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Resumen

Las plantas con flor o angiospermas, generan sus semillas a partir de un proceso conocido
como doble fecundacion, dando lugar a un embridn diploide y a un endospermo triploide.
En animales, las primeras etapas de desarrollo del cigoto se encuentran bajo el control de
transcritos y proteinas de origen materno, depositados en la célula huevo antes de la
fecundacion. Este control materno del desarrollo temprano es importante, ya que asegura la
viabilidad del embrién en estas etapas cruciales después de la fecundacion, y es vigente
hasta que el mando del programa de desarrollo es transferido al genoma cigético, fendmeno
conocido como Transicion Maternal-Cigética. Este proceso consiste en la Activacion del
Genoma Cigdtico, donde el genoma del nuevo organismo adquiere un caracter de
transcripcion activa, y finalmente desplaza el control materno por medio de la degradacion
de productos heredados de la célula huevo. En plantas se ha documentado un proceso
parecido al que ocurre en animales durante las primeras etapas del desarrollo del embrion.
Aunque el tema ha sido ampliamente explorado, las conclusiones de diferentes estudios han
sido controversiales. Por medio de estudios genéticos a nivel funcional, aunado a analisis
transcriptomicos y de lineas reporteras, el presente trabajo ha aportado nuevos hallazgos
que abonan al conocimiento de la activacion del gendmica cigotico en plantas. Los
resultados de esta investigacion sugieren que durante los primeros estadios del desarrollo
del embrion existe un control mayoritariamente materno a nivel transcripcional y de
funcion. Ademas, las observaciones demuestran que la dominancia materna durante la
embriogénesis temprana, no solo es explicada por la falta de actividad de los alelos
paternos, si no que en muchos casos se debe a una actividad restringida en comparacion de
los alelos maternos. Asi mismo, este trabajo aporta nuevas observaciones que demuestran
que la falta de consenso en parte puede ser explicado por la gran variacién que se observa
en este tipo de fenomenos en embriones de origen hibrido, lo que da indicios de un posible
papel de este proceso en el establecimiento de fendémenos como la heterosis.

Finalmente, andlisis de las regiones promotoras de los genes con expresion
mayoritariamente materna durante los primeros estadios de desarrollo han llevado a la
identificacion de motivos enriquecidos que sugieren ser blanco de actividad represora o

promotora de su comportamiento transcripcional, preferencialmente hacia alelos maternos.
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Abstract

Fertilization produces a diploid zygote from two distinct haploid genomes, which then
function together to direct embryo development. The beginning of large-scale zygotic
transcription is referred to as zygotic genome activation (ZGA) (reviewed in Del Toro-De
Ledn et al., COPB, 2016). Using a functional analysis of early paternal gene activity, we
have recently provided an explanation for a long-standing controversy regarding ZGA in
plants (Del Toro-De Leon et al., Nature, 2014). We used embryo defective mutants to
evaluate the ability of wild-type (wt) paternal alleles to complement phenotypes conferred
by maternally inherited mutant alleles. Our experiments showed that in isogenic embryos,
most paternal alleles are not fully functional immediately after fertilization, suggesting that
the maternal genome makes the dominant contribution to early stages of development. We
also demonstrated that hybrid genetic backgrounds have a significant effect on paternal

allele activation.

Using a Col x Tsu hybrid transcriptome, we found an overwhelming bias toward maternal
transcripts in the first 2 days of embryogenesis, with paternal contributions steadily
increasing until the heart stage, when parental contributions are approximately equivalent.
We hypothesize that these parent-of-origin effects on transcription in early embryos are the
result of two processes: a) transcriptional activation via specific cis regulatory motifs (as
well as frans acting factors), and b) silencing of paternal alleles due to epigenetic marks
established in the gametes. Further results with reporter lines show that the mechanism that
lead to the parental bias during early embryogenesis is rather complex and more than one
genomic mechanism probably acts to regulate maternal and paternal contributions during

early seed development.
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Introduction

Seed formation in flowering plants begins with the double fertilization of the female
gametophyte. In most flowering plants, the female gametophyte harbors two gametic cells: the
egg cell (n) which gives rise to the diploid embryo, and the homodiploid central cell which will
form the endosperm (3n) (Dresselhaus et al, 2016). Embryo development progresses surrounded
by the nurturing endosperm tissue, which in coordination with the seed coat will form the mature
seed (Figueiredo & Kohler, 2016). The endosperm does not contribute genetically to the
following generation, instead it is consumed during embryogenesis, or just after seed

germination.

In animals, early embryo development is regulated by stored maternal products in the egg cell,
such as mRNAs and proteins. This transient period of maternal control varies in length
depending the species and culminates when the zygote or early embryo takes control of its own
development (Tadros & Lipshitz, 2009). This phenomenon, known as the maternal-to-zygotic
transition (MZT), involves the degradation of stored maternal products and the onset of Zygote

Genome Activation (ZGA) (Baroux et al, 2009).

In flowering plants, the time of onset of ZGA and the extent of transcripts in the zygote inherited
from the gametes are not fully known (Baroux et al., 2001; Grimanelli et al., 2005; Kohler et al.,
2005; Pillot et al., 2010; Serensen et al., 2001; Weijers et al., 2001). This lack of consensus is
partly explained by the complexities of transcriptome profiling of the plant embryos, which are
embedded in the seed. In addition, transcripts inherited from the gametes are difficult to
discriminate from those synthetized de novo in the zygote. Consequently, studies of early zygotic
transcription have largely made use of reporter lines and RT-PCR studies. Examples of both
immediate and delayed paternal activation of marker lines have been documented (Vielle-

Calzada et al, 2000; Weijers et al, 2001; Baroux et al, 2001).

The endosperm as well as the embryo exhibit parent-of origin gene expression, such that
expression is primarily from the maternal or paternal allele, indicating that the maternal and

paternal genomes are not totally equivalent during seed development. We can distinguish at least
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two classes of parent-of-origin gene expression in seed development: canonical imprinting
(predominantly in the endosperm), and gene expression biases during zygotic genome activation
(Garcia-Aguilar & Gillmor, 2015). Imprinting refers to long-term preferential expression of the
maternal or paternal allele due to differential epigenetic modifications established during female
and male gametogenesis. Depending on the allele bias, the imprinted genes are classified as
maternally expressed genes (MEGs) or paternally expressed genes (PEG). A few hundred loci
have been categorized as imprinted, most of them in the endosperm (Gehring, 2013). Imprinting
also occurs during embryogenesis; a maternally expressed gene has been identified in maize, and
eleven genes in Arabidopsis interestingly only one paternally expressed gene was confirmed
(Raissig et al, 2013; Jahnke & Scholten, 2009). Parent-of-origin gene expression observed
during ZGA is a transient bias in the expression towards the maternal genome, where the
paternal genome shows limited contributions and is gradually activated. ZGA is a more genome-
wide phenomenon that occurs in a short period during early embryogenesis. Imprinting occurs in

fewer genes, and extends to later stages of seed development (Garcia-Aguilar & Gillmor, 2015).

Genomic parent-of-origin studies in seeds
Allele Specific Expression (ASE) studies of imprinting and ZGA have taken advantage of Single
Nucleotide Polymorphisms (SNPs) that exist between different alleles. SNPs have been the basis
to quantify Allele Specific Expression in heterozygotes and hybrid organisms. First conceived to
study imprinting (Singer-Sam et al, 1992) and then used to asses cis-acting regulatory variation
(Cowles et al, 2002; Yan et al, 2002), the use of SNPs has expanded our knowledge of
differential allele gene expression in different biological contexts and model organisms.
Nevertheless, studies before the genomic era were limited by the scope of the experimental
methods used and only a few genes were successfully described in terms of their ASE. Thanks to
recent genome-wide methods, allele specific expression studies have advanced rapidly in the last

few years.

Genomic studies using SNPs to study ASE have tried to elucidate at least three different
biological phenomena regarding to parent-of-origin expression: imprinting, zygotic genome
activation (ZGA) and heterosis. Even though each of these three phenomena are related to a

different biological question, they share the same concept of allele specific expression.
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Genomic imprinting studies in plants have used different hybrid combinations from crosses of a
variety of strains. Interestingly, variation has been detected among studies: some genes show
imprinted expression in certain genotypes, but not in others. In maize, a genome-wide
comparison of reciprocal crosses of 4 highly polymorphic genotypes detected that 12% of the
identified imprinted genes in maize, showed allelic variation for imprinting in intraspecific
crosses, interestingly the same report compared the conservation of imprinting between maize
and rice and found conservation of imprinting of synthetic orthologs in only about 11% of the
genes (Waters et al, 2013). In Arabidopsis, disparity of imprinting due to genotype in
intraspecific crosses was calculated to be a maximum 11% of the total number of imprinted
genes. This variation was apparently related to Differential Methylated Regions (DMRs). This
epiallelic diversity in genomic imprinting was proposed to be a potential source of novel gene
expression patterns that might have impacts on phenotype variation in hybrid seeds (Pignatta et
al, 2014). Previous comparisons of genome wide imprinting studies have shown lower
conservation of imprinting among flowering plants, yet this variation may be due to experimental
and biological variables. Genes that conserve imprinting expression in divergent species, exhibit
functions that suggest important roles for imprinted genes in development (Hatorangan et al,

2016).

In the case of ZGA and parent-of origin gene expression in Arabidopsis, only two genomic
studies have reported ASE profiles during early embryogenesis. These studies reached different
conclusions regarding the extent of maternal and paternal contributions to early embryogenesis.
The first transcriptome analysis —using the Col x Ler hybrid combination— showed a clear
maternal transcript bias in 2-cell embryos, with paternal transcript contribution increasing by the
globular stage (Autran et al, 2011). In contrast, the second study, using the Col x CVI
combination, showed virtually all genes with perfectly biallelic transcripts at all stages evaluated
(only 77 maternally and 45 paternally enriched genes were detected) (Nodine & Bartel, 2012).
Although maternal tissue contamination was argued to be the source of the biased maternal
expression in the first study (Nodine & Bartel, 2012), this was later ruled out as an explanation
(Baroux et al, 2013). The Col x Ler transcriptome lacked a reciprocal cross, so ecotype dominant

expression could not be discriminated from parent-of-origin expression. The Col x CVI
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transcriptome did have reciprocal crosses, so that ecotype effects could be distinguishing from

parental effects.

Mechanisms regulating parent-of-origin expression in early embryogenesis
Imprinting in the endosperm is regulated by at least two mechanisms. One relies on genome-
wide methylation in the gametes, followed by demethylation of maternal alleles for specific
genes in the central cell, leading to expression of the maternal allele in the endosperm. A second
mechanism relies on the POLYCOMB REPRESSIVE 2 (PRC2) complex to silence either the
paternal allele (leading to a MEG), or the maternal allele (leading to a PEG) (reviewed in
Gehring, 2013). Imprinting of genes in the embryo can occur by PRC2 and non-PRC2 dependent

mechanisms (Raissig et al, 2013).

Regulation of parental contributions to ZGA has been attributed to maternal repression of the
paternal genome, mediated by the RNA-directed DNA methylation (RADM) pathway (Autran et
al, 2011). The RADM pathway is the major mechanism of Transcriptional Gene Silencing (TGS)
mediated by small-interfering RNA in plants (Matzke & Mosher, 2014). Initially described to
silence transposable elements, RADM also targets coding regions (Wierzbicki et al, 2008). Two
plant-specific RNA polymerase enzymes are required for this pathway, making this small RNA-
mediated silencing unique to plants. Evidence suggests that these enzymes evolved from an
ancient RNA polymerase II (Pol II) (Tucker et a/, 2010). Canonical RADM silencing begins with
Pol IV transcripts that are acted on by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) to
produce double stranded RNAs, which are fragmented by DICER-LIKE 3 (DCL3) into 24-
nucleotide siRNAs, followed by methylation at their 3’ ends by HUA ENHANCER 1 (HEN1).
These 24-nucleotide siRNA are loaded onto ARGONAUTE 4 (AGO4), and target nascent
scaffold transcripts synthesized by Pol V by sequence complementarity. This targeting of Pol V
transcripts recruits DNA methyltransferases to mediate de novo methylation of cytosines in all
contexts (CG, CHG and CHH, where H represents A, C or T), triggering transcriptional gene
silencing (Matzke & Mosher, 2014).

Interestingly, 24nt SRNAs have been detected in mature ovules (Autran et al, 2011), suggesting
that active TGS mediated by RdADM methylation could silence the paternal genome after
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fertilization. Consistent with this hypothesis, embryos that are maternally mutant for the RA(DM
pathway show precocious activity of paternal reporter genes (Autran et a/, 2011). Mutants in the
Histone 3 Lysine 9 methyltransferase SUVH4 (also known as KRYPTONITE (KYP)) also show
increased paternal transcripts compared with wt (Autran et al, 2011). Several lines of evidence
have revealed interdependence between non-CG DNA methylation and H3K9 heterochromatin.
KYP specifically methylates histone H3 Lys 9 residues, but KYP mutants also show a reduction
in the CHG methylation, reminiscent of DNA methylation mutants such as CMT3 (Jackson ef al,
2002; Stroud et al, 2013). Structural studies have shown that DNA methyltransferases CMT3
and CMT2 bind to H3K9me marks deposited by KYP (Stroud et al, 2014; Du et al, 2012).
Conversely, KYP binds specifically to non-CG methylated DNA (Du et al/, 2014). All these
together strongly support the model in which histone and non-CG DNA methylation form a
feedback loop to reinforce silencing of their targets, suggesting that TGS by RdDM, and histone

methylation, function as genomic regulators of parental contributions to ZGA in Arabidopsis.

In addition to repression of paternal transcription, activation of paternal allele expression is
promoted by histone variant exchange mediated by the CAF1 complex. Maternal mutants of
members of the CAF1 complex (FASCIATA1 (FAS1), FAS2 and MSI) show delayed expression
of paternal reporter lines (Autran et al, 2011). Since the CAF1 complex acts as an H3/H4-
specific chaperone facilitating nucleosome assembly during replication (Hennig et al, 2005;
Kaya et al, 2001), its maternal functions are believed to activate transcription of paternal genome

via histone turnover, by incorporating histone variants that promote transcriptional activity.

As in animals, where maternal dominance of early embryo development occurs by the passive
transmission of maternal products such as proteins and mRNAs (Tadros & Lipshitz, 2009), a

similar process is believed to occur in plants, however this hypothesis has not been successfully

tested (Ueda et al, 2017).

Biological significance of parent-of-origin expression during ZGA in plants
Female gametophyte mutants defective in post-fertilization processes are not rescued by the
paternal (pollen) allele, suggesting a functional requirement for maternal contributions beyond

gametogenesis (Pagnussat et al, 2005; Ngo et al, 2012). Recent reports have demonstrated that
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transient maternal dominance of early embryogenesis has important implications for embryo
development. Luo et al.,, showed that in early embryos of tobacco interspecific hybrids,
Programed Cell Death (PCD) in the suspensor is regulated by maternal expression of the NtCYS
cystatin gene. Although both parental transcripts contribute to PCD, the higher expression and
subsequent reduction of the maternal allele was necessary for the initiation of PCD in the
suspensor and proper progression of embryogenesis (Luo et al, 2016). Moreover, He et al.,
showed that de novo transcription of the maternal NUWA allele in the zygote and early embryo
was essential for mitochondrial function. Interestingly, the paternal NUWA allele was first
detected only after 16-cell stage (He et al, 2017). This observation is in agreement with the
hypotheses that after a transient period of maternal transcript enrichment at the zygote and octant
stages, most of the maternally biased genes become biallelic during the globular to the heart
stage as showed by a recent globular-embryo ASE transcriptome (Alonso-Peral et al, 2016).
Interestingly, in a recent ASE study of hybrid embryos, from reciprocal C24 x Ler crosses, at
dermatogen-globular and heart stage, most genes had equal proportions of transcripts from each
parent. This is consistent with observations that in globular embryos most of the parent-of-origin
effects have been reprogrammed to biallelic expression (Autran et al, 2011; Del Toro-De Leodn et
al, 2014; Ueda et al, 2017; He et al, 2017). In addition, recent studies have shown that the
asymmetric division of the zygote is maternally regulated. WOXS, a master regulator of early
embryogenesis involved in suspensor development, is activated by the maternally derived
transcription factors HOMEODOMAIN GLABROUS11/12 (HDG11/12). HDG11/12 activity is
only expressed maternally at the zygote stage, thus early embryogenesis development is
controlled maternally in Arabidopsis thaliana, suggesting a critical importance of maternal

factors for early seed development (Ueda et al, 2017).
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Background

To functionally evaluate paternal genome activation, I performed a genetic test using embryo
defective mutants as maternal parents and evaluated the capacity of wt paternal alleles to
complement maternally inherited mutations. In most 80% of the cases, paternal alleles failed to
immediately complement maternal mutations in early embryos, showing gradual
complementation later in development. Nevertheless, for 20% of the tested embryo defective
mutants (emb), the wt paternal allele was active enough (as early as 2 dap) to complement the
mutation inherited by the mother. This functional assay showed that paternal allele activation in
early embryogenesis is variable, with the majority initially showing insufficient activity, and
only a minority of genes showing enough activity early on to complement the lack of maternal

function (Del Toro-De Leon et al, 2014).

Given the fundamental importance of embryo development to many aspects of seed traits in
crops, it is critical to understand how parental genomes are programmed to regulate gene
expression during embryogenesis. For example, performance of reciprocal crosses show
significant differences in offspring (F1) phenotypes despite their identical nuclear parental
genomes (Swanson-Wagner et al, 2009; Ng et al, 2014). This suggests that parent-of-origin gene
expression plays an important role in hybrid vigor. Hybrid genomes show allelic interactions that
may lead to changes in gene expression (Greaves et al/, 2012) and variation in parent-of-origin

phenomenon (Ng et al, 2014).

Here we report that hybrids show high level of variation in the timing of ZGA according with
functional allele activation experiments. To make unbiased statements regarding ZGA in plants,
it is critical to find the hybrid combination most similar to isogenic Col. By assessing functional
complementation kinetics, using paternal alleles derived from several Arabidopsis ecotypes, we
identified the Col x Tsu hybrid to be closest to isogenic Col. ASE analysis of embryo
development for the Tsu x Col combination shows that ZGA occurs during early embryogenesis,
with expression initially biased towards the maternal genome, transitioning to biallelic
expression by the globular and heart stages. In addition, analysis of reporter lines provides new

insights into mechanisms regulating parental contributions during early embryo development.
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General Objective:

Investigate the activation of the maternal and paternal genomes by allele specific sequencing, cis

element analysis, reporter lines, and functional studies.

Specific Aims:

1) Evaluate variation in maternal and paternal functional contributions in isogenic and hybrid

embryos.

2) Identify cis regulatory regions involved in differential gene expression, by analyzing

transcriptomic data from early embryos.

3) Determine the parental contributions during embryo development from Col x Tsu hybrid

embryos.

4) Investigate temporal activation of the maternal and paternal genome by functional and

reporter-line analysis.
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Materials and Methods

Part 1

Plant growth conditions. Plants were grown in growth chambers at 22 + 2°C in 16-h-light/8-h-
dark cycles at constant humidity rate and 100u/m2. The substrate used for plant growth is a
mixture of vermiculite (GRACE MAN-FIN), perlite (AGROL125) and sunshine mix (PREMEZ
FWSS3) (1:1:3 v/v/v). Seeds were sown directly on the soil, and given a 3-day cold treatment to
promote germination, before being moved to growth chambers.

Plant materials. The list of EMB mutant lines used in this section are listed in Table m&m 1.
Ecotype accession numbers are listed in Table m&m 2.

Crosses, histology and microscopy (Part 1 and Part 2). Heterozygous plants were identified
based on segregation of emb phenotypes (Del Toro-De Ledn et al, 2014). Crosses were
performed using an emb/+ plant as female parent and wt plants as the male parent (Figure 2-3).
Heterozygous plants were emasculated, and pollinated 2 days later. The seeds were cleared with
a modified Hoyer's solution consisting of 7.5g gum arabic, 100g chloral hydrate, Sml glycerol,
and 30ml water, diluted 1:1 with a dilution solution consisting of 7.5g gum arabic, Sml glycerol,
and 30ml water. Siliques were collected at 2, 3 and 5 dap, and the ovules were cleared and
observed as mentioned above. Embryos were observed on a Leica DM6000 B Nomarski
microscope. For each cross, at least two biological replicates are reported, meaning crosses were
performed with at least two different emb/+ plants as mothers. Similar procedures were followed
for the nf~yb2 mutant line.

GUS staining analysis. pCCT::GUS and gGCT-GUS plants were emasculated, and pollinated 2
days later using wt Col pollen. The reciprocal crosses were conducted the same way. Developing
siliques at 1, 2, 3, 4 and 5 dap were dissected to expose the ovules, ovules were punctured with
forceps, and incubated in permissive GUS staining buffer (0.2% Triton X-100, 2mM potassium
ferrocyanide, 2mM potassium ferricyanide, 2mM X-Gluc in N,N-dimethylformamide (DMF) in
50mM sodium phosphate buffer pH7.2) overnight in a humid chamber at 37°C. In the case for
PNF-YB2::GUS (Figure 15), 4 days of staining treatment were employed. The tissue was cleared
in 50% glycerol (or Lactic acid-glycerol 25%/25%) and observed on a Leica DM6000 B

microscope under Nomarski optics.
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Construction of GCT and CCT GUS reporters. The gGCT-GUS translational construct and
pCCT::GUS transcriptional reporter were made by Stewart Gillmor. For details about the
construct, see Del-Toro, Garcia-Aguilar & Gillmor, Nature, (2014).

