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Abstract

Ethylene is a crucial phytohormone that modulates flower sex determination and fruit development in cucurbit crops. In cucumbers, ACC synthase 2 (ACS2)
controls the key step in the synthesis of ethylene, which regulates these two traits, demonstrating significant genetic pleiotropy. Previous studies have
found that a non-synonymous mutation can change the protein sequence of ACS2, leading to the loss of enzyme function and thereby changing the sex of
the flower. Recent breakthrough research has found that a synonymous mutation on this gene can influence translation efficiency by affecting the m°A
modification and mRNA structure, precisely regulate ethylene production, and thereby 'fine tune' fruit length without affecting sex determination. This
finding reveals that the coding sequence itself contains a layer of regulatory mechanism that is independent of the protein sequence. This article discusses
how different types of mutations on the same gene coordinate two distinct traits. This provides a new perspective for understanding the molecular basis of
gene pleiotropy. Finally, we proposed a strategy of designing synonymous mutations to fine-tune specific agronomic traits, providing a new avenue for crop

precise improvement and breeding.
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Introduction

Ethylene, a pivotal phytohormone, controls a variety of essential
physiological processes, including seedling growth, floral develop-
ment, fruit ripening, and stress responses!'-9l. Ethylene exerts a
concentration-dependent, dual role in plant physiology, where opti-
mal levels promote growth while sub-optimal levels can inhibit
processes or induce senescencel’%-12, |ts biosynthesis involves a
relatively simple two-step enzymatic conversion: ACC synthase
(ACS) mediates the conversion of S-adenosylmethionine (SAM) to
1-aminocyclopropane-1-carboxylic (ACC), and ACC oxidase (ACO)
then catalyzes the oxidation of ACC to ethylenel'3l. Notably, ACS is
the rate-limiting enzyme in ethylene synthesis. Among them, ACS2
has emerged as a fascinating locus of evolution and development
in cucumber. Recent studies have linked it to the determination of
flower sex and the control of fruit development in cucumber. A non-
synonymous SNP G87T in CsACS2 caused the transformation of
cucumbers from unisexual (gynoecious and monoecious) to bisex-
ual flowers!’. In cucumber, CsACS2 can be ubiquitinated and
degraded by the E3 ligase SF1, thereby precisely regulating ethy-
lene dosage and fruit lengthU'>). Most strikingly, a groundbreaking
study published in Cell further revealed that even synonymous
mutations within its coding sequence that do not change the pro-
tein sequence can exert profound phenotypic effects!'l. Therefore,
the manipulation of ACC synthase at the transcription level or post-
translational level provides a means to regulate these traits deter-
mined by ethylene in plants. These findings also prompt a critical
scientific question: how do different types of mutations within the
same gene, ACS2, generate such starkly divergent phenotypes—a
binary switch in flower sex vs a continuous variation in fruit length?
This question prompts us to re-evaluate how individual genes
adeptly manage their functional diversity across different develop-
mental stages and tissues.

© The Author(s)

Pleiotropy is classically defined as the phenomenon where one
gene independently affects two or more distinct traits!'7.'8l. The
prevailing view of pleiotropy often attributes it to non-coding regu-
latory regions, which dictate a gene's spatiotemporal expression
patterns!'®-221, According to the central dogma, the coding region is
traditionally seen as the blueprint for the amino acid sequence,
determining protein structure and interaction networks2324, While
synonymous mutations have been shown in vitro and in cellular
models to influence gene expression, translation efficiency, and
protein folding!2225-27], robust in vivo genetic evidence in plants
has been scarce. The recent study, published in Cell, demonstrates
that synonymous mutations can control gene function in planta by
influencing mRNA m®A modification, mRNA structure, and transla-
tion efficiency—uncovering a hidden layer of genetic regulation
embedded within the coding sequence itselfl'6l, This discovery pro-
vides a crucial new insight for re-evaluating the molecular basis of
pleiotropy and for identifying cryptic regulatory sites that orches-
trate complex traits.

