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Abstract

Dichogamy, a reproductive strategy in plants, describes the temporal separation of maturation between female and male reproductive organs within a
flower or across flowers. Under similar environmental conditions, dichogamous species exhibit asynchronous development of their sexual organs during
flowering, rather than morphological divergence. This phenomenon is classified into protandry (male-first maturation) and protogyny (female-first
maturation) on the basis of the maturation sequence, into intrafloral or interfloral dichogamy on the basis of the spatial scope, and into complete or
incomplete dichogamy depending on the degree of separation. Further subdivisions include synchronous or asynchronous types, determined by the
synchronicity of sexual maturation within individual plants. Studies reveal that dichogamy arises from a dynamic equilibrium shaped by direct and indirect
interactions of multiple factors. Biotic drivers, such as pollinators' behavior, promote co-evolutionary dynamics, while abiotic factors indirectly regulate key
genes governing the timing of flowering, thereby modulating dichogamy. Hormonal signaling pathways critically regulate floral development and sexual
differentiation, and epigenetic mechanisms, including DNA methylation and histone modifications, further fine-tune these processes. By temporally and
spatially isolating sexual functions, dichogamy reduces selfing risks, enhances outcrossing, enriches genetic diversity, and underpins the breeding of high-
yield, genetically diverse hybrids. However, this strategy entails trade-offs, such as resource allocation conflicts and restricted gene flow. The diverse
ecological manifestations of dichogamy reflect its adaptive significance as a key driver in the evolution of plants' reproductive strategies. This review
systematically examines the mechanistic basis, regulatory factors, and ecological implications of dichogamy, offering insights into its role in plant
reproduction, biodiversity, and hybrid breeding.
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systems at the molecular level, morphologically differentiated
heterostyly, and temporally regulated dichogamy®-12l, It is worth
noting that unisexual phenomena are not common in angiosperms,
with only a minority of seed plant species exhibiting unisexual
flowers (dioecy: approximately 4%; monoecy: approximately 7%),
but their phylogenetic distribution is widespread, occurring in
about 75% of families!'3.. As a typical monoecious species, common
walnut (Juglans regia) provides a case study of its reproductive
systemU4],

Although dichogamy is widespread in angiospermsl's], it has
received relatively less attention compared with other floral traits?!.
This relative neglect may stem from Darwin's limited focus on the
phenomenon, leading to long-standing deficiencies in theoretical
and experimental research on the types, evolutionary drivers, and
functional consequences of dichogamy. In recent years, as research
on plant reproductive strategies has deepened, dichogamy, as an
important reproductive mechanism, has gradually gained attention
for its role in plant evolution and ecological adaptation.

Introduction

Theories of reproductive evolution suggest that the divergence
of sexual systems is a key mechanism for species' adaptive radiation.
When a population contains two or more interbreeding sexual
morphs, phenological asynchrony and morphological traits jointly
drive the formation of nonrandom mating patternst'l. In this pro-
cess, disassortative mating is considered a key driving force in
maintaining sexual polymorphism, with dichogamous plants being
typical representatives of this mating pattern(-2],

Dichogamy refers to the temporal separation of male and female
reproductive functions within a plant, either within a single flower
or among different flowers on the same plant/23], This phenomenon
is of significant importance in the field of plant reproductive biology
and has attracted widespread attention. The concept was first
described by Kolreuter (1761-1766) and formally named by
Sprengel. The term is derived from the Greek roots "dicho" (sepa-
ration) and "gamous" (mating), emphasizing the temporal differenti-
ation of male and female functions in hermaphroditic flowers341.
However, the current academic consensus still follows Sprengel's
original definition, which emphasizes the temporal offset of repro-
ductive activities between stamens and pistils*.

Mechanisms and types of dichogamy

Dichogamy effectively prevents self-pollination by avoiding a

In spermatophyta, approximately 72% of species exhibit her-
maphroditic flowering characteristicsP¢. To avoid genetic defects
caused by inbreeding depression (such as chromosomal deletions),
these plants have evolved various mechanisms to promote cross-
pollination, thereby maintaining genetic diversity and enhancing
adaptability”l. Key outcrossing strategies include self-incompatibility
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temporal overlap between pollen release and stigma receptivity.
This phenomenon manifests in various forms in plants, and a single
species may exhibit a combination of two or more dichogamous
subtypes, each of which, along with its combinations, may confer
different benefits and drawbacks to the planti2'6l, Depending on the
order of maturation, dichogamy can be categorized into protandry
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(PA) and protogyny (PG)U'7L. In hermaphroditic flowers, if the
stamens mature significantly earlier than the stigma receptivity
period, this is known as PAl'819; conversely, if the pistil is active
before anther dehiscence, it is known as PGU'8L For instance, the
hermaphroditic flowers of rapeseed (Brassica napus L.) and beet
(Beta vulgaris L.) are pistil-first, while those of sunflower (Helianthus
annuus L.) and apple (Malus pumila Mill.) are stamen-firsti3l. These
two phenomena were previously termed ‘'androgyny' and 'gy-
nandry', corresponding to PA and PG, respectivelyl. Hildebrand
(1867) standardized them as PA and PG, while Delphino (1868-
1875) further adjusted them to proterandry and proterogyny!“l.

Depending on the scope of expression, dichogamy can be
divided into intrafloral dichogamy and interfloral dichogamyfl.
Intrafloral dichogamy refers to the temporal separation of pistil and
stamen maturation within the same flower. For example, Cleroden-
drum infortunatum exhibits stamen-first maturation??, with a
pronounced intrafloral dichogamy where the female and male
phases are entirely separated in time. Interfloral dichogamy, on the
other hand, refers to differences in the maturation times of pistils
and stamens in different flowers on the same plant. For example, in
maize (Zea mays), the male inflorescence matures earlier than the
female inflorescence, exhibiting interfloral PA[21],

Depending on the degree of separation, dichogamy can be
further divided into complete dichogamy and incomplete
dichogamy222l, Complete dichogamy refers to the absence of any
temporal overlap between male and female functions, as seen in
Platycodon grandiflorus®23l. Incomplete dichogamy, however, in-
volves a brief period of overlap. For example, in H. annuus L.[?), there
is a partial overlap between the pollen and stigma receptivity periods
of stamen-first and pistil-first forms.

Additionally, depending on the synchrony of male and female
maturation within a plant, dichogamy can be classified as synchron-
ous or asynchronous dichogamy!?l. Synchronous dichogamy refers
to the highly consistent maturation times of pistils and stamens
across all flowers on a plant, as seen in Ziziphus mauritianal?! and
Sassafras randaiensel?®), Asynchronous dichogamy (also known as
heterodichogamy), in contrast, involves significant differences in the
maturation times of pistils and stamens in different flowers on the
same plant, such as in Acer pseudoplatanus?¥, J. regial'¥, Carya
illinoinensis'2®), and other members of the Juglandaceae family. In
asynchronous dichogamous plants, the pistils and stamens of
female and male flowers mature synchronously within their respec-
tive sexes but do not interfere with each other. This characteristic
enables the plant to effectively engage in disassortative hybridiza-
tion, thereby promoting genetic diversity27-29,

This study compiles the systematic classification and reproductive
characteristics of 50 dichogamous plant species across 27 families
(Table 1), revealing the diversity and adaptive differentiation of this
phenomenon in the plant kingdom. The statistical data clearly show
that dichogamy is particularly prominent in the Lauraceae family,
the genus Acer, and the Annonaceae family. Notably, plants in the
Lauraceae family predominantly exhibit PG with a 6-12-h interval,
which is strongly associated with self-incompatibility (SIC), reflecting
an adaptive strategy to promote outcrossing through temporal
separation. Moreover, according to this table, it can be inferred that
the dichogamous strategy of plants can effectively avoid inbreeding
depression through spatiotemporal separation. For example, the
widespread PG in Lauraceae plants such as Cinnamomum and Aniba,
in conjunction with insect pollination, not only enhances the
resilience of tropical forest tree species to disturbances but also
maintains and increases genetic diversity at the community level
through outcrossing.
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Factors influencing dichogamy

The phenomenon of dichogamy may be associated with multiple
factors, including biological interactions], environmental
responsesl®’], gene expression>8], and epigeneticsl59. Under similar
environmental conditions, dichogamous plants exhibit temporal
rather than morphological differences during flower development,
suggesting that genes regulating flowering time may play a more
crucial role and deserve further attention. Moreover, once floral
sexual differentiation is completed in dichogamous plants, the asyn-
chrony in flowering time becomes evident through the distinct
differences in the opening sequence of male and female inflores-
cences or individual flowers[®0l. This indicates that the process of sex
differentiation may influence flowering time at the population or
individual level by altering the sex ratio of plants and the sequence
of floral development!9, Although direct evidence linking sex differ-
entiation and flowering time in dichogamous plants is limited, studies
on te regulation of sex expression in dioecious species and the
temporal and spatial regulation of flower sex differentiation in
dichogamous species can provide a theoretical framework for this
field(®l, However, research on genes regulating flowering time and
sex differentiation in dichogamous plants remains limited. Nonethe-
less, relevant studies in other plants, such as the model plant
Arabidopsis thaliana, can offer insights into the factors affecting the
mechanisms in dichogamous plants.

