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Abstract

Endosperm is a major evolutionary innovation of flowering plants, and its proper development critically
impacts seed growth and viability. Epigenetic regulators have a key function in parental control of endosperm
development. Notably, epigenetic regulation of parental genome dosage is a major determinant of seed
development success, and disruption of this balance can produce inviable seed, as observed in some
interploidy and interspecific crosses. These postzygotic reproduction barriers are also a potent driver of
speciation. The molecular machinery and regulatory architecture governing endosperm development is
proposed to have evolved under parental conflict. In this review, we emphasize parental conflict as a dialectic
conflict and discuss recent findings about the epigenetic molecular machinery that mediates parental conflict
in the endosperm.

Introduction

Reproduction in flowering plants is characterized by a double fertilization event where the haploid egg cell
and the diploid central cell are both fertilized by haploid sperm cells, to produce the diploid embryo and the
triploid endosperm, respectively (Figure 1). The endosperm is a transient nutritive tissue that interfaces with
the embryo to support its growth and seedling germination and establishment [1]. Endosperm function is
essential for seed viability. Most flowering plants have a triploid endosperm, composed of 2 maternal and 1
paternal genomes (2m:1p). Disruption of this genomic balance can result in a dysfunctional endosperm and
abnormal seed development, although the sensitivity of the endosperm to parental ploidy deviations varies
widely, even within a species [2—7]. These findings led to the concept of Endosperm Balance Number (EBN),
where an effective ploidy value is assigned to a species based on its performance in crosses; effective ploidy
might or might not correspond to actual ploidy. EBN thus defines the optimal maternal to paternal genome
ratio that permits proper endosperm development [8-11]. Inter-ploidy or intra-specific hybrids where
parental EBN is mismatched exhibit numerous phenotypes such as changes in seed morphology, hybrid seed
inviability (HSI), or breakdown of postzygotic hybridization barriers [5,12—15]. At the molecular level,
alterations to balanced effective ploidy and HSI are correlated with whole-genome transcriptional changes at
imprinted and non-imprinted genes [16—19].

Genomic imprinting is an epigenetic phenomenon that results in the preferential expression of genes from
the maternal or paternal allele. In plants, imprinting predominantly occurs in the endosperm and its
establishment at least partly relies on modification of epigenetic profiles prior to fertilization, in the central
cell and sperm cells (Figure 1) [20-24]. Imprinting is essential for proper seed development, and changes in
expression of imprinted genes can impact seed growth or lead to seed abortion. Several hundred imprinted
genes have been reported in plants, and although imprinting status is partially conserved across species,
significant variations exist even within a species [25—-38]. Distinct hypotheses have been proposed to explain
the evolutionary forces that drive imprinting evolution [39]. Among those, the predominant parental conflict
or kinship theory could be used to explain both EBN and imprinting evolution [40-47**]. This theory proposes
that paternal and maternal parents have distinct interest in their offspring: fitness of the paternal parent is
enhanced if maternal resources preferentially accumulate in his sired offspring (and not in unrelated maternal
half-siblings), whereas fitness of the maternal parent is enhanced if her resources are equally distributed to



all her offspring. Parental conflict in endosperm could be molecularly mediated by the antagonistic effect of
imprinted genes, and the parent-of-origin effect of genetic and epigenetic factors involved in imprinting
establishment and maintenance of the EBN. The prediction is that paternally- and maternally-expressed
imprinted genes (PEGs and MEGs) are selected to maximize the fitness of the paternal or maternal parent by
promoting or repressing endosperm growth, respectively [42,43,48]. In this review, we explore recent findings
on genetic and epigenetic regulation of seed development. We discuss molecular mechanisms behind parent-
of-origin effects on parental fitness, as well as the dynamic balance between fitness optimization and
speciation, emphasizing the dialectical notion of parental conflict in endosperm.

Parental conflict as a struggle for parental fitness

Imprinted gene expression relies on the establishment and maintenance of epigenetic asymmetry between
parental alleles. Histone and DNA methylation are major determinants of the expression of MEGs and PEGs.
Although various epigenetic profiles have been described, MEGs expression is generally associated with active
DNA demethylation of the maternal allele in the central cell, prior to fertilization, whereas PEGs expression is
associated with DNA methylation of the expressed paternal allele and active DNA demethylation and histone
methylation-dependent silencing of the maternal alleles (Figure 1) [20-23,49-54].

As a major molecular outcome of parental conflict, imprinting is associated with presumed parental fitness
traits, and several imprinted genes have been reported to be important for endosperm development and
seed growth [22,55]. We highlight a few recent examples to illustrate the molecular mechanisms and
pathways underlying parental control of endosperm development and seed size, which emphasize the role
of epigenetic regulation and gene imprinting in the antagonist struggle of maternal and paternal parents after
fertilization for their own fitness in the seed. Many such examples have been identified for MEGs, including
the recent characterization of EIN2, an ethylene signal transduction gene that is imprinted in both Arabidopsis
thaliana and maize [26-28,30,56]. Arabidopsis E/IN2 imprinting status depends on DNA methylation through
the activity of the DNA demethylase (DME) prior to fertilization (Figure 1). EIN2 negatively regulates seed size
through temporal control of endosperm cellularization, providing a case study on how epigenetic imprinting
regulation supports parental conflict [57]. In rice, the long non-coding RNA MISSEN is a MEG whose
overexpression leads to increased endosperm proliferation and larger seeds, whereas reduced expression
causes smaller seeds and endosperm deformity. MISSEN RNA is thought to mediate these effects by
interaction with a helicase protein that in turns interacts with cytoskeletal proteins important for endosperm
cellularization [58]. PEGs have also been proposed to mediate seed size in both maize and Arabidopsis
through the regulation of essentials physiological processes such as auxin biosynthesis [59,60]. Nevertheless,
fewer PEGs have been characterized as having a direct impact on seed development in diploid crosses
[20,61,62]. A recent study in maize highlights a direct role for the quantitative PEG Ded1, which positively
regulates kernel size in a dosage-dependent manner. Ded1 encodes a MYB transcription factor that activates
numerous genes during early endosperm development, including other imprinted genes. dedl mutants
exhibit an incompletely-developed basal endosperm transfer layer, the region of the kernel important for
maternal nutrient transfer [63**]. Of course not all, or even most, genes that affect seed development and
size will be imprinted, but their regulation might still be tied to other imprinted genes or the imprinting
machinery. IKU2, which encodes a leucine-rich repeat receptor-like kinase, is one such example. IKU2 is
expressed in early endosperm development and promotes endosperm proliferation. Mutation of IKU2 in
Arabidopsis or the cereal Brachypodium causes early endosperm cellularization and smaller seeds/grains
[64,65*]. Recently, Wu et al. demonstrated that the FIS-PRC2 histone H3K27me3 methyltransferase complex,
which is itself imprinted and maintains imprinting (Figure 1), methylates and silences AtIKU2, preventing
further endosperm proliferation. In Brachypodium, IKU2 is not methylated by the PRC2 complex, which is
correlated with continued proliferation of cereal endosperm until maturity [65%*].