Ethylene orchestrates flower sex
determination and fruit development
in cucurbits

The biosynthesis of ethylene is subject to precise control in horti-
cultural plants, as achieving and maintaining optimal concentra-
tions is essential for numerous physiological processesi26-32. In
cucurbits, the orchestration of both flower sex determination and
fruit development hinges on this precise regulation. The develop-
ment process of flowers and fruit in cucurbits can be divided into
five major phases: initiation of floral organs, sex determination,
anthesis, fruit growth, and final maturation3334, The pivotal role of
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ethylene in sex determination is well-established in cucumber,
melon, and squash. The genetic basis for flower sex determination
in these crops is closely linked to ethylene, as the major regulatory
genes are, in fact, those encoding its core biosynthetic enzymes.
The M gene (Monoecious) controls unisexual flower development,
and encodes the ethylene biosynthetic rate-limiting enzyme ACS2,
which is expressed specifically in the carpel of the female flower.
The loss-of-function 'm’ allele disrupts this pathway, thereby result-
ing in bisexual flowers'435, The G (gynoecious) gene, which
encodes the transcription factor CmWIPI1, plays a critical role in
cucurbit sex determination(3¢l. Within carpel primordia, CmWIP1
acts cell-autonomously to repress the carpel-promoting gene CRC,
a mechanism that actively promotes the development of male
flowersB7l, The female (F) phenotype is determined by CsACSIG,
which is expressed during the early developmental stage of the
flower bud and acts together with CSACO2 to generate a high dose
of ethylene. Ethylene then inhibits CsWIP7 and activates CsACS2 to
initiate the development of gynoecy8l. Female flower develop-
ment in melon and cucumber is regulated by the A (androecious)
gene, which exerts its function by encoding ACS77—a pivotal
enzyme that catalyzes the rate-limiting step in ethylene production.
Its phloem-specific expression, connected to flowers, inhibits the
expression of CmWIP1, thereby orchestrating the co-development
of male and female flowers. The loss-of-function mutants of ACS717
result in male plants (androecy)B9. Furthermore, the role of ethy-
lene synthesis in sex determination is underscored by studies on
ACC oxidase (ACO), which catalyzes the final step in ethylene
production from ACC. For instance, inactivation of CsACO2 in
cucumber disrupts carpel development, causing a female-to-male
transition®%, while reduced CpACO1A activity in squash converts
female flowers into hermaphrodites®'l. Collectively, these findings
establish ethylene as the pivotal hormonal regulator of flower sex in
cucurbits.

Pleiotropic roles of ACS2 in cucurbits

Beyond sex determination, ethylene is also crucial for fruit
development!*?, especially in the elongation of the inferior ovary,
which develops from accelerated growth of the receptacle due to
the continuous activity of meristematic stem cells in the basal part
of the cucumber flower organs*3l. Almost all the sex-determining
genes, such as ACO2, ACS, WIP, and CRC, are expressed in the recep-
tacle or receptacle-derived tissues, which suggests that the develop-
ment of the receptacle promotes the evolution of unisexual flowers
in Cucumis speciest®3l. In melon, CmACS7 plays a dual role in sex
determination and fruit shape. A speculated mechanism is that the
expression of CmACS7 in the carpel primordium at the early stage
suppresses the stamen development in a non-cellular autonomous
manner. Following sex determination, the ethylene synthesis medi-
ated by CmACS7 in the primordia then governs cellular processes
essential for normal ovary expansion and fruit formation*4, Ethy-
lene can also regulate the cell division and subsequent fruit elonga-
tion in a dose-dependent manner in cucumber (Fig. 1) All these
studies highlight the multiple regulatory functions of ethylene in
cucurbits, coordinating the suppression of stamen development
with the promotion of fruit elongation.