Biological factors

Pollinators

Throughout plant growth, diverse biological activities are present.
As a key facilitator of outcrossing, pollinators shape plants' selection
pressure for dichogamy through species-specific traits, visitation
frequency, and variation in feeding behavior®. In Narcissus brous-
sonetii, long-styled plants delay stigma receptivity, while short-
styled ones elevate their styles to prevent self-pollination, illustrating
pollinator-driven dichogamous coevolution®'. In Primula oreodoxa,
at higher altitudes, reduced long-tongued pollinator activity may
favor homostyly over heterostyly, increasing self-pollination rates(®',

Pathogens

Intraspecific resource competition drives plants to optimize
energy allocation, while pathogen infection risks can disrupt the
balance of sexual expression; together, they affect the dynamic
balance of dichogamy. In Cucumis sativus, upregulating the
flavonoid metabolism combats powdery mildew, and jasmonic
acid (JA) signaling induces the MYB21 gene to promote stamen
development62, These hormonal networks influence flowering time
and sexual differentiation. For example, the disease-resistant variety
BK2, regulated primarily by salicylic acid (SA) and auxin, shows a
moderate proportion of female flowers and delayed flowering,
whereas the susceptible variety H136, controlled mainly by
gibberellin (GA) and JA, has a higher proportion of female flowers,
earlier flowering, and premature senescence. This illustrates that
plants can regulate dichogamy while resisting pathogens(®2, Addi-
tionally, Magnaporthe oryzae infecting Oryza sativa damages photo-
synthetic organs like leaves, impairing photosynthesis and affecting
carbohydrate accumulation and metabolism, which may delay flow-
ering or shorten the flowering period, ultimately reducing grain set
and yield®3, In summary, pollinators' behavior and pathogen infec-
tion interact with other biological factors to influence plants' flower-
ing and reproduction strategies, reflecting complex coevolutionary
relationships in ecosystems.
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Table 1. Attributes of currently known dichogamous flowering plants.

Seed Biology

Flowering characteristics

Famil Genus Species Ref.
Y P Pollinating vector !\/LaeIS;rF;?;a:e Compatibility
Sapindaceae Acer Acer pseudoplatanus Thysanoptera 24-48 h SC [30]
Acer japonicum Insects [31]
Acer grandidentatum (32]
Acer saccharum [33]
Acer opalus [10]
Acer mono [9]
Circaeasteraceae Kingdonia Kingdonia uniflora Unknown 1d Unknown [34]
Amaranthaceae Grayia Grayia brandegei Wind 14-21d SIC [8]
Spinacia Spinacia oleraacea var. americanna Wind 24-48 h SC [8]
Lauraceae Aniba Aniba rosaeodora Apis 6-12h SIC [35]
Cinnamonum Cinnamonum camphora Apis 6-12h SIC [35]
Cinnamonum zeylanicum [35]
Licaria Lcaria guianensis Apis 6-12h SIC [35]
Mezilaurus Mezilaurus thoroflora Apis 6-12h SIC [35]
Persea Persea americana Apis 24 h SIC [35]
Persea caerulea [35]
Thymelaeaceae Thymelaea Thymelaea hirsuta Wind 8-12d Unknown [29]
Trochodendraceae Trochodendron  Trochodendron aralioides Musca domestica 10-28d SC [36]
Annonaceae Annona Annona squamosa Coleoptera 12h SC [36]
Betulaceae Corylus Corylus avellana Wind A few days varies SIC [27]
Lamiaceae Lepechinia Lepechinia floribunda Bombus and Xylocopa aeratus 6h SC [37]
Juglandaceae Carya Carya illinoensis Koch Wind 1-2d SC [26]
Carya ovata [38,39]
Carya tomentosa [38,39]
Carya laciniosa [38,39]
Juglans Juglans hindsii Wind 7d SC [40]
Juglans nigra [27]
Juglans mandshurica [41]
Juglans ailanthifolia [42]
Juglans regia [43]
Juglans cinerea [38]
Juglans cordiformis [36]
Cyclocarya Cyclocarya paliurus Wind 14d SC [38,39]
Lauraceae Sassafras Sassafras randaiense Rehd Beetles and Apis 1-2h SIC [25]
Campanulaceae Platycodon Platycodon grandifiorus Unknown Unknown SIC [4,23]
Rhamnaceae Ziziphus Ziziphus mauritiana Wasps, fliesbbutterflies and 3-12h SIC [24]
ees
Araliaceae Stilbocarpa Stilbocarpa polaris Drosophilidae 10d SC [44]
Meliaceae Toona Toona sinensis Unknown 17-24d Unknown [45]
Lamiaceae Ajuga Ajuga decumbens Apis and Megachile 1-2d SC [46]
Salvia Salvia elegans Trochilidae 1-2d SC [47]
Verbenaceae Clerodendrum Clerodendrum infortunatum Papilionoidea 11h SC [20]
Onagraceae Clarkia Clarkia pulchella Pursh Halictidae 1-2d SC [48]
Alismataceae Sagittaria Sagittaria latifolia Apis, wasps, and beetles 1d SC [49]
Asteraceae Helianthus Helianthus annuus Apis 3-7d SC [2]
Amaryllidaceae Narcissus Narcissus broussonetii Long-tongued pollinators 3d SIC [50]
Brassicaceae Brassica Brassica napus Apis and wind 1-3d SIC [51]
Amaranthaceae Beta Beta vulgaris Wind 1-2d SIC [52]
Rosaceae Malus Malus domestica Apis and wind Unknown SIC [53]
Poaceae Zea Zea mays Wind 2-7d SC [54]
Cucurbitaceae Cucumis Cucumis sativus Unknown Unknown Unknown [55]
Zingiberaceae Lanxangia Lanxangia tsaoko Unknown 2-4h SIC [56]

Note: SC represents self-compatibility and SIC represents self-incompatibility.

Abiotic factors

Environmental factors

Plant growth and development are influenced by a combination
of internal and external environmental factors, among which light,
nutrition, temperature, and water play a crucial role in the flowering
cyclel64-681, In Cyclocarya paliurus, while soluble proteins for protan-
drous male bud development mainly come from their own reserves,
those for female bud development rely on the photosynthetic
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products of the surrounding leaves, and insufficient light may
weaken nutrient acquisition in female flowers, which may disrupt
the dichogamous sequencel®. In C. illinoinensis, spring freezes in
April can severely injure pecan buds, decreasing bloom and fruit set;
however, the results demonstrate that the Maramec/Colby combi-
nation uses more nonstructural carbohydrates and soluble sugars
and starches, which may be a possible mechanism contributing
to its freeze tolerance, which may be a possible mechanism
contributing to its freezing tolerancel®>. In A. thaliana, the abscisic
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acid (ABA)-responsive element-binding factors 3 and 4 act with the
nuclear factor Y subunit C to promote flowering by inducing the
transcription of SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1
(SOCT7) under drought conditions, which might contribute to
adaptation by enabling plants to complete their life cycles under
drought stress[66l,

Regulatory network of flowering sequence and sex
differentiation

Regulation of flowering time

Flowering is a crucial stage in the life cycle of plants, precisely
regulated by the interaction of external environmental signals, such
as photoperiod and temperature, and internal molecular networks.
These internal networks include hormone signaling, circadian
rhythms, and genes associated with flowering. This process not only
shapes the reproductive strategies of species but also reflects the
adaptive evolution of plants to dynamic niches!¢”). Although model
plants like A. thaliana and O. sativa have revealed the molecular
mechanisms of floral transition through core modules such as
CONSTANS, FLOWERING LOCUS T (FT), FLOWERING LOCUS C (FLQ),
FLOWERING LOCUS M, FRUITFULL, TERMINAL FLOWERI1, and AGA
MOUS-LIKE 241681, there are still significant research gaps in the regu-
lation of flowering in dichogamous plants. Currently, the identifica-
tion of related gene functions and pathway analysis are limited to
scattered reports on a few species.

