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Abstract
Plant evolution has been greatly influenced by polyploidization phenomena. Polyploid plants yield more and are 
more resistant to unfavorable environments than their diploid relatives. The triploid block, a postzygotic barrier that 
causes failure of endosperm development and thus seed arrest, often prevents polyploid breeding. Alterations in 
the parental dose in interploidy crosses alter endosperm development by changing the correct maternal: paternal 
ratio (2m:1p) that this tissue requires to properly fulfill its proliferation and cellularization. After many years of 
research, the study of epigenetic regulation of gene expression during seed development has greatly increased 
our understanding of the triploid block. In plants, epigenetic regulation of genes has been shown to play a critical 
role in transcriptional control. This may be important for identifying novel and unexpected epigenetic mechanisms 
in the plant genome. Recent advances in understanding how epigenetic mechanisms control the expression 
of imprinted genes in seeds have contributed to understanding how different seed compartments interact at 
fertilization for successful seed formation. We here also review the potential role of maternally derived sporophytic 
tissues (seed coat) in the establishment of the triploid block. We also present a data analysis that includes 
spatiotemporal expression patterns of key genes involved in controlling hybridization barriers. This review provides 
an overview of the triploid block in plants, discussing how understanding its epigenetic regulation could offer new 
strategies to overcome hybridization barriers. We explore how these insights may enhance crop productivity and 
resilience.
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Background
In interploidy crosses, alterations in the parental dose can 
disrupt the critical maternal-to-paternal genomic ratio 
(2m:1p) required for proper endosperm development. 
This disruption leads to the triploid block, a postzygotic 
barrier that has been a major focus of research aimed at 
understanding and overcoming the challenges in poly-
ploid breeding. During the last years, extensive research 
has focused on the role of epigenetic regulation in seed 
development. This regulation ensures that imprinted 
genes, which are expressed from only one parental allele, 
are properly controlled to maintain the balance between 
maternal and paternal contributions, crucial for success-
ful seed formation. Recent advances in the understanding 
of epigenetic regulation of imprinted genes have provided 
insights into how these genes contribute to the triploid 
block. However, a particularly underexplored aspect is 
the potential role of maternally derived sporophytic tis-
sues, such as the seed coat, in establishing this barrier. 
These tissues may regulate paternal genome activity dur-
ing fertilization, controlling interploidy crosses successful 
reproduction. The specific mechanisms by which mater-
nal tissues, particularly the seed coat, regulate pater-
nal genome activity during fertilization are still unclear. 
Additionally, the spatiotemporal expression of genes 
involved in the triploid block across different seed com-
partments, and how this expression changes over time, is 
not well understood. We present a comprehensive data 

analysis focusing on the spatiotemporal expression of key 
genes involved in controlling this hybridization barrier. 
We discuss recent advances in the field, and we identify 
current knowledge gaps and propose new perspectives 
and research opportunities in this field.

General introduction
Seeds of angiosperms arise through a process unique to 
flowering plants known as double fertilization, which 
leads to the formation of three tissues with a distinct 
genomic composition: the embryo, endosperm, and 
seed coat (Fig. 1) [1]. The embryo, a diploid tissue that 
develops into the future plant, is formed by the fusion of 
a sperm cell and an egg cell, both haploids. In contrast, 
the endosperm, responsible for nourishing the embryo, 
results from the fusion of a haploid sperm cell with a 
diploid central cell [2, 3], establishing a 2:1 maternal-
to-paternal genomic ratio. This ratio is critical for nor-
mal endosperm and seed development [4, 5]. The entire 
embryo and endosperm are enclosed by the protective 
barrier provided by the seed coat, which is maternally 
derived and contains only maternal DNA [4, 6].

Disrupting the 2:1 genomic ratio in the endosperm, 
such as through the production of unreduced gametes 
during meiosis, can severely hinder seed development 
(Fig. 1) [7–9]. These unreduced gametes, often resulting 
from altered meiotic progression or cell cycle regulation, 
frequently lead to developmentally impaired interploidy 

Fig. 1  Schematic overview of the different genome contribution of the seed compartments. Triploid block: this term refers to the formation of nonvi-
able progeny as a result of an interploidy cross between plants of the same species. This phenomenon occurs in many plant species, including those of 
agricultural and commercial interest
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crosses (e.g., haploid x diploid gamete) due to endosperm 
failure [9, 10]. Meiosis-specific genes such as DYAD, 
TAM, and OSD1 help preserve gamete ploidy by regulat-
ing key meiotic transitions, including chromosome pair-
ing, spindle formation, and exit from the meiotic cycle, 
thereby preventing unreduced gamete formation [11–
13]. Additionally, fertilization involving gametes with an 
odd number of chromosomes frequently results in aneu-
ploid progeny (offspring with an unbalanced chromo-
some number), leading to high sterility rates [14, 15].

Hybridization barriers in plants: the “triploid block” a 
paradigmatic case
Plants have developed multiple genetic mechanisms to 
prevent unsuccessful reproduction, known as hybrid-
ization barriers that can be either pre-zygotic (barri-
ers that prevent fertilization) or post-zygotic (barriers 
that occur after zygote formation) [16–18]. These bar-
riers are critical for maintaining species integrity, espe-
cially in plants. One such mechanism is the thoroughly 
studied hybrid seed incompatibility, where mismatched 
genetic information between two different species or 
varieties hampers successful seed development (for an 
extended recent review on the different genetic models 
found in several species, see [19]). Endosperm develop-
ment has played a significant role in plant diversification 
by contributing an element prone to widespread and fast-
evolving post-zygotic reproductive barriers. This barrier 

aids in preventing hybrid seed formation, shaping plant 
speciation rates, which can vary from 35–65 thousand 
years (e.g., Clarkia xanthiana or Arabidopsis lyrata) to 
2–4 million years (for detailed data see Table 1 at [20]). 
Bjerkan et al. recently highlighted new genetic conflict 
models explaining hybrid sterility and the role of envi-
ronmental factors, such as temperature, in reinforcing 
these reproductive barriers [21].