ACS2 missense mutation and flower
sex determination—the classical
'loss-of-function' model

The function of ACS2 in sex determination of cucumber has been
primarily characterized through non-synonymous mutations that
directly alter the protein sequence. The conversion of G97T in the
CsACS2 coding region caused a substitution of glycine by cysteine at
residue 33 in the protein, impairing the enzyme activity and thus
producing differences between the unisexual and the bisexual alle-
les (Fig. 1)U, Similarly, a conserved non-synonymous mutation,
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Fig. 1 The different mutations and regulation of ACS2 determine the sex and fruit length of cucumbers. A G97T non-synonymous mutation in the first
exon of CsACS2 coding region, impairing the enzyme activity and thus producing differences between the unisexual and the bisexual alleles. RING-type E3
ligase short fruit 1 (SF1) regulates fruit length by modulating ethylene dosage via ubiquitination and degradation of both itself and CsACS2 at the post-
translational level. A synonymous SNP at the 1,287 position can determine ethylene production through epitranscriptomic (m°A methylation and RNA

structure,) thereby regulating the length of cucumber fruits.
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A57V results in a loss of ACC synthase activity. Since this enzymatic
activity is necessary for female flower development in monoecious
plants, its reduction can lead to hermaphroditism in flowers that
would otherwise be malelB>. These mutations follow the classical
model of 'loss-of-function' effects, resulting in dramatic phenotypic
shifts that have profound implications for cucumber breeding.

This classical model effectively explains how amino acid alter-
ations of ACS2 at the M locus influence sex determination. However,
its limitation emerges when considering that the same site affect-
ing sex determination might be expected to similarly impact fruit
development. In practice, these traits can vary independently,
suggesting additional layers of regulation beyond simple protein
sequence alterations. This also lays the foundation for the discovery
of a more subtle regulatory mechanism involving synonymous
mutations that specifically affect fruit elongation without disrupting
sex determination.

ACS2 synonymous mutations and fruit
length regulation—a novel
'epitranscriptomic regulation' model

Unlike non-synonymous mutations that affect gene function by
altering amino acid encoding, synonymous mutations were histori-
cally considered 'silent' or neutral, as they do not change the
encoded amino acid sequence. Notably, our recent study, pub-
lished in Cell, has found that synonymous mutations in ACS2 can
regulate cucumber fruit length domestication without altering sex
expression, which has changed our understanding of traditional
genetic regulation in plant(®l,

This discovery is based on backcross introgression lines (ILs)
initially constructed with short wild cucumbers and long cultivated
cucumbers. Genetic analysis identified two epistatically interacting
genes that contributed to cucumber fruit length domestication: one
encodes YTH1, an RNA m6A reader, and the other encodes ACS2, an
ACC synthase. The causative mutation is a synonymous mutation in
ACS2, which changes base C'287 to T'287 without altering the amino
acid sequence of the enzyme. In wild cucumber, the ACS52'-267C |eads
to mbA modification on the base A at position 1,286, forming a loose
RNA structure conformation. The m%A modification is then recog-
nized by YTH1, which shifts the folding equilibrium away from the
weakest RNA structural conformation. This increases ACS2 protein
levels, thereby elevating ethylene production. The enhanced ethy-
lene signal inhibits cell division in early fruit development, ulti-
mately resulting in shorter fruits. In cultivated cucumbers, the
1,287T synonymous mutation disrupts this pathway: it abolishes
mbA methylation, forming a compact RNA structure. This leads to
reduced ACS2 protein and ethylene synthesis, promoting longer
fruit development (Fig. 1).

The synonymous mutations appear to modulate translation effi-
ciency rather than protein function, by affecting mRNA m®A methy-
lation and structure—mechanisms that would quantitatively fine-
tune ethylene output without qualitatively changing enzyme func-
tion, thereby regulating the length of cucumber fruits.

Underlying mechanism of ACS2 in
regulating female flowers and inferior
ovary formation

What is the underlying molecular mechanism by which ACS2
regulates the female flowers and fruit length during development?
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Based on spatiotemporal transcriptome data, we found that CsACS2
is specifically expressed in the conjunctive tissue, located between
the pericardium and the receptacle. This is different from the previ-
ous recognition that it was expressed on the carpel. This also
suggests that the conjunctive tissue may play an important role in
coordinating ovary development and sex determination (Fig. 2). A
plausible model emerges from these studies. During the floral devel-
opment, ACS2 is specifically expressed in the receptacle-derived
connective tissues and catalyzes the synthesis of ACC. This ACC can
then be transported via the receptacle vasculature to stamens,
where the highly expressed ACO converts it into high doses of ethy-
lene. This ethylene burst is a well-established signal that triggers the
developmental arrest or programmed cell death of the stamen pri-
mordia, thereby promoting female flower development (Fig. 2)39401,
On the other hand, the ethylene specifically produced by ACS2 in
the same receptacle-derived connective tissue could interact with
auxin signaling and polar transport to regulate fruit development.
This crosstalk between ethylene and auxin in the conjunctive tissue
could precisely regulate rates of cell division and expansion, thereby
promoting the formation of the ovary and the elongation of fruit
(Fig. 2).