Statistical analysis. To determine whether GUS staining differed between the treatments, or
mutant phenotype segregation ratios differed significantly, Fisher's two-tailed Exact Test

(www.langsrud.com/fisher.htm) was used (Supplementary Tables). Heat maps were made in R

(R Development Core Team) with the heatmap.2 function of the data visualization package
gplots 2.11.0; hierarchical clustering of rows was performed using the Ward method, except for
Figures 2, and 11 where data were ordered according genotype and Figure 9 where the order is
indicated by the tissue. Principal component analysis was performed in the R package using the
prcomp function. In order to quantitatively illustrate the relationships among the
variables (ecotypes), percentages of the variance explained by each principal component were

calculated as shown in Figure 3.

Part 2

Col x Tsu transcriptome. The transcriptomic data was provided by Raju Datla’s Laboratory.
Sequencing data were generated and mapped in the Datla laboratory according to the following
methodology: Reciprocal crosses were performed between Col x Tsu ecotypes, zygotes and
embryos were washed as in Xiang et al., (2011), developmental stages confirmed by microscopy,
and RNA was extracted and amplified from embryos. Libraries were generated for zygote,
octant, globular, heart, torpedo, bent and mature embryo stages (Supplementary Figure 2).
Libraries were sequenced to a depth of 18-48 million 100-bp reads, and mapped to the
Arabidopsis genome using the Tair9 assembly version. Maternal and paternal alleles were
distinguished using SNP profiles of the parental genomes.

Parent-of-origin analysis of the transcriptome. The data were analyzed within R version 3.4.0.
For Maternal bias quantification, percentages of maternal reads were calculated for each gene.
Statistical differences between maternal and paternal read counts for each gene were calculated
by Pearson's Chi-square Test, and the resulting p-value was assigned. Categorization of parental
bias was performed as indicated in Table 1. Graphs were generated with data visualization

package gplots 2.11.0; heat maps were generated by hierarchical clustering of rows using the

10
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Ward method. Identical analysis was performed for the data published by Nodine & Bartel
(2012).

Gene Ontology Terms analysis. This analysis were performed using the “GOstats” package for
R (Falcon & Gentleman, 2007).

Discovery motif analysis. De novo motif analysis was performed using the MEME Suite of
motif-based sequence analysis tools (http://meme-suite.org/) and sequences corresponding to 2
or 1kb upstream regions from the translation start site (or until the previous gene). The three
different models of motif distribution (oops, zoops and anr) were used, however motif analysis
showed better performance using 1kb upstream region sequences and the anr motif distribution
model. A consensus matrix of each overrepresented motif was calculated with all the genes
where significant occurrences were detected (Table m&m 3). Motif occurrences were calculated
by using FIMO from MEME tools using the consensus matrix.

Comparisons with other transcriptomic profiles. The reference for female gametophyte
microarray was published by Wuest, et al. (2010). For the seed compartment reference, the
microarray published by Belmonte, et al. (2013) was used. Only shared loci between the Col x
Tsu and female gametophyte microarray were compared (common universe).

Gene expression. Gene expression analyses were performed using normalized transcriptomic
data for Col x Tsu provided by Raju Datla’s laboratory.

Contamination test. “The contamination test” was performed as indicated by Schon & Nodine,
(2017). This test was created to evaluate the enrichment of genes from maternal tissues such as
different sub-regions of the endosperm and seed coat, in the embryo transcriptomes. By using
this tool, it is possible to quantify the levels of contamination from other tissues, in the samples
of embryos.

Functional complementation test. As described in Part 1.

Part 3

Plant material: The pNF-YB2::GUS (CS67020) reporter line was obtained from the Arabidopsis
Biological Resource Center (ABRC) (Siefers et al, 2009). Insertion lines used in this study are
listed in Table m&m 4. Growing conditions similar to the Part 1.

GUS staining analysis. pNF-YB2::GUS reciprocal crosses were performed as in Part 1.
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Introgression of pNF-YB2::GUS in mutant backgrounds. The pNF-YB2::GUS reporter line
was crossed with homozygous mutant plants (confirmed by PCR) for kyp-4 and nrpdib-11. The
F1 generation was grown and selfed. The F2 generation was analyzed for GUS staining in
leaves, and tested by PCR for the corresponding mutation. Homozygous plants for the mutations
were identified. Homozygous segregation of the pNF-YB2::GUS insertion were confirmed by
BASTA resistance segregation in MS plates with 10ug/mL of glyphosinate-ammonium, and by
segregation of GUS stained embryos.

Parent-of-origin expression analysis of pNF-YB2::GUS in mutant backgrounds. pNF-
YB2::GUS plants were emasculated, and pollinated 2 days later using kyp-4, nrpd1b-11, fie and
fas2-3 mutant pollen. Developing siliques at 2, 3, 4 and 5 dap were dissected to expose the
ovules, ovules were punctured with forceps, and incubated in permissive GUS staining buffer
(0.2% Triton X-100, 2mM potassium ferrocyanide, 2mM potassium ferricyanide, 2mM X-Gluc
in N,N-dimethylformamide (DMF) in 50mM sodium phosphate buffer pH7.2) for 4 days in
humid chamber at 37°C. The tissue was cleared in 50% glycerol (or Lactic acid-glycerol
25%/25%) and observed on a Leica DM6000 B microscope under Nomarski optics. Similarly,
GUS staining analysis were performed using the double mutants generated as paternal donors in
Col wt maternal plants.

Construction of EMB2768 tdTomato reporter. Two destination Gateway vectors including
nuclear localized tandem-dimer Tomato or 3xVenus reporters were created as indicated in the
Figure m&m 1. I took as a gene source the binary vectors donated by Wolfgang Lukowitz:
pCN-SENB-dBox-nu2T and pCN-SENB-dBox-nu3V. The reporters where excised with
restriction enzymes Spel for 2T and Avrll (NEB) for 3V and MauBI (Thermo Scientific) and
ligated to the destination gateway vector pMDC123 using T4 DNA Ligase (Thermo Scientific).
Two new gateway destination vectors were obtained: pMDC123-nu3V-NOST and pMDC123-
nu2T-NOST Although both plasmids showed very good fluorescence signal in transient tobacco
expression with the constitutive 35S promoter (Figure m&m 2), only the tdTomato showed
good expression in Arabidopsis. Upstream sequences of the genes listed in the Table m&m 5
were cloned into pMDC123-nu2T-NOST and transformed in Arabidopsis. The floral dip
protocol (Clough & Bent, 1998) was employed for plant transformation, using Col wt plants. T1
plants were analyzed and experiments were performed in T2 generations. pMDCI123-nu2T-

NOST was suitable for transcriptional gene reporter expression.
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Parent-of-origin expression of pEMB2768::tdTomato reporter. T2 plants were analyzed for
embryo expression of the reporter gene. Only heterozygous plants were detected. Heterozygous
plants were emasculated and pollinated 2 days after with wt pollen. The reciprocal crosses were
conducted the same way. Developing siliques at 1, 2, 3, 4 and 5 dap were dissected, ovules were
punctured with forceps and mounted in 50% glycerol glass microscope slides and observed on a

Leica DM6000 B microscope under Nomarski optics.
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RESULTS

Part 1. Functional genetic analysis shows non-equivalent contributions of parental

genomes during embryogenesis and high variation in hybrids

Summary
Sexual reproduction in flowering plants begins with the double fertilization of the female
gametophyte, which results in the formation of the endosperm —a nutritive tissue reminiscent to
the placenta in mammals- and the embryo. Comprehensive studies have documented that the
parental genomes do not contribute equally in terms of gene expression, especially during the
first stages of seed development. In endosperm, a parent-of-origin pattern of expression called
imprinting has been extensively studied in which several genes show almost monoallelic
expression either from the maternal or paternal alleles throughout endosperm development
(Garcia-Aguilar & Gillmor, 2015). In the case of embryo development, consensus of the extent
of parent-of-origin gene expression has been hard to reach, partly due to the ephemeral
developmental window where it is observed and to apparently contradictory results from
genomic studies (Del Toro-De Ledn et al, 2016). Here we provide genetic and molecular
evidence suggesting that during early embryo development, the paternal genome shows a
delayed expression and thus, activity. In addition, we demonstrate that parent-of-origin
expression during early embryogenesis shows high levels of variation in hybrid embryos —the
basic material of ASE sequencing methods— partly explaining the variation observed by previous

genomic studies.

Delayed paternal allele activity correlates with expression
Previously we reported that paternal alleles from wt plants of 4. thaliana were unable to fully
complement mutant alleles inherited by the mother during the first stages of embryo
development, suggesting a delayed paternal functional activation for ~80% of the emb mutant
lines analyzed. Although the data indicate that there is a delayed activity of the paternal allele
exhibited by the presence of mutant phenotypes, the next question is whether the delayed activity
is a consequence of the absence of paternal allele expression. For this purpose, pCCT::GUS and

gGCT-GUS constructs were used to analyze the reporter parent-of-origin expression pattern
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Figure 1. Delayed expression and functional activity for GCT and CCT paternal alleles in early embryogenesis.
A-G, Expression of paternally and maternally derived gGCT-GUS at 2, 3, 4 and 5 days (d) after pollination. H,
Quantification of phenotypically mutant embryos derived from hand- pollinated selfed gct/1 plants, or crosses with WT
pollen (n >90 for all time points). 1-O, Expression of paternally and maternally derived pCCT::GUS at 2, 3, 4 and 5
days after pollination. P, Quantification of phenotypically mutant embryos derived from hand-pollinated selfed cct/+
plants, or from crosses with WT pollen. For all crosses, the maternal genotype is listed first. Embryos in A, D, | and L
are indicated with arrowheads. Embryos in F and N indicated with a dotted line. Scale bar, 20 um. Results of a two
tailed Fisher’s exact test, performed to determine whether the two samples were statistically different at each time
point, are shown above the columns in G, H, o and P: **p < 0.001; **p < 0.01; NS, no significant difference between
the two samples. For each time point, the combined number of embryos examined in at least two biological replicates,
as well as exact p values for results of two-tailed Fisher's exact test, are listed in Supplementary Table 1. Original
figure from Del Toro, Garcia-Aguilar&Gillmor, 2014.
during early embryogenesis. Paternal complementation of both genes was gradual, showing
significant proportions of mutant embryos at 2, 3 and 4 dap when a heterozygous plant was
pollinated with a wt relative and fully complemented after early heart stage embryo (Figure 1 h
and p). According with the mutant phenotype of CCT and GCT during early embryogenesis,
self-pollinated plants of the reporter constructs showed GUS expression starting at preglobular
stages (Supplementary Figure 1). Reciprocal crosses were performed between wt plants and the
reporter fusions. When the CCT and GCT reporter lines were used as maternal parents, the
resulting F1 embryos showed GUS expression from the 1-cell stage, the same as self-pollinated
plants. In contrast, when the reporter constructs were used as male parents, GUS expression was
not found in any of the F1 seeds at 2dap (Figure 1 a-f and i-n), confirming that the paternal
allele is not expressed. Paternal expression of the GUS reporter gene is present at 3dap but at

considerably lower proportions than the maternal expression, namely some embryos show GUS
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but in less percentages than wt. Embryos from 4dap onwards, show full activity of paternal GUS
expression. Interestingly, the functional analyses show that the mutant phenotypes were almost
totally complemented at 5dap for both cct/+ and gct/+, suggesting a correlation between the
delayed expression of the paternal alleles with its functional activity (Figure 1, Supplementary
Table 1). Namely, in our functional assay the delayed complementation of maternally inherited
mutations by wt paternal alleles coincides with delayed expression of the paternal alleles. Thus,
both, molecular and functional genetic analysis showed a gradual increase of expression and

activity of the paternal genome.

Gene activation Kinetics differ in hybrid embryos
Our genetic and molecular analyses of parent-of-origin expression during embryogenesis suggest
a delayed activation of the paternal genome during early embryogenesis for most of the genes
tested. Whether this phenomenon occurs at the genomic scale has been a matter of controversy
(Baroux & Grossniklaus, 2015). Since SNPs have been the basis of methods to quantify Allele
Specific Expression, hybrids are necessary to evaluate maternal and paternal differential
expression. So far, there are two studies of ASE analysis during early embryogenesis, using
different hybrid combinations. The first transcriptome analysis published used Col and Ler
hybrid embryos and showed a clear maternal transcript bias in 2-cell stage embryos, with
paternal transcripts increasing one day later (in the globular stage embryo) (Autran et al, 2011).
(Autran et al, 2011). A second experiment, also using an SNP based allele specific
transcriptome, but in this case with Col and Cvi hybrid embryos, observed an equivalent
transcript contribution from the maternal and paternal alleles, regardless of the stage of
embryogenesis. Only 77 maternally and 45 paternally enriched genes were identified (Nodine &
Bartel, 2012). This last study attributed the maternal transcript bias in Autran, et al. 2011, to
tissue contamination from the maternal seed coat. However this explanation does not reconcile
the comprehensive literature reporting maternal parent-of-origin transcript bias during
embryogenesis (Autran et al, 2011; Vielle-Calzada et al, 2000; Baroux et al, 2001). The basis of
this variation may reside in part on natural variation between the hybrids used. Similar
observations have previously been documented for imprinted genes (Pignatta ef al, 2014). To test
this hypothesis, I decided to evaluate the complementation of maternally inherited mutants using

paternal alleles coming from different ecotype backgrounds. If complementation dynamics do
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indeed change in hybrids compared to isogenic embryos, different hybrid combinations might
lead to different timing of complementation. We used wild type pollen from several ecotypes to
complement emb lines. I randomly chose eleven insertional lines from our previous study for this
experiment (Table m&m 1). We used wild type pollen from several ecotypes to complement
emb lines. I randomly chose eleven insertional lines from our previous study for this experiment
(Table m&m 1). I emasculated and pollinated the emb lines using pollen from five different
ecotypes of 4. thaliana: Columbia (Col), Tsushima (Tsu), Wassilewskija (Ws), and the ecotypes
used in the genomic studies, Lansberg erecta (Ler) and Cape Verde Island (CVI) (Autran et al,
2011; Nodine & Bartel, 2012). I compared the complementation dynamics of isogenic embryos
(Col-Col crosses) with each of the hybrid combinations, by scoring mutant phenotypes at 2, 3
and 5 days after pollination (dap). To control for the possibility of haploinsuficiency, reciprocal
crosses using the different ecotypes as mother with the emb/+ lines (in Col) were performed.
Overall, the results revealed a large variation in the timing of paternal allele activation between
different hybrid combinations, suggesting that the genotype of hybrid embryos affects the
kinetics of ZGA compared with an isogenic background. Complementation of mutant
phenotypes in the isogenic background showed delayed functional activation as observed
previously. Interestingly, CVI showed the highest variation for almost all the genes tested —
except for EMB242] and EMB2775— showing fewer percentages of mutant embryos and faster
recovery in the subsequent time points (Figure 2: complete data shown in Supplementary
Table 2). For example, in the case of vc/l/+ at 2dap with isogenic pollination, I observed 30.9%
of mutant embryos, while pollination with CVI showed 13%. At 3dap the vc/i/+ x CVI cross
showed no mutant phenotypes, whereas the isogenic vcl/l/+ x Col embryos still showed high
levels of mutants (Figure 2: complete data shown in Supplementary Table 2). Paternal allele
rescue from the additional three ecotypes showed similar kinetics, where the complementation
was faster for almost all the cases analyzed, but not as drastic as the CVI ecotype. Interestingly,
the hybrid embryos with Tsu ecotype showed similar kinetics of paternal allele activation
compared with isogenic Col. Pollination with Tsu did not show faster complementation for any
of the EMB lines at 2dap, and only in 4 of the 11 cases showed faster functional activation at
3dap (Fisher’s exact test in Supplementary Table 2), suggesting that the complementation

dynamics of the Col-Tsu hybrid embryos is more similar to the observed in isogenic
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backgrounds than the other ecotypes. (Figure 2: complete data shown in Supplementary

Table 2).

Paternal allele rescue from the additional three ecotypes showed a similar kinetics, where the

complementation was faster for almost all the cases analyzed, however not as drastic as CVI

ecotype. Interestingly the hybrid embryos with Tsu ecotype showed the lower variation

compared with isogenic background. Pollination with Tsu did not show faster complementation

for any of the EMB lines at 2dap, and only in 4 of the 11 cases showed faster functional

activation at 3dap (Fisher’s exact test in Supplementary Table 2), suggesting that the

complementation dynamics of the Col-Tsu hybrid embryos is more similar to the observed in

isogenic backgrounds than the other ecotypes. (Figure 2: complete data

Supplementary Table 2).
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Figure 2. Paternal allele activation in early Arabidopsis embryogenesis varies between hybrids. Heat
map representations of mutant phenotype percentages observed for 11 different emb/+ mutants for self-crosses
(X emb/+), and crosses to Col-0 (X Col), Tsu-1 (X Tsu), Ws (X Ws), Ler (X Ler) and Cvi-0 (X Cvi) pollen. In
absence of paternal contribution, the maximum percentage of mutant embryos as consequence of the emb
defective allele inherited by the mother is 50% (blue) in heterozygous plants, while full paternal allele activity
corresponds to 0% observed mutants (beige). Full table data shown in Supplementary Table 2. Original figure
from Del Toro, Garcia-Aguilar&Gillmor, 2014.
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Ler and CVI were the ecotypes used in combination with Col to profile Allele Specific
expression in the previously reported transcriptomes from early embryos. These studies reported
divergent observations, where the Col x Ler early embryos showed biparental expression with a
maternal allele bias for 80% of the genes, whereas the Col x CVI embryos showed equivalent
contributions throughout embryogenesis (Autran et al, 2011; Nodine & Bartel, 2012). To
functionally evaluate whether these specific hybrid combinations show differences in the
activation of paternal alleles, I compared our complementation data for Ler and CVI pollen. I
found 6 genes with significant differences between Ler and CVI: VCLI, EMB2782, EMB2804,
EMBI1860, EMB2795 and GRP23. In five of the six cases the CVI wild type paternal alleles
complemented faster than Ler, showing less percentage of mutant embryos and thus an earlier
functional activation of the paternal genome. Interestingly, the differences for all the cases were
statistically significant from 2dap, suggesting that the activation of the paternal genome of the
Col x CVI embryos occurs before this stage, showing a higher functional complementation at
2dap. Ler complemented faster than CVI at 3dap only for GRP23 (Figure 2: complete data
shown in Supplementary Table 2). Thus, our functional genetic data for hybrids correlates with
both transcriptome studies, where the Col x Ler hybrid shows delayed activation of the paternal
genome compared with the Col x CVI hybrid. For Col x CVI, I found that functional activation
takes place before 2dap, around the same developmental stage of the first time-point evaluated
by Nodine & Bartel, 2012. However, both hybrids showed an earlier activation of the paternal

allele when compared with isogenic complementation.
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Figure 3. Principal Component Analysis of the mutant phenotype segregation ratios observed in
emb/+ crosses to all WT ecotypes. Representations of mutant phenotype percentages observed for 11
different emb/+ mutants for self-crosses (X emb/+), and crosses to Col-0 (X Col), Tsu-1 (X Tsu), Ws (X

Ws), Ler (X Ler) and Cvi-0 (X Cvi) pollen. Full table data shown in Supplementary Table 2. Original figure
from Del Toro, Garcia-Aguilar&Gillmor 2014.

In order to analyze all functional data for the hybrid crosses, I performed a Principal Component
Analysis of mutant phenotype segregation ratios observed in emb/+ crosses to all WT ecotypes
(Figure 3). The graph reproduces the variation observed in the kinetics of the activation of the
paternal genome. Interestingly, the isogenic emb/+ x Col control is closest to the emb/+ x Tsu
hybrid. Both the Ler and CVI ecotypes are significantly different from the isogenic cross, while
CVI was the most distant ecotype, showing the earliest activation of paternal alleles (Figure 2
and 3). All these data together suggest that the distinct conclusions in the previous
transcriptomic profiles may be partly explained by the variation that occurs in paternal genome
activation in hybrid embryos. Since all these ecotypes belong to the same species, new alleles or

different epigenetic states may trigger the observed variation in the delay of paternal activation in
hybrids.

Discussion
Previous experiments in our laboratory demonstrated delayed functional activation of paternal
alleles for 40 out of 49 of genes analyzed (Del Toro-De Leon et al, 2014). GCT and CCT were
among the genes that showed delayed complementation of maternal mutant alleles by WT

paternal alleles. Parent-of-origin analysis of pCCT::GUS and gGCT-GUS reporter lines showed
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that maternal allele expression begins as early as the one-cell stage embryo, while the expression
of the paternal allele begins gradually at 3dap (Figure 1). Full complementation of maternally
mutant gct/+ and cct/+ embryos by the wt allele does not occur until 5 dap, one day after the
GCT and CCT reporters show full penetrance of expression. Thus, the molecular dosage of wt
GCT and CCT alleles must reach its maximum before the gene product can fully carry out its

function.

These data show that maternal and paternal alleles for CCT and GCT are not equivalently
expressed. One possibility is that paternal allele is indeed expressed, but below the thresholds of
detection for GUS staining. In either scenario —absence or low expression— the paternal allele is
not abundant enough to complement the mutant phenotypes produced by the defective maternal
allele. The remaining 38 genes that I previously analyzed, which also showed delayed paternal
allele activation, may show similar behavior to GCT and CCT at the level of transcripts (Del
Toro-De Leon et al, 2014). Although our data provide evidence for delayed paternal genome
activity at the functional and transcriptional level, further efforts are necessary to show whether

this phenomenon occurs at the genome level.