A key post-zygotic barrier in plant reproduction is the 
triploid block, which arises during interploidy crosses 
when the endosperm’s typical 2:1 maternal-to-paternal 
genomic ratio is disrupted, leading to non-viable seeds 
(Fig. 1) [4, 14, 34, 35]. This phenomenon arises from the 
mis-regulation of genes involved in endosperm prolifera-
tion and cellularization, originating from both paternal 
and maternal sources [1, 36]. The triploid block, like other 
hybridization barriers, derives from altered endosperm 
and embryo development due to the genomic imbalance 
between parents [14, 27, 37]. Critical to this process is the 
differential expression of genes based on parental origin, 
regulated by imprinted genes (genes that are differentially 
expressed depending on their parental origin and distinct 
epigenetic marking) [4]. Differential expression of mater-
nally expressed imprinted genes (MEGs) and paternally 
expressed imprinted genes (PEGs) is essential for estab-
lishing a functional endosperm and viable seeds [38].

Understanding hybridization barriers and transitions in 
endosperm and embryo development can provide crucial 

Table 1  List of Arabidopsis triploid block-regulating genes discussed in this review, references and their functions
Year Gene Locus Effect Reference Functional Information
2008 TTG2 AT2G37260 PR (Dilkes et al. 2008) 

[22]
The maternally expressed WRKY transcription factor TRANSPARENT TESTA GLABRA 2 
(TTG2) controls lethality in interploidy crosses of Arabidopsis

2009 MEDEA AT1G02580 PR (Erilova et al. 2009) 
[23]

Increased MEA expression normalizes triploid seed development

2014 TT4, TT6 AT5G13930, 
AT3G51240

PR (Aljabri et al. 2020; 
Doughty et al. 2014) 
[24, 25] 

According to effects from the Col-0 FBP mutant study, TRANSPARENT TESTA 4 and 6 
(TT4 and TT6) are capable of rescuing partially triploid seed inviability

2015 SUVH7 At1g17770 FR (Wolff et al. 2015) 
[26]

SET DOMAIN PROTEIN 17, Encodes a SU(VAR)3–9 homolog (SUVH7), a SET domain 
protein. Known SET domain proteins are involved in epigenetic control of gene ex-
pression and act as histone methyltransferases. SUVH7 controls postzygotic barrier

2017 PKR2 AT4G31900 PR (Huang et al. 2017) 
[27]

CHR7, CHROMATIN REMODELING 7, PICKLE RELATED 2 (PKR2): PKR2 controls seed 
viability in paternal genome excess interploidy crosses

2017 ADM AT4G11940 PR (Jiang et al. 2017) 
[28]

Encodes a nuclear localized dosage sensitive paternally expressed imprinted 
gene. It is a member of a family of molecular chaperones called J-domain. Loss of 
ADMETOS (ADM) function suppresses seed abortion of triploid embryos and also 
partially rescues the effect of mea mutations

2018 siRNA854 
or PEG2

AT1G49290 FR (Wang et al. 2018) 
[29]

PEG2 acts as a sponge for siRNA854 during endosperm development, this action is 
necessary to induce triploid seed abortion

2019 NRPD1 AT1G63020 FR (Satyaki & Gehring 
2019) [30]

Encodes one of two alternative largest subunits of a putative plant-specific RNA 
polymerase IV (also known as RNA polymerase D). Required for posttranscriptional 
gene silencing. Involved in the paternal genome dosage control

2019 PHE1 AT1G65330 FR (Batista et al. 2019) 
[31]

PHERES1 (PHE1) establishes triploid seed inviability of paternal excess crosses

2023 TT8 AT4G09820 FR (Zumajo-Cardona et 
al. 2023) [32, 33]

The maternally expressed TT8 transcription factor controls lethality in interploidy 
crosses of Arabidopsis

PR Partial Rescue, FR Full Rescue
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information on seed viability and reproductive success in 
different genetic contexts, for example in breeding pro-
grams aimed at improving plant adaptation to abiotic 
stresses through the generation of hybrids with repro-
ductive barriers that affect the viability of seedlings 
formed by interspecific or intraspecific crosses [21, 39]. 
By revealing the genetic and epigenetic regulation of key 
processes such as nutrient allocation and endosperm cel-
lularization, interaction with embryo development, as 
well as hormone signaling, these studies can serve as a 
basis for biotechnological or breeding approaches aimed 
at overcoming postzygotic barriers.

In this review, we will begin by exploring the funda-
mental processes of normal seed development, focus-
ing on the pivotal role of imprinted genes in regulating 
this process. The correct expression of these imprinted 
genes contributes to the balance between maternal and 
paternal genomes, which is essential for establishing a 
viable endosperm and seed. Using this information, we 
will explore further the mechanisms behind the trip-
loid block, discussing how deviations from the normal 
genomic ratio result in reproductive barriers. For a com-
prehensive overview of the genetic mechanisms control-
ling hybrid viability across plant species, refer to [40]. 
Finally, we will broaden the scope to consider how fla-
vonoids and the epigenetic regulation of imprinted gene 
expression influence both seed development and the 
occurrence of the triploid block, providing a comprehen-
sive perspective on these interconnected factors.

Seed development and related tissue-specific differentiation 
processes
Following double fertilization, the fertilized central cell 
nucleus begins dividing before the zygote, initiating 
nuclear endosperm development (Fig. 2) [4, 41, 42]. Ara-
bidopsis thaliana, like many crops, exhibits nuclear-type 
endosperm development, which initially forms a coe-
nocyte through synchronous nuclear divisions without 
cytokinesis [28, 43–46]. After the eighth mitotic cycle, 
mitotic rates decline and MEG-regulated cellulariza-
tion begins, marking a major developmental transition 
[47–49]. While rare and developmentally constrained, it 
has been shown that embryogenesis can initiate in the 
absence of paternal genome contribution [50, 51]. For 
reviews on the molecular mechanisms underlying this 
process and potential implications in haploid induction 
in different plant systems, we recommend [52, 53].

