymes are classified into three types (Fig. 2). Type I is charac-
terized by the presence of phosphorylation sites for calcium-depen-
dent protein kinases (CDPKs) and mitogen-activated protein kinases
(MAPKs).  These  phosphorylations  impact  protein  abundance,
thereby  regulating  the  production  of  ethylene[51,52].  Protein
sequence  analysis  has  revealed  that Arabidopsis AtACS1,  AtACS2,
and  AtACS6,  tomato  SlACS1a,  SlACS1b,  SlACS2,  SlACS6,  and  rice
OsACS2  are  classified  as  Type  I  ACS[53].  AtMPK3  and  AtMPK6  can
phosphorylate  AtACS2  and  AtACS6,  effectively  inhibiting  the  de-
gradation  of  proteins,  thus  increasing  the  cellular  production  of
ethylene[51,54,55].  On  the  contrary,  protein  phosphatase  2A  (PP2A)
mediates  the  dephosphorylation  of  its  C-terminal  phosphorylated
peptide by interacting with AtACS6 protein, thus negatively regulat-
ing the accumulation of AtACS6[56].

Type  II  ACS  isozymes  possess  targeting  sites  for  CDPKs  and  E3
ligases, including Arabidopsis AtACS4, AtACS5, AtACS8, and AtACS9,
tomato  SlACS3,  SlACS5,  SlACS7,  and  SlACS8,  as  well  as  rice
OsACS1[53,57].  These  enzymes  are  recognized  by  ETHYLENE  OVER-
PRODUCER 1 (ETO1) or ETO1-Like (EOL) due to their TOE motif, and
subsequently targeted for ubiquitin-dependent proteasomal degra-
dation[58−60].  Casein  kinase  1.8  (Ck1.8)  negatively  regulates  the
protein stability of AtACS5 via phosphorylation, demonstrating that

phosphorylation of ACS does not always promote the accumulation
of  ACS  proteins.  Additionally,  the  phosphorylation  of  AtACS5  by
CK1.8  strengthens  the  interaction  between  AtACS5  and  ETO1,
thereby  further  promoting  the  degradation  of  AtACS5[61].  Instead,
14-3-3 elevates the stability of AtACS5 via direct interaction, simulta-
neously  enhancing  the  turnover  of  ETO1/EOL,  thereby  protecting
AtACS5  from  degradation  and  ultimately  affecting  the  ethylene
biosynthesis[62].

For type III ACS, no specific motifs have been found so far, includ-
ing Arabidopsis AtACS7,  tomato  SlACS4,  rice  OsACS3,  OsACS4,  and
OsACS5.  It  is  reported  that  this  type  of  ACS  isoenzyme  engages  in
interaction with a RING-type E3 ligase XBAT32, leading to degrada-
tion via the ubiquitination pathway[63]. Recent research has revealed
that  K285  and  K366  serve  as  the  primary  ubiquitination  sites  for
AtACS7  in Arabidopsis seedlings,  as  mutations  of  these  residues  to
arginine  notably  impair  the  proteasome  degradation  of  AtACS7[64].
Nevertheless,  further  validation  is  required  to  determine  whether
K285  or  K366  are  the  specific  target  sites  of  XBAT32.  Furthermore,
the  mutations  introduced  at  K285  and  K366  have  failed  to  com-
pletely halt the degradation of AtACS7, suggesting the possibility of
other  ubiquitin-modified  residues  or  alternative  degradation  path-
ways being involved in the regulation of AtACS7. Additionally, it has
been  discovered  that  the  group  A  PP2Cs  family,  including  ABI1,
ABI2,  and  HAB1,  interacts  with  AtACS7  to  modulate  its  turnover,
though the underlying mechanism remains to be elucidated[65].

Moreover, various hormones such as cytokinins, brassinosteroids,
abscisic  acid,  gibberellic  acid,  methyl  jasmonic  acid,  and  salicylic
acid  exhibit  diverse  regulatory  effects  on  the  stability  of  ACS
proteins[66,67]. Studies have demonstrated that cytokinins, brassinos-
teroids,  and  gibberellic  acid  promote  the  accumulation  of  type  I
AtACS2 in Arabidopsis seedlings. Furthermore, cytokinins and brassi-
nosteroids enhance the steady-state levels of type II AtACS5 protein
in  a  time-dependent  manner[54,59].  The  stability  of  AtACS5  protein
also shows a significant increase after 2 h of treatment with abscisic
acid,  gibberellic  acid,  methyl  jasmonic  acid,  and  salicylic  acid[60].
Notably,  cytokinin  treatment  enhances  the  stability  of  the  myc-
AtACS5eto2 protein in myc-AtACS5eto2 transgenic plants. Additionally,
treating eto2 etiolated seedlings with cytokinins leads to an increase
in  ethylene production,  albeit  to  a  lesser  extent  compared to  wild-
type seedlings[54,59].  Therefore,  the regulation of ACS protein stabil-
ity  by  cytokinins  may  be  partially  independent  of  the  C-terminal
domain.  Intriguingly,  unlike type I  and type II  ACS,  the steady-state
levels  of  type  III  myc-AtACS7  remain  unaffected  by  any  of  these
plant  hormones[60].  In  conclusion,  the  stability  of  ACS  proteins  is
regulated by the complex interplay of various plant hormones, and
the  specific  regulatory  mechanisms  underlying  these  effects  still
require further exploration. 

Other mechanisms in regulating ACS
In  addition  to  transcriptional  and  post-translational  regulation,

different  ACS  isoenzymes  can  form  homodimers  or  heterodimers,
which  have  been  demonstrated  to  influence  both  enzyme  activity
and  stability[68].  Not  all  heterodimers  formed  by  ACS  possess
catalytic  activity.  Interestingly,  intermolecular  complementation
experiments in E. coli revealed that only those heterodimers formed
by  members  of  the  same  phylogenetic  branch  of  the  gene  family
exhibited  functionality[69].  However,  AtACS7  of  type  III  is  an  excep-
tion,  which can form functional heterodimers with members of the
other  two  branches[69].  This  functional  heterodimerization  not  only
enhances  the  isoenzyme  diversity  of  the  ACS  gene  family  but  also
improves  the  stability  of  the  shorter-lived  partner  within  the
heterodimer, thereby playing a more effective regulatory role in the
plant lifecycle[67].
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For  chemical  control,  aminoethoxyvinylglycine  (AVG),  and  2-
aminooxyacetic acid (AOA) are the effective inhibitors of ACS. AVG,
owing  to  its  structural  similarity  to  SAM,  effectively  prevents  the
binding  of  apple  ACS  to  its  substrate[70,71].  The  inhibitory  mecha-
nism  of  AOA  is  speculated  to  involve  its  interaction  with  ACS  or
irreversible  binding to  the  PLP cofactor,  thus  reducing the  produc-
tion of ACC[71]. AVG has been commercialized in agriculture, inhibit-
ing  the  abscission  of  flowers  and  fruits  while  delaying  fruit
ripening[72,73].  Nevertheless,  AVG  inhibitors  possess  a  limitation  in
their  lack  of  specificity,  resulting  in  the  potential  for  unintended
inhibition  of  other  PLP-dependent  enzymes[74].  Consequently,  the
further  development  and  application  of  inhibitors  specifically
designed  to  target  and  inhibit  ACS  will  enable  a  more  refined
control  over  ethylene  production,  ultimately  enhancing  the  overall
quality of agricultural products. 