Parental conflict: the need for an agreement

Parental fitness optimization also includes endosperm genomic balance. Disruption of EBN can have a drastic
effect on seed development, leading to the impairment of endosperm development, embryo arrest, and seed
abortion. This phenomenon, known as triploid block, is observed in interploidy hybridization (Figure 2)
[13,14,66—69]. In species with nuclear-type endosperm development (a period of coenocytic endosperm
development followed by cellularization), antagonistic effects are observed on endosperm cellularization
timing, where paternal or maternal genome excess results in delayed or precocious endosperm
cellularization, respectively [5,70,71]. Molecular mechanisms underlying triploid block have been elucidated
by identifying factors that suppress triploid seed abortion, particularly in the context of paternal genomic
excess, and implicate metabolic processes, genomic imprinting, and epigenetic regulation. Insights on triploid
block and relevant metabolic pathways, including flavonoid biosynthesis, auxin homeostasis, and abscisic acid
metabolism, can be found here [60,61,72—-81].

Multiple epigenetic regulators and imprinted genes contribute to EBN and prevent successful seed
development in conditions of paternal genome excess (Table 1) [16,17,19,61,82—-86]. Although paternal
inheritance of mutations in individual PEGs partially suppresses paternal excess seed abortion [61],
normalization of PEG expression does not seem to be required for interploidy seed viability [19], suggesting
multiple pathways independently contribute to EBN. Recently, chemically-induced epimutagenesis using 5-
azacytidine, which causes DNA hypomethylation, suggests that additional epigenetically-regulated factors are
involved in setting EBN [87*], supporting the long-standing link between parental control of seed
development and DNA methylation [88,89]. These observations raises the question of how the molecular
machinery mediates parental control of seed development. Multiple studies suggest a role for small RNAs
and de novo DNA methylation, although the exact mechanism and site of action remains unclear. Expression
of the antiviral protein RTL1, which suppresses small RNA biogenesis, under a pollen vegetative cell promoter,
but not under a sperm cell promoter, paternally suppresses paternal excess seed abortion [90]. Interestingly,
antagonistic parent-of-origin effects of NRPD1 have been described [91-93*]. NRPD1 is the largest subunit of
RNA Pol IV, a key component of the de novo DNA methylation pathway and an important factor for gene
dosage control in endosperm. Disruption of NRPD1 in paternal excess interploidy crosses has opposite effects
depending of the parental origin of the mutation [19,93*]; maternal NRPD1 promotes paternal excess seed
viability, whereas paternal NRPD1 restricts it. This observation is consistent with the parent-of-origin
dependent effect of NRPD1 on gene expression in diploid seeds, where maternal and paternal NRPD1 regulate
a partially distinct set of genes in endosperm, with some of them being antagonistically regulated [93*]. These
observations support the hypothesis that epigenetic gene regulatory networks involved in parental control of
seed development are evolving under parental conflict.

Parental conflict as a source of speciation

Features of the triploid block response are also frequently observed in hybrid seed inviability (HSI) resulting
from interspecific hybridization. HSI is associated with gene misregulation, impaired imprinted gene
expression, and defective endosperm development, although the molecular basis underlying this
phenomenon can differ from that observed in intraspecific interploidy crosses. An increasing number of
studies suggest that HSI evolves rapidly and is likely to be a major driver of speciation [18,44,94—-105]. The
impact of parental conflict in shaping endosperm-based reproductive barriers can vary based on species
breeding strategies. The level of parental conflict is proposed to be higher in outbreeding species as suggested



by the weak inbreeder/strong outbreeder (WISO) hypothesis [106]. This model is supported by experimental
evidence in several species and predicts that crossbreeding between outbreeders and selfers is likely to result
in seed inviability due to dosage imbalance in the endosperm [15,44,107-111].

Endosperm functional and molecular heterogeneity plays an important role in seed development [112,113].
The endosperm chalazal region interfaces with maternal tissue to mediate nutrient transfer, making it a key
factor in endosperm development [114]. Recent studies show that closely related Mimulus species exhibit
differences in effective ploidy, which has been proposed to account for the severity of the seed inviability
phenotype of Mimulus hybrids. This HSI phenotype is associated with abnormal chalazal haustorium
development in a reciprocal parent-of-origin dependent manner, suggesting that this region is an important
mediator of parental conflict [47**]. Interestingly, the chalazal endosperm region is also involved in the
regulation of endosperm cellularization, and displays a very specific pattern of imprinted gene expression,
with upregulation of PEGs [112,115]. Imprinting heterogeneity among endosperm domains is likely regulated
by epigenetic mechanisms, since many epigenetic regulators are differentially expressed in the chalazal
endosperm [112]. Investigating this question further will provide new insight on the epigenetic mechanisms
underlying parental conflict.