Recent evidence highlights that paternal-expressed 
genes, including BBM1, WRKYs, and SHORT SUSPEN-
SOR, play crucial roles in promoting embryonic pattern-
ing and growth in both Arabidopsis thaliana and rice 
[50, 59–61]. In contrast, proper endosperm development 
is highly dependent on a balanced 2m:1p genomic ratio, 
with deviations leading to impaired cellularization, defec-
tive embryo development, and hybridization barriers 
such as the triploid block [62, 63].

Fig. 2  This figure illustrates the development stages of the Arabidopsis thaliana seed, highlighting how the endosperm and embryo progressively occupy 
the majority of the seed's internal space. Conceptual information and data representation inspired by [54–58]
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Spatial and temporal coordination of endosperm 
cellularization and proliferation
The precise coordination of proliferation and cellulariza-
tion signals, both temporally and spatially, is essential for 
proper endosperm formation [62, 63]. During the pro-
liferation phase, at the 16 nuclei stage, the endosperm 
begins to differentiate into micropylar, peripheral, and 
chalazal regions (Fig. 2) [4, 49, 64]. This bipolar tissue 
has proliferation and cellularization signals influenced 
by PEGs and MEGs originating from the chalazal and 
micropylar poles, respectively [4, 65]. Signals produced 
in the micropylar pole induce cellular differentiation 
and the endosperm cellularization [4]. Once the micro-
pylar endosperm (MCE) is cellularized, it encloses the 
embryo, potentially affecting its development through 
MCE-derived signals. Subsequently, cellularization grad-
ually extends through the peripheral endosperm (PEN), 
which houses a central vacuole that serves as an impor-
tant reserve nutrient deposit. Finally, when cellulariza-
tion reaches the chalazal pole, proliferation signals from 
this pole neutralize cellularization signals, ensuring the 
chalazal endosperm remains coenocytic throughout 
seed development, as observed through high-resolution 
spatial transcriptomics revealing sustained expression 
of proliferation-associated genes in the chalazal domain 
[66–68]. Additionally, the nucellus, a maternal sporo-
phytic tissue adjacent to the chalazal region, plays an 
essential role during early seed development by regulat-
ing its own degeneration and influencing the position-
ing and development of the chalazal endosperm [6]. This 
syncytial chalazal endosperm region (CZE) is in con-
tact with the terminal maternal vascular tissue, so it is 
through this syncytial region that the endosperm receives 
maternal nutrients (Fig. 2) [4, 65, 69–74].

The MPE, PEN, and CZE not only differ in function 
but also exhibit distinct gene expression patterns, with 
CZE showing the most pronounced differences [75]. The 
endosperm’s unique position as an interface between the 
embryo, seed coat, and maternal vascular tissues stresses 
its critical role in seed formation. This unique position 
suggests that proper endosperm development is essential 
not only for the embryo's nutritional support but also for 
facilitating signal transfer from maternal tissues [2, 76–
80]. This signaling is vital, as the crosstalk between the 
embryo, endosperm, and seed coat is crucial for success-
ful seed formation [6, 24].

It has been shown that endosperm development is 
controlled by the maternal sporophyte of the seed coat. 
Disruption of this interaction in interploidy crosses can 
hinder developmental programs in the embryo, endo-
sperm, and seed coat, leading to defective seed formation 
[24, 32, 81, 82]. Plant hormones play a significant role 
in these interactions; for instance, auxin is transported 
from the endosperm to the seed coat after fertilization, 

suggesting a major role of auxin flux and signaling in 
maternal-zygote tissue crosstalk [31, 32, 37, 83]. Recently, 
increased endogenous abscisic acid (ABA) levels have 
been shown to promote endosperm cellularization and 
suppress the triploid block, further emphasizing the role 
of hormonal regulation in these developmental processes 
[84, 85]. Additionally, flavonoids and epigenetic regula-
tion are known to contribute to communication between 
these tissues, a topic that will be explored in greater detail 
later in this review.

Parental dosage: a critical checkpoint for fertilization
Proper endosperm development depends on maintaining 
the 2m:1p genomic ratio, ensuring precise timing, local-
ization, and proportion of maternal and paternal factor 
expression [4, 48, 65, 86]. Deviations from this normal 
expression disrupt genomic imprinting and lead to an 
imbalance in maternal-to-paternal contributions to the 
endosperm. In non-interploidy crosses, a haploid sperm 
fertilizes a homodiploid maternal central cell, resulting 
in two maternal genome copies for every paternal one, a 
predominance that extends to organelles and cytoplasmic 
factors [87, 88].

Genomic imprinting provides a deep explanation to 
understand parental gene interactions during endosperm 
development [35]. This concept involves the differential 
expression of genes based on their parental origin, a pro-
cess linked to distinct epigenetic marks that maternal and 
paternal alleles exhibit [4, 14]. The deposition or removal 
of such epigenetic modifications, including DNA meth-
ylation and histone modifications, correlates with the 
silencing or activation of specific alleles depending on 
their parental origin [89, 90].