The regulation of flowering time in maize involves a complex
molecular network, where ZmGIGANTEA2 (ZmGl2) acts as a core
regulator influencing the photoperiod-dependent flowering process
through the combined action of multiple pathways®. Research has
shown that mutations in the ZmGI2 gene lead to early flowering
under long-day conditions but do not significantly affect flowering
time under short-day conditions®®. ZmGI2 directly binds to the
promoter regions of FT-like gene CENTRORADIALIS8 (ZmZCN8) and
Flowering-promoting Factor 1 (ZmFPF1), thereby inhibiting their
expression. ZmZCNS, translated in the leaf vasculature, relocates to
the shoot apex to trigger floral identity genes; ZmFPF1 then accele-
rates flowering!?. Further studies have indicated that ZmGI2 regu-
lates flowering through its downstream targets A Response Regulators
(ZmARR11), DNA binding with one finger (ZmDOF), and Ubiquitin-
conjugating 11 (ZmUBC11)[69.70],

In addition to the above, there is an interesting trehalose-6-phos-
phate (T6P) synthesis pathway in the flowering regulatory network
of many plants, such as A. thaliana. T6P acts as a signaling molecule
and a regulator of sucrose homeostasis. It regulates sucrose produc-
tion in the source leaves and developmental processes via trehalose
phosphate synthase (TPS) and trehalose phosphate phosphatase (TPP),
thereby modulating flowering and embryo development(©8l, Recent
studies show that the TPPD gene in walnuts is key to regulating
flowering time. Its 3' untranslated region (UTR) contains tandem
repeats that affect gene expression through small RNA mechanisms,
controlling the maturation sequence of male and female flowers.
This finding reveals the molecular basis of walnut's flowering
dichogamy and offers new insights into the regulation of plant
flowering”". In apple, flowering control largely mirrors the Arabi-
dopsis paradigm. Exogenous sucrose selectively upregulates 5 of the
13 TPS genes (MdTPS1-MdTPS13), increasing T6P, which, in turn,
activates SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) and
other flowering integrators. Sucrose simultaneously elevates leaf
FT1 and floral APETALAT (AP1) transcripts, supporting a model in
which FT protein acts as a mobile inductive signal’2. Concomi-
tantly, sucrose represses miR156 and induces miR172, thereby
releasing SPL from age-dependent inhibition. The sucrose-metabo-
lizing enzymes sucrose synthasel, sucrose-phosphate synthase6, and
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hexokinase1 also contribute to this regulatory network’Z, In addi-
tion, Chen et al. traced the first dichogamy switch in Zingiberaceae
to a 13-kb locus in the dichogamy-associated region (DAR) on chro-
mosome 12 of Lanxangia tsaoko, which determines whether plants
are PA or PG. Within DAR, influence anther dehiscence (LtIAD) is
upregulated in PG anthers; its overexpression in rice delays dehis-
cence and recreates the PG phenotypel>9],

Some hormones can indirectly influence the flowering of plants
through relevant signaling pathways. In C. paliurus, most CpC5-
Methyltransferase (CpC5-MTase) and Cpd Methyltransferase (CpdM-
Tase) genes are significantly correlated with key enzymes in the
GA biosynthesis pathway, such as DELLA and GIBBERELLIN DWARF]1.
Moreover, GA-responsive elements have been identified in the
promoter regions of these genesl’3l. This suggests that GA may
modulate the promoter activity of CpC5-MTase and CpdMTase
genes to affect DNA methylation levels, ultimately influencing the
flowering process and cross-pollination characteristics of Camellia
papyrifera4. Malus domestica trees exhibit alternate bearing
during their growth and development, with years of low yield (OFF
years) and high yield (ON years)’>l. Research has shown that M.
domestica trees in OFF years promote floral induction by activating
the phenolic acid metabolism pathway!7>!. Notably, although ABA
and GA do not show significant differences, cytokinins may indirectly
regulate SA synthesis through the histidine-aspartate phosphorelay
signaling pathway, thereby influencing flowering76l. However, the
reduction in SA derivatives is consistent with the carbohydrate
competition hypothesis, which posits that fruit development
consumes excessive resources, thereby limiting the accumulation of
flowering-related signals’7l. Furthermore, the dynamic balance
between methyl jasmonate and indole-3-acetic acid may be
disrupted under high-load conditions, further inhibiting floral bud
differentiationl7>l.

Sex determination

Flower development is fundamental for fruit and seed production
in plants. Compared with hermaphroditic flowers, the differential
development or selective arrest of carpels or stamens in some
species leads to unisexual male or female flowers, creating flower
sex-type diversityl’8l. Various combinations or distributions of the
three flower types result in dichogamous, dioecious, and her-
maphroditic plants, forming the sexual morphological diversity of
plants’7), In the sex differentiation regulatory network of dichoga-
mous plants, the ethylene biosynthesis and signaling pathway,
the cell cycle regulatory pathway, and members of transcription
factor families together form the core regulatory modulet?). In C.
sativus, sex determination is regulated by 1-aminocyclopropane-I-
carboxylate (ACC) synthase encoded by 71-aminocyclopropane-1-
carboxylate synthase (CsACS1G) and CsACS2. CsACS1G induces female
flower development by catalyzing the synthesis of the ethylene
precursor ACCU9, while CsACS2 maintains the hermaphroditic
flower phenotype by suppressing stamen development®9. Studies
have shown that ETHYLENE RESPONSE 1 (CsETR1), an ethylene recep-
tor, inhibits stamen development in female flower primordia by
inducing a DNA damage response mechanism(®', Notably, this
study found that CsACS1G is specifically and highly expressed at
the one-leaf-one-heart stage in C sativus (B36), potentially
suppressing the expression of 7-Aminocyclopropane-1-Carboxylic
Acid Oxidase (CsACO1/3) through negative feedback regulation,
thereby forming a time-specific window for ethylene signaling(73l.
Additionally, key cell-cycle genes — including Minichromosome Main-
tenance complex components (Cs-MCM2, Cs-MCM®6), Cell Division
Cycle 45 (CDC45), DNA primase (Cs-Dpri), and Cs-CDC20 — exhibit
peak activity in dichogamous plants during the one-leaf-one-heart
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stage, synchronized with activation of the ethylene pathway®2. This
implicates ethylene in cell cycle coordination, where Cs-MCM6
governs DNA replication in early floral tissues, whereas Cs-CDC20
may initiate the meiosis transitionl®2, Co-upregulated ethylene
response factors (Cs-ERF12, Cs-ERF118) potentially integrate ethylene
signaling with sex determination!82],

Epigenetic modification

DNA methylation

DNA methylation, as an important epigenetic regulatory mecha-
nism, can influence flowering time and sex differentiation in plants
by modulating downstream gene expression. However, there are
currently few studies on the impact of DNA methylation on the
flowering process in dichogamous plants, with only a limited
number of examples in C. paliurus’3]. Research has shown that in C.
paliurus, cytosine-5 DNA methyltransferase (C5-MTase) and DNA
demethylase (dMTase) affect the flowering process by regulating
gene expression73l. During the polyploidization of the CpC5-MTase
and CpdMTase gene families, significant gene expansion and loss
events have occurred. Specifically, the DEMETER subfamily has
significantly expanded during tetraploidization, while the CHLORO-
PLAST MANGANESE TRANSPORTER 1 and DEMETER-like subfamilies
have experienced gene losst’3l. These dynamic changes in gene
families have led to alterations in DNA methylation patterns, which,
in turn, affect the synchronous development of floral organs. More-
over, CpC5-MTase and CpdMTase expression differs between female
and male flowers and between the mating types PA and PG across
stagesl’sl. At bud break (S2), specific CpC5-MTase transcripts peak in
PG males, while certain CpdMTase transcripts rise in PA males, driving
asynchronous flowering. Concomitantly, DNA methyltransferase 2
and methyltransferase are downregulated in PG pistillate buds,
lowering methylation and accelerating female development;
conversely, upregulation of repressor of silence 1 demethylase in PA
staminate buds promotes male growth via active demethylation[73!,
By maturity, CpC5-MTase and CpdMTase are predominantly higher in
female flowers, with further mating-type variation, underscoring
DNA methylation's sex-biased control of floral morphogenesis and
sex differentiation in C. paliurus.