Why different mutations on the same
gene generate divergent biological
outcomes?

ACS2 plays a pleiotropic role in cucumber, coordinating both
floral sex determination and fruit development through the same
hormone pathway, yet via distinct mutational mechanisms. The
capacity of different mutation types in ACS2 to generate distinct
biological effects, with non-synonymous mutations primarily affect-
ing sex determination and synonymous mutations specifically influ-
encing fruit length. Understanding this phenomenon requires con-
sideration of both the molecular genetics of these mutations and
the developmental biology processes.

At the molecular level, non-synonymous mutations directly alter
the protein sequence of ACS2, potentially affecting enzyme activity,

Sex Fruit
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Fig. 2 A plausible mechanism of ACS2 in regulating female flowers
and inferior ovary formation. During the floral development, ACS2 is
specifically expressed in the receptacle-derived connective tissues and
CsACO is highly expressed in stamen. Right, a spatial visualization of
CsACO and CsACS2.
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stability, substrate affinity, or protein-protein interactions. These
qualitative changes typically have substantial impacts on ethylene
biosynthesis capacity, leading to dramatic shifts in sex expression.
In contrast, synonymous mutations leave the protein sequence
unchanged but may influence mRNA stability, splicing patterns, or
translation efficiency, thereby subtly modulating enzyme-specific
activity without completely disrupting function. The synonymous
mutations essentially act as a 'switch knob' for ethylene produc-
tion in specific tissues or developmental stages, unlike the 'on/off'
switching characteristic of non-synonymous mutations.

At the development level, the spatial and temporal expression of
ACS2 and ethylene action contribute to these divergent effects. At
the early development stage, functional ACS2 generates ethylene,
which suppresses stamen development to promote femaleness.
Subsequently, at floral stage 8—after sex determination but before
fertilization—final fruit shape is determined. Ethylene in carpel pri-
mordia can inhibit stamen development via HB40 and also impact
fruit length by regulating cell division and elongation*445l, Ulti-
mately, plants achieve precise developmental outcomes by fine-
tuning RNA function to modulate ethylene levels, allowing for adjust-
ments in fruit development without compromising the essential
inhibition of stamens in female flowers.

The evolutionary significance of ACS2
synonymous mutations

The finding that synonymous mutations in ACS2 can influence
fruit length without altering sex determination has profound impli-
cations for our understanding of adaptive evolution in plants, partic-
ularly in domesticated species like cucumber. The longstanding
view, supported by the higher frequency of synonymous changes in
related species, holds that most are neutral variantsi“6-48l. Recent
phylogenomic evidence challenges the traditional neutral view
of synonymous mutations. An analysis of the Solanaceae family
revealed that among 367,499 deleterious variants, synonymous
mutations constitute 15%, a frequency second only to nonsynony-
mous mutations*?l, This finding implies that a significant propor-
tion of synonymous SNPs are functionally consequential and subject
to selection, despite their higher prevalence than nonsynonymous
changes in closely related species. While nonsynonymous muta-
tions often face strong selective constraints due to their potential
disruptive effects on protein function, synonymous mutations accu-
mulate more freely while still providing a source of phenotypic vari-
ation that natural and artificial selection can act upon. ACS2 is crucial
for both sex determination and fruit development. Loss-of-function
via nonsynonymous mutations leads to andromonoecy or hermaph-
roditism, traits likely detrimental under natural selection. In contrast,
the 1,287C > T synonymous mutation affects only fruit length with-
out altering flower sex, a variation that may be selectively neutral
and thus persist evolutionarily. During crop domestication and
improvement, synonymous mutations offer a unique evolutionary
advantage: they allow for the fine-tuning of specific traits without
compromising other essential functions. For a pleiotropic gene like
ACS2 that regulates multiple aspects of development, nonsynony-
mous mutations typically affect all functions simultaneously, creat-
ing correlated changes that may not always be advantageous.
Synonymous mutations provide a mechanism to break such trade-
offs under selection pressure by modifying post-transcriptional
processes. These findings challenge the traditional view and high-
light the potential significance of synonymous mutations for crop
improvement.
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Perspectives