Research indicates that genomic imprinting in seed 
development enhances reproductive success for both 
parents and the fitness of their offspring. This mecha-
nism influences the expression of genes critical for nutri-
ent flow from mother to progeny and for controlling the 
overall timing of cellularization (ranging in degree from 
its initiation and establishment to its transition and pro-
gression) [62, 73, 80, 91, 92]. Three main hypotheses 
have been proposed to explain the evolution of genomic 
imprinting: i) the conflict hypothesis, ii) co-adaptation 
hypothesis, and iii) the dosage hypothesis. Importantly, 
these theories are not mutually exclusive and may com-
plement one another [87, 93, 94].

i)	 Conflict Hypothesis: Originally proposed by Haig and 
Westoby [95], the conflict hypothesis explains the 
evolution of genomic imprinting as a consequence 
of diverging maternal and paternal interests over 
resource allocation during seed development. 
When a female allocates her own resources to 
support the development of progeny of multiple 
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males simultaneously [95], maternal alleles are 
selected to distribute those resources evenly, 
whereas paternal alleles are selected to maximize 
resource transfer to their own offspring [95, 96]. 
This evolutionary tension results in parent-of-
origin-dependent gene expression [96]. Supporting 
this view, imprinted genes in the endosperm 
show biased enrichment toward transcriptional 
regulators and chromatin remodelers, consistent 
with roles in modulating growth-related pathways 
[97–100]. The conflict model aligns with observed 
parental expression biases that influence endosperm 
development through opposing cellularization and 
proliferation signals [96]. For instance, PEGs and 
MEGs are differentially expressed in the chalazal 
and micropylar poles, respectively, regulating 
developmental timing and nutrient flow [98, 99]. 
This hypothesis has since been refined into the 
kinship hypothesis, which places greater emphasis 
on the evolutionary optimization of parental 
gene expression under asymmetric reproductive 
investment [96].

ii)	 Co-adaptation Hypothesis: This hypothesis arises 
from observations that greater maternal investment 
does not always lead to increased progeny fitness. 
It proposes that optimal resource allocation levels 
already exist during progeny development, favoring 
individuals expressing alleles similar to those 
expressed by their mothers. This similarity ensures 
that developing seeds receive adequate nutrition, 
comparable to what allowed their mother to 
reach reproductive maturity [94, 101]. However, a 
significant limitation of this hypothesis is that it only 
explains the evolution of MEGs, and not PEGs [102].

iii)	Dosage Hypothesis: This hypothesis suggests that 
natural selection favors optimal gene product 
expression levels by modulating single allele 
expression. It effectively explains the evolutionary 
state of moderate parental bias observed in 
imprinted plant genes, a phenomenon that the 
kinship and co-adaptation hypotheses fail to explain 
[14, 103]. The gene dosage balance hypothesis (GDB) 
refines this concept, proposing that imbalances 
in macromolecular complexes associated with 
gene expression levels lead to dosage-dependent 
phenotypes. Therefore, the critical 2m:1p genomic 
ratio defines the distinct contribution of each 
parent’s gene expression, particularly by regulating 
dosage-sensitive components within these 
macromolecular complexes [104]. For example, 
2m:1p seeds develop normally, while 4 m:1p seeds 
exhibit reduced endosperm proliferation and 
premature cellularization, and 2m:2p seeds show 
excessive endosperm proliferation (Fig. 2). The 

abovementioned hypotheses offer explanations 
for how genomic imprinting contributes to the 
reproductive success of both parents and enhances 
the fitness of their offspring [50, 87, 102]. Given 
its pivotal role in offspring formation, genomic 
imprinting emphasizes the importance of proper 
endosperm development for overall plant fitness. 
Notably, while genomic imprinting influences the 
endosperm throughout its entire development, its 
impact on the embryo is primarily during early stages 
[4, 65]. This highlights the endosperm’s essential role 
in ensuring successful seed development.

Epigenetic regulation of endosperm development
Epigenetic regulation is fundamental to genomic 
imprinting, particularly during endosperm development. 
DNA methylation and histone modifications jointly 
modulate DNA accessibility, with repressive (H3K9me2, 
H3K27me3) and activating (H3K9ac, H3K4me3) marks 
associated with transcriptional control [97, 98]. While 
DNA methylation is well-established in imprinting, the 
role of histone modifications in parent-of-origin-specific 
expression remains under investigation [98]. Impor-
tantly, DNA demethylation in the central cell preferen-
tially targets euchromatic short transposable elements 
near maternal alleles and is maintained until ~ 4 DAP, 
a process mediated by DME and the FACT complex 
[105–107]. These modifications are established before 
fertilization and mediated by parental-dosage-sensitive 
chromatin complexes [105, 108].

DNA methylation, predominantly found in CG, 
CHG, and CHH contexts (where H represents A, 
C, or T), is essential for transposable element (TE) 
silencing and genomic stability in the endosperm [99, 
109–111]. CHG methylation, maintained by CHRO-
MOMETHYLASE 3 (CMT3), complements CG and 
CHH methylation to reinforce silencing, particularly 
in heterochromatic regions [99]. De novo DNA meth-
ylation is established by DOMAINS REARRANGED 
METHYLTRANSFERASE 2 (DRM2) and CMT2. 
DRM2 activity depends on the RNA-directed DNA 
methylation (RdDM) pathway, in which 24-nt siRNAs 
guide DRM2 to target loci [112]. DNA methylation 
and H3K27me3, deposited by the Polycomb Repressive 
Complex 2 (PRC2), differentially regulate MEGs and 
PEGs in a parent-of-origin-specific manner without 
altering the DNA sequence [28]. Evidence from stud-
ies in Arabidopsis thaliana endosperm suggests that 
these epigenetic modifications are sensitive to paren-
tal genome dosage and may become uncoupled during 
interploidy hybridization, contributing to imprinting 
instability and developmental failure [23, 31, 113].
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Triploid block and implications
The triploid block is closely linked to the mis-regulation 
of imprinted genes and the disruption of their epigen-
etic marks, which occur when the 2m:1p genomic ratio 
in the endosperm is altered [27]. In interploidy crosses 
with an excess paternal dosage, the altered 2m:1p 
genomic ratio leads to endosperm over-proliferation, 
failure in cellularization, and ultimately abortion of 
excessively grown seeds. Conversely, maternal dosage 
excess in polyploid crosses causes premature endo-
sperm cellularization and smaller seeds, often resulting 
as well in seed abortion [102, 114].