Noncoding RNA regulation

Noncoding RNAs, which are molecules that do not encode
proteins but are widely involved in the regulation of gene expres-
sion, mainly include microRNAs (miRNAs), long noncoding RNAs
(INncRNAs), and small interfering RNAs (siRNAs)®2, However, in the
study of dichogamous plants, research on this topic is very limited.
Only a few studies have found that some genes in miRNA families
can regulate the flowering time and sex differentiation of dichoga-
mous plants by targeting downstream genesl®3-85, Research has
shown that ZmSPL13 and ZmSPL29 are key factors regulating the
transition from vegetative to reproductive growth in Z. maysl®3l,
These two genes belong to the SPL family, and their expression is
regulated by the microRNA miR156. As Z. mays plants develop, the
expression of miR156 gradually decreases, leading to an increase in
the accumulation of ZmSPL13 and ZmSPL29®). ZmSPL13 and
ZmSPL29 directly activate the expression of ZmMIR172C, thereby
inhibiting its target gene Glossy 15 (which encodes an AP2 transcrip-
tion factor), thus promoting the transition from the vegetative stage
to the adult stagel®3l,

Additionally, in Z. mays, it has been found that the sex determina-
tion of the male inflorescence (tassel) is closely related to the
microRNA miR172 family member Tasselseed4 (Ts4)184, Research has
shown that Ts4 targets the AP2-like transcription factor indeterminate
spikelet1 (IDS1) to inhibit pistil development and maintain male
flower characteristicsi®4. Specifically, in wild-type Z. mays male
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flowers, the miR172 encoded by Ts4 cleaves IDST mRNA, preventing
its translation into protein and thereby inhibiting the formation
of pistil primordia. When the function of Ts4 is lost (such as in
Ts4 mutants), the IDST protein accumulates excessively, causing
male flowers to transform into bisexual flowers (containing pistil
structures)®4, It is worth noting that another mutant, Ts6, exhibits a
dominant pistil development phenotype, and its mechanism is
different from that of Ts4: The IDST protein encoded by the Ts6 gene
escapes degradation due to a mutation in the miR172 binding site,
resulting in a gain-of-function effect!84l,

In studies of other nondichogamous plants, it has been observed
that noncoding RNA systems form complex regulatory networks
through cis-regulatory elements and trans-acting factors, indirectly
controlling the flowering process’983, In A. thaliana, the YTH-
domain NS-methyladenosine (m6A) reader EVOLUTIONARILY CON-
SERVED C-TERMINAL REGION2 (ECT2) binds to m6A-modified
transcripts of the trichome regulator TESTA GLABRA 1 and stabilizes
them; loss of ECT2 disrupts trichome morphogenesis, which, in turn,
alters light perception in the leavees and flowering timef®5l. More-
over, the two major miRNA modules, miR156-SPL and miR172-
AP2, precisely regulate the temporal transition from vegetative to
reproductive growth through mutual antagonism, and this mecha-
nism is highly evolutionarily conserved!®®.. Additionally, the IncRNA
COOLAIR suppresses the expression of FLC through chromatin
remodeling, forming the core epigenetic barrier of the vernalization
pathway®7],

Histone modification and chromatin remodeling

Histone modification refers to the process by which histones
undergo modifications such as methylation, acetylation, phosphory-
lation, and ubiquitination under the action of related enzymes(s8l,
These modifications can influence gene expression by altering the
state of chromatin, in turn affecting the flowering process in
plants(88l, Similarly, research on this topic in dichogamous plants is
very limited. Only in cucumber has it been found that the histone
acetyltransferase (HATs) and histone deacetylase (HDACs) gene
families exhibit significant stage-specific expression patterns during
flower bud development!®l, For example, whole-genome analysis
has revealed that among the 36 CsHAT genes and 12 CsHDAC genes
in cucumber, their expression levels dynamically change during the
growth stages of flower buds from 1-2 to 9 mm, implying that these
enzymes may participate in determining flowering time by regulating
the chromatin accessibility of target genes®°. Notably, the expres-
sion of CsHAT genes is significantly higher at the initial stage of
flower bud formation (e.g., 1-2 mm) compared with the apical bud
stage, whereas CsHDAC genes show higher activity in later develop-
mental stages (e.g., 6-8 mm). This suggests that the coordinated
action of HAT/HDAC may drive the initiation and termination of
flower organ differentiation!sl,

In studies of other nondichogamous plants, it has been observed
that the methylation of histone H3 exhibits spatiotemporal distribu-
tion characteristics: H3K4me3 and H3K36me3 promote reproductive
growth by activating the expression of the key flowering gene FT1%0
and the floral organ development regulator AP3", respectively. In
contrast, H3K27me3 is catalyzed by the Polycomb Repressive
Complex 2 (PRC2) complex and deposited at the FLC locus, main-
taining the vernalization-induced flowering repression state
through epigenetic silencing(®8l, Acetylation neutralizes the positive
charge of lysine residues, altering chromatin's accessibility. The
dynamic changes in H3K9ac and H4K16ac are involved in photo-
period signal-mediated flowering regulation®®2. The histone deme-
thylase JMJ16 represses the expression of leaf senescence genes by
erasing the H3K4me3 mark on the WRKY53 promoter®3l. In contrast,
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demethylation of H3K9me3 mediated by JMJ30 promotes callus
formation®4.

Chromatin remodeling and the three-dimensional structure
of chromatin

Chromatin remodeling exerts spatiotemporally specific functions
in determining the identity of floral organs in plants by dynamically
regulating the higher-order structure of chromatin and its interaction
network with transcription factors, and subsequently controls genes
related to flowering®®l. Current research is mostly focused on the
model plant A. thaliana, and there are significant gaps in studies
on dichogamous plants. Nevertheless, insights can still be gained
by starting with research on A. thaliana. The chromatin remodeling
ATPases SPLAYED (SYD) and BRAHMA, members of the SWI2/SNF2
family, physically interact with the floral organ identity determinants
LEAFY (LFY) and SEPALLATA3 (SEP3)l, During flower development
in A. thaliana, they antagonize Polycomb-mediated epigenetic
repression, dynamically regulating the spatiotemporally specific
expression of the AP3 and AGAMOUS genes®®l. Notably, SYD can
directly bind to the N-terminal protein interaction domain of
LFY, whereas SEP3 enhances the recruitment efficiency of SYD
through its DNA-binding domain, forming a synergistic regulatory
module combining transcription factors and chromatin remodeling
factors[®s,

Recent studies have shown that the three-dimensional (3D) chro-
matin interaction patterns at flowering-related loci undergo signifi-
cant reorganization during the transition to flowering. Using Hi-C
technology, it has been found that in A. thaliana, flowering loci form
chromatin loop structures under floral induction conditions,
promoting physical contact between enhancers and promoters,
thereby activating the expression of downstream flowering
genesl, In O. sativa, dynamic changes in the 3D genomic topology
are positively correlated with the level of m6A modification,
suggesting that epigenetic modifications may regulate the coordi-
nated expression of flowering genes by affecting the spatial confor-
mation of chromatin[®7J,

Functional and adaptive significance of dichogamy

Dichogamy, a floral trait widely present in hermaphroditic plants,
primarily functions to temporally separate male and female re-
productive functions. This separation forms complex adaptive
trade-offs in avoiding inbreeding depression, optimizing resource
allocation, and enhancing genetic diversity[31851.98],

From the perspective of avoiding self-pollination risks, dichogamy
reduces the probability of pollen (male) and stigma (female)
interacting within the same plant through spatiotemporal separa-
tion, effectively inhibiting self-pollination. For example, PA, which
releases pollen first and suppresses stigma receptivity during
the same period, significantly reduces the occurrence of
geitonogamy®. PG, on the other hand, delays stigma maturation to
avoid self-pollinationt3!. This mechanism is particularly important in
self-incompatible plants, as it prevents the plant's own pollen from
occupying stigma space and thus discounting ovules®. However,
the temporal separation of dichogamy may lead to temporal
mismatches between male and female functions: if pollen release
peaks before stigma receptivity, it may result in pollen wastage;
conversely, if stigma receptivity is prolonged, it may increase
competition for outcrossing pollen('®), This trade-off is especially
prominent in entomophilous plants, as pollinators' behavior directly
affects the efficiency of sexual resource allocation5"],

In terms of enhancing population genetic diversity, dichogamy
can promote outcrossing to break the inbreeding bottleneck and
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increase heterozygosity. Heterosis, which enhances the offspring's
fitness through the expression of beneficial recessive genes and
hybrid vigor, is supported by the spatiotemporal separation mecha-
nism of dichogamy!®8l. For example, synchronous PA maximizes the
overlap of flowering periods among different plants, thereby
enhancing interplant pollen flow('8, However, over-reliance on
outcrossing may lead to the accumulation of genetic load, especially
when inbreeding coefficients increase in small populations, and
heterozygote disadvantage may offset the benefits of heterosis!'8l.
Moreover, strict temporal separation in dichogamy may limit the
range of gene flow. If pollination networks are unstable, this can
reduce allelic diversity within populations!00,

From the perspective of sexual selection and resource allocation,
dichogamy optimizes energy allocation through phased functional
differentiation. Protandrous plants focus resources on anther devel-
opment during the pollen maturation stage and shift to ovule main-
tenance during the female phase. This phased specialization can
improve resource use efficiency®'l. For example, wind-pollinated
dichogamous plants often shorten the stigma receptivity period to
reduce energy loss from wind pollination>'l, However, this resource
allocation pattern may limit reproductive flexibility: In the absence
of pollinators, a premature decline in male function can lead to
insufficient pollen export, while an extended female phase may
increase the risk of ovule abortionl'%", It is worth noting that the
evolution of dichogamy is often accompanied by pollinator-medi-
ated selective pressures. For example, in plants of the genus Ruellia
pollinated by hummingbirds, the movement of touch-sensitive
stigma coordinates the timing of male and female functions, reducing
the probability of self-pollination probability while matching the
flowering rhythm of pollinators!'90],

Overall, the adaptive significance of dichogamy is reflected in a
dynamic balance amid multiple trade-offs, specifically manifested as
follows:

(i) Dichogamy reduces the risk of self-pollination through temporal
separation mechanisms but incurs the cost of potential sexual
resource mismatches.