The pervasive challenge of gene pleiotropy—whereby one gene
influences multiple phenotypic traits—has long constrained pro-
gress in crop improvement. Traditional approaches to modifying
agriculturally important genes frequently encounter trade-offs
wherein enhancement of one desirable characteristic comes at the
expense of another. The finding that synonymous mutations can
exert fine-scale regulatory effects without altering protein sequences
offers a new strategy to overcome these limitations.

The molecular basis for this strategy lies in the effects of synony-
mous mutation on protein expression through mRNA structure, RNA
modification, codon usage, or ribosome occupancy rates. Imple-
menting this strategy requires sophisticated screening platforms to
identify functional synonymous mutations with desired effects.
High-throughput approaches, such as the Prime Editor-based
Screening Technology (PRESENT) system and deleterious synony-
mous mutations finder (DS Finder)5%, allow systematic evaluation of
synonymous mutation libraries in human cells. These computa-
tional analysis features, including codon usage, mRNA structure, and
splice site recognition patterns, prioritize synonymous mutations
with the highest likelihood of generating desired phenotypic
effects. Such models can also be optimized for use in horticultural
crops.

The practical application of synonymous mutation engineering
would extend beyond ACS2 to numerous other pleiotropic genes
controlling critical agronomic traits. For instance, transcription fac-
tors regulating both plant productivity and stress response, or
biosynthetic enzymes influencing both yield and quality, represent
prime targets for this approach. The implications for crop improve-
ment are profound. If we can decipher the rules governing how
specific synonymous codons influence gene expression and pro-
tein yield in vivo, we enter a new era of 'rational codon design'.
By developing synonymous codon-optimized alleles, breeders can
overcome the trade-offs between productivity and resilience, or
between yield potential and nutritional quality. Looking forward,
the integration of synonymous mutation engineering with advanced
prime editing technologies promises to revolutionize precision crop
design. More importantly, by operating within the existing coding
framework without introducing foreign DNA, synonymous muta-
tion strategies may face fewer regulatory hurdles than transgenic
approaches, potentially accelerating their adoption in breeding pro-
grams worldwide.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design, draft manuscript preparation: Xin T,
Yang X; data collection: Xin T; analysis and interpretation of results:
Xin T, Dong Z. All authors reviewed the results and approved the
final version of the manuscript.

Data availability
This study is a opinion article and does not contain any original
datasets. All referenced data can be found in the cited publications.

Acknowledgments

We are deeply grateful to Prof. Wenyang Li for his invaluable
insights and constructive suggestions on this manuscript. This work
was supported by the National Natural Science Foundation of China
(NSFC) (Grant No. 32525052 to XY), the National Key Research and

Xin et al. Plant Hormones 2026, 2: €006



Pleiotropic roles of ACS2 in cucurbits

Development Program of China (2021YFF1000102), and the Science
and Technology Innovation Program of the Chinese Academy of
Agricultural Sciences (CAAS-ASTIP).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 19 December 2025; Revised 6 February 2026; Accepted
15 February 2026; Published online 20 March 2026

References

11

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

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—2390

Wuriyanghan H, Zhang B, Cao WH, Ma B, Lei G, et al. 2009. The ethy-
lene receptor ETR2 delays floral transition and affects starch accumula-
tion in rice. The Plant Cell 21:1473-1494

Etchells JP, Provost CM, Turner SR. 2012. Plant vascular cell division is
maintained by an interaction between PXY and ethylene signalling.
PLoS Genetics 8:21002997

Corbineau F, Xia Q, Bailly C, El-Maarouf-Bouteau H. 2014. Ethylene,
a key factor in the regulation of seed dormancy. Frontiers in Plant
Science 5:539

Dubois M, Van den Broeck L, Inzé D. 2018. The pivotal role of ethylene
in plant growth. Trends in Plant Science 23:311-323