The emergence of the endosperm is a key evolutionary innovation associated with angiosperms (flowering
plants). Given its determinant function in HSI, endosperm has been proposed to be a critical contributor to
angiosperm diversification, particularly through the rapid evolution of endosperm-dependent postzygotic
reproduction barriers under parental conflict [103]. Nevertheless, a better comprehension of the underlying
evolutionary and molecular mechanisms of endosperm development is necessary to enhance our
understanding of parental conflict. Little is known about endosperm in Angiosperm lineages that predate the
divergence of monocots and eudicots. Among these lineages, Nymphaea (water lily) seeds are characterized
by a diploid endosperm (1m:1p). A recent study on these species revealed that endosperm hypomethylation
and MEGs are an ancestral condition for endosperm, with PEGs likely emerging later in response to the
doubling of maternal contribution in endosperm [116].

Together, these findings support the idea that biological mechanisms of endosperm development evolve
under parental conflict and might be a powerful driver of angiosperm speciation and diversification.

Conclusion

Several scenarios have been proposed to explain the evolutionary forces that drive imprinting evolution in
the context of seed development. These different theories are likely to coexist to explain the selective
pressures that apply to such innovations in relation to their environments [117,118]. In this context, parental
conflict provides an essential theorical evolutionary framework to understand how biological processes
regulating seed development evolve. As a result of such a conflict, the molecular machinery underpinning
seed development is subjected to an evolutionary arms race to ensure parental control. The characterization
of genetic factors that are able to independently mediate both maternal and paternal control over seed
development — like RNA Pol IV — pave the way for a better comprehension of the mechanistic complexity and
the diversity of the molecular infrastructure underlying parental conflict.

Yet, the language of ‘conflict’ may obscure the vital need for compromise for both parents, without which,
the viability of the offspring is in peril, negatively impacting parental fitness (e.g., triploid block). Thus, it might
be informative to approach parental conflict as a dialectical conflict that embodies both a conflict and
compromise component, and underlines the dynamic balance that must be struck by the parents in the
interest of their offspring (Figure 2). When striving to improve their own fitness, each parent must avoid



upsetting the balance too much, which could impact offspring viability. From the species perspective, the
breakdown of this compromise becomes a powerful driver of speciation, supported by postzygotic
reproductive barrier mechanisms, that leads to rapid evolution of flowering plants. This phenomenon is likely
to be a determinant factor in the astonishing diversification that makes angiosperms such an evolutionarily
fruitful lineage. This implies that the parental conflict, conceived as a dialectical conflict, does not need to be
resolved, since it contains in its very nature the elements that enable it to overcome its contradictions.
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Table 1: Epigenetic regulators that reduce or enhance endosperm effective ploidy in Arabidopsis

Gene Molecular Function Imprinted? Effect
QMEA, FIS2 H3K27 methylation, PRC2 | MEGs Reduce EBN
QNRPD1 Subunit of RNA Pol IV weak PEG Reduce EBN
INRPD1 Subunit of RNA Pol IV weak PEG Increase EBN
FSUVH7 Histone methylation PEG Increase EBN
JS'PKR2 Chromatin remodeler PEG Increase EBN
Q FDRM?2 DNA methyltransferase No Increase EBN
IMET1 DNA methyltransferase No Increase EBN

Figure Legends

Figure 1: Epigenetic mechanisms of imprinting regulation. DNA and histone methylation are key epigenetic
marks involved in imprinting regulation. Maternally expressed imprinted genes expression relies on DME-
dependent active DNA demethylation of the maternal allele and silencing of the paternal allele through DNA
methylation (1) or PRC2-dependent H3K27me3 histone methylation (2). DME-dependent demethylation can
also prime the maternal allele in the central cell, which is then activated in the endosperm by transcription
factors - here WRKY10 (3). Paternally expressed imprinted gene expression is usually associated with PRC2-
dependent H3K27me3 silencing of the actively demethylated maternal allele while the paternal allele is
protected from H3K27me3 methylation by DNA methylation (4) or other processes (5). These example
epigenetic mechanisms are not mutually exclusive and generally coexist to regulate imprinting. Example
genes are referenced here [57,62,91,119-126].

Figure 2: Parental genome dosage affects seed size and viability. Balanced parental genome dosage (middle
panel) is essential for proper endosperm development. Factors improving maternal or paternal fitness restrict
or promote seed growth, respectively, resulting in the production of smaller or larger seeds. In maternal and
paternal excess genome crosses (left and right panels), genome dosage balance is upset, affecting seed
viability. Precocious endosperm cellularization observed in maternal excess crosses results in small and
shrunken inviable seeds, while paternal excess crosses delay endosperm cellularization, inducing abnormal
seed enlargement that leads to abortion. Importantly, these phenotypes exist on a continuum.



Literature highlights

**Dai et al., 2022

Ded1 is a quantitative PEG that encodes a R2R3-MYB transcription factor expressed during early endosperm
development. This study provides the first example of a PEG having a direct functional role in maize kernel
development.

*Huc et al., 2022

This study demonstrates that 5-azacytidine-induced hypomethylation transiently bypasses the seed abortion
phenotype associated with triploid block. Rescue is associated with genome wide CG-hypomethylation and
restoration of normal PEGs expression levels. Interestingly, this chemically-induced hypomethylation also
results in a partial breakdown of interspecies hybridization barriers between Capsella species.

*Satyaki et al., 2022

By using a multi-omic approach in Arabidopsis thaliana, this study highlights the differential effect on
endosperm small RNA production, DNA methylation and gene expression regulation by maternal and
paternal RNA Pol IV activity. They described an antagonistic parent-of-origin effect of Pol 1V, and propose
that Pol IV is part of a regulatory network evolving under parental conflict.

**Sandstedt and Sweigart, 2022

By performing reciprocal crosses between three Mimulus genus species, this work reveals a variable hybrid
seed inviability severity in line with species divergence in effective ploidy. They also show that the chalazal
haustorium exhibits differences between hybrid seeds that differ in effective ploidy, suggesting that the
chalazal haustorium is a prime site for parental conflict.