(i) Dichogamy enhances genetic diversity by promoting outcross-
ing but may face the trade-off of restricted gene flow.

(i) Dichogamy optimizes resource allocation through functional
differentiation but still needs to cope with the challenges of envi-
ronmental fluctuations.

These balances shape the diverse manifestations of dichogamy
across different ecological contexts and make it an important driving
force in the evolution of plants' reproductive strategies.

Applications of dichogamy in hybrid breeding

Dichogamy, as a crucial reproductive strategy, plays a pivotal role
not only in plants' evolution and ecological adaptation but also
demonstrates significant application potential in the field of hybrid
breeding. Its temporal separation mechanism of male and female
reproductive functions effectively reduces the rate of self-fertiliza-
tion, providing a natural biological emasculation solution for the
production of hybrid seed. This substantially reduces the labor costs
associated with manual emasculation and enhances the efficiency
of outcrossing('536.102 For instance, timely and thorough manual
detasseling during the production of hybrid maize seed effectively
curtails self-pollination, secures heterosis, and minimizes seed
contamination['92l, Similarly, heterodichogamous plants, such as
walnut (J. regia), promote natural outcrossing through reciprocal
flowering asynchrony (PA vs. PG) between different individuals.
Optimized orchard configurations can significantly enhance the
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efficiency of cross-pollination271.1031 A recent study found that
structural variants control heterodichogamy, possibly by influencing
the expression of TPPD-171l, Concurrently, the cucumber CsACS1G
gene potentially regulates pistillate flower development through
the ethylene biosynthesis pathwayl'94195], These key genes offer
new clues for understanding the molecular basis of dichogamy and
can serve as valuable genetic resources for marker-assisted breed-
ing. However, using dichogamy in breeding still has limitations.
Changes in environmental conditions (such as temperature shifts)
may affect flowers' synchronization, and the strict timing of flowering
could reduce reproductive success®>l. Future research should inte-
grate genomics and gene editing technologies to optimize dichoga-
mous phenotypes, balancing outcrossing efficiency with stress

Ou et al. Seed Biology 2025, 4: 015

resilience, thereby advancing the development of high-yield, genet-
ically diverse hybrid crops.

Conclusions

Dichogamy, as a key reproductive strategy in angiosperms,
achieves a complex dynamic balance by skillfully separating the
maturation times of male and female reproductive organs. This
separation effectively avoids the risks of self-pollination, optimizes
resource allocation, and enhances genetic diversity. Dichogamy
has played a crucial role in the evolutionary history of plants and
has demonstrated remarkable adaptability across diverse ecolo-
gical contexts, highlighting the capacity of plants to respond to
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environmental changes and the complexity and flexibility of their
reproductive strategy evolution.

Despite its significance, research on dichogamy remains relatively
limited. This review, based on a comprehensive examination of
previous studies, summarizes the characteristics of dichogamy in
various plants and elaborates on its mechanisms and types. Studies
have shown that the dynamic balance of dichogamy is influenced
by a variety of factors!3:62:64-66,68,71-73,79,85,88,95] Drawing on research
in model plants such as A. thalianaB3:6264-66,6871-73,79.8595 \ye have
summarized the key mechanisms that affect dichogamy in plants, as
illustrated in Fig. 1.

(i) Pollinators' interactions drive coevolution.

(if) Environmental cues indirectly influence flowering time and sex
differentiation through the regulation of key genes.

(iii) Genes involved in sex differentiation and flowering time form
an interactive hub.

(iv) Epigenetic mechanisms couple environmental signals with
genetic regulation.

These findings further elucidate the complexity and diversity of
dichogamy for exploring its roles in plant reproduction, the mainte-
nance of biodiversity, and hybrid breeding, thus providing important
references and insights for future research.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception: Zhao P, Li M, Wang M, Ou M,; first draft prepara-
tion: Ou M, Yu S, Gao Z; table and figure preparation as well as
manuscript editing and proofreading: Ou M, Yu S, Gao Z, Qiao X;
revision of the manuscript: Li M. All authors reviewed the results and
approved the final version of the manuscript.

Data availability

All data generated or analyzed during this study are included in
this published article.

Acknowledgments

This work was supported by the National Natural Science Founda-
tion of China (32200295, 32370386, and 32070372); the Science
Foundation for Distinguished Young Scholars of Shaanxi Province
(2023-JC-JQ-22); the Shaanxi Fundamental Science Research Project
for Chemistry and Biology (23JHQO029, 23JHZ009, and 22JHZ005);
the Young Talent Fund of the Association for Science and Technology
in Shaanxi, China (20240221); the Shaanxi key research and develop-
ment program (2024NC-YBXM-064); and China's Postdoctoral Sci-
ence Foundation (2022MD723843).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 28 May 2025; Revised 19 July 2025; Accepted 5 August
2025; Published online 12 September 2025

References

1. Field DL, Barrett SCH. 2012. Disassortative mating and the maintenance
of sexual polymorphism in painted maple. Molecular Ecology
21:3640-43

2. Cetinbas A, Unal M. 2014. An overview of dichogamy in angiosperms.
Research in Plant Biology 4:9-27

Page 80f 10

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Molecular basis of dichogamy in flowering plants

Lloyd DG, Webb CJ. 1986. The avoidance of interference between the
presentation of pollen and stigmas in angiosperms . Dichogamy. New
Zealand Journal of Botany 24:135-62

Stout AB. 1928. Dichogamy in flowering plants. Bulletin of the Torrey
Botanical Club 55:141-53

Mamut J, Xiong YZ, Tan DY, Huang SQ. 2014. Pistillate flowers experi-
ence more pollen limitation and less geitonogamy than perfect flowers
in a gynomonoecious herb. New Phytologist 201:670-77
Casimiro-Soriguer |, Buide ML, Narbona E. 2015. Diversity of sexual
systems within different lineages of the genus Silene. AoB Plants
7:plv037

Charlesworth D, Charlesworth B. 1987. Inbreeding depression and its
evolutionary consequences. Annual Review of Ecology and Systematics
18:237-68

Pendleton RL, Freeman DC, McArthur ED, Sanderson SC. 2000. Gender
specialization in heterodichogamous Grayia brandegei (Chenopodi-
aceae): evidence for an alternative pathway to dioecy. American Journal
of Botany 87:508—-16

Shang H, Luo YB, Bai WN. 2012. Influence of asymmetrical mating
patterns and male reproductive success on the maintenance of sexual
polymorphism in Acer pictum subsp. mono (Aceraceae). Molecular Ecol-
ogy 21:3879-92

Sato T. 2002. Phenology of sex expression and gender variation in a
heterodichogamous maple, Acer japonicum. Ecology 83:1226—38
Zhang D, Li YY, Zhao X, Zhang C, Liu DK, et al. 2024. Molecular insights
into self-incompatibility systems: from evolution to breeding. Plant
Communications 5:100719

Costa J, Torices R, Barrett SCH. 2019. Evolutionary history of the
buildup and breakdown of the heterostylous syndrome in Plumbagi-
naceae. New Phytologist 224:1278-89

Yampolsky C, Yampolsky H. 1922. Distribution of sex forms in the
phanerogamic flora. Bibliotheca Genetica 3:18

Pollegioni P, Olimpieri |, Woeste KE, De Simoni G, Gras M, et al. 2013.
Barriers to interspecific hybridization between Juglans nigra L. and J.
regia L. species. Tree Genetics & Genomes 9:291-305

Bertin RI, Newman CM. 1993. Dichogamy in angiosperms. The Botanical
Review 59:112-52

Sargent RD, Marden MA, Otto SP. 2006. A model of the evolution of
dichogamy incorporating sex-ratio selection, anther-stigma interfer-
ence, and inbreeding depression. Evolution 60:934—44

Pannell JR, Verdu M. 2006. The evolution of gender specialization from
dimorphic hermaphroditism: paths from heterodichogamy to gynodi-
oecy and androdioecy. Evolution 60:660—73

Honek A. 1997. Incidence of protogynous and protandrous develop-
ment in the pre-imaginal stage of insect development: an overview.
Acta Societas Zoologicae Bohemicae 61:113—-28