The roles of ACS in the plant life cycle

When all members of the ACS family in Arabidopsis are simultane-
ously  knocked  out,  it  results  in  embryonic  lethality,  clearly  demon-
strating  the  indispensability  of  ethylene  for  plant  survival[75].  By
obtaining single and higher-order mutants of ACS, researchers have
uncovered  that ACS members  have  unique  but  overlapping  func-
tions  throughout  the  plant  lifecycle,  encompassing  plant  growth,
flowering,  senescence,  and  stress  resistance[75].  The  representative
roles of ACS in plant life are summarized in Table 1. 

Role in plant vegetative growth
Recent  studies  have  reported  that ACS is  extensively  involved  in

the  vegetative  growth  of  plants.  Overexpression  of AtACS2 in
Arabidopsis significantly  reduced  the  number  of  lateral  roots[76].  As
Arabidopsis seedlings  transition  from  darkness  to  light,  the  expo-
sure  to  light  stabilizes  the  AtACS5  protein,  preventing  its  degrada-
tion  and  consequently  enhancing  ethylene  synthesis,  which  ulti-
mately facilitates transient elongation of the hypocotyl[77].  Ethylene
is  closely  associated  with  the  division  of  cambium  cells  and  the
development  of  cell  walls.  Yang  et  al.  identified  an  ethylene  over-
production mutant, acs7-d, which exhibits defects in cell wall devel-
opment, leading to dwarfism in the plant[78].  The overexpression of
the citrus CiACS4 gene in tobacco and lemon plants leads to a signifi-
cant elevation in ethylene production, thereby inhibiting gibberellin
synthesis  and  resulting  in  a  notable  suppression  of  plant  height
growth[22].  The  mutation  of  the ZmACS7 gene  in  maize  causes  a
marked decrease in plant height and an enlargement in leaf  angle,
while also exerting a notable influence on root development,  flow-
ering time, and the number of leaves[79]. The functional deficiency of
AtACS1 in Arabidopsis leads  to  a  diminished  accumulation  of  ACC,
consequently  reducing chlorophyll  loss  in  leaves and subsequently
delaying the process of leaf senescence[80].  The loss of ZmACS2 and
ZmACS6 in  maize  significantly  reduced  ethylene  levels  in  leaves  by
45% and 90% respectively,  resulting in leaves sustaining photosyn-
thesis  for  an extended period and experiencing a  substantial  delay
in senescence[81]. 

Role in plant sex determination and flowering
The ACS gene holds a pivotal role in sex determination and flower

development  in  some  vegetable  crops.  The  homologous  genes
CmACS7 in  cucumber,  and CsACS2 in  melon  significantly  influence
sex  differentiation  by  regulating  flower  development[82,83].  The
orthologous  genes CsACS11 and CmACS11 control  female  flower
development  and  mutation  in  cucumber  and  melon,  respectively,
leading to male infertility[82,84]. Specifically, CitACS4 in watermelon is
expressed  in  the  carpel  primordia,  and  the  C364W  mutation  of
CitACS4 leads to a decrease in enzyme activity, which results in the

formation  of  hermaphroditic  flowers[85].  Early  research  indicated
that minute quantities of ethylene could induce flowering in meris-
tematic  tissues.  Correspondingly,  pineapple AcACS2 is  specifically
activated  in  meristematic  tissues,  facilitating  the  flowering
process[86].  However,  excessive  ethylene  production  may  also
inhibit  flowering.  In Arabidopsis,  ectopic  expression  of OnACS12
from  the Oncidium  hybridum is  found  to  result  in  late  flowering
and  anther  indehiscence  by  affecting  the  biosynthesis  and  signal
transduction  pathways  of  GA[87].  In  addition,  following  pollination,
ACS transiently  overexpressed,  regulating  the  senescence  of
flowers[88].  Notably,  reducing  the  expression  of ACS genes  signifi-
cantly  decreases  ethylene  production,  thereby  effectively  delaying
flower senescence. 

Role in plant fruit ripening
The ACS gene family also plays a crucial role in fruit ripening and

postharvest  storage.  Specifically,  the  apple MdACS1 is  highly
 

Table 1.    The roles of ACS in plant life.

Biological process Species Gene Function Ref.

Vegetative growth Arabidopsis ACS2 Development of
lateral root

[76]

ACS5 Elongation of the
hypocotyl

[77]

ACS7 Development of plant
height

[78]

ACS1 Leaf senescence [80]
Citrus ACS4 Development of plant

height
[22]

Maize ACS7 Development of plant
height

[79]

Maize ACS2,
ACS6

Leaf senescence [81]

Sex determination
and flowering

Cucumber ACS7 Sex differentiation [83]
ACS11 Female flower

development
[84]

Melon ACS2 Sex differentiation [82]
ACS11 Female flower

development
[82,84]

Watermelon ACS4 Formation of
hermaphroditic
flowers

[85]

Pineapple ACS2 Flowering [86]
Oncidium ACS12 Flowering [87]

Fruit ripening Apple ACS1 Fruit ripening [89]
Citrus ACS Fruit ripening [90]
Melon ACS Fruit ripening [92]

Tomato ACS2 Fruit ripening [93,94,95]
ACS4 Fruit ripening [93,95]

Stress response Arabidopsis ACS6,
ACS7,
ACS8,

ACS10,
ACS11,
ACS12

High temperature
stress

[97]

ACS2,
ACS6

Drought [102]

ACS11 Boron deficiency [104]
ACS2,
ACS6,
ACS7

Pathogen resistance [107]

Rice ACS2,
ACS5

High temperature
stress

[97]

ACS1,
ACS2

Cr-stress [99]

ACS1,
ACS5

Flooding [103]

ACS1,
ACS2

Phosphate deficiency [105]

ACS1,
ACS2

Pathogen resistance [107,108]

Cotton ACS12 High-salt stress [100]

ACC synthase in plant development and stress  

Li et al. Plant Hormones 2025, 1: e002   Page 5 of 9



expressed  during  fruit  ripening  and  is  responsible  for  the  produc-
tion of ethylene in system 2, while the expression patterns of citrus
ACS genes  undergo  remarkable  changes  throughout  the  post-
harvest  storage[89,90].  In  the  transcriptome  profiling  of  pear  fruits
during  post-harvest  ripening,  the  expression  pattern  of ACS genes
displays  a  notable  correlation  with  the  process  of  ripening[91].  The
application  of  NO  effectively  delayed  the  ripening  of  bitter  melon
fruits, accompanied by significant changes in the expression of ACS
genes,  indicating  that ACS plays  a  vital  role  in  the  ripening
process[92]. The study found that the increased expression of SlACS2
and SlACS4 and  enzyme  doses  in  tomato  significantly  promoted
the  production  of  ethylene.  These  genes  play  a  pivotal  role  in  the
autocatalytic  ethylene  production  process  of  system  2[93].  Early
research into tomato revealed that silencing SlACS2 and SlACS4 led
to  a  drastic  decrease  in  fruit  ethylene  production,  dropping  to
merely 0.1% of the wild-type level, which subsequently inhibited the
normal  ripening  process[93].  This  demonstrates  that SlACS2 and
SlACS4 play  a  crucial  role  together  in  ethylene  synthesis  and  fruit
ripening.  Subsequent  studies  only  observed  a  moderate  reduction
in  ethylene  synthesis  in  fruits  after  the  mutation  of SlACS2[94].
Currently, it is believed that SlACS4 primarily triggers system 2 ethy-
lene synthesis, subsequently prompting the expression of SlACS2 to
initiate  the  ethylene  autocatalytic  process[95].  Nevertheless,  this
theory  still  lacks  further  experimental  evidence.  Consequently,
further  exploration  is  still  needed  into  the  fine  regulatory  mecha-
nisms of  ACS family  members  in  the ethylene biosynthesis  process
of system 2 in climacteric fruits. 