*Wu et al 2022

This work examines the function of IKU2 across several dicot and monocot species. IKU2 regulates endosperm
proliferation. Its repression by PRC2 in dicots but not monocots may explain differences in the extent of
endosperm proliferation in these groups.



References

Doll NM, Ingram GC. Embryo-Endosperm Interactions. Annu Rev Plant Biol. 2022 May 20;73:293-321.
Miintzing A. The Evolutionary Significance of Autopolyploidy. Hereditas. 1936;21(2—-3):363-78.

Brink RA, Cooper DC. The Endosperm in Seed Development. Botanical Review. 1947;13(9):479-541.

. Milbocker D, Sink K. Embryology of diploid x diploid and diploid x tetraploid crosses in poinsettia. Can J Genet
Cytol. 1969 Sep;11(3):598-601.

PN e

5. Scott RJ, Spielman M, Bailey J, Dickinson HG. Parent-of-origin effects on seed development in Arabidopsis
thaliana. Development. 1998 Sep;125(17):3329-41.

6. Stoute Al, Varenko V, King GJ, Scott RJ, Kurup S. Parental genome imbalance in Brassica oleracea causes
asymmetric triploid block. Plant J. 2012 Aug;71(3):503-16.

7. Povilus RA, Diggle PK, Friedman WE. Evidence for parent-of-origin effects and interparental conflict in seeds
of an ancient flowering plant lineage. Proc Biol Sci. 2018 Feb 14;285(1872):20172491.

8. Johnston SA, Hanneman RE. Manipulations of endosperm balance number overcome crossing barriers
between diploid solanum species. Science. 1982 Jul 30;217(4558):446-8.

9. Ehlenfeldt MK, Hanneman RE. The use of Endosperm Balance Number and 2n gametes to transfer exotic
germplasm in potato. Theor Appl Genet. 1984 May;68(1-2):155-61.

10. Carputo D, Barone A, Cardi T, Sebastiano A, Frusciante L, Peloquin SJ. Endosperm balance number

manipulation for direct in vivo germplasm introgression to potato from a sexually isolated relative (Solanum
commersonii Dun.). Proc Natl Acad Sci U S A. 1997 Oct 28;94(22):12013-7.

11. Carputo D, Monti L, Werner JE, Frusciante L. Uses and usefulness of endosperm balance number. Theor Appl
Genet. 1999 Mar 1;98(3):478-84.

12. Lin BY. Ploidy barrier to endosperm development in maize. Genetics. 1984 May;107(1):103-15.

13. Comai L. The advantages and disadvantages of being polyploid. Nat Rev Genet. 2005 Nov;6(11):836—46.

14. Kéhler C, Mittelsten Scheid O, Erilova A. The impact of the triploid block on the origin and evolution of
polyploid plants. Trends Genet. 2010 Mar;26(3):142-8.

15. Lafon-Placette C, Johannessen IM, Hornslien KS, Ali MF, Bjerkan KN, Bramsiepe J, et al. Endosperm-based

hybridization barriers explain the pattern of gene flow between Arabidopsis lyrata and Arabidopsis arenosa in Central
Europe. Proceedings of the National Academy of Sciences. 2017 Feb 7;114(6):E1027-35.

16. Kradolfer D, Wolff P, Jiang H, Siretskiy A, Kéhler C. An imprinted gene underlies postzygotic reproductive
isolation in Arabidopsis thaliana. Dev Cell. 2013 Sep 16;26(5):525-35.

17. Martinez G, Wolff P, Wang Z, Moreno-Romero J, Santos-Gonzalez J, Conze LL, et al. Paternal easiRNAs
regulate parental genome dosage in Arabidopsis. Nat Genet. 2018 Feb;50(2):193-8.

18. Roth M, Florez-Rueda AM, Griesser S, Paris M, Stadler T. Incidence and developmental timing of endosperm
failure in post-zygotic isolation between wild tomato lineages. Ann Bot. 2018 Jan;121(1):107-18.

19. Satyaki PRV, Gehring M. Paternally Acting Canonical RNA-Directed DNA Methylation Pathway Genes Sensitize
Arabidopsis Endosperm to Paternal Genome Dosage. Plant Cell. 2019 Jul;31(7):1563-78.

20. Bai F, Settles AM. Imprinting in plants as a mechanism to generate seed phenotypic diversity. Front Plant Sci.
2014;5:780.

21. Rodrigues JA, Zilberman D. Evolution and function of genomic imprinting in plants. Genes Dev. 2015 Dec
15;29(24):2517-31.

22. Gehring M, Satyaki PR. Endosperm and Imprinting, Inextricably Linked. Plant Physiol. 2017 Jan;173(1):143-54.
23. Batista RA, Kéhler C. Genomic imprinting in plants—revisiting existing models. Genes Dev. 2020 Jan 1;34(1-
2):24-36.

24. Borges F, Donoghue MTA, LeBlanc C, Wear EE, TanurdZi¢ M, Berube B, et al. Loss of Small-RNA-Directed DNA

Methylation in the Plant Cell Cycle Promotes Germline Reprogramming and Somaclonal Variation. Curr Biol. 2021 Feb
8;31(3):591-600.e4.

25. Zhang M, Zhao H, Xie S, Chen J, Xu Y, Wang K, et al. Extensive, clustered parental imprinting of protein-coding
and noncoding RNAs in developing maize endosperm. Proc Natl Acad Sci U S A. 2011 Dec 13;108(50):20042-7.

26. Waters AJ, Makarevitch I, Eichten SR, Swanson-Wagner RA, Yeh CT, Xu W, et al. Parent-of-origin effects on
gene expression and DNA methylation in the maize endosperm. Plant Cell. 2011 Dec;23(12):4221-33.

27. Gehring M, Missirian V, Henikoff S. Genomic analysis of parent-of-origin allelic expression in Arabidopsis
thaliana seeds. PLoS One. 2011;6(8):e23687.