Polyploid plants often arise as isolated events within 
diploid populations and frequently encounter reproduc-
tive barriers such as the triploid block when crossing with 
diploids. Successful reproduction is more likely when 
multiple polyploid individuals coexist and can cross with 
each other [115, 116]. Isolated polyploids may achieve 
reproductive success through mechanisms like apomixis, 
which involves asexual seed formation [13, 117]. While 
many apomictic species are polyploids, apomixis itself 
does not cause an increase in ploidy. It typically involves 
unreduced gametogenesis and parthenogenetic embryo-
genesis, processes that maintain the existing ploidy level 
rather than altering it [118–120].

Currently, significant progress has been made in under-
standing polyploid formation in nature [17] and the 
mechanisms underlying the triploid block. These stud-
ies highlight the crucial role of endosperm development 
in determining seed viability [14, 32, 57, 113]. Recent 
research has proposed strategies to mitigate the triploid 
block by targeting key developmental processes [84, 85].

The application of the GDB hypothesis to the endo-
sperm is known in literature as the Endosperm Balance 
Number (EBN) hypothesis [14, 121, 122]. This hypoth-
esis proposes that even if an interploidy cross alters the 
numerical 2m:1p composition of endosperm, correct 
endosperm formation will be accomplished as long as 
the 2m:1p genomic ratio is conserved (e.g.: 4m:2p or a 
8m:4p) [14, 121, 122]. This suggests that dosage regula-
tion, rather than absolute genomic content, is essential 
for balanced endosperm development.

Mechanisms of epigenetic regulation in triploid seeds
In endosperm development, MEGs such as MEDEA 
(MEA) and FIS2, and PEGs like ADMETOS (ADM), 
AHL10, and SUVH9, play critical roles in chromatin 
accessibility and genomic imprinting. Among these, 
MEA, FIS2, and ADM have been shown to influence epi-
genetic regulation in a parental-dosage-sensitive manner, 
with altered expression observed in interploidy crosses 
[23, 31, 113]. MEA, for instance, functions within the 
PRC2, whose dosage-dependent activity is essential for 
proper gene silencing during triploid seed development. 

While DEMETER (DME)’s dosage sensitivity remains 
less well characterized, its involvement in genome dos-
age responses is supported by evidence of altered DNA 
methylation and expression patterns in response to 
ploidy shifts [99, 107]. Consistent with the EBN hypothe-
sis, imbalances in the 2m:1p ratio disrupt the coordinated 
function of these regulators and epigenetic machinery, 
particularly affecting DNA demethylation by DME and 
methylation maintenance by METHYLTRANSFERASE 
1 (MET1), thereby contributing to seed failure in inter-
ploidy crosses.

DME expression and reduced CMT2 activity in the 
central cell and early endosperm contribute to locus-spe-
cific DNA hypomethylation, particularly near imprinted 
regions [4, 110, 123]. DME facilitates access to hetero-
chromatic regions with the aid of the histone chaperone 
FACT, enabling demethylation and imprinting establish-
ment [105, 107]. This process regulates MEGs and PEGs, 
including the activation of MEA, a PRC2 component 
responsible for H3K27me3-mediated repression [106]. In 
dme mutants, PRC2 deregulation results in severe seed 
developmental defects and overproliferation of the endo-
sperm, mimicking triploid block phenotypes [124]. While 
a direct causal link between TE misexpression and seed 
arrest remains unresolved, dme mutants exhibit wide-
spread TE deregulation in the endosperm [89], support-
ing a role for DME in maintaining epigenetic stability and 
dosage-sensitive transcriptional programs during early 
seed development.

MEA and FIS2, are key components of the PRC2, 
alongside other non-imprinted genes. Consistent with 
the GDB hypothesis, the reduced proportion of the 
exclusively maternally expressed MEA and FIS2 in pater-
nal excess crosses disrupts PRC2 function, leading to 
insufficient H3K27me3 deposition. This causes abnormal 
bi-allelic expression of PEGs and/or their unsilencing [23, 
125, 126], which underlies the seed failure through endo-
sperm over-proliferation phenotype, typical of paternal 
excess crosses, and prc2 and dme mutants [1]. Further-
more, increased MEA expression can rescue seed devel-
opment in paternal excess crosses [23].

Imprinted genes activity can regulate that of others as 
seen in triploid crosses and the abovementioned muta-
tions. Defective H3K27me3 deposition leads to increased 
expression of key PEGs like ADM, SUVH9 and AHL10 
resulting in H3K9me2 mislocalization in the endosperm 
and contributing to seed arrest [28]. SUVH9 participates 
in the RdDM pathway [127, 128]and AHL10 binds to 
AT-rich small TEs and mediates H3K9me2 deposition 
[28, 129, 130]. Research suggests that increased ADM, 
SUVH9, and AHL10 expression in paternal excess crosses 
results in AT-rich small TEs enriched with H3K9me2 and 
reduced levels of CHH methylation compared to dip-
loid seeds. This disrupts the balance between PEGs and 
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MEGs required for proper seed development. Notably, 
adm mutation rescues this phenotype by normalizing 
CHH methylation levels, suggesting that ADM-mediated 
H3K9me2 prevents CHH methylation establishment, 
which might prevent the activity of the RdDM pathway 
[109, 131]. Moreover, polyspermy was shown to selec-
tively polyploidize the egg cell, which balances the endo-
sperm’s ploidy-sensitive genome ratio and effectively 
bypasses the triploid block [132], further supporting the 
EBN hypothesis.