Van de Poel B, de Vries J. 2023. Evolution of ethylene as an abiotic
stress hormone in streptophytes. Environmental and Experimental
Botany 214:105456

Wang H, Cao L, Guo Y, Li Z, Niu H. 2024. Enhancer of Shoot
Regeneration 2 (ESR2) regulates pollen maturation and vitality in
watermelon (Citrullus lanatus). Journal of Integrative Agriculture
23:3506—-3521

Huang Y, Wu X, Liu Z, Li A, Zhang Z, et al. 2025. Ripening-related tran-
scription factors during tomato fruit ripening: crosstalk with ethylene.
Horticultural Plant Journal 11:963-973

Xuan X, Qu Z, Sadeghnezhad E, Xie Z, Qi Z, et al. 2025. Competitive
network of polyamines metabolic and ethylene biosynthesis path-
ways during gibberellin-induced parthenocarpic grape fruit setting.
Horticultural Plant Journal 11:1048—1065

Konings H, Jackson MB. 1979. A relationship between rates of ethy-
lene production by roots and the promoting or inhibiting effects of
exogenous ethylene and water on root elongation. Zeitschrift fiir
Pflanzenphysiologie 92:385—-397

Khan NA. 2005. The influence of exogenous ethylene on growth and
photosynthesis of mustard (Brassica juncea) following defoliation.
Scientia Horticulturae 105:499—-505

Pierik R, Tholen D, Poorter H, Visser EJW, Voesenek LACJ. 2006. The
Janus face of ethylene: growth inhibition and stimulation. Trends in
Plant Science 11:176—183

Pattyn J, Vaughan-Hirsch J, Van de Poel B. 2021. The regulation of
ethylene biosynthesis: a complex multilevel control circuitry. New
Phytologist 229:770-782

Li Z, Huang S, Liu S, Pan J, Zhang Z, et al. 2009. Molecular isolation
of the M gene suggests that a conserved-residue conversion induces
the formation of bisexual flowers in cucumber plants. Genetics
182:1381-1385

Xin T, Zhang Z, Li S, Zhang S, Li Q, et al. 2019. Genetic regulation of
ethylene dosage for cucumber fruit elongation. The Plant Cell
31:1063-1076

Xin T, Zhang Z, Zhang Y, Li X, Wang S, et al. 2025. Recessive epistasis of
a synonymous mutation confers cucumber domestication through
epitranscriptomic regulation. Cell 188:4810

Lobo I. 2008. Pleiotropy: one gene can affect multiple traits. Nature
Education 1:10

Xin et al. Plant Hormones 2026, 2: €006

[18]

19l

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Plant Hormones

Solovieff N, Cotsapas C, Lee PH, Purcell SM, Smoller JW. 2013.
Pleiotropy in complex traits: challenges and strategies. Nature Reviews
Genetics 14:483-495

Spielmann M, Mundlos S. 2016. Looking beyond the genes: the role of
non-coding variants in human disease. Human Molecular Genetics
25:R157-R165

Swinnen G, Goossens A, Pauwels L. 2016. Lessons from domestication:
targeting cis-regulatory elements for crop improvement. Trends in
Plant Science 21:506—-515

Wagner GP, Lynch VJ. 2008. The gene regulatory logic of transcription
factor evolution. Trends in Ecology & Evolution 23:377-385

Yocca AE, Edger PP. 2022. Current status and future perspectives on
the evolution of cis-regulatory elements in plants. Current Opinion in
Plant Biology 65:102139

Tan CL, Anderson E. 2020. The new central dogma of molecular biol-
ogy. Resonance 14:1-32

Tan CL, Anderson EH. 2024. Revising the central dogma: regulated,
dynamic, and system-dependent information coding and decoding.
BIO-Complexity 2024:1-23

Hunt RC, Simhadri VL, landoli M, Sauna ZE, Kimchi-Sarfaty C. 2014.
Exposing synonymous mutations. Trends in Genetics 30:308—321

Wan 'Y, Qu K, Zhang QC, Flynn RA, Manor O, et al. 2014. Landscape and
variation of RNA secondary structure across the human transcriptome.
Nature 505:706—709