28. Hsieh TF, Shin J, Uzawa R, Silva P, Cohen S, Bauer MJ, et al. Regulation of imprinted gene expression in



Arabidopsis endosperm. Proceedings of the National Academy of Sciences. 2011 Feb;108(5):1755-62.

29. Luo M, Taylor JM, Spriggs A, Zhang H, Wu X, Russell S, et al. A Genome-Wide Survey of Imprinted Genes in
Rice Seeds Reveals Imprinting Primarily Occurs in the Endosperm. PLoS Genet. 2011 Jun 23;7(6):e1002125.

30. Wolff P, Weinhofer I, Seguin J, Roszak P, Beisel C, Donoghue MTA, et al. High-resolution analysis of parent-of-
origin allelic expression in the Arabidopsis Endosperm. PLoS Genet. 2011 Jun;7(6):e1002126.

31. Waters AJ, Bilinski P, Eichten SR, Vaughn MW, Ross-lbarra J, Gehring M, et al. Comprehensive analysis of
imprinted genes in maize reveals allelic variation for imprinting and limited conservation with other species.
Proceedings of the National Academy of Sciences. 2013 Nov 26;110(48):19639-44.

32. Xu W, Dai M, Li F, Liu A. Genomic imprinting, methylation and parent-of-origin effects in reciprocal hybrid
endosperm of castor bean. Nucleic Acids Res. 2014 Jul 1;42(11):6987-98.

33. Zhang M, Li N, He W, Zhang H, Yang W, Liu B. Genome-wide screen of genes imprinted in sorghum
endosperm, and the roles of allelic differential cytosine methylation. Plant J. 2016 Feb;85(3):424—-36.

34, Klosinska M, Picard CL, Gehring M. Conserved imprinting associated with unique epigenetic signatures in the
Arabidopsis genus. Nat Plants. 2016 Sep 19;2:16145.

35. Hatorangan MR, Laenen B, Steige KA, Slotte T, K6hler C. Rapid Evolution of Genomic Imprinting in Two
Species of the Brassicaceae. The Plant Cell. 2016 Aug 1;28(8):1815-27.

36. Chen C, Li T, Zhu S, Liu Z, Shi Z, Zheng X, et al. Characterization of Imprinted Genes in Rice Reveals
Conservation of Regulation and Imprinting with Other Plant Species1[OPEN]. Plant Physiol. 2018 Aug;177(4):1754-71.
37. Flores-Vergara MA, Oneal E, Costa M, Villarino G, Roberts C, De Luis Balaguer MA, et al. Developmental
Analysis of Mimulus Seed Transcriptomes Reveals Functional Gene Expression Clusters and Four Imprinted,
Endosperm-Expressed Genes. Front Plant Sci. 2020;11:132.

38. Picard CL, Gehring M. Identification and Comparison of Imprinted Genes Across Plant Species. Methods Mol
Biol. 2020;2093:173-201.
39. Patten MM, Ross L, Curley JP, Queller DC, Bonduriansky R, Wolf JB. The evolution of genomic imprinting:

theories, predictions and empirical tests. Heredity. 2014 Aug;113(2):119-28.
40. TRIVERS RL. Parent-Offspring Conflict. American Zoologist. 1974 Feb 1;14(1):249-64.

41. Haig D, Westoby M. Parent-Specific Gene Expression and the Triploid Endosperm. The American Naturalist.
1989 Jul;134(1):147-55.

42. Moore T, Haig D. Genomic imprinting in mammalian development: a parental tug-of-war. Trends Genet. 1991
Feb;7(2):45-9.

43, Haig D. Kin conflict in seed development: an interdependent but fractious collective. Annu Rev Cell Dev Biol.
2013;29:189-211.

44, Coughlan JM, Wilson Brown M, Willis JH. Patterns of Hybrid Seed Inviability in the Mimulus guttatus sp.

Complex Reveal a Potential Role of Parental Conflict in Reproductive Isolation. Current Biology. 2020 Jan 6;30(1):83-
93.e5.

45, Kohler C, Dziasek K, Del Toro-De Ledn G. Postzygotic reproductive isolation established in the endosperm:
mechanisms, drivers and relevance. Philos Trans R Soc Lond B Biol Sci. 2021 Jun 7;376(1826):20200118.

46. Stadler T, Florez-Rueda AM, Roth M. A revival of effective ploidy: the asymmetry of parental roles in
endosperm-based hybridization barriers. Current Opinion in Plant Biology. 2021 Jun 1;61:102015.

47. Sandstedt GD, Sweigart AL. Developmental evidence for parental conflict in driving Mimulus species barriers.
New Phytologist. 2022;236(4):1545-57.

48. Fort A, Ryder P, McKeown PC, Wijnen C, Aarts MG, Sulpice R, et al. Disaggregating polyploidy, parental
genome dosage and hybridity contributions to heterosis in Arabidopsis thaliana. New Phytol. 2016 Jan;209(2):590-9.
49, Choi Y, Gehring M, Johnson L, Hannon M, Harada JJ, Goldberg RB, et al. DEMETER, a DNA glycosylase domain
protein, is required for endosperm gene imprinting and seed viability in arabidopsis. Cell. 2002 Jul 12;110(1):33-42.
50. Pignatta D, Erdmann RM, Scheer E, Picard CL, Bell GW, Gehring M. Natural epigenetic polymorphisms lead to
intraspecific variation in Arabidopsis gene imprinting. Elife. 2014 Jul 3;3:e03198.

51. Park K, Kim MY, Vickers M, Park JS, Hyun Y, Okamoto T, et al. DNA demethylation is initiated in the central
cells of Arabidopsis and rice. Proceedings of the National Academy of Sciences. 2016 Dec 27;113(52):15138-43.

52. Moreno-Romero J, Jiang H, Santos-Gonzalez J, Kohler C. Parental epigenetic asymmetry of PRC2-mediated
histone modifications in the Arabidopsis endosperm. The EMBO Journal. 2016 Jun 15;35(12):1298-311.