Genome-wide ASE profiles must use SNPs to differentiate between maternal and paternal allele
expression in hybrids. Therefore, hybrids are indispensable for testing parent-of-origin
expression by RNA sequencing. However, changes in gene expression and histone and DNA
methylation have been documented as a consequence of hybridization (Greaves et al, 2012;
Groszmann et al, 2011; Greaves et al, 2014). Unlike transcriptomic studies, our previous genetic
data for the timing of maternal and paternal contributions was generated in an isogenic
background (Del Toro-De Ledn et al, 2014). Using the same functional strategy, it is possible to
compare isogenic vs hybrid ZGA. The data here reported show that activation kinetics for
isogenic paternal alleles differs among genes, and among hybrids tested (Figures 2 and 3).
Interestingly, the Col x CVI hybrid showed the highest difference with isogenic embryos, as all

paternal alleles in this hybrid were activated earlier than in isogenic crosses.

These results agree with the data reported by Nodine & Bartel 2012, where Col x CVI embryos

showed equal maternal and paternal contributions. Col x CVI hybrid embryos show epigenetic
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differences compared with other combinations, due to the unique features of CVI ecotype
(Tessadori et al, 2009; Pignatta et al, 2014). Interestingly, CVI shows decreased DNA and
histone H3K9 methylation, epigenetic marks that play an important role in the RdADM gene
silencing pathway (Tessadori et al, 2009). As part of the RADM pathway, the DNA
methyltransferase CMT3 binds to H3K9me, a chromatin mark deposited by the SUVH histone
methyltransferases, which in turn recognize DNA methylation, forming a feedback loop to
reinforce silencing (Johnson et al, 2007, 2008). The H3K9 methyltransferase SUVH4 (also
known as KRYPTONITE (KYP)) was shown to repress the paternal genome in early embryos,
demonstrated by the increased paternal contribution in the kyp 2-cell stage embryos. In addition,
the levels of 24 nt siRNA that direct methylation in coding regions diminish in hybrids, thus
altering gene expression (Groszmann et al, 2011). One hypothesis for earlier paternal allele
activation in Col x CVI hybrids is that CVI shows less epigenetic (RdADM) silencing at the
genome level. Whether variation in RdDM-directed silencing may underlie differences in

paternal allele activation in other hybrids remains to be tested.
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Part 2. Parent-of-origin expression in a Col x Tsu hybrid embryo transcriptome.

Summary
Previously we showed that, of the hybrids we examined, emb/+ (Col) x Tsu complementation
dynamics were closest to emb/+ x Col (Part 1, Del Toro-De Ledn et al., 2014). Here I report an
Allele Specific Expression analysis of a Col x Tsu hybrid embryo transcriptome. The data show
a compendium of different patterns of allele biased expression. At the zygote and octant stages
we observed an overwhelming bias toward maternal transcripts, with paternal contributions
steadily increasing until the globular-heart stage, when parental contributions are approximately
equivalent. I was able to identify cis regulatory sequences enriched in maternally biased genes,
suggesting that these parent-of-origin effects on transcription in early embryos are the result of
the convergent functions of transcriptional activation via specific cis regulatory motifs (as well
as trans acting factors), and silencing of paternal alleles due to epigenetic marks established in

the gametes.

Col x Tsu embryo transcriptome shows biparental expression with maternal
bias
Given the fundamental importance of embryo development to many applied aspects of seed traits
in crops, it is critical to understand how parental genomes are programmed to regulate gene
expression during embryogenesis. For example, growth performance of plants generated from
reciprocal crosses shows significant differences in the offspring (F1) phenotypes despite their
identical nuclear parental genomes. Evidence indicates that some of these differences are
established during embryogenesis (Ng et al, 2014; Swanson-Wagner et al/, 2009). This suggests
that parent-of-origin gene expression plays an important role in hybrid vigor. Hybrid genomes
show allelic interactions that may lead to changes in gene expression (Greaves et al, 2012) and
variation in parent-of-origin effects (Ng et al, 2014). Thus, finding a hybrid combination that
behaves similarly to an isogenic line is important to make unbiased statements regarding ZGA in
plants. Our previous results suggested that Col x Tsu embryos show paternal allele activation
kinetics similar to isogenic embryos. Thus, genomic ASE analysis of this hybrid combination

may more faithfully reflect this phenomenon in isogenic backgrounds.
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We started a collaboration with the Raju Datla laboratory at the Plant Biotechnology Institute,
National Research Council of Canada. Datla’s group performed dissection and subsequent
transcriptome profiling of F1 embryos that were derived from reciprocal crosses of Col-0 and
Tsu-1 for seven developmental stages: zygote, octant, globular, heart, torpedo, bent and mature
embryo stages (Supplemental Figure 1). These libraries were sequenced to a depth of 18-48
million 100-bp reads, which were mapped to the Arabidopsis genome using the Tair10 assembly.
To avoid mRNA contamination from the surrounding ovule tissue and endosperm, isolated
embryos were washed and the representative embryo stages were confirmed by observation
under the microscope. Maternal and paternal alleles were distinguished using SNP profiles of the
parental genomes. A total of 17836 expressed genes containing SNPs were detected across the
entire Arabidopsis genome. This number represents the majority (~90%) of the genes that are
estimated to be expressed during Arabidopsis embryogenesis (Yilmaz et al, 2011). Informative
parental genome-specific SNPs were used to quantify maternal and paternal contributions for
each gene individually. I then used this data for parent-of-origin analysis. To reduce sampling
bias due to low counts, 10 SNP counts per transcript were required as a minimum. Parentally-
biased genes were assigned by chi-square tests on results from the reciprocal crosses. A False-
discovery rate (FDR) corrected P-value cutoff of 0.05 (see Experimental Procedures) was used to

determine the significance of parent-of-origin gene expression for each gene.

During the analysis, I identified a broad group of genes with Reciprocal Maternal Bias
expression. For each gene in this group, 60% or more of the SNP counts correspond to the
maternal allele, in both reciprocal crosses (FDR < 0.05). Similarly, a group of genes with
Reciprocal Paternal Bias expression was identified (reciprocal paternal SNPs > 60%, FDR <
0.05). For biallelic expression I looked for genes with SNP counts between 60% and 40% for
each parent; genes with maternal or paternal biased expression but without statistical significance
were also considered as biallelic. Notably, not all the genes were classified as reciprocal parental
biased or biallelic. I identified a large group of genes with Non-Reciprocal Parental Bias, which
showed significant enrichment towards the maternal or paternal allele in one direction of the
cross, and biallelic expression in the reciprocal. A final group of transcripts showed preferential

expression of one allele, irrespective of whether it was maternally or paternally inherited. I called
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this group Allele Dominant. Table 1 summarizes the different categories and the selection

criteria used to classify parent-of-origin gene expression.

Group Selection criteria
Reciprocally Maternal Bias | reciprocally maternal SNPs > 60%, FDR < 0.05
Maternal bias in Col x Tsu maternal SNPs > 60%, FDR < 0.05 in Col x Tsu
Maternal bias in Tsu x Col maternal SNPs > 60%, FDR < 0.05 in Tsu x Col
Reciprocally Paternal Bias | reciprocally paternal SNPs = 60%, FDR < 0.05
Paternal bias in Col x Tsu paternal SNPs = 60%, FDR < 0.05 in Col x Tsu
Paternal bias in Tsu x Col paternal SNPs = 60%, FDR < 0.05 in Tsu x Col

Col Allele Dominant Significant maternal expression bias in one cross and
significant paternal expression bias in the reciprocal cross
Tsu Allele Dominant or vice versa,
FDR < 0.05
Biallelic reciprocally maternal SNPs < 60% and > 40%
Biallelic* The remainder of the genes

Table 1. Classification criteria for the genes from Allele Specific Expression analysis of Col x
Tsu embryo transcriptome. These criteria were employed to classify all the genes expressed (with
>10 SNP counts in each reciprocal cross) in each developmental stage. *This group of biallelic
genes contains genes that did not match any of the other conditionals, for example genes that show
maternal bias but without statistical significance (SNPs = 60%, p-value = 0.05).

Most maternal and paternal mRNAs were detected in all developmental stages with a parent-of-
origin bias, but were not strictly monoallelic or biallelic (Figure 6). Interestingly, most of the
genes expressed in the zygote and octant stages showed Reciprocal Maternal Bias enrichment
(66% and 49% respectively) compared with 2% Biallelic genes (Figure 4). This maternal
dominance drops dramatically at the globular stage (from 66% in the zygote to 8.5% at globular),
when biallelic expression becomes the dominant category. These observations suggest that there
is maternal genomic control of embryogenesis at preglobular stages, which is overcome in
globular embryos. In contrast to the maternally biased genes, only a handful of transcripts where
identified to have a Reciprocal Paternal Bias expression. For instance, at the zygote stage, 42
genes where detected to be paternally enriched, while 4,451 genes were maternally biased
(Figure 4, B). As embryonic development progresses, reciprocal maternal and paternal biased
genes decrease, while biallelic genes show a dramatic increase. Our data also suggest that parent-
of-origin effects are not always reciprocal. During the analysis, I found a group of genes with
maternal or paternal enrichment in one direction of the cross, but biallelic transcripts in the
reciprocal direction. Interestingly we identified more genes with Non-Reciprocal Maternally

Biased expression in the Col x Tsu cross. In contrast, Non-Reciprocal Paternally Biased
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expression was marginal in the zygote and octant stages. Except for the zygote, octant and
globular stages (where there is some variation), this Non-Reciprocal group of genes remains
constant in number during embryogenesis. Although these genes show different behavior in one
cross vs. the other, I cannot rule out the possibility that the Non-Reciprocal parental enrichment
is the result of hybridization. Further research needs to be performed to clarify this observation.
One category certainly influenced by ecotype derived effects is the Dominant genes, which show
preferential expression of one ecotype (allele). Unlike genes whose parent-of-origin expression
changes dramatically over time, allele-dominant genes preferentially remained steady throughout
embryogenesis indicative of maintenance of their active expression state (Figure 4). The
dominant expression of these alleles, regardless of the direction of the cross, is likely due to cis

regulatory effects.

To address the biological functions of the parentally biased genes and other gene groups at the
zygote to globular stages, I conducted gene ontology (GO) analysis for each group. Results
showed that at zygote and octant stages, Reciprocal Maternal Bias genes are associated with
molecular functions such as structural constitution of ribosome, RNA and protein binding as well
as transmembrane transport. Biallelic genes in zygote stage where involved in sterol binding,
whereas in octant stages functions associated with nuclei acid binding and translation are
observed (Table 2). Interestingly, in the globular embryo (where there is the major decrease in
maternally biased genes), the functions associated with this category are mainly related with
enzymatic activity, although associations with transcription factor activity and sequence-specific
DNA binding are still found. Meanwhile, the biallelic gene category in globular embryos is
predominated by functions related to active translation and transcription (Table 2). Reciprocal
Paternal Bias genes were associated with enzymatic functions such as nucleotide
dimethylallyltransferase and diphosphate synthase activity. Notably, allele-dominant genes in the
zygote, octant and globular stages are involved in the same molecular functions related with
translation and signaling, suggesting that this class may play a predominant role in hybrids.
These findings suggest that the presence of transcription and translation functions in maternally
biased genes is indicative of their central roles in patterning and development during early
embryogenesis (Jenik er al, 2007). Interestingly these functions seem to be transferred to the

biallelic genes in later stages. Transcriptional dynamics of parental genome contributions and
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gene ontology function analysis indicate that there is a maternal to zygotic transition in
developmental control of embryogenesis, which implies fast reprograming of parental genomes

at preglobular stage

A B Reciprocally Maternal Bias B Reciprocally Paternal Bias O Biallelic
@ Non-Reciprocal Maternal Bias B Non-Reciprocal Paternal Bias B Allele-dominant
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Zygote Octant  Globular Heart Torpedo Bent Mature
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Zygote Octant  Globular Heart Torpedo Bent Mature
S—— - S el
Maternal bias in Col x Tsu 632 1966 1717 797 922 893 763
Maternal bias in Tsu x Col 569 498 696 389 425 367 311
Reciprocally Paternal Bias
Paternal bias in Col x Tsu 186 143 153 108
Paternal bias in Tsu x Col 161 541 561 471 403
Allele-dominant
Col dominant 612 833 1269 1402 1458 1280 1038
Tsu dominant 145 | 62 174 182 143 152 114
Biallelic 141 681 2950 4414 3839 3211
Total 6697 8122 7758 8017 8803 7210 5985

Figure 4. Parent-of-origin gene expression during Col x Tsu embryogenesis. A, Bar graph of
the percentages of genes belonging to each category in every developmental stage. B, Table with
the total number of genes in each category by stage. The color show a gradient to facilitate the
identification of trends (major number of genes) with categories containing high (red), medium
(white) and low (blue) number of genes.
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Group Zygote Octant Globular

Reciprocally Structural molecular binding Protein binding Catalytic activity

Maternal Bias Structural constituent of ribosome | Catalytic activity Oxidoreductase activity

Maternal bias in Col
x Tsu

Iron ion binding

Structural constituent of ribosome
Structural molecular activity

Protein binding

Maternal bias in Tsu
x Col

Structural constituent of ribosome
Structural molecular activity

Structural constituent of ribosome
Structural molecular activity

Fatty acid synthase activity
Protein binding

Reciprocally
Paternal Bias

Ent-copalyl diphosphate synthase
activity

ATP, ADP and AMP
Dimethylallyltransferase activity

ND

Paternal bias in Col
x Tsu

Mannosyl-glycoprotein
endo-beta-N-
Acetylglucosaminidase activity

transcription factor activity, RNA
polymerase Il
transcription factor binding

Methyltransferase activity

Paternal bias in Tsu
x Col

fatty acid alpha-hydroxylase ac
tivity

copper ion transmembrane transporter
activity

dUTP diphosphatase activity

Col Allele Dominant

Structural molecular binding
Structural constituent of ribosome

Structural constituent of ribosome
Structural molecular activity

Structural constituent of
ribosome
Structural molecular activity

Tsu Allele Dominant

CoA-ligase activity

Indole-3-acetate beta-
glucosyltransferase activity

Sphingosine N-
acyltransferase activity

Biallelic

Oxysterol binding
Sterol binding

Structural constituent of ribosome
Structural molecular activity

Structural constituent of
ribosome
Protein binding

Table 2. Gene Ontology analysis. The table show the representative Molecular Function category for each

group-stage.

Reprogramming of parental genomes during embryo development

To better understand the dynamics of parental genome contributions in preglobular stages, we

analyzed changes in parent-of-origin transcripts during embryo development. As shown in

Figure 4, from the zygote to the globular stages, both Biallelic and Allele-Dominant genes

A Octant B Globular
1,860 408
88 1,343
347 517
435 343
Zygote Zygote Octant
C Heart
200
Zy-Gl Torpedo
229
4,016
269 128
Mature Bent
Figure 5. Number of genes shared

between stages. Venn diagrams showing the
number of expressed genes shared between
Zygote and Octant (A), Zygote, Octant and
Globular (B) and all the stages of this
transcriptome (C). In C the total number of
genes is 8,642.

rapidly increased, from 2% to 38% and 11% to 18% of
the detected genes, respectively, while the Reciprocal
Maternal bias genes showed significant reduction,
from 66% to 8%. Starting at the heart stage, the
Reciprocal Maternal bias genes decreased to less than
1%. In contrast, the Biallelic genes range between 53
and 57%, while Allele-Dominant genes are maintained
at ~20% of the expressed genes. Overall, the Allele-
Dominant and Biallelic genes showed a strong
propensity to remain in their own expression group
across all embryo development stages, which explains
that this category share the same GO functions. Non-

Reciprocal Maternal and Paternal biased genes remain
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steady with 16.3% and 8.5% on average respectively. These changes in the proportions during
early embryogenesis suggest that the parental genomes undergo a reprograming that allows fully
biallelic expression after pregloblar stages; for the Bialleic genes, the highest percentage is
observed at heart stage onwards, suggesting that the mechanisms that lead to parental bias

expression are no longer in operation and only the Dominant alleles retain their expression bias.

To understand the reprograming of the genome from parentally biased to biallelic, I calculated
the percentage of genes that remain in the same category, compared with the previous and the
next stage of development (Table 3). Interestingly, 77.4% and 93.6% of the total genes
expressed in the globular embryo are shared with the zygote and octant stage, respectively
(Figure 5). Accordingly, most of the genes within the decreasing parentally biased categories
were present in the zygote, octant and globular stages, while genes in the growing Biallelic
category were present through all embryogenesis (Table 2). These observations suggest that
during the transition from the zygote to globular stage, parentally biased genes in the preglobular
embryo become biallelic, explaining the progressive increase of this category and its
predominance beginning in the globular embryo. Indeed, from the Reciprocal Maternal genes in
zygote, 35% became Biallelic, 12% allele Dominant, 37% Non-reciprocal maternal bias, 13%
remained Reciprocally Maternally biased and just a few were in the paternally biased expressed
in the globular embryo (Table 2). These observations confirm that there is a progressive
reprograming of parentally biased genes from preglobular to the globular embryos and

completed by heart stages (Figure 6).

To visualize trends in reprograming during embryogenesis, I compared parent-of-origin
expression of the 4,016 genes (Figure 5) that are shared and expressed throughout
embryogenesis (Figure 6). The data show maternally biased expression during preglobular
stages which is overcome by heart stage (Figure 6). Interestingly, the same genes which initially
show maternal bias become biparental in later stages. At the bottom of Figure 6 there is a cluster
of genes that show either maternally or paternally biased expression depending the direction of
the cross, this observation confirms that the Dominant genes remain Dominant throughout all the
embryo development, and that their pattern of expression is independent of parent-of-origin

effects. Rather, their dominant expression reflects ecotype-dependent expression. In general, the
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data shows that there is neither strict biallelic gene expression (50:50) nor monoallelic, instead
the genes show a preferential expression of the maternal alleles in preglobular embryos, which

turns biallelic later during development.

Group category Zygote‘ Octant ‘Globular‘ Heart ‘Torpedo‘ Bent ‘Mature
Reciprocally Maternal Bias| 68.2 85.4|16.8 93.0(12.7 69.4 | 33.8 42.9/19.4 19.4|3.6 3.4
Maternal bias in Col x Tsu| 36.3 14.9|30.3 32.7|19.6 42.3 | 26.1 24.3|31.2 26.6(29.2 26.7
Maternal bias in Tsu x Col| 21.7 32.9|21.2 13.7|16.0 31.0 | 24.1 22.9|29.7 29.0(20.4 20.8
Reciprocally Paternal Bias| 13.3 [80.0(71.4 55.6/0.0 0.0 | 0.0 0.0/ 0.0 0.0|0.0 0.0
Paternal bias in Col x Tsu| 0.0 0.0 |14.3 4.0 (125 9.1 | 9.7 15.0/111 76 (6.7 7.8
Paternal bias in Tsu x Col| 4.7 12.0|/13.6 4.4 (12.7 3.9 | 16.0 16.2|24.5 25.6(17.8 18.0

Allele-dominant

Col dominant 53.0 44.5|82.8 54.6(73.9 65.5|75.1 73.1/71.1 75.3|63.5 69.0
Tsu dominant 18.2 48.9(54.4 19.4|43.6 45.0 | 37.6 49.6/41.9 40.2|126.4 28.6
Biallelic 32.6 12.8|72.9 15.0(79.9 58.6 | 76.9 76.6|74.4 76.4|729 71.5

Table 3. Percentage of sharing with neighbor stages. The table shows the percentage that every
category share with the same category but from the adjacent stage. Color represents the size of the
number (white-red; 0-100).

All this data together demonstrates that early embryogenesis shows a bias towards expression of
maternal alleles, which later transitions to biallelic, likely mediated by a reprograming of parent-
of-origin gene expression. The mechanisms that lead to this maternally biased expression are still
unknown, though they may be mediated by RADM pathway, as well as the mechanisms of
paternal genome activation by histone turnover through CAF1 complex (Autran et al., 2011). In
addition, whether maternal transcript bias is due to de novo expression in early embryo or a

consequence of mRNA carryover from the female gametophyte remains to be tested.
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Figure 6. Reprogramming of parent-of-origin gene expression during Col x Tsu embryogenesis.
Representation of the evolution of the parent-of-origin bias expression for 4,016 genes expressed throughout
embryo development. maternal bias percentage was used for this heat map; bluish genes are expressed mainly by
the maternal side either Col or Tsu (cross direction indicated at the top of the panel; by convention maternal parent
is indicated first).
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Maternally biased expression is the result of both de novo and carry over
expression
The most striking trend observed at zygote and octant stages is the genomic maternal transcript

bias. Both reciprocal and non-reciprocal maternal transcript bias predominates among the parent-
of-origin categories at preglobular stages (Figure 4 and 6). This transcript bias may be the
consequence of carry-over from the female gametophyte, by de novo expression of maternal
alleles, or both. If the genes are de novo expressed, this would be reflected by increased or steady
A transcripts during early embryogenesis; if the

transcripts are merely carry-over, the levels would go

down after fertilization. For the 2,896 genes that

RMB zy-oc Egg Cell
Relative expression levels (Log) . . .
B ﬁo—g showed Reciprocally Maternal bias, around half did
g g ¢ ¢ £ £ notshow any change in the level of expression during
& s & % S %

zygote-globular stages (Figure 7B), suggesting that de
novo synthesis of maternal mRNAs after fertilization
is maintaining the maternal bias. Interestingly, from
the 2,576 RMB genes shared between Col x Tsu
embryos and a female gametophyte transcriptome

(Wuest et al, 2010), 47.6% (1,226) are present in the

egg cell, suggesting that some of those genes with

preferential maternal expression may be influenced by

— mRNA carryover (Figure 7A). Although these
—_— observations suggest that maternal transcript bias may

be the result of maternal allele specific expression, this

===="""" may be in addition supported —at least for half of the

Zygote Octant Globular genes— by carry-over from the female gametophyte.