Morbey YE, Ydenberg RC. 2001. Protandrous arrival timing to breeding
areas: a review. Ecology Letters 4:663—73

Mukhopadhyay A, Quader S. 2022. Fine-tuned spatiotemporal dynam-
ics of sporophylls in movement-assisted dichogamy: a study on Clero-
dendrum infortunatum. Plant Species Biology 37:209-17

Sun Y, Dong L, Kang L, Zhong W, Jackson D, et al. 2024. Progressive
meristem and single-cell transcriptomes reveal the regulatory mecha-
nisms underlying maize inflorescence development and sex differenti-
ation. Molecular Plant 17:1019-37

Routley MB, Bertin Rl, Husband BC. 2004. Correlated evolution of
dichogamy and self-incompatibility: a phylogenetic perspective. Inter-
national Journal of Plant Sciences 165:983—-93

Ji MY, Bo A, Yang M, Xu JF, Jiang LL, et al. 2020. The pharmacological
effects and health benefits of Platycodon grandiflorus — a medicine
food homology species. Foods 9:142

Tel-Zur N, Schneider B. 2009. Floral biology of Ziziphus mauritiana
(Rhamnaceae). Sexual Plant Reproduction 22:73—-85

Chung KF, Van der Werff H, Peng Cl. 2010. Observations on the floral
morphology of Sassafras randaiense (Lauraceae). Annals of the Missouri
Botanical Garden 97:1-10

Grauke LJ, Thompson TE. 1996. Variability in pecan flowering. Fruit
Varieties Journal 50:140—50

Gleeson SK. 1982. Heterodichogamy in walnuts: inheritance and stable
ratios. Evolution 36:892—902

Ou et al. Seed Biology 2025, 4: €015


https://doi.org/10.1111/j.1365-294X.2012.05643.x
https://doi.org/10.1080/0028825X.1986.10409725
https://doi.org/10.1080/0028825X.1986.10409725
https://doi.org/10.2307/2480605
https://doi.org/10.2307/2480605
https://doi.org/10.1111/nph.12525
https://doi.org/10.1093/aobpla/plv037
https://doi.org/10.1146/annurev.es.18.110187.001321
https://doi.org/10.2307/2656594
https://doi.org/10.2307/2656594
https://doi.org/10.1111/j.1365-294X.2012.05644.x
https://doi.org/10.1111/j.1365-294X.2012.05644.x
https://doi.org/10.1111/j.1365-294X.2012.05644.x
https://doi.org/10.1890/0012-9658(2002)083[1226:POSEAG]2.0.CO;2
https://doi.org/10.1016/j.xplc.2023.100719
https://doi.org/10.1016/j.xplc.2023.100719
https://doi.org/10.1111/nph.15768
https://doi.org/10.1007/s11295-012-0555-y
https://doi.org/10.1007/BF02856676
https://doi.org/10.1007/BF02856676
https://doi.org/10.1111/j.0014-3820.2006.tb01172.x
https://doi.org/10.1554/05-481.1
https://doi.org/10.1046/j.1461-0248.2001.00265.x
https://doi.org/10.1111/1442-1984.12367
https://doi.org/10.1016/j.molp.2024.06.007
https://doi.org/10.1086/423881
https://doi.org/10.1086/423881
https://doi.org/10.3390/foods9020142
https://doi.org/10.1007/s00497-009-0093-4
https://doi.org/10.3417/2008029
https://doi.org/10.3417/2008029
https://doi.org/10.2307/2408070

Molecular basis of dichogamy in flowering plants

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Pendleton RL, McArthur ED, Freeman DC, Blauer AC. 1988. Heterodi-
chogamy in Grayia brandegei (Chenopodiaceae): report from a new
family. American Journal of Botany 75:267-74

Dommée B, Bompar JL, Denelle N. 1990. Sexual tetramorphism in
Thymelaea hirsuta (Thymelaeaceae): evidence of the pathway from
heterodichogamy to dioecy at the infraspecific level. American Journal
of Botany 77:1449-62

Tal O. 2009. Acer pseudoplatanus (Sapindaceae): heterodichogamy and
thrips pollination. Plant Systematics and Evolution 278:211-21

Jong PC. 1976. Flowering and sex expression in Acer L.: a biosystematic
study. Thesis. Landbouwhogeschool Wageningen, Wageningen, the
Netherlands. pp. 56—61 doi: 10.18174/206182

Gabriel WJ. 1968. Dichogamy in Acer saccharum. Botanical Gazette
129:334-38

Gleiser G, Verdu M, Segarra-Moragues JG, Gonzalez-Martinez SC,
Pannell JR. 2008. Disassortative mating, sexual specialization, and the
evolution of gender dimorphism in heterodichogamous Acer opalus.
Evolution 62:1676—88

Wang ZJ, Huang JQ, Huang YJ, Li Z, Zheng BS. 2012. Discovery and
profiling of novel and conserved microRNAs during flower develop-
ment in Carya cathayensis via deep sequencing. Planta 236:613-21
Kubitzki K, Kurz H. 1984. Synchronized dichogamy and dioecy in
neotropical Lauraceae. Plant Systematics and Evolution 147:253—66
Renner SS. 2001. How common is heterodichogamy? Trends in Ecology
& Evolution 16:595-97

Roldén JS, Ashworth L. 2018. Disentangling the role of herkogamy,
dichogamy and pollinators in plant reproductive assurance. Plant Ecol-
ogy & Diversity 11:383-92

Thompson TE, Romberg LD. 1985. Inheritance of heterodichogamy in
pecan. Journal of Heredity 76:456—58

McCarthy BC, Quinn JA. 1990. Reproductive ecology of Carya (Juglan-
daceae): phenology, pollination, and breeding system of two
sympatric tree species. American Journal of Botany 77:261-73

Bai WN, Zeng YF, Zhang DY. 2007. Mating patterns and pollen dispersal
in a heterodichogamous tree, Juglans mandshurica (Juglandaceae).
New Phytologist 176:699-707

Kimura M, Seiwa K, Suyama Y, Ueno N. 2003. Flowering system of
heterodichogamous Juglans ailanthifolia. Plant Species Biology
18:75-84

Polito VS, Li NY. 1985. Pistillate flower differentiation in English walnut
(Juglans regia L.): a developmental basis for heterodichogamy. Scientia
Horticulturae 26:333—-38

Wood, Milo N. 1934. Pollination and blooming habits of the Persian
walnut in California. Technical Bulletin No. 387. Washington, DC: United
States Department of Agriculture, Bureau of Plant Industry. pp. 3—49
doi: 10.22004/ag.econ.163726

Lord JM. 2012. Hermaphroditism and dichogamy in Stilbocarpa polaris
(Araliaceae) on Campbell Island. New Zealand Journal of Botany
50:89-93

Lee H, Kang H, Park WG. 2018. A rare duodichogamous flowering
system in monoecious Toona sinensis (Meliaceae). Journal of Ecology
and Environment 42:7

Ye ZM, Jin XF, Yang J, Wang QF, Yang CF. 2019. Accurate position
exchange of stamen and stigma by movement in opposite direction
resolves the herkogamy dilemma in a protandrous plant, Ajuga decum-
bens (Labiatae). AoB Plants 11:plz052

Rosas-Guerrero V, Hernandez D, Cuevas E. 2017. Influence of pollen
limitation and inbreeding depression in the maintenance of incomplete
dichogamy in Salvia elegans. Ecology and Evolution 7:4129-34

Etterson JR, Fliehr P, Pizza R, Gross BL. 2025. Domestication during
restoration: unintentional selection during eight generations of wild
seed propagation reduces herkogamy, dichogamy and heterozygosity
in Clarkia pulchella. Molecular Ecology 17655

Kwok A, Stephens S, Dorken M. 2023. Male reproductive success is not
strongly affected by phenological changes in mate availability in
monoecious Sagittaria latifolia. Royal Society Open Science 10:231117
Nashwan AJ, Joy GV. 2024. Nurses' mental health: implications of a
recent case for developing and emerging economies. Academia
Mental Health and Well-Being 1

Barranco D, Arroyo J, Santos-Gally R. 2019. Avoiding sexual interfer-
ence: herkogamy and dichogamy in style dimorphic flowers of Narcissus
broussonetii (Amaryllidaceae). AoB Plants 11:plz038

Ou et al. Seed Biology 2025, 4: 015

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Seed Biology

Li B, Zhao W, Li D, Chao H, Zhao X, et al. 2018. Genetic dissection of the
mechanism of flowering time based on an environmentally stable and
specific QTL in Brassica napus. Plant Science 277:296—-310

Darmency H, Klein EK, Gestat De Garanbé T, Gouyon PH, Richard-
Molard M, et al. 2009. Pollen dispersal in sugar beet production fields.
Theoretical and Applied Genetics 118:1083-92