53. Moreno-Romero J, Del Toro-De Ledn G, Yadav VK, Santos-Gonzdlez J, K6hler C. Epigenetic signatures

associated with imprinted paternally expressed genes in the Arabidopsis endosperm. Genome Biol. 2019 Feb
21;20(1):41.



54, Gent JI, Higgins KM, Swentowsky KW, Fu FF, Zeng Y, Kim D won, et al. The maize gene maternal derepression
of r1 encodes a DNA glycosylase that demethylates DNA and reduces siRNA expression in the endosperm. Plant Cell.
2022 Jul 1;34(10):3685-701.

55. Dong X, Luo H, Bi W, Chen H, Yu S, Zhang X, et al. Transcriptome-wide identification and characterization of
genes exhibit allele-specific imprinting in maize embryo and endosperm. BMC Plant Biology. 2023 Oct 6;23(1):470.

56. Qiao H, Shen Z, Huang SC, Schmitz RJ, Urich MA, Briggs SP, et al. Processing and Subcellular Trafficking of ER-
Tethered EIN2 Control Response to Ethylene Gas. Science. 2012 Oct 19;338(6105):390-3.

57. Ando A, Kirkbride RC, Qiao H, Chen ZJ. Endosperm and Maternal-specific expression of EIN2 in the endosperm
affects endosperm cellularization and seed size in Arabidopsis. Genetics. 2023 Feb 9;223(2):iyac161.

58. Zhou YF, Zhang YC, Sun YM, Yu Y, Lei MQ, Yang YW, et al. The parent-of-origin IncRNA MISSEN regulates rice
endosperm development. Nat Commun. 2021 Nov 11;12(1):6525.

59. Yuan J, Chen S, Jiao W, Wang L, Wang L, Ye W, et al. Both maternally and paternally imprinted genes regulate
seed development in rice. New Phytol. 2017 Oct;216(2):373-87.

60. Batista RA, Figueiredo DD, Santos-Gonzalez J, Kéhler C. Auxin regulates endosperm cellularization in
Arabidopsis. Genes Dev. 2019 Apr 1;33(7-8):466-76.

61. Wolff P, Jiang H, Wang G, Santos-Gonzalez J, Kéhler C. Paternally expressed imprinted genes establish
postzygotic hybridization barriers in Arabidopsis thaliana. elLife. 4:e10074.

62. Pignatta D, Novitzky K, Satyaki PRV, Gehring M. A variably imprinted epiallele impacts seed development.
PLOS Genetics. 2018 Nov 5;14(11):e1007469.

63. Dai D, Mudunkothge JS, Galli M, Char SN, Davenport R, Zhou X, et al. Paternal imprinting of dosage-effect
defectivel contributes to seed weight xenia in maize. Nat Commun. 2022 Sep 13;13(1):5366.

64. Garcia D, Saingery V, Chambrier P, Mayer U, Jirgens G, Berger F. Arabidopsis haiku Mutants Reveal New
Controls of Seed Size by Endosperm. Plant Physiology. 2003 Apr 1;131(4):1661-70.

65. Wu D, Wei Y, Zhao X, Li B, Zhang H, Xu G, et al. Ancestral function but divergent epigenetic regulation of
HAIKU2 reveals routes of seed developmental evolution. Mol Plant. 2022 Oct 3;15(10):1575-89.

66. Cooper DC, Brink RA. Seed Collapse following Matings between Diploid and Tetraploid Races of Lycopersicon
Pimpinellifolium. Genetics. 1945 Jul;30(4):376—401.

67. Marks GE. THE ORIGIN AND SIGNIFICANCE OF INTRASPECIFIC POLYPLOIDY: EXPERIMENTAL EVIDENCE FROM
SOLANUM CHACOENSE. Evolution. 1966 Dec;20(4):552-7.

68. Miintzing A. Hybrid Incompatibility and the Origin of Polyploidy. Hereditas. 1933;18(1-2):33-55.

69. Woodell SRJ, Valentine DH. Studies in British Primulas IX. Seed Incompatibility in Diploid-Autotetraploid
Crosses. The New Phytologist. 1961;60(3):282-94.

70. Pennington PD, Costa LM, Gutierrez-Marcos JF, Greenland AJ, Dickinson HG. When genomes collide: aberrant
seed development following maize interploidy crosses. Ann Bot. 2008 Apr;101(6):833—-43.

71. Sekine D, Ohnishi T, Furuumi H, Ono A, Yamada T, Kurata N, et al. Dissection of two major components of the
post-zygotic hybridization barrier in rice endosperm. Plant J. 2013 Dec;76(5):792-9.

72. Dilkes BP, Spielman M, Weizbauer R, Watson B, Burkart-Waco D, Scott RJ, et al. The maternally expressed

WRKY transcription factor TTG2 controls lethality in interploidy crosses of Arabidopsis. PLoS Biol. 2008 Dec
9;6(12):2707-20.

73. Scott RJ, Tratt JL, Bolbol A. Seed Development in Interploidy Hybrids. In: Polyploid and Hybrid Genomics
[Internet]. John Wiley & Sons, Ltd; 2013 [cited 2024 Apr 16]. p. 271-90. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118552872.ch17

74. Doughty J, Aljabri M, Scott RJ. Flavonoids and the regulation of seed size in Arabidopsis. Biochem Soc Trans.
2014 Apr;42(2):364-9.

75. Li C, Gong X, Zhang B, Liang Z, Wong CE, See BYH, et al. TOP1a, UPF1, and TTG2 regulate seed size in a
parental dosage-dependent manner. PLoS Biol. 2020 Nov;18(11):e3000930.

76. Zumajo-Cardona C, Aguirre M, Castillo-Bravo R, Mizzotti C, Di Marzo M, Banfi C, et al. Maternal control of
triploid seed development by the TRANSPARENT TESTA 8 (TT8) transcription factor in Arabidopsis thaliana. Sci Rep.
2023 Jan 24;13:1316.