Figure 7. Expression of Reciprocally ..
Maternal genes at Zygote and Octant 1herefore, carry-over and de novo transcription are

Stage. A, Presence of RMB genes from . . .
zygote and octant stages in Egg Cell strongly influencing the transcriptome of the early

tpi?\;]gsi:frf T;éo?e’ ;ﬁ%ﬁ:ﬁlgﬁfgts genes embryo, suggesting that Zygote Genome Activation

takes place just after fertilization. In further support of
this statement, Col x Tsu embryo transcriptome shows 11% of allele-dominant and 2% of
biallelic transcripts in the zygote. In addition, 18% of Non-Reciprocal parentally biased genes

account for biallelic transcripts in one direction of the cross (Table 2). Therefore, the results
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suggest that the Arabidopsis zygotic genome is transcriptionally activated soon after fertilization
such that it ensures the expression of parent-specific, allele-dominant and biallelic genes in the

zygotic genome.

Although the inheritance of maternal products from the female gametophyte has not been
successfully tested, it is possible that besides the de novo transcription of maternal alleles,
carryover from the female gametophyte partly explains the maternal biased expression in early
embryogenesis. Interestingly, carry-over may involve not only mRNA, but proteins as well.
Preliminary observations in the laboratory have shown that reporter lines specific to the egg cell
and central cell (Steffen et al, 2007) show signal after fertilization in embryo and endosperm,
respectively (Supplementary Figure 3 and 4, Supplementary Table 11 and 12). In the
absence of detection of the native gene, this reporter expression suggests protein carryover from
female gametophyte (Sprunck et al, 2012), and reflects what may be happening with other

maternal derived mRNA or proteins.

Maternally bias expression shows different degrees of enrichment

The Reciprocal Maternal Bias category includes every gene with maternal transcript bias, where
more than 60% of reads come from the maternal allele. However, within this group of genes
different degrees of maternal transcript bias may exist. To gain further insights into the level of
maternal bias, the RMB category was separated into different groups, according to the degree of

maternal enrichment (Table 4)

Gene Category Criteria

Maternal Specific Reciprocally maternal SNPs = 95%, FDR < 0.05

Highly Maternal Reciprocally maternal SNPs < 95% and = 80%, FDR < 0.05
Maternal Biased Reciprocally maternal SNPs < 80% and > 60%, FDR < 0.05

Table 4. Criteria used in the classification of the level of maternally biased expressed genes. These
criteria were employed to classify the degree of maternal bias expression from all the genes expressed (with
>10 SNP counts in each reciprocal cross) in each developmental stage.

Three different subgroups of transcripts were employed: Maternal-Specific (reciprocal maternal
SNPs > 95%, FDR < 0.05), High Maternal bias (reciprocal maternal SNPs < 95% and > 80%,
FDR < 0.05) and Maternal Bias (reciprocally maternal SNPs < 80% and > 60%, FDR < 0.05).

Similar criteria were used for Reciprocal Paternal bias genes. Again, the most striking change in
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transcript patterns for the different gene groups occurs from the zygote to the globular stages. In
the zygote, ~80% of the RMB genes belong to either Maternal-Specific or High Maternal bias
categories (Figure 8 A). Interestingly, from the zygote to octant stage both Maternal-Specific
and High Maternal bias genes decrease, and in contrast the Maternal Bias category has a slight
increase in number. For example, 816 and 679 Maternal-Specific genes were observed in the
zygote and octant stages respectively, however only 65 in the globular embryo (Figure 8 A and
F). Interestingly around 40% of the Maternal Specific genes during Zygote and Octant embryo
remain with the same maternal bias during both developmental stages, suggesting an active
mechanism promoting Maternal Specific expression in the preglobular embryo (Figure 8 B). In
contrast, the Highly Maternal and Maternal Biased genes show more variation, probably due to
active reprograming during these stages. However, 65% (1,340 genes) of the genes that belong to
some subpopulation of maternally enriched category in the zygote, show the same trend in
Octant stage when compared with the full RMB category (Figure 8 E), suggesting that
maternally biased genes are undergoing active reprograming in the zygote and octant stages,
resulting in the dramatic change observed in globular embryos (Figure 8 A). These observations
show that all the maternally biased categories quickly decrease after octant stages, as previously

observed.

In comparison with Maternal-Specific genes, only a small number of the Paternal-Specific (13, 3
and 4 in the zygote, octant and globular stages, respectively) and Highly Paternally biased genes
(6, 0 and 4 in the zygote, octant and globular stages, respectively) were found during Arabidopsis
embryogenesis. Interestingly there are no genes with Paternal Specific expression after the
globular stage, and only a handful retain Highly Paternally biased and Paternally biased
expression in later stages. Previous studies have proposed only a handful of genes to have a
paternally biased expression, however only a few have been successfully confirmed and
interestingly none of them retain the same bias expression after globular stages, similarly to the
observations of this work (Autran et al, 2011; Nodine & Bartel, 2012; Raissig et al, 2013; Bayer
et al, 2009).
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Maternal Specific 816 679 65 23 16 7 0
Highly Maternally
Biased 791 573 67 5 8 2 2
Maternally Biased 453 1088 240 29 30 24 23
Paternal Specific 13 3 4 0 0 0 0
Highly Paternally
Biased 6 0 4 2 1 1 0
Paternally Biased 5 1 1 8 3 8 7
Total 2084 2344 381 67 58 42 32

Figure 8. Levels of Maternal Biased expression in Zygote and Octant stages. A, graph showing the number of
genes with Maternal Specific (MS), Highly Maternally Biased (HM) and Maternally Biased expression in Zygote,
Octant and Globular stages. Number of MS (B), HM (C) and MB (D) genes shared between zygote and octant
embryos. E, number of genes with MS, HM and MB expression in zygote shared with Reciprocally Maternal Bias
group at octant stage (Figure 4 B). F, full table data.

Parent-Specific genes represent exclusive expression from either paternal or maternal alleles and

may be indicative of imprinted gene expression in embryos. Interestingly, only a handful of

Maternal-Specific genes were expressed in late-stage embryos and none were found in the

mature stage (Figure 8 F). Unlike the genomic parent-of-origin effects during the zygote and

octant stages observed in this transcriptome, imprinted expression seems restricted to a handful

of genes and involves exclusive expression of maternal or paternal alleles during prolonged

developmental periods (Garcia-Aguilar & Gillmor, 2015). Imprinting has been largely observed

in the endosperm, with only a few cases reported in plant embryogenesis (Raissig et al, 2013; He

et al, 2017). Interestingly none of those reported imprinted genes show monoallelic expression in

adult plants, suggesting that the imprinted mark is removed sometime during late seed
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development. Therefore, the Maternal Specific genes observed in Bent Cotyledon and Torpedo
stages may be candidates for imprinted genes that reach full reprograming at mature stages

(Figure 8 F).

Motif analysis points to transcriptional regulation of maternally biased genes

To understand the mechanisms for preferential transcription of the maternal alleles in preglobular
stages, | evaluated the presence of common signatures in the promoter regions of groups of genes
sharing the same transcriptional profile (Table 5). According to previous analysis, Zygote and
Octant stages showed a maternal bias (Figure 4, 6 and 8), moreover hundreds of genes
maintained the same transcriptional maternal bias category, even in postglobular embryos
(Figure 8). I selected these Maternally biased genes to perform de novo motif analysis, focusing
on early embryogenesis. In addition to the Col x Tsu data, I also took advantage of another

publically available ASE transcriptome profile (Nodine & Bartel, 2012).

Gene Category Criteria Source
Maternal Specific zggTen?égote to heart 1193 genes. 1178 with upstream
Highly Maternal zggTen?égote to heart 1308 genes. 1293 with upstream
- ColxTsu
Maternal Biased zggTen?égote to heart 1627 genes. 1606 with upstream transcriptome

Reciprocally Maternal
Bias

Transcriptome Universe As control, 17590 genes with sequence

543 genes with 24-fold increase in the 8-cell embryos compared
to the 1-cell/2-cell stages

280 genes with 210-fold increase in the 8-cell embryos
compared to the 1-cell/2-cell stages

Preglobular EP 156 genes. Preglobular embryo proper Belmonte, et al.,
Globular EP 83 genes. Globular embryo proper 2013

Table 5. List of groups of genes used for MEME motif discovery analysis

From zygote and octant 2896. 2856 with sequence

>4-fold increase
Nodine&Bartel2012

>10-fold increase

Previous analyses of the topology of regulatory elements in promoter regions have shown that
almost all these elements are located within the first 2 or 3Kb upstream of the translation start
site. Expression analysis has shown that these upstream regions are sufficient to recapitulate the
pattern of expression of many transcription factors (Lee et al, 2006). Thus, I carried out the
analysis using 2Kb upstream region for every gene. A preliminary de novo motif analysis
showed that most motifs localize within the first 500bp of the upstream region (near the TSS

(Translation Start Site)), and subsequent analysis showed a better performance of motif survey
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using 1Kb upstream of the TSS, therefore final motif enrichment analysis was performed using

this region.

Motif Univ
erse
Forward and Reverse MS HM MB zyocRMB 17590
Complement
’ ’ 20.96 34.26* 42.83* 33* 29.04
Lai C bTe, 1ol C%
e ZER TTEEERET 2EE 247/1178* 443/1293 688/1606 944/2856 5109/17590
E-value 7.0e-395
1.19e-9 8.7e-5 4.07e-29 1.6e-5 -

CACT 17.74* 18.17* 15.25 17.33* 13.8033

TRRTREITLER, TEEEEOeEIET 209/1178 235/1293 245/1606 495/2856 2428/17590
FE-value 1.5e-230
2.6e-4 2.3e-5 0.111 1e-6 -

Table 6. Motif Occurrences in 1kb upstream regions (%) p<0.0001

Statistically significant p values for Fisher's Two-Tailed Exact Test are shaded in bold to show difference in
motif occurrence between the lists of biased expressed genes vs. the universe of genes. *p<0.001. A
consensus matrix for each motif was calculated with meme using the genes with enrichment. meme Motif-
based sequence analysis tools were employed. * Number of genes with motif occurrences from the total.

Two motifs were overrepresented in the maternally expressed genes. The first motif (TGGGC)
was overrepresented in the Highly Maternal, Maternal Bias as well as the Reciprocal Maternal
Bias group, compared with the control. The second enriched sequence identified was the
CACGTG motif, which was overrepresented in the Maternal Specific group, as well as Highly
Maternal group, in the Maternal Bias and the Reciprocal Maternal Bias group compared with the
control. The CACGTG motif was the only motif identified to be enriched in the Maternal
Specific genes, the TGGGC motif was only found in the Maternally Biased group, while the
intermediate category of Highly Maternal biased genes shares both motifs (Table 6), reinforcing
the idea that this category is a transitory subpopulation of transcripts that are decreasing in its
maternal content during the reprogramming of gene expression in early embryogenesis. In
accordance, the complete list of genes with Reciprocal Maternal Bias expression shows

enrichment for the two motifs identified in this survey (Table 6).

To have a better understanding of the genes associated with these motifs, I evaluated their Gene

Ontology (GO). The Maternal Specific genes which contained CACGTG motifs have functions
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related to fundamental processes during early embryogenesis, such as response to hormone
signaling and programmed cell death. Since this is one of the predominant categories during
early embryogenesis, this suggests that essential functions during early embryogenesis are under
maternal control not only at the level of transcription, but also for function (Table 7). Genes
from the transitory category of High Maternal Bias show functions related with metabolism,
while the Maternally Biased genes containing the TGGGC motif show functions related to
translation, gene expression and RNA methylation. Finally, the complete category of Reciprocal
Maternal Bias genes shows functions related with transport, metabolism, and response to

stimulus.

Computational predictions of DNA sequence preferences for transcription factors (Weirauch et
al, 2014) showed that the TGGGC motif is a likely target for the TCP transcription factor family
Class I. This family of TF has a broad function in flowering, stress response and several other
biological functions (Ma et al, 2014). 24 members compose this family and they are all
expressed during early embryogenesis in Arabidopsis. The Class I TCPs are the most highly
expressed, and moreover some of them show Maternal Specific expression (Supplemental
Figure 5). However, the computational target prediction of transcription factors here used
(http://cisbp.ccbr.utoronto.ca/TFTools) showed that the TCP19 (AT5G51910) is the most likely
to bind the TGGGC motif (Weirauch et al, 2014). The CACGTG motif is the very well-known

G-Box motif, which is recognized by a family of basic helix-loop-helix transcription factors
(bHLH), one of the largest transcription factor families in Arabidopsis involved in several
developmental processes (Toledo-Ortiz et al, 2003). The G-Box has not previously been
involved in parental biased expression or allele-specific expression The identification of these
two motifs may shed some light on transcriptional regulation during early embryogenesis, and
future studies should include deletion and swap experiments of the motif in candidate genes to
evaluate the presence or absence of maternally biased expression; evaluate the effect of the
identified motifs in minimal promoters; binding assay experiments to test the binding of putative

transcription factors, and loss of function phenotypes during early embryogenesis.
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S N M W,

E-value 7.0¢-395 E-value 1.5e-230

Response to hormones, Response to stress

Maternal Specific ) Programmed cell death, Signaling

Hiahlvy Maternall Cofactor metabolic process Cofactor metabolic process, Response to
9 éiased Y Generation of precursor metabolites and energy stimulus, Single-organism metabolic
Coenzyme metabolic process process

. Translation, Peptide biosynthetic process
Matemally Biased Gene expression, RNA methylation )

Single-organism metabolic process
Response to stimulus
Catabolic, metabolic process

Zy-Oc Reciprocally Organic substance catabolic process
Maternal Bias Transport and localization

Table 7. Gene Ontology Analysis for Biological Process, p-value < 0.01. List of genes with enrichment of the
corresponding motif were used for this analysis.

Since we observed at least half of the genes with some degree of maternal bias expression are not
reported to be expressed in the egg cell, de novo transcription of maternal alleles is necessary to
accomplish the levels of maternal allele abundance in early embryogenesis. Identification of
motif enriched sequences in the maternal biased genes suggests that this may be the targets of
active transcription (or repression), that in coordination with epigenetic marks may result in
maternal dominance during early embryogenesis. In addition, GO analysis conferred important
functions to the maternally biased transcripts that reinforces the statement that during early

embryogenesis there is a maternal control in gene abundance and function.

Maternal Bias expression is not a consequence of seed coat contamination
The plant embryo grows within the embryonic sac, surrounded by the endosperm and the
maternal integuments that coordinately develop to form the seed. For this reason, transcriptional
profiling of embryos has been challenging, especially during the earliest stages of development.
Thus, allele specific transcriptomes of early embryos may be considerably biased by the presence
of maternal tissue contamination. To evaluate the impact on maternal tissue contamination in our
Col x Tsu transcriptome, I performed the recently reported “Contamination Test” (Schon &
Nodine, 2017) which aims to quantify the transcript enrichment of groups of genes that are
representative of different compartments from the seed (Belmonte er al/, 2013). This

contamination test used a laser capture miscrodissection microarray of seed development as the
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basis for determining transcripts which are enriched in different compartments of the seed
(Belmonte et al, 2013). To control for any possibility of maternal contamination, I analyzed the
parent of origin expression of genes that are specific to the embryo (Belmonte et a/, 2013). I also
analyzed genes that show different degrees of enrichment in embryos, by means of fold change
ratio compared with other compartments of the seed. All these groups of genes were selected
taking as basis the same reference used by Schon & Nodine (2017) to design the Contamination

Test.

The reference for the contamination test is based on a laser-capture microdissection experiment
where different compartments of the seed were isolated from developing ovules of preglobular,
globular, heart, torpedo and mature green embryo stages, and were hybridized to a full genome
Arabidopsis microarray (Belmonte et al., 2013). Since our ColxTsu transcriptome profiled
zygote, octant, globular, heart, torpedo, bent cotyledon and mature embryo stages, there is no
direct reference to zygote and octant stages (preglobular stages from Belmonte et al. 2013 may
include a mix of different stages of developing embryos from the earliest stages). In the absence
of corresponding reference, I used “Preglobular” from Belmonte et al., 2013 for both zygote and
octant stages. The “Contamination Test” reported by Schon and Nodine (2017), was developed
to evaluate the level of contamination by quantifying the enrichment of transcripts from seed
compartments other than the embryo. This assumes that the transcript reference, in this case the
microarray from Belmonte, et al., (2013) is exempt from contamination. Other limitations of this
contamination test correspond to the profiling methodology. Since the reference is a microarray,
transcripts that are not detected are automatically ignored and then the contamination test may be
biased and imprecise. Thus, I consider this test to be very useful, when its limitations are taken

into account.

According to the “Contamination Test”, our ColxTsu transcriptome shows high levels of Seed
Coat tissues transcript enrichment, especially at the zygote and octant stages. However, at the
octant stage, our Col x Tsu transcriptome also shows high enrichment for the embryo proper. At
the globular stage, Embryo Proper tissues are enriched in both reciprocal crosses, with weak seed
coat contamination in globular embryos. From the heart stage onward, all samples show embryo

enrichment, with no seed coat contamination. As mentioned above, there is no appropriate
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reference for the zygote stage: zygote and “preglobular” embryos have distinct transcriptomic
profiles, since different developmental processes are taking place. It is likely that genes taken as
enriched in embryo proper in the reference, are not even expressed in zygote or if they were, the
expression may not be equivalent to the preglobular embryo from the reference. Taking this
observation into account, the higher enrichment from Seed Coat in this stage may be highly
unprecise and is not conclusive. Although there is contamination detected in octant embryos
there is enrichment of Embryo Proper tissues as well. Seed coat contamination that is present
despite the rigorous washing of the embryos before RNAseq may be due to technical and

transcriptional differences between the reference and the ColxTsu transcriptome.

Tissue enrichment score
(-log10 p-value)

0 10 20 30 40 50
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Micropylar Endosperm
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Chalazal Seed Coat
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Figure 9. Contamination test from the ColxTsu transcriptome. Tissue enrichment from different sub-regions of
the seed based on (Belmonte et al., 2013) within the ColxTsu embryo transcriptome. This analysis was performed
based in the test proposed by Schon&Nodine, 2017. * for ColxTsu : ¥ for TsuxCol.

To analyze the impact of maternal contamination in the Col x Tsu embryo transcriptome, I
proceeded to analyze the parent-of-origin expression of genes that are subregion-specific to the
preglobular and globular embryo (Belmonte et al, 2013). According to Belmonte et al.,
subregion-specific transcripts were defined as those with fivefold or higher level of accumulation
in one subregion relative to all others, at a given stage. Therefore, this class of transcripts should
more faithfully reflect parent-of-origin expression of early embryos. To reinforce this analysis, 2-

, 3-, and 4-Fold Change (FC) of enrichment were included.
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Maternal transcript bias was detected for all fold change sets of genes analyzed (Figure 10). In
the results using the full list of genes, 66% are Reciprocally Maternal Biased (Figure 4). In the
subpopulation of genes that show 2FC enrichment in the embryo vs other seed tissues, 50% of
genes were detected with Reciprocal Maternal Bias. The proportion of maternal transcript bias
decreased slightly, in inverse proportion to the increase of the FC enrichment in embryos.
However, Reciprocal and Non-reciprocal maternal biased genes still predominate in the zygote
and octant stages (Figure 10 A). Interestingly, the percentages of biallelic expression were the
lowest in all the gene sets analyzed, ranging from 4-11% of the genes in zygote stages (Figure 4
A). Moreover, the genes in each group that are expressed from zygote to heart embryos, show
the same trend as previously observed where the maternal transcript bias is predominant in
zygote and octant and gradually shifts to biallelic (Figure S, 10 B). These observations suggest
that maternal contamination detected by the “Contamination Test” does not alter the general
conclusions about the predominant maternal bias during early embryogenesis. In addition, the
motifs identified to be enriched in the maternally biased genes were overrepresented in the same
class of genes at both 2 and 3 fold change (Figure 10 C). Although the motifs were not enriched
in the other groups, this may be partly because of the small number of genes in other fold change

groups.