Lackey L, Coria A, Woods C, McArthur E, Laederach A. 2018. Allele-
specific SHAPE-MaP assessment of the effects of somatic variation and
protein binding on mRNA structure. RNA 24:513-528

Lin Z, Zhong S, Grierson D. 2009. Recent advances in ethylene
research. Journal of Experimental Botany 60:3311-3336

Saltveit ME. 1999. Effect of ethylene on quality of fresh fruits and
vegetables. Postharvest Biology and Technology 15:279-292

Kenea FT. 2021. Role of ethylene in horticulture—a review. GP Global-
ize Research Journal of Chemistry 81:81-92

Li D, Zeng S, Dai R, Chen K. 2025. Slow and steady wins the race: the
negative regulators of ethylene biosynthesis in horticultural plants.
Horticulture Research 12:uhaf108

Wu Z, Dang Q, Ouyang S, Liu W, Huang L. 2025. Ethylene-mediated
resistance to bacterial canker in kiwifruit is suppressed by cool temper-
ature. Horticultural Plant Journal 11:1517-1528

Grumet R, Lin YC, Rett-Cadman S, Malik A. 2023. Morphological and
genetic diversity of cucumber (Cucumis sativus L.) fruit development
Plants 12:23

Zhao J, Song W, Zhang X. 2024. Genetic and molecular regulation of
fruit development in cucumber. New Phytologist 244:1742—1749
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—-838

Martin A, Troadec C, Boualem A, Rajab M, Fernandez R, et al. 2009. A
transposon-induced epigenetic change leads to sex determination in
melon. Nature 461:1135-1138

Zhang S, Tan FQ, Chung CH, Slavkovic F, Devani RS, et al. 2022. The
control of carpel determinacy pathway leads to sex determination in
cucurbits. Science 378:543—-549

Zhang H, Li S, Yang L, Cai G, Chen H, et al. 2021. Gain-of-function of the
1-aminocyclopropane-1-carboxylate synthase gene ACS1G induces
female flower development in cucumber gynoecy. The Plant Cell
33:306-321

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—691

Chen H, Sun J, Li S, Cui Q, Zhang H, et al. 2016. An ACC oxidase gene es-
sential for cucumber carpel development. Molecular Plant 9:1315-1327
Cebrian G, Iglesias-Moya J, Romero J, Martinez C, Garrido D, et al. 2022.
The ethylene biosynthesis gene CpACOTA: a new player in the regula-
tion of sex determination and female flower development in Cucur-
bita pepo. Frontiers in Plant Science 12:817922

Gao Y, Lin Y, Liu X, Garcia P, Liang Z. 2025. Identification of VVACO1
and transcriptional repressors VVASIL1/VvAG1 in ethylene biosynthe-
sis of grape berries. Horticultural Plant Journal 11:1865—-1878

Page 5of 6


https://doi.org/10.1104/pp.15.01361
https://doi.org/10.1105/tpc.108.065391
https://doi.org/10.1371/journal.pgen.1002997
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1016/j.envexpbot.2023.105456
https://doi.org/10.1016/j.envexpbot.2023.105456
https://doi.org/10.1016/j.jia.2024.05.032
https://doi.org/10.1016/j.hpj.2024.03.004
https://doi.org/10.1016/j.hpj.2024.07.002
https://doi.org/10.1016/S0044-328X(79)80184-1
https://doi.org/10.1016/S0044-328X(79)80184-1
https://doi.org/10.1016/j.scienta.2005.02.004
https://doi.org/10.1016/j.tplants.2006.02.006
https://doi.org/10.1016/j.tplants.2006.02.006
https://doi.org/10.1111/nph.16873
https://doi.org/10.1111/nph.16873
https://doi.org/10.1534/genetics.109.104737
https://doi.org/10.1105/tpc.18.00957
https://doi.org/10.1016/j.cell.2025.07.006
https://doi.org/10.1038/nrg3461
https://doi.org/10.1038/nrg3461
https://doi.org/10.1093/hmg/ddw205
https://doi.org/10.1016/j.tplants.2016.01.014
https://doi.org/10.1016/j.tplants.2016.01.014
https://doi.org/10.1016/j.tree.2008.03.006
https://doi.org/10.1016/j.pbi.2021.102139
https://doi.org/10.1016/j.pbi.2021.102139
https://doi.org/10.5048/bio-c.2024.3
https://doi.org/10.5048/bio-c.2024.3
https://doi.org/10.5048/bio-c.2024.3
https://doi.org/10.1016/j.tig.2014.04.006
https://doi.org/10.1038/nature12946
https://doi.org/10.1261/rna.064469.117
https://doi.org/10.1093/jxb/erp204
https://doi.org/10.1016/S0925-5214(98)00091-X
https://doi.org/10.1093/hr/uhaf108
https://doi.org/10.1016/j.hpj.2024.03.008
https://doi.org/10.3390/plants12010023
https://doi.org/10.1111/nph.20192
https://doi.org/10.1126/science.1159023
https://doi.org/10.1038/nature08498
https://doi.org/10.1126/science.add4250
https://doi.org/10.1093/plcell/koaa018
https://doi.org/10.1126/science.aac8370
https://doi.org/10.1016/j.molp.2016.06.018
https://doi.org/10.3389/fpls.2021.817922
https://doi.org/10.1016/j.hpj.2025.07.003