77. Brown DE, Rashotte AM, Murphy AS, Normanly J, Tague BW, Peer WA, et al. Flavonoids act as negative
regulators of auxin transport in vivo in arabidopsis. Plant Physiol. 2001 Jun;126(2):524-35.

78. Figueiredo DD, Kohler C. Auxin: a molecular trigger of seed development. Genes Dev. 2018 Apr 1;32(7-
8):479-90.

79. Guo L, Luo X, Li M, Joldersma D, Plunkert M, Liu Z. Mechanism of fertilization-induced auxin synthesis in the



endosperm for seed and fruit development. Nat Commun. 2022 Jul 9;13(1):3985.

80. Figueiredo DD, Batista RA, Roszak PJ, Hennig L, Kéhler C. Auxin production in the endosperm drives seed coat
development in Arabidopsis. Amasino R, editor. eLife. 2016 Nov 16;5:e20542.

81. Xu W, Sato H, Bente H, Santos-Gonzalez J, Kohler C. Endosperm cellularization failure induces a dehydration-
stress response leading to embryo arrest. Plant Cell. 2023 Feb 20;35(2):874—88.

82. Erdmann RM, Satyaki PRV, Klosinska M, Gehring M. A Small RNA Pathway Mediates Allelic Dosage in
Endosperm. Cell Rep. 2017 Dec 19;21(12):3364-72.

83. Huang F, Zhu QH, Zhu A, Wu X, Xie L, Wu X, et al. Mutants in the imprinted PICKLE RELATED 2 gene suppress

seed abortion of fertilization independent seed class mutants and paternal excess interploidy crosses in Arabidopsis.
Plant J. 2017 Apr;90(2):383-95.

84. Jiang H, Moreno-Romero J, Santos-Gonzalez J, De Jaeger G, Gevaert K, Van De Slijke E, et al. Ectopic
application of the repressive histone modification H3K9me?2 establishes post-zygotic reproductive isolation in
Arabidopsis thaliana. Genes Dev. 2017 Jun 15;31(12):1272-87.

85. Batista RA, Moreno-Romero J, Qiu Y, van Boven J, Santos-Gonzalez J, Figueiredo DD, et al. The MADS-box
transcription factor PHERES1 controls imprinting in the endosperm by binding to domesticated transposons. Elife.
2019 Dec 2;8:50541.

86. Wang Z, Butel N, Santos-Gonzalez J, Simon L, Wardig C, Kéhler C. Transgenerational effect of mutants in the
RNA-directed DNA methylation pathway on the triploid block in Arabidopsis. Genome Biol. 2021 May 6;22(1):141.
87. Huc J, Dziasek K, Pachamuthu K, Woh T, Kéhler C, Borges F. Bypassing reproductive barriers in hybrid seeds
using chemically induced epimutagenesis. Plant Cell. 2022 Mar 4;34(3):989-1001.

88. Xiao W, Brown RC, Lemmon BE, Harada JJ, Goldberg RB, Fischer RL. Regulation of seed size by
hypomethylation of maternal and paternal genomes. Plant Physiol. 2006 Nov;142(3):1160-8.

89. Schatlowski N, Wolff P, Santos-Gonzalez J, Schoft V, Siretskiy A, Scott R, et al. Hypomethylated pollen
bypasses the interploidy hybridization barrier in Arabidopsis. Plant Cell. 2014 Sep;26(9):3556—68.

90. Pachamuthu K, Simon M, Borges F. Targeted suppression of siRNA biogenesis in Arabidopsis pollen reveals

distinct Pol IV activities in the sperm and vegetative cell lineages [Internet]. 2023 [cited 2024 Apr 5]. Available from:
https://www.researchsquare.com/article/rs-2947716/v1

91. Vu TM, Nakamura M, Calarco JP, Susaki D, Lim PQ, Kinoshita T, et al. RNA-directed DNA methylation regulates
parental genomic imprinting at several loci in Arabidopsis. Development. 2013 Jul;140(14):2953-60.
92. Kirkbride RC, Lu J, Zhang C, Mosher RA, Baulcombe DC, Chen ZJ. Maternal small RNAs mediate spatial-

temporal regulation of gene expression, imprinting, and seed development in Arabidopsis. Proc Natl Acad Sci U S A.
2019 Feb 12;116(7):2761-6.

93. Satyaki PRV, Gehring M. RNA Pol IV induces antagonistic parent-of-origin effects on Arabidopsis endosperm.
PLOS Biology. 2022 avr;20(4):e3001602.

94, Vickery RK. Barriers to Gene Exchange Between Members of the Mimulus guttatus Complex
(Scrophulariaceae). Evolution. 1964;18(1):52-69.

95. Jewell C, Papineau AD, Freyre R, Moyle LC. Patterns of reproductive isolation in Nolana (Chilean bellflower).
Evolution. 2012 Aug;66(8):2628-36.

96. Garner AG, Kenney AM, Fishman L, Sweigart AL. Genetic loci with parent-of-origin effects cause hybrid seed
lethality in crosses between Mimulus species. New Phytologist. 2016;211(1):319-31.

97. Oneal E, Willis JH, Franks RG. Disruption of endosperm development is a major cause of hybrid seed inviability
between Mimulus guttatus and Mimulus nudatus. New Phytol. 2016 May;210(3):1107-20.

98. Kostyun JL, Moyle LC. Multiple Strong Postmating and Intrinsic Postzygotic Reproductive Barriers Isolate
Florally Diverse Species of Jaltomata (Solanaceae). Evolution. 2017 Jun;71(6):1556-71.

99. Christie K, Strauss SY. Along the speciation continuum: Quantifying intrinsic and extrinsic isolating barriers
across five million years of evolutionary divergence in California jewelflowers. Evolution. 2018;72(5):1063-79.

100. Roth M, Florez-Rueda AM, Paris M, Stadler T. Wild tomato endosperm transcriptomes reveal common roles
of genomic imprinting in both nuclear and cellular endosperm. The Plant Journal. 2018;95(6):1084—-101.