Maternal contamination in early seed transcriptome profiling is always challenging, especially in
ASE analysis in embryos (Baroux & Grossniklaus, 2015). The ColxTsu transcriptome reported
here shows levels of contamination that are unlikely to interfere with the general conclusions.
Several lines of evidence in the transcriptome point to the reliability of the data. For example,
that fact that I could detect allele dominant transcripts is evidence for the small impact of seed
coat contamination in early embryogenesis. This class of allele specific expression shows
ecotype bias where the allele from a certain ecotype is preferentially expressed regardless of
whether it was inherited maternally or paternally. In a scenario of high maternal contamination in
preglobular stages, allele dominant genes would increase drastically after the dissipation of
maternal contamination. In contrast, the ColxTsu embryo transcriptome shows constant levels of
allele dominant expression from zygote stage. In addition, the set of genes with non-reciprocal
maternal or paternal bias would also be also undetected in the presence of high levels of maternal

contamination. Together, these observations demonstrate that preglobular embryos show a
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pronounced bias toward maternal transcripts, which is not a consequence of contamination from

maternal tissues.
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Figure 10. Parent-of-origin and motif analysis from gene groups enriched in Embryo Propter (Belmonte et
al., 2013). A, Percentages of genes that show allelic bias expression during early embryogenesis. B, Heat map
representation of the Maternal bias proportion by gene during early embryogenesis; only those gene expressed
through zygote to heart embryo were included in the heat map. C, motif enrichment analysis of previously detected
sequences overrepresented in maternally biased genes; Motif Occurrences in 1kb upstream regions (%) p<0.0001.
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Col x Tsu hybrid embryos show functional activation similar to isogenic Col
Allele Specific Expression studies rely on hybrids between polymorphic parents to discriminate

between parental alleles. However, hybridization itself impacts metabolism, development,

epigenetic marks and gene
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Figure 11. Functional complementation dynamics of emb/+ lines in
isogenic and ColxTsu hybrid compared with gene expression. From
top to bottom each row represents functional complementation in hand-
self heterozygous, pollination with Col, Tsu and equivalent expression
data in one cross direction from ColxTsu transcriptome. (Frist column
called from Figure 2, second column new data.)

that most of the genes showed
both maternal and paternal
transctipts, but with a maternal
bias. In contrast, Nodine &
Bartel (2012) used the Col x CVI hybrid combination (with reciprocal crosses) and found
biallelic transcripts for almost all genes at all stages analyzed, (including 1-cell/2-cell and 8-cell
embryos). In a previous study from our laboratory using functional genetic experiments in
isogenic lines, we showed that the many paternal alleles failed to complement a maternally
inherited mutation in early embryogenesis, suggesting delayed paternal allele activation (Del
Toro-De Le6n et al., 2014). Interestingly, complementation dynamics varied between hybrid and
isogenic embryos, suggesting that parent of origin effects are disrupted in some hybrid genomes
(Del Toro-De Ledn et al, 2016). Different hybrid combinations lead to different
complementation dynamics, where some showed hybrids showed earlier paternal genome

activation than others. The Col x Tsu combination showed the closest complementation
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dynamics compared to isogenic embryos (Del Toro-De Leon et al., 2014). To corroborate this
observation, I conducted more genetic complementation experiments, and compared functional
activation of the paternal allele with the Col x Tsu ASE transcriptomic data. I analyzed five
embryo defective (emb) mutants in the Col background. By using pollen from Col (isogenic) and
Tsu ecotype, I could compare complementation dynamic in isogenic and hybrid embryos. The
results show that Col x Tsu hybrid embryos show delayed complementation by paternal alleles,
similar to isogenic embryos (Figure 11). Hybrid and isogenic embryos show equivalent
percentages of mutant embryos at 2 and 3dap, until the paternal allele is functional enough to
complement the maternal mutant allele at Sdap. Interestingly, for the genes tested, the available
Col x Tsu ASE data show initial maternal transcript bias, progressively becoming biallelic
(Figure 11). Taken together, these observations suggest that the Col x Tsu hybrid shows delayed
paternal activation at the function and expression levels, similar to the isogenic Col background.
This corroborates the ASE profile of F1 Col x Tsu hybrid embryos as the parent-of-origin study

most representative of gene expression in isogenic embryos.

Overall, our data shows maternal transcript bias during early embryogenesis, in agreement with
Autran et al. (2011). However, these observations contrast with the Nodine & Bartel (2012)
conclusions. The distinct results may be due to the methodologies used, experimental and
biological noise, or hybrid effects (as observed previously) (Figure 2 and 3). To better
understand these discrepancies, I re-analyzed the Nodine & Bartel data using the same
methodology I applied for the Tsu x Col profile, and using the same criteria to categorize allele
bias. As reported by Nodine & Bartel, most of the genes showed biallelic expression as early as
1-2 cell embryo stage; 33% of the genes in 1-2 cell embryo show biallelic expression, in contrast
to the 2.5% that show Reciprocal Maternal or Paternal bias (Figure 12 A). Interestingly, all
stages show genes with Non-Reciprocal Parental bias (not previously reported by Nodine &
Bartel), with similar percentages as seen for the Col x Tsu dataset (about 20% of genes). I also
identified a subpopulation of Allele Dominant genes present at the three developmental time
points, with more genes being dominant in the Col than in the CVI background (Figure 12 A,
B).
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Figure 12. Parent-of-origin and motif analysis form Nodine&Bartel, 2012 data. A, Percentages of genes that
show allelic bias expression during early embryogenesis. B, Full data of allele bias expression, color code show
the accumulation trend with high (red), medium (white) and low (blue) number of genes. C, Venn diagram showing
the genes that are common between embryo stages. D, Heat map of the 4,674 genes shared and expressed in the

three profiled embryo stages showing the fluctuation of maternal bias expression. * for ColxTsu : ® for TsuxCol

I-cell/2-cell and 8-cell embryos showed very similar patterns of allele-specific expression,

suggesting that these preglobular stages share the same parent-of-origin effects on gene

expression (Figure 12 A, B). Globular embryos show an increase in Biallelic genes (53%,

compared to 36% in the 8-cell embryo). Accordingly, Reciprocal Maternal bias genes decrease

(2.1% in 8-cell to 0.5% in globular embryo) (Figure 12 A, B). These observations suggest that
(as described before by Nodine & Bartel), the Col x CVI hybrid embryo does not show a

maternal transcript bias in early embryogenesis, as most of the genes are present biallelically as

early as 1-2 cell embryo. However, we observed an increase of biallelic genes from preglobular

to globular stages suggesting that, although less severe, a reprograming is ongoing even in this
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hybrid combination. The increase in biallelic genes in globular stages coincides with a slight
decline of Non-Reciprocal Parental Bias genes, Dominant genes, and Reciprocal Parental Bias
genes (Figure 12). Likewise, the progress of maternal bias expression during development from
the genes that are expressed in the three time-points tested (Figure 12 C) shows a general bias
towards biallelic transcripts, which increase by the globular stages (Figure 12 D). Interestingly,
the differences between the maternally biased Col x Tsu transcriptome and the more biallelic Col
x CVI transcriptome was reproduced when comparing expression and functional data reported in

this work (Supplementary Figure 6).

These observations were overlooked by Nodine & Bartel (2012), due to the methodology
employed to analyze parent of origin bias. Instead of using percentages of maternal and paternal
SNP-containing reads, they used proportional expression values (proportion of maternal
expression over paternal) and the data obtained from the reciprocal crosses were averaged into a
single value. The averaging of the reciprocal crosses reduced or removed all the evidence of non-
reciprocal expression and dominant expression. This partial analysis avoided the observation of
different kinds of allele biased expression during embryogenesis, and exaggerate the biallelic

expression that was reported as the dominant class of expression during embryogenesis.

Discussion
Parent-of-origin effects on gene expression in plants have been widely accepted to occur in the
endosperm, due to imprinting. However, genome-wide parent-of-origin effects on gene
expression during early embryogenesis has been controversial, despite the comprehensive
literature documenting this phenomenon. Expression analysis from reporter lines, single-allele
bias quantification, functional analysis, transcriptome studies and epigenetic mechanisms largely
described in literature, are evidence of the complex transcriptional regulation that takes place
during early embryogenesis (Autran et al, 2011; Baroux et al, 2001; Del Toro-De Leon et al,
2014; Grimanelli et al, 2005; Springer & Stupar, 2007; Vielle-Calzada et al, 2000). Therefore,
the idea of purely biallelic expression established just after fertilization is not congruent with the

current state of the art of plant developmental biology.
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Part of the controversy is due to the intrinsic difficulty of the methodologies applied, and the
natural variation present in this phenomenon. Here, the ASE analysis of reciprocal Col x Tsu F1
embryos demonstrates that Zygote and Octant stages showed an overwhelming maternal
transcript bias. Biallelic expression increases progressively with embryo development and
predominates from the globular stage onwards, after a major reprograming of parental genomes.
Interestingly, despite possible levels of maternal contamination, tissue-specific and embryo
enriched genes recapitulate the parent of origin bias observed with the full data. In addition, the
high activity of de novo expression in Arabidopsis suggests that zygotic genome is activated
immediately after fertilization. Identification of motif enrichment in the promoter regions of
maternally biased genes suggests a transcriptional regulation mechanism that may be partly
involved in the preferencial expression of maternal alleles. Finally, although ASE varies in
hybrid genomes, functional data corroborates that the Col x Tsu hybrid combination reproduces

parent-of-origin effects similarly to isogenic Col-0 background.

Previous work suggested delayed paternal activation. This work is the first comprehensive
transcriptome study that includes functional analysis, showing parent-of-origin effects in the Col
x Tsu hybrid that are similar to the isogenic Col. ASE analysis of this data show that 66% and
49% of the expressed genes in zygote and octant stages exhibit Reciprocal Maternal bias, and
most of these genes undergo reprogramming to Biallelic by the globular or heart stage. GO
analysis of the Reciprocal Maternal bias genes suggests that the maternal genome has prevalent
functions in transcription and translation. Interestingly, reprograming is reproduced by GO
terms, when these essential functions are transferred to Biallelic genes as embryo development
proceeds. These observations underline the importance of the maternal genome during early
embryogenesis (Baroux & Grossniklaus, 2015). Genetic screens for female gametophyte mutants
that were defective in post-fertilization processes and were not rescued by the paternal (pollen)
allele, suggested functional requirements for the maternal contribution beyond gametogenesis
(Pagnussat et al, 2005; Ngo et al, 2012). More recent reports have demonstrated that transient
maternal dominance of early embryogenesis has important implications for embryo
development. Luo et al., showed that in early embryos of tobacco interspecific hybrids,
Programed Cell Death (PCD) in the suspensor is regulated by the predominant maternal allele
expression of the NtCYS cystatin gene. Although both parental transcripts contribute to PCD, the
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higher expression and subsequent reduction of the maternal allele was necessary for the initiation
of the PCD in the suspensor and proper progress of the embryogenesis (Luo et al, 2016).
Moreover, He et al. (2017), showed that de novo transcription of the maternal NUWA allele in
the zygote and early embryo was essential for mitochondrial function. Interestingly, the paternal
allele of NUWA gene was first detected only after the 16-cell stage (He et al, 2017). These
findings correlate with our observations where after a period of maternal transcript enrichment at
the zygote and octant stages, most maternally biased genes became biallelic from the globular to
the heart stage (Alonso-Peral et al, 2016). Interestingly, in a recent ASE study of dermatogen-
globular and heart stage C24 x Ler reciprocal hybrid embryos, most genes had equal proportions
of transcripts from each parent. This is consistent with the observation that at the globular stage,
most parent-of-origin effects have concluded. These data demonstrate that parent biased gene
expression is one of the major features of zygote and octant stages of embryo development and
undergoes progressive resetting involving significant reprogramming during subsequent stages

of embryogenesis.

The mechanisms involved in parental genome reprograming during early embryogenesis are still
largely unknown. Maternal dominance of early embryogenesis may be explained by the
inheritance of maternal products from the female gametophyte. As in animals, this mechanism
implies a passive transmission of mRNA from the egg cell to the zygote, and subsequent
diffusion or active degradation (Tadros & Lipshitz, 2009; Yartseva & Giraldez, 2015). Although
our understanding of inheritance of maternal products to the early zygote remains is poor, a few
examples have demonstrated the importance and feasibility of active communication between
reproductive cells (Bayer et al, 2009; Costa et al, 2014). Preliminary observations in the
laboratory suggest that there is passive transmission of reporter expression from central cell (CC)
and egg cell (EC) to the early endosperm and embryo (Supplementary Figure 3 and 4,
Supplementary Table 11 and 12). Reporter lines specifically expressed in the CC and EC,
where the endogenous promoter does not show transcriptional activity after fertilization, show
reporter signal when the transgenic line is used as maternal donor and crossed with wild-type
pollen. Although the signal is transient, this suggests a passive diffusion of proteins and
presumably transcripts from the female gametophyte to the early embryo. In fact, peptide signals

derived from the fertilized central cell (which generates the endosperm) have been shown to be
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important regulators of embryo patterning (Bayer et al, 2009; Costa et al, 2014). In the present
study, ~50% of the genes with Reciprocal Maternal Bias show expression in the egg cell,
suggesting that carryover may have a role in the maternal transcript enrichment in the early
embryo (Figure 7). Interestingly the additional 50% of the genes with maternal bias expression
may be the consequence of de novo expression of maternal alleles. Previous reports have
suggested that RADM pathway repression may prevent precocious transcription of paternal
alleles (Autran et al., 2011), and thus de novo expression may be more likely to occur from the
maternal genome. However, the true mechanisms for preferential maternal transcription remain
unkown. Here I report that maternally biased genes during early embryogenesis show CACGTG
and TGGGC motif enrichment of their promoter sequences. These motifs may be the target sites
of trans factors that may activate transcription of maternal alleles, or repress transcription of
paternal alleles. Further studies are needed to clarify the role of these motifs in transcriptional
regulation during embryogenesis, as well as the biological relevance of parent-of-origin

expression during early embryogenesis, and its implications on agronomic traits in hybrids.
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Part 3. Paternal gene activation during early embryogenesis
Summary

Analysis of the Col x Tsu transcriptome gave us a comprehensive scenario of allele
specific expression at the genomic level during embryogenesis, and the overwhelming parent-of-
origin expression reprograming during the transition from the zygote to globular stage (Part 2).
To validate genomic observations on a single gene basis, I started the analysis of candidate
genes. Here I show results for NF-YB2 and EMB27678. In addition, I evaluated the effects of
previously reported pathways involved in the repression and activation of the paternal genome,

using a pNF-YB2::GUS reporter line.

PNF-YB2::GUS shows a maternal expression bias in early embryogenesis
Certain cis regulatory sequences were enriched in maternally biased genes, suggesting that
transcriptional regulation pathways targeting these motifs may have a role in the preferential
activation or repression of parental alleles. Fifty percent of the reciprocal maternal bias genes,
which contain motif enrichment according with FIMO, are not present in transcriptomic data
from egg cell (Figure 7), suggesting de novo preferential expression of maternal alleles. One
hypothesis is that the motifs trigger maternal allele de novo expression, in parallel with
repressive marks in the paternal genome. To test this hypothesis, I identified several maternally
biased genes with motifs enriched in their promoter region and with no reports of expression in
the egg cell. Among the candidate genes I found NF-YB2 (AT5G47640), which belongs to a
heterotrimeric transcription factor complex present in nearly all eukaryotes, composed by the
subunits NF-YA, NF-YB, and NF-YC (Zhao et al, 2017). The combinatorial capacity and the
presence of multiple paralogs of these genes in plants, have led to a wide variety of complexes
and patterns of expression. Multiple essential roles in plant growth, development, and stress
responses have been associated with these transcription factors (Zhao et al, 2017; Hou et al,
2014; Siefers et al, 2009). Transcriptomic data shows that NF-YB2 gene has maternal specific
expression at zygote and octant stage and contains two copies of the CACGTG motif and four of
the TGGGC motif within the first 1kb upstream to the start codon (Figure 13). To further
validate whether NF-YB2 gene shows parent-of-origin expression, I analyzed it’s the expression

pattern of the reporter line pNF-YB2::GUS, in reciprocal crosses (Siefers et al, 2009).
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Figure 13. Representation of the structure of the NFYB2 locus. The genomic position of the enriched motifs in
maternally biased genes and located in the promoter region of NF-YB2 is represented.; coordinates are estimated
by taking the NF-YB2 transcription initiation site as a reference (+1). Putative location of the nf-yb2 insertion is
illustrated. The region cloned for the pNF-YB2::GUS construct also represented.

Reporter expression was very strongly detected in 1-2 cell embryos, and in endosperm and
maternal tissues, when the reporter line was used as maternal donor in an overnight GUS staining
treatment (Supplementary Figure 7). Maternal expression was very strong in embryos from
ldap, and the expression was present during all the stages of early embryo development. I
observed a gradual increase in the expression from ldap to 3dap, suggesting that the maternal
genome also shows gradual de novo activation (Figure 13 A-E). In addition, the expression in
embryos started to decay in intensity and proportion by heart-torpedo stages. In contrast, when
the reporter line was used as a paternal donor, the expression was undetected from 1 to 3dap, and
triggered by 4dap (Figure 13 F-J). The sudden expression at late globular-early heart stage,
suggests a quick mechanism of paternal allele activation taking place at this developmental stage.
Interestingly pNF-YB2::GUS does not show reporter expression in mature female gametophytes
(Supplementary Figure 7) reinforcing the hypothesis of de novo transcription of maternal
alleles. Using longer GUS staining treatment (4 days of incubation instead of 1 day), a small
percentage of embryos show a less intense paternal signal, suggesting that paternal allele
activation may take place gradually starting 2dap. Using longer incubation periods, the most
variable time-point was 3dap, suggesting that at this developmental time the activation is in
process, or that the repression is gradually being removed (Figure 13, 14). These observations
suggest that (in agreement with the transcriptomic data) the NF-YB2 reporter line shows a
maternal specific expression during the earliest stages of embryogenesis, which in turn
undergoes reprogramming towards biallelic expression, presumably at 3dap and accomplished

by 4dap.

52



Results Part 3 Del Toro, G.

a
»

pNF-YB2::GUS x WT

o
Fd

13
IS

WT x pNF-YB2::GUS

12 3 4 5
Days After Pollination

Figure 14. Parent-of-origin expression of the pNF-YB2::GUS reporter line. A-E, expression of maternal pNF-
YB2::GUS. F-J, paternal expression of pNF-YB2::GUS. Results corresponds to one over-night period with GUS
staining solution. Statistically significant p values for Fisher's Two-Tailed Exact Test ** p<0.01; * p<0.05. Full table
data shown in Supplementarv Table 4.

PNF-YB2::GUS expression is partly affected by canonical pathways
The mechanism regulating parent-of-origin expression during embryogenesis remains
mysterious, though some reports indicate that epigenetic pathways that may be involved in this
process. The RNA-directed DNA methylation (RdDM) pathway, a small interfering RNAs
(siRNAs) mediated epigenetic silencing mechanism, has been proposed to play an important role
in parent-of-origin expression during ZGA. Maternal mutant backgrounds of the RADM pathway
have shown precocious expression of paternal reporter lines, suggesting that DNA methylation is
involved in paternal genome repression during early embryogenesis (Autran et al, 2011). To test
whether a similar mechanism is responsible for delayed expression of paternal pNF-YB2::GUS, 1
evaluated paternal allele activation in maternal mutants for important genes involved in the
RdDM pathway. I used maternal homozygous null mutants of NRPDIB (the largest subunit of
nuclear DNA-dependent RNA polymerase V), and of the histone methyltransferase
KRYPTONITE (KYP, responsible for H3K9 methylation, which constitutes a reinforcing loop
between histone and DNA methylation) (Law et al, 2013; Du et al, 2015). Contrary to
expectations, the crosses using maternal mutant RADM pathways, kyp-4 x pNF-YB2::GUS and
nrpdlb-11 x pNF-YB2::GUS, still showed a slight delay of expression of the paternal allele at
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2dap. Interestingly, this delay remains in the nrpdlb-11 cross at 3 and 4dap compared with the
wild-type control (Figure 15 A, Supplementary Figure 8 and Table 5). These results suggest
that pNF-YB2::GUS may not be regulated by the maternal RdADM pathway, and that another
maternal repressor, normally silenced in the wild-type background, is activated in mutant ovules
and slightly silences the activity of the reporter line during early embryogenesis, since its

expression is normalized at 5dap in both crosses.

Disruption of paternal DNA-methylation also has been reported to affect imprinted expression of
some genes in endosperm, and may disturb parent-of-origin in embryogenesis as well. To test
whether the paternal RADM pathway is involved in the repression of paternal pNF-YB2::GUS, 1
introgressed the marker line into the kyp-4 and nrpdib backgrounds and evaluated paternal
activation when crossed to maternal wild-type plants. In both epigenetic mutant backgrounds,
paternal activation of the reporter line shows slight de-repression with higher expression at 3dap.
Interestingly, the complete activation of the paternal allele occurs faster than in wild-type
(Figure 15 B, Supplementary Table 7), suggesting that although the precocious activations,
this is not enough to fully activate the paternal allele and in addition maternal silencing extends
beyond globular stages. This observation suggests that changes in methylation may activate the
paternal alleles earlier than expected when hypomethylated pollen fertilizes wild-type plants,
however this may trigger a stronger repression response by the maternal genome which attempts

to counter the paternal contribution. This last hypothesis should be tested further.

Polycomb Repressive Complex 2 (PRC2) catalyzes the trimethylation of Histone 3 at Lysine 27
(H3K27me3), which is the hallmark of a repressive chromatin state involved in a variety of
developmental processes (Hennig & Derkacheva, 2009). Interestingly maternal PRC2 is involved
in the repression of imprinted genes in plant embryos and endosperm (Raissig et al, 2013; He et
al, 2017). To further explore the mechanisms involved in delayed paternal allele expression, I
evaluated the paternal expression of pNF-YB2::GUS in fie maternal homozygous null mutants.
FIE encodes the unique Extra sex combs (Esc) protein in plants, one of the components of the
PRC2 complex. Interestingly, there was no precocious expression of the paternal allele, but
instead I observed slower allele activation, similar to the observations in the kyp-4 maternal

background. These data suggest a cooperative mechanism between both K9 and K27H3
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methylation to silence an unknown repressor that otherwise represses paternal activation of the
pNF-YB2::GUS reporter line during early embryogenesis (Figure 15 A). Previous reports have
shown an interplay between H3K9me2/3 and H3K27 histone repressive marks in human cell
lines (Boros et al, 2014). Thus, a similar phenomenon may take place in plants. To test whether
there is a convergent function for these two chromatin repressive marks, further studies should
evaluate the paternal activation of pNF-YB2::GUS in fie and kyp-4 double mutant backgrounds.
In addition, research should be pursued to discover the unknown repressive factor that may be
activated upon chromatin deposition as mentioned above. Experiments such as a genetic screen
in the pNF-YB2::GUS background, may lead to the identification of mutants with precocious
activation of paternal reporter activity. The identification of mutated genes could uncover new

regulators of paternal genome contributions.