Role in plant stress response
ACS  plays  multiple  roles  in  plants  response  to  environmental

stimuli. To cope with abiotic or biotic stresses, including injury, heat,
heavy metal, and pathogen invasion, ACS actively responds to envi-
ronmental  signals  by  boosting  ethylene  production.  This  elevated
ethylene  level  is  then  detected  by  ethylene  receptors,  ultimately
triggering defense responses via the ethylene signaling pathway[96].
Comprehensive  transcriptome  analyses  have  revealed  that AtACS6,
AtACS7, AtACS8, AtACS10, AtACS11,  and AtACS12 in Arabidopsis,
along with OsACS2 and OsACS6 in rice, exhibit marked upregulation
under high temperature stress[97,98]. Furthermore, the expressions of
OsACS1, OsACS2, OsACO4,  and OsACO5 in  roots  subjected  to
chromium  (Cr)  treatment  are  enhanced[99].  Notably, GhACS1 and
GhACS12 in  cotton  demonstrate  significant  upregulation  in  both
short- and  long-term  exposure  to  high-salt  environments[100].
Besides, research has shown that ACC can be used to promote stom-
atal development in plant leaves, and the endogenous level of ACC
depends on the activity  of  members  of  the ACS family[101].  Overex-
pression  lines  of AtACS2 and AtACS6 increase  stomatal  density  and
clustering rate on the leaf epidermis of Arabidopsis by accumulating
ACC,  and  elevate  the  risk  of  seedling  mortality  under  exacerbated
drought  conditions[102].  The  expressions  of OsACS1 and OsACS5 in
rice  undergo a  notable  upregulation in  response to hypoxic  condi-
tions  induced  by  flooding[103].  When  suffering  from  boron  defi-
ciency,  the  expression  of AtACS11 is  upregulated  to  facilitate  the
increase in ethylene levels,  subsequently limiting the elongation of
root cells[104]. Similarly, in response to phosphate (Pi) deficiency, rice
OsACS1 and OsACS2 demonstrate  adaptive  reactions  mediated  by
ethylene, which are instrumental in root development[105].

In  the  context  of  defending  against  pathogen  invasion, AtACS2,
AtACS6,  and AtACS7 serve  as  the  key  members  in  enhancing  ethy-
lene  production  in Arabidopsis following  infection  by  fungal
pathogens, such as Botrytis cinerea, or bacterial pathogens, like Pseu-
domonas  syringae[106].OsACS1 and OsACS2 are  induced  following

infection  by  the  rice  blast  fungus, Magnaporthe  oryzae[107].  Over-
expression  of OsACS2 enhances  the  levels  of  pathogen-induced
ethylene  and  defense  gene  transcripts,  as  well  as  resistance  to
necrotrophic and hemibiotrophic fungal pathogens[108]. In addition,
the transcripts of OsACS2 are rapidly upregulated under mechanical
injury  and  infestation  by  the  striped  stem  borer  and  brown  plan-
thopper,  indicating  that OsACS2 is  involved  in  pathogen  resistance
through the regulation of ethylene synthesis[109]. 

Conclusions

Despite  the  recent  identification  of  the  ACS  family  in  numerous
plant species and the rapid increase in research exploring their vital
roles  in  plant  growth,  development,  and  stress  response,  our
comprehension  of  the  specific  regulatory  mechanisms  of  ACS  in
plant  cells  remains  inadequate.  Over  the  past  few  years,  we  have
extensively  reported  on  transcription  factors  that  regulate ACS at
the  mRNA  level,  as  well  as  complex  post-translational  regulation
controlling ACS protein turnover, and the regulatory roles of protein
heterodimers and hormonal factors. However, despite this progress,
numerous questions remain unanswered.  Are there developmental
signals that precisely regulate ACS transcription in plants, and what
is  the  impact  of  ACS  heterodimers  on  protein  turnover  and  their
contribution  to  enzyme  activity?  Additionally,  the  factors  that  can
optimize  the  enzyme  activity  of  ACS  in  plants  remain  elusive.  The
collaborative  regulation  mechanisms  among  different  members  of
the ACS family throughout the plant lifecycle require further explo-
ration.  Interestingly,  recent  studies  have  uncovered  a  Cβ-S  lyase
activity in ACS, but the biological significance and regulatory mech-
anisms  of  this  activity  are  almost  unknown.  Furthermore,  whether
the Cβ-S lyase activity of ACS is independent or interconnected with
its  ACC-synthesizing  activity  demands  further  investigation.  These
questions,  as  promising  directions  for  future  research,  have  the
potential  to  provide  novel  and  exciting  insights  into  the  profound
significance of ACS in plant life. 

Author contributions

The  authors  confirm  contribution  to  the  paper  as  follows:  study
conception and design: Li J, Zhu H; data collection: Li J, Cheng K, Lu
Y, Wen H, Ma L,  Zhang C, Suprun AR; draft manuscript preparation:
Li  J.  All  authors  reviewed  and  approved  the  final  version  of  the
manuscript. 

Data availability

Data  sharing  not  applicable  to  this  article  as  no  datasets  were
generated or analyzed during the current study.

Acknowledgments

This  work  was  supported  by  grants  to  Zhu  H  from  the  National
Natural Science Foundation of China (32172639).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 18 December 2024; Revised 13 January 2025; Accepted
14 January 2025; Published online 24 January 2025

  ACC synthase in plant development and stress

Page 6 of 9   Li et al. Plant Hormones 2025, 1: e002



References 

 Lin  Z,  Zhong  S,  Grierson  D. 2009. Recent  advances  in  ethylene
research. Journal of Experimental Botany 60:3311−36

1.

 Flores  F,  El  Yahyaoui  F,  de  Billerbeck  G,  Romojaro  F,  Latché  A,  et  al.
2002. Role  of  ethylene  in  the  biosynthetic  pathway  of  aliphatic  ester
aroma  volatiles  in  Charentais  Cantaloupe  melons. Journal  of  Experi-
mental Botany 53:201−06

2.

 Fatma M, Asgher M, Iqbal N,  Rasheed F,  Sehar Z,  et  al. 2022. Ethylene
signaling under stressful environments: analyzing collaborative know-
ledge. Plants 11:29

3.

 Alba  R,  Payton  P,  Fei  Z,  McQuinn  R,  Debbie  P,  et  al. 2005. Transcrip-
tome and selected metabolite analyses reveal multiple points of ethy-
lene  control  during  tomato  fruit  development. The  Plant  Cell
17:2954−65

4.

 Giovannoni  J. 2001. Molecular  biology  of  fruit  maturation  and  ripen-
ing. Annual  Review  of  Plant  Physiology  and  Plant  Molecular  Biology
52:725−49

5.

 Adams  DO,  Yang  SF. 1979. Ethylene  biosynthesis:  Identification  of  1-
aminocyclopropane-1-carboxylic  acid  as  an  intermediate  in  the
conversion  of  methionine  to  ethylene. Proceedings  of  the  National
Academy of Sciences of the United States of America 76:170−74

6.