Plant Hormones

[43]

[44]

[45]

[46]

[47]

Dong Z, Liu X, Guo X, Liu X, Wang B, et al. 2025. Developmental inno-
vation of inferior ovaries and flower sex orchestrated by KNOX1 in
cucurbits. Nature Plants 11: 861-877

Boualem A, Berthet S, Devani RS, Camps C, Fleurier S, et al. 2022. Ethy-
lene plays a dual role in sex determination and fruit shape in cucurbits.
Current Biology 32:2390-2401.e4

Rashid D, Devani RS, Rodriguez-Granados NY, Abou-Choucha F,
Troadec C, et al. 2023. Ethylene produced in carpel primordia controls
CmHB40 expression to inhibit stamen development. Nature Plants
9:1675-1687

Graur D. 2016. Molecular and Genome Evolution. USA: Sinauer Asso-
ciates. 612 pp. https://global.oup.com/academic/product/molecular-
and-genome-evolution-9781605354699?cc=jp&lang=en&

Kimura M. 2007. Genetic variability maintained in a finite population
due to mutational production of neutral and nearly neutral isoalleles.
Genetical Research 89:341-363

Page 6 of 6

[48]

[49]

[50]

Pleiotropic roles of ACS2 in cucurbits

Nei M, Kumar S. 2000. Molecular Evolution and Phylogenetics. USA:
Oxford University Press. 333 pp. doi: 10.1093/050/9780195135848.
001.0001

Wu Y, Li D, Hu Y, Li H, Ramstein GP, et al. 2023. Phylogenomic discov-
ery of deleterious mutations facilitates hybrid potato breeding. Cell
186:2313-2328.e15

Niu X, Tang W, Liu Y, Mo B, Yu Y, et al. 2025. Prime editor-based high-
throughput screening reveals functional synonymous mutations in
human cells. Nature Biotechnology 1-13

Copyright: © 2026 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/.

Xin et al. Plant Hormones 2026, 2: €006


https://doi.org/10.1038/s41477-025-01950-w
https://doi.org/10.1016/j.cub.2022.04.031
https://doi.org/10.1038/s41477-023-01511-z
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://global.oup.com/academic/product/molecular-and-genome-evolution-9781605354699?cc=jp&lang=en&
https://doi.org/10.1017/S0016672308009518
https://doi.org/10.1093/oso/9780195135848.001.0001
https://doi.org/10.1093/oso/9780195135848.001.0001
https://doi.org/10.1016/j.cell.2023.04.008
https://doi.org/10.1038/s41587-025-02710-z
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Ethylene orchestrates flower sex determination and fruit development in cucurbits
	ACS2 missense mutation and flower sex determination—the classical 'loss-of-function' model
	ACS2 synonymous mutations and fruit length regulation—a novel 'epitranscriptomic regulation' model
	Underlying mechanism of ACS2 in regulating female flowers and inferior ovary formation
	Why different mutations on the same gene generate divergent biological outcomes?
	The evolutionary significance of ACS2 synonymous mutations
	Perspectives
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	References