In addition to repressive mechanisms regulating parent-of-origin expression during
embryogenesis, one activation process involved in chromosome assembly has been reported
(Autran et al, 2011). The CAF1 complex, composed by FASCIATA1 (FASI1), FAS2, and
multiple suppressor of IRA1 (MSI1), functions as an H3/H4-specific chaperone facilitating
nucleosome assembly during replication (Hennig et al, 2005; Kaya et al, 2001). The CAFI
complex promotes paternal allele activation, and thus mutants in the CAF1 complex delay
paternal allele activation (Autran et al., 2011). To test whether a similar mechanism regulates the
expression of pNF-YB2::GUS, I tested its expression in a maternal mutant fas2. I found a one
day delay in onset of expression of the reporter gene, compared to wt. These results support
previous observations that CAF1 nucleosome assembly is necessary for the normal activation of
the paternal genome (Autran et al., 2011) (Figure 15 A, Supplementary Table 5). Since pNF-
YB2::GUS activation is observed at later stages, other factors must compensate for lack of CAF1

function later in development.
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Figure 15. Parent-of-origin expression of pNF-YB2::GUS in parental mutant backgrounds. A, paternal GUS
expression in maternal mutant backgrounds. See Supplementary Figure 8. B, paternal GUS expression in paternal
mutant backgrounds. Mutant plants were confirmed by PCR. Introgressions were confirmed by both PCR and
BASTA resistance. Statistically significant p values for Fisher's Two-Tailed Exact Test ** p<0.01; * p<0.05. Grey
asterisks refer to comparisons between time-points of the same mutant, red asterisks refer to comparisons with
wild-type reference. Full table data shown in Supplementary Table 5 and 7.

Taken together, these data show that the mechanisms for regulation of parent-of-origin
expression during embryogenesis are more complex than previously thought. More than one
process looks to be involved in the repression of parental contributions. Further studies are
needed to identify the additional factors that regulate paternal expression. For example,
additional individual reporter gene experiments are required to evaluate the scope of mechanisms
of regulation and its functional implications in plant embryogenesis. RNA sequencing
experiments will be necessary to test the effect of CAF1 and RADM mutations on paternal

silencing and activation at the genome level.

Parent-of-origin expression of pEMB2768::tdTomato
The above data suggest that multiple mechanisms are involved in parent-of-origin expression
during early embryo development. To extend the tools to study allele specific expression in
embryo development, I generated reporter lines from genes that showed delayed functional
complementation of maternal mutations by paternal alleles (Del Toro et al., 2014). Here I report
preliminary results for the reporter line pEMB2768::tdTomato. EMB2768 encodes a Tyrosine
tRNA Synthetase which functions in translation in mitochondria and chloroplasts. 2,023bp
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upstream of the translation start site were cloned and transformed in a binary Gateway vector

(See Materials and Methods section).

The wt paternal allele of EMB2768 is not able to complement maternal loss of function during
early embryogenesis (Del Toro et al., 2014), suggesting that in early embryogenesis the paternal
allele is not expressed or its levels of expression are not sufficient to complement loss of
maternal function. Another possibility is that emb2768 is haploinsufficient, so both parental
copies are necessary to accomplish its function. However, previous observations on reciprocal
crosses have shown that this is not the case for emb2768, and that parent-of-origin effects are the
responsible of these observations (Del Toro et al., 2014). Thus, absence or decreased expression
of paternal EMB2768 most likely explains the lack of paternal complementation of the mutant
maternal allele. To test this hypothesis, I analyzed parent-of-origin expression of the

PEMB2768::tdTomato reporter line.

Reciprocal crosses of pEMB2768::tdTomato with wild-type plants show that maternal expression
is detected at high intensity from 2dap, and continues throughout embryogenesis (Figure 16 A-
F). Expression was also strongly detected in maternal seed coat tissues and in the endosperm.
Paternal expression was also detected from 2dap, at approximately the same penetrance, but with
less intensity than maternal expression at the same stage (compare Figure 16 D and J) (Figure 16
G-L, Supplementary Table 8). This result supports the hypothesis that low (rather than absent)
expression of paternal EMB2768 is responsible for delayed complementation of the maternal
mutant allele (Del Toro et al., 2014). Thus, a different parent-of-origin expression pattern for
PEMB2768::tdTomato was found than for pNF-YB2::GUS. The reporter line for the NF-YB2 did
not show significant levels of paternal expression early in embryogenesis compared with
maternal expression, while the reporter for EMB2768 did (with low signal). Thus, different

repressive mechanisms may take place to repress the paternal alleles of these genes.
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PEMB2768::tdTomato X WT WT X pEMB2768::tdTomato

2 DAP

3 DAP

. 1100%
1 1(122)

4 DAP

Figure 16. Parent-of-origin expression of pEMB2768::tdTomato. A-F, maternal reporter expression when
pollinated with wild-type plants. G-L, paternal reporter expression in maternal wild-type background. White arrows
indicate reporter expression. Dotted lines indicate embryo margin. Full data shown in Supplementary Table 8.

Discussion
Transcriptomic data suggested an overwhelming enrichment of maternal expression during
embryogenesis (Part 2). However individual gene analysis is necessary to confirm the
transcriptional information. Here I report the analysis of two reporter lines, whose results suggest
that different mechanisms may be regulating parent-of-origin expression during early embryo

development.

The NF-YB2 gene shows maternal specific expression in the ASE Col x Tsu transcriptome. The
PNF-YB2::GUS transcriptional reporter line shows early maternal expression, while paternal
expression is delayed, as predicted by transcriptomic observations (Figure 14). Interesting

results were found when different GUS solution incubation periods were tested. With one day of
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staining, maternal reporter expression was detected beginning at 2dap, while paternal expression
was not detected until 4dap. However, 4 day GUS staining allowed detection of weak paternal
reporter paternal activity at 2dap. This result suggests that maternal and paternal expression
levels are comparable only after globular stages, when the detection threshold by means of GUS
staining sensitivity is the same for maternal and paternal alleles. These observations support the
hypothesis that the paternal genome is repressed, showing low expression earlier in

embryogenesis and then biallelic expression later in development.

The mechanisms regulating parental contributions during embryogenesis are largely unknown.
However epigenetic pathways have been proposed to work in the repression of paternal genome
(Autran et al, 2011; Raissig et al, 2013). The pNF-YB2::GUS reporter did not show expression in
female gametophytes, as predicted by microarray profiles of egg cells in Arabidopsis
(Supplementary Figure 7) (Wuest et al, 2010). In addition, the maternal genome also shows a
gradual increase in expression from 1 to 3dap (Figure 14). These observations suggest that
cooperative mechanisms between epigenetic repression of the paternal activity, with promotion
of maternal allele specific transcription, may lead to the monoallelic expression of NF-YB2. How
this transcriptional activation or repression occurs is not known. One hypothesis is that enriched
motifs in the promoter regions may target epigenetic repression of the paternal allele, or
activation of the maternal allele. The upstream region of NF-YB2 includes the enriched motifs
identified in Part 2. Further studies should be aimed at elucidating the relevance of these motifs
for parent-of-origin expression of this gene (see Perspectives). Interestingly, an insertion line
predicted to affect the function of NF-YB2 shows patterning phenotypes in the suspensor and
embryo proper, especially during zygote-globular stages (Supplementary Figure 9,
Supplementary Table 10). This preliminary observation suggests that maternal expression of
this transcription factor may be important for embryo development. Recent reports support the
functional implications of maternal dominance during early embryogenesis (Luo et al, 2016; He

et al,2017; Ueda et al, 2017).
Gene silencing pathways previously found to affect parent-of-origin expression during early

embryogenesis show unexpected interactions with the pNF-YB2::GUS reporter line. In the kyp-4

maternal mutant background, paternal activation of the pNF-YB2::GUS reporter gene is more
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delayed than in wt (Figure 15 A). Thus, my data suggest that the NF-YB2 gene is not directly
regulated by the RADM pathway, in contrast to the genes tested by Autran et al. (2011). The
PRC2 pathway was previously found not to affect paternal silencing (Autran et al., 2011), also in
contrast to my result that maternal fie mutation causes even more delayed paternal expression of
pNF-YB2::GUS. One hypothesis to explain this difference is that an unknown factor is activated
because of the disturbance in chromatin silencing in kyp-4 and fie. However, this idea needs to be
further explored. Interestingly, the same experiment showed unexpected results for paternal
expression of pNF-YB2::GUS in the endosperm. Although the focus of my experiments was gene
activation in embryos, I noticed precocious paternal expression of pNF-YB2::GUS in the
endosperm at 3dap in the nrpdlb-11 maternal background. In contrast, endosperm expression in
the kyp-4 background was decreased, suggesting that embryo and endosperm show different
mechanisms of regulation of parental contributions, in particular for the NF-YB2 gene

(Supplementary Figure 10, Supplementary Table 6).

Hypomethylated sperm carrying the transcriptional reporter line triggered more gradual
activation of the paternal allele, causing extended maternal dominance (Figure 15 B). A recent
report found similar results in parent-of-origin expression in endosperm, where paternal
inheritance of mutations in other RADM components, in this case Pol IV, causes a maternal
transcript bias (Erdmann et al., 2017) These results suggest that, in the case of embryogenesis,
after fertilization with hypomethylated sperm, maternal stress responses may be triggered,
extending the maternal dominance of embryogenesis beyond late globular stages. This
hypothesis may be tested by using double or triple mutants of different methylation pathways
(i.e. metl, affecting CG methylation) to determine whether increased hypomethylation in

paternal genomes triggers greater maternal dominance of embryogenesis.

Different mechanisms seem to be involved in the regulation of parental contributions during
early embryogenesis. Observations of paternal activation of the pEMB2768::tdTomato reporter
line suggest that even with paternal expression, differential levels of expression of maternal and
paternal alleles may impact at the functional level. Heterozygous emb2768/+ showed delayed
functional complementation when pollinated using wild-type plants. However, I did not find

significant differences in the timing of onset of maternal vs paternal pEMB2768::tdTomato
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expression, but I did detect differences in the levels of expression (Figure 16). Using the reporter
line as maternal donor, the signal was strongly detected starting 2dap, and the expression was
detected during all the embryo developmental stages. In contrast, paternal expression was very
low, judging from the less intense brightness observed in the embryos compared with maternal
expression (Figure 16). Interestingly paternal expression levels were comparable to the maternal
levels after 4dap, suggesting a complete activation of the paternal allele. All these data suggest
that ZGA is gradual and not a presence-absence phenomenon, instead, levels of expression need
to be evaluated. Further studies aimed at quantification of reporter gene expression are necessary

to confirm the differential levels of expression of maternal and paternal genomes.

Acknowledgments
I thank the Gillmor Laboratory, especially Jessica Carcafio for her invaluable support in
purchasing reagents; Marcelina Garcia Aguilar and Alma Armenta Medina for advice on
experimental protocols; Stewart Gillmor for the discussion of results; W. Lukowitz for the
donation of the plasmids that were used as basis for the generation of the new destination
gateway vectors. I also acknowledge Humberto Herrera for the donation of tobacco plants and

advice on transient expression experiments to test the new plasmids.

61



Discussion Del Toro, G.

Discussion

The findings reported here contribute new knowledge regarding activation of the zygotic
genome, as well as parental contributions during early embryogenesis in Arabidopsis. Among
plant developmental biologists, there has been a long-standing controversy about the differential
expression of maternal and paternal genomes during early embryogenesis. The lack of consensus
is partly due to the challenging nature of studying plant embryos, which are surrounded by the
endosperm and sporophytic maternal tissues, and therefore difficult to isolate. Previous
transcriptomic studies of early embryos reported apparently opposite conclusions regarding
parental transcript contributions to the early embryo. Although tissue contamination from
maternal tissues was argued to be the cause of maternal bias transcript in one of the studies, this
conclusion is not in agreement with other reports about the maternal control of embryo
development. Since SNPs are the basis of allele-specific profiling, hybrids need to be employed
for parent-of-origin studies. My thesis demonstrates that hybrids can disturb parent-of-origin
effects, as shown by different complementation kinetics of maternally inherited mutations in
hybrid embryos. All hybrid combinations I tested showed faster complementation that in an
isogenic background, suggesting that zygotic activation occurs earlier in hybrid embryos. These
observations provide a plausible explanation for the opposite conclusions reached by previous
transcriptomic analyses, and suggest a role for parent-of-origin gene expression in hybrids, the

basis of modern agricultural production.

The allele specific expression analysis of a new hybrid embryo transcriptome is an important
contribution to studies of differential allelic expression during seed development. This Col x Tsu
hybrid showed the closest functional behavior of parent-of-origin effects to isogenic Col, making
this the best existing transcriptome to study parental contributions during early embryogenesis.
Despite the maternal contamination detected in this transcriptome, the findings regarding the
overwhelming maternal transcript enrichment in zygote and octant stages, are reproducible with
different subpopulations of embryo enriched genes. Analyses of maternally biased genes show
that early embryogenesis is controlling the developmental program not only because of the
abundance of the maternal transcripts, but also by their associated functions. In addition, highly

enriched sequences detected in maternally biased genes shed light to the mechanisms that may be
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involved either in the maternal transcription or paternal silencing. One hypothesis is that
epigenetic mechanisms allow the repression of paternal alleles together with specific activation
of maternal alleles, likely mediated by cis-frans interactions. As a consequence, there is
maternally biased transcript enrichment during zygote and octant stages, after which

reprograming of the new genome equilibrates parental contributions.

Recent reports have documented the importance of maternally biased transcription during the
earliest stages of plant embryo development. Important developmental processes such as
establishment of embryo-endosperm cell identity, programed cell death and mitochondrial
development have been reported to be specifically controlled by maternal alleles. In all these

cases, biallelic expression is observed later in development.

My observations have demonstrated that maternal transcript bias is regulated by more than one
mechanism. Previous studies show that the epigenetic RADM pathway is involved in the
repression of the paternal genome. My results show that another mechanism regulates activation
of the paternal allele of the pNF-YB2::GUS reporter line, perhaps a repressor which is activated
upon changes in methylation derived from loss of the RADM pathway. My results showed that
maternal bias may be due to incomplete repression of paternal transcription, instead of a total
absence of paternal transcription. Although paternal activity in reporter lines is observed, it is
considerably less than maternal allele activity. These observations suggest that although the
repression of the paternal allele is not complete, it is strong enough to negate its function, as
suggested by experiments to complement the function of mutant maternal alleles with the wt

paternal allele.
Thus, maternal control of embryogenesis is a genomic phenomenon. Further research should be

focused on understanding the mechanisms that regulate the process, as well as the relevance of

parent-of-origin expression during early embryogenesis for agronomic traits in hybrids.
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Perspectives

cis-trans regulation of parent-of-origin expression in Arabidopsis

One of the most striking findings in this study is that parent-of-origin effects are disrupted in
hybrids. Functional and transcriptomic data suggest that the source of this variation may reside in
alteration of the mechanisms that regulate parental contributions during early embryogenesis.
Since enriched motifs were identified in the upstream sequences of maternally biased genes, an
interesting experiment to understand the function of cis variation in these motifs would be to
study promoter sequence variation of genes that show delayed vs immediate functional activation
in different hybrid combinations. In addition, cloning and transformation of the divergent
upstream sequences from different ecotypes into reporter genes may help to elucidate whether
immediate and delayed functional complementation kinetics correspond with their temporal
activation. Cis variation may regulate parent-of-origin gene expression by three main
mechanisms 1) variation of the seed sequence of transcription factors target sites that may cause
a reduction in binding affinity; 2) variation in epigenetic levels that may prevent interaction with
trans factors and 3) divergence in trans factors. Epigenetic differences among ecotypes may
cause variation in parent-of-origin effects. The TCP binding motif (TBS) TGGGC, and the
CACGTG G-box motif, which I found enriched in maternally biased genes, have been associated
with parent-of-origin effects on circadian rhythms and growth vigor in hybrids. Heterotic
phenotypes in several hybrid combinations of Arabidopsis have shown a non-reciprocal parent-
of-origin effect (Miller et al, 2012; Ng et al, 2014). This phenomenon has been associated with
methylation levels in the promoter region of CCAI, a transcriptional repressor involved in
circadian regulatory networks (Ng et al, 2014). C24 x Ler hybrids show higher biomass
accumulation when the C24 ecotype was the maternal parent. Notable, this phenotype correlates
with lower expression of the CCA/ gene than in the reciprocal cross. C24 x Ler hybrids show
higher CHH methylation levels in its promoter region than in Ler x C24 hybrids (Ng et al, 2014).
Interestingly, the promoter regions that showed the most important methylation variation contain
the TBS and G-box motifs. As a result of differential methylation in the paternal allele, the
transcription factors binding to the TBS are prevented from binding and activating expression
(Ng et al, 2014). Interestingly, this non-reciprocal methylation between the parental alleles of
CCAl is mediated by the RADM pathway during embryogenesis, which correlates with the
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observations of non-recriprocal parental bias expression during embryo development and the
involvement of RADM in genome-wide regulation of parent-of-origin effects in early
embryogenesis (Ng et al, 2014; Autran et al, 2011). The next step is to test whether differential
methylation of the motifs enriched in maternally biased genes causes differences in parent-of-
origin expression. How this phenomenon is established differently between maternal and
paternal alleles remains to be explored. A possible explanation may be frans chromosomal
methylation, where epigenetic differences between alleles from two ecotypes trigger changes in

DNA methylation, a phenomenon similar to paramutation (Greaves et al, 2014).

Deletion and swap experiments directed to the enriched motifs

Another approach to elucidate the role of the identified motifs in the parent-of-origin expression
consists of deletion and swap experiments directed to the motif-containing regions. I have
preliminary experimental advances in this regard, with the design of reporter lines containing the
different regions associated with the enriched motifs for the NF-YB2 gene (Figure m&m 3,
Table m&m 6). Parent-of-origin analysis of these reporter lines will help to elucidate the role of
the motifs in the maternally biased expression of this gene. In addition, the NF-YB2 gene, which
is maternally expressed, shows mutant phenotypes during early embryogenesis (Supplementary
Figure 9, Supplementary Table 10). The mutant phenotype shows strong defects in suspensor
development, with a short suspensor with aberrant cell divisions, especially observed in the
zygote and 1-2 cell stage embryo, suggesting that this gene promotes development and growth of
the suspensor. The phenotype is reminiscent of that observed in ssp-2, yda, and wrky2-1 (Ueda et
al, 2017; Bayer et al, 2009), genes that also promote suspensor identity. Further studies like
double mutants with these alleles will help to elucidate a possible synergistic role of this
transcription factor related to embryo development. Interestingly, recent reports have shown that
the maternally derived transcription factors HDG11 and HDG12 regulate suspensor development

in embryogenesis (Ueda et a/, 2017).

Besides the role of the motifs associated with maternally biased genes, and regulation of parent-
of-origin expression mediated by the RADM pathway, our data suggest that other mechanisms
are involved in the regulation of parent-of-origin transcription during embryogenesis. kyp-4 and

nrpdlb-11 showed greater repression of the paternal NF-YB2 reporter. One hypothesis is that a
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repressor of the NF-YB2 reporter is activated by methylation changes in the kyp-4 and nrpdib-11
by maternal mutations. To test this hypothesis, parent-of-origin expression could be evaluated in
a kyp-4 nrpdlb-11 double mutant, to see whether they participate in the same pathway for the
activation of a putative repressor, or they work in different pathways. In addition, new tools for
the discovery of mechanisms regulating parental contribution should be generated. For this
reason, I was working on generation of new reporter lines, to evaluate whether a similar parent-

of-origin expression is observed is other genes (Supplementary Figure 11).

Carryover from Female gametophyte and the study of maternal genome activation

One of the limitations for studying zygotic genome activation is the difficulty of differentiating
between maternal transcripts inherited from the egg and those transcribed in the zygote. To
circumvent this limitation, I was working on the design of new plasmids (Figure m&m 1 and 4,
Table m&m 8) including reporter plasmids fused to an N-terminal destruction box- containing
fragment of CYCLINBI1;2 (CYCBI-N) (Table m&m 7). Proteins fused to this so-called
‘destruction box’ (d-box) are degraded during anaphase. Thus, after cell division, only newly
synthetized proteins are observed (Colon-Carmona et al, 1999; Takada & Jiirgens, 2007). Since
maternally biased expression may be partly explained by the inheritance of maternal products
from female gametophyte, fusion of the d-box to reporters should result in the degradation of

proteins inherited from the egg (or sperm).