Furthermore, small interfering RNAs (siRNAs), par-
ticularly those originating from TEs, play a pivotal role 
in maintaining proper epigenetic regulation during 
endosperm development by reinforcing the silencing of 
paternal alleles, including PEGs. Indeed, recent research 
has revealed that mobile siRNAs produced during pollen 
development play a crucial role in regulating the epigene-
tic mechanisms responsible for maintaining triploid seed 
viability [133].

Recent research emphasizes the importance of 
24-nucleotide siRNAs in restoring CHH methylation 
patterns during early seed development, promoting 
proper PEGs silencing and timely endosperm cellulariza-
tion [134]. Moreover, the dynamic regulation of siRNA 
production from unsilenced TEs further highlights the 
significance of these pathways in sustaining the epi-
genetic landscape necessary for seed formation [68, 
135–138]. Advances in understanding siRNA-mediated 

mechanisms offer promising insights into overcoming 
hybridization barriers in paternal excess crosses [139].

These findings highlight the need for a multicellular per-
spective, examining how different seed tissues coordinate 
parental inheritance and interact to maintain epigenetic 
regulation throughout seed development [140]. Further-
more, emerging evidence suggests that flavonoids, tra-
ditionally recognized for their roles in plant defense and 
signaling, could play a role modulating the triploid block, 
potentially helping to bypass this reproductive barrier [32].

The role of maternal tissues controlling endosperm 
development and triploid block
One intriguing role of flavonoids could be their potential 
involvement as cellularization signals during seed devel-
opment [24]. Flavonoids, which accumulate in the inner-
most layer of the Arabidopsis thaliana seed coat and 
provide protection against various environmental agents, 
have been reported to play a relevant role in bypassing 
the triploid block [22, 24, 86]. Recent studies suggest that 
triploid seeds from maternal plants with defective flavo-
noid biosynthesis can overcome the triploid block. Spe-
cifically, mutations in the early flavonoid biosynthesis 
genes like TRANSPARENT TESTA GLABRA 2 (TTG2), 
TRANSPARENT TESTA 4 (TT4) and F3’H (TT6), have 
been shown to partially rescue aborted triploid seeds 
resulting from paternal excess interploidy crosses [22, 25, 
32, 86] (Table 1, Fig. 3).

Fig. 3  Updated model on the maternal control of the flavonoid biosynthetic pathway and its potential role in the establishment of hybridization barriers 
“triploid block” in Arabidopsis thaliana. References and data analysis from different papers [22, 24, 25, 32, 33, 82]
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Recent findings reveal that the mutation of TRANS-
PARENT TESTA 8 (TT8), a bHLH transcription factor 
that regulates proanthocyanidin accumulation in the 
seed coat, can fully bypass the triploid block [32]. In con-
trast, other key regulators of the flavonoid biosynthesis 
pathway, such as SEEDSTICK (STK), ARABIDOPSIS 
B SISTER (ABS), ENHANCER OF GLABRA3 (EGL3), 
and GLABRA3 (GL3) do not significantly influence this 
hybridization barrier. This suggests a specialized role for 
seed coat differentiation genes, like TT8, in modulating 
the process. For a more comprehensive review, see [33]. 
Collectively, these findings indicate that defective fla-
vonoid production may enable partial bypassing of the 
triploid block in paternal excess crosses, potentially by 
hindering the transport of cellularization signals from 
the seed coat to the endosperm. This observation is in 
line with recent research suggesting that the seed coat, as 
a maternal tissue, sends signals to the developing endo-
sperm to help regulate its cellularization, a critical transi-
tion or proper seed development. However, experimental 
evidence clarifying the mechanistic basis of this phenom-
enon remains both limited and inconclusive. Notably, 
some studies have shown that certain transparent testa 
(tt) mutants exhibit little to no effect on the triploid 
block, suggesting that the flavonoid biosynthetic path-
way is not solely responsible for this process. Instead, it is 
possible that the regulatory roles exerted by some genes 
within this pathway, rather than their direct involvement 
in flavonoid biosynthesis, are more critical in mediating 
the hybridization barrier. For instance, the potential role 
of TT8 in the triploid block may occur independently of 
its canonical function in flavonoid metabolism [33]. This 
coordination is essential for balanced growth and nutri-
ent allocation within the seed. One mechanism involves 
hormonal signaling; hormones such as auxins and cyto-
kinins, produced in the seed coat, play a key role in trig-
gering cellularization. For instance, auxin gradients are 
implicated in regulating endosperm cellularization in 
Arabidopsis thaliana [141]. This points to the possibility 
that flavonoids might control the transport of cellulariza-
tion signals from the seed coat to the endosperm. However,  
the existence of such a mechanism remains largely hypo-
thetical, and it is possible that our current understanding is 
limited by the availability of suitable tools; further investi-
gation will be required to clarify these potential roles.

Future directions in research
In this review, a historical overview of the triploid block 
is presented, encompassing all key tissues and molecu-
lar regulators identified in recent years in Arabidopsis 
thaliana research to provide a clear state-of-the-science 
perspective. Table 1 and Fig. 3 summarize and visu-
ally represent these findings, serving as a comprehen-
sive reference for current research in the field. Recent 

advancements in genetic and chemical interventions 
targeting secondary metabolites and epigenetic path-
ways show strategies for overcoming the triploid block. 
Although the recent findings on tt8 mutant fully bypass-
ing the triploid block are encouraging, the exact mech-
anisms underlying the phenotypes observed in other 
mutants such as tt4 or tt6 remain unclear. While it is 
known that transcriptional regulators such as TT8 and 
TTG2 are crucial, further research is necessary to elu-
cidate how paternal excess crosses impact the flavonoid 
biosynthesis pathway. Flavonoids and epigenetic regu-
lation may jointly influence the triploid block in Arabi-
dopsis thaliana by modulating gene expression crucial 
for seed development. Flavonoids affect auxin trans-
port, which could impact endosperm cellularization and 
growth in triploid seeds. Additionally, they might interact 
with epigenetic mechanisms, like DNA methylation, to 
regulate developmental genes, potentially either reinforc-
ing or bypassing the triploid block by stabilizing growth 
signals and gene expression. Interesting data are available 
on the expression of well-characterized molecular regu-
lators involved in controlling triploid block mechanisms 
within seed tissues [75] (Fig. 4).