101. Florez-Rueda AM, Fiscalini F, Roth M, Grossniklaus U, Stadler T. Endosperm and Seed Transcriptomes Reveal

Possible Roles for Small RNA Pathways in Wild Tomato Hybrid Seed Failure. Genome Biol Evol. 2021 Aug
3;13(8):evab107.

102. Sandstedt GD, Wu CA, Sweigart AL. Evolution of multiple postzygotic barriers between species of the Mimulus
tilingii complex. Evolution. 2021 Mar;75(3):600-13.

103. Coughlan JM. The role of hybrid seed inviability in angiosperm speciation. Am J Bot. 2023 Mar;110(3):1-14.



104. Coughlan JM. The role of conflict in shaping plant biodiversity. New Phytologist. 2023;240(6):2210-7.

105. Bente H, Kéhler C. Molecular basis and evolutionary drivers of endosperm-based hybridization barriers. Plant

Physiology. 2024 Jan 31;kiae050.

106. Brandvain Y, Haig D. Divergent Mating Systems and Parental Conflict as a Barrier to Hybridization in Flowering

Plants. The American Naturalist. 2005 Sep;166(3):330-8.

107. Rebernig CA, Lafon-Placette C, Hatorangan MR, Slotte T, Kohler C. Non-reciprocal Interspecies Hybridization

Barriers in the Capsella Genus Are Established in the Endosperm. PLoS Genet. 2015 Jun;11(6):e1005295.

108. Lafon-Placette C, Hatorangan MR, Steige KA, Cornille A, Lascoux M, Slotte T, et al. Paternally expressed

imprinted genes associate with hybridization barriers in Capsella. Nature Plants. 2018 Jun;4(6):352-7.

109. Raunsgard A, Opedal @H, Ekrem RK, Wright J, Bolstad GH, Armbruster WS, et al. Intersexual conflict over seed

size is stronger in more outcrossed populations of a mixed-mating plant. Proceedings of the National Academy of

Sciences. 2018 Nov 6;115(45):11561-6.

110. Brandvain Y, Haig D. Outbreeders pull harder in a parental tug-of-war. Proc Natl Acad Sci U S A. 2018 Nov

6;115(45):11354-6.

111. iltas O, Svitok M, Cornille A, Schmickl R, Lafon Placette C. Early evolution of reproductive isolation: A case of

weak inbreeder/strong outbreeder leads to an intraspecific hybridization barrier in Arabidopsis lyrata. Evolution. 2021

Jun;75(6):1466-76.

112. Picard CL, Povilus RA, Williams BP, Gehring M. Transcriptional and imprinting complexity in Arabidopsis seeds

at single-nucleus resolution. Nat Plants. 2021 Jun;7(6):730-8.

113. Yuan Y, Huo Q, Zhang Z, Wang Q, Wang J, Chang S, et al. Decoding the gene regulatory network of endosperm

differentiation in maize. Nat Commun. 2024 Jan 2;15(1):34.

114. Povilus RA, Gehring M. Maternal-filial transfer structures in endosperm: A nexus of nutritional dynamics and

seed development. Curr Opin Plant Biol. 2022 Feb;65:102121.

115. Zhang B, LiC, Li Y, Yu H. Mobile TERMINAL FLOWER1 determines seed size in Arabidopsis. Nat Plants. 2020

Sep;6(9):1146-57.

116. Povilus RA, Martin CA, Gehring M. Imprinting and DNA methylation in water lily endosperm: implications for

seed evolution [Internet]. bioRxiv; 2024 [cited 2024 Mar 19]. p. 2024.03.15.585284. Available from:

https://www.biorxiv.org/content/10.1101/2024.03.15.585284v1

117. Lafon Placette C. Endosperm genome dosage, hybrid seed failure, and parental imprinting: sexual selection as

an alternative to parental conflict. Am J Bot. 2020 Jan;107(1):17-9.

118. Montgomery SA, Berger F. The evolution of imprinting in plants: beyond the seed. Plant Reprod. 2021 Dec

1;34(4):373-83.

119. Kinoshita T, Miura A, Choi Y, Kinoshita Y, Cao X, Jacobsen SE, et al. One-way control of FWA imprinting in
Arabidopsis endosperm by DNA methylation. Science. 2004 Jan 23;303(5657):521-3.

120. Hornslien KS, Miller JR, Grini PE. Regulation of Parent-of-Origin Allelic Expression in the Endosperm. Plant
Physiology. 2019 Jul 1;180(3):1498-519.

121. Gehring M, Huh JH, Hsieh TF, Penterman J, Choi Y, Harada JJ, et al. DEMETER DNA glycosylase establishes
MEDEA polycomb gene self-imprinting by allele-specific demethylation. Cell. 2006 Feb 10;124(3):495-506.

122. Jullien PE, Kinoshita T, Ohad N, Berger F. Maintenance of DNA Methylation during the Arabidopsis Life Cycle Is
Essential for Parental Imprinting. Plant Cell. 2006 Jun;18(6):1360-72.

123. Yang K, Tang Y, Li Y, Guo W, Hu Z, Wang X, et al. Two imprinted genes primed by DME in the central cell and
activated by WRKY10 in the endosperm. J Genet Genomics. 2024 Apr 8;51673-8527(24)00072-9.

124. Makarevich G, Villar CBR, Erilova A, Kéhler C. Mechanism of PHERES1 imprinting in Arabidopsis. J Cell Sci.
2008 Mar 15;121(Pt 6):906—12.

125. Villar CBR, Erilova A, Makarevich G, Trosch R, Kéhler C. Control of PHERES1 Imprinting in Arabidopsis by Direct
Tandem Repeats. Molecular Plant. 2009 Jul 1;2(4):654-60.

126. Borg M, Jacob Y, Susaki D, LeBlanc C, Buendia D, Axelsson E, et al. Targeted reprogramming of H3K27me3
resets epigenetic memory in plant paternal chromatin. Nat Cell Biol. 2020 Jun;22(6):621-9.