 Boller T, Herner RC, Kende H. 1979. Assay for and enzymatic formation
of  an  ethylene  precursor,  1-aminocyclopropane-1-carboxylic  acid.
Planta 145:293−303

7.

 Hamilton AJ, Bouzayen M, Grierson D. 1991. Identification of a tomato
gene for the ethylene-forming enzyme by expression in yeast. Proceed-
ings of the National Academy of Sciences of the United States of America
88:7434−37

8.

 Ververidis  P,  John  P. 1991. Complete  recovery  in  vitro  of  ethylene-
forming enzyme activity. Phytochemistry 30:725−27

9.

 Alexander FW,  Sandmeier  E,  Mehta PK,  Christen P. 1994. Evolutionary
relationships  among  pyridoxal-5'-phosphate-dependent  enzymes.
European Journal of Biochemistry 219:953−60

10.

 Mehta  PK,  Christen  P. 1994. Homology  of  1-aminocyclopropane-1-
carboxylate  synthase,  8-amino-7-oxononanoate  synthase,  2-amino-6-
caprolactam racemase, 2, 2-dialkylglycine decarboxylase, glutamate-1-
semialdehyde  2,  1-aminomutase  and  isopenicillin-N-epimerase  with
aminotransferases. Biochemical  and  Biophysical  Research  Communica-
tions 198:138−43

11.

 Privalle LS, Graham JS. 1987. Radiolabeling of a wound-inducible pyri-
doxal  phosphate-utilizing  enzyme:  evidence  for  its  identification  as
ACC synthase. Archives of Biochemistry and Biophysics 253:333−40

12.

 Satoh  S,  Yang  SF. 1988. S-adenosylmethionine-dependent  inactiva-
tion  and  radiolabeling  of  1-aminocyclopropane-1-carboxylate
synthase isolated from tomato fruits. Plant Physiology 88:109−14

13.

 Yamagami  T,  Tsuchisaka  A,  Yamada  K,  Haddon  WF,  Harden  LA,  et  al.
2003. Biochemical  diversity  among  the  1-amino-cyclopropane-1-
carboxylate  synthase  isozymes  encoded  by  the  Arabidopsis  gene
family. Journal of Biological Chemistry 278:49102−12

14.

 Liu  M,  Pirrello  J,  Chervin  C,  Roustan  JP,  Bouzayen  M. 2015. Ethylene
control  of  fruit  ripening:  revisiting  the  complex  network  of  transcrip-
tional regulation. Plant Physiology 169:2380−90

15.

 Wang  C,  Li  W,  Chen  F,  Cheng  Y,  Huang  X,  et  al. 2022. Genome-wide
identification and characterization of members of the ACS gene family
in cucurbita maxima and their transcriptional responses to the specific
treatments. International Journal of Molecular Sciences 23:8476

16.

 Liu S, Lei C, Zhu Z, Li M, Chen Z, et al. 2023. Genome-wide analysis and
identification  of  1-aminocyclopropane-1-carboxylate  synthase  (ACS)
gene  family  in  wheat  (Triticum  aestivum L.). International  Journal  of
Molecular Sciences 24:11158

17.

 Barry CS, Llop-Tous MI, Grierson D. 2000. The regulation of 1-aminocy-
clopropane-1-carboxylic  acid  synthase  gene  expression  during  the
transition  from  system-1  to  system-2  ethylene  synthesis  in  tomato.
Plant Physiology 123:979−86

18.

 Jakubowicz  M,  Sadowski  J. 2002. 1-aminocyclopropane-1-carboxylate
synthase - genes  and  expression. Acta  Physiologiae  Plantarum
24:459−78

19.

 Thain SC, Vandenbussche F, Laarhoven LJJ, Dowson-Day MJ, Wang ZY,
et  al. 2004. Circadian  rhythms  of  ethylene  emission  in  Arabidopsis.
Plant Physiology 136:3751−61

20.

 Li Z, Zhang L, Yu Y, Quan R, Zhang Z, et al. 2011. The ethylene response
factor  AtERF11  that  is  transcriptionally  modulated  by  the  bZIP  tran-
scription factor  HY5 is  a  crucial  repressor  for  ethylene biosynthesis  in
Arabidopsis. Plant Journal 68:88−99

21.

 Chu  LL,  Yan  Z,  Sheng  XX,  Liu  HQ,  Wang  QY,  et  al. 2023. Citrus  ACC
synthase  CiACS4  regulates  plant  height  by  inhibiting  gibberellin
biosynthesis. Plant Physiology 192:1947−68

22.

 Theologis A. 1992. One rotten apple spoils the whole bushel:  the role
of ethylene in fruit ripening. Cell 70:181−84

23.

 Jakubowicz M. 2002. Structure, catalytic activity and evolutionary rela-
tionships  of  1-aminocyclopropane-1-carboxylate  synthase,  the  key
enzyme  of  ethylene  synthesis  in  higher  plants. Acta  Biochimica
Polonica 49:757−74

24.

 Huai Q, Xia Y, Chen Y, Callahan B, Li N, et al. 2001. Crystal structures of
1-aminocyclopropane-1-carboxylate  (ACC)  synthase  in  complex  with
aminoethoxyvinylglycine  and  pyridoxal-5′-phosphate  provide  new
insight  into  catalytic  mechanisms. Journal  of  Biological  Chemistry
276:38210−16

25.

 Xu  C,  Hao  B,  Sun  G,  Mei  Y,  Sun  L,  et  al. 2021. Dual  activities  of  ACC
synthase: Novel clues regarding the molecular evolution of ACS genes.
Science Advances 7:14

26.

 Alessio VM, Cavaçana N,  Dantas LLB,  Lee N,  Hotta CT,  et  al. 2018. The
FBH  family  of  bHLH  transcription  factors  controls  ACC  synthase
expression in sugarcane. Journal of Experimental Botany 69:2511−25

27.

 Wang Z, Wei X, Wang Y, Sun M, Zhao P, et al. 2023. WRKY29 transcrip-
tion factor regulates ethylene biosynthesis and response in arabidop-
sis. Plant Physiology and Biochemistry 194:134−45

28.

 Ito  Y,  Kitagawa M,  Ihashi  N,  Yabe K,  Kimbara J,  et  al. 2008. DNA-bind-
ing  specificity,  transcriptional  activation  potential,  and  the rin muta-
tion effect  for  the tomato fruit-ripening regulator  RIN. The  Plant  Jour-
nal 55:212−23

29.

 Li  S,  Xu  HJL,  Ju  Z,  Cao  DY,  Zhu  HL,  et  al. 2018. The RIN-MC fusion  of
MADS-Box transcription factors has transcriptional activity and modu-
lates expression of many ripening genes. Plant Physiology 176:891−909

30.

 Lü  PT,  Yu  S,  Zhu  N,  Chen  YR,  Zhou  BY,  et  al. 2018. Genome  encode
analyses reveal the basis of convergent evolution of fleshy fruit ripen-
ing. Nature Plants 4:784−91

31.

 Li G, Meng X, Wang R, Mao G, Han L, et al. 2012. Dual-level regulation
of  ACC synthase activity  by MPK3/MPK6 cascade and its  downstream
WRKY  transcription  factor  during  ethylene  induction  in  Arabidopsis.
PLoS Genetics 8:e1002767

32.