Building on the detailed expression analyses across 
various seed compartments and developmental stages 
provided by Belmonte et al. an exciting opportunity arises 
to formulate new hypotheses about potential interactions 
among maternal and zygotic regulators [75]. Neverthe-
less, it's important to recognize the limits of generalizing 
findings from model plants like Arabidopsis thaliana to 
other species, as tissue interaction mechanisms within 
the seed may vary due to molecular, developmental, and 
reproductive differences, among others, affecting research 
applicability. To gain a more mechanistic understanding 
of key crops and their regulatory pathways, broader com-
parative studies across diverse, closely related, and agri-
culturally relevant species would be valuable.

Model research studies in Arabidopsis thaliana, can 
be useful as valuable tools for discover/uncovering the 
roles of imprinted genes (e.g., MEA, PHE1, PEG2), epi-
genetic regulators (e.g., ADM, NRPD1, SUVH7), and 
maternal sporophytic control genes (e.g., TT8, TTG2). 
These findings have provided a basis of knowledge for 
understanding dosage sensitivity and postzygotic isola-
tion in plants. However, the direct translation of these 
discoveries to economically important crops—such as 
cereals, horticultural species, or legumes—presents sev-
eral significant challenges; i) homologs of key regula-
tors in Arabidopsis thaliana may exist in multiple copies 
with subfunctionalized or neofunctionalized roles [144], 
ii) Epigenetic control such as DNA methylation pat-
terns, histone modifications, and small RNA pathways 
could differ across species and this can alter the regula-
tion of imprinted or dosage-sensitive target genes, in fact 
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rice and maize exhibit different sets of maternally and 
paternally expressed genes in the endosperm [145, 146] 
iii) Significant developmental and structural differences 
exist between the seeds of major crops and those of Ara-
bidopsis thaliana, particularly in patterns of endosperm 
and embryo development (e.g., nuclear vs. cellular types), 
timing of endosperm cellularization, and the extent of 
maternal control exerted through the seed coat and 
integuments [147–149]. For a comprehensive review of 
seed anatomy and phylogenies we recommend [150, 151].

Specifically, the transcriptional datasets from seed 
development and growth stages were generated using 
microarray analysis [75]. The tool includes 42 Arabidop-
sis thaliana seed compartments isolated using the laser 
capture microdissection from early stages after fertiliza-
tion through the maturation stage of development. The 
laser capture microdissection is useful to separate tissue-
specific transcripts within the seed.

This dataset invites deeper exploration into how these 
regulators may coordinate to influence seed development 
dynamics and offer insights into how gene expression 
occurs in the different tissues that compose the seed. For 
instance, maternal regulators such as TT4, TTG2, and 
TT8 display specific yet partially overlapping expression 
profiles within maternal tissues, while endosperm regula-
tors like MEA peak at early pre-globular stages, contrast-
ing with the more extended expression of PHE2 from 
pre-globular to heart stages. Furthermore, ADM shows 
activity in the micropylar endosperm specifically during 
the pre- and globular stages, and PEGs also exhibit early-
stage expression.

Exploring these interactions between maternal, endo-
sperm, and zygotic compartments, including redundan-
cies and synergies among these regulators, could offer 
new strategies for influencing hybrid seed viability. Nev-
ertheless, a limitation of this tool lies in the accuracy 

Fig. 4  Expression pattern representation of target genes discussed in this review. A Transcriptomic data are displayed using the available data tool 
(http://seedgenenetwork.net) [75, 142, 143]. Different stages of seed development are pre-globular embryo, globular, heart, linear cotyledons and ma-
ture seed. In present (P) there are the corresponding colors for different signal values: absent (white), insufficient (blue), < 500 (light brown), 500–5000 
(orange), 5000–10000 (pink), > 10,000 (red). B represents the same stages of seed development of figure A. Two or more replicates for each tissue were 
analyzed. The heatmap was generated with the website ​h​t​t​p​s​:​​​/​​/​b​i​i​​t​​.​c​​s​​.​​u​t​​.​​e​e​​/​c​​l​u​s​t​v​i​s​/. The expression range follows a color scale ​r​e​f​e​r​e​n​c​e​d to figure A, 
starting from 0 (absent) up to 5 (> 10,000)

 

http://seedgenenetwork.net
https://biit.cs.ut.ee/clustvis/


Page 11 of 16Aguirre et al. BMC Plant Biology          (2025) 25:913 

of the laser capture microdissection technique when 
applied to small tissues, like seeds, where different sec-
tions may be contaminated by adjacent regions, or it may 
not represent the entire tissue [152]. Advanced methods 
like single-cell RNA sequencing and spatial transcrip-
tomics could map the precise expression dynamics of 
these regulators. Additionally, analyzing how individual 
mutations impact the distribution of other regulators, 
hormone signaling, and secondary metabolism across the 
endosperm, embryo, and seed coat tissues could reveal 
the molecular network with enhanced spatial and tempo-
ral resolution. This approach would be particularly valu-
able during key stages, such as the pre-globular and heart 
stages, to clarify how regulatory interactions drive devel-
opmental processes.