Bertin RI. 1993. Incidence of monoecy and dichogamy in relation to
self-fertilization in angiosperms. American Journal of Botany 80:557—60
Xue S, Huang H, Xu Y, Liu L, Meng Q, et al. 2024. Transcriptomic analysis
reveals the molecular basis of photoperiod-regulated sex differentia-
tion in tropical pumpkins (Cucurbita moschata Duch.). BMC Plant Biology
24:90

Chen S, Peng X, Xie Z, Zhang M, Huang A, et al. 2025. Genetic and
genomic insights into dichogamy in Zingiberaceae. Plant Communica-
tions 6:101352

Takeno K. 2016. Stress-induced flowering: the third category of flower-
ing response. Journal of Experimental Botany 67:4925-34

Yeoh SH, Satake A, Numata S, Ichie T, Lee SL, et al. 2017. Unravelling
proximate cues of mass flowering in the tropical forests of South-East
Asia from gene expression analyses. Molecular Ecology 26:5074—85

He Y, Chen T, Zeng X. 2020. Genetic and Epigenetic Understanding of
the Seasonal Timing of Flowering. Plant Communications 1:100008
Bawa KS. 1980. Evolution of dioecy in flowering plants. Annual Review
of Ecology and Systematics 11:15-39

Yuan S, Zeng G, Zhang K, Wu M, Zhang D, et al. 2023. Diverse mating
consequences of the evolutionary breakdown of the sexual polymor-
phism heterostyly. Proceedings of the National Academy of Sciences of
the United States of America 120:€2214492120

Zhang P, Zhu Y, Zhou S. 2021. Comparative analysis of powdery
mildew resistant and susceptible cultivated cucumber (Cucumis sativus
L.) varieties to reveal the metabolic responses to Sphaerotheca fuliginea
infection. BVIC Plant Biology 21:91

Zhang G, Yang Z, Zhou S, Zhu J, Liu X, et al. 2024. Cellulose synthase-
like OsCSLD4: a key regulator of agronomic traits, disease resistance,
and metabolic indices in rice. Plant Cell Reports 43:264

Qu Y, Shang X, Zeng Z, Yu Y, Bian G, et al. 2023. Whole-genome dupli-
cation reshaped adaptive evolution in a relict plant species, Cyclocarya
paliurus. Genomics, Proteomics & Bioinformatics 21:455—-69

Kaur A, Zhang L, Maness NO, Ferguson L, Graham CJ, et al. 2024.
Dormant carbohydrate reserves enhance pecan tree spring freeze
tolerance: controlled environment observations. Frontiers in Plant
Science 15:1393305

Hwang K, Susila H, Nasim Z, Jung JY, Ahn JH. 2019. Arabidopsis ABF3
and ABF4 transcription factors act with the NF-YC complex to regulate
SOCT expression and mediate drought-accelerated flowering. Molecular
Plant 12:489-505

Kitamoto N, Ueno S, Takenaka A, Tsumura Y, Washitani |, et al. 2006.
Effect of flowering phenology on pollen flow distance and the conse-
quences for spatial genetic structure within a population of Primula
sieboldii (Primulaceae). American Journal of Botany 93:226—33

Freytes SN, Canelo M, Cerdan PD. 2021. Regulation of flowering time:
when and where? Current Opinion in Plant Biology 63:102049

Li Z, Gao F, Liu Y, Abou-Elwafa SF, Qi J, et al. 2023. ZmGI2 regulates
flowering time through multiple flower development pathways in
maize. Plant Science 332:111701

Liang L, Zhang Z, Cheng N, Liu H, Song S, et al. 2021. The transcriptional
repressor OsPRR73 links circadian clock and photoperiod pathway to
control heading date in rice. Plant, Cell & Environment 44:842—-55

Groh JS, Vik DC, Davis M, Monroe JG, Stevens KA, et al. 2025. Ancient
structural variants control sex-specific flowering time morphs in
walnuts and hickories. Science 387:eado5578

Du L, Qi S, Ma J, Xing L, Fan S, et al. 2017. Identification of TPS family
members in apple (Malus x domestica Borkh.) and the effect of sucrose
sprays on TPS expression and floral induction. Plant Physiology and
Biochemistry 120:10-23

Wang Q, Qu Y, Yu Y, Mao X, Fu X. 2023. Genome-wide identification
and comparative analysis of DNA methyltransferase and demethylase
gene families in two ploidy Cyclocarya paliurus and their potential
function in heterodichogamy. BMC Genomics 24:287

Page 90f 10


https://doi.org/10.1002/j.1537-2197.1988.tb13438.x
https://doi.org/10.1002/j.1537-2197.1990.tb12555.x
https://doi.org/10.1002/j.1537-2197.1990.tb12555.x
https://doi.org/10.1007/s00606-008-0141-9
https://doi.org/doi: 10.18174/206182
https://doi.org/10.1086/336453
https://doi.org/10.1111/j.1558-5646.2008.00394.x
https://doi.org/10.1007/s00425-012-1634-x
https://doi.org/10.1007/BF00989387
https://doi.org/10.1016/S0169-5347(01)02280-7
https://doi.org/10.1016/S0169-5347(01)02280-7
https://doi.org/10.1080/17550874.2018.1517395
https://doi.org/10.1080/17550874.2018.1517395
https://doi.org/10.1080/17550874.2018.1517395
https://doi.org/10.1093/oxfordjournals.jhered.a110144
https://doi.org/10.1002/j.1537-2197.1990.tb13551.x
https://doi.org/10.1111/j.1469-8137.2007.02202.x
https://doi.org/10.1111/j.1442-1984.2003.00088.x
https://doi.org/10.1016/0304-4238(85)90017-2
https://doi.org/10.1016/0304-4238(85)90017-2
https://doi.org/10.22004/ag.econ.163726
https://doi.org/10.1080/0028825X.2011.638645
https://doi.org/10.1186/s41610-018-0067-2
https://doi.org/10.1186/s41610-018-0067-2
https://doi.org/10.1093/aobpla/plz052
https://doi.org/10.1002/ece3.2827
https://doi.org/10.1111/mec.17655
https://doi.org/10.1098/rsos.231117
https://doi.org/10.20935/mhealthwellb7431
https://doi.org/10.20935/mhealthwellb7431
https://doi.org/10.20935/mhealthwellb7431
https://doi.org/10.20935/mhealthwellb7431
https://doi.org/10.1093/aobpla/plz038
https://doi.org/10.1016/j.plantsci.2018.10.005
https://doi.org/10.1007/s00122-009-0964-y
https://doi.org/10.1002/j.1537-2197.1993.tb13840.x
https://doi.org/10.1186/s12870-024-04777-3
https://doi.org/10.1016/j.xplc.2025.101352
https://doi.org/10.1016/j.xplc.2025.101352
https://doi.org/10.1016/j.xplc.2025.101352
https://doi.org/10.1093/jxb/erw272
https://doi.org/10.1111/mec.14257
https://doi.org/10.1016/j.xplc.2019.100008
https://doi.org/10.1146/annurev.es.11.110180.000311
https://doi.org/10.1146/annurev.es.11.110180.000311
https://doi.org/10.1073/pnas.2214492120
https://doi.org/10.1073/pnas.2214492120
https://doi.org/10.1186/s12870-021-02873-2
https://doi.org/10.1007/s00299-024-03356-y
https://doi.org/10.1016/j.gpb.2023.02.001
https://doi.org/10.3389/fpls.2024.1393305
https://doi.org/10.3389/fpls.2024.1393305
https://doi.org/10.1016/j.molp.2019.01.002
https://doi.org/10.1016/j.molp.2019.01.002
https://doi.org/10.3732/ajb.93.2.226
https://doi.org/10.1016/j.pbi.2021.102049
https://doi.org/10.1016/j.plantsci.2023.111701
https://doi.org/10.1111/pce.13987
https://doi.org/10.1126/science.ado5578
https://doi.org/10.1016/j.plaphy.2017.09.015
https://doi.org/10.1016/j.plaphy.2017.09.015
https://doi.org/10.1186/s12864-023-09383-5

Seed Biology

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Qu Y, Chen X, Mao X, Huang P, Fu X. 2022. Transcriptome analysis
reveals the role of GA; in regulating the asynchronism of floral bud
differentiation and development in Heterodichogamous Cyclocarya
paliurus (Batal.) lljinskaja. International Journal of Molecular Sciences
23:6763

Reddy P, Plozza T, Ezernieks V, Stefanelli D, Scalisi A, et al. 2022.
Metabolic pathways for observed impacts of crop load on floral induc-
tion in apple. International Journal of Molecular Sciences 23:6019
Guitton B, Kelner JJ, Celton JM, Sabau X, Renou JP, et al. 2016. Analysis
of transcripts differentially expressed between fruited and deflowered
'Gala' adult trees: a contribution to biennial bearing understanding in
apple. BMC Plant Biology 16:55