 Zhang Y, Xie Y, Shi H, Zhuang Y, Zheng Y, et al. 2023. MYB30 regulates
submergence tolerance by repressing ethylene biosynthesis via ACS7
in Arabidopsis. Plant & Cell Physiology 64:814−25

33.

 Lang Z, Wang Y, Tang K, Tang D, Datsenka T, et al. 2017. Critical roles of
DNA  demethylation  in  the  activation  of  ripening-induced  genes  and
inhibition  of  ripening-repressed  genes  in  tomato  fruit. Proceedings  of
the  National  Academy  of  Sciences  of  the  United  States  of  America
114:E4511−E4519

34.

 Gao Y,  Lin Y,  Xu M, Bian H, Zhang C, et al. 2022. The role and interac-
tion  between  transcription  factor  NAC-NOR  and  DNA  demethylase
SlDML2 in the biosynthesis of tomato fruit flavor volatiles. New Phytol-
ogist 235:1913−26

35.

 Brusslan JA, Bonora G, Rus-Canterbury AM, Tariq F, Jaroszewicz A, et al.
2015. A genome-wide chronological study of gene expression and two
histone  modifications,  H3K4me3  and  H3K9ac,  during  developmental
leaf senescence. Plant Physiology 168:1246−61

36.

 Ding  X,  Liu  X,  Jiang  G,  Li  Z,  Song  Y,  et  al. 2022. SlJMJ7  orchestrates
tomato  fruit  ripening  via  crosstalk  between  H3K4me3  and  DML2-
mediated DNA demethylation. New Phytologist 233:1202−19

37.

 Schwartz YB, Pirrotta V. 2007. Polycomb silencing mechanisms and the
management  of  genomic  programmes. Nature  Reviews:  Genetics
8:9−22

38.

 Feng  J,  Lu  J. 2017. LHP1  Could  act  as  an  activator  and  a  repressor  of
transcription in plants. Frontiers in Plant Science 8:2041

39.

ACC synthase in plant development and stress  

Li et al. Plant Hormones 2025, 1: e002   Page 7 of 9

https://doi.org/10.1093/jxb/erp204
https://doi.org/10.1093/jexbot/53.367.201
https://doi.org/10.1093/jexbot/53.367.201
https://doi.org/10.1093/jexbot/53.367.201
https://doi.org/10.3390/plants11172211
https://doi.org/10.1105/tpc.105.036053
https://doi.org/10.1146/annurev.arplant.52.1.725
https://doi.org/10.1073/pnas.76.1.170
https://doi.org/10.1073/pnas.76.1.170
https://doi.org/10.1007/BF00454455
https://doi.org/10.1073/pnas.88.16.7434
https://doi.org/10.1073/pnas.88.16.7434
https://doi.org/10.1016/0031-9422(91)85241-Q
https://doi.org/10.1111/j.1432-1033.1994.tb18577.x
https://doi.org/10.1006/bbrc.1994.1020
https://doi.org/10.1006/bbrc.1994.1020
https://doi.org/10.1006/bbrc.1994.1020
https://doi.org/10.1016/0003-9861(87)90186-X
https://doi.org/10.1104/pp.88.1.109
https://doi.org/10.1074/jbc.M308297200
https://doi.org/10.1104/pp.15.01361
https://doi.org/10.3390/ijms23158476
https://doi.org/10.3390/ijms241311158
https://doi.org/10.3390/ijms241311158
https://doi.org/10.1104/pp.123.3.979
https://doi.org/10.1007/s11738-002-0043-3
https://doi.org/10.1104/pp.104.042523
https://doi.org/10.1111/j.1365-313X.2011.04670.x
https://doi.org/10.1093/plphys/kiad159
https://doi.org/10.1016/0092-8674(92)90093-R
https://doi.org/10.18388/abp.2002_3784
https://doi.org/10.18388/abp.2002_3784
https://doi.org/10.1074/jbc.M103840200
https://doi.org/10.1093/jxb/ery083
https://doi.org/10.1016/j.plaphy.2022.11.012
https://doi.org/10.1111/j.1365-313X.2008.03491.x
https://doi.org/10.1111/j.1365-313X.2008.03491.x
https://doi.org/10.1111/j.1365-313X.2008.03491.x
https://doi.org/10.1104/pp.17.01449
https://doi.org/10.1038/s41477-018-0249-z
https://doi.org/10.1371/journal.pgen.1002767
https://doi.org/10.1093/pcp/pcad041
https://doi.org/10.1073/pnas.1705233114
https://doi.org/10.1073/pnas.1705233114
https://doi.org/10.1111/nph.18301
https://doi.org/10.1111/nph.18301
https://doi.org/10.1111/nph.18301
https://doi.org/10.1104/pp.114.252999
https://doi.org/10.1111/nph.17838
https://doi.org/10.3389/fpls.2017.02041


 Liang  Q,  Deng  H,  Li  Y,  Liu  Z,  Shu  P,  et  al. 2020. Like  heterochromatin
protein 1b represses fruit ripening via regulating the H3K27me3 levels
in ripening-related genes in tomato. New Phytologist 227:485−97

40.

 Li Z, Jiang G, Liu X, Ding X, Zhang D, et al. 2020. Histone demethylase
SlJMJ6  promotes  fruit  ripening  by  removing  H3K27  methylation  of
ripening-related genes in tomato. New Phytologist 227:1138−56

41.

 Yue PT,  Lu Q,  Liu Z,  Lv TX,  Li  XY,  et  al. 2020. Auxin-activated MdARF5
induces the expression of ethylene biosynthetic genes to initiate apple
fruit ripening. New Phytologist 226:1781−95

42.

 Li  T,  Xu  Y,  Zhang  L,  Ji  Y,  Tan  D,  et  al. 2017. The  jasmonate-activated
transcription factor  MdMYC2 regulates  ETHYLENE RESPONSE FACTOR
and  ethylene  biosynthetic  genes  to  promote  ethylene  biosynthesis
during apple fruit ripening. The Plant Cell 29:1316−34

43.

 Zhu T, Tan W, Deng X, Zheng T, Zhang D, et al. 2015. Effects of brassi-
nosteroids on quality attributes and ethylene synthesis in postharvest
tomato fruit. Postharvest Biology and Technology 100:196−204

44.

 Wang  Y,  Zou  W,  Xiao  Y,  Cheng  L,  Liu  Y,  et  al. 2018. MicroRNA1917
targets CTR4 splice variants to regulate ethylene responses in tomato.
Journal of Experimental Botany 69:1011−25

45.

 Liu  H,  Yu  H,  Tang  G,  Huang  T. 2018. Small  but  powerful:  function  of
microRNAs in plant development. Plant Cell Reports 37:515−28

46.

 Kende H, Boller T. 1981. Wound ethylene and 1-aminocyclopropane-1-
carboxylate synthase in ripening tomato fruit. Planta 151:476−81

47.

 Chappell  J,  Hahlbrock  K,  Boller  T. 1984. Rapid  induction  of  ethylene
biosynthesis in cultured parsley cells by fungal elicitor and its relation-
ship  to  the  induction  of  phenylalanine  ammonia-lyase. Planta
161:475−80

48.

 Felix  G,  Grosskopf  DG,  Regenass  M,  Basse  CW,  Boller  T. 1991. Elicitor-
induced  ethylene  biosynthesis  in  tomato  cells:  characterization  and
use as a bioassay for elicitor action. Plant Physiology 97:19−25

49.