Future research should also investigate potential roles 
for flavonoid accumulation in seed coat-endosperm cross-
talk, particularly regarding its link to the triploid block and 
genomic imprinting. Although recent findings emphasize 
the maternal genome's role in establishing the triploid block 
(as hereby presented), the specific mechanisms by which 
maternal tissues, especially the seed coat, regulate paternal 
genome expression during fertilization remain to be eluci-
dated. Examining expression profiles alongside the epigen-
etic landscapes of these regulators in interploidy crosses 
could shed light on how they contribute to the triploid 
block. Such studies could clarify the precise contributions 
of maternal-paternal genomic interactions in modulating 
expression and in regulating epigenetic barriers, paving the 
way for attaining the breeding of functional triploids.

Interesting advances in the epigenetics field have 
recently been obtained. Recently, inhibition of DNA 
methylation has proven effective in bypassing the trip-
loid block, thereby improving seed viability in various 
species, including Arabidopsis thaliana and Capsella 
hybrids. This intervention helps to re-balance the expres-
sion of MEGs and PEGs to attain successful triploid 
seed development [22, 139]. These findings highlight the 
importance of understanding epigenetic mechanisms in 
response to dosage imbalances, offering strategies to mit-
igate hybridization barriers in crop breeding and enhance 
agricultural productivity. The interaction between these 
mechanisms and their contribution to seed development 
across different plant species and within plant species 
needs further clarification.

Despite significant advances in our understanding of epi-
genetic regulation in seed development, substantial knowl-
edge gaps remain. For instance, the relationship between 
the gradual accumulation of CHH methylation in the 
embryo and the accumulation of TE-derived 24-nt siRNAs 
in the endosperm is not yet understood. It has been pro-
posed that these siRNAs produced in the endosperm are 
transported to the embryo, enhancing DNA methylation 
activity and resulting in the observed CHH methylation 

gains during embryo development [68, 135–138]. Bouyer 
et al. suggested that a non-canonical RdDM pathway may 
operate in the egg cell and possibly the embryo, or that 
siRNA production and subsequent DNA methylation are 
spatially uncoupled [137]. However, the mechanism for 
transporting siRNAs from the endosperm to the embryo 
remains unclear. Notably, insights from vegetative and 
sperm cell interactions could provide valuable context.

Martínez et al. identified the molecular pathway for 
siRNA production in pollen grains, demonstrating that 
mobile siRNAs produced in the pollen vegetative cell 
can silence reporters in sperm cells of Arabidopsis thali-
ana [153]. Applying similar strategies in future stud-
ies could clarify how CHH methylation enrichment in 
the embryo relates to TE-derived siRNA production in 
the endosperm. Given that the siRNA production path-
way in the endosperm is well characterized [131, 137, 
154], using this knowledge to design a reporter system 
could facilitate the investigation of interactions between 
endosperm-derived molecules and those in the embryo. 
However, in the vegetative-sperm cell system, it remains 
unknown whether siRNAs move via plasmodesmata or 
through a specific transporter, a question that should be 
addressed in upcoming studies.

Conclusions
Our current understanding of hybridization barriers in 
plants largely derives from studies conducted in Ara-
bidopsis thaliana [3, 27, 28, 68, 126, 135, 155–157]. As 
the most widely used model plant species, it is crucial 
to transfer knowledge on Arabidopsis thaliana to com-
mercially important crops. To translate this knowledge 
to key crops is not easy due to the differences with Ara-
bidopsis thaliana; Many crop species have undergone 
extensive domestication, during which traits related to 
reproductive barriers may have been selected against or 
modified [158]. Others are results of polyploidization or 
the result of interspecific hybridization [159–161], which 
introduces additional complexity in genome regulation 
and dosage balance. Furthermore, some crops have been 
selectively bred for the removal or alteration of specific 
epigenetic marks, further diverging their regulatory land-
scape from that of Arabidopsis thaliana [162–165].

Nevertheless, several studies have begun to analyze 
genomic imprinting and the triploid block in economi-
cally significant plants [109, 166–168] including key 
cereals like Oryza sativa [169–172], Hordeum vulgare 
[173] and Triticum aestivum hybrids [174]. Research also 
extends to ornamental species like Ranunculus kuepferi 
[175] and Cymbidium [176, 177], and even timber plants 
such as Populus L. [178] and Salix spp. [179, 180], sig-
nificant gaps remain in our understanding of the mech-
anisms of genomic imprinting and the triploid block in 
many widely used crop species.
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2m:1p	� Endosperm's 2 maternal to 1 paternal genomic ratio
2n	� Diploid
3n	� Triploid
4n	� Tetraploid
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ABS	� ARABIDOPSIS B-SISTER
ADM	� ADMETOS
AGL	� AGAMOUS LIKE
AHL10	� AT-HOOK LIKE 10
CMT2	� CHROMOMETHYLASE 2
CZ	� Chalazal pole
CZE	� Chalazal endosperm
CZSC	� Chalazal seed coat
DAP	� Days after pollination
DME	�  DEMETER
DNA	� Deoxyribonucleic acid
DRM2	� DOMAINS REARRANGED METHYLTRANSFERASE 2
FIS2	�  FERTILIZATION INDEPENDENT SEED 2
GDB	� Gene dosage balance hypothesis
H3K4me3	� Trimethylation of the lysine 4 in the histone 3
H3K9ac	� Acetylation of the lysine 9 in the histone 3
H3K9me2	� Dimethylation of the lysine 9 in the histone 3
H3K27me3	� Trimethylation of the lysine 27 in the histone 3
MEA	�  MEDEA
MEGs	� Maternally expressed imprinted genes
MP	� Micropilar pole
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PcG	� Polycomb group
PEGs	� Paternally expressed imprinted genes
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RDdM	� RNA-directed DNA methylation
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SC	� Seed coat
siRNAs	� Small interference RNAs
SUVH	�  SU(VAR)3-9 HOMOLOG
STK	�  SEEDSTICK
TT4	�  TRANSPARENT TESTA 4
TTG2	�  TRANSPARENT TESTA GLABRA 2
TT8	�  TRANSPARENT TESTA 8
TEs	� Transposable elements
WT	� Wild type
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