Although the inheritance of maternal products after fertilization hasn’t been tested, one starting
point to test this passive transmission is the use of specific reporter lines fused to the destruction
box. Preliminary observations of Egg Cell and Central Cell specific reporter lines showed that
passive transmission of reporter expression occurs after fertilization (Supplementary Figure 3
and 4, Supplementary Table 11 and 12). Fusion of a destruction box to these reporters should
allow visualization of exclusively zygotically synthetized proteins. This will serve as a test both
for the use of the destruction box to observe newly synthesized proteins, and the passive
transmission of maternal products to the endosperm and embryo (Table m&m 7). In addition,
generation of reporter lines with different fluorescent proteins, with and without the destruction
box for the same gene, would allow the co-visualization of maternal paternal and reporter lines in

reciprocal crosses.
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Turnover of proteins fused to D-box during cell division (control study)

To study the timing of degradation of the proteins fused to the d-box, one approach would be to
use a constitutive reporter expressed in embryo or another tissue and follow mitotic division.
One good candidate is the reporter line pUBQ14:GFP-TUA6 which functions as a mitotic and
meiotic marker (Brownfield et a/, 2015). Transformation of this reporter line with p35S promoter
in the d-box plasmids would allow determining at exactly which part of the cell cycle the d-box

confers lability to fluorescent reporters.
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Materials and Methods Supplementary Material
Table m&m 1. Embryo defective (EMB) mutant lines used in this study.
. . Gene
Gene ABRC Stock Predicted Protein Identity
Locus s Allele Mutagen Ecotype Function; Function '
ymbol Number Detai Confirmed?
etails (a) (b)
Vacuolar Protein
Sorting (Vps16);
At2g38020 | VCL1 vol-1 | T-DNA CcS3941 Col Required for vacuole Yes
biogenesis and protein
trafficking to the
vacuole
SMC Family Protein
At5g15920 | EMB2782 | emb2782-2 | T-DNA SALK_092081 Col (MSS2); Chromosome Yes
dynamics (SMC5)
Tubulin Folding
At39g10220 | EMB2804 | emb2804-1 | T-DNA SALK_019471 Col Cofactor B; Microtubule Yes
polymerization
Inner Mitochondrial
Membrane Protein
At1g55900 | EMB1860 | emb1860-1 | T-DNA CS16035 Col (Tim50); Import of Yes
mitochondrial matrix
proteins
DNA Polymerase Alpha
At1g67320 | EMB2813 | emb2813-1 | T-DNA SALK_045856 Col (POLA3); DNA Yes
replication.
Helicase / Nuclease;
At1g08840 | EMB2411 | emb2411-1 | T-DNA 524053 Col ONA replication- Yes
azaki fragment
metabolism
Non-SMC Condensin
At2g32590 | EMB2795 | emb2795-1 | T-DNA | SALK_072400C | Col Complex Subunit H; Yes
Sister chromatid
segregation in mitosis
Novel PPR Protein;
At1g10270 GRP23 grp23-2 T-DNA SALK_128329 Col Putative transcriptional Yes
regulator
At1g49880 | EMB3106 | emb3106-2 | T-DNA | SALK 110883 | Col uhochondral Yes
ulfhydryl Oxidase
EMB Polyketide Hydroxylase
At1924340 2421 emb2421 T-DNA CS16179 Col Related No
Monooxygenase
21:_71‘;15/ DNA Replication Factor
At5g27740 EMB161/ emb2775-1 | T-DNA | SALK_029291C Col (RFC3); PCNA loading Yes
REC3 complex factor
tRNA arginine
EMB adenosing deaminase;
At1g48175 emb2191-1 | T-DNA CS16170 Col Catalytic (TAD2) Yes
2191 . i
subunit-Modification of
wobble position
Ribosomal Protein S9;
At1g74970 TWN3 twn3 T-DNA CS24062 Col Translation in No
chloroplast
At2g34780 | SMB | emb1611 | T-DNA CS16110 Col Putative role in_ Yes
promoting cell division
EMB1745 Involved in polyA
At1g13120 / emb1745 T-DNA CS16088 Col mRNA export from No
AtGLE1 nucleus
EMB1011 .
At1g55540 / emb1011-1 | T-DNA CS16007 Col Nucleoporin: mRNA No
LNO1 export
a) Predicted Protein Function taken from www.seedgenes.org
b) Gene identity confirmation from www.seedgenes.org
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Table m&m 2. Ecotypes used in this study.
All the lines were ordered from ABRC

Name Abbreviated | Appe stock

Name

Columbia Col-0 CS1092
Tsushima Tsu-1 CS28782
Wassilewskija Ws CS915
Lansberg erecta Ler CS20
Cape Verde Island CVI-0 CS28198

Table m&m 3. Consensus matrix for the identifies motifs.

Motif Consensus matrix

TGGGC 0.664319 0.124413 0.070423 0.140845
0.453052 0.000000 0.546948 0.000000
0.023474 0.009390 0.962441 0.004695
0.000000 0.997653 0.000000 0.002347
0.002347 0.988263 0.002347 0.007042
0.004695 0.995305 0.000000 0.000000
1.000000 0.000000 0.000000 0.000000
0.507042 0.023474 0.000000 0.469484
0.312207 0.077465 0.000000 0.610329
0.565728 0.000000 0.093897 0.340376
0.516432 0.143192 0.183099 0.157277

CACGTG 0.580786 0.192140 0.126638 0.100437
0.008734 0.934498 0.030568 0.026201
0.982533 0.000000 0.004367 0.013100
0.013100 0.956332 0.008734 0.021834
0.008734 0.004367 0.960699 0.026201
0.008734 0.026201 0.004367 0.960699
0.013100 0.004367 0.982533 0.000000
0.052402 0.000000 0.646288 0.301310
0.196507 0.668122 0.131004 0.004367
0.611354 0.091703 0.179039 0.117904
0.331878 0.113537 0.266376 0.288210

Table m&m 4. Mutant lines used in this study. All the plants employed were
genotyped by PRC to confirm the insertion. All the lines were ordered from ABRC.
T-DNA Ecotype Primers for
Mutant allele name associated K yp ABRC stock :
Gene locus background genotyping
kyp-4 AT5G13960 Col Salk_044606C | ‘tattcgagccaacatitge
agttcggttgacacattttgg
) CS66152 atttcttctttgatgggggag
nrpd1b-11 AT2G40030 Col (SALK_029919) | tgtcgtggatatgaccatttg
fie AT3G20740 Col Salk_042062 | Atgtttcactgaggecatttg
acaggatctcgttgtccacac
CS9929 gcccaataatgatccacaatg
fas2-3 AT5G64630 Col (SALK_118525) | tttgcectgttgcatttaaac
nf-yb2 AT5G47640 Col SALK_061365¢C | atcacctitaatgggecatic
ttatcagatgcttctccggtg
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Table m&m 5. List of upstream regions cloned from Col wild-type Arabidopsis.
Promoter Gene ID Primers Fragment
taaactataaagtagccaaatcaatc
pHCS1 AT2G25710 ggtctcaaggtiigggaag 3092
ggcttcttctcccacctacaa
PEMB1275 AT1G55350 cagggaattaatattaactttigcc 1705
ttctcccaactatatccagcatac
pCCT AT4G00450 ggtgggtigataacaggaca 3766
ctttttttgtttctcggagaaatc
EMB3106 AT1G49880 tatittgacgttaaatetttge 295
MINUA AT3G06010 ggegggaactigtaticacc 5754
gaaatggtgggtaaaagagc
aaattttatatgctggaacctttc
EMB2768 AT3G02660 aatacgtcgacggigtatttaag 2023
TTNO AT3G20070 titctgeteactgtagaagag 2148
cgttaatcaagaatcgaccatc
cgccgccactgccaccace
ATR3 AT3G02280 tatctgatctcccttctctctctc 2638
gcttctgaagacgaagaaga
EMB1705 AT5G22370 cgaagttataaggttaggtg 821
PTS AT5G48840 gctictgaagacgaagaaga 395
cgaagttataaggttaggtg
EMB1129 AT1G49400 attttttttgctgattaacaaagt 2177
aagtaacctttcaacaataaagag
Spel MauBl
pCN-SENB-nu2T
Avrll PCN-SANB-nu3V M(zluB/
[LBJ€ BastaR. |——|-| 3xVenus HNLS HNosT}>[RB|

Spel MauBl

pMDC123  [RB|—ai NosTI> = Basta R. —>[LB]

pMDC123-nu3V/2T
[RB]——8R- €{ cedB"}-iRa{ 3xVenus H'NLS HNosT—{ Basta R. —>[LB]

[RB] - < - i - TG EO N NS HNosT—] Basta R. —>[LB|

Figure m&m 1. Representation of the construction of gateway destination vectors. See Material and
methods section for more details. SG lab plasmid numbers: pSG106, pSG107. Similarly, plasmids were created
but using theversions with d-Box (See Figure m&m 4), pCN-SENB-dBoxn2T and pCN-SENB-dBox-n3V plasmids
but they only worked in Tobacco (pSG112, pSG113). See m&m 8.
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Figure m&m 2. Transient tobacco expression of the plasmids from Fiure m&m 1.

Table m&m 6. Set of primers used to clone NF-YB2 upstream regions
containing regions associated to the TGGGC and CACGTG motifs. See
Supplementary Figure 11.

Name of the primer Sequence 5° > 3’

SG953 pNFYB2 Ncol Rev ccatggCCCCCATttctgaaaat
SG954 pNFYB2 Xmal Fwd-1 cccgggTTCAACATCGTGGGTT
SG955 pNFYB2 Xmal Fwd-2 cccgggCAAGTCCTCATTACAT

SG956 pNFYB2 Xmal Fwd-3 cccggeGATAATAGGTCCATCA

SG957 pNFYB2 Xmal Fwd-4 cccggeTGTTAACTAATCACAC

SG957 pNFYB2 Xmal Fwd-5 cccgggTCGTGACAAAAGTGT
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Table m&m 7. Primers from supplemental matitial

Primer name Target gene Product size (bp) | Sequence
SG734_XMAI_CYCB1-NF | CYCB1;2-N 564 cccgggatggcgacgagagcaaac
SG742_BamHI-CYCB1-N R | AT5G06150 ggatccatcaacatactccaccgca
SG928 pDD45 Xmal R pDD45 EC1- 1026 cccggggttagaagcecattattc
SG929 pDD45 Spel F 2(At2g21740) actagtaaatgttcctcgctgac
SG930_pDD65 Xmal_R pDD65 1275 cccgggcaaacacttcatatee
SG931 pDD65 Spel F (At3g10890) actagtagtttagtcagcaa
Table m&m 8. Plasmids generated during this work.
Plasmid SG lab Comments
number
pCAMBIA3301_dBox GUS+ pSG105 Not tested
pCN-SANB-dBox-nu3V-NosT | pSG111 See Figure m&m 4
pCN-SENB-dBox-nu2T-NosT pSG110 See Figure m&m 4
Worked only in Tobacco. Weird expression in
PMDC123-nu3v-NosT pSG106 Arabidopsis. See Figure m&m 1
oMDC123-nu2T-NosT pSG107 t:/;/:;léﬁdtl_n Arlabldop3|s._ Bright S|gn_al. Good for
ptional reporter lines. See Figure m&m 1
) ) ) Worked only in Tobacco. Weird expression in
PMDC123-dBox-nu3v-NosT pSG112 Arabidopsis. See Figure m&m 1 and 4
) ) : Worked only in Tobacco. Weird expression in
pPMDC123-dBox-nu2T-NosT pSG113 Arabidopsis. See Figure m&m 1 and 4
pMDC123-nu3v-NosT (2) pSG117 Not tested. See Figure m&m 4
pMDC123-nu2T-NosT (2) pSG118 Not tested. See Figure m&m 4
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At5g47640 (NF-YB2)

ATG

'1 51 8 -1025 -971 -919 -871 -843 -493 372 -254

At5g47500 HE-O-OO—O—0-© Exon
187bp 573bp 286bp
B Anaccc 1998 pNF-YB2:GUS*
1-1036 a
<> TGGGC
1-946

804 __ pNF-YB2:GUS

(O CACGTG
1759
1-411

Figure m&m 3. Representation of upstream regions associated to motifs. See Table m&me6.

Xmal BamHI
BamHI
Xma/I
[(Ble{ Basta R }=— pCN-SENB-nu2T/nu3V NLS
[Ble{ et -~ {OVGRTZND
[Ble{Gester -~ {OVGETZND
Apal (blunt, ‘remove’) MauBl
pCN-SENB-dBox-nu2T
RE]
Apal (blunt, remove) MauBI
pCN-SANB-dBox-nu3V
1 3xVenus NLS

Blunt (remove)

Pacl MauBl

pMDC123 —-(--

pMDC123-dBox-nu3V-NosT
(RB]———f- < ccdan] - i {OVCBT2EN | 3xVenus NLS

pMDC123-dBox-nu2T-NosT
[RE)—— -« i - {CYCBTZ NP

Figure m&m 4. Representation of the construction of gateway destination vectors. See Table m&m 7 and 8.
CYCB1;2 N terminal (destruction box) was inserted in the pCN-SENB-nu2T/3V plasmids. Then the fragment
inserted in the pMDC123 gateway destination vector. This last gateway versions were created with assistance of
Jaime Alaniz. See Table m&ms8.
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Supplementary Material

\) *

Supplementary Figure 1. Self-pollinated gGCT-GUS marker line. The expression of this reporter
line is observer ad early as preglobular embryos (around 2dap). Similar observations were made in
the pCCT::GUS reporter.

Supplementary Figure 2. Representative images of dissected embryos for ASE profiling. (A-G): zygote (A), octant (B),
globular (C), heart (D), torpedo (E), bent (F) and mature embryo (G). Bar=10 ym (A, B, C and D); Bar=100 ym (E, F and G).
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Fluorescence Brightfield
: ——

GFP x Col WT

pDD65

GFP

Col WT x pDD65

Supplementary Figure 3. Passive transmission of reporter gene GFP expression from central
cell to endosperm. Specific reporter line for central cell show transient signal in endosperm. Full
data in supplementary Table 12.
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1 dap

GFP x Col WT

pDD45

GFP

Col WT x pDD45

Supplementary Figure 4. Passive transmission of reporter gene GFP expression from egg
cell to embryo. Specific reporter line for central cell show transient signal in endosperm. Full data in
supplementary Table 11.
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Supplementary Figure 5. Expression of TCP transcription Factors during embryogenesis.
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2dap 3dap Sdap 2dap 3dap 5dap
& [ xemb1860/+ 4 x emb2795/+
S x Col X9) x Col
o x Tsu N x Tsu
S M ColTsu N Col-Tsu
g x Cvi g x Cvi
Col-Cvi Col-Cvi
X grp23/+ + e xemb2775/+
g x Col e x Col
Q . x Tsu g x Tsu
Q Col-Tsu QT ColTsu
(S)
x Cvi % x Cvi
I - Col-Cvi I Col-Cvi
I | | } |
50 40 30 20 10 O O 02 04 06 08 1

% mutant phenotypes

Maternal Bias

Supplementary Figure 6. Comparison of functional complementation dynamics of maternally inherited

mutation by Wil-type pollen from different ecotypes with transcriptomic data from ColxTsu and ColxCVI
embryos.
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Supplementary Figure 7. Maternal expression of pNF-YB2::GUS on

mature female gametophytes (top panel) and 1-2 celled embryos
(bottom panel)
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X pNF-YB2::GUS
3DAP

Supplementary Figure 8. pNF-YB2::GUS paternal allele activation images on maternal mutant
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WiId-Typ Mutant

35%

L),

(09)

1-2 cell stage

0%
e (122) 5

Globular

Supplementary Figure 9. Mutant phenotypes observed in the nf-yb2 T-DNA insertion line. Selfed plants
were evaluated. See Supplementary Table 10.

Paternal allele activation of pNF-YB2::GUS in
endosperm on maternal mutant backgrounds

ek

@ 2DAP
O 3DAP

Relative staining
30

20
1

10
1

L —*** bl
o

Col WT  kyp-4 nrpdib-11
Supplementary Figure 10. Activation of

paternal pNF-YB2::GUS allele in endosperm.
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Observations of the last T1 lines

tdTomato

At3g46740

pTOC75-Ill

tdTomato
At2g38020

pVCL

tdTomato
At1g63700

pYDA

Supplementary Figure 11. New reporter lines with signal in embryos. Lines
were created with assistance from Daniel Lepe.
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Supplementary Table 1. Two-Tail Fisher's Exact Test to determine significance of GCT and CCT functional and
molecular data from Figure 1

Mutant 2d 3d 4d 5d 14d
embryo
crosses
gct-2 get/+x | get/+x | get/+x | get/+x | get/+x | get/+x | get/+x gct/+ x gct/+ x gct/+ x
At1955325 gct/+ Col wt gct/+ Col wt gct/+ Col wt gct/+ Col wt gct/+ Col wt
# of mut 33 57 26 33 27 25 27 14 31 0
embryos
# of wt 94 21 142 226 126 93 71 267 114 125
embryos
p value 0.3063 0.4735 0.5342 1.10E-08 1.02E-09
significant NO NO NO YES YES
difference?
2d 3d 4d 5d 14d
cct-1 cct/+x | cct/+x cct/+ x cct/+ x cct/+ x | cct/+x cct/+ x cct/+ x cct/+ x cct/+ x
At4900450 cct/+ Col wt cct/+ Col wt cct/+ Col wt cct/+ Col wt cct/+ Col wt
# of mut 8 4 16 9 29 26 33 8 21 0
embryos
# of wt 143 170 179 191 154 184 203 209 71 78
embryos
p value 0.2374 0.1507 0.3821 0.00012 0.0000012
significant NO NO NO YES YES
difference?
GUS 2d 3d 4d 5d
markers
gGCT-GUS | gGCT- | Colwt | gGCT- | Colwt | gGCT- | Colwt | gGCT- | Col wtx
GUS x X GUS x X GUS x X GUS x gGCT-
Colwt | gGCT- | Colwt | gGCT- | Colwt | gGCT- | Col wt GUS
GUS GUS GUS
# of GUS 199 0 93 165 94 109 99 72
embryos
# of no GUS 38 118 28 106 5 9 0 0
embryos
p value 6.28E-61 0.002 0.58 1
significant YES YES NO NO
difference?
2d 3d 4d 5d
pCCT::GUS | pCCT:: | Colwt | pCCT:: | Colwt | pCCT:: | Colwt | pCCT:: | Col wtx
GUS x X GUS x X GUS x X GUSx | pCCT:.G
Colwt | pCCT:: | Colwt | pCCT:: | Colwt | pCCT:: | Colwt us
GUS GUS GUS
# of GUS 153 0 121 164 58 83 105 99
embryos
# of no GUS 13 133 26 129 2 1 1 0
embryos
p value 1.60E-70 2.70E-08 0.5708 0.3812
significant YES YES NO NO
difference?

Two Tail Fisher's Exact Test to determine if there are statistically significant differences between two samples, calculated
using http://www.langsrud.com/fisher.htm. For each cross, maternal genotypes are listed first.

Supplementary Table 2. Crosses between emb/+ plants and Col and Cvi-0, Ler, Ws and Tsu-0 ecotypes to test the effect of
hybrid genotypes on phenotypic complementation, and between Col and emb/+ plants to test the effect of haploinsuficiency on
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emb phenotypes in isogenic Col embryos. Maternal genotypes listed first. Statistically significant p values for Fisher’'s Two-Tailed
Exact Test are shaded in grey. ***p<0.001; ** p<0.01; * p<0.05.