Milyaev A, Kofler J, Klaiber I, Czemmel S, Pfannstiel J, et al. 2021.
Toward systematic understanding of flower bud induction in apple: a
multi-omics approach. Frontiers in Plant Science 12:604810

Tanurdzic M, Banks JA. 2004. Sex-determining mechanisms in land
plants. The Plant Cell 16:561-S71

Kamachi S, Sekimoto H, Kondo N, Sakai S. 1997. Cloning of a cDNA for
a 1-aminocyclopropane-1-carboxylate synthase that is expressed
during development of female flowers at the apices of Cucumis sativus
L. Plant & Cell Physiology 38:1197—206

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
182:1381-85

Wang R, Lin YE, Jin Q, Yao C, Zhong Y, et al. 2019. RNA-Seq analysis of
gynoecious and weak female cucumber revealing the cell cycle path-
way may regulate sex determination in cucumber. Gene 687:289—-97
Banks JA. 2008. MicroRNA, sex determination and floral meristem
determinacy in maize. Genome Biology 9:204

Yang J, Wei H, Hou M, Chen L, Zou T, et al. 2023. ZmSPL13 and ZmSPL29
act together to promote vegetative and reproductive transition in
maize. New Phytologist 239:1505-20

Chuck G, Meeley R, Irish E, Sakai H, Hake S. 2007. The maize tasselseed4
microRNA controls sex determination and meristem cell fate by target-
ing Tasselseed6/indeterminate spikelet1. Nature Genetics 39:1517-21
Wei LH, Song P, Wang Y, Lu Z, Tang Q, et al. 2018. The m°A reader ECT2
controls trichome morphology by affecting mRNA stability in
Arabidopsis. The Plant Cell 30:968—85

Zheng C, Ye M, Sang M, Wu R. 2019. A regulatory network for miR156-
SPL module in Arabidopsis thaliana. International Journal of Molecular
Sciences 20:6166

Lee JT. 2012. Epigenetic regulation by long noncoding RNAs. Science
338:1435-39

Jiang D, Wang Y, Wang Y, He Y. 2008. Repression of FLOWERING LOCUS
C and FLOWERING LOCUS T by the Arabidopsis polycomb repressive
complex 2 components. Public Library of Science 3:e3404
Skarzynska-tyzwa A, Turek S, Pisz M, Aparna, Plader W, et al. 2025.
Genome-wide identification and characterization of histone acetyl-
transferases and deacetylases in cucumber, and their implication in
developmental processes. Genes 16:127

Movahedi A, Sun W, Zhang J, Wu X, Mousavi M, et al. 2015. RNA-
directed DNA methylation in plants. Plant Cell Reports 34:1857-62
Cazzonelli Cl, Cuttriss AJ, Cossetto SB, Pye W, Crisp P, et al. 2009. Regu-
lation of carotenoid composition and shoot branching in Arabidopsis

Page 100f 10

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Molecular basis of dichogamy in flowering plants

by a chromatin modifying histone methyltransferase, SDG8. The Plant
Cell 21:39-53

Roudier F, Ahmed |, Bérard C, Sarazin A, Mary-Huard T, et al. 2011. Inte-
grative epigenomic mapping defines four main chromatin states in
Arabidopsis. EMBO Journal 30:1928—-38

Liu P, Zhang S, Zhou B, Luo X, Zhou XF, et al. 2019. The histone H3K4
demethylase JMJ16 represses leaf senescence in Arabidopsis. The Plant
Cell 31:430—-43

Lee K, Park OS, Seo PJ. 2018. JMJ30-mediated demethylation of
H3K9me3 drives tissue identity changes to promote callus formation
in Arabidopsis. The Plant Journal 95:961-75

Wu MF, Sang Y, Bezhani S, Yamaguchi N, Han SK, et al. 2012.
SWI2/SNF2 chromatin remodeling ATPases overcome polycomb
repression and control floral organ identity with the LEAFY and SEPAL-
LATA3 transcription factors. Proceedings of the National Academy of
Sciences of the United States of America 109:3576—-81

Tourdot E, Grob S. 2023. Three-dimensional chromatin architecture in
plants — general features and novelties. European Journal of Cell Biology
102:151344

Dong Q, Li N, Li X, Yuan Z, Xie D, et al. 2018. Genome-wide Hi-C analysis
reveals extensive hierarchical chromatin interactions in rice. The Plant
Journal 94:1141-56

Luo LJ, Li ZK, Mei HW, Shu QY, Tabien R, et al. 2001. Overdominant
epistatic loci are the primary genetic basis of inbreeding depression
and heterosis in rice. Il. Grain yield components. Genetics 158:1755-71
Barrett SCH. 2002. Sexual interference of the floral kind. Heredity
88:154-59

Fetscher AE. 2001. Resolution of male-female conflict in an
hermaphroditic flower. Proceedings of the Royal Society of London Series
B: Biological Sciences 268:525-29

Bertin R, Sullivan M. 1988. Pollen interference and cryptic self-fertility
in Campsis radicans. American Journal of Botany 75:1140—47

Costa LBO, Carvalho IR, Ferreira LL, Szareski VJ, Pimentel JR, et al. 2019.
The effects of different mechanical detasseling methods on hybrid
maize seed production. Genetics and Molecular Research 18:18207
Endress PK. 2020. Structural and temporal modes of heterodichogamy
and similar patterns across angiosperms. Botanical Journal of the
Linnean Society 193:5-18

Knopf RR, Trebitsh T. 2006. The female-specific Cs-ACS1G gene of
cucumber. A case of gene duplication and recombination between the
non-sex-specific 1-aminocyclopropane-1-carboxylate synthase gene
and a branched-chain amino acid transaminase gene. Plant & Cell Phys-
iology 47:1217-28

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
33:306-21

Copyright: © 2025 by the author(s). Published by
BY Maximum Academic Press on behalf of Hainan Yazhou
Bay Seed Laboratory. 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/.

Ou et al. Seed Biology 2025, 4: €015


https://doi.org/10.3390/ijms23126763
https://doi.org/10.3390/ijms23116019
https://doi.org/10.1186/s12870-016-0739-y
https://doi.org/10.3389/fpls.2021.604810
https://doi.org/10.1105/tpc.016667
https://doi.org/10.1093/oxfordjournals.pcp.a029106
https://doi.org/10.1534/genetics.109.104737
https://doi.org/10.1016/j.gene.2018.11.071
https://doi.org/10.1186/gb-2008-9-1-204
https://doi.org/10.1111/nph.19005
https://doi.org/10.1038/ng.2007.20
https://doi.org/10.1105/tpc.17.00934
https://doi.org/10.3390/ijms20246166
https://doi.org/10.3390/ijms20246166
https://doi.org/10.1126/science.1231776
https://doi.org/10.1371/journal.pone.0003404
https://doi.org/10.3390/genes16020127
https://doi.org/10.1007/s00299-015-1839-0
https://doi.org/10.1105/tpc.108.063131
https://doi.org/10.1105/tpc.108.063131
https://doi.org/10.1038/emboj.2011.103
https://doi.org/10.1105/tpc.18.00693
https://doi.org/10.1105/tpc.18.00693
https://doi.org/10.1111/tpj.14002
https://doi.org/10.1073/pnas.1113409109
https://doi.org/10.1073/pnas.1113409109
https://doi.org/10.1016/j.ejcb.2023.151344
https://doi.org/10.1111/tpj.13925
https://doi.org/10.1111/tpj.13925
https://doi.org/10.1093/genetics/158.4.1755
https://doi.org/10.1038/sj.hdy.6800020
https://doi.org/10.1098/rspb.2000.1395
https://doi.org/10.1098/rspb.2000.1395
https://doi.org/10.1002/j.1537-2197.1988.tb08827.x
https://doi.org/10.4238/gmr18207
https://doi.org/10.1093/botlinnean/boaa001
https://doi.org/10.1093/botlinnean/boaa001
https://doi.org/10.1093/pcp/pcj092
https://doi.org/10.1093/pcp/pcj092
https://doi.org/10.1093/pcp/pcj092
https://doi.org/10.1093/plcell/koaa018
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Mechanisms and types of dichogamy
	Factors influencing dichogamy
	Biological factors
	Pollinators
	Pathogens

	Abiotic factors
	Environmental factors

	Regulatory network of flowering sequence and sex differentiation
	Regulation of flowering time
	Sex determination

	Epigenetic modification
	DNA methylation
	Noncoding RNA regulation
	Histone modification and chromatin remodeling
	Chromatin remodeling and the three-dimensional structure of chromatin


	Functional and adaptive significance of dichogamy
	Applications of dichogamy in hybrid breeding
	Conclusions
	Author contributions
	Data availability
	References