 Li  N,  Mattoo  AK. 1994. Deletion  of  the  carboxyl-terminal  region  of  1-
aminocyclopropane-1-carboxylic  acid  synthase,  a  key  protein  in  the
biosynthesis  of  ethylene,  results  in  catalytically  hyperactive,
monomeric enzyme. Journal of Biological Chemistry 269:6908−17

50.

 Liu  Y,  Zhang  S. 2004. Phosphorylation  of  1-aminocyclopropane-1-
carboxylic  acid  synthase  by  MPK6,  a  stress-responsive  mitogen-acti-
vated protein kinase, induces ethylene biosynthesis in Arabidopsis. The
Plant Cell 16:3386−99

51.

 Sebastià CH, Hardin SC, Clouse SD, Kieber JJ,  Huber SC. 2004. Identifi-
cation of a new motif for CDPK phosphorylation in vitro that suggests
ACC  synthase  may  be  a  CDPK  substrate. Archives  of  Biochemistry  and
Biophysics 428:81−91

52.

 Yoshida H, Wang KLC, Chang CM, Mori K, Uchida E, Ecker JR. 2006. The
ACC  synthase  TOE  sequence  is  required  for  interaction  with  ETO1
family  proteins  and  destabilization  of  target  proteins. Plant  Molecular
Biology 62:427−37

53.

 Han L,  Li  G,  Yang KJ,  Mao GY,  Wang R,  et  al. 2010. Mitogen-activated
protein  kinase  3  and  6  regulate Botrytis  cinerea-induced  ethylene
production in Arabidopsis. The Plant Journal 64:114−27

54.

 Meng YL, Ma N, Zhang Q, You Q, Li N, et al. 2014. Precise spatio-tempo-
ral  modulation  of  ACC  synthase  by  MPK6  cascade  mediates  the
response of rose flowers to rehydration. Plant Journal 79:941−50

55.

 Skottke KR, Yoon GM, Kieber JJ, DeLong A. 2011. Protein phosphatase
2A  controls  ethylene  biosynthesis  by  differentially  regulating  the
turnover of ACC synthase isoforms. PLoS Genetics 7:13

56.

 Yoon  GM. 2015. New  insights  into  the  protein  turnover  regulation  in
ethylene biosynthesis. Molecules and Cells 38:597−603

57.

 Wang KLC,  Yoshida H,  Lurin  C,  Ecker  JR. 2004. Regulation of  ethylene
gas biosynthesis by the Arabidopsis ETO1 protein. Nature 428:945−50

58.

 Pintard  L,  Willems  A,  Peter  M. 2004. Cullin-based  ubiquitin  ligases:
Cul3-BTB complexes join the family. EMBO Journal 23:1681−87

59.

 Chae HS, Faure F,  Kieber JJ. 2003. The eto1, eto2, and eto3 mutations
and cytokinin treatment increase ethylene biosynthesis in Arabidopsis
by increasing the stability of ACS protein. The Plant Cell 15:545−59

60.

 Tan ST, Xue HW. 2014. Casein Kinase 1 regulates ethylene synthesis by
phosphorylating and promoting the turnover of ACS5. The Cell Reports
9:1692−702

61.

 Yoon  GM,  Kieber  JJ. 2013. 14-3-3  regulates  1-aminocyclopropane-1-
carboxylate  synthase  protein  turnover  in  Arabidopsis. The  Plant  Cell
25:1016−28

62.

 Lyzenga  WJ,  Booth  JK,  Stone  SL. 2012. The  Arabidopsis  RING-type  E3
ligase XBAT32 mediates the proteasomal degradation of the ethylene
biosynthetic enzyme, 1-aminocyclopropane-1-carboxylate synthase 7.
The Plant Journal 71:23−34

63.

 Tang  X,  Liu  R,  Mei  Y,  Wang  D,  He  K,  et  al. 2024. Identification  of  key
ubiquitination  sites  involved  in  the  proteasomal  degradation  of
AtACS7  in  Arabidopsis. International  Journal  of  Molecular  Sciences
25:2931

64.

 Marczak M,  Cieśla  A,  Janicki  M,  Kasprowicz-Maluśki  A,  Kubiak P,  et  al.
2020. Protein  phosphatases  type  2C  group  A  interact  with  and  regu-
late the stability of ACC synthase 7 in Arabidopsis. Cells 9:20

65.

 Hansen  M,  Chae  HS,  Kieber  JJ. 2009. Regulation  of  ACS  protein  sta-
bility by cytokinin and brassinosteroid. The Plant Journal 57:606−14

66.

 Lee HY, Chen YC, Kieber JJ, Yoon GM. 2017. Regulation of the turnover
of  ACC  synthases  by  phytohormones  and  heterodimerization  in
Arabidopsis. The Plant Journal 91:491−504

67.

 Tarun AS, Theologis A. 1998. Complementation analysis of mutants of
1-aminocyclopropane-1-carboxylate synthase reveals  the enzyme is  a
dimer  with  shared  active  sites. Journal  of  Biological  Chemistry
273:12509−14

68.

 Tsuchisaka  A,  Theologis  A. 2004. Heterodimeric  interactions  among
the  1-amino-cyclopropane-1-carboxylate  synthase  polypeptides
encoded  by  the  Arabidopsis  gene  family. Proceedings  of  the  National
Academy of Sciences of the United States of America 101:2275−80

69.

 Capitani G, Tschopp M, Eliot AC, Kirsch JF, Grütter MG. 2005. Structure
of ACC synthase inactivated by the mechanism-based inhibitor L-vinyl-
glycine. FEBS Letters 579:2458−62

70.

 Amrhein N, Wenker D. 1979. Novel inhibitors of ethylene production in
higher plants. Plant and Cell Physiology 20:1635−42

71.

 Yuan RC, Carbaugh DH. 2007. Effects of NAA, AVG, and 1-MCP on ethy-
lene  biosynthesis,  preharvest  fruit  drop,  fruit  maturity,  and  quality  of
'Golden supreme' and 'Golden delicious' apples. Hortscience 42:101−05

72.

 Byers RE, Carbaugh DH, Combs LD. 2005. Ethylene inhibitors delay fruit
drop,  maturity,  and  increase  fruit  size  of  'Arlet'  apples. Hortscience
40:2061−65

73.

 Le  Deunff  E,  Lecourt  J. 2016. Non-specificity  of  ethylene  inhibitors:
"double-edged'  tools  to  find  out  new  targets  involved  in  the  root
morphogenetic programme. Plant Biology 18:353−61

74.

 Tsuchisaka A, Yu G, Jin H, Alonso JM, Ecker JR, et al. 2009. A combinato-
rial interplay among the 1-aminocyclopropane-1-carboxylate isoforms
regulates  ethylene  biosynthesis  in Arabidopsis  thaliana. Genetics
183:979−1003

75.

 Hu  Z,  Wang  R,  Zheng  M,  Liu  X,  Meng  F,  et  al. 2018. TaWRKY51
promotes lateral  root formation through negative regulation of  ethy-
lene  biosynthesis  in  wheat  (Triticum  aestivum L.). Plant  Journal
96:372−88

76.

 Seo DH, Yoon GM. 2019. Light-induced stabilization of ACS contributes
to  hypocotyl  elongation  during  the  dark-to-light  transition  in
Arabidopsis seedlings. The Plant Journal 98:898−911

77.