2 dap 3 dap 5 dap
Cross % mut | mut | norm | pvs Col \st(‘)e\I/’i % mut | mut | norm | pvs Col \st(‘)e\I/’i % mut | mut norm %Y)T \fsl'ce\;
"‘% %}'f 383% | 108 | 174 | 0.045* 26.0% | 67 | 191 25228 18.2% | 40 | 180 26'*33'
"g’;l/ "OX 30.9% | 142 | 318 15.8% | 85 | 536 58% | 24 | 386
"%’:fox 381% | 80 | 130 | 0.076 13.0% | 18 | 120 1.0 78% | 4 a7 0.53
"C%/S" X | 487% | 76 | 80 géfﬁ' 0.2% 1 58 33;33' 1.36% | 1 72 0.15
vel1/+ x o 7.7e- o 1.8e- o 5.6e-
Lo 35% | 9 | 245 | 0% | o001 | 68% | 20 | 274 3o | 00053 | 03% | 1 337 oo 1
vl x| 130% | 26 | 200 | %o 17% | 4 | 233 | O o% | o | 258 |
Cvg}'&x 0% o | 163 5'22*?; 0% 0 161 19?3‘ 0% 0 157 ifﬁ'
emb2782/+ 7 26-
X 235% | 65 | 212 | 0.01* 247% | 57 | 174 | 0.005* 19.8% | 44 | 178 oo
emb2782/+
e’:’(bé;f’g/ " 1 190% | 86 | 453 147% | 37 | 215 92% | 27 | 266
emb2782 | 205% | 35 | 136 | 0.19 175% | 25 | 118 | 047 74% | 9 | 112 | 070
embaT2T | 18.8% | 32 | 138 | 040 159% | 23 | 122 | 077 62% | 8 | 120 | 034
emgzgz/ T 1 12.8% | 45 | 260 069 | go0sp | 122% | 41 | 296 0.39 75% | 18 | 221 0.53
emb2782/+ 5.8e- e 0.50 0.07
o0 6.8% | 15 | 204 phot 102% | 24 | 212 0.17 30% | 4 134 0.01
Col-0 x 1.4e- 3.5e- 2.4e-
emboreoe | 0% 0 | 121 i 0% 0 | 192 e 07% | 1 140 te
emb2804/+
1.7e- 2.1e-
x 141% | 11 | o7 0.19 23.9% | 21 67 e 22.0% | 37 | 131 e
emb2804/+
omb2B04 | 21.0% | 57 | 215 49% | 8 | 154 35% | 5 | 217
e’;’bfsi(fg/* 25.6% | 21 | 61 0.36 12% | 9 71 0.11 0% 0 51 0.58
em%gcsw T 1 209% | 22 | 83 1.0 29% | 3 | 100 0.53 16% | 1 59 1.0
e’”ffi?‘”* 21.8% | 17 | 61 0.87 100 | 36% | 3 79 0.75 40% | 2 47 0.61
0.28 0.19
e”)’(bé\i(_’g/ Tl 19% | 2 | 105 37',?3' 2 76% | 14 | 170 0.37 0.8% | 1 122 0.42
Col-0 x 1.0e- "
ombosoas | 0% 0 94 poo 0% 0 | 113 | 0.022 0% 0 126 0.16
emb1860/+
2.2e- 1.4e- 7.2e-
0, 0, 0,
I 26.6% | 38 | 105 proe 30.0% | 34 | 79 oot 22.4% | 32 | 111 o
e’:’(béffg/ Tl 124% | 37 | 267 132% | 37 | 243 05% | 1 | 207
G’Z"Tﬁ(fg/ Tl 96% | 10 | 94 0.59 55% | 7 | 120 | 0.024* 0% 0 160 1.0
emiwgw T 51% | 5 93 0.05* 57% | 6 | 100 | 0.044* 0% 0 106 1.0
e’”ﬁﬁf{% 146% | 21 | 123 054 | o001 | 38% | © 151 1?;33' 13% | 2 147 0.57
emb1860/+ 2.6e- 14e- 0.51 0.49
w0 21% | 3 | 140 pros 22% | 3 | 133 e 0% 0 147 1.0
Col-0 3.8e- 11e-
em& 86’(‘) e | 0% 0 | 146 7*3 0% 0 171 8*3 0% 0 149 1.0
emb2813/+ 3.00.
X 19.8% | 25 | 121 0.77 162% | 18 | 93 1.0 135% | 15 9% oo
emb2813/+
e’:’(béf:g/ T | 158% | 36 | 191 16.0% | 40 | 210 20% | 5 | 249
e’;’"éi’_g/ Tl 22% | 29 | 101 0.15 56% | 9 | 150 | 0.001%** 8% 11 | 123 | 0.005*
emb2813/+ | 85% | 11 | 118 | 0.05" 73% | 8 | 101 | 0.028* 2.9% | 3 100 0.69
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x Ws
emffi’f/ * | s0% | 4 | 75 | o001 0% o | 77 15,?3' 20% | 0 | 131 0.17
emb2813/+ 1 0.064 L

it 50% | 7 | 133 | 0.001%= 53% | 5 89 | 0.007* 0% 0 71 0.58
enfb°2';1 3 0% 0 | 140 18',?3' 0% 0 143 79,?,&' 0% 0 139 0.16
emb2411/+ 1 1e.
x 48% | 7 | 139 0.60 20.8% | 22 | 84 | 0.039* 22.5% | 18 80 G
emb2411/+
emb2ailft | 3% | 8 | 210 12.4% | 42 | 207 72% | 2 | 275
emb24if | 6% | 11 | 168 | 0.34 79% | 15 | 175 | 0.14 13% | 2 | 154 | 062
e’”ff,‘\’,;"* 76% | 14 | 171 0.12 50% | 8 | 153 | 0.01% 0% 0 149 0.54
emgf_‘;" Tl 51% | 4 75 0.73 342% | 40 | 77 57'fﬁ' 27% | 3 107 0.14
emb2411/+ 0.46 3.4e- 0.67 4.8e- 0.12
o0 28% | 3 | 102 1.0 37.3% | 41 69 o 82% | 8 90 oot
emggl',’; e | 09% | 1 107 0.28 18% | 3 164 259,&' 13% | 2 156 0.62
emb2795/+ 1 3.
x 16.6% | 27 | 136 | 0.004* 236% | 63 | 104 o 13.5% | 15 9 | 0.005*
emb2795/+
e’:’(bé;?g/ Tl er% | 13 | 181 12.6% | 27 | 187 42% | 8 | 184
e’;’bfsffg/* 59% | 8 | 127 0.82 77% | 11 | 132 0.16 18% | 2 112 0.33
em%czs/ Tl ae% | 7 | 137 0.64 28% | 4 137 94'*75 0% 0 162 | 0.009**
emb2795/+ N 3 .

i 11.4% | 9 70 022 | ypea | 55% | 4 68 012 | go17e | 19% | 2 101 0.50 .50
e”)’(béjfg/ Tl 0% | o | 101 | 0005 0% 0o | 123 3éf‘fi‘ 0% | 0 96 0.06
emgg;& e | 0% 0 | 112 | 0.003* 0% 0 65 | 0.001** 0% 0 180 | 0.007*
gg ‘r’jgé_zgf 76% | 24 | 292 1.0 15% | 24 | 136 0.87 1.1% | 41 | 328 | 0.009*
gpZEAEX | 77% | 11 | 132 13.8% | 22 | 138 47% | 10 | 201
grp23-2/+ S 0, 0 0, *

o 7.8% | 16 | 190 1.0 16.7% | 32 | 160 0.46 1.0% | 2 202 | 0.036
grpzvfl'f/” 9.9% | 15 | 137 0.54 56% | 10 | 167 | 0.01* 06% | 1 152 | 0.028*
grpzlf;f/” 51% | 4 75 0.58 0% 0 77 14',?3' o01as | 0% 0 131 | 0.01*

0.21 AL 1
grpéii'_zo” 1 17% | 3 | 172 | 0.01* 76% | 10 | 122 0.13 0.7% | 1 138 0.05*
grgz";_’; " 0% 0 | 124 | 0.001%** 16% | 3 186 gé,?ﬁ' 0% 0 172 | 0.002**
emb3106/+
X 19.2% | 28 | 118 28'33' 202% | 19 | 75 ‘Te 206% | 14 54 1 '15*‘3;
emb3106/+
e’:’f’ggfg/ Tl 28% | 8 | 278 67% | 21 | 293 0% 0 | 302
G’Z"Tﬂfg/ Tl 40% | 7 | 166 0.58 19% | 3 | 158 | 0.025* 12% | 2 164 0.12
emf%gm 30% | 4 | 128 1.0 41% | 6 | 139 0.39 15% | 2 133 0.09
e’”ff_gm 29% | 4 | 134 1.0 21% | 2 92 0.12 0% 0 105 1.0
0.49 0.50 1
en);(bg\zic_)g/ T 55% | 5 86 0.31 0% 0 87 | 0.01* 0% 0 105 1.0
emgg;gb‘ e | 0% 0 | 165 | 0.029* 11% | 2 | 186 | 0.003* 0% 0 177 1.0
emb2421/+ 250 1 0.
x 13.3% | 14 | 91 0.36 24.8% | 37 | 112 Jrer 195% | 33 | 136 130
emb2421/+
e’:’(bé:fg/ Tl 99% | 32 | 201 33% | 11 | 320 07% | 2 | 2904
emb2421/+ | 7.6% | 11 | 133 0.49 07% | 1 146 0.11 25% | 3 115 0.14
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X Tsu-0
emff,‘\’é"* 18% | 3 | 163 64?,3‘ 18% | 3 | 160 | 056 11% | 2 | 174 | 063
emff_fr"* 26% | 3 | 110 0.01 56% | 8 135 0.30 0.7% | 1 138 1.0
oy 0.25 0.29 0.45
o0 6.1% | 10 | 154 0.17 32% | 6 183 1.0 0% 0 167 0.53
emgg-!l; e | 05% 1 186 %?ﬁ' 0% 0 153 0.02* 37% | 4 105 | 0.047*
emb2775/+ 270, 130
x 27% | 4 | 145 | 0.097 276% | 52 | 136 e 21.9% | 48 | 171 T
emb2775/+
emb27ro | 6% | 20 | 406 75% | 40 | 492 27% | 15 | 546
e’;"’éﬁg/ Tl 112% | 18 | 143 | 0.085 0% o | 127 24'53' 33% | 5 | 148 | 078
emff,c?/ | 38% | & | 157 0.23 24% | 3 126 | 0.028* 18% | 3 165 0.77
emizl_zs/ Tl q4% | 3 | 278 24'Z,§' 55% | 21 | 382 0.18 0.8% | 3 364 0.05" | 440
emb2775/+ 0.14 0.41 5
s 32% | 9 | 273 | 0.059 6.9% | 19 | 257 0.77 17% | 4 235 0.45
6,552"707’; . | 0% 0 | 143 24'Z,§' 0% 0 131 14'f§' 0% 0 155 0.05*
#
C‘L’g?v‘;‘f X 3.9% 5 | 121 1% 1| 100 0% o| 115
#
%‘\’/'i'%"v‘ctx 0% 0 91 1.1% 1 92 27% | 2 71
#
C\‘,’\','SOV‘;‘? x 2.7% 3 | 106 0% 0| 142 085% | 1| 116
#
?21101 "\‘ﬁtx 2.3% 3 | 123 2.5% 4 | 151 0% o| 159

*For control crosses, embryos with abnormal phenotypes were scored. These phenotypes were distinct from the emb phenotypes.
Col-0 ABRC stock CS1092; Ler ABRC stock CS20; Cvi-0 ABRC stock CS28198; Ws ABRC stock CS915; Tsu-1 ABRC stock CS28782

For each time point, the combined number of embryos examined represents at least two biological replicates.
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Supplementary Table 3. Putative transcription factors binding the TCCCG or AAACCC

motifs.

+ Genes with high identity to the TCP from Lotus japonicas, the best match predicted to bind
the TGGGC motif. Based in a protein blast analysis.
* Genes with the highest expression in early embryogenesis based in the analysis of normalized
expression from Raju’s Data.

Transcription Gene Locus Gene Name Parent:al Motif in upstream
Factor type Expression sequence
AT5G41030 TCP6 - TGGGC
. AAACCC,
AT5G23280 TCP7* Maternal Specific TGGGC
. AAACCC,
AT1G58100 TCPS* Maternal Bias TGGGC
AT2G45680 TCP9* e+ Maternal Specific TGGGC
AT2G37000 TCP11 - TGGGC
TCP Class I AT3G47620 TCP14 Maternal Specific AA::CCSCC:
subfamily AT1G69690 TCPI15* Maternal Specific TGGGC
AT3G45150 TCP16 - AAACCC
AAACCC,
AT5G51910 TCP19*e - TGGGC
AT3G27010 TCP20* - AT3G27010
AT5G08330 TCP21* - AAACCC
AT1G72010 TCP22* Maternal Bias -
AT1G35560 TCP23 Maternal Specific AAACCC
AAACCC,
AT1G67260 TCPI - TGGGC
AT4G18390 TCP2 - AAACCC
AT1G53230 TCP3 Maternal Specific AAACCC
AT3G15030 TCP4 - AAACCC
TCP Class II AT5G60970 TCPS5 - AAACCC
subfamily AT1G68800 TCPI2 - -
AT3G02150 TCPI13 - AAACCC
AT2G31070 TCPI10 Maternal Specific AAACCC
ATS5G08070 TCP17 - AAACCC
AT3G18550 TCPI18 - AAACCC
AT1G30210 TCP24 - AAACCC
C2H2-TYpe zinc
finger * I Bi AAACCC
Transcription ATA4T06634 YY1 Maternal Bias
factor
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Supplementary Table 4. Paternal activation in embryos of pNF-YB2::GUS in reciprocal crosses
with Wil-Type plants. Statistically significant p values for Fisher's Two-Tailed Exact Test
***p<0.001; ** p<0.01; * p<0.05.
pNF-YB2::GUS Col WT
X X
Col WT pNF-YB2::GUS
GUS expression 49 0
1DAP No GUS expression 19 134
Total 68 134
p-value 1.277e-31***
(90}
0 -
GUS expression e 41 0
2DAP No GUS expression 12 129
Total 53 129
p-value 2.559e-30***
3 -
GUS expression e 81 0
3DAP No GUS expression 10 137
Total 91 137
p-value 4.36e-51*** %
o 5
GUS expression e 66 105 3
ADAP No GUS expression 15 27
Total 81 132
p-value 0.85
< o
GUS expression ° 106 97 e
5DAP No GUS expression 34 40
Total 140 137
p-value 0.41
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Supplementary Table 5. Paternal activation in embryos of pNF-YB2::GUS reporter
expression in maternal mutant backgrounds of regulators of parental genome activation.
Statistically significant p values for Fisher's Two-Tailed Exact Test between wild-type
paternal activation compared with mutant backgrounds.
***p<0.001; ** p<0.01; * p<0.05.
Col WT kyp-4/kyp-4 nrpd1b11/nrpd1b-11 fie/FIE fas2-3/fas2-3 x
pNF—YE)J(Z::GUS pNF—YE)S(Z::GUS pNF—YE)J(Z::GUS pNF—Yé(Z:.'GUS PNF-YB2:GUS
GUS 14 1 0 1 3
expression
2DAP No GU.S 102 155 123 94 54
expression
Total 116 156 123 95 57
p-value - 3.8e-5%** 2.6e-5*** 0.0019** 0.18
GUS 84 83 58 49 3
expression
No GUS
3DAP | expression e 42 67 45 61
Total 113 125 125 94 64
p-value - 0.2 1.2e-5*** 0.001*** 2.98e-21***
GUS 137 168 105 99 47
expression
No GUS
4DAP | expression U 16 22 16 7
Total 144 184 127 115 54
p-value - 0.19 0.001*** 0.014 0.06
GUS 149 105 160 92 65
expression
No GUS
5DAP | expression v 8 9 3 3
Total 156 113 169 95 68
p-value - 0.42 0.8 0.74 1
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Supplementary Table 6. Paternal activation in endosperm of pNF-YB2::GUS
reporter expression in maternal mutant backgrounds of regulators of parental
genome activation. Statistically significant p values for Fisher's Two-Tailed Exact
Test between wild-type paternal activation compared with mutant backgrounds.

***p<0.001; ** p<0.01; * p<0.05.

COIXWT kyp-4/kyp-4 nrpd1b11/nrpd1b-11
2 NF-YB2:GUS NF-YB2:G
yB2:GUs | PNYBe pNF-YB2:.GUS
GUS expression 9 0 0
2DAP No GUS expression 93 156 123
Total 102 156 123
p-value 0.0001 0.0006
GUS expression 4 0 55
3DAP No GUS expression 117 125 57
Total 121 125 112
p-value 0.05 4.022e-17***

Supplementary Table 7. Paternal activation in embryos of pNF-YB2::GUS reporter
expression in paternal mutant backgrounds of regulators of parental genome
activation. Statistically significant p values for Fisher's Two-Tailed Exact Test
between wild-type paternal activation compared with mutant backgrounds.

***p<0.001; ** p<0.01; * p<0.05.

Col WT Col WT Col WT
X X
NE- PNF-YB2::GUS; NF-YB2:GUS:
YB2-GUS kyp-4/kyp-4 nibd 161 1o 111
GUS expression 24 28 39
2DAP No GUS expression 78 93 104
Total 102 121 143
p-value - 1 0.55
GUS expression 38 86 94
3DAP No GUS expression 83 96 86
Total 122 182 180
p-value 0.006** 0.0003***
GUS expression 112 146 92
4DAP No GUS expression 9 33 25
Total 121 179 117
p-value - 0.006** 0.002**
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Supplementary Table 8. Paternal activation in embryos of pEMB2768::tdTomato reporter
expression in reciprocal crosses with Col wild-type plants. One T3 heterozygous plant was used.
Statistically significant p values for Fisher's Two-Tailed Exact Test are shaded in grey.
***p<0.001; ** p<0.01; * p<0.05.
pEMB2768::tdTomat CO'XWT
0 X .
Col WT pEMBZ76g..thomat
tdTomato expression 25 34
2DAP | No tdTomato expression 47 84
Total 72 118
p-value 0.421
tdTomato expression 54 61
3DAP | No tdTomato expression 51 61
Total 105 122
p-value 0.89
tdTomato expression 37 48
ADAP | No tdTomato expression 31 47
Total 68 95
p-value 0.63
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Supplementary Table 9. Paternal activation in endosperm of pEMBZ2768::tdTomato
reporter expression in reciprocal crosses with Col wild-type plants. One T3 heterozygous
plant was used. Statistically significant p values for Fisher's Two-Tailed Exact Test are
shaded in grey.
***p<0.001; ** p<0.01; * p<0.05.
PEMB2768::tdTomato Col WT
X X
Col WT pPEMB2768::tdTomato
tdTomato expression 72 1
2DAP | No tdTomato expression 0 117
Total 72 118
p-value 2.1631e-52***
tdTomato expression 105 7
3DAP | No tdTomato expression 0 115
Total 105 122
p-value 5.98e-57****
tdTomato expression 68 46
ADAP | No tdTomato expression 0 49
Total 68 95
p-value 4.22e-15***

Supplementary Table 10. Number of mutant and wild-type
embryos quantified in a selfed nf-yb2 homozygous plant.

Wild-type Mutant Total
Preglobular | 70 39 109
Globular 90 32 122
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Supplementary Table 11. Expression of pDD45::GFP Egg Cell specific reporter line in
embryo suggesting passive transmission of GFP after fertilization. Although the expression
is observed until 4 dap, the intensity is considerably lower (see Supplementary Figure 4).
pDD45::GFP Col WT
X X
Col WT pDD45::GFP
GFP expression 122 0
No GFP expression 62 175
1DAP
Total 184 175
% of expression 66.3% 0%
GFP expression 198 0
No GFP expression 13 264
2DAP
Total 211 264
% of expression 93.8% 0%
GFP expression 163 0
No GFP expression 15 170
3DAP
Total 178 170
% of expression 91.5% 0%
GFP expression 116 0
No GFP expression 16 98
4DAP
Total 132 98
% of expression 87.8% 0
pDD45::GFP from Steffen et al., 2007
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Supplementary Table 12. Expression of pDD65::GFP Central Cell specific reporter line in
endosperm suggesting passive transmission of GFP after fertilization. The transmission
signal is only much lower on intensisty and abundance at 2 dap. (see Supplementary Figure
3).
pDD65::GFP Col WT
X X
Col WT pDD65::GFP
GFP expression 75 0
No GFP expression 59 177
1DAP
Total 134 177
% of expression 55.9% 0%
GFP expression 45 0
No GFP expression 73 114
2DAP
Total 118 114
% of expression 38% 0%
pDD65::GFP from Steffen et al., 2007
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Supplementary Table 13. Parent-of-Origin expression of embryo region-specific
expressed genes according with Belmonte, et al., 2012. Embryo-enriched genes with
different fold-changes also analyzed from Belmonte, et al., 2012.

Preglobular embryo region-specific
161 genes in this list. From those, 147 were also profiled in egg cell microarrays
(Wuest et al., 2010) from which 48 are expressed in egg cell.

Zygote | Octant | Globular | Heart
Riciprocally Maternal Bias 13 5 0 0
Non-reciprocally Maternal Bias 21 19 18 9
Riciprocally Paternal Bias 3 0 0 0
Non-reciprocally Paternal Bias 8 5 3 3
Allele-dominant 16 23 17 17
Biallelic 8 38 52 57
TOTAL 69 90 90 86

Preglobular-globular embryo region-specific
380 genes in this list. From those, 357 were also profiled in egg cell microarrays
(Wuest et al., 2010) from which 94 are expressed in egg cell.

Zygote | Octant | Globular | Heart
Riciprocally Maternal Bias 348 158 5 1
Non-reciprocally Maternal Bias 195 384 162 89
Riciprocally Paternal Bias 5 0 0 1
Non-reciprocally Paternal Bias 21 14 47 71
Allele-dominant 98 131 170 167
Biallelic 27 167 499 | 572
TOTAL 694 854 883 | 901

Embryo-enriched FC2
1663 genes in this list. From those, 1636 were also profiled in egg cell microarrays
(Wuest et al., 2010) from which 849 are expressed in egg cell.

Zygote | Octant | Globular | Heart
Riciprocally Maternal Bias 348 158 5 1
Non-reciprocally Maternal Bias 195 384 162 89
Riciprocally Paternal Bias 5 0 0 1
Non-reciprocally Paternal Bias 21 14 47 71
Allele-dominant 98 131 170 167
Biallelic 27 167 499 | 572
TOTAL 694 854 883 | 901

Embryo-enriched FC3
680 genes in this list. From those, 672 were also profiled in egg cell microarrays
(Wuest et al., 2010) from which 322 are expressed in egg cell.

Zygote | Octant | Globular | Heart
Riciprocally Maternal Bias 111 36 2 0
Non-reciprocally Maternal Bias 87 153 61 37
Riciprocally Paternal Bias 3 0 0 1
Non-reciprocally Paternal Bias 12 6 12 23
Allele-dominant 49 70 75 70
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Biallelic 13 82 209 237
TOTAL 275 347 359 368

Embryo-enriched FC4
338 genes in this list. From those, 335 were also profiled in egg cell microarrays
(Wuest et al., 2010) from which 132 are expressed in egg cell.

Zygote | Octant | Globular | Heart
Riciprocally Maternal Bias 48 19 1 0
Non-reciprocally Maternal Bias 46 70 34 22
Riciprocally Paternal Bias 1 0 0 0
Non-reciprocally Paternal Bias 8 5 6 15
Allele-dominant 28 40 37 36
Biallelic 10 45 106 120
TOTAL 141 179 184 193

Embryo-enriched FC5
196 genes in this list. From those, 196 were also profiled in egg cell microarrays
(Wuest et al., 2010) from which 65 are expressed in egg cell.

Zygote | Octant | Globular | Heart
Riciprocally Maternal Bias 25 10 1 0
Non-reciprocally Maternal Bias 26 38 19 10
Riciprocally Paternal Bias 1 0 0 0
Non-reciprocally Paternal Bias 6 4 4 6
Allele-dominant 17 21 20 22
Biallelic 10 33 68 80
TOTAL 85 106 112 118
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