 Yang S, Wang SN, Li  SJ,  Du Q, Qi LY, et al. 2020. Activation of ACS7 in
Arabidopsis  affects  vascular  development  and  demonstrates  a  link
between ethylene synthesis and cambial activity. Journal of Experimen-
tal Botany 71:7160−70

78.

 Li H, Wang L, Liu M, Dong Z, Li Q, et al. 2020. Maize plant architecture is
regulated by the ethylene biosynthetic gene ZmACS7. Plant Physiology
183:1184−99

79.

 Lv SF,  Jia MZ, Zhang SS,  Han S,  Jiang J. 2019. The dependence of leaf
senescence on the balance between 1-aminocyclopropane-1-carboxy-
late acid synthase 1 (ACS1)-catalysed ACC generation and nitric oxide-
associated 1 (NOS1)-dependent NO accumulation in Arabidopsis. Plant
Biology 21:595−603

80.

 Young TE,  Meeley RB,  Gallie DR. 2004. ACC synthase expression regu-
lates leaf performance and drought tolerance in maize. The Plant Jour-
nal 40:813−25

81.

 Boualem A, Fergany M, Fernandez R, Troadec C, Martin A, et al. 2008. A
conserved  mutation  in  an  ethylene  biosynthesis  enzyme  leads  to
andromonoecy in melons. Science 321:836−38

82.

 Boualem A, Lemhemdi A, Sari MA, Pignoly S, Troadec C, et al. 2016. The
andromonoecious sex determination gene predates the separation of
Cucumis and Citrullus genera. PLoS One 11:13

83.

  ACC synthase in plant development and stress

Page 8 of 9   Li et al. Plant Hormones 2025, 1: e002

https://doi.org/10.1111/nph.16550
https://doi.org/10.1111/nph.16590
https://doi.org/10.1111/nph.16500
https://doi.org/10.1105/tpc.17.00349
https://doi.org/10.1016/j.postharvbio.2014.09.016
https://doi.org/10.1093/jxb/erx469
https://doi.org/10.1007/s00299-017-2246-5
https://doi.org/10.1007/BF00386542
https://doi.org/10.1007/BF00394581
https://doi.org/10.1104/pp.97.1.19
https://doi.org/10.1016/S0021-9258(17)37461-6
https://doi.org/10.1105/tpc.104.026609
https://doi.org/10.1105/tpc.104.026609
https://doi.org/10.1016/j.abb.2004.04.025
https://doi.org/10.1016/j.abb.2004.04.025
https://doi.org/10.1007/s11103-006-9029-7
https://doi.org/10.1007/s11103-006-9029-7
https://doi.org/10.1111/j.1365-313X.2010.04318.x
https://doi.org/10.1111/tpj.12594
https://doi.org/10.1371/journal.pgen.1001370
https://doi.org/10.14348/molcells.2015.0152
https://doi.org/10.1038/nature02516
https://doi.org/10.1038/sj.emboj.7600186
https://doi.org/10.1105/tpc.006882
https://doi.org/10.1016/j.celrep.2014.10.047
https://doi.org/10.1105/tpc.113.110106
https://doi.org/10.1111/j.1365-313X.2012.04965.x
https://doi.org/10.3390/ijms25052931
https://doi.org/10.3390/cells9040978
https://doi.org/10.1111/j.1365-313X.2008.03711.x
https://doi.org/10.1111/tpj.13585
https://doi.org/10.1074/jbc.273.20.12509
https://doi.org/10.1073/pnas.0308515101
https://doi.org/10.1073/pnas.0308515101
https://doi.org/10.1016/j.febslet.2005.03.048
https://doi.org/10.1093/oxfordjournals.pcp.a075966
https://doi.org/10.21273/HORTSCI.42.1.101
https://doi.org/10.21273/HORTSCI.40.7.2061
https://doi.org/10.1111/plb.12405
https://doi.org/10.1534/genetics.109.107102
https://doi.org/10.1111/tpj.14038
https://doi.org/10.1111/tpj.14289
https://doi.org/10.1093/jxb/eraa423
https://doi.org/10.1093/jxb/eraa423
https://doi.org/10.1093/jxb/eraa423
https://doi.org/10.1104/pp.19.01421
https://doi.org/10.1111/plb.12970
https://doi.org/10.1111/plb.12970
https://doi.org/10.1111/j.1365-313X.2004.02255.x
https://doi.org/10.1111/j.1365-313X.2004.02255.x
https://doi.org/10.1111/j.1365-313X.2004.02255.x
https://doi.org/10.1126/science.1159023
https://doi.org/10.1371/journal.pone.0155444


 Boualem A, Troadec C,  Camps C,  Lemhemdi A,  Morin H, et al. 2015. A
cucurbit  androecy  gene  reveals  how  unisexual  flowers  develop  and
dioecy emerges. Science 350:688−91

84.

 Ji  G,  Zhang  J,  Zhang  H,  Sun  H,  Gong  G,  et  al. 2016. Mutation  in  the
gene  encoding 1-aminocyclopropane-1-carboxylate  synthase  4
(CitACS4)  led  to  andromonoecy  in  watermelon. Journal  of  Integrative
Plant Biology 58:762−65

85.

 Trusov Y, Botella JR. 2006. Silencing of the ACC synthase gene ACACS2
causes delayed flowering in pineapple Ananas comosus (L.) Merr. Jour-
nal of Experimental Botany 57:3953−60

86.

 Huang  TH,  Hsu  WH,  Mao  WT,  Yang  CH. 2022. The Oncidium ethylene
synthesis  gene Oncidium  1-aminocyclopropane-1  carboxylic  acid
synthase  12 and  ethylene  receptor  gene Oncidium  ETR1 affect  GA-
DELLA  and  jasmonic  acid  signaling  in  regulating  flowering  time,
anther dehiscence, and Flower senescence in Arabidopsis. Frontiers in
Plant Science 13:785441

87.

 Llop-Tous I, Barry CS, Grierson D. 2000. Regulation of ethylene biosyn-
thesis  in  response  to  pollination  in  tomato  flowers. Plant  Physiology
123:971−78

88.

 Tan  D,  Li  T,  Wang  A. 2013. Apple  1-aminocyclopropane-1-carboxylic
acid synthase genes, MdACS1 and MdACS3a, are expressed in different
systems  of  ethylene  biosynthesis. Plant  Molecular  Biology  Reporter
31:204−09

89.

 Terol J, José Nueda M, Ventimilla D, Tadeo F, Talon M. 2019. Transcrip-
tomic analysis of Citrus clementina mandarin fruits maturation reveals
a MADS-box transcription factor that might be involved in the regula-
tion of earliness. BMC Plant Biology 19:20

90.

 Busatto N, Farneti B, Tadiello A, Oberkofler V, Cellini A, et al. 2019. Wide
transcriptional  investigation  unravel  novel  insights  of  the  on-tree
maturation and postharvest  ripening of  'Abate Fetel'  pear  fruit. Horti-
culture Research 6:32

91.

 Wang H, Li L,  Ma L, Fernie AR, Fu A, et al. 2024. Revealing the specific
regulations  of  nitric  oxide  on  the  postharvest  ripening  and  senes-
cence of bitter melon fruit. aBIOTECH 5:29−45

92.

 Chen  H,  Bai  S,  Kusano  M,  Ezura  H,  Wang  N. 2022. Increased  ACS
enzyme dosage causes initiation of climacteric ethylene production in
tomato. International Journal of Molecular Sciences 23:15

93.

 Sharma  K,  Gupta  S,  Sarma  S,  Rai  M,  Sreelakshmi  Y,  et  al. 2021. Muta-
tions  in  tomato  1-aminocyclopropane  carboxylic  acid  synthase2
uncover  its  role  in  development  beside  fruit  ripening. The  Plant  Jour-
nal 106:95−112

94.

 Yokotani N, Nakano R, Imanishi S, Nagata M, Inaba A, et al. 2009. Ripen-
ing-associated  ethylene  biosynthesis  in  tomato  fruit  is  autocatalyti-
cally  and  developmentally  regulated. Journal  of  Experimental  Botany
60:3433−42

95.

 Bürger  M,  Chory  J. 2019. Stressed  out  about  hormones:  how  plants
orchestrate immunity. Cell Host & Microbe 26:163−72

96.

 Duque AS,  de Almeida AM, da Silva AB,  da Silva JM, Farinha AP,  et  al.
2013.  Abiotic  sress  responses  in  plants:  unraveling  the  complexity  of
genes  and networks  to  survive.  In Abiotic  Stress - Plant  Responses  and
Applications in Agriculture,  eds. Vahdati K, Leslie C. Rijeka: IntechOpen.
pp. 49−101. doi: 10.5772/52779

97.

 Yu Y, Yang D, Zhou S, Gu J, Wang F, et al. 2017. The ethylene response
factor OsERF109 negatively affects ethylene biosynthesis and drought
tolerance in rice. Protoplasma 254:401−08

98.

 Trinh  NN,  Huang  TL,  Chi  WC,  Fu  SF,  Chen  CC,  et  al. 2014. Chromium
stress response effect on signal transduction and expression of signal-
ing genes in rice. Physiologia Plantarum 150:205−24

99.

 Li  J,  Zou  X,  Chen  G,  Meng  Y,  Ma  Q,  et  al. 2022. Potential  roles  of  1-
aminocyclopropane-1-carboxylic acid synthase genes in the response
of  gossypium species  to abiotic  stress  by genome-wide identification
and expression analysis. Plants 11:15

100.

 Yin  J,  Zhang  X,  Zhang  G,  Wen  Y,  Liang  G,  et  al. 2019. Aminocyclo-
propane-1-carboxylic  acid  is  a  key  regulator  of  guard  mother  cell
terminal  division  in Arabidopsis  thaliana. Journal  of  Experimental
Botany 70:897−908

101.

 Jia  MZ,  Liu  LY,  Geng  C,  Jiang  J. 2021. Activation  of  1-Aminocyclo-
propane-1-carboxylic  acid  synthases  sets  stomatal  density  and  clus-
tered  ratio  on  leaf  epidermis  of  Arabidopsis  in  response  to  drought.
Frontiers in Plant Science 12:758785

102.

 Van Der Straeten D, Zhou Z, Prinsen E, Van Onckelen HA, Van Montagu
MC. 2001. A  comparative  molecular-physiological  study  of  submer-
gence  response  in  lowland  and  deepwater  rice. Plant  Physiology
125:955−68

103.

 Herrera-Rodríguez  MB,  Camacho-Cristóbal  JJ,  Barrero-Rodríguez  R,
Rexach J, Navarro-Gochicoa MT, et al. 2022. Crosstalk of cytokinin with
ethylene and auxin for cell  elongation inhibition and boron transport
in Arabidopsis primary root under boron deficiency. Plants 11:18

104.

 Lee HY,  Chen Z,  Zhang C,  Yoon GM. 2019. Editing of  the OsACS locus
alters  phosphate  deficiency-induced  adaptive  responses  in  rice
seedlings. Journal of Experimental Botany 70:1927−40

105.

 Guan R, Su J, Meng X, Li S, Liu Y, et al. 2015. Multilayered regulation of
ethylene  induction  plays  a  positive  role  in  Arabidopsis  resistance
against Pseudomonas syringae. Plant Physiology 169:299−312

106.

 Iwai  T,  Miyasaka  A,  Seo  S,  Ohashi  Y. 2006. Contribution  of  ethylene
biosynthesis  for  resistance  to  blast  fungus  infection  in  young  rice
plants. Plant Physiology 142:1202−15

107.

 Helliwell  EE,  Wang  Q,  Yang  Y. 2013. Transgenic  rice  with  inducible
ethylene production exhibits broad-spectrum disease resistance to the
fungal  pathogens Magnaporthe  oryzae and Rhizoctonia  solani. Plant
Biotechnology Journal 101:33−42

108.

 Lu J, Li J, Ju H, Liu X, Erb M, et al. 2014. Contrasting effects of ethylene
biosynthesis  on  induced  plant  resistance  against  a  chewing  and  a
piercing-sucking herbivore in rice. Molecular Plant 7:1670−82

109.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum  Academic  Press  on  behalf  of  Chongqing

University.  This  article  is  an  open  access  article  distributed  under
Creative  Commons  Attribution  License  (CC  BY  4.0),  visit https://
creativecommons.org/licenses/by/4.0/.

ACC synthase in plant development and stress  

Li et al. Plant Hormones 2025, 1: e002   Page 9 of 9

https://doi.org/10.1126/science.aac8370
https://doi.org/10.1111/jipb.12466
https://doi.org/10.1111/jipb.12466
https://doi.org/10.1093/jxb/erl167
https://doi.org/10.1093/jxb/erl167
https://doi.org/10.3389/fpls.2022.785441
https://doi.org/10.3389/fpls.2022.785441
https://doi.org/10.1104/pp.123.3.971
https://doi.org/10.1007/s11105-012-0490-y
https://doi.org/10.1186/s12870-019-1629-x
https://doi.org/10.1038/s41438-018-0115-1
https://doi.org/10.1038/s41438-018-0115-1
https://doi.org/10.1007/s42994-023-00110-y
https://doi.org/10.1111/tpj.15148
https://doi.org/10.1111/tpj.15148
https://doi.org/10.1111/tpj.15148
https://doi.org/10.1093/jxb/erp185
https://doi.org/10.1016/j.chom.2019.07.006
https://doi.org/10.5772/52779
https://doi.org/10.1007/s00709-016-0960-4
https://doi.org/10.1111/ppl.12088
https://doi.org/10.3390/plants11111524
https://doi.org/10.1093/jxb/ery413
https://doi.org/10.1093/jxb/ery413
https://doi.org/10.3389/fpls.2021.758785
https://doi.org/10.1104/pp.125.2.955
https://doi.org/10.3390/plants11182344
https://doi.org/10.1093/jxb/erz074
https://doi.org/10.1104/pp.15.00659
https://doi.org/10.1104/pp.106.085258
https://doi.org/10.1111/pbi.12004
https://doi.org/10.1111/pbi.12004
https://doi.org/10.1093/mp/ssu085
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	The gene family and structure of ACS
	Multigene family of ACS
	The structure and catalytic mechanism of ACS

	Regulation of ACS
	Transcriptional and post-transcriptional regulation of ACS
	Posttranslational regulation of ACS
	Other mechanisms in regulating ACS

	The roles of ACS in the plant life cycle
	Role in plant vegetative growth
	Role in plant sex determination and flowering
	Role in plant fruit ripening
	Role in plant stress response

	Conclusions
	Author contributions
	Data availability
	References

